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Preface to the First Edition

This book is concerned with the physical properties of matter and the diverse
processes that occur in nature at ultrahigh energy densities, which correspond to
extreme pressures and temperatures. It is based on the lecture course I hold at the
Moscow Institute of Physics and Technology, as well as reviews and invited papers
written for scientific conferences and symposia.

driver

Goliath

David

target

projectile

shock wave
1.5 kbar

sling

Fig. 1 The battle between David and Goliath [1]

Interest in the physics of extreme states has always been strong, owing to the
natural desire of humans to achieve more and to operate with record parameters,
as well as owing to the wealth of applications to astrophysics, energy production,
and defense. It was indeed military application that fostered the first successful
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experiment involving extreme states, which was conducted more than 3000 years
ago – during the battle between David and Goliath (Fig. 1). According to the Old
Testament [1], the high-velocity impact of a stone, which was shot from David’s
sling, on Goliath’s head killed him. It gave rise to a shock wave in Goliath’s head
with an amplitude pressure of �1:5 kbar, which was more than twice the strength of
Goliath’s frontal bone and determined the outcome of the duel, to the great joy of
the army and people of Israel. Discovered to be successful at that time, this scheme
of action serves as the basis for all subsequent experiments in the area of dynamic
high-energy-density physics.

The application of more powerful and highly sophisticated energy cumulation
systems – chemical and nuclear explosives, powder, light-gas, and electrodynamic
“guns”, charged-particle fluxes, laser and X-ray radiation – has enabled the velocity
of “thrown” projectiles to be raised by three or four orders of magnitude, since
the time of David, and the pressure in the shock wave by six to eight orders of
magnitude, thereby reaching the megabar-gigabar pressure range and “nuclear”
energy densities in substances.

In the 20th century, mainstream high-energy-density physics was closely related
to the arrival of the atomic and space era in our civilization. In nuclear charges,
the high energy densities generated by intense shock waves serve to initiate
chain nuclear reactions in compressed nuclear fuel. In thermonuclear charges and
microtargets for controlled fusion, high-energy states are the main instrument
for compressing and heating the thermonuclear fuel and initiating thermonuclear
reactions in it.

Recently, interest in the science of extreme states has been rekindled as a result
of the emergence of new experimental techniques for the generation of high-energy
states in terrestrial conditions as well as intriguing new observational astrophysical
data obtained by modern-generation ground-based and space telescopes operating
at different wavelengths and by unmanned space stations.

Although the limiting pressures in laboratory plasmas so far differ from the
maximum astrophysical values by 20–30 orders of magnitude, this gap is rapidly
shrinking. The physical processes in a laboratory and in space quite frequently
exhibit an amazing diversity and, at the same time, striking similarities, thereby
testifying, at the least, to the uniformity of the physical principles of the behavior
of matter over an extremely broad range of pressures (42 orders of magnitude) and
temperatures (up to 1013 K).

However, as pointed out by Voltaire, “. . . in nature this phenomenon is perfectly
natural and commonplace. The domains of some rulers in Germany and Italy, which
can be circled in about a half hour, when compared with the empires of Turkey,
Moscow, or China, give only a faint idea of the remarkable contrasts that are hidden
in all of nature” (Voltaire, Le Micromégas, Paris 1752) [3].

It is significant that the range of technical problems related to the physics of
extreme states is progressively broadening along with the range of the fundamental
ones. These states of matter underlie the operation of pulsed thermonuclear reactors
with inertial confinement of the hot plasma, high-power explosive-driven mag-
netic generators, power installations and rocket propulsors with gas-phase nuclear
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reactors, plasmachemical and microwave reactors, plasmatrons, and high-power
sources of optical radiation and X-rays. In the energy installations of the future,
strongly compressed and heated plasmas will be employed as the working medium,
like water vapor in modern thermal power stations.

Extreme states emerge when a substance is subjected to intense shock, deto-
nation, or electroexplosion waves, concentrated laser radiation, electron and ion
beams, in powerful chemical and nuclear explosions, in the pulsed vaporization of
liners in pinches and magnetic cumulation generators, in the hypersonic motion
of bodies in dense planetary atmospheres, in high-velocity impacts, and in many
other situations characterized by ultrahigh pressures and temperatures. The physics
of near-electrode, contact, and electroexplosion processes in vacuum breakdown is
intimately related to the high-energy plasma that defines the operation of high-power
pulsed accelerators, microwave radiation generators, and plasma switches.

High energy densities determine the behavior of matter in a vast domain of the
phase diagram that occupies the range from a solid and a fluid to a neutral gas,
covers the phase boundaries of melting and boiling, and also the metal-dielectric
transition domain. The metal–dielectric transition problem has been much explored
in experiments involving the multiple (quasi-isentropic) shock-wave compression of
dielectrics, their metallization, and the recently discovered plasma phase transitions
in the megabar pressure range, as well as dielectrization of strongly compressed
simple metals.

Scientific interest in high-energy plasmas has also been rekindled along with
pragmatic interest, because the great bulk of matter in the universe is in precisely
this exotic state. For about 95% of the mass (neglecting dark matter), according to
modern estimates, is the plasma of ordinary and neutron stars, pulsars, black holes,
and giant planets of the solar system, as well as the recently discovered hundreds of
planets beyond the solar system.

Prior to becoming a star, the matter of the universe experiences the most
diverse physical transformations: from quarks and elementary particles to complex
molecules and again to atoms and particles; from relativistic energies to absolute
zero and again to the state of high-energy-density plasma; from enormous densities
to ultrahigh vacuum and again to the densities of atomic nuclei and quarks. And so
our fundamental knowledge of the structure, evolution, and history of the universe
is directly dependent on our understanding of the behavior of matter in all of its
transformations up to ultrahigh energy densities, which forms not only specific
physical models, but also the world-outlook of modern natural science because, by
steadily increasing the high energy densities attainable by investigations on Earth
and in space, we delve into the past, using a “time machine”, looking for the singular
conditions of the Big Bang – the instant of the universe’s inception �1:5 billion
years ago.

Today we can clearly see that the study of matter in extreme states is one of
the “hottest” and most rapidly developing basic scientific disciplines, situated at
the interface between plasma physics, nonlinear optics, condensed-matter physics,
nuclear, atomic and molecular physics, relativistic and magnetic hydrodynamics,
involving a wealth of compression- and heating-stimulated physical effects and a
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constantly widening variety of objects and states in which the plasma nonideality
is critically important. Despite the extraordinary diversity of the objects and
experimental and astrophysical situations, they all share the common property that
high energy densities play a decisive role in their physical behavior.

These circumstances are a permanent steadfast incentive for intensive theo-
retical and experimental investigations, which have recently resulted in a great
body of new and, most important, reliable information about the thermodynamic,
structural, gasdynamic, optical, electrophysical, and transport properties of matter
under extreme conditions. These specific data are contained in a massive flow of
original publications, some of which are not easily accessible to Russian scientists,
especially young ones.

This book attempts to systematize, generalize, and set forth from a unified
viewpoint the theoretical and experimental material related to this new realm of
science, and to show, following Titus Lucretius Carus, “Thus from the mixture of the
elements there emerge infinite multitudes of creatures, which are Strange and highly
diversified in appearance” (Titus Lucretius Carus) [2]. In it I endeavor to discuss the
maximally broad range of problems related to high-energy-density physics. That is
why many interesting astrophysical, laser, and nuclear-physical problems as well
as technical applications are briefly outlined and the reader is referred to original
papers and monographs. In doing this, I did not aim to include everything known
about extreme states to date. Emphasis was placed on the issues which appeared to
be most interesting to me and which I happened to work on directly. Realizing that
the material touched upon in this book will steadily broaden, become defined more
precisely, and inevitably become obsolete owing to the extremely rapid development
of high-energy-density physics, I would be thankful to readers who send me critical
remarks and suggestions.

It is hoped that this book will be beneficial to a wide readership of scientists,
postgraduates, and students in the natural sciences by offering them access to
original papers and being a helpful guide through the exciting problems of modern
Extreme State Physics.

In the preparation of the manuscript I benefited from the assistance, stimulating
discussions, and advice of Yu.Yu. Balega, N.E. Andreev, A.Ya. Faenov, S.I.
Blinnikov, M.B. Kozintsova, A.N. Starostin, V.S. Imshennik, I.L. Iosilevskii, N.S.
Kardashev, V.G. Sultanov, A.N. Sissiakian, B.Yu. Sharkov, and V.A. Yakovleva, to
whom I express my sincere gratitude.

Abramtsevo, Russia Vladimir Fortov
May 2009
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Preface to the Second Edition

Dear reader!

The monograph before you is concerned with the diverse physical phenomena
occurring in matter in which there is an extremely high energy density, generating
in turn ultrahigh pressures and temperatures.

This second edition results from a thorough revision of the first edition [1],
which was published in English in 2011, together with the addition of material
from another monograph [2], published in Russian in 2012. All the material
included herein has been substantially updated and the subject matter of the book
considerably expanded by including recent experimental results as well as new
theoretical approaches and models. This is also reflected in the new subtitle, which
corresponds to the contents more adequately.

This book will hopefully arouse readers’ curiosity and be helpful to scientists,
post-graduates, and students interested in this fascinating realm of modern physics,
and especially to those who have decided to make this field the subject of their future
research activities.

Abramtsevo, Moscow Vladimir E. Fortov
April 2015
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Chapter 1
Introduction

We already know the laws that govern the behavior of matter
under all but the most extreme conditions

S. Hawking. A Brief History of Time (p. 168).

The states of matter at extremely high temperatures and densities, and hence with
extraordinarily high energy densities, have always attracted researchers, owing
to the possibility of reaching record parameters, advancing to new domains of
the phase diagram, and producing in the laboratory the exotic states that gave
birth to our universe through the Big Bang and which now account for the great
bulk (90–95 %) of the mass of baryon (visible) matter—in stellar and interstellar
objects, planets, and exoplanets [9, 12, 15–17, 22, 29, 35, 36]. That is why the
study of these states of matter—so exotic for us in terrestrial conditions and yet
so typical for the rest of the universe—is of great cognitive importance, forming
our modern notions of the surrounding world. Furthermore, a constant pragmatic
incentive for such investigations is the application of high-energy-density states
in nuclear, thermonuclear, and impulse power engineering, high-voltage and high-
power electrophysics, for the synthesis of superhard materials, for strengthening
and welding materials, for the impact protection of space vehicles, and, of course,
in defense. For the nuclear devices with controllable (inertial confinement fusion,
ICF) and quasi-controllable (atomic and hydrogen bombs) energy release rely on
the initiation of nuclear reactions in a strongly compressed and heated nuclear fuel.

The revolutionary discoveries in astronomy of recent decades [9, 16, 17, 22, 29,
35, 36] (neutron stars, pulsars, black holes, wormholes, � -ray bursts, exoplanets)
furnish new examples of extreme states, which call for investigation in order to
solve the most fundamental problems of modern astrophysics.

Beginning in the mid-1950s in the framework of nuclear defense projects, high-
energy-density research has made considerable progress owing to the advent of
new devices for the generation of high energy densities, such as lasers, charged-
particle beams, high-current Z-pinches, explosion and electric explosion generators
of intense shock waves, multistage light-gas guns and diamond anvils. These
complicated and expensive technical devices have made it possible to substantially
advance along the scale of energy density attainable in a physical experiment and
to obtain in laboratory or quasi-laboratory conditions the states that range into

© Springer International Publishing Switzerland 2016
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the megabar–gigabar pressure domain, which is unattainable with the traditional
techniques of experimental physics. The use of new generators for the cumulation
of high energy densities leads to a variety of fascinating physical effects, such as a
radical restructuring of the energy spectrum and composition of a compressed and
heated material [12, 13, 15, 22, 29], new cooperative effects and diverse instabilities
in the interaction of directed energy fluxes with a dense plasma, its transient
motion under the conditions of substantial radiative energy transfer, and relativistic,
gravitational, and nuclear phenomena as well as a number of other exotic effects,
which may be predicted, if at all, only in the most general form [16, 17, 29].

By now high-energy-density physics has turned into an extensive and rapidly
developing branch of modern science that makes use of the most sophisticated
means of generation, diagnostic techniques, and numerical simulations with high-
power supercomputers.

It is no accident that half of the 30 problems of “the physics minimum at the
beginning of the XXIst century” proposed by Academician V.L. Ginzburg [17] are
to a greater or lesser degree dedicated to high-energy-density physics.

The term “high” is conventionally [9, 12, 15, 22, 29] used to refer to in-substance
energy densities exceeding �104–105 J/cm3, which corresponds to the binding
energy of condensed media (for instance, high explosives (HEs), H2, or metals) and
the pressure level of millions of atmospheres. For comparison: the pressure at the
center of the Earth is equal to �3:6Mbar, of Jupiter to �40Mbar, and at the center
of the Sun to �200Gbar. We mention that the term “substance” is considered to
mean a lengthy continuous medium of macroscopic size. The “ultra-extreme” states
inside the atomic nucleus and the conditions occurring in microscopic volumes
in the individual collisions of the nuclei speeded up in accelerators to subluminal
velocities, which are the subject of relativistic nuclear physics [31], are therefore
beyond the scope of detailed consideration.

As a rule, a substance under high-energy-density conditions is in the plasma
state—an ionized state arising from thermal- and/or pressure-induced ionization.
In astrophysical objects, such compression and heating is effected by gravitational
forces and nuclear reactions, and in laboratory conditions by intense shock waves,
which are excited by a wide variety of “drivers”, ranging from two-stage gas
guns [30] to lasers [2, 19] and high-current Z-pinches [18, 24] with powers of
hundreds of terawatts.1 However, while the lifetime of extreme states in astro-
physical objects ranges from milliseconds to billions of years, making it possible
to conduct detailed observations and measurements of them with the help of
space probes and orbital and ground-based telescopes of different wavelengths, in
terrestrial conditions we have to do with the microsecond–femtosecond duration
range [2, 12, 15], which calls for the application of ultrafast specific diagnostic
techniques.

At present, every large-scale physical facility that generates extremely high
pressures and temperatures is engaged in work programs (not infrequently interna-

1The total power of terrestrial electric power plants amounts to about 3:5TW.
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tional) on the basic physics of high energy density, in addition to having practical,
applied tasks in impulse energetics or defense. It is significant that the experimental
capabilities of these devices are extending rapidly. In particular, modern short-
pulse laser systems (NIKE; OMEGA; TRIDENT, LULI-200, the first module of the
National Ignition Facility (NIF), USA; Laser Mégajoule (LMJ), France; GEKKO-
XII, Japan; VULKAN, Great Britain; Iskra-6, Russia; etc. (see Tables 2.1 and 3.1))
are capable of releasing 1–1.8 MJ in a volume of the order of 1 mm3 in several
nanoseconds to produce pressures of tens to hundreds of megabars.

Furthermore, the Z-pinch technology is now exhibiting considerable progress: at
the Sandia facility, USA, �1:8MJ soft X-ray radiation was obtained in the collapse
of plasma liners during 5–15 ns in a region measuring about 1 cm3 [8, 33, 34]. Sup-
plemented by experiments with diamond anvils, explosion and electric explosion
devices, and light-gas guns in the megabar pressure range, these data at record
parameters are now the source of new and sometimes unexpected information about
the behavior of extreme-parameter plasmas [15].

Interestingly, when conducting experiments on extreme-state laboratory plasma,
even today it is possible to partly reproduce on a small scale many parameters,
effects, and processes occurring in astrophysical objects, information on which has
become accessible by use of ground- and space-based means of observation. These
are the data on hydrodynamic mixing and instabilities, shock-wave phenomena,
strongly radiating and relativistic streams and jets, solitons, relativistic phenomena,
equations of state, and the composition and spectra of nonideal plasmas, as well as
the characteristics of interstellar cosmic plasma, dust, and a number of other effects.

The physics of high-energy densities is intimately related to several branches
of science, for example plasma physics and condensed-matter physics, relativistic
physics, the physics of lasers and charged-particle beams, nuclear, atomic, and
molecular physics, radiative, gas and magnetic hydrodynamics, and astrophysics. In
this case, the distinguishing features of high-energy-density physics are an extreme
complexity and strong nonlinearity of the plasma processes occurring in it, the
significance of collective interparticle interaction, and relativity. This makes the
study of phenomena occurring in this area a fascinating and absorbing task, which
attracts a constantly increasing number of researchers.

For all these reasons, the National Research Council of the USA National
Academies of Science formulated a large-scale national program of research [29]
in the area of high-energy-density physics and gave it high priority. In our
subsequent discussions we shall orient ourselves with respect to this document
in several aspects [29]. Similar work programs are being vigorously pursued in
many developed countries capable of making the requisite experimental devices and
having qualified personnel in sufficient number.

The aim of this book is to discuss the current state-of-the-art in high-energy-
density physics and its trends, the advantages and limitations of different experimen-
tal techniques for generating and diagnosing dense plasmas, and to briefly analyze
the results achieved. Because of the vastness and dissimilarity of the material, in
several cases the presentation will be abstract-like in form, referring the reader
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to the corresponding reviews and monographs [1, 3–7, 9–12, 14–17, 20–23, 25–
29, 32, 35, 36].

In the second chapter of the monograph we classify the states of substance
under high energy densities and discuss the general form of the phase diagram,
dimensionless parameters, and the physical conditions corresponding to terrestrial
and astrophysical objects.

The means for generating extreme states available to experimenters are outlined
in the third chapter. Considered separately in the fourth chapter are the extreme
states of a nuclear explosion—from the excitation of chain reactions and fusion
reactions to the damaging action.

The use of lasers and relativistic heavy ion beams for the production and
diagnostics of high energy density states will be considered in the fifth chapter of
the monograph.

The sixth chapter is concerned with the problems of high energy density physics
in the collision of heavy ions accelerated to subluminal velocities, which is attended
with the formation of superdense nuclear matter—quark-gluon plasma (QGP).

Numerous technical applications of high energy density physics are briefly
outlined in the seventh chapter.

In the eighth chapter we discuss the problems of the physics of ultrahigh energy
density, which gives rise to nuclear matter transformations.

The monograph is concluded with a discussion of the most characteristic
astrophysical objects and phenomena associated with the realization of extreme
energy densities.

The author endeavored to introduce the reader to the rather broad scope of diverse
problems of high-energy-density physics, and therefore many topics are discussed
by no means in sufficient detail, for the aim of this book is to help readers orient
themselves in the vast sea of information accumulated to date, see the trend, and
to help young scientists choose the directions of future investigations rather than
provide answers to all steadily arising questions.

High energy density physics is a rapidly developing realm of modern science
and technology, so that the material set forth in the monograph will be permanently
supplemented and improved by new measurements, observations, and models. The
author will be thankful to the readers for their additions and criticism of the material
presented here.
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Chapter 2
Matter Under Extreme Conditions:
Classification of States

Figures 2.1 and 2.2 show the diagrams for the extreme conditions that are realized in
a number of natural physical objects and in laboratory experiments. Of course, the
parameters given are no better than an estimate and provide only the most general
impression of the order of magnitude of the quantities under discussion.

The emergence of extreme states in nature is caused by the forces of
gravity, which are inherently long range and unscreened, unlike Coulomb forces
(in plasmas). These forces compress and heat the substance either directly or
by stimulating exothermic nuclear reactions in massive astrophysical objects and
during the early stages of the evolution of the universe [27, 28, 34].

The scale of extreme states realized in nature defies the most vivid imagination,
see Figs. 2.3, 2.4 and 2.5. At the bottom of the Mariana Trough in the Pacific Ocean
(11 km) the water pressure amounts to 1.2 kbar (1 kbar D 100MPa), at the Earth’s
center the pressure is 3:6Mbar, the temperature1 T � 0:5 eV, and the density � �
10–20g/cm3; at the center of Jupiter P � 40–60Mbar, � � 30 g/cm3, T � 2 �
104 K; at the center of the Sun P � 240Gbar, T � 1:6 � 103 eV, � � 150 g/cm3; in
the cooling-down stars—white dwarfs—P � 1010–1016 Mbar, � � 106–109 g/cm3,
and T � 1:6 � 103 eV. In the targets for controlled fusion with inertial plasma
confinement P � 200Gbar, � � 150–200g/cm3, and T � 108 eV. Neutron stars,
which are elements of pulsars, black holes, � -ray bursts and magnetars, have what
are thought to be the record parameters P � 1019 Mbar, � � 1011 g/cm3, T �
104 eV for the mantle and for the core P � 1023 Mbar, � � 1014 g/cm3, T � 104 eV
for a great magnetic field of 1011–1016 Gs (1 Gs D 10�4 T).

In the collisions of heavy nuclei accelerated to relativistic velocities in modern
accelerators there emerge supercompressed quark-gluon plasma states with ultraex-
treme parameters P � 1030 bar, � � 1015–1016 g/cm3, T � 1014 K, which exceed
those realized in extreme astrophysical objects.

1In certain fields, such as plasma physics, the electronvolt is used as a unit of temperature. The
conversion to kelvins is defined using k, the Boltzmann constant: 1 eV/k � 11:6 kK (kilokelvin).
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Fig. 2.1 Matter phase diagram [20, 48]. Curves 1–4 denote the states of nuclear-matter component
(neon) [34] on the lg � scale: 1—boundary of nuclei degeneracy region; 2—boundary of ideality
region; 3—melting curve; 4—boundary of the region in which the lattice may be treated as classical

Amazing is not only the width of the range of parameters realized in nature, but
also the huge difference in the characteristic times and dimensions. The dimensions
of the visible part of the Universe amount to 1:3�1019 cm. The impression produced
by this figure becomes even stronger when it is compared with the time of 10�24 s
taken by light to traverse a distance equal to about the proton size (10�13 cm). And
the theory of relativity and other modern physical models do operate throughout this
tremendous range.

As noted above, by the lower bound of “high energy densities” we mean
an energy density comparable to the binding energy of condensed matter, 104–
105 J/cm3, which corresponds to the valence electron binding energy (of several
electron volts) and to pressures of ca. 100 kbar–1 Mbar. These pressures far exceed
the ultimate mechanical strength of materials and call for the inclusion of their
compressibility and hence hydrodynamic motion under pulsed energy liberation.

In the domain of low pressures and temperatures, matter exhibits the exceptional
diversity of properties and structures that we encounter under normal conditions day
after day [34].
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The physical, chemical, structural, and biological properties of substances are
sharp nonmonotonic functions of composition. The classification of these “low-
energy” states is complicated and cumbersome. They are defined by the position,
properties, and occupation features of the electron levels of atoms, ions, and
molecules and ultimately underlie the amazing wealth of the forms and manifes-
tations of organic and inorganic nature on Earth.

Laser and evaporative cooling techniques (Fig. 2.6) enable ultralow (10�9 K)
ion temperatures to be reached and interesting quantum phenomena such as Bose–
Einstein condensation, Rydberg matter, and Coulomb condensation to be studied.

With increasing energy density (P and T), substances acquire an increasingly
universal structure [34, 35, 61]. The distinctions between the neighboring elements
of the periodic system smooth out and the properties of a substance become
progressively smoother functions of its composition. Owing to an increase in energy
density there occurs an obvious “universalization” or simplification of the substance
properties. The growth of pressure and temperature ruptures molecular complexes to
form atomic states, which next lose outer-shell electrons, which are responsible for
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Fig. 2.3 The pressure scale (1 atm � 105 Pa) in nature encompasses �64 orders of magnitude.
The right-hand scale relates to experimentally attainable conditions [4]

the chemical individuality of the substance, due to thermal and/or pressure-induced
ionization. Atomic and ion electron shells restructure to acquire an increasingly
regular level occupation, and a crystal lattice after a number of polymorphic
transformations (this ordinarily takes place for P < 0:5Mbar) transforms to a close-
packed body-centered cubic arrangement common to all substances.

These substance “simplification” processes take place at energy densities com-
parable to the characteristic energies of the aforementioned “universalization”
processes. When the characteristic energy density is of the order of the valence
shell energies, e2=a40 � 3 � 1014 erg/cm3 (a0 D ¯=.mc2/ D 5:2 � 10�9 cm is
the Bohr radius, 1 erg D 1�7 J), the order of magnitude of the lower substance
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Fig. 2.4 Experimentally
attainable temperatures

“universalizing” bound T � 10 eV, P � 300Mbar, is reached. The exact
quantitative determination of these bounds is an important task of the experimental
physics of high energy densities (see Chap. 7), especially as theory [35, 61] also
predicts a highly varied behavior of substances in the ultramegabar pressure range
(shell effects [35, 61], electron and plasma phase transitions [1, 2, 7, 14, 16–
18, 22, 23, 32, 41, 64], etc.).

The upper bound of the domain of extreme states is defined by the contemporary
level of knowledge in high-energy physics [27, 50, 63] and observational astrophys-
ical data, and is expected to be limited only by our imagination. The ultraextreme
matter parameters accessible using modern physical concepts are defined by the
so-called Planck quantities [27, 50], which are combinations of the fundamental
constants Planck’s constant ¯, the velocity of light c, the gravitational constant G,
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Fig. 2.5 Substance densities
on Earth and in the cosmos

and the Boltzmann constant k:

– the length lp D
r¯G

c3
D ¯

mpc
� 1:62 � 10�33 cm;

– the mass (the so-called “maximon” mass) mp D
r¯c

G
D 2:18 � 10�5 g;

– the time tp D lp
c

D ¯
mpc2

D
r¯G

c5
D 5:39 � 10�44 s;

– the temperature Tp D mpc2

k
D
r ¯c5

G k2
D 1:42 � 1032 K;

– the energy Wp D mpc2 D ¯
tp

D
r¯c5

G
D 1:96 � 109 J;

– the density �p D mp

l3p
D ¯tp

l5p
D c5

¯G2
D 5:16 � 1093 g/cm3;

– the force Fp D Wp

lp
D ¯

lptp
D c4

G
D 1:21 � 1044 N;
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laser

T = 300 K, 
n 3 106 cm-3

Laser cooling to
T = 50 K,
n 1011 cm-3

Bosons condense,
fermions form Cooper pairs
T = 1 - 103 nK,
n 1014-15 cm-3

N 105 - 108

Warm atomic vapor

Magneto-optical
trap

Evaporative cooling in
magnetic (or optical)
trap

Fig. 2.6 Methods of obtaining extremely low temperatures

– the pressure pp D Fp

l2p
D ¯

l3ptp
D c7

¯G2
D 4:63 � 10113 Pa;

– the charge qp D p¯c4�"0 D 1:78 � 10�18 C;

– the power Pp D Wp

tp
D ¯

t2p
D c5

G
D 3:63 � 1052 W;

– the circular frequency !p D
r

c5

¯G
� 1:85 � 1043 s�1;

– the electric current Ip D qp

tp
D
r

c64�"0
G

D 3:48 � 1025 A;

– the voltage Vp D Wp

qp
D ¯

tp
D
s

c4

G4�"0
D 1:05 � 1027 V;

– the impedance Zp D Vp

Ip
D ¯

q2p
D 1

4�"0c
D Z0
4�

D 29:98 Ohm;

– the electric field intensity Ep D Vp

lp
D 1

G

s
c7

4�"0¯ D 6:4 � 1059 V/cm;

– the magnetic field intensity

Hp D 1

G

s
c94�"0

¯ D 2:19 � 1060 A/m D 2:75 � 1058 Oe:
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These superextreme matter parameters, at which the known physical laws are
thought to be no longer valid, might have been realized early in the Big Bang or
at the singularity in the collapse of black holes. In the former case, according to
an expanding model of the Universe (A. Friedman, J. Lemaitre [27, 48, 54]) the
Universe originated from a domain of Planckian size of the order of 10�33 cm with
ultrahigh Planckian physical parameters and expanded to the modern size of the
order of 1028 cm in about 13.7–14.5 billion years. Here, owing to the gravitational
compression of stars to the stage of black holes there again emerge singularities—
ultrahigh parameters of Planckian scale. In this field physical models are discussed
that assume that our space has more than three dimensions and that ordinary matter
is in a three-dimensional manifold—the “3-brane world” [54]—embedded in this
many-dimensional space. For the present, the capabilities of modern experiments
in the area of high-energy-density physics are far from these “Planck” values and
allow the properties of elementary particles to be elucidated up to energies on the
order of 0.1–10 TeV and down to distances �10�16 cm. The launch of the proton–
proton collider at CERN with a proton collision energy of 7� 7TeV is an important
milestone, opening up the teraelectronvolt energy range.

Considering (following Kirzhnits [34]) the energy range mc2 � 1GeV, which
is amenable to a more substantial analysis and is nonrelativistic for nucleons, we
obtain a boundary temperature of 109 eV, an energy density of 1037 erg/cm2, and a
pressure of �1025 Mbar, although it is not unlikely that even more extreme states of
matter are realized in the cores of massive pulsars and could be found early in the
evolution of the universe.

Although our experimental capabilities are progressing rapidly, of course they are
only partly able to enter the province of ultraextreme astrophysical states. Material
strengths abruptly limit the use of static techniques for investigating high energy
densities, because the overwhelming majority of constructional materials are unable
to withstand the pressures of interest to us. An exception is diamond—the record
holder in hardness (�n � 500 kbar); its use in diamond anvils enables a pressure of
3–5Mbar to be reached in static experiments [31, 32, 41].

Currently superior are dynamic techniques [1, 2, 20, 21, 24, 49, 64], which rely on
the pulsed cumulation of high energy densities in substances. The lifetime of such
high-energy states is defined by the time of inertial plasma expansion, typically
in the range 10�10–10�6 s, which calls for the application of sophisticated fast
diagnostic techniques. Table 2.1 gives the physical conditions corresponding to the
lower bound of the states of interest [9, 24, 48]. One can see that the production of
high energy densities in plasmas imposes high demands on the means of generation,
necessitating efficient spatial and temporal power compression.

At present, the palm of supremacy is borne by dynamic techniques [1, 2, 20,
21, 24, 49, 64], which are based on the pulsed cumulation of high energy densities
in a substance. The lifetime of these high-energy states is defined by the time of
inertial plasma expansion, typically in the range 10�10–10�6 s, which calls for the
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Table 2.1 Physical conditions corresponding to high energy densities of 104–105 J/cm3 [48]

Physical conditions Values of physical parameters

Energy density �104–105 J/cm3

Pressure �0.1–1Mbar

Condensed explosives W � 104 J/cm3

Pressure �400 kbar

Temperature �4000 K

Density �2.7 g/cm3

Velocity of detonation �9 � 105 cm/s

Impact of aluminum plate on aluminum, velocity 5–13:2 � 105 cm/s

Impact of molybdenum plate on molybdenum, velocity 3–7:5 � 105 cm/s

Electromagnetic radiation

Laser, intensity q (W � q) 2.6�1015– 3� 1015 W/cm2

Blackbody temperature T (p � T4/ 2� 102– 4� 102 eV

Electric intensity E (W � E2/ 0:5 � 109–1:5� 109 V/cm

Magnetic induction B (W � B2/ 1:6 � 102– 5� 102 T

Plasma density for a temperature T D 1 keV (p D nkT) 6�1019– 6� 1020 cm�3

Laser radiation intensity q, for � D 1�m, W � q2=3 0:86 � 1012–4�1012 W/cm2

Blackbody temperature T (p � T3:5/ 66–75 eV

application of sophisticated fast diagnostic techniques. Table 2.1 gives the physical
conditions corresponding to the lower bound of the states of interest [9, 24, 48].
One can see that the production of high energy densities in plasmas imposes high
demands on the means of generation, necessitating efficient spatial and temporal
power compression.

The matter phase diagram corresponding to high energy densities is depicted in
Fig. 2.1 [20, 21, 24, 48], which indicates the conditions existing in astrophysical
objects as well as in technical and laboratory experimental devices. Being the most
widespread state of matter in nature (95 % of the mass of the universe, neglecting
dark matter), plasma occupies virtually all the domains of the phase diagram as
seen in Fig. 2.1. In this case, special difficulties in the physical description of such
a medium are presented by the nonideal plasma domain, where the Coulomb inter-
particle interaction energy e2n1=3 is comparable to or higher than the kinetic energy
Ek of particle motion. In this domain, � D e2n1=3=Ek > 1, plasma nonideality
effects cannot be described by perturbation theory [24, 34], while the application
of computer parameter-free Monte-Carlo or molecular dynamics methods [18, 41]
is fraught with the difficulties of selection of adequate pseudopotentials and correct
inclusion of quantum effects.

The effects of electron relativity in the equation of state and transport plasma
properties, when mec2 � kT, correspond to T � 0:5MeV �6 � 106 K. Above
this temperature, the matter becomes unstable with respect to spontaneous electron–
positron pair production.

Quantum effects are defined by the degeneracy parameter n�3 (
p¯2=2mkT is

the thermal de Broglie wavelength). For a degenerate plasma, n�3 � 1, the kinetic
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energy scale is the Fermi energy EF � ¯2n2=3=2m, which increases with plasma
density, making the plasma more and more ideal as it contracts, n ! 1; � D
me2=.¯2n1=3/ ! 0. The relativity condition, which corresponds to the condition
mec2 � EF � 0:5MeV, yields a density of �106 g/cm3.

Similar asymptotes are also found in the other limiting case T ! 0 of a classical
(n�3 � 1) plasma, where Ek � kT and the plasma becomes increasingly ideal,
� � e2n1=3=.kT/, under heating. One can see that the periphery of the matter
phase diagram is occupied by ideal (� � 1), Boltzmann (n�3 � 1), or degenerate
(n�3 � 1) plasmas, which are adequately described by currently available physical
models [7, 16–18, 20, 23, 24, 34].

The electron plasma in metals and semiconductors corresponds to the degenerate
case with an interaction energy Eint � e2=r0, r0 � ¯=kf , Ek � k2f =m; � � e2=¯vf �
1–5, where vf � 10�2–10�3 s and the subscript f indicates parameters at the Fermi
limit.

For a quark–gluon plasma Eint � g2=r0, r0 � 1=T, Ek � T; � up to
300–400. For an ultracold plasma in a trap � � .n=109/1=3=Tk. The most
significant challenge to the theory is presented by the vast domain of nonideal
plasmas � > 1 occupied by numerous technical applications (semiconductor and
metal plasma, impulse energetics, explosions, arcs, electric discharges, etc.), where
theory predicts qualitatively new physical effects (metallization, “cool” ionization,
dielectrization, plasma phase transitions, etc. [19, 20, 24]). Their study requires
substantial experimental and theoretical efforts.

Of special interest are plasma phase transitions in strongly nonideal Coulomb
systems: the crystallization of dust plasmas (Fig. 2.7) [22, 23] and ions in
electrostatic traps [14] and cyclotrons [57, 58], electrolytes [51, 55] and
colloidal systems [47], two-dimensional electron systems on the surface of liquid
helium [60], exciton condensation in semiconductors [16], etc. Special mention
should be made of the recently discovered phase transition in thermal deuterium

Fig. 2.7 Dust plasma crystal
and plasma liquid
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plasma [7, 16, 17, 25] quasi-adiabatically compressed to megabar pressures by a
series of reverberating shock waves.

The quest for qualitatively new effects of this kind in the nonideal parameter
domain is a powerful and permanent incentive to investigate substances at high
energy densities [20, 24, 48].

Another characteristic property of a high-energy-density plasma is the collective
nature of its behavior and the strong nonlinearity of its response to external energy
actions such as shock and electromagnetic waves, solitons, laser radiation, and
fast particle fluxes. In particular, the propagation of electromagnetic waves in
plasma excites several parametric instabilities (Raman, Thomson, and Brillouin
radiation scattering) and is accompanied by the self-focusing and filamentation of
radiation, the development of inherently relativistic instabilities, the production of
fast particles and jets, and—at higher intensities—the “boiling” of the vacuum with
electron–positron pair production [3, 5, 8, 11, 19, 37, 38, 40, 42, 43, 46, 48, 52, 56].

Of special interest in the exposure to extreme energy actions are transient
hydrodynamic phenomena such as the instabilities of shock waves and laminar
flows [37], transition to the turbulent mode [15], turbulent mixing, and jet and
soliton dynamics [13, 15].

Figure 2.8, which is taken from [48], shows the domains of the dimensionless
parameters Reynolds number Re � Ul=	 and Mach number M D v=c (where

Fig. 2.8 Hydrodynamic modes related to high-energy-density physics [48]. In the explosion of a
type Ia supernova, the Mach number ranges from 0:01 in the region of thermonuclear combustion
to 100 in the shock wave of its surface explosion. In the majority of astrophysical phenomena
Re > 106 [48]
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c is the velocity of sound, l is the characteristic dimension, and 	 is the kinematic
viscosity) in which the different hydrodynamic phenomena related to high-energy-
density physics occur. To astrophysical applications there correspond the flow
modes, where Re > 104 and M > 0:5.

All these fascinating and inherently nonlinear phenomena manifest themselves
in both astrophysical and laboratory plasmas and, despite the enormous difference
in spatial scale, have much in common and make up the subject of “laboratory
astrophysics” [13, 56].

Laboratory astrophysics [13, 56] permits the states of matter and processes with
high energy densities characteristic for astrophysical objects to be reproduced in
microscopic volumes. These are the effects of instability and hydrodynamic mixing;
ordinary and magnetohydrodynamic turbulence; the dynamics of intense radiative,
soliton, and shock waves; expansion waves; magnetically compressed and fast
relativistic jets; and strongly radiating flows.

Of considerable interest is information about the equation of state, composition,
optical and transport properties, emission and absorption spectra, cross sections of
elementary processes, radiative thermal conductivity coefficients, and properties
of relativistic plasma. This makes it possible to study and model the physical
conditions, stationary and pulsed processes in astrophysical objects and phenomena
such as giant planets and exoplanets, stellar evolution and supernova explosions,
gamma-ray burst structure, substance accretion dynamics in black holes, processes
in binary and neutron stars as well as in the radiative motion of molecular
interplanetary clouds, collisionless shock wave dynamics, and charged-particle
acceleration to ultrahigh energies.

Nonlinear optical effects in the interaction of high-power short laser pulses with
plasmas enable a major advance in the scales of energy density, specific power,
pressure, and temperature by generating extreme-parameter relativistic plasmas
in laboratory conditions and attaining record electric and magnetic intensities in
terrestrial conditions, which lead, in particular, to the production of high-energy
electron and ion flows [46, 52]. These investigations have already provided a wealth
of new information for plasma physics, controlled fusion, and astrophysics, as well
as technological and defense applications. The progress of this research may result
in radically new strong-gradient electron accelerators (see Sect. 7.4), new sources
of high-frequency radiation and light (Sect. 7.5), diagnostic techniques, and novel
thermonuclear fusion schemes (Sects. 7.2 and 7.3).

Short-pulse electron beams with a density exceeding the plasma density may gen-
erate intense plasma waves, which, in combination with ponderomotive forces [46,
52], expel electrons from a plasma channel and produce plasma lenses for the
energy transport to the center of compressed fusion targets. Furthermore, relativistic
electron beams of tremendous peak power emerge inside the plasma under the action
of intense intraplasma fields. In particular, with the help of lasers with a petawatt
peak power it has been possible to obtain incredibly high electron and ion currents,
which exceed the Alfvén limit by several orders of magnitude, and charged-particle
flows of the megavolt energy range [11, 42, 43, 46, 52].
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The interaction of intense electron beams with high-power short laser pulses in
turn furnishes the possibility of conducting laboratory experiments in the area of
quantum electrodynamics, leading to electron–positron pair production and giving
rise to Compton X-ray radiation [6, 8, 46, 52]. This opens up interesting practical
opportunities for the development of new-generation compact X-ray sources with
record radiation brightness for materials science and medicine (see Sect. 7.4).

The generation of high-intensity relativistic electron beams is attractive also
from the standpoint of using them as an active medium for free-electron lasers
(see Sect. 7.5). The case in point is “fourth-generation” X-ray sources with a record
power and tunable wavelength, which is highly important for molecular, biological,
and material science research.

Considerable progress has been recently achieved in the technology of high-
current Z-pinches [30, 36, 39] produced by magnetodynamic compression of
multiple-wire (¿ � 6�m) and gas liners by passing current pulses (100 ns,
�20 MA) through them. These experiments enabled the radiative magnetic hydro-
dynamics of a dense plasma to be studied and produce, in the axial plasma
compression, a 5–15 ns soft X-ray pulse with an energy of 1:8MJ [12, 53, 62].

At the same facility, a current pulse with a megaampere amplitude was employed
for the time-programmable electrodynamic acceleration of a metallic liner to a
velocity of 12 km/s for the purpose of generating intense shock and adiabatic
compression waves. These waves were used to study the equations of substance
states in the magabar pressure range [36].

In experiments at the high-current ANGARA facility, soft (with T � 100 eV)
X-ray radiation was used for the highly symmetrical generation of intense shock
and radiative waves, as well as for Propelling metallic liners with velocities up to
10 km/s [30]. At the MAGPIE electrophysical facility [44] supersonic plasma jets
with characteristics close to the astrophysical ones were obtained.

Experiments on high-energy plasmas yield valuable information about the
spectral properties and radiative energy transfer in compressed plasmas. Of special
interest are the findings in the strongly nonideal parameter domain [20, 24], where
the interparticle interaction effects are responsible for a radical distortion of atomic
and ion spectra, partial “transparentization” of compressed plasma, and substantial
shifts and broadening of spectral lines (more details are given by Ryutov et al. [56]).

Pulsed energy cumulation in plasma gives rise to diverse hydrodynamic
effects, which are comprehensively studied in the corresponding laboratory
experiments [13, 48]. These are the Rayleigh–Taylor, Richtmyer–Meshkov, and
other instabilities in nonlinear regimes; high-velocity (M � 15–20) shock,
magnetohydrodynamic, and radiative (thermal) waves; and turbulence and turbulent
mixing in compressible emitting media [13].

The application of shock waves generated by sources of locally high energy
densities makes it possible to greatly extend the range of experimentally attain-
able pressures and temperatures and penetrate the parameter domain intermediate
between the parameters of chemical HEs and the unique conditions in under-
ground nuclear explosions. Even in the first experiments involving laser-, beam-,
and electrodynamically driven shock waves it was possible to obtain interesting
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experimental data about the equations of state of hydrogen, deuterium, copper, iron,
carbon, and water, and to employ them in the structure analysis of the giant planets
of the Solar system and exoplanets [3, 19–21, 24, 30, 36, 49].

Finally, research in the area of high-energy-density physics provides the neces-
sary scientific basis for inertial confinement fusion research [5, 33, 38, 40, 59]. The
objective of this work is to ignite the thermonuclear fusion reaction in deuterium–
tritium microtargets under high-intensity laser irradiation (the NIF, USA [24, 45],
and LMJ, France [10, 29], facilities), under exposure to the soft X-ray radiation
of high-current Z-pinches (Zeta, USA) [12, 53, 62] or relativistic heavy-ion beams
[26, 59].

We now turn to a more detailed description of the laboratory (Chaps. 3, 5 and 6)
and quasilaboratory (Chap. 4) techniques of generating high energy densities in
substance developed to date.
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Chapter 3
High Energy Densities in Laboratories

3.1 Main Lines of Research

The ultimate objective of experiments in high-energy-density physics consists in
the generation of extreme material parameters, whose values are at the boundaries
of modern experimental capabilities (Table 3.1). Already, plasma states with peak
pressures of hundreds or thousands of megabars, temperatures up to 10 billion
degrees, and energy densities of 109 J/cm3, which is comparable to the energy
density of nuclear matter, have become the subject of laboratory investigations [14,
15, 63, 73, 192]. According to the ideas developed to date [13, 100, 115, 122], to
implement a controlled thermonuclear reaction with inertial plasma confinement
requires an energy of several megajoules to be delivered to a spherical target in
10�9 s to generate at its center a deuterium–tritium plasma with extremely high
parameters T � .1–2/ � 108 K, � � 200 g/cm3, P � 150–200 Gbar, which is close
to the conditions at the center of the Sun. The corresponding output laser power
should exceed the total power of all terrestrial electric power plants by several orders
of magnitude.

These conditions, which are required for the ignition of a controlled thermonu-
clear reaction, are quite extraordinary by terrestrial standards, but are quite typical
for the great bulk of the universe’s matter compressed by gravitational forces in the
interior of stars and other astrophysical objects. In this case, in the physics of high
energy densities there arise several absorbing problems, the progress in this and
allied fields of knowledge depending on their solution [138].

The ignition of thermonuclear reactions with inertial plasma confinement under
controlled conditions is the principal pragmatic objective of research in high-
energy-density physics. Here, lasers are in the lead [7, 13, 19, 32, 37, 37, 81,
82, 94, 108, 115, 122, 135, 161], although electrodynamic techniques (Z-pinches
[49, 82, 102, 153, 177, 182] and heavy-ion schemes [75, 99, 171]) are making rapid
strides. The operation of such targets is basically close to supernovae explosions,

© Springer International Publishing Switzerland 2016
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DOI 10.1007/978-3-319-18953-6_3
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allowing the vast wealth of experimental results and sophisticated computer codes
for the calculation of fusion microtargets to be employed in astrophysics.

Of fundamental significance is the study of the equation of state of matter
and plasma composition in a broad domain of the phase diagram, including the
conditions inherent in giant planets, exoplanets, dwarfs, giants, and neutron stars,
and the determination of quasi-classicality bounds (the Thomas–Fermi model [106,
107]) in thermodynamics. Of considerable interest are the properties of degenerate
compressed plasmas, their thermodynamics, equilibrium, kinetic, and transport
properties in the region of strong nonideality and in the presence of intense magnetic
fields, as well as the properties of a quark–gluon plasma, and the existence and
properties of its hypothetical phase transition.

The construction and verification of the structural and evolutional models of
planets and exoplanets calls for the derivation of reliable experimental data in
laboratory conditions. For Jupiter and other planets it is vital to ascertain or disprove
the existence of a hard core and determine the dimensions of the domain occupied by
metallic hydrogen and the metallization bound for H2 and H2+He. Of fundamental
importance is the analysis of Jupiter’s energetics with the inclusion of phase layering
of the mixtures He–H, C–O, etc., as well as the study of the origin and dynamics of
its magnetic field. Similar problems are also encountered in studies of giant planets
and exoplanets. In this case, a large part is played by shock-wave experiments, which
enable the metallization bounds to be determined and the occurrence of a plasma
phase transition to be ascertained.

The intriguing question of a phase transition of the first kind in a strongly
nonideal plasma has remained open for almost 80 years (see the first data on the
observation of this transition in deuterium [74]).

The more distant future will see studies of the conditions for pycnonuclear
reactions (“cold” fusion) and the conditions of strong Coulomb screening, which
speeds up thermonuclear reactions in the interior of massive stars, as well as the
production of relativistic degenerate matter with the Fermi energy EF > mec2 and
the investigation of its equation of state.

The methods of laboratory energy cumulation now being developed will make
it possible to obtain [55, 138] relativistic jets and intense collisional, collisionless,
and magnetohydrodynamic shock waves, much like those observed in astrophysical
objects.

Under discussion are projects involving the production of radiation-dominated
hot plasmas, like the conditions in black holes and accretion disks of neutron stars,
as well as the stability of these regimes (see the experiments involving nuclear
explosions [14, 15, 192], lasers [55, 136, 152], and Z-pinches [49, 86, 153, 182]).
Interesting suggestions have been put forward concerning the generation of radia-
tively collapsing magnetohydrodynamic and collisionless shocks, fast particles,
relativistic jets, and their focusing [55, 136, 138, 152].
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The high-energy-density techniques under development open up the possibility
of generating ultrahigh (B > 1GGs) magnetic fields and investigating their effect
on the physical properties of matter. Already the fields obtained in laser-produced
plasmas range into hundreds of megagauss.

Ultrahigh laser power levels may bring closer the prerequisites for the observa-
tion of relativistic gravitational effects.

The list may be easily lengthened and is perhaps limited only by our imagination.
At present it is hard to tell, even to within decades, which of these fascinating
problems of high-energy-density physics will be solved, if at all, at the existing
and projected laboratory facilities. However, according to the favorite advice of
academician P.L. Kapitsa, “When going fishing there is good reason to take the
rod with the largest fish hook in the hope of the largest fish”.

3.2 Generators of High Energy Densities

The spectrum of experimental devices for generating high energy densities is
highly diversified. It includes diamond anvils for static material compression,
gunpowder and light-gas launching devices (“guns”), explosion generators of
intense shock waves, electroexplosion devices, magnetic cumulation generators,
lasers, high-current generators of high-power electric current pulses, charged-
particle accelerators, and possible combinations of these devices. The characteristics
of these ways of generation are collected in Table 3.1, which shows typical (not
necessarily the highest) parameters of the plasma states generated.

Table 3.2 [138] compares the parameters of the highest-power facilities either
in service today or under construction: lasers, pulsed electrical devices, Z-pinches,
and charged-particle accelerators [142, 154]. Developed for carrying out plasma
research in the interests of defense and high-energy physics, they are presently
employed to advantage for research in basic plasma physics of high energy densities.
Tables 3.3 and 5.2 and Figs. 3.1 and 3.2 give the parameters of laser devices
being constructed or designed, whose commissioning would greatly enhance the
capabilities of experiments in laser plasma physics. The foremost among those
currently working is the OMEGA (Fig. 3.3) American laser facility (Rochester
University) [19, 32], which consists of 60 laser beams with a total energy of
30 kJ at a wavelength of 0.35�m. A broad spectrum of investigations on laser
fusion is conducted at the facility with direct and soft–X-ray conversion ignition
schemes, on the generation of intense shock waves, the equation of state and optical
properties of dense plasmas, hydrodynamic instabilities, the generation of intense
X-ray radiation, etc. [20, 38, 60, 85, 161, 185].
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Fig. 3.1 Peak power of laser facilities

Fig. 3.2 Development of the world’s petawatt laser facilities (http://www.scitech.ac.uk/). Blue
circles indicate the presently funded laser facilities and the blue squares those projected for
funding. Red symbols correspond to single-beam laser facilities and the blue ones to ultrahigh-
intensity laser facilities with additional capabilities. The black circle stands for the petawatt laser
system that operated at the Livermore Laboratory. The green line shows the development trend of
the Rutherford Laser Laboratory. The sky-blue star denotes the VNIIEFCIAP RAS laser facility

http://www.scitech.ac.uk/
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Fig. 3.3 OMEGA laser complex

The subsequent presentation in this section primarily follows [114]. About 20
facilities with a peak output laser power above 100 TW and a pulse length below
1 ps are operated in the world’s leading laboratories. At least ten facilities of the
same level are under construction or upgrading. These are the biggest complexes
for laser thermonuclear fusion: National Ignition Facility (NIF) (USA), Laser
MegaJoule/PETawatt Aquitaine Laser (LMJ/PETAL) (France), and the High Power
laser Energy Research (HiPER) project (Great Britain). In these facilities use is
made or planned of nanosecond laser pulses of tens of radiation channels with a
total power of hundreds of TW. Planned for achieving fast ignition (see Sect. 7.2.3)
is the construction of picosecond multipetawatt laser channels.

Apart from the presently operating or nearly completed facilities presented in
the table, of special interest are next-generation projects which aspire to reach
multipetawatt output powers and are in the preparatory stage or at the early
stage of implementation. Among these projects are two European infrastructure
megaprojects: Extreme Light Infrastructure (ELI) and HiPER, as well as the
Vulcan-10PW at the Rutherford Appleton Laboratory (RAL) (Great Britain), the
ILE-Apollon project at the Institut de la Lumiere Extreme (ILE) (France), and the
PEtawatt pARametric Laser (PEARL-10) project at the Institute of Applied Physics
of the Russian Academy of Sciences (IAP RAS).

The ELI European megaproject involves [114] the making of a unique research
infrastructure open to scientists who study laser–matter interactions at the highest
attainable power level and to developers of the corresponding applications. Four
main application lines have been defined: the physics of vacuum in the presence of
extremely high light fields, attosecond physics, production of the secondary sources
of accelerated charged particles and hard photons, and nuclear processes under
superhigh laser fields.
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The ELI project lasers will reach a peak power of 0.2 Exawatts (0:2 �1018W). ELI
will reach this power by concentrating a relatively moderate energy (about 3–4 kJ)
in ultrashort time intervals (about 15 fs). Owing to the ultrashort pulse duration,
ELI will exceed in peak power the world’s highest-power existing lasers by several
hundred times. Planned in the framework of the ELI project, along with an exawatt
laser, is the construction of three other unique laser complexes with a peak power of
10–20 PW.

It is expected [114] the ELI laser complexes will advance the frontiers of science
and technology in the realms indicated above and make possible investigations
in plasma physics, astrophysics, nuclear physics, and high-energy physics under
previously unattainable conditions. These laser complexes will permit making
unique sources of hard photons and high-energy charged particles with previ-
ously unattainable brightness and spatio-temporal concentration of electromagnetic
energy on nanometer spatial and attosecond time scales. ELI’s ultrabright beams of
protons and X-rays may promote significant progress in the diagnostics and therapy
of cancer as well as in structural biology in their application in proton/ion therapy,
phase-contrast X-ray radiography, and diffraction X-ray radiography of separate
biological molecules and nanoobjects. High-brightness attosecond X-ray beams will
in turn [114] make it possible to obtain four-dimensional images with subatomic
resolution, i.e. to detect dynamic images of microscopic substance structure with
picometer resolution in space and attosecond resolution in time.

In the framework of the ILE project it is planned to make the 10 PW laser—ILE-
Apollon laser using a CPA technology with the final Ti:Sa crystal amplification stage
20 cm in diameter. Developed in the MPQ was the basic technology for amplifying
ultimately short pulses down to 5 fs in duration using optical parametric chirped-
pulse amplification (OPCPA) with nonlinear BBO crystals; the same technology is
employed in the RAL in the construction of the Vulcan-10PW laser with final wide-
aperture DKDP crystals.

The total cost of the project, which will be funded by the EC infrastructure for 5–
6 years, will supposedly [114] amount to 740 million Euros; more than 600 scientists
are directly participating in the project implementation.

The international HiPER project [114], which aims at constructing the first
prototype of an industrial energy-producing inertial fusion reactor, will play the role
similar to the role of the International Experimental Thermonuclear Reactor (ITER)
in implementing controlled magnetic fusion (see Chap. 7). Its further development
and passage to the demonstration stage depend heavily on the nearest results of
operation of the American NIF and the French LMJ facility.

In the case of success to achieve the conditions of and demonstrate the fusion
effect in inertially confined laser plasmas on the NIF and/or LMJ, the HiPER project
will pass into the practical stage, which includes the construction, during the next
decade, of a laser complex for initiating the fusion reaction with a repetition rate of
5–10 Hz, a laser target factory, a radiation–target chamber, and the outer shell for
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the continuous conversion of fusion reaction products to thermal energy. The laser
complex must have about 50 channels each with a pulse energy of 10 kJ, a pulse
duration of several nanoseconds, and a pulse repetition rate of 5–10 Hz. Separate
channels of multipetawatt power with a picosecond pulse duration mast be made for
initiating fusion in the fast ignition or shock wave modes.

The main stage of project development is planned for the 2020s.
The Vulcan-10PW laser complex (RAL, Great Britain) is intended to make a

source of 30 fs long laser pulses with an energy of 300 J, and intensity of up to
1023 W/cm2, and a repetition rate of two pulses per hour using parametric chirped-
pulse amplification. The Vulcan-10PW laser will employ kilojoule pulses delivered
from the amplifier stages of the Vulcan laser for pumping the parametric amplifiers.
In this case it is planned that two final OPCPA stages will use wide-aperture (40 �
40 cm) DKDP crystals.

The ILE-Apollon project (Extreme Light Institute, France) aims [114] at making
a laser with a peak power of 10 PW, a peak intensity of 1024 W/cm2, a single pulse
energy of 150 J, a duration of 15 fs, and a repetition rate of one pulse per minute.
The final amplifying stages will be made of active Ti:Sa crystals 20 cm in diameter.
So far crystals of requisite optical quality of this size do not exist, but several
manufacturers of laser crystals are working in this direction. Another important
technology that needs development is the making of kilojoule pump lasers operating
at a repetition frequency of one shot per minute. A serious problem may be posed
by the absence of adaptive mirrors—wavefront correctors—required for focusing
high-energy pulses to a spot of about 1�m, which would permit reaching the above
intensity value.

It is noteworthy [114] that the ILE-Apollon project is assigned a special part in
the activities in the framework of ELI. First, it is planned that the Apollon laser
scheme will underlie the Czech and Romanian ELI complexes. Second, most likely
the Extreme Light Institute will play the leading role in the construction of the fourth
ELI complex in France after 2012, which is intended for studying the properties of
vacuum under superhigh fields. In this case it is evident that Apollon will be the
prototype of a separate channel of the exawatt laser.

The PEARL-10 project is underway in the Institute of Applied Physics of the
RAS [114]. Commissioned in the IAP RAS in 2007 was the PEARL laser with a
pulsed power 0.56 PW, a pulse duration of 45 fs, and an energy of 25 J, which now
is among the world’s ten highest-power lasers. PEARL-10 makes use of parametric
amplification in a DKDP crystal with an aperture of 10 � 10 cm grown in the
IAP RAS by a special technology of fast oriented growth. Today the Institute has
mastered the production of crystals with an aperture of 40 � 40 cm, which opens
unrivaled possibilities to further advance OPCPA. The PEARL-10 project relies on
the results obtained in the Institute earlier and is aimed at making a source of laser
pulses with an energy above 200 J, duration of 20 fs, a peak at-focus intensity of
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over 1023 W/cm2, and a repetition rate of one shot per minute. The complex will
involve parametric amplification in DKDP crystals, with the final stage apertures of
20 � 20 cm.

The PEARL-10 research program comprises [114]:

• production of coherent and incoherent ultrashort ultrabright radiation sources
in the hard X-ray and gamma-ray ranges based on the synchrotron radiation
of ultrarelativistic charged particles in superhigh laser fields; the use of these
sources for diagnosing processes and structures with picometer spatial and
subfemtosecond time resolutions;

• production of compact 10–1000 MeV ion accelerators and development of
their applications, including those for beam therapy; production of 1–10 GeV
electron accelerators and execution of high-energy physics research, including
prototyping accelerators for the International Linear Collider (ILC) project;

• production and investigation of extreme states of substance emerging under the
laser fields of ultrarelativistic intensity; laboratory modeling of astrophysical
and early cosmological phenomena; investigation into the nonlinear properties
of vacuum in the presence of ultrahigh laser fields as well as the generation of
electron-positron pairs and particle showers.

The National Ignition Facility (NIF), which was projected for implementing the
controlled fusion reaction in inertial confinement mode [94, 134, 135] (Fig. 3.4),
bears the palm in the development of laser complexes with extreme pulse energetics.

Fig. 3.4 NIF laser complex (USA) intended for controlled thermonuclear fusion with inertial
plasma confinement
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Fig. 3.5 NIF target chamber (USA): a 10 m diameter sphere of 10 cm thick aluminum coated with
a 40 cm thick neutron shield. The chamber weighs about 500 tons. At the right: the beam injection
system [134]

The NIF comprises 192 laser beams with a total energy of 4.2 MJ. Focusing this
energy onto a microtarget must result in its thermonuclear explosion with an energy
gain of �10–30. The corresponding experiments will be considered in Sect. 7.2.1.

This world’s largest laser facility occupies an area of �350;000m2. Each of
the 192 beams employs an optical system of 36–38 precision large-aperture optical
elements and hundreds of smaller-scale optical elements with a surface of �3600m2

and a radiation aperture of �22m2. For comparison: one of world’s biggest optical
reflecting telescopes Keck (Hawaii) has an optical surface of �152m2, which
amounts to 4 % of the NIF figure.

A 10-m target chamber (Fig. 3.5 [134]) provides input for 192 laser beams and
about 100 inputs for diagnostic instrumentation (35 different diagnostic means).
The 192 laser beams are focused with a high precision onto a fusion target 2.5 mm
in diameter (Fig. 7.17, Chap. 7). Each of these beams with energies of 19 kJ may
operate at the fundamental frequency of 1053 nm, the 2nd or 3rd harmonics and for
experiments in high energy density physics [134].

The master fiber-optical laser feeds the radiation to a system of fiber-optical
elements, which form the desired temporal and frequency pulse shapes. The pulse is
then branched into 48 channels and each of them is then amplified in preamplifiers,
after which is divided into four beams. Each beam depicted in Fig. 3.6 [134] is
amplified in a four-pass amplifier controlled by a wide-aperture Pockels cell [134].
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Fig. 3.6 Optical diagram of one of 192 laser channels [134]

The amplified radiation passes through polarization rotation devices, adaptive
mirrors, the target debris shield and is injected into the target chamber. In the
construction of the NIF, advantage was taken of the latest achievements of laser
technology like high-performance optical glasses, high-performance KDP crystals,
and many other achievements (see [134] and references therein).

The French LMJ system [7, 37, 81] will radiate an energy of 1.8–2 MJ (in the
third harmonic) in 240 beams to furnish the condition for thermonuclear microtarget
ignition and will permit modeling different effects of a nuclear explosion. These
facilities will make it possible to carry out experiments with shock waves of the
gigabar pressure range, thereby advancing to the domain of quasiclassical substance
description [107], and to study plasma flows under the conditions of developed
radiation effects.

In the VNIIEF (Russia, Sarov) an “Iskra-5” iodine photodissociation facility
(Fig. 3.7) [77] was made, which consists of 12 laser channels with a total output
of 30–40 kJ for a pulse duration of �0:36 ns. A capacitive energy storage complex
with a total stored energy of �65MJ was made to pump flashlamps and electric
discharge sources.

The target chamber of the “Iskra-5” facility is equipped with 12 three-component
catadioptric lenses. The main 12-channel irradiation experiments were performed
with an output energy of 9–10 kJ for a pulse length of 0.3–0.4 ns. At present the
facility has been changed to operate at the second harmonic [77] and provides
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Fig. 3.7 Petawatt laser complex in VNIIEF

injection of 2.4–3 kJ of laser energy into the interaction chamber for a pulse duration
of 0.5–0.6 ns. This facility was used to carry out experiments on controlled laser
fusion and high energy density physics. The next stage—“Iskra-6” facility—will be
ten times higher in power [77].

To summarize, it is safe to say that pulsed laser sources with a peak power of
up to 10 PW and a radiation intensity of up to 1023 W/cm2 would be expected to
emerge in several countries within several years. In this connection it is instructive
to discuss what new possibilities for the physics of extreme light–matter interactions
will be provided by these laser complexes.

The action of laser radiation of nanosecond duration at up to 1018 W/cm2

intensities has been adequately studied and described in the literature [9, 13, 36,
39, 115, 136, 152]. The laser energy is released primarily in the vicinity of the
critical density, nc � 1021=�m=.e�/2 cm�3 (where nc is the critical density and
� the wavelength), located in the expanding plasma corona and is transferred to
the target interior by means of electron thermal conduction. The plasma corona
heated by the laser radiation moves towards the laser beam and generates an intense
shock wave traveling into the target interior. The shock either compresses the
target to pressures of hundreds of megabars or accelerates the outer target shell
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to velocities of hundreds of kilometers per second, which in turn compresses and
heats the thermonuclear fuel or the substance under investigation. This scheme is
the earliest of the thermonuclear schemes and is referred to as the “direct” drive
scheme [13, 115, 122].

An alternative “indirect” drive scheme (see Sect. 7.2.1) [13, 115, 122] relies on
the conversion of laser radiation to X-ray radiation (with a brightness temperature
ranging into hundreds of electronvolts), which effects the highly symmetric com-
pression of the spherical target, as does the ablative pressure in the “direct”-drive
compression scheme.

The second class of laser systems, which are less costly and therefore more
easily accessible for the physics of high energy densities, corresponds to lower
pulse energies and durations, but higher intensities at the target �1016–1022 W/cm2.
Their action relies on the chirping effect discovered in the early 1980s, where the
laser radiation of the master oscillator is stretched in time by diffraction systems,
amplified in amplifier stages, and then compressed to a femtosecond duration [183,
184]. Since such tera- to petawatt-power laser systems have become accessible
to university laboratories, the work front in the plasma physics of high energy
densities has broadened greatly: from relativistic plasma studies to the generation
of accelerated electron, ion, and soft X-ray radiation (for lithography, medicine,
and thermonuclear fusion) fluxes and electron–positron pairs, the implementation
of nuclear reactions, and many other tasks.

Future progress in this direction will involve the advance of laser power to the
zettawatt (1021 W) power level (see Fig. 5.2). These fantastic power levels can be
reached both by shortening the laser pulse duration to tens of attoseconds (1 as D
10�18 s) and by raising the energies of laser beams (increasing the diameter and
number of laser beams in femtosecond facilities). The feasibility of generating an
isolated single-cycle 130 as long pulse has already been demonstrated [162].

Among the multitude of interesting physical experiments with such systems
we mention the interaction of ultrashort laser pulses with clusters [54], in which
their multiple nonequilibrium ionization knocks out electrons from a cluster and
stimulates a “Coulomb explosion” with the production of kiloelectronvolt ions,
laser-induced shock waves, and even thermonuclear reactions.

Since the shortest femto- and attosecond laser pulses are comparable to light
cycles in duration, they are a unique instrument of extremely fast action on a
substance for studying the kinetics of ultrafast atomic and molecular processes, the
kinetics of chemical reactions, and many other fascinating phenomena.

3.3 Static Methods Using Diamond Anvils

Substantial progress in the area of static pressures was made in the early 1980s with
the advent of the experimental technique of diamond anvils (Fig. 3.8) [97, 124].
In these facilities, two diamonds cut in a special way compress thin (10–100�m)
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Fig. 3.8 Facility for the static compression of substances in diamond anvils [96, 97]

Fig. 3.9 Schematic representation of a static experiment on the compression of a substance in a
diamond anvil involving laser heating [23]

plane layers of the substance under investigation to the highest attainable pressures
of the megabar range, their upper limit being defined by the ultimate strength of
diamond of � 0.5–1.0 Mbar. In a number of experiments, the compressed substance
is heated by laser radiation (Fig. 3.9) [22, 23] or the material compressed in diamond
anvils is the target for its subsequent compression by laser-driven shock waves
(Fig. 3.10) [125].
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Fig. 3.10 Laser-driven
shock-wave compression of a
substance precompressed in a
diamond anvil at the OMEGA
facility [125]

The unlimited time of static compression permits a wide spectrum of diagnostic
tools to be employed, including different kinds of spectroscopy, and also X-
ray structure analysis to be performed with the use of kiloelectronvolt X-ray
and synchrotron radiation. Experiments of this kind have yielded a wealth of
useful information about the mechanical properties, thermodynamics, and phase
transformations in geophysical objects (Fig. 3.11) in the parameter range P � 0:1–
3:6Mbar, T � 103–6 � 103 K, which is extreme for terrestrial conditions.

The capabilities of diamond anvil techniques are limited by the strength of
diamond (the strongest known terrestrial material) and will hardly go beyond the
megabar pressure range.
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Fig. 3.11 Comparison of the parameters [96, 97] attainable under static conditions and the
physical conditions in the Earth’s interior

3.4 Dynamic Methods

Further advancement towards higher energy densities is related to the transition to
dynamic methods of investigation [1, 4, 5, 14, 15, 63, 65, 71, 73, 139, 192, 197, 199],
which rely on pulsed energy cumulation in the substance under investigation by
means of intense shock waves or by means of electromagnetic radiation or particle
beams of different types. The plasma temperatures and pressures occurring in this
case are far greater than the thermal and mechanical strength of the structural
materials of the facilities, resulting in limitations on the characteristic plasma
lifetime in dynamic experiments, which is defined by the target expansion dynamics
and is equal to �10�10–10�5 s. In the dynamic approach there are no fundamental
limitations on the magnitudes of the maximum energy density and pressure: they
are limited only by the power of the energy source, the “driver”.

The routine tool for producing high energy densities is intense shock waves [1,
4, 63, 197], which emerge due to nonlinear hydrodynamic effects in a substance
as a result of motion caused by pulsed energy liberation. In this case, a major part
is played by the shock wave, a viscous compression shock, in which the kinetic
energy of the oncoming flow is converted to thermal energy of the compressed and
irreversibly heated plasma (Fig. 3.12).
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Fig. 3.12 Shock-wave compression and heating of substance [47]

Shock-wave techniques play a leading role in high-energy-density physics today,
making it possible to produce amplitude pressures of the megabar and gigabar range
for many chemical elements and compounds. This range of peak dynamic pressures
is six orders of magnitude higher than the pressures occurring upon the impact of
a bullet and three orders of magnitude higher than the pressure at the center of the
Earth, and is close [14, 15, 192] to the pressure in the central layers of the Sun and
inertial thermonuclear fusion targets. These exotic states of matter were realized
during the birth of our universe, within several seconds after the Big Bang [80,
138, 196]. In a sense, we can say that by progressively increasing the pressure and
temperature in dynamic experiments it is as if we are traveling backwards on the
time axis to approach the instant of creation of the universe—the Big Bang (see
Chap. 10, Fig. 10.55).

Not only do the shock waves compress the substance, they also heat it to high
temperatures, which is of particular importance for the production of plasma, the
ionized state of matter. A number of dynamic techniques are presently employed in
experimental studies of strongly nonideal plasmas [1, 4, 17, 63, 65, 71, 73, 199], see
Fig. 3.13.
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Fig. 3.13 Thermodynamic trajectories for dynamic substance investigation techniques [73]. The
critical point parameters of several metals are given at the bottom

The shock compression of an initially solid or liquid substance enables states of
nonideal degenerate (Fermi statistics) and classical (Boltzmann statistics) plasmas
to be produced behind the shock front, compressed to peak pressures of �4Gbar
and heated to temperatures of �107 K [14, 15, 192]. At these parameters, the
density of the internal plasma energy is comparable to the nuclear energy density
and the temperatures approach the conditions at which the energy and pressure of
equilibrium radiation begin to play a significant role in the total thermodynamics of
these high-energy states.

To reduce the irreversible heating effects, it is expedient to compress a material
by a sequence of incident and reflected Hk shock waves [63, 70, 74, 139]. As
a result, this multistage compression becomes closer to the “softer” isentropic
compression, making it possible to obtain substantially higher compression ratios
(10–50 times) and lower temperatures (�10 times) in comparison with a single-
stage shock-wave compression. Multiple shock compression has been used validly
for the experimental study of pressure-induced plasma ionization [63, 70, 74, 139]
and substance dielectrization [126] at megabar pressures. Quasi-adiabatic com-
pression has also been realized in the highly symmetric cylindrical explosive
compression of hydrogen and rare gases (Fig. 3.14) [63, 70, 74]. The highest plasma
parameters were attained using spherical explosive compression [129] (Fig. 3.15).
The experiment was carried out employing an X-ray complex of three betatrons
and a multichannel optoelectronic system for recording the X-ray images of
spherical deuterium compression. In experiments involving “soft” adiabatic plasma
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Fig. 3.14 Cylindrical explosion devices for quasi-adiabatic plasma compression [69, 72, 74, 173]:
1—cylindrical specimen; 2—HE charge; 3, 4—outer and inner metal liners; 5—X-ray radiation
source; 6—X-ray recorders

compression, advantage was taken of the explosive compression of samples by
megagauss magnetic fields [95, 146].

In another limiting case, when a high-temperature plasma is required, it is
expedient to effect the shock compression of lower (in comparison with solid)
density targets, for example, porous metals Hm [1, 4, 5, 65, 71, 92, 197] or
aerogels Ha [93]. This provides a way to sharply strengthen the irreversibility effects
of shock compression and thereby increase the entropy and temperature of the
compressed state.

Figure 3.16 shows experimental data on the thermodynamics of high-energy
states in the range of solid-state densities and high temperatures obtained by shock
compression of porous nickel samples [92]. This parameter range is unconven-
tional for plasma physics. Interestingly, these experimental data [92] correspond
to the metal–dielectric transition region (Fig. 3.17), where pressure-induced and
temperature ionization effects are significant for the description of plasma thermo-
dynamics [61, 73, 92].

The shock compression of rare gases and saturated alkali metal vapor by incident
and reflected shock waves allows the plasma to be studied in the domain with
developed thermal ionization, where the electrons obey Boltzmann statistics [5, 63,
65, 70, 73] (Fig. 3.18).

A characteristic feature of the shock technique is that it permits high pressures
and temperatures to be obtained in compressed media, while the low-density domain
(including the boiling curve and the neighborhood of the critical point) turns out to
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Fig. 3.15 Schematic of the
experiment: 1—spherical
chamber; 2—spacer
(polyethylene); 3—HE block;
4—radiation sources;
5—protective device;
6—streak cameras [129]

be inaccessible to it [63, 65, 73]. Investigation of the plasma states intermediate
between a solid and a gas is made by the isentropic expansion technique. This
technique involves the generation of plasma in the adiabatic expansion S of a
condensed substance precompressed and irreversibly preheated at the front of
an intense shock wave [63, 65, 73]. It was precisely this technique that was
first employed for the experimental investigation of the high-temperature portions
of the boiling curves, the transcritical states, and the metal–dielectric transition
domains for a large number of metals (for more details, see [65, 73, 198]). By
way of example, Fig. 3.19 shows the domain of high-temperature vaporization of
uranium [63, 67, 198], which was obtained using its adiabatic expansion data as the
basis.

We see that dynamic techniques in their different combinations permit a broad
spectrum of plasma states with a variety of strong interparticle interactions to
be realized experimentally and investigated. In this case, not only is the actual
realization of high energy density conditions possible, but so is sufficiently thorough
diagnostics of these high-energy states, because shock and adiabatic waves are not
merely a means of production, but also a specific tool for the diagnostics of extreme
states of matter with a high energy density [1, 4, 65, 73, 197]. Measurements of the
mechanical parameters of the motion of shock waves and contact discontinuities
make it possible to determine the thermodynamic plasma properties and, with the
use of modern high-speed diagnostic techniques, many physical characteristics of
extreme parameter plasmas.
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Fig. 3.16 Thermodynamics of nonideal nickel plasma [92]. Symbols: the results of shock com-
pression of porous .m D �0=�00/ specimens; ˛: the degree of ionization

Fig. 3.17 Energy density of shock-compressed nickel plasma [92]

At present, use is made of a substantial number of dynamic cumulation sources
of high energy density in dense media (Fig. 3.20).



3.5 Light-Gas Guns and Chemical Explosions 49

detonator

high
explosive

obstacle

solenoid

gas

plasma

slug

gas

solenoid

high
explosive

Fig. 3.18 Explosion shock tubes for measuring the low-frequency and Hall conductivities as well
as the equation of state of shock-compressed plasma [70, 73]

Fig. 3.19 High-temperature evaporation of uranium in the transcritical domain. The data were
obtained employing the adiabatic expansion technique [67, 198]
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Fig. 3.20 Schemes for intense shock generation

3.5 Light-Gas Guns and Chemical Explosions

Today the technique of intense shock waves generated by the impact of metal liners
(strikers) accelerated to velocities of several kilometers per second on a target of the
substance under investigation is the main source of physical information about the
plasma behavior at pressures up to 10–15 Mbar. Here we shall not describe in great
depth the liner acceleration technique and the means of diagnostics—they are dealt
with in comprehensive reviews and monographs [1, 3–5, 14, 55, 63, 65, 70, 71, 73,
139, 186]. We only note that in shock-wave experiments of this kind it is possible
to carry out sufficiently ample measurements of the physical plasma properties. The
equation of state is determined by electrocontact and optical recording of the time
intervals in the motion of shock-wave discontinuities and contact surfaces. Pyromet-
ric, spectroscopic, protonographic, X-ray diffraction, and adsorption measurements
are performed; use is made of pulsed X-ray and synchrotron radiation sources;
laser interferometric measurements are made, as are low- and high-frequency Hall
conductivity measurements and the detection of piezo- and magnetoelectric effects.
Unique information was gained in the study of mechanical properties of shock-
compressed media: elastoplastic properties, splitting off, polymorphism, viscosity,
fracture, and fragmentation [103]. Many unexpected results were also obtained in
the study of chemical reactions and the kinetics of physicochemical transformations
in shock and detonation waves [103].

In the USA, gunpowder and light-gas launching devices—“guns” (Fig. 3.21)
[139]—were most often used, while in the USSR preference was given to explosion
launching devices [3].
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Fig. 3.21 Schematic of a light-gas gun, Livermore, USA [139]
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Fig. 3.22 Principle of “gradient” cumulation [195] and three-stage “layer cake” explosion [1, 4]

To increase the velocity of launching and hence the shock-compressed plasma
pressure, advantage is taken of highly sophisticated gas-dynamic techniques. The
technique of “gradient” cumulation (Fig. 3.22 [92, 195]) relies on a successive
increase of the velocity of strikers in alternating heavy and light material planar
layers. This technique is not related to the effects of geometrical energy focusing and
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therefore possesses a higher stability of acceleration and compression in comparison
with the spherical one. The thus-obtained three-stage “layer cake” explosion [3, 92]
accelerated a 100�m striker to velocities of 5–14 km/s. The impact of such a
striker excites in the target plasma a plane shock wave or a series of reverberating
shock waves with a pressure amplitude ranging into the megabar region. The
geometrical parameters of these experimental devices are selected in such a way
as to eliminate the distorting effect of side and rear unloading waves to ensure the
one-dimensionality and stationarity of gas dynamic flow in the region of recording.

Interestingly, the kinetic energy of a metal striker moving at a speed of 10 km/s
is close [139] to the kinetic energy of a proton beam in the Fermilab cyclotron
accelerator. The high kinetic energy in shock-wave experiments produces a strongly
compressed high-temperature plasma just as a relativistic ion collision produces a
quark–gluon plasma with enormous energy densities.

To increase the parameters of shock compression, in several experiments use
was made of explosion generators of counter-propagating shock waves (Fig. 3.23),
where the material under investigation was loaded on both sides by the synchronous
impact of steel strikers symmetrically accelerated by explosive charges [68, 137].

Very-high-precision spherical explosion generators of intense shock waves
(Fig. 3.24) were made in the USSR [1, 3–5, 91] for the study of thermodynamic
material properties at pressures ranging up to 10 Mbar. Using the geometrical
cumulation effects in the centripetal motion (implosion) of detonation products and
hemispherical shells, in devices weighing 100 kg with an energy release of 300 MJ
it was possible to accelerate metal strikers to velocities of 23 km/s.

Today the use of the experimental technique of high-power shock waves for
studying extreme states of matter [12, 66, 138] is the main source of information
about the behavior of strongly nonideal heavy-compressed plasmas in the domain of
record-high temperatures and pressures of megabar and gigabar ranges [24, 25, 27,
46, 50, 57, 70, 74, 87, 88, 91, 98, 111, 112, 139, 188, 193]. Being exotic for terrestrial
conditions, these ultraextreme states are quite characteristic of the majority of

Fig. 3.23 Explosion generator of counter-propagating shock waves [68, 137]
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Fig. 3.24 Explosion generators of spherically converging intense shock waves [3, 5, 71]

astrophysical objects and define the structure, evolution, and luminosity of stars,
the planets of the Solar system, as well as of more than 100 recently discovered
exoplanets [66, 138].

Furthermore, promising energy projects on controlled fusion with inertial plasma
confinement [66, 138] and the realization of high-temperature states in compressed
hydrogen [12] are associated with plasmas of ultramegabar range. These circum-
stances are a permanent factor which lends impetus to experimental studies into the
properties of heavily compressed nonideal plasmas of hydrogen, deuterium, and rare
gases by high-power shock waves, which are excited by light-gas [139] and plane or
hemispherical devices [24, 70, 91, 188, 193], high-power lasers, and electrodynamic
accelerators [111, 112].

Significantly higher pressures, which exceed by nearly an order of magnitude
the pressures under single-stage shock-wave compression and involve a significant
lowering of irreversible heating effects, are realized in the quasi-entropic substance
heating by a sequence of incident and reflected shock waves in devices of plane,
cylindrical, and spherical geometry [25, 27, 74, 87, 88, 139]. Using this experimental
technique it has been possible to obtain a density of compressed hydrogen of
�2 g/cm3 in the pressure range of up to 800 GPa [87, 88].
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Fig. 3.25 Quasi-entropic compression of deuterium gas in the pressure range of up to
1800 GPa [129]. The experimental density from [87, 88, 113] is doubled in going from hydrogen
to deuterium. The step in density is referred to the plasma phase transition

Record deuterium plasma parameters were obtained in [129]. For an initial
deuterium gas pressure p0 D 267 atm and T0 D 10:5ı, the density of shock-
compressed deuterium plasma was measured at � D .4:3 ˙ 0:7/ g/cm3 for a
pressure P D 1830GPa. Under these conditions the plasma is strongly nonideal
(� � 4:5 � 102) with a degenerate (n�3e � 2:8 � 102) electron component of density
� 2:8 � 1023 cm�3 (Fig. 3.25).

In [130] the kinematic and thermodynamic parameters of the shock compression
of liquid nitrogen were measured behind the front of a plane shock wave with the
use of plane-wave and hemispherical shock-wave generators. High compression
parameters were achieved in the experiments: a shock-compressed liquid nitrogen
density � � 3:25 g/cm3 and a temperature T � 56;000K at a pressure P �
265GPa. Measurements were made of the density, pressure, temperature, and
electrical conduction of the nonideal plasma of shock-compressed liquid nitrogen.
A close-to-isochoric behavior of the shock adiabat of nitrogen was observed in
the P D 100–300 GPa pressure range. The experimental data are interpreted as
the detection of the boundary for the shock-compressed nitrogen transition from
a polymer phase to a strongly nonideal dense plasma state for P � 100GPa,
� � 3:4 g/cm3.

The experimental data on the thermodynamic properties of nonideal deuterium
plasma obtained under cylindrical and spherical shock-wave compression are shown
in Figs. 3.25 and 3.26, where they are compared with the data of laser (Fig. 3.4) [18]
and electrodynamic (Fig. 6.8) experiments [110]. Dedicated estimates show that
the shock-compressed plasma in these experiments is strongly nonideal (Debye
coupling parameter � > 1) with developed ionization ne=nD � 1 (where ne and nD

are the electron and Debye densities, respectively) and partial degeneracy ne�
3
e � 3,

where �e is the thermal de Broglie wavelength. One can see (Fig. 3.26) that the
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Fig. 3.26 Shock-wave compression of deuterium plasma [18, 24, 50, 110]

Fig. 3.27 Explosion conic generators of “Mach“ shock waves [17]. Shown at the right are the
results of a two-dimensional hydrodynamic simulation

models of nonideal plasmas [1, 4, 71, 197] provide a reasonable description of the
data from explosion and electrodynamic experiments.
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Fig. 3.28 Capabilities of
different high-velocity
launching techniques
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In higher-stability conical explosion generators, use was made of cumulation
effects in the irregular (“Mach”) convergence of cylindrical shock waves (Fig. 3.27).
The combination of irregular cylindrical and “gradient” cumulation effects enabled
excitation in copper of a shock wave with an amplitude of �20Mbar, which is
comparable with pressures in the near zone of a nuclear explosion.

The capabilities of different launching techniques are compared in Fig. 3.28.

3.6 Underground Nuclear Explosions and Quasi-Classical
Model of a Substance

Specific plasma energy densities that were records for terrestrial conditions were
obtained in the near-source zone of a nuclear explosion. Several physical exper-
iments of this kind are schematized in Figs. 3.29 and 3.30 [3, 14, 15, 71, 186,
187, 192]. The collection of experimental data on shock-compressed aluminum
plasma is represented in Fig. 3.31, where the highest points correspond to record
parameters in terrestrial conditions [192]. The density of the internal energy of this
plasma is E � 109 J/cm3, which is close to the energy density of nuclear matter,
and the pressure P � 4Gbar is close to the pressure in internal layers of the
Sun. The plasma under these conditions (ne � 4 � 1024 cm3, T � 8 � 106 K) is
nondegenerate, n�3 � 0:07, it is 12 times ionized, and the nonideality parameter
is small (� � 0:1), which is an experimental illustration of the thesis of Chap. 2
about simplification of the physical plasma properties in the limit of ultrahigh
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Fig. 3.29 Scheme of experiments on the generation of intense shock waves in the immediate
vicinity of a nuclear explosion [14, 15, 186, 187]

A1 block 

Concrete  
piling 

Reference 
layer 

Magnesium 
cylinder 

Explosion 
chamber 

Nuclear charge

Rock 

Concrete 

Polyethylene «coat» 

Collimating slits 

Gamma-ray detector

Cables 

Lead shield 

Fig. 3.30 Schematic representation of experiments with an underground nuclear explosion using
a gamma-active reference layer. Reprinted, with permission, from [15]

energy density. Interestingly, the parameter range investigated is adjacent to the
domain where the energy and pressure of equilibrium radiation make an appreciable
contribution to the thermodynamics of the system:

ER D 4�T4=cI PR D ER=3 D 4

3
�T4=c:

Therefore the plasma dynamics regime is realized close to the radiative gas-dynamic
one [55].

The pressures realized by means of nuclear explosions [3, 5, 14, 15, 71, 186, 192]
(Fig. 3.31) belong to the multimegabar domain and are close to the characteristic
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Fig. 3.31 Shock-wave
compression of aluminum to
gigabar pressures [14, 15,
192]

“physical” pressure, which may be found from dimensionality considerations P �
e2=a4B � 300Mbar (aB D ¯2=.me2/ is the Bohr electron radius). Beginning with
these pressures, the Thomas–Fermi model [106, 107] applies, which implies a
simplified quantum-statistical description of a strongly compressed substance and
the “self-similarity” of its physical properties. This model [107], which relies on the
quasi-classical approximation to the self-consistent field method, is a substantial
simplification of the many-particle quantum-mechanical problem and therefore
enjoys wide use in the solution of astrophysical and special problems.

As discussed in Chap. 2, the description of bound electron states in the high-
density domain, � � �0, is radically simplified at extremely high pressures P �
e2=a4B or temperatures T 6 1 Ry � 105 K, when electron shells are “crushed”
and their properties are described by the quasi-classical approximation to self-
consistent field theory—the Thomas–Fermi theory. In this model, the description
of a system in terms of wave functions and energy eigenvalues is replaced by a
simplified statistical representation in terms of the average electron density �.x/,
which obeys the relationships of a quasi-uniform degenerate electron gas (in the
subsequent discussion we use the atomic system of units):

n.x/ D 1p
2�

T3=2f1=2

�
p2F.x/

2T

�
!

T!0

p2F.x/

3�2
;

where f1=2.˛/ is the Fermi function and 
 is the chemical potential.
To simplify calculations, in the quasi-classical model a substance is divided into

electroneutral spherical Wigner–Seitz cells of radius R, which contain a nucleus and
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Z electrons surrounding it, making it possible to go over from the multicentered
problem to a one-centered spherically symmetric problem. The electrons are in the
self-consistent potential U.r/ which satisfies the Poisson equation:

	r2U D 4�n;�
U .r/ �

r!0

1

r
; U .r/ �

r!R
.r 	 R/2

�
;

where the cell radius R is defined by the electroneutrality condition
R

n .x/ dx D Z.
Numerical integration of this equation enables one to determine the electron density
�.x/, which underlies the determination of all thermodynamic functions of the
electron gas of the atomic cell. To obtain the net thermodynamic characteristics
of the substance, account must be taken, along with the electronic terms, of the
nuclear motion, which is commonly described in either the ideal-gas or quasi-
harmonic approximation. The equations of the Thomas–Fermi model are inherently
self-similar with respect to the nuclear charge: upon introduction of the variables
ZV; Z�4=3T; Z�10=3P; Z�7=3E they do not contain Z explicitly and their solution
applies to any element, which simplifies the practical employment of this model.

The Thomas–Fermi model is the quasi-classical limit with respect to the Hartree
equations of the self-consistent field, and therefore modifications of this model
involve taking correlation, quantum-mechanical, and relativistic effects into account
in more detail [107]. Correlation corrections exist because the self-consistent
Hartree field is different from the true field inside an atomic cell. These corrections
arise from the antisymmetry of electron wave functions and are interpreted as
exchange-correlation effects. In addition, owing to inexactness of the picture of
independent particles accepted in the model, there emerge force correlation effects.

Quantum-mechanical corrections stem from the use of a quasi-classical formal-
ism and are divided into the regular (in ¯2) part (termed quantal), which reflects
the nonlocality of the relation between n.x/ and U.x/ due to the uncertainty
principle, and the nonregular correction, which reflects the nonmonotonicity of
physical quantities arising from discreteness of the energy spectrum [107]. It is
significant that the introduction of the oscillatory correction characterizes the most
up-to-date versions of the Thomas–Fermi model [107], while the inclusion of
exchange, correlation, and quantum corrections is conventional practice for high-
energy-density physics.

The relative magnitude of correlation and quantum effects is determined by the
dimensionless parameters [107]

ıcorr � ı	0 and ıquant � ıexch � n=p4F:

In the degeneracy domain (n2=3 � T, pF � n1=3, ı0 � n�1=3, 	 D 2) these
parameters are

ıcorr � n�2=3; ıexch � n�1=3;
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and in the classical domain (n2=3 � T, pF � T1=2, ı0 � n1=3=T, 	 D 3=2)

ıcorr � n1=2=T3=2; ıexch � n=T2:

A drawback of the Thomas–Fermi model is an incorrect description of the
electron density at the cell periphery and near the nucleus due to violation of the
quasi-classicality condition there. Kirzhnits et al. [107] came up with a method for
removing this drawback by employing the method of successive approximations
in the solution of the Thomas–Fermi equations with quantum corrections without
expanding in a series in a small parameter. This approach forms the basis of the
quantum-statistical model, in which the solution rapidly converges near the nucleus
and exhibits a qualitatively correct quantum-mechanical behavior away from the
nucleus. However, the resultant formulae are no longer self-similar with respect to
Z. Numerical calculations have to be carried out anew for each element, and the
equations themselves are much more arduous for numerical calculations.

Several other modifications [107, 174] to the quasi-classical model in the vicinity
of the nucleus were also proposed, which differ in the way the corrections are
introduced. However, in the thermodynamic description the difference between
these models and the Thomas–Fermi model with corrections is noticeable only
outside of the domain of their formal applicability, which underlies the preference
for the simpler Thomas–Fermi model to carry out specific calculations.

When use is made of the quasi-classical method of description, it is well to bear
in mind the specific inaccuracies introduced by the cell model itself. All electron
correlations in this model are automatically limited to the dimensions of the atomic
cell and therefore cannot exceed the average internuclear distance, and nucleus–
nucleus correlation effects are absent. These circumstances obviously limit the
applicability of the Thomas–Fermi model for the description of plasma in conditions
typical for this state of matter, when the screening sphere contains a substantial
number of nuclei, whose correlations make the main contribution to the Debye
correction [94]. That is why this model does not encompass the Debye limit in
the plasma domain and, furthermore, its extrapolation properties become worse as
the plasma becomes more tenuous (see [73]), because the model does not describe
the stepwise nature of thermodynamic functions in gas plasmas owing to ionization
effects (Fig. 3.32).

The divergence between the calculations made in the framework of the Thomas–
Fermi model and more exact quantum-mechanical calculations by the Hartree–
Fock–Slater model in the parameter range characteristic for the plasma state is
considered in [71, 73].

Nuclear correlation effects may also be significant in the condensed phase, since
the cell model ignores the deviation of the real cell volume from the average one
due to nuclear motion, which is valid only for ordered systems. For nonideality
parameter values � � 100 typical for the condensed state and dense plasmas, in
the equation of state it is necessary to take into account the motion of nuclei, which
also leads to atomic volume fluctuations. For the Thomas–Fermi model an estimate
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Fig. 3.32 Equation of state
of lithium plasma [101].
Calculation: 1 chemical
model, 2 Thomas–Fermi
model with quantum and
exchange corrections. I1, I2 ,
I3 sequential ionization
potentials

of this effect using the example of SiO2 showed [133] that the inclusion of nuclear
motion in the range 1 < � < 100 increases the pressure by �15%.

The physical conditions for the validity of the quasi-classical model, as noted
above, correspond to extremely high pressures P � 300Mbar and temperatures
T � 105 K, which are realized in different astrophysical objects but are hard to
attain by experimental techniques in terrestrial conditions. The presently attainable
highest-pressure and highest-temperature states are realized, as is evident from the
foregoing, with the help of dynamic methods that make use of the techniques of
intense shock waves. Although the majority of shock-wave experimental data do
not correspond exactly to quantum-statistical conditions, they permit the properties
of the quasi-classical models to be extrapolated beyond the limits of their formal
applicability defined [107, 174] by the smallness of the corresponding literal
criteria. These constructions suggest that the introduction of quantum, exchange,
and correlation corrections (oscillation corrections were not included) improves
extrapolation, which becomes possible in this case, in the view of Al’tshuler et
al. [2], to pressures P > 300Mbar for zero temperature and to �50Mbar for
T > 104 K. At the same time, the data of comparative measurements made
in underground nuclear explosions allow ambiguous interpretations and do not
provide an unequivocal answer to the question about the superiority of one or other
version of the quasi-classical model, and are at variance with the data of absolute
measurements [15].

It is also noteworthy that experiments on the shock compression of high-porosity
copper performed for pressures of 10–20 Mbar and temperatures up to 2 � 106 K
(see [14, 63, 65]) and of solid materials for pressures up to 160 Mbar [2, 14, 63,
65, 163, 164, 187] are indicative of significant shell effects in the domain that was
previously described by tradition by the standard Thomas–Fermi model.
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Fig. 3.33 Variation of elemental atomic volumes with increasing pressure [1, 4]

On the strength of initial simplifications, the quasi-classical model with quantum
and exchange corrections is inapplicable at low pressures, but it provides [1, 4]
(Fig. 3.33) a reasonable averaging of elemental atomic volumes over the periodic
system. We emphasize that the Thomas–Fermi model itself, due to the absence of
cohesion forces in it, for a zero pressure leads to an infinite radius of an atomic cell
and therefore to an incorrect—zero—substance density, and that the finite substance
density is not obtained until the corrections are introduced. As noted in [1, 4], with
increasing pressure the oscillations of atomic volume decrease and approach the
calculations by modified Thomas–Fermi models. However, this is partly attributable
to the fact that the comparison at high pressures was made with the results of
extrapolation of experimental data to quasi-classical calculations themselves.

In reality the tendency for substance properties to become simpler is violated at
higher pressures due to the existence of inner atomic shells in atoms. As determined
in [107], shell effects may be qualitatively described in the framework of the quasi-
classical approximation by including the correction irregular in ¯2 that corresponds
to the oscillatory part of the electron density, which was previously disregarded by
mistake. In this case it is significant that the shell effects are described even in the
lowest quasi-classical approximation for the wave function and should therefore
be taken into account along with the regular corrections considered above. The
shell effects reflect the irregularities of substance characteristics arising from the
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Fig. 3.34 Pressure as a
function of atomic number
for fixed densities and
temperatures [118]. The solid
lines represent calculations by
the Thomas–Fermi model and
the points correspond to the
inclusion of shell effects in
the central field
approximation

discrete energy spectrum and emerge in the quasi-classical model as a result of the
interference of de Broglie waves [107].

Therefore, the quasi-classical model in its most up-to-date version [107] is much
more substantive than considered before. It turns out that this model not only
describes the averaged behavior of electrons in heavy and strongly compressed
atoms, but it also qualitatively reproduces the atomic inner-shell structure and in
many cases yields results that are close to the data calculated by more accurate
quantum-mechanical models, being profitably different from them in simplicity and
obviousness.

The inclusion of shell effects appreciably changes the equation of state of
substances, giving rise to discontinuities in the atomic volume curve V.Z/ in the
high-pressure domain (where this approximation is justified) [73, 107]. In this case,
in the equation of state there emerge characteristic nonmonotonic features caused
by electron phase transitions, when the energy levels are expelled from the discrete
spectrum into the continuum. One might expect these features to smooth out with
increasing temperature under the influence of resonance electrons, however, the data
calculated in the central-field approximation [118] testify (Fig. 3.34) to a significant
influence of the shell structure even for a strongly heated substance. The significance
of the contribution from the shell effects at hyper-megabar pressures also follows
from the data of quantum-mechanical calculations in the more exact Hartree–Fock–
Slater approximation [178, 179] and by the augmented plane wave method [128].
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These effects are predicted for a broad parameter range and should vanish for
n � Z4 in the homogeneity domain [106], when all atomic energy levels pass
into the continuum. In this connection we note that the question of the asymptotic
behavior of the quasi-classical model is not trivial, for it has been shown [121] that
this model corresponds to the exact solution of the Schrödinger equation only for
Z ! 1, but not in the high-density limit.

Therefore, the question of the limits of validity of the quasi-classical model is
still, to a large extent, open, and the behavior of substances in the P > 300Mbar
domain turns out to be more varied than assumed on the basis of earlier simplified
ideas [107]. Experimental verification of the predictions of the quasi-classical shell
model is presently the most interesting problem of ultrahigh-pressure physics;
solving this problem is thought to call for new experimental techniques relying on
intense directional energy fluxes (see the following sections).

For the time being, only the underground nuclear explosion techniques [3, 14,
15, 71, 192] furnish the opportunity to approach the multimegabar pressure domain,
making no more than an estimate of the lower bounds of validity of the quasi-
classical model possible (Fig. 3.35). It was determined [1, 4] that this model applies
beginning from pressures of about 100 Mbar in the Hugoniot curve, whereas its
validity range becomes substantially narrower with increasing temperature (the
Hugoniot curves of a porous material).

The thermodynamics of superdense plasmas in the ultramegabar dynamic pres-
sure range invites further investigation. Figure 3.36 shows the pressures thus far

Fig. 3.35 Extrapolation
properties of the
quasi-classical
(Thomas–Fermi)
model [1, 4]; � D �=�0; SCF,
self-consistent field
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Fig. 3.36 Characteristic pressures realized in terrestrial experiments. DA—static technique
involving diamond anvils, SW—shock waves driven by light-gas guns and chemical explosives

attained under controllable conditions with the help of shock waves and diamond
anvils. One can see that going to pressures above 10 Mbar calls for the application
of unconventional techniques of shock wave generation (Sect. 3.8), primarily laser-
based techniques (Chap. 5).

The reader interested in ultrahigh-pressure problems is referred to [3, 14, 15, 63,
186, 192].

3.7 High Magnetic Fields

The highest magnetic fields that are possible to obtain in macroscopic volumes on
the Earth are produced using magnetic explosion (magnetic cumulation) genera-
tors [28, 62, 90]. Today these explosive assemblies hold the records for magnetic
intensity (28 MGs) and the magnitude of pulsed electric current (�300MA),
which corresponds to an extremely high electromagnetic energy density H2=8� �
3MJ/cm3. Magnetic explosion generators are the highest-power energy devices
today. Their power ranges up to �100GW.

A schematic diagram of the first explosion magnetic generators proposed by
academician A.D. Sakharov is shown in Fig. 3.37. In a radial generator (field
generator) the initial magnetic flux of induction B0 is radially compressed by a metal
cylinder, which is driven to the center by the detonation of condensed explosive.



66 3 High Energy Densities in Laboratories

Fig. 3.37 Disk explosion magnetic generator [90]

With retention of magnetic flux S D H0�R20 D H�R2 the magnetic intensity

H D H0

�
R0
R

�2
inside the cylinder is of many megagauss.

In a spiral generator (energy generator) the condition of magnetic flux retention
leads to a growth in current with a lowering in coil inductance, which is driven by
the detonation of high explosive (HE) placed in a metal cartridge on the coil axis.
The energy gain coefficient achieved in this case is at a level of 1000.

In what follows we adhere to review [90], which points to the existence of
two main limitations imposed on the rate of magnetic flux compression. First, this
compression must be rapid enough so as to satisfy the condition dL=dt � R and
prevent the load damage by the action of ponderomotive forces. Second, since a fast
variation of the flux ˚ gives rise to a high electric voltage U D 	Ldl=dt, reliable
electric insulation should by provided to guard against electrical breakdown.

A disk explosion magnetic generator (DEMG) is shown schematically in
Fig. 3.38. When the magnetic flux in the generator reaches a prescribed magnitude,
the generator circuit closes, thereby trapping the introduced magnetic flux. At the
same point in time the HE charges are synchronously detonated. Under the action
of explosion products the conducting plates collapse to compress the magnetic flux
simultaneously in all cavities and force it out from the compression cavities into a
load via a transmission line. The shape of conducting plates is so selected that the
compression obeys an exponential law.

In experiment [90], for an initial magnetic flux of �1Wb introduced into the
circuit of the device with the help of a capacitor bank, an initial current pulse with
an amplitude of 6.5 MA was formed, which was then amplified by a DEMG up to
90 MA. A high coefficient of magnetic flux retention was obtained: � � 0:6. An
energy of �10MJ was stored in the DEMG.

In an experiment [90] with a ten-module DEMG 400 mm in diameter, for a final
DEMG inductance of 4.7 nH the energy of magnetic field amounted to 25 MJ, with
15 MJ of them in the load.
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Fig. 3.38 Disk magnetic explosion generator [90]

To date, a family of DEMGs has been made with HE charges ranging from 240 to
1000 mm in diameter. The following parameters were attained in experiments with
DEMGs [11, 41–43, 52, 53, 76, 131, 144, 148, 168, 172]: an energy gain coefficient
of 10–30; a characteristic time of 3–10�s; a specific energy of 600 J/cm3; and an
output energy of 200 MJ. These generators are employed to accelerate metal liners
for the purpose of generating shock waves. A velocity of 50 km/s was achieved for
a liner of mass 1 g [33], and a velocity of 15 km/s for a liner of mass 0.25 kg [89].
Furthermore, the feasibility of quasispherical liner implosion under the action of
axially symmetric magnetic field was experimentally confirmed.

Spiral explosive magnetic generators (SEMGs) [90], which have a substantially
higher inductance and rate of its reduction in comparison with those in other types of
explosive magnetic generators, can efficiently operate on loads over a wide range of
inductances and resistances (Fig. 3.39). The key SEMG elements are a cylindrical
solenoid and a metal tube with an HE charge, which are coaxially arranged and
connected via a load. The magnetic flux produced in the generator volume by an
external energy source is compressed by the central tube. When the HE charge is
initiated at the end face opposite to the load, under the action of detonation products
this tube expands in the form of a cone, which travels with the detonation velocity
along the device axis [159, 160]. The central tube is made of soft copper or soft
aluminum alloys.

One of the highest-power SEMGs developed in the VNIIEF is the generator
with a 240-mm internal diameter of turns [90]. For an initial energy of �40 kJ,
in 50–120 nH loads it provides a current of up to 15 MA and a magnetic energy of
�8MJ. The generator characteristics outperforms the world level by a factor of 2–3
in specific energy, by a factor of 10–20 in energy gain coefficient, and by a about
factor of 2 in specific speed.

Explosive magnetic generators permit obtaining high electromagnetic energy
densities and are employed in many large-scale experimental systems. In the
next section we consider experiments performed in the framework of the
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Fig. 3.39 Spiral explosive magnetic generator: 1—electric detonator; 2—HE charge; 3—liner;
4—solenoid (stator); 5—crowbar; 6—insulator; 7—load; C— capacitor, K—gap [90]

MAGO (“MAGnitnoe Obzhatie”, or, in English, magnetic compression) fusion
program [90].

An explosive magnetic pulsed neutron source was made on the basis of a high-
inductance SEMG with a stator 80 mm in diameter and a chamber with a plasma
focus [51]. For a current of �1MA, the generator produced about 1012 neutrons per
pulse with a high temporal and amplitude stability.

An SEMG 200 mm in diameter [90], which produced a current higher than 5 MA
with a rise time of 400 ns was employed for powering a Z-pinch. Recorded in this
case was the generation of a soft X-ray pulse with an energy of �180 kJ and a half-
amplitude duration of 20 ns [169]. In the VNIIEF, SEMGs were first employed for
powering microwave generators [31].

SEMGs found use for accelerating solid liners to high velocities. Best known is
the series of seven experiments R-Damage executed jointly by the VNIIEF and the
Los-Alamos National Laboratory (LANL) to study dynamic fracture in convergent
geometry using an explosive magnetic device as the driver of a cylindrical aluminum
liner, which produced an axially symmetric impact action on the target under
investigation [190]. The experiments were intended to investigate the features of
initiation and development of spall fracture as well as of damage compacting in
extruded aluminum.

In the powering of high-impedance loads with current, brought to the forefront is
the problem of high energy generation in the final EMG circuit and energy transfer
to the load with step-up transformers [90]. One of the tasks solved with the aid
of EMGs in this scheme was the pumping of neodymium and photodissociation
lasers [149, 150]. The energy of laser radiation was equal to about 100 kJ.

A spiral-coaxial EMG 160 mm in diameter with a cable-type transformer pro-
vided an energy of up to 2 MJ in a 12–15�H load. The highest output voltage ranged
up to �200 kV.

The possibility of making fully independent SEMGs permits their use for testing
the lightning proofness of important industrial objects. In experiments involving
reproduction of a lightning current pulse in a protective grounding, for the first
time it was possible to record the production and development of high-power spark
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channels up to 30 m in length along the ground surface. In these experiments, for a
current of �70 kA the active resistance of the earth electrode lowered by more than
an order of magnitude [166].

A medium-class DEMG (with a HE charge diameter of 400 mm) was validly
used in a series of joint VNIIEF–LANL RHSR (Russian High Strain Rate)
experiments [10] involving investigations of the dynamic materials strength by per-
turbation growth technique for deformation rates d"=dt D 105–106 s�1 in the mode
of shock-free loading [90]. The three-layer cylindrical liner consisted of current-
carrying aluminum, polyethylene or water, and the material under investigation
(copper) (Al–H2O (polyethylene)–Cu). Axially symmetric sinusoidal perturbations
with wavelengths � D 2 and 4 mm were exited on two sequential segments of the
outer surface of copper.

The series of RHSR experiments yielded data on the dynamic strength of
polyethylene (2–3 kbar, greater than the static one by a factor of 20) and confirmed
the data on dynamic strength of copper. The stable operation of the DEMG-
based pulsed power system underlay the success of this series of experiments: the
inaccuracy of current pulse reproduction was �3%.

One of the lines of inertial confinement fusion research involves production of
high-power soft-X-ray SXR) pulses with an energy of up to �10MJ in a time of
�10 ns and compression of the thermonuclear fusion target by this radiation [56,
165, 181]. To generate SXR radiation in the Emir Project [165], use was made
of one- and two-stage liners of tungsten �0:01-mm diameter wires powered by
an EMG. At the initial stage of research, advantage was taken of spiral 100-
and 200-mm diameter EMGs with explosive current interrupters (ECIs). In these
experiments, the current pulses had an amplitude of 2.5–5.5 MA and a pulse rise
time of 300–400 ns. An SRX yield of up to �180 kJ was recorded; the duration of
SXR radiation was �20 ns and its temperature was �50 eV [167]. With the use of
a 10-element DEMG with 240-mm diameter HE charges and an electric ECI, in
liners it was possible to obtain currents at a level of 14 MA with a characteristic
rise time of 1.1�s. The energy of the SXR radiation was �0:8MJ [169]. This is
the highest-power SXR radiation source in Russia. Envisaged for the future is the
use of DEMGs with 480-mm diameter HE charges, 5-to-15 elements, and ECIs.
Currents in the liner are expected to range up to �50MA and have a rise time of
�0:5 �s. According to calculations, the SXR energy will exceed 10 MJ for these
current parameters.

Now let us consider, following [28], the physical experiments which employ
explosive magnetic generators.

To this end, a family of radial explosive magnetic generators was made
(Fig. 3.40), which permitted obtaining megagauss magnetic fields with a high
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reproducibility. In doing this, substantial difficulties were overcome [28]:

• Designers began to make generator shells of variable-conductivity materials. In
the initial state such a material is nonconducting or conducts current in only one
direction. At the desired point in time a shock wave from an HE is transmitted
through the material and it becomes conducting in all directions.

• Special initial-magnetic-field solenoids were made in the form of a cylinder
of a composite material. The wires in its inner layer form a multiple-entry
(�500 wire entries) multilayer (7–13 winding layers) solenoid. This permitted
obtaining high initial magnetic fluxes and employing the solenoid as a liner
compressing magnetic field: after the passage of a HE-driven shock wave through
the composite, its wires close to form a continuous conducting cylinder, which
captures and compresses the magnetic flux.

As a result, as family of radial explosive magnetic generators was made, which
permitted obtaining magnetic fields on the 10-megagauss range in laboratory
conditions. The generator shown in Fig. 3.40 possesses the following characteris-
tics [35, 145]. Initial generator parameters: an initial inner shell diameter of 139 mm,
a HE mass of 16 kg, initial magnetic field of up to 250 kGs. The second and third
generator cascades, with respective inner and outer diameters of 28 and 35 mm and
12 and 17 mm, may be made of a wire composite or a composite based on a finely
dispersed metal powder and a binding polymer [28].

In a generator three times larger in size (the HE mass was increased eight-fold),
�20MGs magnetic field were obtained and �28MGs in one of the experi-
ments [28].

The behavior of high-temperature superconductors in megagauss magnetic fields
generated by explosive magnetic generators was studied in [34, 147].

Experiments showed that the critical field in YBa2Cu3O7�x at a temperature of
4.2 K exceeds 200 T [147]. For a field above 210 T only a small fraction of vortexes
remains in the pinning state (there is an imaginary part in the conductivity), the
sample is primarily in the mode of viscous flow motion. To the disappearance of the
imaginary part there corresponds the second critical field Bc2.8˙3K/ D 340˙40T.

Fig. 3.40 External view of a
cascade generator prepared
for an explosive experiment.
The inset shows a fragment of
the cross section of the
solenoid shell of the
generator [28]
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Investigation of semiconductors in superhigh magnetic fields permits studying
energy band structure, investigate materials with a low carrier mobility or with
a density of defects or impurities. In these experiments it has been possible
to determine the effective electron mass in the conduction band, the Luttinger
parameters for the valence band, and the g-factor for electrons and holes. All these
quantities are functions of the electron energy which may be determined only in
superhigh magnetic fields. Three resonance peaks were discovered in 90, 270, and
410 T fields, which permitted determining the effective masses and dispersion of
electronic states [151].

The fundamental cyclotron resonance of holes and interband magnetoabsorption
were studied in InGaAs/GfAs with quantum wells [28]. In the measurement of
transmittance at a wavelength of � D 0:87�m, which precisely corresponds to the
band gap in GaAs (the photon energy of 1.425 eV), the sample became transparent
only in the 50-T field. For the same reason, for � D 0:82�m the sample becomes
transparent for a field of 150 T [79]. Observed in higher fields are absorption bands
in a range from 230 to 350 T. They arise from transitions from the two upper spin-
split Landau levels in the first hole subband to the two lower Landau levels in the
first electron subband.

Spin reorientation in superhigh magnetic fields was the main object of research
in magnetics. The step magnetization curve of the multi-sublattice magnetic
Ho0:7Y2:3Fe5O12, spin flip and spin flop transitions in MnF2, KMnF3, and
FeBO3 antiferromagnetics, were investigated [200]. Magnetic field may distort the
electronic structure of the ground state, which results in induced band magnetism.

The effect of level crossing in the paramagnetic YbPO4, TmPO4, ErVO4, and
PrVO4 zircons was investigated at a temperature of 4.2 K by induction technique in
the fields of up to 400 T [104, 105].

Superhigh magnetic fields may induce a change of valence in some compounds
containing Ce, Sm, Eu, Tm, and Yb rare-earth ions [28].

Induced in EuNi2(Si1�xGex)2 compounds is a valence transition from the state of
primarily trivalent ions to the state of primarily bivalent ions, which is attended with
a jump of magnetic moment. For these compounds, the fields of magnetoinduced
valence transitions were experimentally determined for the Ge density range up to
x D 0:5. In the entire density range the critical field Bc increases linearly with
decreasing density [120].

Investigations into the Faraday effect in terbium gallate-garnet Tb3Ga5O12 (the
energy spectrum of its magnetic subsystem has been adequately studied in static
fields) in an experiment with superhigh magnetic fields, whose buildup rate in
a radial generator amounts to 107–108 T/s, permitted determining the magnitude
of methodically important magnetocaloric effect. The temperature in the adiabatic
magnetization in a 75-T field amounts to 35 K [120].

Megagauss magnetic fields are a unique tool for the adiabatic compression of
substance at low temperatures and megabar pressures [28]. This experiment is
schematized in Fig. 3.41. According to [28], located coaxially under the squeezing
tube are a reference sample and the sample under investigation (at the center).
A cryogenic device, which contains a vessel for keeping liquid helium and an
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Fig. 3.41 Diagram of
compression device:
1—cryocontainer with
compression chamber filled
with the substance under
investigation;
2—cryoconductor;
3—second stage of the
generator; 4—solenoid of
initial generator field (the first
stage); 5—annular explosive
charge; 6—vessel for storing
liquid helium; 7—container
with the gas under
investigation

evacuated cryogenic conductor of cold, is intended to preliminary cool the gas
under investigation to a solid state (T0 � 5K). Under the excess pressure produced
in the cryogenic vessel, the coolant rises along the cryogenic conductor of cold
to gradually cool the compression chamber and its contents. During the discharge
of a powerful capacitor bank onto the generator solenoid, an initial magnetic flux
is produced in the gap between the solenoid and the squeezing tube. During the
operation of a radial magnetic cumulation generator, the magnetic field in the
gap rises to megagauss values and exerts a uniform magnetic pressure B2=8� on
the outer surface of compression chamber. As a result, the camera tube collapses
without shock wave production and compresses (during �15�s) the substances
inside of it to megabar pressures.

The method of determining the density � and pressure P of compressed substance
is as follows. In the execution of experiment the central part of the experimental
device is X-rayed by a bremsstrahlung pulse of the BIM-234 betatron and the
transmission image is recorded on an X-ray film [116, 143]. The X-raying is
performed at the moment the pressure in the compression chamber becomes
ultrahigh. Processing of the X-ray image obtained in the experiment yields the size
and, hence, the compression ratio of the reference and studied samples. From the
known values of compression ratio and initial density �0 of the sample it is easy to
determine its density at the instant of X-raying. From the density of the reference
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Fig. 3.42 Pressure–compression diagrams for protium (a) and deuterium (b) [28]

and its known isentrope it is possible to determine its pressure and, after including
small computational corrections, in the studied substance as well. Therefore, on
executing the experiment with X-raying we obtain a point in the P 
 � plane for the
substance under investigation.

Series of experiments [26, 29] were performed using this compression device
and the measurement technique, zero isotherms were constructed for protium
and deuterium in the 1–5 Mbar pressure range [28]. The experimental points (in
P 
 �=�0 coordinates) obtained for H2 and D2 are plotted in Fig. 3.42. The solid
line represents the curve which approximates the experimental data. The dashed
line shows an extrapolation of the zero isoterm, which was constructed in diamond
anvil experiments, to the megabar range [123]. Also given is a similar curve (the
dotted line) proposed for the molecular and atomic phases of protium and deuterium
in [113].
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3.8 Devices of High-Current Impulse Energetics

Devices of high-current (105–107 A) impulse energetics are employed to produce
high-energy-density plasmas in various kinds of experimental facilities. Electric
energy may effect the direct pulsed Joule heating (electroexplosion) of conductors or
the magnetohydrodynamic compression and heating of plasma objects. The stored
energy may be used to produce intense bursts of soft X-ray radiation (with a
radiation temperature of 200–300 eV) with the subsequent generation of intense
shock or radiative thermal waves by this radiation, or for the electrodynamic
generation of shock waves, as well as for the electrodynamic acceleration of metallic
liners. The energy capabilities of electrodynamic devices of this kind are, as a rule
(with the exception of the NIF and MJL), several orders of magnitude higher than
for lasers, making it possible to conduct experiments with thicker targets, raise the
accuracy of measurements, and relax the time-resolution requirements (105–107 s)
on the means of diagnostics.

The electroexplosion of conductors and metal foils by a pulsed current of �50–
200 kA is the traditional direction of research into the thermophysical properties
of refractory materials in the domain of condensed matter [117] for characteristic
energy densities of �10 kJ/cm3 (Fig. 3.43). This range was recently extended to 20–
30 kJ/cm3 with the attainment of strongly supercritical metal states, which permits,
in particular, the “metal–dielectric” transition to be studied in the continuous
supercritical expansion of metal plasmas.

The highest plasma parameters have been obtained in high-power Z-pinches
of the terawatt power range, in which the electric energy of capacitors, after the
corresponding peaking, effects the electrodynamic plasma acceleration followed by
the focusing of its kinetic energy on the cylinder axis [21, 45, 48, 58, 59, 78, 102, 109,
119, 127, 140, 155, 156, 175, 176, 180, 189]. In this way an approximately 10 ns long
burst of soft X-ray 150–200 eV radiation with an energy of �1:8MJ and a power
of �230TW [48, 49, 109, 119, 140, 153, 155, 176, 180, 182, 191] was produced
in the Z-pinch facility at the Sandia National Laboratories, USA [49, 153, 182]. In
these experiments a cylindrical plasma shell was produced by the electric explosion
of hundreds of thin (6–50�m) tungsten conductors by a 20 MA current with a rise
time of �100 ns. A tungsten plasma with an ion density of �1020 cm�3 and a degree
of ionization higher than 50 was obtained in the implosion on the axis.

The second interesting application of this facility (Fig. 6.8) involves the elec-
trodynamic generation of intense shock waves [110]. To this end, a high-power
electric current pulse effected the electrodynamic acceleration of a metal liner to
velocities of �20 km/s and the generation of megabar-range shock-wave pressures
at its impact on a target. In this case there is the possibility of controlling the
current parameters and realizing a shock-free (“soft”) compression of the target to
a pressure of �3Mbar. Laser-assisted recording of the parameters of the quasi-
isentropic compression was used, and it was possible to observe compressed states
with lower temperatures and entropies than for shock-wave heating.
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Fig. 3.43 Schematic representation of an exploding-wire experiment [117]

In experiments in the Angara facility [86] (Fig. 3.44), a pulsed current of �4MA
accelerated a xenon liner to a velocity of �500 km/s. The highly symmetric impact
of this liner on the surface of a cylindrical highly porous target excited in it a thermal
radiative wave, which emitted soft X-ray radiation with a temperature of �100 eV.
This high-intensity X-ray radiation from the cylindrical cavity was employed for
highly symmetric production of plane shock waves with a pressure amplitude of
�5Mbar, for the excitation of thermal radiative waves with a propagation velocity
of 100 km/s, as well as for the acceleration of metallic liners to velocities of �10–
12 km/s.

Interesting plasma parameters were obtained in Z-pinches with an initially
gaseous shell [78, 140, 189] of centimeter size, which is ionized by 100–200 ns
long megampere current and implodes to a millimeter-sized column, increasing the
plasma density by factors of 20–50 (to 1020 cm�3) for an electron temperature of
several electronvolts.

A high-energy plasma is generated in the X-pinch geometry produced by
crossing two current-carrying wires [6, 44, 83, 102]. Devices of this kind hold
considerable promise as X-ray radiation sources for microlithography and other
applications.

According to [6], an X-pinch is a load for high-current generators, which consists
of two or more crossed wires. The singularity of this configuration defines its
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Fig. 3.44 Pulsed Angara-5 generator, TRINITI, Russia, intended for controlled thermonuclear
fusion and experiments on high-energy-density plasmas and shock and thermal waves [86]

unique properties, specifically: in a wide range of the initial parameters (the number
and material of the wires, their diameter, their crossing angle, the diode gap, the
discharge current and its buildup rate) there forms a hot plasma in the crossing
region, which radiates in the ultraviolet and X-ray wavelength ranges. The radiating
plasma structure may be quite complicated, but its extreme parameters are attained
in special plasma regions termed hot spots. Numerous previous experiments showed
that a high spot must possess the following parameters:

• the image size in the photon energy range of about several kiloelectronvolts is
less than 10�m;

• the lifetime, which is measured from the emission duration in the same photon
energy range, is shorter than 100 ps;

• the electron plasma density is higher than 1022 cm�3;
• the electron plasma temperature is �0:5–2 keV;
• the emission spectrum during the first 10 ps is close to the blackbody radiation

spectrum.

Therefore, the hot spots of an X-ray pinch are a unique point source of pulsed soft
X-ray radiation (up to 10 keV) with a record brightness, which permits using it for
the radiography of short-lived objects. Best suited to this purpose is an X-ray pinch
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in which there forms primarily one hot point of minimal size and highest brightness
for a shortest duration of its radiation pulse [6].

Considered in [157] was a nontrivial mode of pulsed action of electromagnetic
field on conductors: the mode of Coulomb explosion. The effect consists in the
electric explosion of a positively charged crystal in the fast removal of conduction
electrons from the metal volume without a significant heating of the lattice itself. In
the case of a low-frequency field (when its frequency is lower than the electron
collision frequency) it is possible to realize the conditions for the Coulomb
explosion of a metal when the field pulse duration is shorter than the electron
energy relaxation time due to elastic collisions and the electron temperature is much
higher than the Fermi energy and the work function. In the opposite case of a high-
frequency field, for instance under a high-power pulse of ultraviolet laser radiation,
the Coulomb explosion occurs when the field intensity is much higher than the
intraatomic field, i.e. for a laser intensity � 1019 W/cm2.

In the operation of modern high-current pinches, in the course of production of
high energy densities there occur developed magnetohydrodynamic flows in which
a crucial role is played by radiation [48, 59, 102, 127, 155, 158, 175], which is of
significance in its own right in radiative gas-dynamic simulations of astrophysical
objects.

Promise may be held by the line of research in the generation of high-
energy-density plasmas reliant on the quasi-adiabatic cylindrical compression of
plasma structures [8, 21, 102, 109, 127, 176, 180, 194] that initially contain
preformed closed magnetic configurations—so-called “inverse” magnetic field
structures [44]. Additional compression and heating of this plasma is effected
by an external metallic liner electrodynamically heated by a megampere current.
Estimates show [138] that the 30 MA current of the ATLAS facility is capable of
producing a several-centimeter-long plasma column 1 cm in diameter with a plasma
pressure of �1Mbar, an ion density of 1019 cm�3, and a temperature of �10 keV.

In the MAGO project (Fig. 3.45) [132], a pulsed current of 7 MA delivered by
an explosion magnetic generator [30, 64] compresses and heats the preliminarily
prepared magnetized plasma to parameters close to thermonuclear conditions, � �
20 g/cm3, T � 3–4 keV, which furnished a deuterium–tritium (DT) reaction neutron
yield of (3–5)�1013. In this case, an energy density of �107 J/cm3 was realized in
the plasma-compressing metallic liner.

One can see in Fig. 3.45 that the operation of the MAGO chamber [90],
which comprises two compartments connected by a Laval nozzle and filled with
a deuterium-tritium mixture, necessitates two SEMGs. The first of them performs a
preliminary powering of the chamber; engaged on its completion is the source of fast
powering, which consists of an SEMG and a current sharpener. In the first chamber
compartment there emerges a gas discharge, with the result that the magnetic field
is frozen into the plasma. Under the action of magnetic field the resultant plasma
flows through the nozzle from the first compartment into the second one. For a
fast buildup of magnetic field the plasma flow becomes supersonic at the nozzle
output and a shock wave is formed in the second compartment, in which the plasma
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Fig. 3.45 Schematic diagram
of the MAGO plasma
generator [132]. 1, 2—plasma
chamber; 3, 4—power
sources, explosion magnetic
generators; 5—sensors;
6—insulators

decelerates and heats up [40]. Obtained in the chamber were 5 � 1013 neutrons per
pulse.

The devices of high-current impulse energetics considered above show good
promise as regards improving the main parameters and developing the elements
and schemes of power compression.

The Baikal facility [16, 84] projected in Russia should become a source of
soft X-ray radiation with an output energy of �10MJ intended for experiments
with indirect-drive thermonuclear targets and other problems of high-energy-density
physics (Fig. 3.46). In this Project, 4 GJ of electric energy is stored in inductive
energy storage devices and, after the corresponding power peaking, will feed a fast
liner system with a power up to 500–1000 TW.

It is planned to develop the success achieved on the Z facility at Sandia, USA,
employing the X-1 facility, which feeds two pinch units, each generating 7 MJ of
soft X-ray radiation with a power of �1000TW. This X-ray power will be delivered
to a thermonuclear target 4 mm in diameter exposed to X-ray radiation with a
temperature of more than 225 eV for 10 ns. The thermonuclear energy yield of the
X-1 facility is anticipated to be 200–1000 MJ.

A development of the Z generator at Sandia, USA, is the IFE-Z Project [141],
which is substantially no less than a prototype of a pulsed thermonuclear reactor
(Fig. 3.47). Use will be made of a double Z-pinch, each pinch generating 8 MJ of X-
ray radiation under a 66 MA current pulse. In this case, the planned thermonuclear
energy yield is 3 GJ and the gain coefficient � 83.

Figure 3.48 shows the employed scaling of the X-ray energy yield with the pinch
current.

The use of chemical explosives for generating intense pulsed currents and
magnetic fields relies [95] on the explosive compression of the initial magnetic
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Fig. 3.46 Schematic representation of the Baikal facility [16]

Fig. 3.47 Schematic drawing of the IFE-Z facility [141]

flux by conducting metallic liners [64, 95, 146] accelerated to velocities of several
kilometers per second by the detonation products of condensed explosives. This
is precisely how it has been possible to achieve values of electric current of
�300MA and magnetic induction of �29MGs, which are the record values
achieved under terrestrial conditions [30]. In the latter case, the magnetic field
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Fig. 3.48 Soft X-ray radiation yield as a function of Z-pinch current

energy density was equal to 3�106 J/cm3, making it possible to carry out interesting
physical experiments in megagauss magnetic fields: the quasi-isentropic com-
pression of substances [95, 146], the study of magnetoresistance, magnetooptical
effects, Shubnikov–de Haas effect, and many other phenomena at high energy
densities [170].
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Chapter 4
Extreme States in a Nuclear Explosion

People have always attributed the quest for and mastering of new energy sources to
high-priority lines of basic and applied research [114]. The first third of the twentieth
century has seen vigorous investigations into the structure of atoms and atomic
nuclei. Leaning upon the achievements in this area made by several world’s leading
physicists, E. Fermi, L. Scillard, F. Joliot-Curie, Ya.B. Zel’dovich, Yu.B. Khariton,
et al. even in 1939 substantiated the feasibility of a nuclear fission chain reaction in
uranium and therefore the prospect of practical use of a radically new—nuclear—
energy source, millions of times more powerful than traditional chemical reactions.
A short time later, conditions [122] for the realization of a chain nuclear reaction of
explosive type (previously discovered by academician N.N. Semenov for chemical
reactions) attended with the liberation of an unprecedented amount of energy. This
signified that scientists were on the verge of creating weapons of extraordinary
destructive power [107].

To implement the practical use of nuclear energy, scientists had to solve a wealth
of complicated scientific and technical problems. Their effort resulted in the advent
of a new science—the physics of high energy densities, whose basic elements have
been set forth in a large number of publications and generalized in a review [58]
and the materials of the Session of the Physical Sciences Division of the Russian
Academy of Sciences [9].

In the 1940s, in the USA and USSR the first steps were made towards the solution
of the problem of implementing an explosive-type nuclear reaction and developing
nuclear weapons. The scientific and technological achievements in this area still
remain the military and state secrets of the countries possessing nuclear weaponry.
International treaties strictly regulate the publication of technologies relating to the
production of nuclear weapons and prohibit their transfer to other countries.

However, a nuclear explosion is also a unique physical phenomenon, whose study
is of interest to scientists in various realms of knowledge, including scientists in high
energy density physics.
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It is well known [36, 37] that the study and large-scale practical use of extreme
states of matter are inseparably linked with the entry of our civilization to the
atomic era, with the first step in this direction—the development of nuclear and
thermonuclear weapons [4, 5, 11, 15, 49, 88, 94–97]. The pressures of tens-hundreds
of megabars generated in nuclear charges by powerful spherical shock waves
produce a several-fold compression of the nuclear fuel to initial chain nuclear
reaction with pulsed energy liberation. This nuclear energy liberation in its turn
is the main instrument for compressing and heating thermonuclear fuel to billions
of atmospheres and tens of millions of degrees with the aim of initiating in it the
thermonuclear fusion of a deuterium-tritium mixture [4, 5, 11, 15, 49, 52, 88, 94–
97, 115].

A nuclear explosion, in the broad sense, begins with providing conditions for
the implementation of an explosive chain nuclear fission reaction in a small volume
of uranium or plutonium in a time of the order of tens of nanoseconds and ends
with the many years lasting decay of radioactive explosion products dispersed over
the atmosphere and terrestrial surface. The nuclear explosion itself, if this term
is meant to imply the primary energy liberation, develops in a time no longer
than several microseconds—initially in the chain reaction of uranium or plutonium
fission and then (in the case of a thermonuclear explosive device) in a certain
sequence of tritium-deuterium nuclear fusion reactions [9, 58, 107, 114, 122]. While
on the subject of a nuclear explosion, implied most often is the outward appearance
(Fig. 4.1 [107, 114])—the emergence of a luminous domain, the arrival of a shock
wave to the point of observation, the ascent of explosion cloud, etc. To state it
different terms, the notion of a “nuclear explosion” is commonly associated with
the formation and development of the physical processes which are traditionally
termed the destructive factors of a nuclear explosion [114].

In the first and second sections of this chapter we consider the first stage—the
initiation. The last section of this chapter is concerned with experiments in the
generation and study of extreme states of matter with the help of powerful shock
waves driven by the nuclear explosion.

4.1 Exothermal Nuclear Reactions

The key finding that marked the entry of humanity into the nuclear era was
E. Rutherford’s introduction of the planetary atomic model in 1911 [93] (Fig. 4.2).
Unlike the previously existing J. Thomson’s model, in which an atom was uniformly
filled with electrons and ions, Rutherford’s model assumed a tiny nucleus at the
center of the atom surrounded by electrons moving at a long (�10�8 cm) distance
from the nucleus. To compensate the Coulomb repulsion of positive charges in the
nucleus, nuclear binding forces had to be introduced, whose energy was millions of
times higher than that of Coulomb repulsion.
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Fig. 4.1 General view of a nuclear explosion [114]

Fig. 4.2 Model of atomic structure
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Fig. 4.3 Binding energy per nucleon for atomic nuclei [108]

Following [19], in the formation of a nucleus of mass m made up of Z protons
of mass mp and .A 	 Z/ neutrons of mass mn the mass defect is written as �m D
Zmp C .A 	 Z/mn 	 m.

For a stable nucleus the mass defect�m > 0 and the binding energy B D �mc2.
The energy liberation in a nuclear reaction corresponds to the energy difference

between the reacting nuclei and reaction products:

Q D
X

f

Bf 	
X

i

Bi:

The average binding energy per nucleon (Fig. 4.3) shows a slow growth in B/A
with increase in nuclear mass A to attain a maximum of �8:7MeV for A0 D 57.
Exothermal reactions are possible when the reaction products have a higher B=A,
value, and therefore, according to Fig. 4.3, nuclear fission (for A > A0) into lighter
fragments will be exothermal and fusion reactions (for A < A0) will proceed with
energy liberation in the production of heavier nuclei.

Hence it also follows that the production of light (lighter than Fe) elements in
nature occurs in thermonuclear fusion reactions and of heavier ones in the neutron
or proton capture and in fission.

4.1.1 Thermonuclear Fusion

For a fusion reaction to occur, two positively charged nuclei of mass A1 and A2 have
to overcome Coulomb repulsion and come within a distance of �1:44 �10�13.A1=31 C
A1=32 / cm—the range of nuclear attraction forces (Fig. 4.4) with a potential U0 �
30–40 MeV. The magnitude of this potential at a maximum is equal to several MeV.
Putting Z D 90, and r � 10�12 cm, we obtain Ub � 26MeV. In classical dynamics,
an outgoing particle must possess this energy to overcome this potential.
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Fig. 4.4 Potential energy as
a function of the distance
between two charged nuclei.
Borrowed from [19]

In quantum mechanics, a particle is a wave packet of size on the order of a
thermal de Broglie wavelength � � p„2=.2mkT/.

When this wavelength is comparable to the thickness of the peak in Fig. 4.4, the
particle may execute a tunnel transition even though its energy may be lower than
the peak of potential Ub in Fig. 4.4.

Following [19], we represent the fusion reaction cross section as

� � �geom �  � <;
where �geom � „2 is the geometrical cross section,  is the penetration factor for
the barrier in Fig. 4.4, < is the probability that the nuclei enter into a reaction,

 � � D exp
�
	
q

��
�

�
is the Gamow factor, where �� D �

�˛f Z1Z2
�2
2mrc2 �

986:1Z21Z
2
2Ar keV, Ar D mr=mp, and ˛f D e2=„c D 1=137:04 is the fine structure

constant.
This relation shows that the likelihood of entering into a reaction in the case of a

tunnel transition decreases rapidly with increase in atomic nuclear mass.
As for the < parameter, it is determined by the nature of the nuclear reaction. It is

large for strong nuclear interaction, orders of magnitude smaller for electromagnetic
interaction, and 20 orders of magnitude smaller for weak nuclear interaction. In this
case, the variation of < is, as a rule, smaller than the strong variation of the Gamow
factor.

Quite often [19] used is the representation

�.�/ D S.�/

�
exp

�
	
r
��

�

�
;
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Table 4.1 Fusion reactions: reaction cross section for a center-of-mass energy of 10 keV and
100 keV, maximum reaction cross section �max, and the maximum location �max

Reaction � (10 keV) [barn] � (100 keV) [barn] �max [barn] �max [keV]

D C T ! ˛ C n 2:72 � 10�2 3.43 5.0 64

D C D ! T C p 2:81 � 10�4 3:3 � 10�2 0.096 1250

D C D ! 3He C n 2:78 � 10�4 3:7 � 10�2 0.11 1750

T C T ! ˛ C 2n 7:90 � 10�4 3:4 � 10�2 0.16 1000

D C 3He ! ˛ C p 2:2 � 10�7 0.1 0.9 250

p C 6Li ! ˛ C 3He 6 � 10�10 7 � 10�3 0.22 1500

p C 11B ! 3˛ (4:6 � 10�17) 3 � 10�4 1.2 550

p C p ! D C eC C 	 (3:6 � 10�26) (4:4 � 10�25)

p C 12C ! 13N C � (1:9 � 10�26) 2:0 � 10�10 1:0 � 10�4 400
12C C 12C (all branches) (5:0 � 10�102)

Theoretically estimated quantities are enclosed in parentheses, the remaining data were experi-
mentally obtained

Fig. 4.5 Reaction cross
sections as functions of the
center-of-mass energy, which
are of interest for controlled
thermonuclear fusion. The
DD curve is the sum of
different reaction cross
sections. Borrowed from [19]

where S.�/ is the so-called astrophysical S factor—a weakly varying energy
function.

The cross sections and parameters for several reactions of interest for thermonu-
clear applications are given in Table 4.1 and Fig. 4.5 [19].

One can see from Fig. 4.5 that the deuterium-tritium fusion reaction

D C T ! ˛.3:5MeV/C n.14:1MeV/ (4.1)
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has the greatest cross section of �5 barn for a relatively modest energy of �64 keV.
The energy liberation of this reaction is high, �17:6MeV. Furthermore, this reaction
has a broad resonance for the formation of 5He for �64 keV.

An analysis shows that reactions of the type

D C D ! T .1:01MeV/C p .3:03MeV/;

D C D ! 3He .0:82MeV/C n .2:45MeV/

have a 100 times smaller cross section for 10–100 keV, and the reaction D .d; �/4He
has a cross section even 4 orders of magnitude smaller than the D C D reaction.

The reaction

p C 11B ! 3˛ C 8:6MeV

is interesting in that it is not associated with radioactive products and does not yield
neutrons.

Not discussing other possible reactions here, we emphasize that it is precisely the
DT reaction (4.1) which is presently associated with the main practical applications
of controlled and quasicontrolled thermonuclear fusion. Other reactions are of major
significance for astrophysics [19].

First and foremost, these are proton-proton cycle reactions, whose scheme is
considered in detail below. Here we note that the pp and pD reactions have the
lowest Gamow energies �G, but their cross sections are also low. The pp cycle is
related to the low-probability beta decay, so that the S factor for these reactions is
25 orders of magnitude lower than for the DT reaction. The pD reaction involves
electromagnetic transitions, which are much more probable than the pp processes,
but their cross section is nevertheless significantly smaller than for deuterium and
tritium reactions, which are due to strong nuclear interaction.

For our Sun (a yellow dwarf, which belongs to the system of 1011 stars that make
up our Galaxy) we give here the two most important energy cycles: the helium cycle
(Fig. 4.6) and the carbon-nitrogen one (Fig. 4.7) [67].

According to the proton-proton scheme in Fig. 4.6, produced in the collision of
two protons is the nucleus of heavy hydrogen (of deuterium) D, which consists of a
proton and a neutron:

p C p !2
1 D C eC C 	:

This reaction produces a neutrino 	, which freely escapes from the star, and
a positron eC, which collides with one of numerous electrons immediately after
production, and both particles annihilate to turn into several photons: eC C e� !
� C � . The newly born deuterium nucleus collides and fuses with a proton to make
up the nucleus of the light helium isotope:

2
1D C p !3

2 He:
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Fig. 4.6 Proton-proton cycle [67]

Then, produced in the collision of two 3
2He nuclei is the unstable nucleus of

beryllium 6
4Be, which almost instantly decays into two protons and the nucleus of

“ordinary” helium of atomic mass 4:

3
2He C3

2 He !4
2 He C 2p:

If we omit the intermediate products of this proton-proton reaction chain, it boils
down to the transformation of four hydrogen nuclei to the nucleus of helium-4. The
luminosity of a main-sequence star increases rapidly with mass. The luminosity
of a star of mass 10Mˇ, for instance, exceeds the solar one by almost a factor of
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Fig. 4.7 Carbon-nitrogen cycle [67]

104. Consequently, thermonuclear reactions in the interior of massive stars proceed
much more rapidly. And since the rate of these reactions depends primarily on the
temperature, the greater is the mass of a main-sequence star, the higher is its central
temperature. This is borne out by simulations of the stars with the solar chemical
composition: the temperature at the center of the stars of mass 0.1, 1, and 10Mˇ is
equal to 5, 14, and 30 million degrees. The central density of such stars, by contrast,
decreases with their mass: at the solar center it is close to 150 t/m3, while for a star
of mass 10Mˇ it is approximately ten times lower.

The ultimate result of the helium cycle: four protons transform to the nucleus
of helium-4. Produced in this case are two neutrinos and � -ray photons as well as
two positrons, which subsequently combine with electrons to also produce � -ray
radiation. The production of one nucleus of 4He out of four protons is attended with
the liberation of an energy of 26.7 MeV equal to the difference between the energy
of four protons and the resultant nucleus energy. The carbon-nitrogen cycle shown
in Fig. 4.7 is of major significance, because the amount of carbon is almost 107 times
greater than the amount of its sequents—lithium, beryllium and boron. Calculations
suggest that a reaction chain referred to as the CNO cycle, named after the names
of its participating elements, is possible at a temperature above 10 million K.

In accordance with [108], the nuclei 13
7 N, 14

7 N, and 15
8 O play the role of

intermediate links in the CNO cycle, so that the ultimate result of these reactions,
like in the pp chain, is the fusion of four protons with the production of a helium
nucleus. Also produced are two neutrinos, which escape from the star, and two
positrons, which immediately annihilate.
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Carbon in the CNO cycle plays the part of a catalyst: a 12
6 C nucleus, which

is required to initiate the process, reappears in the last reaction of the cycle.
The abundance of this element nevertheless decreases by a factor of several
hundred during the lifetime of a main-sequence star, and the reason is as follows.
Calculations suggest that the 14

7 N C p !15
8 O reaction is the slowest of the six

reactions that make up the CNO cycle. This has the effect that the fusion of 147 N
nitrogen nuclei proceeds much faster than their transformation to oxygen nuclei.
And so, immediately after the cycle onset the amount of nitrogen nuclei in the
zone of nuclear reactions begins to accumulate at the expense of the corresponding
decrease of the amount of carbon nuclei. However, for the star as a whole the rate
of lowering of the total number of nitrogen nuclei depends not only on the rate of
the fourth reaction of the cycle, but also on the number of these reactions, and it
will grow with increase in the number of nitrogen nuclei in the zone where these
reactions take place. At some point in time the amount of nitrogen nuclei will be so
large that equal amounts of the 14

7 N nuclei will vanish and be synthesized—kinetic
equilibrium will set in. The fifth and sixth reactions of the CNO cycle proceed much
faster than the fourth one, and so it is valid to say that the cycle rapidly comes to
an end after the disappearance of the 14

7 N nucleus and the 12
5 C nucleus (along with

the 4
2He nucleus, of course) is produced—the cycle closes. The newly emerging

carbon nuclei initiate a new round of the cycle, and this process is repeated until
all hydrogen transforms to helium. After the kinetic equilibrium sets in, the relative
abundance of nitrogen and carbon no longer changes with time, but in this case
is radically different from the initial one—almost all carbon has transformed to
nitrogen. The time in which the kinetic equilibrium is reached in the star is much
shorter than the hydrogen burnup time. That is why in the stars which leave the main
sequence the content of nitrogen in the central region is hundreds of times higher
than in the stellar shell.

In the solar interior the CNO cycle provides only several percent of the liberated
energy, but in the stars with M > 2Mˇ this cycle accounts for virtually all of
the energy liberation. In reactions with participation of protons and carbon nuclei
Z1Z2 D 6, and in the collisions of protons with nitrogen nuclei Z1Z2 D 7.
Consequently, the gas temperature in the interior of the stars in the upper part of the
main sequence is high enough for the reaction 4

2He C4
2 He !4

2 Be to also proceed,
for which Z1Z2 D 4. However, the beryllium nucleus 42Be is unstable: on living for
only 10�16 s it decays into two ˛-particles, and therefore in the main-sequence stars
helium does not “burn away”, but merely accumulates [108].

The nuclear reactions considered above give rise to � -ray photons, which
propagate through the solar substance. In their path they interact with ions, electrons,
and atoms of the medium. The mean free path is equal to 1 cm, while the solar
radius is equal to 7 � 107 cm. Several hundred thousand years pass until the “distant
relatives” of the � -ray photons produced in the solar interior manage to get out
and become detectable to an external observer, making life on the Earth possible.
According to modern notions, hydrogen in the solar interior burns primarily via
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the proton-proton cycle and only 1.6 % of hydrogen burns in the carbon-nitrogen
reaction cycle.

The CNO cycle reactions are of importance for energetics and production of
hydrogen in stars. And though their S factor is not low, the Gamow energy �G �
40MeV, so that the total cross section turns out to be much smaller than for the pp
cycle. That is why the CNO cycle prevails over the pp cycle at temperatures above
�1:5 keV.

Reactions with 12C participation are important for the evolution of white dwarfs.
Owing to a very high Coulomb barrier the S factor is quite large in this case. These
reactions come to the fore at extreme densities of �109 g/cm3 due to the screening
of Coulomb potential in dense plasmas.

The reaction probability per unit time per unit target density is of the form [19]

h�vi D
1Z
0

�.v/vf .v/dv: (4.2)

For the Maxwellian distribution function

fj.vj/ D
� mj

2�kT

�3=2
exp

 
	mjv

2
j

2kT

!
; (4.3)

it follows [19] that

h�vi D 4�

.2�mr/1=2
1

.kT/3=2

1Z
0

�.�/� exp
�
	 �

kT

�
dv;

Upon simplifications this leads to an approximate dependence—the Gamow for-
mula [19]:

h�vi D 6:4 � 10�18

ArZ1Z2
S�2 exp .	3�/ cm3=s;

where � D 6:2696.Z1Z2/2=3A
1=3
r T�1=3 and the temperature is in keV.

The results of direct integration of the cross sections for nuclear fusion reactions
over the Maxwellian distribution function (4.3) are depicted in Fig. 4.8. One can
see that the cross section for the DT reaction is 100 times higher than for other
reactions in the 10–20 keV temperature range and 10 times higher for T < 25 keV.
This reaction has competitors only at extremely high temperatures T > 102–103 K.
Semiempirical formulas describing the dependences of Fig. 4.8 are given in [19]:

h�viDT D 9:10 � 1016 exp

 
	0:572

ˇ̌
ˇ̌ln T

64:2

ˇ̌
ˇ̌2:13

!
cm3=s:
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Fig. 4.8 Temperature dependences of thermonuclear reaction rates [55]. It is evident that the
deuterium-tritium fusion reaction has the largest cross section and is therefore the easiest to
implement in practice

This expression is accurate to within �10% for 3–100 keV and to 20 % for 0.3–
3 keV [54]. At temperatures of 8–25 keV, the DT reaction rate is [19]

h�viDT D 1:1 � 10�18T2 cm3=s:

The rates of the two DD reaction branches, correct to �10% for 3–100 keV,
are [53]

h�viDDp D 2 � 10�14 1C 0:00577T0:949

T2=3
exp

�
	19:31

T1=3

�
cm3=s

and

h�viDDn D 2:72 � 10�14 1C 0:00539T0:917

T2=3
exp

�
	19:80

T1=3

�
cm3=s:

For the pp reaction [16]:

h�vipp D 1:56 � 10�37T�2=3 exp

�
	14:94

T1=3

�
�

� �1C 0:044T C 2:03 � 10�4T2 C 5 � 10�7T3
�

cm3=s:
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It turns out that this central solar reaction is 24–25 orders of magnitude slower
than the DT reaction. It is amazing that nuclear energy liberation at the solar center
is quite low, �0:018W/kt, which amounts to only 1/50 of the power of a human
heart [19].

With increase in plasma density the interparticle interaction V.r/ � e2=a
becomes comparable to the kinetic particle energy, so that the nonideality parameter
� � e2=.akT/ will approach unity. This increases the rates of thermonuclear
reactions [57, 99]:

h�vies �
�
1C p

3� 3=2
�

h�vi:

Under solar conditions for � � 130 g/cm3 and T � 1:5 keV, this effect is
moderate and amounts to 1.5 % for h�vi. Nor is it strong for laser fusion: for
� � 100 g/cm3 and T � 5 keV it is within 0.2 %.

As the nonideality � increases, the correction for screening becomes � exp .�i/,
but nevertheless remains small for thermonuclear temperatures and is neglected, as
a rule. In the case of a strongly nonideal plasma (� > 170), its ions “freeze” to
make up a crystal lattice and execute vibrations about their equilibrium positions at
a frequency ! [36].

In this case, ions may enter into thermonuclear reactions with their neighboring
ions. As this takes place, the Gamow barrier penetration factor is proportional to
exp .	�1=6/ and is independent of the temperature. Detailed calculations for the
carbon-carbon reaction for �i > 170 yield [57, 100]

h�viCC D 107
� �

108

��0:6
exp

�
	258

� �

108

��1=6�
:

This pyknonuclear regime was invoked to provide an explanation for a sharp
energy liberation in a dense and relatively cool white dwarf with a carbon
nucleus [19]. In this model, the carbon nucleus compression to 109 g/cm3 sharply
increases the thermonuclear reaction rate h�viCC and thus raises the temperature
and pressure to give rise to fusion burn.

The spin polarization of nuclei may exert a strong effect on the rate of
thermonuclear reactions. In particular, the DT collision of nuclei with an even spin
and an angular momentum J D 3=2 (in units of „) has a reaction probability higher
by two orders of magnitude than in other cases. This circumstance makes attractive
the idea [69, 70, 76], which as yet remains to be practically implemented.

The idea of muonic catalysis [26, 80] relies on the replacement of an atomic
electron with a heavier muon of mass m
 D 208me. Replacing electrons with
muons will lead to the formation of muonic atoms, which are 208 time smaller,
will bring closer the nuclei in D2 and T2 molecules and will raise the probability of
thermonuclear reactions even at room temperature. This results in a 50-fold increase
in the tunneling of the fusion reaction in comparison with an ordinary molecule. For
the DT reaction in a D
T pseudomolecule, calculations give �f � 7 � 10�13 s and



104 4 Extreme States in a Nuclear Explosion

�f � 1:5 � 10�9 s for the DD reaction in a D
D molecule. After the reaction, muons
may enter in other similar reactions, playing the role of a peculiar catalyst.

For the energy balance in the muon catalysis to be positive, the energy liberated
in this cycle should exceed the energy expended to produce a muon itself, �5GeV
(in the decay of a pion). If one muon participates in N fusion reactions, each with an
energy liberation of 17.6 MeV, and the energy-to-electricity conversion efficiency is
equal to 40 %, then N must exceed 700; for practical applications it is desirable that
N > 3000. To date, the attained number of muon catalysis events is �200 [26, 80].

One more possibility for fusion reactions deserves notice [19]. The deuterium-
tritium fusion reaction (4.1) at collision energies of 25–300 keV has a cross section
of 1–5 barn and an energy liberation of 17.6 MeV. The idea of implementing this
reaction by way of direct collisions of D and T ions in the one-dimensional
electrostatic acceleration of deuterium and tritium ions is referred to as beam fusion.
However, this method shows little promise for power engineering, because the
Coulomb interaction cross sections are far greater than the nuclear fusion cross
sections for D and T ions. And so a D or T beam will primarily heat the target
rather than excite nuclear fusion reactions.

A positive energy yield may be achieved when the reacting D and T agents are in
a high-temperature plasma state [19] with high kinetic velocities sufficient to over-
come interparticle repulsion (Fig. 4.4). In thermodynamic equilibrium, Coulomb
collisions merely redistribute the kinetic energy between the plasma particles, which
enter into fusion reactions in their interactions. For the energy yield to be greater
than unity, the plasma should have a sufficiently high temperature and density and
long lifetime. This method of obtaining fusion energy is the main one today and is
called the thermonuclear fusion. This is precisely the energy source for stars, bombs,
and in the near future for terrestrial electric power stations.

In the subsequent discussion we follow [19] and consider the energy balance of
thermonuclear plasmas. The ignition and stationary plasma burn conditions reduce
to the equality of fusion energy liberation and energy loss. The main energy loss
channel for fully ionized thermonuclear plasmas is thermonuclear radiation [19]:

Wb D Gbn2eT1=2 D 5:34 � 10�24n2eT1=2 erg s�1 cm�3: (4.4)

The power of thermonuclear energy liberation for the DT fuel [19]

Wfus D 1

4
n2h�viQ D 7:04 � 10�6n2h�viQ erg s�1 cm�3: (4.5)

Neutrons with an energy of 14.1 MeV, which as a rule escape from the reaction
zone, account for 80 % of this power; 20 % of the power is accounted for by ˛-
particles, which are absorbed in the plasma and heat it, maintaining fusion burn.

These temperature dependences are plotted in Fig. 4.9. The equality between
the fusion energy liberation and the radiative energy loss defines the ignition
temperature Tid D 4:3 keV. Since the fusion reactions and the bremsstrahlung arise
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Fig. 4.9 Power of
thermonuclear plasma heating
by ˛-particles and thermal
loss power due to
bremsstrahlung. Borrowed
from [19]

Table 4.2 Main fuels for controlled thermonuclear fusion [19]

Tid (keV) Hmin
B (g/cm2) T .Hmin

B / (keV) Yield (GJ/mg)

DT 4.3 7.3 40 0.337

DD 35 52 500 0.0885

DD (full catalysis) 25 35 500 0.350

D3He 28 51 38 0.0357

p11B – 73 250 0.0697

from binary collisions [19], the magnitude of Tid is independent of the plasma
density.

This is true, of course, for optically thin plasmas. Otherwise, reabsorption
locks up the radiation and, in accordance with the Teller–Ulam idea, improves the
ignition conditions [19]. The idea of employing radiation for fuel compression and
facilitating fuel ignition also belongs to them. The ignition conditions for other
thermonuclear fuels are considerably worse than for DT—Table 4.2 [19]. Initially,
the pure deuterium reaction does not contain tritium—it and 3He appear due to
the succeeding reaction. This process is termed the catalytic thermonuclear burn of
deuterium. A D3He reaction is interesting in that it contains only charged particles.
However, for a fuel it requires a very rare 3He. A p11B reaction attracts attention
because it produces only charged particles and does not give radioactive substances
and neutrons.

Owing to the extremely high temperatures required to implement controlled ther-
monuclear reactions, the plasma confinement problem is extremely difficult [19].
Academicians A.D. Sakharov and I.E. Tamm proposed a scheme for plasma con-
finement by magnetic field. This device—a tokamak—is diagrammed in Fig. 7.10.
The kinetic plasma pressure p D .ne C ni/kT in these systems should not exceed
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the magnetic field pressure B2 by 10–15 %: for B � 100 kGs and T � 104 keV we
obtain ni � 1014 cm�3. The confinement time in such a device is unlimited.

Inertial—alternative to magnetic—confinement does not make use of external
magnetic field and implies the realization of fusion during a short (�1–10 ns) time
defined by inertial plasma expansion. To ensure the burn of sufficient amount of
fuel in so short a time requires a high reaction rate and therefore a high target
compression.

The thermonuclear fuel is compressed and heated by either gravitation (Chap. 9),
or the radiation of a nuclear explosion (Chap. 4), or high-power laser radiation
(Chap. 7), depending on the situation.

Using expressions for the power of fusion energy liberation (4.4) and the loss
power (4.5) it is possible to obtain [19]:

n�E D 3kT
1
4
Œ.1=Q/C .1=5/�QDTh�vi 	 CbT1=2

;

where Cb D 5:34 � 10�24 erg cm3 s�1 keV�1=2, QDT D 2:86 � 10�5 erg.
This parameter depends only on T and is termed the Lawson criterion; it defines

the fusion ignition conditions. The ignition curve has a vertical asymptotics for T D
Tid and a minimum n�E � 2 � 1014 cm�3 s for T � 20 keV. Apart from the Lawson
criterion, use is quite often made of the parameter n�ET, which has a value of 3:3 �
1015 cm�3 s keV for ignition conditions. We will apply this parameter in Chap. 7,
bearing in mind that n�ET � p�E.

For spherical targets for controlled laser fusion the Lawson criterion is easily
represented in the form �R, which requires a magnitude of several units to ignite the
DT reaction (Fig. 4.10). In a more elegant scheme of inertial fusion [19] the reaction
ignition is effected not uniformly over the whole target, but in a small part of its
central region—the “hot spot”. Next the fusion burn wave propagates from this hot
spot nonuniformly throughout the target to cause its microexplosion (see Fig. 7.12).

Fig. 4.10 Ignition parameter
as a function of temperature
for equimolar DT, DD,
catalytic D, D3He and p11B
mixtures. Borrowed from [19]
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This scheme is more efficient and requires smaller �R values. The requirement that
the ˛-particles produced in DT reactions should transfer their energy to the fusion
fuel leads to close �R value.

More sophisticated multilayer target schemes for inertial fusion are briefly
discussed in Chap. 7.

The thermonuclear fusion reactions discussed in the foregoing are of fundamen-
tal significance to humanity, because they explain the energetics of our Sun and
the stars. And therefore explain the energetics of our entire civilization [39]. For
the primary source of the overwhelming majority of renewable organic, hydraulic,
biological, wind and other energy sources on the Earth employed by mankind is the
thermonuclear fusion energy of a tremendous fusion reactor—the Sun.

This exceptional role of thermonuclear reactions as the energy source of cosmic
objects was determined by Wigner, a Nobel Laureate, in the 1920s of the past
century. With the exception of hydrogen bombs, in the path to ignition and practical
use of thermonuclear reactions under controllable terrestrial conditions, humanity
has faced enormous technical problems, which have not been solved despite the
application of tremendous intellectual effort and a lot of material expenses.

4.1.2 Fission Reaction

The exothermal fission reactions of heavy elements (uranium and plutonium
isotopes) located in the right part of the mass defect curve turned out to be realizable
much earlier (Fig. 4.3).

“We can do more than we know”—these words of Enrico Fermi about the degree
of comprehension of the essence of nuclear fission, which date back to the late
1930s, hold true even today. Specifically, the several next years saw the development
of atomic bombs and reactors, whose operation relies on precisely the nuclear fission
reaction, while its theoretical comprehension based on adequate experiments began
much later—approximately in the mid-50s.

And this comes as no surprise. Nuclear fission became essentially the first-
known really complicated nuclear transformation, which was attended with cardinal
restructuring of the nucleus and a total change of not only quantitative but also
qualitative characteristics of the system as a whole. Perhaps, in this instance the
use was bound to get ahead of the comprehension, which did happen. Concerning
nuclear fission, however, even today we are a long way still from embodying the
famous maxim of academician Yu.B. Khariton: “We must know ten times more
than we need today”. That is why physicists control not the physical process in
modern devices, but some of its consequences. Were it not so, the safety of nuclear
technologies, which is so topical today, would be stated quite differently.

The discovery of atomic nuclear fission is one of the most fundamental dis-
coveries that enjoyed numerous practical applications. Nuclear fission research is
considered to have its origin in brilliant E. Fermi’s works of 1934 on neutron irra-
diation of heavy atomic nuclei aimed at obtaining heavier elements—transuranium
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ones. The absence of electric charge in neutrons ruled out the Coulomb nuclear
repulsion, facilitating their arrival at the atomic nucleus.

The isotopes considered were 238U, 235U and 234U. The most abundant uranium

isotope is 238U. The abundance of the rest is low: 235U accounts for
1

140
and

234U for
1

17;000
fraction of all uranium. Several elements were obtained with new

extraordinary halflives. In 1939 the German chemists O. Hahn, L. Meitner and
F. Strassmann discovered elements from the middle of the periodic system (barium,
lanthanum, etc.) when investigating the reaction products in the neutron irradiation
of uranium and thorium.

The nature of these amazing phenomena was understood by L. Meitner and
her nephew O. Frisch in mid-January 1939. They hypothesized that the excited
nucleus of uranium or thorium produced after neutron capture split into two smaller
parts of approximately equal mass, which were called fragments. The radioactive
isotopes discovered by Curie and Savitch, Hahn and Strassmann, which lay in the
middle of the periodic table, were precisely the fragments of uranium and thorium
nuclei. Since the relative neutron fraction in nuclei rises with their mass, these
fragments resulting from heavy nuclei are overloaded with neutrons. That is why
in the fragment nuclei there occur neutron transformations to protons by way of
electron emission. The same also occurs in the daughter nuclei resulting from these
transformations. This accounts for the chains of successive ˇ�-transformations
observed even by Fermi. One would expect—and this was confirmed by subsequent
research—that the nucleus may split not only into two, but also into three and higher
number of fragments. However, such fission events are by far less frequent than the
splitting into two fragments.

The hypothesis of Meitner and Frisch was promptly borne out by Frisch’s
experiments with recoil atoms, in which it was possible to observe the explosive
character of nuclear fission. One can see from Fig. 4.3 that the average nucleon
binding energy in heavy nuclei is lower than in the nuclei from the middle of
the periodic table of the elements. Let us assume that a 235U nucleus splits into
two similar fragments upon capturing a neutron. Referring to Fig. 4.3, the average
nucleon binding energy in the uranium nucleus is equal to 7.6 MeV, while in each of
the fragments it is equal to 8.5 MeV. Therefore, the fission of the uranium nucleus is
attended with an energy release of 8:5–7:6 D 0:9MeV per nucleon. Since the total
number of nucleons remains invariable in the fission, the total energy released in
one uranium fission event is 0:9 � 236 � 210MeV. This huge energy manifests itself
primarily in the form of kinetic energy of the resultant fragments.

This simple estimate is supplemented by significantly more recent sophisticated
theoretical models, which we do not set out here.

Experiment suggests that a nucleus splits most often into two fragments. But the
mass ratio of these fragments may be different. In the fission induced by thermal
neutrons, fragments of equal or close mass are scarcely observed. Most probable
is the splitting into fragments one of which is approximately half as heavy again
as the other one. This is illustrated in Fig. 4.11, which shows the percentage of
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Fig. 4.11 Percentage of the
fragments of different mass
number in the fission of 235U
by thermal neutrons.
Borrowed from [106]

the fragments of different mass number in the fission of 235U induced by thermal
neutrons. It is believed that this fission asymmetry is attributable to the influence of
nuclear neutron shells: the nucleus splitting is energy-expedient when the number of
neutrons in each of the fragments is close to one of the magic numbers—50 or 82.

Nuclear fission is accompanied with the ejection of secondary neutrons [106].
This is to be expected from the following simple considerations. The ratio between
the number N of neutrons and that of protons Z in the nucleus is shown in Fig. 4.12.
One can see that the larger and heavier is the nucleus, the more neutrons it contains.

Now let us assume that a heavy nucleus splits into two fragments. If the total
number of neutrons in the system were invariable, the N=Z ratios in both fragments
would either be equal to this ratio in the initial heavy nucleus, or it would be greater
in one of them and smaller in the other fragment. So, at least one of the fragments
would be neutron-excessive and would have to get rid of excess neutrons.

The dynamics of nuclear fission may be conventionally represented as follows:
the fissile nucleus undergoes three stages corresponding to the increase in eccentric-
ity parameter (growth of the degree of deformation of the initial nucleus up to its
disintegration).
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Fig. 4.12 Neutron-to-proton number ratio N, Z for stable nuclei. Borrowed from [106]

Fig. 4.13 Neutron-induced nuclear fission according to the liquid drop model of a nucleus.
Borrowed from [106]

These stages are:

• attainment of the saddle point and its transit;
• system’s descent from the saddle point to the pre-disintegration state;
• break of the waist between the fragments.

The emergence of secondary neutrons may be understood also from the stand-
point of the liquid drop model of a nucleus. At the waist of the dumbbell-shaped
nucleus (position 3 in Fig. 4.13) there are hardly any protons: due to Coulomb
repulsion they concentrate primarily in the remote—ball-shaped—parts of the
nucleus. That is why only neutrons may be ejected from the neck in its rupture
in the course of fission, this occurring on the nuclear time scale (10�22–10�23 s), i.e.
virtually instantly. Such secondary neutrons are termed prompt.

Lastly, according to modern views, in the immediate vicinity of the break point
there forms a charge distribution of the fission fragments, which defines their
independent yields.
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Table 4.3 Retarded neutrons [106]

Yield, Kinetic energy

% relative to the total number of retarded neutrons

Halflife of secondary neutrons (MeV)

55.7 0.021 0.25

22.7 0.140 0.56

6.2 0.125 0.43

2.3 0.253 0.62

0.6 0.074 0.42

0.2 0.027 –

– – –

8.97 on average 0.64 0.508

Along with prompt neutrons, in the fission of nuclei there also emerge retarded
secondary neutrons. The matter is that nuclear fission fragments are radioactive.
Their ˇ-decay may give rise to neutron-excessive nuclei in strongly excited states.
The excitation of such nuclei is removed by the competing emissions of neutrons
and � -ray photons. Both events occur almost instantly. The former process produces
retarded neutrons. The retardation is understood in the sense of the time delay of
the instant of neutron escape relative to the instant of emission of prompt neutrons
(which emerge directly in nuclear fission). It is defined by the halflife of the
parent isotope, whose ˇ-decay produced the excited nucleus which later emitted
the neutron.

Retarded neutrons are classified into several groups, which differ in time delay
and energy. Table 4.3 shows the characteristics of the retarded neutrons emerging in
the fission of uranium-235 nuclei.

Over 99 % of all neutrons released in the neutron fission are instantaneously
liberated. Retarded neutrons account for about 0.75 % of the neutron yield. Despite
this, retarded neutrons play an important role in nuclear power engineering: they
permit making controllable the nuclear reactions occurring in the fission in nuclear
reactors.

From the outset it was clear that only three of the actinide nuclei (the number
of known actinide nuclei progressively increased from the early 1950s) are capable
of playing this role: 235U (a halflife of 710 million years), 239Pu (24,100 years), and
233U (160 thousand years). At the same time, the practically important statuses of
these actinides are significantly different.

Uranium-235 holds a unique position among them: it alone exists in nature. And
since the production of the other two in industrial amounts is possible only using
reactor technologies, it is precisely the uranium-235 that “underlies everything”.
Were it not in existence in nature, atomic technology and nuclear power engineering
would not have been possible in their present form.

Historically and essentially, plutonium-239 is second in this ranking. The reason
lies with its production technology: the capture of a reactor neutron by the nucleus
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of the most abundant natural uranium isotope (uranium-238) followed by two
subsequentˇ� decays, with subsequent radiochemical reprocessing of the irradiated
fuel. A special feature of the implementation of this method is that no preenrichment
of uranium in uranium-235 is required when use in the reactor is made of one of
the two moderators (heavy water, graphite). This has been precisely the way of
plutonium-239 production for equipping nuclear charges. The exceptional nuclear
physical properties of plutonium make it an indispensable material of any modern
nuclear charge—for this purpose it has virtually no alternative today [49, 94–96].

We set forth the approximate distribution of fission energy between its different
liberation channels in the fission of 235U by thermal neutrons [106]:

Kinetic energy of fragments 166:2˙ 1:3MeV

Energy of fission neutrons 4:8˙ 0:1MeV

Energy of prompt �-ray photons 8:0˙ 0:8MeV

Energy of ˇ-particles from fission products 7:0˙ 0:3MeV

Energy of �-radiation from fission products 7:2˙ 1:1MeV

Energy of antineutrinos from fission products 9:6˙ 0:5MeV

Total 202:8˙ 0:4MeV

We see that the fission of heavy nuclei is attended with the liberation of energy
equal on average to about 200 MeV per every fissionable nucleus. This figure is
hundreds of millions and billion times higher than the energy released in a single
event of a chemical reaction. The latter quantity amounts to several electronvolts at
most, but ordinarily tenths and even hundredths of an electronvolt. This underlines
the unique promise on nuclear fuel for civil and especially military energetics.

Only one nuclear fuel occurs in nature under natural conditions—uranium.
Natural uranium contains about 0.7 % of the 235U isotope. Strictly speaking, the
235U isotope is the nuclear fuel which maintains the reaction of nuclear fission.
In natural uranium the isotope 238U accounts for almost 99.3 %. 238U as well as
232Th are the raw materials for the artificial production of fissile isotopes 239Pu and
233U, which also are nuclear fuels. But these isotopes are not fount in nature under
ordinary conditions. Plutonium-239 is produced in the reaction:

1
0n C238

92 U !239
92 U

ˇ�

		! 239
94 Np

ˇ�

		! 239
94 Pu

˛							!
2:4�104 years

;

and uranium-233 in the reaction:

232
90 Th.n; �/

ˇ�

					!
22:4min

233
91 Pa

ˇ�

					!
27:4 days

233
92 U

˛							!
1:6�105 years

:

The highest transuranium elements—americium, curium, berkelium,
californium—cannot be used for the release of large amounts of nuclear energy
due to the difficulty and high cost of their production.
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The leading role in nuclear energetics is played by the 235
92 U, 23894 Pu, and 233

92 U
isotope nuclei containing odd numbers of neutrons, because they are fissionable
by neutrons of any energy, including thermal ones. The term “thermal” is used
in reference to neutrons whose energy is of the order of kT. At room temperature
(300 K, kT � 4:14 � 10�14 erg � 0:025 eV. At these low energies the fission cross
section is proportional to 1=v, where v is the neutron velocity. Neutrons with
energies � 1MeV are termed “fast”. The nuclei of 238U and 232Th are not fissionable
by slow neutrons and are fissionable only by fast neutrons.

The most important quantity which characterizes a fissionable nucleus is the
average number 	 of secondary neutrons emerging in the fission of one nucleus.
Another quantity � characterizes an infinite uniform medium of the same nuclei.
This is the average number of secondary neutrons per unit event of neutron capture
by a nucleus. The numbers 	 and � do not coincide: neutrons in the medium are
responsible not only for the fission of nuclei, but they are also captured by the nuclei
to emit � -ray photons without causing fission, i.e. they enter the radiative capture
reaction (n; � ). Let �nf be the fission cross section and �n� the cross section for
the radiative capture. Then the average fraction of the nuclei which are capable
of undergoing fission and which do experience fission is �nf=.�nf C �n� /. The
average number of emitted secondary neutrons per one event of neutron capture
by a fissionable nucleus is

� D 	
�nf

�nf C �n�
:

The values of 	 and � for nuclei fissionable by thermal and fast neutrons are
collected in Table 4.4. In the domain of not-too-high a nucleus excitation energy
(<10MeV), the number 	 increases by about 0.11 with increasing excitation energy
by 1 MeV.

One can see from Table 4.4 that � > 1 is the necessary (but not sufficient)
condition for the implementation of a chain reaction of the fission of atomic nuclei.
By a chain reaction is meant a process whereby one of the initial reactants is
reproduced—in larger amount—and enters the same reaction again. As a result,
this reacting substance is reproduced again in a still larger amount.

Reproduced in a chain nuclear fission reaction are neutrons, which then enter
new nuclear reactions. Let a body of sufficiently large size consist of pure uranium-
235. Let us assume that a neutron emerges in the body due to spontaneous fission
or under the action of cosmic rays. For simplicity we assume that every neutron is

Table 4.4 Values of 	 and �
for nuclei fissionable by
thermal and fast
neutrons [106]

Nucleus 233
92 U 235

92 U 239
94 Pu

Thermal neutrons (0.025 eV) 	 2.48 2.42 2.86

� 2.28 2.07 2.11

Fast neutrons (1 MeV) 	 2.59 2.52 2.98

� 2.45 2.3 2.7
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sooner or later captured by one of 235U nuclei to cause its fission with the emergence
of two new neutrons, which will be called the first-generation neutrons. These two
neutrons will, in turn, cause the fission of two nuclei, resulting in the emergence
of four second-generation neutrons. The four second-generation neutrons will be
replaced by 23 D 8 third-generation neutrons etc. The number of nth-generation
neutrons will exponentially rise with time.

The average lifetime of one generation of neutrons in uranium-235 is of the order
of 10�7–10�8 s [106]. We take, as an example, the value 10�7 s. Then, even in a time
of 10�5 s after the onset of the reaction there emerge hundredth-generation neutrons
numbering n100 D 2100 D 1:27 �1030. This period of time will see 1C2C22C : : : C
2100 � 2101 � 2:54 � 1030 nuclear fission events with the liberation of an energy of
200 � 2:54 � 1030 � 5 � 1032 MeV� 8 � 1026 erg. This will result in a tremendous
explosion with an average power of about 8 � 1031 erg/s. For comparison we note
that the total power of solar radiation amounts to 3:8 � 1033 erg/s. The mass of all
uranium-235 nuclei which undergo fission during the period under consideration
amounts to 103 t.

The chain reaction is practically implemented using the so-called enriched
uranium, which contains, along with 238U, the 235U fraction increased from 0.7 to 2–
5 %. The natural uranium 238U is enriched by way of isotope separation—by way of
gas and thermal diffusion, centrifugal separation, and electromagnetic method. The
238U isotope, which is added to natural uranium, may be replaced by plutonium-239
or uranium-233, whose properties are similar to those of uranium-235 as regards the
fission reaction [4, 5, 49, 115].

When the active zone is filled with an isotope mixture, the coefficient �
introduced above retains its meaning as the average number of secondary fission
neutrons per one neutron absorbed by the mixture. When only one isotope in the
mixture is fissionable, then

� D 	�nf

�nt
;

where �nf is the fission cross section and �nt is the total cross section for neutron
capture by all components of the mixture. Specifically, the cross section for
uranium-235 fission by thermal neutrons �235nf D 582 barn, the radiative capture
cross sections �235n� D 100 barn, �238n� D 2:73 barn [106]. In natural uranium, one
uranium-235 atom falls on 140 uranium-238 atoms, and so the total cross section
for thermal neutrons and natural uranium is

�nt D �235nf C �238n� C 140 � �238n� � 1064 barn:

For thermal neutrons 	 D 2:42 (see Table 4.4). And therefore for natural uranium
and thermal neutrons

� D 	�235nf

�nt
D 1:32:
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The most important quantity which characterizes the active reactor zone is the
neutron multiplication factor k. This is the ratio between the total number of
neutrons in some generation and the total number of their parent previous-generation
neutrons.

For k D 1 the fission reaction is stationary—there is no neutron multiplication.
The corresponding reactor state is called critical. For k > 1 the number Nn increases
with n—this state is termed supercritical. For k < 1 the number Nn decreases with
increasing n—this state is termed subcritical. In the limiting ideal case, when the
reactor consists of the active zone alone and this zone is infinitely large, the neutron
multiplication factor is supplemented with a subscript 1, i.e. is denoted as k1.

High values of parameter �nf=�nt in the neutron energy range up to 1 MeV
underlie the uniqueness of nuclear physical properties of plutonium-239. Its critical
mass in the “bare ball” configuration amounts to 15 kg, while for uranium-235 the
figure is 50 kg. Furthermore, plutonium possesses favorable mechanical properties:
unlike hard and brittle uranium, it is easily compressible. From the standpoint of
weapons design, this permits realizing an efficient method of reaching the critical
mass—implosion [4, 5, 15, 115, 122] (the passage to the supercritical state for an
invariable mass by increasing the density and lowering the effective surface). The
use of this method permits making modern nuclear ammunition with very high
performance characteristics.

However, plutonium-239 has deserved the title of the “nuclear fuel of the future”
not in the least due to its “military merits”. It is precisely its use as the nuclear
fuel for nuclear power engineering that enables extending its resource potential by
several thousand years.

If the active zone consisted of only one fissionable isotope (for instance, uranium-
235), then k1 D �. This is not so in the case of a real reactor. For concreteness,
let us consider a natural or slightly enriched uranium reactor. The major part
of secondary neutrons emerges in the fission of uranium-235 nuclei by thermal
neutrons. However, produced in the fission are primarily fast neutrons. To make
them more efficient, use is made of different moderators, whose nuclei scatter the
neutrons and moderate them to thermal velocities. Such a reactor is called a thermal
neutron reactor [106].

Figure 4.14 depicts the approximate spectrum of the neutrons produced in the
fission of 235U [106]. As may be seen in Fig. 4.14, produced in this case are mostly
fast neutrons. The nuclei of uranium-238 are fissionable only by fast neutrons
with energies of �1MeV. But the effective cross section for this fission is very
small—about 0.3 barn. By contrast, the nuclei of uranium-235 are fissionable by
neutrons of arbitrary energy, the effective fission cross section rapidly increasing
with decreasing energy. For thermal neutrons it is as high as 582 barn. That is why
it would be expedient to moderate neutrons to thermal energies.

Of course, neutrons are moderated in elastic collisions with the nuclei of
uranium-238 and uranium-235; however, this process is very slow owing to the large
mass of uranium nuclei. But the main impediment to the moderation of neutrons in
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Fig. 4.14 Approximate
neutron spectrum in the
fission of 235U. Borrowed
from [106]

natural uranium is the radiative neutron capture by uranium-238 nuclei [106]. The
radiative capture is especially efficient in the resonance energy range. In the course
of moderation the neutrons have to pass through the resonance range, where they
are absorbed and therefore do not reach the thermal energy range. Furthermore,
a certain neutron fraction escapes from the active zone. To maximize the neutron
fraction moderated to thermal velocities, use is made of a moderator, i.e. a substance
containing light nuclei with a small cross section for neutron capture. Graphite is
often used as a moderator. Also employed are heavy and ordinary water, beryllium
and its oxide, as well as some organic substance.

When the active zone of a nuclear reactor contains a neutron moderator, the bulk
of nuclear fission events are induced by thermal neutrons.

When there is no moderator in the active zone, the bulk of nuclear fissions
are induced by fast neutrons with energies >1MeV [106]. Also possible are
intermediate nuclear reactors with neutron energies of 1–1000 keV.

In the course of moderation, a neutron may be absorbed by 238U nuclei,
moderator nuclei, and the nuclei of other structural reactor elements. It is clear
that the multiplication factor is proportional to the probability that the neutron is
not absorbed by these nuclei. Of course, some uranium-238 nuclei will undergo
fission due to collisions with the fast neutrons that have not had time to moderate.
This circumstance is taken into account by introducing a factor "—the fast neutron
multiplication factor. The fast neutron multiplication factor is the ratio of the number
of neutrons emerged in the fission by fast and thermal neutrons to the number
of neutrons emerged in the fission by only thermal neutrons. We also introduce
a thermal utilization factor f —the probability that the moderated neutron will be
absorbed by the nuclei of uranium isotopes rather than the nuclei of the moderator
and other structural reactor materials. Then

k1 D �pf ":
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Since the active zone dimensions are finite, a part of the neutrons will leave to the
outside. We can therefore put

k1 D k1P;

where P is the probability that a neutron does not escape from the active zone.
This formula holds good for reactors of any type, irrespective of the specific
expression for k1. It also retains significance for an atomic bomb, whose active
zone consists of pure uranium-235 or plutonium-239. The magnitude of P depends
on the composition, dimensions, and shape of the active zone as well as on the
medium surrounding the active zone. If this medium reflects neutrons back into the
active zone, it increases P. In this case, it is called a “reflector”; it consists of light
atoms which have low neutron absorption (graphite, beryllium).

As discussed above, the reactor operation requires that k � k1P � 1. In the
limit when k1P D 1, the chain reaction occurring in the reactor is self-sustaining,
stationary. The dimensions and mass of the active reactor zone as well as the
probability P for which the self-sustained chain reaction becomes possible, i.e. when

P D Pcrit D 1=k1;

are called critical [106]. These quantities, of course, depend on the composition and
shape of the active zone as well as on the reactor structure.

To reduce the neutron escape, the active zone is given a spherical or near-
spherical shape, for instance the shape of a cylinder with a height of about its
diameter or the shape of a cube, because the surface-to-volume ratio is minimal
or close to minimal for bodies of such shape. The critical mass is equal to
approximately 0.8 kg for pure 235U, to 0.5 kg for 239Pu and to 10 g for 251Cf [106].

When the mass of the active zone is substantially greater than the critical one,
the chain reaction acquires the character of an explosion. This principle underlies
the action of an atomic bomb, which is discussed below.

It is well known that the parameters of the processes occurring in a reactor are
reflected in the fate of neutrons produced as a result of the fission chain reaction. A
part of them goes to sustain the reaction itself, another part escapes from the active
zone, a part is captured by reactor controls and structural elements. Of interest in
the context under discussion is the last-mentioned part of the neutrons captured
by uranium-238 nuclei, which are present in the reactor fuel, with the subsequent
accumulation of plutonium-239, as discussed in the foregoing. However, plutonium-
239 is not only the “bomb” material. In an appropriate embodiment it is also an
efficient nuclear fuel.

The basic question of fuel resource provision for atomic power engineering
becomes clear: What is the ratio between the accumulation rate of the thus produced
plutonium-239 and the burn rate of the primary fuel (uranium-235 or plutonium-239
itself)? If this ratio is smaller than unity, atomic energetics will persist as long as
uranium-235 exists in nature, because for obvious reasons plutonium-239 does not
exist in it. This is precisely the case with the overwhelming majority of present-day
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thermal neutron reactors: this ratio (the conversion coefficient) is always smaller
than unity, 0.8 at the most. In this case, the fraction of uranium-238 involved in
energy liberation is very small (several percent), and the resource lifetime of this
atomic power engineering is limited to 100–150 years.

Physically, the problem is that the amount of neutrons is insufficient for capture
by uranium-238 nuclei in a thermal neutron reactor which utilizes uranium-235 or
plutonium-239 fuels: attempts to raise the capture intensity have the result that the
reactor lacks neutrons for sustaining the chain reaction and the reactor shuts down.
However, the situation is radically different in a fast neutron reactor (there is no
moderator) utilizing a plutonium-based fuel. Under the hard (unmoderated) spec-
trum of prompt fission neutrons the effective multiplication factor for plutonium-239
is very large owing to the anomalously high (in comparison with uranium isotopes)
value of parameter ˛ and high 	, which increases the fraction of “excess” neutrons
(relative to those required for sustaining the chain reaction). With the appropriate
embodiment of the reactor itself (the existence, apart from the active zone, of a
special reproduction zone accommodating uranium-238), these “excess” neutrons
may be directed to the production of plutonium-239. In this case, it is possible to
obtain greater-than-unity values of the accumulation-to-burn rate ratio (breeding
ratio) mentioned above, i.e. the reactor produces more new fuel than it burns the
primary one. It is clear that this nuclear power engineering will not “settle down”
until it burns down not only uranium-235, which accounts for only 0.71 % in the
primary uranium, but also uranium-238 (all the rest), and the resource lifetime
transforms from one hundred to thousands of years.

Perhaps, the time of uranium-233 will also come. Although it is an excellent
nuclear fuel by itself (in the “bare ball” configuration its critical mass, like that of
plutonium, is close to 15 kg [4, 5, 15, 106, 115, 122]), its production is associated
with major technical difficulties, because natural thorium does not contain a high-
fissility isotope (similar to uranium-235 in natural uranium). Meanwhile, adequate
studies have been made of the nuclear fuel cycle whereby uranium-233 is produced
in the reproduction zone, which accommodates natural thorium-232. The production
of uranium-233 is similar to that of plutonium-239 described above (the capture of
a neutron by a thorium-232 nucleus with the formation of thorium-233 followed by
two ˇ� decays).

India, which has very modest resources of natural uranium and vast resources
of thorium, has embarked on the implementation of this fuel cycles [106]. It is
significant that this nuclear fuel cycle may be realized with a breeding ratio of
somewhat greater than unity in thermal neutron reactors: the nuclear constant ratios
for uranium-233 are technically favorable for this purpose at precisely the low
energies. For unmoderated neutrons (in the fast reactor spectrum), uranium-233 is
much inferior to plutonium-239. Perhaps, the practical implementation of thorium-
based nuclear fuel cycles will commence in the 1930s of our century. And it is not
unlikely that this will call for a wide use of new reactor types—like, for instance,
high-temperature reactors with gas (helium) cooling.
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4.2 High Energy Densities for Explosive Nuclear Reactions

It is amazing how quickly humanity learned to harness quasi-controlled nuclear and
thermonuclear energy. The first nuclear explosion was carried out only six and a half
year after the discovery of nuclear fission reactions.

In 1938–1939, realizing E. Fermi’s idea of synthesizing superheavy elements by
neutron irradiation of uranium, O. Hahn and F. Strassmann much to their surprise
discovered not superheavy but lighter elements, which were fragments of the targets
under study.

• In 1942 a start was made on the Manhattan Project in the USA. That same year
E. Fermi put into operation the first stationary nuclear fission reactor.

• One and a half months later, on 28 September 1942, the USSR resumed research
on uranium, which had been interrupted by the War.

• The Los Alamos Research Laboratory was set up in 1943.
• The first successful nuclear explosion was carried out in the USA in July 1945.
• In August 1945 the atomic weapon was used against Japan.
• In December 1946 academician I.V. Kurchatov put into operation a fission

reactor, the first in Europe.
• In August 1949, the USSR set off its first atomic bomb made within 4 years after

launching the large-scale stage of the Soviet Atomic Project.
• In the USA a start was made to develop thermonuclear weapons—a superbomb.
• In 1952 the USA detonated an untransportable nuclear device and in 1954 a

deliverable hydrogen bomb.
• The USSR tested the first deliverable hydrogen bomb (a “layer cake”) [97] in

August 1953 and 2 years later a fully fledged deliverable charge (“3rd idea” of
A.D. Sakharov) [97].

In the opinion of the scientific supervisor of the Russian Nuclear Center
Arzamas-16 (presently the RFYaTs—VNIIEF) academician Yu.B. Khariton [63],
“the rapid advance and the ultimate success was possible because the scientists of
both countries, being people of high skills and education, leaned in their activity
upon the excellent European physical science school. The USA and USSR scientists
did everything in their power to ensure victory over Germany”.

Furthermore, as E. Fermi would speak about the work on the nuclear project,
“This is an interesting physics after all”.

The development of nuclear and thermonuclear weapons was not only an
outstanding scientific and technical achievement of mankind, but it also provided
the geopolitical stability and peace on the Earth for 75 years. With the exception
of the centennial period (1815–1914) after the Congress of Vienna, which finished
Napoleonic wars, the mankind has never lived for so long without large-scale battles.

In the subsequent discussion we will touch on the issues of generation and use
of extreme states in nuclear explosions using only open publications [1–8, 11, 13–
15, 27, 29, 30, 33, 43–52, 56, 60, 63–65, 88, 91, 94–97, 102, 109, 115].
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The majority of these materials were declassified [1–3, 94–96] and became
publicly available during the work of an expert group of the Ministry of Atomic
Energy of the Russian Federation on the collection “Atomic Project of the USSR”
(edited by L.D. Ryabov), which was published by the Ministry. These materials
became publicly available in accordance with the Decree No. 160 issued by the
President of the Russian Federation B.N. Yeltsin on 17 February 1995 “On the
Preparation and Publication of an Official Collection of Archival Documents on the
History of Nuclear Weapons Development in the USSR”. A part of these documents
have already published in the volumes [94–96] of this Collection, others are under
preparation for publication. Not only does this chapter give references to these
sources, but it also reproduces text fragments of some of the documents.

4.2.1 Explosive Fission Reactions

In the paper “Kinetics of chain uranium fission” published in 1940, Ya.B. Zel’dovich
and Yu.B. Khariton described the conditions required for implementing a nuclear
explosion in the following way: “The explosive use of chain fission requires special
devices for effecting a very fast and deep transition to the supercritical domain and
decreasing the natural thermal transfer”. They hypothesized that the realization of
one or other type of measures will make it possible “to produce conditions for
the chain fission of uranium by way of branching chains, whereby an arbitrarily
weak neutron irradiation will result in an intensive progress of the chain reaction
and macroscopic effects”. They emphasized the high exponential growth rate of
neutron density in such a system for a high supercriticality (an increase by e times
in 10�7 s) and the difficulties associated, in their opinion, with this circumstance:
“For so rapid a growth of the chain fission we no longer have no right to digress
from considering the production of the supercriticality conditions themselves only
whereby the chain fission is possible. It will hardly be possible to make the time
taken to effect the transition to supercriticality, for instance the time required for
bringing together two uranium masses each of which is subcritical as regards the
chain reaction, at all comparable with the reaction buildup time”. Ya.B. Zel’dovich
and Yu.B. Khariton underlined “the decisive role of the kinetics of chain fission
development when judging about one or other way of practical, power-producing,
or explosive use of uranium fission” [49]. It is significant that even at that time the
necessity was recognized of employing and therefore studying the states of matter
with extremely high energy densities [49, 94–96].

On 20 March 1943, within a month odd after his appointment as scientific super-
visor of research on uranium, I.V. Kurchatov addressed a letter to M.G. Pervukhin,
which read [94, 95]: “Early in the uranium bomb explosion, the bulk of substance
which has not managed to participate in the reaction will be in the special state
of almost complete ionization of all its atoms; the subsequent development of the
process and the destructive effect of the bomb will depend on the state of this
substance.
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Fig. 4.15 Schematic of the “Little Boy” atomic bomb dropped on the city of Hiroshima. The
function of nuclear explosive was fulfilled by uranium-235 divided into two parts of lower-than-
critical mass each. The critical mass of uranium-235 required for detonation was produced by
joining both parts by the “gun method” with the aid of ordinary explosive [4, 5]

Fig. 4.16 Schematic of an implosion nuclear charge [4]

In experiments, even on a very low scale, nothing similar to this state of substance
has been observed and may not be observed prior to the implementation of the bomb.
This substance state is hypothesized to rexist only in stars. Theoretically it seems
possible to consider in outline the course of explosion at this stage”.

At the initial stage of nuclear weapon development in the USA, two nuclear
charge schemes were realized [49, 88, 94–96]—the “gun”, or “ballistic” scheme
(Fig. 4.15) and the “implosive” one (Fig. 4.16). Academician I.V. Kurchatov’s memo
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“Structure of atomic bombs with uranium-235 and plutonium-239” [49, 94–96]
reads: “The atomic bomb may be actuated in two ways:

 by the fast approach of the two halves of a uranium-235 or plutonium-239 charge
spaced at 0.5–1 m prior to approach,

 by densifying uranium-235 or plutonium-239 charges with a powerful explosion
of a trotyl charge surrounding these substances.”

In the memo dated 18 May 1944, I.V. Kurchatov gave the scheme of an atomic
bomb of the gun-approach type and provided the following description of its
structure and operation [49]: “An atomic aviation bomb consists of a cylindrical
shell at the ends of which is the atomic explosive – uranium-235 or plutonium-
239. The bomb is actuated by detonating the powder charges laid under the active
substance. The atomic bomb explosion occurs at the instant of the joining of halves
(a) and (b) of uranium-235 or plutonium-239.

According to simulations, to implement a bomb equivalent in its action to 1000
tons of toluene requires 2–5 kg of uranium-235 or plutonium-239.

At present there are still no perfectly reliable data showing that the thus
constructed bomb will be operative; however, the more experiments are carried out,
the higher is the confidence in the correctness of the scheme.

The main difficulty in implementing the atomic bomb consists in the production
of uranium-235 or plutonium-239.”

The gun scheme applied in the city of Hiroshima is shown in Fig. 4.15.
The pressures emerging at the instant of collision of the two uranium halves of

mass � 0:7 of the critical one [35] range up to a relatively modest value P D �W2 �
100 bar, which is insufficient for an appreciable compression of the nuclear fuel.

The “implosion” scheme (an alternative to the “gun” scheme), which was used
in the bombing of the city of Nagasaki (“Fat Man”), is schematized in Fig. 4.16.

For a fuel, use was made of plutonium 239Pu—an artificial element not found on
the Earth, which is produced in stationary nuclear reactors by neutron irradiation
of natural uranium 238U. Plutonium in the form of a bare ball has a critical mass
of �10 kg, while uranium-235 that of 50 kg [35]. In comparison with uranium-
235 its production is five times more expensive [35]. Since the critical fuel
mass sharply (quadratically) decreases with compression, this scheme permits
using smaller quantities of expensive nuclear fuel (hundreds of grams) [2, 4–
7, 11, 13, 15, 27, 29, 35, 43–52, 56, 63, 88, 91, 94–97, 102, 109, 115] and improving
the charge “fission efficiency” [35, 49, 94–96].

The operability of this scheme and its main characteristics depend critically
on the physical properties of the materials and substances in use under extreme
conditions: on the shack-wave compressibility of the nuclear fuel in the pressure
range up to tens of Mbar, on the thermodynamic properties of the detonation
products of the condensed explosives which drive the explosive compression and
generate intense spherical shock waves in the nuclear charge, on the thermophysical
properties of the structural materials and on many other characteristics of charge
elements in the course of initiation and explosive nuclear energy liberation [2, 4–
7, 11, 13, 15, 27, 29, 43–52, 56, 63, 88, 91, 94–97, 102, 109, 115].
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At the early stages of the work there was significant uncertainty and a poor
understanding of substance behavior under the exotic conditions of a nuclear
explosion. For instance, according to [88] several scientists believed that metals
were incompressible under these conditions, and the high uncertainty concerning the
equations of state of the explosion products of condensed explosives cast doubt on
the very fact of “device” operability [11, 49, 97], with all the ensuing “organizational
consequences” for the Soviet scientists [11, 49].

To acquire the requisite data about the physical properties and gas-dynamic
features of substance behavior under the extreme conditions of a nuclear explosion,
a start was made on a complex of experimental and theoretical research programs,
which gave birth to a new science—the physics of high energy densities [5, 10, 36,
37, 110, 122] and the dynamic physics of high pressures (Chap. 3).

The diagrams and photographs of the nuclear devices made at that time are
given in Figs. 4.17, 4.18, and 4.19 [8]. Their designs fully embody the derived
fundamental data on the physical properties of the substances and structural
materials at superhigh pressures and temperatures as well as a wealth of original
ideas and approaches.

We give several characteristics of the American implosion atomic bomb [4, 5,
15]. The bomb was a pear-shaped shell with a maximal diameter of 127 cm, a length
(including stabilizer) of 325 cm and a mass of about 4500 kg.

The neutron initiator was a polonium-beryllium system 10 mm in radius. To total
amount of polonium was equal to 50 Ci.

The fissionable bomb material was the ı phase of plutonium with a density of
15.8 g/cm3. The external diameter of the plutonium ball was equal to 80–90 mm.

The plutonium core was accommodated inside a hollow sphere of metallic
uranium with an external diameter of 230 mm [4, 5, 15].

The uranium sphere was accommodated inside an aluminum shell, which was a
hollow sphere with an external diameter of 460 mm [4, 5].

Fig. 4.17 American atomic
bombs “Little Boy” (of gun
type, with a blast equivalent
of 15 kt of TNT, based on
uranium-235) and “Fat Man”
(of implosion type, based on
plutonium-239, with a blast
equivalent of 21 kt of TNT)
dropped on the cities of
Hiroshima and Nagasaki [8]
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Fig. 4.18 RSD-1 nuclear
charge, which was first tested
in the Semipalatinsk proving
ground on 29 August 1949.
The TNT equivalent is below
20 kt. The RFYaTs-VNIIEF
museum, the city of Sarov [4]

Fig. 4.19 Schematic diagram
of the first Soviet implosion
atomic bomb, which is an
analogue of the American
“Fat Man” bomb [8]

Above the aluminum layer was a layer of explosive with a focusing lens system
of 32 specially shaped blocks. The total mass of the explosive amounted to about
2 t [4, 5].

During the work on a uniform charge, the research team of Prof. L.V. Alt’shuler
arrived at a better design, which combined “gun” and “implosion” ideas (the “shell-
nucleus design”) [11, 49, 94–96]. In this case, the detonation of the explosive
does not directly compresses the uniform spherical charge; instead, it accelerates
a spherical shell of a fissionable material, which strikes against a sphere of smaller
size [35, 49, 94–96, 110]. The density is several times higher in this case [110]. This
made it possible to improve the device efficiency by a factor of two for a substantial
lowering of its size and weight.

Along with this, use was made of external neutron initiation systems for the
controllable triggering of the chain reaction, which were more elaborate than the
polonium-beryllium ones. The response time of this bomb’s “power plant” [115]
is defined by highly sophisticated gas-dynamic simulations, which involve the
equations of state of substances at extremely high energy densities. These ideas
were amply borne out by the tests carried out in 1954 [115].
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According to [27, 35], another way to achieve automatic timing is as follows. A
small amount of deuterium-containing substance is accommodated at the charge
center. The shock wave driven by the chemical explosive charge gives rise to
the nuclear deuterium–deuterium reaction with the emission of neutrons, which
stimulate the chain reaction [35].

Before long, the subsequent development of nuclear weapons revealed the
limitations (tens of kilotons) of purely fission explosion schemes arising from the
rapid expansion of the nuclear fuel in the course of the fission reaction and—as
a consequence—the limitations on its efficiency (20 % of 6.2 kg of the plutonium
charge fissioning in the “Fat Man” device and 1.4 % of 64 kg enriched uranium
fissioning in the “Small Boy” device).

The further prospects for advancement were related to thermonuclear fusion
reactions, which, according to academician A.D. Sakharov’s statement [97], “are
the energy source of the Sun and stars, the source of life on the Earth, and the
possible cause of its death”.

4.2.2 Pulsed Thermonuclear Fusion

The role of nuclear energy sources for powering the stars was evident even in the
beginning of the twentieth century. In 1920, A. Eddington spoke to the meeting of
the British Association for the Promotion of Science [47]:

A star is a shell pulled over a huge energy reservoir by unknown means. This reservoir
is unlikely to be anything but intraatomic energy, which is known to be inherent in
any substance. . . This store of energy is nearly inexhaustible if it is at all amenable to
measurement. . . If the intraatomic energy in the stars is indeed used on a large scale to
maintain the huge hearth, which is a star, this seems to bring us much closer to the
realization of our dream of controlling this hidden energy for the benefit of mankind or
its self-destruction.

The discovery of the leading role of precisely the thermonuclear reactions as
the stellar energy source is due to H. Bethe, a 1926 Nobel Laureate; later he
became leader of the Los Alamos Research Laboratory, where the nuclear and ther-
monuclear weapons were made (USA). Although the corresponding thermonuclear
reaction schemes and the requisite reaction cross sections were well known by the
mid-1940s [2, 4–7, 11, 13, 15, 27, 29, 43–52, 56, 63, 88, 91, 94–97, 102, 109, 115],
the practical implementation of explosive thermonuclear reaction in terrestrial
conditions ran into serious difficulties arising from the necessity of producing in
the thermonuclear fuel an ultrahigh pressure and a temperature ranging up to tens
of millions of degrees.

Enormous efforts in quest for acceptable physical schemes and technical tricks
for making a thermonuclear “superbomb” have been detailed in several publica-
tions [1–3, 6–8, 11, 14, 29, 30, 33, 35, 46, 49–52, 60, 64, 65, 88, 97, 109], which
reflect the breathtaking history of the thermonuclear project full of drama, despair,
and brilliant flashes of inspiration.
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According to [14], “the main concern was to heat and ignite, employing the
energy released in the atomic bomb explosion, the mixture of heavy hydrogen
isotopes – deuterium and tritium – i.e. to produce with energy release the fusion
reactions

D C D D H C T C 4MeV;

D C D D n C 3He C 3:3MeV

thereby capable to be self-sustainable. To increase the fraction of “burnt” deuterium,
A.D. Sakharov came up with the idea of enclosing deuterium in a heavy envelope
of ordinary natural uranium, which was to moderate expansion and substantially
increase the deuterium density [4, 5, 14, 15, 97].

The progress of the DD reaction results in the production of tritium in appreciable
amounts, which immediately participates in the thermonuclear reaction

D C T D n C 4He C 17:6MeV

with deuterium, its cross section being 100 times greater and its energy liberation
being five time higher than that those of the DD-reaction. Furthermore, the nuclei
of uranium envelope undergo fission under irradiation by the fast neutrons produced
by the DD-reaction and substantially increase the explosion power. It is precisely
this circumstance that selecting uranium as the envelope substance and not another
heavy material.

The power of thermonuclear process in deuterium could be substantially
increased if a part of the deuterium were replaced by tritium from the very outset.

Indeed, making a thermonuclear charge in the form of deuteride-tritide and
lithium-6 deuteride resulted in a radical increase of the thermonuclear process power
and an energy liberation from the uranium shell, which was several times higher than
the thermonuclear energy liberation.

Such are the physical ideas underlying the first version of our thermonuclear
weapon”.

The temperature dependence of thermonuclear reaction rates (Fig. 4.8) makes
preferable the deuterium-tritium fusion reaction, whose efficient progress requires
temperatures of �2–10 keV. For a thermonuclear plasma expansion velocity of
108 cm/s this leads to a characteristic time of the order of 10�8 for a spherical target
with a radius of about 1 cm. The energy balance condition for such a thermonuclear
reaction (the Lawson criterion [55]) is of the form

n� � �r=4csmi � 2 � 1014 c/cm3;

which corresponds to �r � 0:1–3 g/cm2 and requires compressing the thermonu-
clear fuel to a density of tens of grams per cm3. For a temperature of 10 keV this
corresponds to v immense pressures of several Gbar [35].
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A high thermonuclear plasma density is also required to enhance the reaction
progress and shorten the range of thermonuclear alpha particles: they are stuck [35–
37] in a dense target and produce a thermonuclear burn wave, which propagates
from the microsphere center to its periphery (see Fig. 7.12 in Sect. 7.2.1).

4.2.3 Hydrodynamic Thermonuclear Fusion

The hopes to produce the requisite superextreme thermonuclear fuel conditions
with the aid of chemical explosives (like in a nuclear fission charge) were not
realized [82] owing to the insufficient power of explosives and the development
of several instabilities, in particular the Rayleigh–Taylor instability, under high
degrees of compression. Despite a significant effort in “hydrodynamic” ignition,
to date this approach permitted obtaining a thermonuclear neutron yield of �5 �1013
[17, 82, 119].

The VNIIEF scientific supervisor academician R.I. Il’kaev views this problem
as one of important unsolved problems of explosion nuclear energetics [58]: “It
seemed highly attractive to “set on fire” the thermonuclear fuel by cumulating in it
the energy of explosive’s detonation. Since then over a hundred major experiments
have been carried out, but the problem remains unsolved and its solution supposedly
is still a long way off. Under these conditions the degrees of compression of the
central metallic shells range up to � 50 and the thermonuclear fuel density exceeds
102 g/cm3. Perhaps, here we are dealing with the fundamental development of
instabilities whose suppression is still beyond our practical capabilities”.

In the discussion of this line of thermonuclear research we shall follow a
review [82].

The work on hydrodynamic thermonuclear fusion (HDTF) supposedly was first
undertaken in Germany during the Second World War in connection with the
German Atomic Project [61, 119]. In elaboration of the principle of a cumulative
charge (panzerfaust), which was first proposed also in Germany, there emerged an
idea of implementing thermonuclear fusion at the focus of a spherical charge with
an embedded shell [83]. This research was favored by the construction of the theory,
which became classical, of a converging spherical shock wave by Guderlay.

At that time these works were not known in the USSR. It was not until 1945 that
L.D. Landau and K.P. Stanyukovich proved, independently of each other, the fact of
pressure increase, i.e. the cumulation at the front of a converging shock wave in a
continuous medium [71].

In the USSR the work on HDTF was pioneered by A.S. Kozyrev’s idea
(1945) that the pressures and temperatures sufficiently high for the progress of
thermonuclear reactions in heavy hydrogen isotopes may be attained at the focus
of a spherical charge of a chemical explosive [68]. Furthermore, proceeding from
this idea Kozyrev proposed the design of an explosion thermonuclear reactor.

According to the subsequently made estimates, to attain the high (�2 keV)
temperatures required to excite a self-sustained thermonuclear reaction (ignition)
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with an explosive charge of �50 cm requires a spherically symmetric shell “conver-
gence” down to a radius of several tenths of a millimeter. In this case, it would be
possible to excite a thermonuclear burst in a DT-mixture of mass � 10�3 g [81].

The subsequent intensive experimental efforts (see review [82]) were aimed
at finding optimal spherical cumulation schemes, studying the instabilities which
impeded deep implosion, finding suitable highly uniform explosives, and studying
other complex gas-dynamic processes.

The most advanced of the HDTF charges developed consists [82] of alternating
layers of light and heavy materials, which efficiently extract energy from the
explosive.

Advantage was taken of a liquid explosion, which made it possible to get rid of
explosive density variations emerging from the nonuniformity of explosive compo-
sition and eliminate technological joints and gaps between structural elements.

A change-over to a highly symmetrical multipoint initiation system with the
highest possible position uniformity of 1000 initiation points on the external
spherical charge surface with the symmetry of a regular dodecahedron permitted
attaining a high precision of focusing, which was different from the expected
geometry by no more than 0.1 mm [81, 82]. In this case, it was possible to bring the
accuracy of manufacturing of this cumulative system down to a level of �0:03mm
for external layers of the system and to �0:003mm for its internal elements [18].

A maximum yield of 5 �1013 neutrons, which is currently record high for suchlike
advanced systems, was recorded on 10 December 1982 from the center of a target
containing DT-gas with an initial radius r0 � 1mm and an initial density �0 �
0:1 g/cm3. According to estimates [82], a temperature T � 0:65 keV and a highest
density � � 80 g/cm�3 were achieved. A value �r � 0:8 g/cm2 is presently record
high for inertial thermonuclear fusion and sufficient for the ignition of the DT gas
if the temperature is raised by about a factor of 3–4. However, in this experiment
the neutron yield turned out to be lower than the calculated one by 2–3 orders of
magnitude [18, 82].

To explain this disparity, a hypothesis was introduced about the existence of
a systematic vertical asymmetry constituent in the liquid explosive charge, which
was probably due to the effect of gravity on the density of the liquid explosive,
and tolerance-related fluctuations, which are random in amplitude and appear from
experiment to experiment (these fluctuations give rise to a neutron yield instability
of several tens of percent). This hypothesis was partly confirmed by dedicated
experiments [82].

The discordance between the idealized simulational and experimental values
of the neutron yield in HDTF systems is attributable [82] to the effects of
asymmetry and mixing at the interfaces between different-density substances, which
are neglected in simulations. The degree to which these effects are taken into
account by contemporary simulation techniques does not permit making an adequate
description of the available experimental data.

Scientists have recently begun to computationally take into account the inflow
of jets of the heavy substance of the compressing shell to the central gas. The
jet formation takes place due to the growth of small-scale perturbations, which
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originate from the structural features of the materials of the central shells and their
surfaces. The simulations that include this mechanism of gas pollution and the
consequential lowering of its peak temperature reveal a substantially greater effect
than the calculations by the existing theories of developed turbulence.

The simulations made to date to include jet mixing yield promising results both
as regards explaining the experimentally observed neutron yield and lowering this
effect (and therefore increasing the neutron yield) with the corresponding structural
and technological improvements of the HDTF systems.

The Rayleigh–Taylor instability and turbulent mixing emerge on the light-
material side for a tangential discontinuity of velocities at the interface between
different-density media when the interface is accelerated (in particular, in the
deceleration of the compressing heavy shell by the central light gas, as well as in the
deceleration and acceleration of the heavy shells of a layered structure by its light
layers) [25, 28, 73, 89]. An instability of the interface between two different-density
media also emerges after the passage of a shock wave front through this interface—
the Richtmyer–Meshkov instability [73, 101]. Also worthy of mention is the strong
dependence of the instability and turbulent mixing on the physical viscosity and
strength of materials, which particularly important for the outer domains of the
HDTF systems. The positive effect of high strength and refractoriness of the
materials in use has been experimentally proved [82].

Another possible sources of small-scale perturbations are related to substance
mesostructure [62]. External layers, in which the substance has not yet melted,
are partially deformed. according to modern notions, the plastic flow of continuous
medium proceeds not as the deformation of continuum but as the motion of plasticity
sites at the meso-scale level of 1–100�m. These sites are likely to be inherently
vertical. The velocity dispersion for a free boundary at the instant of arrival of a
shock wave was experimentally recorded and measured. That is, the nonuniformity
of plastic flow at the meso-scale level may be a source of small-scale velocity
perturbations. This flow may be figuratively compared with the motion of a freezing
river, when needle ice is flowing. It is therefore necessary to employ and develop
elastoplastic flow models. In doing this it is possible to lean upon the vast materials
of theoretical and experimental research in this field [62].

The plastic flow of molten inner shells located at low radii may also be a source
of such perturbations. A cumulative flow converging to the center is always attended
with a shear, which in turn is a source of small-scale turbulence.

The conditions for the ignition of thermonuclear reactions may be attained by
suppressing the adverse effect of mixing and improving symmetry (by compensating
or removing the regular constituent of asymmetry, etc.) [82]. With retention of the
achieved level of asymmetry and mixing, it is possible to approach the fulfillment
of ignition conditions by increasing the charge size.

The difference of HDTF from other kinds of inertial thermonuclear fusion con-
sists in the degree of energy cumulation, which was estimated from the temperature
ratio [82]: k D Teff=TBB, where Teff D 2 keV is the effective DT-mixture ignition
temperature and TBB � 1 eV is the temperature of explosive detonation products.
Hence we obtain k � 103 for the HDTF. For laser- and ion-beam thermonuclear
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fusion projects, the temperature of the vaporized part of the shell is �100 eV, i.e.
k � 10. This difference underlies the main difficulties associated with the feasibility
of HDTF implementation. That is why it is unlikely that any information obtained
in laser fusion research can be directly extended to the HDTF. Quite the reverse: the
data of HDTF research as obtained under more severe conditions may be employed
for other kinds of inertial thermonuclear fusion.

The method of moderately precompressed (to a density of the order of several
tens of grams per 1 cm3) gas ignition by a focusing shock wave may turn out to
be more promising, because in this case the effects of Rayleigh–Taylor instability
and mixing are not so strong for the peak shell-driven gas compression required
for the ignition. True, the question remains of how to achieve the moderate cool
precompression of the gas with its subsequent compression and heating by a
sufficiently symmetric ignitor shock wave. Suchlike experimental investigations of
not only the HDTF systems but also, for instance, laser targets exposed to a double
pulse, which produces precompression and the formation of an intense focusing
shock wave capable of igniting the target, are unfortunately absent so far.

A different HDTF scheme is depicted in Fig. 4.20 [17]. In this scheme, a metal
liner accelerated by the detonation products of a condensed explosive effected a
quasi-spherical compression of deuterium and its mixture with xenon at the end of a
conical target. The use of a plane “layer cake” version for raising the liner velocity to
6 km/s and a small admixture (1–3 %) of xenon for increasing the deuterium plasma
temperature made it possible to record a neutron yield of about 106 thermonuclear
neutrons per explosion in these experiments.

Fig. 4.20 Schematic representation of the facility for dynamic thermonuclear plasma compression
in conditions of acute-angled geometry: 1—liner; 2—explosive charge; 3—detonation lens; 4—
target lid; 5—target; 6—protective steel housing; 7—neutron detection unit; 8—liner velocity
measurement unit [17]
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A series of numerical simulations of deuterium plasma compression under laser
irradiation were performed for analyzing the processes in targets and optimizing
experimental parameters. The simulations were made in the framework of the sim-
plest model of a spherically symmetric two-temperature plasma with the inclusion
transfer processes, radiative loss, and thermonuclear reactions. This model had been
employed earlier to describe the dynamics of conical targets in laser experiments.
The simulations suggest that there are two compression stages. At first a series
of waves, which experience successive reflections from the liner and the center,
heat and ionize the gas to produce radially quasi-uniform profiles of hydrodynamic
parameters. Next there occurs an adiabatic aftercompression of the plasma with
an entropy determined by the irreversible processes of the first stage. Estimates
suggest the effect of nonsphericity of the liner is negligible. The shock waves that
emerge in lead at the instant of liner–target collision have no effect on the process
of compression either. The initial stage of real compression is therefore described
adequately by the one-dimensional model. Appreciable non-one-dimensionality
effects may be expected at the final stage, when the cone deformation and thermal
conductivity become significant. Until this moment the compression stage may be
considered to be adiabatic, and the limiting parameters required for calculating the
neutron yield may be estimated knowing the specific plasma entropy and using the
semiempirical equation of state of lead. The calculations give the following values:
P � 50–100 Mbar, T � 0:3–0.5 keV, �=�0 � 103, which corresponds to a neutron
yield in the 104–108 range.

In conclusion of the section devoted to HDTF we note that experiments in
explosive compression offer an instructive approach to the study and optimization
of targets for pulsed thermonuclear fusion. Apart from a significant broadening of
the energy range, the explosive method permits studying the hydrodynamics of
compression in pure form, without considering the complicated processes of the
interaction between corpuscular beams or light with plasmas.

4.2.4 Explosive Thermonuclear Fusion

A nuclear explosion provides a million times higher power than a chemical
one, which makes it a more attractive way of initiating explosive thermonuclear
reactions [49, 88, 94–97].

Considered at the first stage in 1952–1954 in the framework of the Soviet Atomic
Project [72] was the hydrodynamic problem of a thermonuclear explosion in a
normal-density liquid deuterium ball (Fig. 4.21). The main conclusion was that the
explosion shock wave in deuterium is strongly attenuated due to radiative energy
loss and the nonlocality of fast neutron energy liberation. At that time this negative
result in essence signified that the direct way of making a hydrogen bomb led to a
deadlock. Detailed numerical simulations performed independently 60 years later
bore out this “historical” result and revealed the special physical features of the
resultant attenuation. Most pernicious is the radiative energy loss, which is made up
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Fig. 4.21 Schematic of the thermonuclear explosion of a deuterium sphere (for details see [72])

Fig. 4.22 Diagram of the “Classical Superbomb” from Fuchs’s material [47]

of bremsstrahlung and the effect of inverse Compton scattering of the generated
photons from hot electrons. The role of energy transfer by fast neutrons is less
significant, and it was adequately taken into account.

The “Classical Superbomb” version, which is due to E. Fermi, intended for
the ignition of thermonuclear reactions with a fissioning charge is schematized in
Fig. 4.22 [47].

This thermonuclear reaction ignition scheme, which is referred to as the “Tube”,
was under active development in the USSR and the USA in the early 1950s [17,
49, 88, 94–97]. The device under consideration comprises a tube filled with a
deuterium–tritium mixture; at the end of the tube is a nuclear detonator charge,
which is intended to excite a thermonuclear detonation wave in the tube. The
propagation conditions for this thermonuclear detonation are determined by the tube
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diameter, which the lateral radiative plasma cooling depends strongly on. Unlike the
well-known “critical diameter” theory for Yu.B. Khariton’s “chemical” detonation,
in this problem there emerge two critical diameters, which are numerically close to
each other and eventually do not permit implementing this thermonuclear charge
scheme (for more details, see [34, 35, 97]).

According to [34], the foundation of thermonuclear detonation treatment is
Yu.B. Khariton’s theorem [121] that any exothermal substance is capable of
detonation when its characteristic dimension exceeds some minimal (“critical”)
diameter. The thermonuclear reaction rate is a strong function of the temperature.
Along with energy liberation there is energy loss due to the heat transfer through
the side surface. The equality of volume energy release and surface loss defines
the typical temperature Tmax and therefore the burn time. On the other hand, the
plasma lifetime, which is defined by its hydrodynamic expansion, by the order of
magnitude is

t� D r

cs
Š rp

Tmax
:

Comparing these two times gives the critical dimension [34]. Since the burn rate
is proportional to the substance density �, in different systems the similarity is
constructed in the “optical thickness” parameter �r. This signifies that dimension-
less quantities, like the burnup depth, are functions of �r. In particular, the critical
dimension r � 1=�, and therefore the mass capable of burning, is M � 1=�2 for a
sphere and M � 1=� for a cylinder.

At the same time, researchers encountered another difficulty when studying the
thermonuclear detonation in deuterium: an upper limitation on the tube radius [34,
97]. This limitation did not emerge in the detonation of chemical substances.
The physical reason was as follows. It is well known that a photon loses a part
of its energy in the scattering by an immobile electron. But when the electron
is energetic and the photon, on the contrary, is soft, the collision leads to an
increase in photon energy. These processes—direct (the Compton effect) and inverse
(Comptonization)—eventually result in the thermal equilibrium between the plasma
and the radiation (radiation “Planckovization”) [34].

Since the main photon source in a hydrogen medium is a very soft
bremsstrahlung, in a hot plasma there occurs a parasitic flow of energy from
matter to the radiation. To somehow decrease this flow, the tube dimension has to be
reduced so as the photons escape to the outside before they gain appreciable energy
from the electrons. This signifies that the tube radius may not significantly exceed
the Compton photon range [34] (l D 5=�, � D 0:14 g/cm3 for liquid helium).
According to all calculations, the lower bound for the radius nearly overlapped with
the upper one, and the system turned out to be highly sensitive to the details of the
process [34]. For instance, the thickness and material of the wall confining liquid
hydrogen had a significant effect on the general picture [34].

The combination of two factors—the lowest hydrogen charge (Z D 1) and a
strong D C T reaction—had the consequence that the radiation did not manage to
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become Planckian during burning. As a result, the effective radiation temperature
remained low and the energy liberation was transferred to the temperature of the
material medium.

It has been possible to experimentally observe this effect [34]. From the Doppler
energy broadening of 14 MeV neutrons, the DT burn products, an extremely high
temperature exceeding 1 billion degrees was recorded directly in an explosion
experiment.

Chemical and thermonuclear detonations have much in common. On the other
hand, there is a significant difference apart from the simplest one—the difference
in caloricity. Usually considered in nuclear fusion is only the DT reaction as the
fastest one. It is precisely the use of a deuterium-tritium mixture that makes it
possible to minimize the size of the detonation cylinder. This is the only realistic
way to pass from the military use of thermonuclear detonation to the peaceful one
with any acceptable initiation energy expenditures in conditions of a “laboratory”
experiment.

In this case it turns out that a self-sustaining reaction takes place for �r �
0:35 g/cm2 [31]. A hot plasma with a temperature of �10 keV exhibits a multi-
tude of energy transfer mechanisms: hydrodynamic detonation, electron thermal
conduction, energy transfer by charged ˛ particles and neutrons, and radiative
phenomena [34, 35]. Different processes prevail under different conditions: for
instance, the energy transfer by 14 MeV neutrons, which carry 80 % of the energy of
the DCT ! ˛Cn reaction, may turn out to be dominant in an infinite medium. For
a cylinder of extremely small size, on the contrary, the role of neutrons in “forward”
energy transfer is minor, because the medium is transparent for them (the neutron
path ln D 5=� is tens of times longer than the radius). In pure hydrogen substance,
as mentioned above, radiative transfer is also insignificant. The energy transfer by ˛
particles is considerably less significant than the electron thermal conduction owing
to their short path. In essence, two processes compete: the Jouguet–Zel’dovich
hydrodynamic detonation and the high velocity (heat-conductive) burning [34].

For a chemical detonation, the lateral thermal loss, as a rule, is of little
significance, while in the thermonuclear detonation there is no way of neglecting
the energy loss in the cases of greatest interest. For instance, under some conditions
the energy removal by ˛ particles, and not the expansion, defines the critical cylinder
radius. Several thermonuclear wave problems were considered in [31, 77].

Therefore, because of radiation loss (the inverse Compton effect) the scheme
(Fig. 4.22) turned out to be inoperative [47] and its development had to be
abandoned.

A real breakthrough in the initiation of thermonuclear reactions was achieved by
academician A.D. Sakharov, who came up with the idea of a thermonuclear “Sloika”
(a “Layered Pastry Cake”) [49, 88, 94–97].

According to Yu.A. Romanov, one of the key developers of thermonuclear
weapons [91]: A.D. Sakharov proposed a novel design: a heterogeneous structure of
alternating layers of light (deuterium, tritium, and their chemical compounds) and
heavy (238U) substances, which he named “Sloika”.
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A.D. Sakharov characterized his proposed scheme as follows [98]:

1) “In a “Sloika” there is local temperature equilibrium between substance and
radiation. The question of whether this detonation regime exists does not arise
(it undoubtedly exists). . . The zone of detonation wave is not very wide.

2) Thermal reactions in D give rise to fast neutrons capable of inducing the fission
of 238U nuclei, which substantially raises the caloricity.

3) The low photon transmittance of uranium ensures a moderate width of the zone
of the shock wave traveling ahead of the burn zone.

4) . . . The temperature in the neighboring phases is equalized by radiation transfer,
and so from the equality of pressures in the neighboring phases there follows the
equality of the number of particles in unit volumes of U and D; ionized uranium
“swells” and compresses D by its electron pressure. . . ”

A.D. Sakharov’s central idea consisted, first and foremost, in going over to the
ignition of compressed thermonuclear fuel by a shock wave in detonation mode and
then by a process which received the name “Sakharization” [59].

It turns out that the like considerations were expressed by Taylor in 1946 (the
“Alarm Clock” scheme [47]), but American developments took a different path,
which was found to be less efficient.

According to [58], the device was a system of alternating layers of fusion material
(lithium deuteride-tritide and lithium deuteride) and uranium with different densities
of the 235U isotope, providing their gas-dynamic implosion.

Firstly, the initial heating of the fusion material was provided by the nuclear
explosion of the central core of 235U. In this case, the ignition of the fusion material
requires that it should also undergo implosion. Secondly, when the isothermal
regime between the fusion material and the surrounding uranium set in, there
occurred additional compression of the fusion material due to pressure equalization
(known as “Sakharization”). Thirdly, the fusion material burn took place in the mode
of radiation–substance thermodynamic equilibrium. Fourthly, the uranium fission
by “thermonuclear” neutrons provided an additional temperature increase of the
medium and speeded up fusion reaction, then the additional fission of uranium etc.

During the device development, great importance was attached to the precision
of gas-dynamic implosion, and experiment bore out the absence of an appreciable
effect of gas-dynamic instabilities on the thermonuclear burn.

The problem of energy liberation scaling was solved [58] along the path
of radiation implosion. In 1954, when the capabilities of this approach were
recognized, a prototype of a thermonuclear module was made, which was the central
part of RDS-6s. Now, under the new conditions of a manifold stronger implosion,
the fusion unit exhibited a substantially greater energy liberation (for a fusion
material advantage was taken of lithium deuteride). This approach was implemented
on 22 November 1955 in the RDS-37 test. It is significant that the influence of
hydrodynamic instabilities on fusion burn did not manifest itself in going over to
this new type of implosion, either.

The “Sloika” version offers the following advantages [49, 88, 94–97]. First, it
provides the possibility to realize the “fission–fusion–fission” principle required to
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increase the energy of explosion. The DT-reaction neutrons with energies above the
fission threshold of 238U split it to give rise to additional energy liberation. But,
what is more important, owing to the low thermal conduction of uranium the heat
removal from the bomb substance is greatly reduced. Lastly, being in direct contact
with uranium, the light substance turns out to be several-fold compressed and heated
to a temperature of tens of millions of degrees. In the circles of nuclear weapons
developers this effect received the name “Sakharization” [5, 49, 91, 97]. The phys-
ical cause of “Sakharization” is extremely simple: under superhigh temperatures,
when the substance is almost completely ionized, the pressure balance between a
heavy substance and a light one corresponds to equal electrons densities in them.

This signifies that the light substance must be in a strongly compressed state,
which is required for increasing the fusion reaction rate. Should lithium be
incorporated into the “Sloika”, under neutron irradiation it will transform to tritium,
which highly efficiently participates in the fusion reaction, as discussed above
[4, 5, 49, 88, 94–97].

The idea of employing the 6Li isotope in the “Sloika” belongs to V.L. Ginzburg.
He amiably called lithium deuteride (6LiD) “Lidochka”. The fundamental features
of the “Sloika” permit varying over wide limits its structural features and constituent
materials. The first such suggestion was made shortly after A.D. Sakharov formu-
lated the basic ideas. This is how he wrote about it: “Before long my suggestion was
essentially contributed by V.L. Ginzburg, who came up with the “second idea” [97].
On 3 March 1949, in a report “Use of 6LiD in the “Sloika”” V.L. Ginzburg noted:
“Emphasized are the advantages associated with the use of 63LiD as a deuterium-
bearing substance in the “Sloika”. In this case, reaction 6

3Li C1
0 n !4

2 He C3
1 H

results in the production of tritium 3
1H � T, which gives uranium-splitting neutrons

via reactions D C T !4
2 He C n and T C T !4

2 He C 2n [42].””
I.V. Kurchatov duly recognized the promise of using 6Li and promptly organized

its production. As a result, the Soviet Union was the first to employ it in 1953
hydrogen weapon tests.

Academician R.I. Il’kaev wrote [59]: “The device operation was divided into
several stages. The first stage involved the device implosion by a spherically
symmetric converging explosion of a HE and ended with the actuation of neutron
initiator similar to the initiator in the first atomic bomb RDS-1.

The second stage begins with the onset of a chain reaction in the fissile substance
and is a nuclear explosion intended to excite thermonuclear reactions.

The third stage involves an increase in the temperature of the inner fusion fuel
and attainment of the level sufficient for thermonuclear burning. This process drives
the burn of uranium nuclei and the ignition of the next fusion fuel layer. Of major
importance at this stage is the “Sakharization” process”.

Unlike the untransportable American installation “Mike” (Fig. 4.23) of mass 62 t,
Sakharov’s “Sloika” was a transportable device and was dropped from a plane.
It was then that a start was made on the development of a rocket carrier for it
in S.P. Korolev’s design engineering bureau. Subsequently thermonuclear devices
became substantially lighter, and Korolev’s rocket carrier fulfilled the function of
launching the first satellite and the first man in space [49].
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Fig. 4.23 Full-scale two-stage device of Teller–Ulam configuration named “Ivy Mike” was
detonated at Eniwetok Atoll in the Marshall Islands on 1 November 1952. The explosion was rated
at 10.4 megatons. The installation of overall mass 62 tons comprised a cryogenic vessel, which
contained a liquid deuterium–tritium mixture, and an ordinary nuclear charge (the primary) on top
of it. Located on the axis of the cryogenic vessel was a plutonium rod, which served as a “spark
plug” for the fusion reaction. Both charge units were housed in a common shell of uranium of mass
4.5 tons filled with polyethylene foam, which played the role of a conductor for X- and gamma-ray
radiation from the primary to the secondary

The first ideas of thermonuclear weapon were discussed in private by E. Teller
in the early 1940s. At the same time Ya.B. Zel’dovich and his colleagues forwarded
the corresponding suggestion to the Soviet Government. The basic “thermonuclear”
idea, which defines the structure of modern nuclear weapons, was formulated by
Teller and Ulam in the February of 1951 [47] and by A.D. Sakharov and his
colleagues (the “third idea”) [97] in the spring of 1954.

According to [59], at issue was replacement of the hydrodynamic “Sloika”
implosion by the compression driven by an atomic explosion. In this case, it was
decided to take the “layered” system of spherical configuration as the basis for
the physical system of the secondary unit. Since then the compression driven by
an atomic explosion has acquired its canonical form, whereby X-ray radiation is
considered as the energy carrier from the primary (charge) to the thermonuclear unit.
To form directional energy transfer, on A.D. Sakharov’s suggestion the primary and
the secondary were enclosed in a common shell, which had the capacity to reflect
X-ray radiation, and inside of it measures were taken to favor the transfer of X-ray
radiation in the desired direction.

The successful test of a hydrogen bomb dropped from a plane on 22 November
1955 marked the completion of the development stage of the basis of Soviet
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thermonuclear weapon. Earlier, the corresponding tests “Mike” (1952) and “Bravo”
(1954) confirmed the ideas of Teller and Ulam.

Therefore, proceeding along different paths, after failures and successes, the
USA and the USSR arrived at the modern design of thermonuclear weapon at about
the same time [27]. Its further development followed the paths of refinement and
specialization.

In the opinion of academician A.D. Sakharov, the advent of the “third” idea [43–
45, 47–49, 88, 94–97] and passage to superextreme plasma states turned out to be a
“paradise” for theorists.

A.D. Sakharov reminisced [97]: “By purely theoretical methods, using relatively
simple calculations it was possible to describe with confidence what may at
temperatures of tens of millions of degrees, i.e. at temperatures like those which
exist at stellar centers”. For instance, while the equation of state at moderate
pressures and temperatures cannot be calculated by a theoretical approach that is
anywhere near simple (so far such calculations are impossible even with computers),
here it is expressed by a simple formula:

P D a�T C bT4

(P is the pressure, � is the density, T is the absolute temperature, a and b are easily
calculable coefficients). The first term is the pressure of completely ionized ideal gas
and the second one is the radiation pressure. Lebedev once measured the pressure
of light in experiments extremely delicate for his time—here it was immense and
determinative. Calculation of the pressure of substance is also simplified at this
tremendous temperature: its ionization is complete and the interparticle interaction
may be neglected!. Equally simple are formulas for the thermonuclear reaction rate:
the number of reaction events per unit time is (for instance, for the DCT ! nC4He
reaction)

N D .�	/DTnDn�

(D is a deuteron, T is a triton, n is a 14 MeV neutron, nD and nT are the densities of
deuterium and tritium nuclei), where .�	/DT is the average value of the product of
effective reaction cross section and the relative velocity of the nuclei. The magnitude
of (.�	/DT) is easily calculated by elementary integration if the reaction cross
section � is known from experiment as a function of colliding particle energy E
(Fig. 4.8).

Figure 4.24 shows a sketch of the two-stage device suggested by academicians
Ya.B. Zel’dovich and A.D. Sakharov [43–45, 47–49].

According to [47], the charge considered in the memo was large in size and
weight (26–30 tons). It comprised two units: a primary atomic bomb and a separate
secondary thermonuclear unit, which were enclosed in a massive housing. Initially
it was assumed that the compression of the thermonuclear unit would be effected
by the pressure of gases flowing to the thermonuclear unit accommodation zone
after the detonation of the primary bomb. The description of the physical processes
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Fig. 4.24 First page of
Ya.B. Zel’dovich–
A.D. Sakharov’s memo of 14
January 1954 showing the
schematic of a two-stage
thermonuclear charge [47]

in the detonation of the charge read as follows [47, 94–96]: “The first stage – the
energy propagation through device A (by device A is meant the primary atomic
bomb) – is not discussed: during this stage the energy by more than a half is the
radiation energy and propagates by radiative heat transfer; however, by the end of
this stage there forms a shock wave, whose velocity becomes higher than that of
radiation diffusion”. Subsequently [47] the radiative mechanism was assumed to be
the principal one.

The operation of the thermonuclear “Mike” charge, which implements Teller–
Ulam’s idea of “photon-driven” compression, is schematized in Figs. 4.25
and 4.26 [5, 27].

In Mike’s test (blast yield equivalent to 10 Mt) use was made of a two-stage
scheme with liquid deuterium as the thermonuclear fuel. It employed a nuclear
detonator and the idea of radiation implosion [5, 13, 27, 43–45, 47–49, 56, 91, 94–
96].

The device detonated in the “Mike” experiment and nicknamed “sausage” was
a bomb of the megaton class designed according to Teller–Ulam’s scheme [5, 13,
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Fig. 4.25 Teller–Ulam’s scheme [5, 27]

(a) (b) (c) (d) (e)

Fig. 4.26 (a) Warhead prior to explosion; the primary stage is above, the secondary is below;
(b) chemical explosive detonates the primary, compressing the plutonium core to a supercritical
state to initiate the fission chain reaction; (c) during fission, the primary generates an X-ray
radiation pulse, which propagates along the shell interior, penetrating through foam polystyrene
filler; (d) the secondary compresses due to ablation under X-ray irradiation, and the plutonium
rod located inside the secondary passes to a supercritical state and initiates the chain reaction to
release a huge amount of heat; (e) a fusion reaction proceeds in compressed and heated lithium-6
deuteride, the emitted neutron flux induces the fission of tamper [5, 27]

27, 43–45, 47–49, 56, 91, 94–96]. It was a two-stage charge utilizing a TX-5 atomic
bomb at the first stage; the second stage was liquid deuterium stored in a Dewar
vessel (Fig. 4.23). Running down the center of the vessel was a plutonium rod, which
fulfilled the function of igniting the fusion reaction (Fig. 4.26) . The vessel was
enclosed in a housing of natural uranium over 5 tons in mass. The assembly as a
whole was accommodated in a huge steel shell two meters in diameter and 6.1 m in
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height, with walls 25–30 cm thick (at the left of Fig. 4.23). The inner side of the shell
was layered with lead and polyethylene, which formed a channel for conducting
thermal radiation from the primary stage to the secondary one. The entire “sausage”
weighted 82 tons.

The fission of uranium housing of the charge provided 77 % (8 megatons) of the
energy yield. The fusion reaction accounted for only the remaining 2.4 megatons.
The isle where the facility was sited was completely destroyed by the explosion; the
crater measured 2 km in diameter and 52 m in depth.

A modern thermonuclear warhead is schematically shown in Fig. 4.27 and in [5,
27]. According to [5, 27], in these devices the fissile charge is surrounded by special
substances, in which nuclear fusion reactions are initiated under certain conditions.

At the initial stage the detonation of ordinary explosive in the primary charge
compresses plutonium irradiated by neutrons from a special triggering “generator”.
There occurs plutonium nuclear fission attended with energy liberation. This
energy in the form of X-ray radiation is directed to the secondary charge, which
contains elements capable of thermonuclear fusion. This reaction proceeds between
hydrogen isotopes (deuterium and tritium) in a lithium deuteride charge. This self-
sustaining reaction results in the formation of a thermonuclear fireball.

Fig. 4.27 Modern
warheads—thermonuclear
fusion charges [27]
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According to Yu.A. Romanov [97]: “A feature of this bomb is that the energy
of its explosion is largely determined by the amount of designed-in thermonuclear
fuel and may range into the megatons, while the explosion energy of a fission
atomic bomb is limited by a variety of reasons, including the necessity of using
large amounts of expensive fissile substance. The matter is that the separation
and production of deuterium is much simpler and cheaper than uranium isotope
separation and extraction of plutonium”.

The development of the high-performance devices of this kind led to the
emergence of an important line of basic research—radiative gas dynamics (hydro-
dynamics) [58]. Review [58] reads:

“This line of basic research is first and foremost related to the problems of
thermonuclear charge development. Basic to this development is the principle of
radiation implosion, which implies:

• release of a significant fraction of energy in the explosion of a nuclear charge (of
the primary unit) in the form of X-ray radiation;

• transportation of X-ray radiation energy to a thermonuclear unit;
• implosion of the thermonuclear unit with the energy of the delivered X-ray

radiation.

The implementation of each of the three constituents of this principle relies on
radiative gas dynamics.

The nuclear charge explosion, in which the bulk of energy is released in neutron-
nuclear reaction in the fissile substance, is attended with transformation of this
energy to X-ray radiation energy and the thermal energy of the substance, which
are in local thermodynamic equilibrium (as well as to the kinetic energy of the
medium). The X-ray radiation is transferred through the substance, emanates from
the surface of the fissioning material, and next propagates through the outer regions
of the primary unit.

Clearly this mechanism depends heavily on the basic characteristics—X-ray
photon path lengths, in which the photon–substance interaction occurs. For sub-
stances like uranium, photoabsorption and bound-bound transitions are of first
importance. . .

Investigations into the processes of radiative gas dynamics permitted controlling
the transfer of X-ray radiation inside the primary unit and improving greatly
the quality of the units as energy sources for radiation implosion, which was of
paramount practical importance.

The second part of the principle of radiation implosion is primarily related to
research, in the framework of radiative gas dynamics models, into the reflection and
passage of X-ray radiation through layered configurations of different materials,
which often are multi-element geometrical figures with a complex dynamics. While
the main requirement at the first stage was to maximize the X-ray energy yield from
the primary unit, at the second stage the main requirement was to minimize the
energy loss.
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The third part of the principle of radiation implosion is associated with the
investigation of X-ray energy transformation to the pressure field which compresses
the thermonuclear unit. This field, which is the complex result of radiation propaga-
tion through different materials, is axisymmetric in structure. To obtain acceptable
compression of the thermonuclear unit requires transforming the axisymmetric
boundary conditions in order to achieve symmetric implosion. The solution of this
problem calls for the control of radiation fluxes and the gas-dynamic fluxes of high-
temperature and low-temperature high-density plasmas, which is realized in the
framework of 2D radiative gas-dynamic models.

It is pertinent to note that the features of the “boundary conditions” are
such that the thermonuclear unit implosion may be relatively stable or unstable.
There are important practical applications in which the processes are inherently
three-dimensional; in view of this, 3D radiative gas-dynamic models have also
been developed. It is noteworthy that the pressures of radiation implosion which
determine the compression of thermonuclear units amount to several hundred TPa
and that the implosion is attended with compressions whereby the density of the
substances in use exceeds the initial one by several tens of times.

In the solution of these problems the leading part is played by physicomath-
ematical simulation techniques, which is due to the characteristic properties of
the information obtained in the tests of thermonuclear charges as well as due
to the absence of such possibilities at the present time. The major experimental
result involved determination of “stability zones” for the radiation implosion in
thermonuclear units as well as determination of the physical factors that push
implosion out of these zones.

I emphasize that radiative gas dynamics is a remarkable example of how a basic
scientific discipline has made possible the design of devices with an interplay of
complicated physical processes, the experimental data on their key parameters being
quite scarce”.

It is noteworthy that somewhat similar processes take place in the microtargets
of controlled inertial fusion, which we discuss in Chap. 7.

The long-term vigorous research has resulted in the development of a variety of
witty and elegant schemes of thermonuclear charges for a wide range of applications
(including peaceful ones), from minicharges to the most powerful bomb with an
energy liberation of 50 megatons. Part of them are shown in Fig. 4.28.

At the present time, intensive efforts are underway to improve the reliability
and safety of nuclear charges and efforts to achieve nonproliferation of nuclear
weapons. Despite this, the club of nuclear weapon states is gradually expanding
(presently numbering nine members) and the number of military nuclear charges is
approaching 25 thousand (Fig. 4.29). The Moscow Strategic Offensive Reductions
Treaty (SORT) limits the numbers of operationally deployed Russian and US
nuclear warheads to 2200 by the year of 2012.

Fortunately, this arsenal is used only as a deterrent and no thermonuclear devices
have been used against people.
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Fig. 4.28 Arzamas-16. Museum of nuclear weapons

NUCLEAR   STOCKPILES
Russia* 15000 stored in depots

5800 
on standby

USA* 9900 stored in depots

5700 
on standby

France   350 in depots China   200 in depots England   200 in depots Israel  200 in depots

Pakistan   60 in depots India    50 in depots North Korea < 10 in depots Iran    under
 development

Russian and US nuclear warheads to 2200 by the year of 2012.

Fig. 4.29 Worldwide numbers of nuclear warheads

4.3 Nuclear Explosions for Studying Extreme States
of Matter

The advent of nuclear weapon gave experimenters a source of unprecedented energy
density for generating high-power shock waves in condensed media [22, 110].
That is why, along with the measurements of integral characteristics of nuclear
explosions, even in the first experiments a start was made on studying the physical
properties of substances under extreme pressures and temperatures.

Physicists, and developers of nuclear weapons in the first place, immediately
and fully recognized the potentialities of nuclear explosions as an instrument for
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generating superhigh-power shock and radiation waves and studying ultraextreme
substance states with their aid [10, 22, 36, 37, 110].

Comparative possibilities offered by nuclear explosions for generating high
energy densities were considered in Sect. 3.6. Here we discuss these issues in greater
detail.

Apart from the possibility of producing ultrahigh energy densities, these exper-
iments possess a number of other unique features. These are a very broad range
of pressure variation in experiments, one-dimensionality, and a good symmetry
in the pursuance of measurements with the use of large samples, which exceed
the laboratory ones in size by orders of magnitude. As a result, a large body of
invaluable experimental information was obtained in the ultrahigh-pressure area,
whose lower bound is now approached using high-power laser technology [110]
(see Chaps. 3 and 5).

The plasma energy densities that are record-high for terrestrial conditions were
obtained in precisely the near zone of a nuclear explosion. The physical formulation
and main physical results of these experiments are described in a comprehensive
review [110], which we will follow in the subsequent discussion.

In the first works on shock waves, measurements were made of the relative
compressibility of substances by means of reflection [10, 110] (Figs. 3.29 and 4.30).

This method relies [10, 110] on velocity measurements of a shock wave which
successively passes through the layers of substances under investigation; one of
these substances is treated as a reference one and its equation of state is assumed to
be known. Its Hugoniot adiabat is defined by interpolation between the experimental
region and the computation domain which lends itself to description by appropriate
theoretical models. The parameters of the initial states of the reference substance are
found from the shock velocity in the reference, and the sought characteristics in the

Fig. 4.30 Formulation of experiments to investigate the relative compressibility in the system
Fe(screen)–Pb–Cu–Ti [110]
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samples under investigation are determined by constructions in the pressure–mass
velocity diagram [10, 123].

The first experiments using this technique were performed, according to [110],
at the end of 1965 and published somewhat later [10, 12]. At that time the 1 TPa
threshold was overcome in a Fe–Pb–U system (3.8 TPa in Fe and 4.0 TPa in U).

Next obtained were data on the comparative compressibility of water (for more
details, see [22, 110]) at a pressure of 1.4 TPa, of quartz with initial densities of
1.75 and 1.35 g/cm�3 at pressures of 2.0 and 1.8 TPa, of plexiglass (C5H8O2)n at
0.6 TPa, of graphite, rutile (TiO2), rock salt, aluminum, several rocks (graphite,
shale, dolomite) as well as several continuous and porous substances at pressures
ranging up to 1 TPa.

The comparative compressibility of metals in a Pb–Cu–Cd system was inves-
tigated at a pressure of 1.5 TPa [111] in 1968 and more recently at 5 TPa [112].
In [112], a pressure of 5.2–5.8 TPa was produced for a Fe–Pb system [113, 124] and
compressibility measurements were made for porous metals (copper, iron, tungsten
[110, 113, 124]) and several other elements at terapascal pressures.

Since the energy of nuclear charges under test was not limited at that time, it was
possible [110] to carry out measurements of shock parameters at pressures of several
terapascals at a relatively long (up to 10 m) distance from the explosion center.
This simplified interpretation of the data and made measurements with attenuation
more reliable, because at these distances the shock wave has a good symmetry and
relatively low beyond-horizon pressures.

The 10 TPa milestone was passed in [20] and then moved to a level of
700 TPa [21, 116].

The world record of pressure, at which measurements were made of the
parameters of the equation of state of a strongly compressed and multiply ionized
plasma, is P � 4 billion atmospheres, which was obtained in the near zone of a
nuclear explosion [24, 104, 116].

The Los Alamos data on the absolute compressibility obtained in conditions
of underground nuclear explosions are contained in [84–87], and those of the
Livermore Laboratory (USA) in [74]. Chinese scientists made themselves known
in this capacity in 1990 [41].

Experiments to measure the relative compressibility of substances contain an
uncertainty arising from uncertainties in the equation of state and the reference.
This uncertainty increases with the pressure range under investigation.

The technique of “absolute” measurements of the shock compressibility of
materials is devoid of this drawback, Fig. 4.31 [22, 110]. In this scheme, an iron
liner is accelerated by a nuclear device to a velocity W and strikes an iron target.
The approach velocity W and the in-target shock velocity DFe are measured in
these experiments. From symmetry considerations the mass substance velocity in
the shock wave URe D W=2, which gives the pressure PFe D g0DFeUFe and the
energy EFe D U2

Fe=2.
The data obtained using this technique are independent of “reference” properties,

but several conditions must be fulfilled: the initial conditions �0; P0; T0 of the
liner and the target should be well known (the heating by the radiation of a nuclear
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Fig. 4.31 Two versions of an accelerating device for determining the shock compressibility of
iron using deceleration technique [110]

Table 4.5 The parameters of the experiments [110]

Experiment W1 W2 Wcp D U P �

scheme (km/s) (km/s) (km/s) (km/s) (km/s) (TPa) (g/cm3) � D �=�0

11a 36.5 36.5 36:5˙ 1:0 28:85˙ 0:7 18.25 4:13 21.34 2.72

11b 42.7 42.7 42:7˙ 1:2 32:4˙ 0:8 21.35 5:42 22.99 2.93

11c 48.6 58.8 60:8˙ 2:54 43:5˙ 1:0 30.60 10:50 26.50 3.37

explosion should be low), the velocity of liner approach must be constant (W D
const) and well known at the instant of collision, the in-flight symmetry of the liner
and the symmetry of the shock wave in the target should be good. The rigorous
equality U D W=2 may be achieved only for a smooth heating-free acceleration of
the liner with retention of its integrity. In reality, departures from this equality are
due to the shock-wave heating of the liner and its backing by the vaporized material.
According to [110], in the scheme of Fig. 4.31a the liner acquires 80 % of its velocity
W on traversing 20 % of its path to the target. The parameters of the experiments of
Fig. 4.31 a, b are collected in Table 4.5 [110].

The subsequent development of dynamic methods in the high-pressure range is
related to the use of penetrating physical fields [22, 36, 37, 110].

American researchers [87] came up with a scheme for measuring the mass
velocity in the high-pressure range, which is based on the shift of the resonances
of neutron interaction with the nuclei of moving substance relative to their position
for the nuclei at rest (Doppler shift). To obtain high pressures, use is made of the
energy of uranium nuclear fission by the neutrons produced in a nuclear explosion.

According to [84], the sample of a material under investigation abuts on a plane
uranium layer. The velocity of the shock front is determined from the instant of the
occurrence of light flashes on the check surfaces of the sample. To measure the mass
velocity, use is made of neutrons with energies in the 10–103 eV range, in which
resonances are usually located. Of interest are substances with pronounced nuclear
resonances, which provides appreciable attenuation of the neutron flux transmitted
through the sample and recorded in experiments. When the resonance in a sample
is observed for a neutron energy "n (or for a neutron velocity vn) and a part of the
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sample’s substance is moving in the direction of observation with a velocity u, there
will additionally occur attenuation of the flux of neutrons with velocity v0

n D vn Cu.
In the spectrum of the neutron flux transmitted through the sample there will be
two minima due to the specified resonance. Experimentally the problem consists
in recording the spectrum of the neutron flux. If the neutron source may be treated
as an instantaneous one, measurements of the neutron spectrum are made from the
neutron time of flight through a known distance L. In this case, the time resolution
of the resonances will be defined by the difference of at-detector arrival times for
the neutrons with velocities vn and v0

n. The ratio u=vn � 1, so that t � u.
For a resonance at an energy "n D 103 eV and a shock wave intensity u �

10 km/s, the values t D 1�s are obtained for L � 20m. The neutrons will traverse
the distance in a time t � 5 � 103 �s. According to paper [87], the neutron source
duration is equal to 0.5–0.8�s. The sample thickness is so selected that a significant
part of the sample becomes involved in motion during the source operation.

The neutron spectral flux density in the resonance range "n D 10–103 eV is
essential to the experimental implementation of the method. The number of such
neutrons in the fission spectrum is quite small. To increase it, in [87] a thin layer
of a hydrogen-bearing substance (plexiglass) was placed between uranium and the
sample (Fig. 4.32). This trick permits increasing the neutron flux at the boundary by
about an order of magnitude.

The method under discussion for measuring the mass velocity is not universal.
For substances under investigation, the resonance cross sections should provide a
well-detectable attenuation of the neutron flux both by immobile and by moving
substances over a thickness comparable to the measuring base. These properties are
inherent in molybdenum, iron, copper, etc. Furthermore, there are elements whose
nuclei possess anomalously large resonance cross sections (tungsten, gold, cobalt).
Placing thin layers of these elements in the sample under investigation may also be
employed for mass velocity measurements. Furthermore, in some cases the energy
broadening of individual resonances may be used for estimating the substance
temperature before and after the shock front.

The resonances are most pronounced for molybdenum, which was investigated
in [87]. A pressure P � 90Mbar was realized in uranium; recorded in molybdenum
were D D 18:7 km/s (˙5%) and u D 10:2 km/s (˙5%). The accuracy achieved in
the measurements hinders the use of the resultant experimental point for calibrating
the equations of state of molybdenum (Fig. 4.33). The main sources of measurement
uncertainties arise from the uncertainty in neutron source duration and different
resonance spreading mechanisms.

However, the contributions of many of these factors become smaller with
increase in mass velocity, so that for u � 100 km/s there is a possibility in principle
to attain an accuracy�u=u � 1%. This gives impetus to attempts to further improve
the method.

The authors of [117] proposed a method for the simultaneous measurement of D
and u with the aid of gamma-active reference layers introduced into the substance
under investigation. In the course of gas-dynamic motion the reference layers
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Fig. 4.32 Schematic of
experiments on the generation
of intense shock waves by an
underground nuclear
explosion [87], A—nuclear
device; 1—neutron absorber
B4C; 2—experimental
assembly of uranium-235 and
molybdenum; 3—12-m long
waveguides; 4—optical
radiation detectors;
5—time-of-flight neutron
spectrometer; 6—solid-state
detectors; 7—lithium and
plutonium foils

are entrained by the moving substance. A system of collimating slits (Figs. 4.33
and 3.30) is employed to detect the moments the layers pass the check positions.

The “plane” geometry of a shock front, reference layers, and collimating slits,
whereby the planes of the corresponding surfaces are parallel to each other, is
easiest to realize in experiments (Figs. 4.33 and 3.30). To this end, placed in the
path of the shock wave is a cylindrical channel made of a substance (magnesium,
organic matter, etc.) with a density that is lower than the density of the material
in which the experimental facility is accommodated. As follows from the data of
two-dimensional gas-dynamic simulations, placement of this channel has the effect
that the shock front passes ahead of the shock front in the surrounding medium
and the wave front is plane in the central part of the cylinder, its diameter being



150 4 Extreme States in a Nuclear Explosion

Fig. 4.33 Layout of the experiment for measuring the absolute compressibility of aluminum:
1—optical channel; 2—reference layers; 3—substance under investigation; 4—channel of shock
formation; 5—collimating system; 6—collimating slits; 7—�-ray detectors; 8,9—radiation signals
from immobile and moving references [23, 117]

equal to �2=3 of the external diameter. The measuring unit is placed at the end of
the cylinder. The collimating system is protected by placing dense material layers
(lead, steal) in the path of the shock wave to rule out damage to the system prior to
completion of recording the moments the reference layers pass the check positions.

To measure the mass velocity u it is sufficient to record the instants of time at
which one reference layer passes the planes of two collimating slits; then, u D
d=.t3 	 t1/, where d is the interplane distance (see Figs. 4.33 and 3.30). Placing
two reference layers by two collimating slits permits determining D by comparing
the instants of the onset of their motion, D D d=.t2 	 t1/. In this case, the shock
compression ı at the shock wave front is determined from the measurements of
only the time intervals: ı D .t3 	 t1/=.t3 	 t2/. The number of reference layers and
collimating slits in experimental facilities usually exceeds the specified minimum.
This makes it possible to obtain information about the nonstationarity of the shock-
wave phenomenon under study as well as about neutron- and gamma-ray-induced
effects.

The key element in the proposed simple scheme, which enables time measure-
ments, is a reference layer. Its radiation must pass through the peripheral layers
of the substance under investigation, in which the gas-dynamic motion is much
different from the “plane” shock-wave flow implied. That is why hard gamma-ray
radiation sources are used in the reference layer. Because of the nonstationarity and
high velocity of the processes, the radiation intensity of the layer must provide the
possibility of recording the moments it traverses the plane of the collimating slits
with the use of detectors like a PM or a coaxial photocell in an analog mode.

That is why in [24, 117] use was made of pulsed sources which existed at the
preferred stage of the gas-dynamic process. In particular, a high-intensity gamma-
ray source was obtained in the neutron irradiation of a substance whose nuclear
possess a radiative capture cross section which exceeds the corresponding cross
section of aluminum by a factor of �103. Existing pulsed sources normally produce
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fast neutrons (En � 1MeV). Radiative capture reactions are effective at lower En.
The neutron pulse must therefore pass ahead of the recorded gas-dynamic motion by
a time interval required to moderate neutrons in the substance under investigation to
optimal energies. In some cases, in reference layers use can be made of europium,
for which the .n; �/ reaction cross section is � D 220˙80barn for En D 10–100 eV.

As seen from the foregoing, aluminum is widely used as a reference material
in the applications of reflection technique. In the 5–150 Mbar range there are
significant ambiguities in the equation of state of this substance. This underlies
the interest in aluminum in the application of this technique [24, 117]. Of course,
other reference/sample substance combinations are possible. In individual cases, it
is supposedly possible to use pulsed neutron sources (converters) in reference layers.

During moderation of neutrons, their density is hardly affected by diffusion
and absorption. The relation between the requisite gamma-ray reference intensity
� (s�1), on the one hand, and the fast neutron flux ˚ (cm�2) and the reference mass
M, on the other, was estimated in [117]:

� � ˚�NvM=` � 0:2 � 107˚M:

Here � is the (n; � ) reaction cross section for the nuclei of the reference material; N
is the number of these nuclei per unit reference mass; # is the moderated neutron
velocity; ` is the path of external flux neutrons in the substance under investigation.
The numerical value is given in [24] for aluminum and the reference material—
europium oxide EU2O3 compacted to a density of 2.7 g/cm3. For europium, �
increases with neutron deceleration faster than v�1, and therefore � will increase
until the rate of neutron inflow to the aluminum reference layer becomes equal to
the rate of its absorption by europium. On further neutron moderation the magnitude
of � will decrease due to neutron depletion of the aluminum domains surrounding
the reference layer. If the layer thickness is � 5 cm, its highest radiation intensity
is attained for � � 200 barn, which corresponds to a neutron energy En � 10–
100 eV. The characteristic time of neutron moderation to the specified En is equal to
10–15�s.

The neutron moderation in the sample heats the substance under investigation,
which affects its shock compressibility. For simplicity of experimental data inter-
pretation it is required that this effect should be weak. This sets an upper bound
on the flux ˚ . In the study of aluminum, acceptable values are ˚ < 1017 cm�2
[24, 117]. The lower bound on the flux stems from the necessity of increasing the
dimensions of the measuring unit.

The reference layers are nonuniformities in the material under investigation,
which are taken into account in the interpretation of experimental data with the use
of gas-dynamic calculations. To lower the uncertainties arising from the introduction
of computed corrections, the reference layer thickness may not exceed 10 % of the
measuring base length. The instrumentation employed in the experiments permits
obtaining acceptable accuracy of measurements of the time intervals (�t=t � 1%)
for their length of �2�s. In the study of the shock compressibility of aluminum at
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a pressure of � 10Mbar (D � 25 km/s) the base is therefore selected at �5 cm and
the reference layer thickness is � � 0:5 cm.

The measuring unit (Figs. 4.33 and 3.30) was made in the form of a set of AD-
1 (99 % Al, �0 D 2:7 g/cm3) aluminum plates, in which reference layers were
introduced in the form of tablets. This layer shape is consistent with the cylindrical
geometry of the shock formation channel and permits, if need be, accommodating
additional collimating systems. To maximize the recorded radiation flux, in the
detector direction the thickness of the substance under study should be as small
as possible, not distorting the motion of the front and the substance behind it in the
region of reference location. That is why the side surface of the unit on the side of the
collimating system was made in the form of a plane oriented at an angle of 45ı to the
direction of front propagation. The shape was checked using three optical channels
located at the apexes of an equilateral triangle on a circle of diameter 150 mm (one
channel is shown in Fig. 4.33). Measurements were made of the instants of light
flashes occurring when the shock wave reached the reference surface perpendicular
to the axis of the unit.

The procedure of measurements is complicated by appreciable background
phenomena. The main background sources are the primary source neutrons as
well as the gamma-ray photons produced in (n; � ) reactions in the sample, in
the structural elements of the experimental facility and in the ambient medium.
Neutron shielding is achieved by moving detectors away from the substance under
investigation. Protection from capture gamma rays was provided by a collimating
system. Its lead partitions in fact completely suppress the gamma-ray flux emanating
from the measuring unit and its environment. Only the radiation passing through
the collimating slits remains unattenuated. When use is made of coaxial photocell
detectors, a collimating system length L � 2m is sufficient. In the experiments of
[117], use was made of �0:4 cm thick reference tablets �9 cm in diameter.

The collimating system was made in the form of a set of coaxial lead disks rigidly
connected with each other, which had slits of cross section 3�90 cm. The slit width
is determined by the characteristic thickness of a shock-compressed reference tablet
(�1mm) and the possibility of aligning the collimating system. The separation
between the slit planes are the measuring bases. The uncertainty of determining
these base lengths is due to the inaccuracy of system fabrication as well as the
nonparallelism of the slit planes, reference layer, and shock front surfaces. The
slit planes and the reference layer planes were set parallel to within ˙0:2ı. The
uncertainty in determining the base length which arises from this nonparallelism is
negligible in comparison with the inaccuracy of system fabrication, which amounts
to �2% for a base length of 50 mm. Checking the shape of the shock front enables,
if need be, taking into account the correction to the base length arising from the
nonparallelism of the front and reference layer planes.

When determining D, in order to lower the gamma-ray background recorded
by detectors prior to the shock arrival, the second and third reference layers
(the reference layers and collimated slits are numbered in the direction of shock
propagation) were deepened by 1 mm relative to the corresponding slit planes
(see Fig. 4.33). The fourth reference layer was located at the center of the slit,
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Table 4.6 Results of absolute measurements in aluminum [10, 117]

Experiment D (km/s) U (km/s) P (TPa) � D �=�0

1 24:2˙ 0:7 15:1˙ 0:4 0:99˙ 0:03 2:65˙ 0:1

2 23:4˙ 0:6 14:5˙ 0:3 0:93˙ 0:02 2:63˙ 0:7

3 40:0˙ 5:0 30:0˙ 2:0 3:20˙ 0:5 3:90˙ 1:2

4 30:5˙ 0:7 21:0˙ 0:6 1:73˙ 0:07 3:21˙ 0:2

Fig. 4.34 D � U diagram for aluminum according to the data of laboratory measurements
and underground explosions: 7–10—absolute measurements; 11, 12—relative measurements. The
ellipses representing different processing versions of the experimental data of [117] are hatched.
The dash-dotted line shows the interpolation according to [75] and the dashed line stands for the
calculation using the Thomas–Fermi–Kopyshev (TFK) model

which permitted obtaining experimental information about neutron and gamma-ray
processes .

The introduction of high-intensity sources into the sample entails substance
heating by radiation. By the instant of shock arrival, the aluminum–reference
interface shifts and the state of the sample and reference layer substances changes.
This has an appreciable effect on the interpretation of experimental data, and the
corresponding processes must therefore be taken into account using gas-dynamic
calculations.

The results of measurements processed with the inclusion of the latest methodical
achievements in the oscilloscopic treatment, nonstationarity of motion, and refer-
ence layers are outlined in [23, 110, 117]. Here we restrict ourselves to a summary
table (Table 4.6) and Fig. 4.34, which gives the Hugoniot adiabat of aluminum [110]
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with the resultant experimental data. One can see that the Hugoniot adiabat provides,
on average, a reasonable description of the experimental data; however, some points
deviate by more than the ordinary 1–1.5 % in velocity uncertainty. The possible
underlying reasons are considered in [110].

The high-intensity gamma-ray radiation of the reference layers increases the
internal energy of aluminum up to �1:5 kJ/g [116, 117]. The pressure emerging in
this case results in a lowering of aluminum density to �2:55 g/cm3 and compression
of the porous reference material, i.e. the wave enters the sample characterized by the
initial state �0 D 2:71 g/cm3, E0 D 1:5 kJ/g. The experimental points in the shock
adiabat that emanates from this initial state are collected in lines 1 and 3 of Table 4.6.
Given in lines 2 and 4 of Table 4.6 are the data converted to the shock adiabat with
�0 D 2:71 g/cm3; E0 D 0; at constant pressure. The result of this recalculation
depends only slightly on model considerations.

In the third experiment, measurements were carried out near the lower pressure
bound for the manifestation of shell effects.

The experience acquired in the use of the reference technique to measure
the shock compressibility suggests [117] that there is still large room for its
improvement when employing different reference combinations as well as different
organization of experiments.

For high energy densities in a substance, which are typical, for instance, for
several processes in stellar interior, of major significance is the energy transfer by
electromagnetic radiation [10, 36, 37, 123]. To correctly describe these processes
requires knowing the optical properties of the substance at different substance
densities � and temperatures T. There is a vast class of phenomena for which
the conditions of local thermodynamic equilibrium between the radiation and the
substance are fulfilled [123]. In these cases, to describe the radiative energy transfer
it is sufficient to know the Rosseland opacity coefficient ~, which is a function of �
and T [123]. In the general case, the dependence ~.�;T/ is nonlinear and the energy
transfer by electromagnetic radiation is a nonlinear thermal conduction in character.

The presently available theoretical information about the radiative energy trans-
fer coefficients in substances was obtained using calculations based on different
theoretical substance models. The methods for calculating opacity coefficients
include the Compton scattering, the inverse bremsstrahlung due to free electrons,
and the photoabsorption in the lines arising from bound electron transitions. The
main difficulties are encountered in the calculation of absorption in spectral lines.
They are due to the necessity of including the plethora of electron configurations and
all possible transitions between them as well as different mechanisms of spectral line
broadening and splitting: the Stark effect, the Doppler effect, etc.

The calculation of ~ in a substance with given �, T is preceded by the
determination of ionic wave functions, the occupation numbers of electron states,
the self-consistent potential, energy levels, oscillator strengths, etc. The difficul-
ties encountered in the construction of the theory of a substance which takes
a sufficiently full account of the real properties of polyatomic systems in the
density and temperature ranges under consideration are discussed in Chap. 8.
The simplifications used by the authors of different models exert effect on the
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thermophysical characteristics and, in particular, on opacity coefficients, which is
quite hard to estimate.

The experimental investigation of the optical properties of substances at high
energy densities is an intricate task as regards providing well-controllable conditions
of the process and recording the parameters which carry the desired information.
One possibility of obtaining experimental data about opacity coefficients involves
measurements of the radiation flux through the sample of a substance under inves-
tigation, whose thickness is selected proceeding from the applicability condition
for the radiative thermal conduction approximation. Another possibility to study
the opacity of substances consists in comparing the calculated and experimental
transit times of the radiative thermal conduction wave through the samples. When a
sufficiently high temperature is produced on the inner boundary of the experimental
assembly, initially the energy transfer in the sample proceeds in the regime of a
thermal wave (see, for instance, [123]). After a distance the thermal wave front is
overtaken by the shock-wave discontinuity. At this stage the substance flow may be
treated as a self-similar one [123]. The wave transit time through the sample depends
on its thickness and density, the opacity coefficient, the equation of state and the
temperature at the sample’s boundary. To determine the ratios between the opacity
coefficients in different substances it will suffice to employ the same temperature
source in the measurements [123] (the dependence on the uncertainty in the initial
temperature T vanishes). The relative measurements of ~ in a pure substance and in
the same substance with a small admixture of an impurity substance which does not
change the equation of state of the sample.

The absolute measurements of opacity coefficients are realized in systems with
the known temperature distribution between their elements. For instance, it is possi-
ble to use a specifically configured channel made of the material under investigation,
in which the temperature distribution is controlled by the heat exchange of the walls
in accordance with [32].

The results of investigations for aluminum and iron in the form of ratios
~exp=~calc < ~calc calculated by the method of [32] are given in Table 4.7. The
uncertainty is ˙15%.

The data of Table 4.7 and the data of [32] are compared in Fig. 4.35.
These experiments employed the same technology of measurements and record-

ing as in the investigation of the shock compressibility of substances [104, 116]. To
calculate the wave arrival at the reference surface, use was made of the equations of
state calibrated in the investigations of [104, 116]. The results of opacity coefficient
measurements are best described by the calculation in which all requisite quantities
are calculated by the Hartree–Fock–Slater model and not the Thomas–Fermi model.

Table 4.7 The results of
investigations for aluminum
and iron calculated by the
method of [32]

T (eV)

Substance 0.5 0.75 1.0 1.25

Aluminum 1.26 1.44 1.41 1.32

Iron 1.31 1.0 0.85 0.81
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Fig. 4.35 Opacity coefficient ratio: in the calculations of ~calc, use was made of the TF model [66,
78]: a—aluminum; b—iron; 1—experiment[32]; 2—experiment[78]

As discussed above (Chap. 2) [104, 116], no thermodynamic theory has been
constructed to date capable of describing the entire phase diagram of a substance.
Owing to the fundamental difficulties encountered in the implementation of a
consistent theoretical approach, it has been possible to obtain the main results
only in the framework of the models based on simplifying notions regarding the
structure, the energy spectrum and the nature of interparticle interactions. Of course,
the applicability domain of this kind of models is limited by the nature of the
assumptions made, and experimental materials are required to estimate their quality.

In particular, one of the fundamental problems of the physics of extreme states
is the role of “hell” effects and their induced possible phase transitions under
ultraextreme pressures [24, 36, 37, 66].

In Sect. 3.6 we analyzed the limits of applicability of quantum-statistical sub-
stance models by comparing them with the thermodynamic data obtained in
underground nuclear explosions.

We dwell briefly only on the shell effects emerging in the quasiclassical
substance description [66]. According to the most advanced versions of this
model [36, 38, 66, 103], in the high-pressure domain the averaged smooth behavior
of thermodynamic functions will be replaced by oscillations caused by the transition
of bound states into the continuum (an analogue of “pressure-induced ionization”).
In some cases these oscillations might result in phase transitions of the first kind.

The point is that the philosophy of statistical description implies the possibility
of using the quasiclassical approach and the averaged description of the system of
electrons in an atom, which disregards the particular specificity of the filling of
electron shells and its related nonmonotony of the thermodynamic functions under
compression of the system. It is pertinent to note that the role of shell effects, which
are quite natural for plasma models [38, 40], has come under the scrutiny of theorists
and experimenters during the last decades. A subtle analysis of quantum-mechanical
effects [38, 66] shows that a quantum-statistical model embraces oscillation effects,
which have been successfully taken into account for final temperatures [118].

A more consistent account of the shell effects calls for going beyond the
framework of the quasiclassical model and invites recourse to quantum-mechanical
self-consistent field methods. In [79] the electron band theory with several simpli-
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fying assumptions was used to calculate the compression of elementary substances
at close-to-zero temperatures. It was found that portions of the zero isotherms of
several elements showed anomalous behavior. However, quantitatively the results
deviated widely from experimental data, which is supposedly attributable to the
significant effect of simplifying assumptions (sphericity of atomic cells, Hartree
approximation, neglect of correlation effects, etc.) on the magnitudes of the
calculated quantities.

More recently there appeared papers (see [66] and references therein) in which
attempts were made to take into account the effect of shell structure in the traditional
domain of application of the Thomas–Fermi model. These calculations revealed a
wavy or even step-wise behavior of thermodynamic quantities, the positions and
amplitudes of the oscillations differing markedly from one model to another.

Despite certain progress reliant on the quasiclassical method of estimating shell
effects, their more rigorous inclusion is possible on the basis of the Hartree–Fock
model (HF) in which exchange interaction is taken into account in the Slater
approximation (HFS). In the model of [79], the parameters of the Slater exchange
potential were determined from the condition of minimizing the free energy and an
expression was obtained for the exchange potential in terms of the electron density
and temperature. This circumstance is embodied in the name of the model—the
modified Hartree–Fock–Slater model (MHFS). MHFS equations were derived by
density functional method. At the heart of the method is not the calculation of
the multiparticle electron wave function and the subsequent finding of the electron
density distribution function but some density functional, whose form is determined
by the accepted approximation. The value of the density functional, which coincides
with the thermodynamic Gibbs potential, is minimal for the equilibrium electron
density, which makes the MHFS model thermodynamically consistent. In this
model (like in the band one) the electron energy bands are obtained with the aid
of boundary Bloch conditions. A thorough elaboration of numerical algorithms
resulted in decreasing greatly the computational labor and permitted calculating
extensive tables of thermodynamic functions for lithium, aluminum, and iron.

The decrease in computational labor arising from the inclusion of the contri-
bution of highly excited electrons in the quasi-classical approximation somewhat
lowers the physical accuracy of the model. The boundary of the quasiclassical
domain is determined individually for each substance.

Another self-consistent field model, SCF, which is an elaboration of the model of
[92], was constructed in [105]. Its equations were derived by the density functional
method. The lattice cell is spherical as before. A pseudoband approximation is
employed instead of the true band, which is obtained with the boundary Bloch
conditions.

The simplifying assumptions made in the development of self-consistent field
models, SCF and MHFS (modified Hartree–Fock–Slater model) are as follows:

• adiabatic approximation (splitting of thermodynamic functions into the electron
and nuclear components);

• cell electroneutrality (the intercell correlations are disregarded);
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• cell sphericity (there is no way of describing uncompressed substance);
• replacement, after Slater, of exchange interaction with “local exchange”;
• the existence of energy bands in the vaporized substance, in which not only the

long-range order is absent, but also the short-range one;
• transition from the multiparticle problem to a single-electron approximation.

The mere enumeration of the simplifying assumptions shows that these models
evidently call for experimental verification. The applicability domain of the models,
which stems from their intrinsic properties, has not been reliably determined. The
effect of some of the model simplifications on the thermodynamic functions is hard
to comprehend, but their engendered deviations are comparable to the total effect of
the shell structure.

This is confirmed by the example of the shock adiabats of aluminum in Fig. 4.36.
One can see that the shell structure exerts an appreciable effect even in the domain
where the TF approximation has been thought of as being applicable; the greatest
departures of the oscillating shock adiabats from each other and from a smooth
dependence are observed at pressures of 100 Mbar. Also shown in Fig. 4.36 are the
shock adiabats plotted according to the ACTEX [90] and INFERNO [120] models,
which take account of the shell atomic structure. ACTEX [90] is based on the
ionized equilibrium plasma model, which employs the effective electron potential
determined from experimental spectroscopic data; also included is the strong ion-

Fig. 4.36 Aluminum
compression diagram
according to different
models [23, 24, 110]:
1—TFK; 2, 3, 6—MHFS;
4—INFERNO [120];
5—ACTEX [90];
7—SCF [105]
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ion interaction. The calculated ACTEX data in the applicability domain of the model
lie between the data given by the solution of the Saha equations with and without
the Debye–Huckel correction. In the L-shell ionization domain in the chock adiabat
of aluminum the electron-ion interaction becomes comparable to the kinetic energy,
i.e. the lower oscillation halfwave is beyond the domain of model applicability. This
accounts for the marked difference of the ACTEX adiabat from the remaining ones
in this region. A good agreement is observed at higher pressures (temperatures).

Several approximations used in MHFS and SCF coincide with the approxima-
tions used in the development of INFERNO [120]. In [120], however, there is
no band splitting, which affects the behavior of the lower portion of the adiabat:
according to INFERNO the onset of shell structure manifestation is shifted to the
domain of higher pressures and is stronger pronounced in comparison with the
splitting case. Furthermore, in INFERNO the thermodynamic quantities are related
by different (three possibilities are reported) model relationships, unlike their strict
correspondence in the SCF and MHFS models. At present it is difficult to explain the
difference in phase between the INFERNO shock adiabat and the others at pressures
above 1000 Mbar without complete information about the model.

Figure 4.37 shows the data on the shock compressibility of Al and Pb obtained
by reflection method in the pressure ranges 25–240 Mbar and 80–550 Mbar, respec-
tively [40]. A significant departure from quantum-statistical (QS) models has thus
been revealed, which counts in favor of the manifestation of “shell” effects in the
thermodynamics of shock-compressed plasmas.

The complete model of the modern quantum-mechanical equation of state com-
prises three components: equations describing the behavior of electrons; equations
for nuclei; boundary conditions at the boundary of an atomic cell, which take
into account the effect of electrons and nuclei of the neighboring cells. These
components should be self-consistent. In the majority of modern models this is
not the case (the exception is provided by the TF and QS models [38]). The effect
of inconsistent thermodynamics on the behavior of shock adiabats has not been
completely elucidated. However, the possibility that the disagreement in amplitude
and phase is partly attributable to this circumstance must not be ruled out.

Fig. 4.37 Shock adiabats of
aluminum and lead at
ultrahigh pressures [40]. The
arrows indicate the shift of
experimental data in the
transition of the iron
reference adiabat from curve
1 to curve 2
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The set of experimental data on the shock-compressed aluminum plasma is given
in Fig. 3.31, where the highest points correspond to record parameters—the most
extreme ones obtained in terrestrial conditions [24, 104, 116]. The internal energy
density of such plasma is E � 109 J/cm3, which is close to the energy density of
nuclear matter, and the pressure P � 4Gbar is close to the pressure in the inner
layers of the Sun. Under these conditions (n � 4:1024 cm�3, T � 8:106 [104, 116])
is not degenerate, n�3 � 0:07, 12-fold ionized, and the nonideality parameter is not
high, � � 0:1. This is an experimental illustration of academician A.D. Sakharov’s
statement [97] about the “paradise” for theorists in the analysis of ultraextreme
states and the simplification of physical plasma properties in the limit of ultrahigh
energy densities. One can see that the investigated parameter range is adjacent to
the domain in which the energy and pressure of equilibrium optical radiation make
an appreciable contribution to the thermodynamics of the system:

En � 4�T4

c
; PR � ER

3
;

i.e. the mode realized is the substance dynamics mode required for the implementa-
tion of the “third” idea [97].

In conclusion of this chapter we cite academician Yu.B. Khariton—the chief
designer of the Arzamas-16 nuclear center, presently the RFYzTs–VNIIEF: “I am
surprised at and admire what was accomplished by our people in 1946–1949. . . Later
on it was not easy, either. But that period defies description as regards effort, flight of
creativity, and dedication. Within four years of the completion of the mortal combat
with fascism, my country broke the United States’ atomic bomb monopoly. In eight
years after the War it made and tested the world’s first hydrogen bomb, in 12 years
launched the first Earth satellite, and four years later it opened the way to space
for mankind. . . You can see that these are landmarks of eternal significance in the
history of civilization. . .

The development of nuclear-missile weapons required enormous strain of human
intellect and strength. Perhaps its justification is that the unprecedented destructive
power of nuclear weapons, whose use imperils life on the Earth, for nearly fifty
years has kept the world powers from war, from the irretrievable step leading to a
universal catastrophe. The central paradox of our time apparently consists in that
the most sophisticated weapon of mass destruction serves to maintain peace on the
Earth, being a powerful deterrent. . . ” [49, 63–65].
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Chapter 5
High-Power Lasers in High-Energy-Density
Physics

The rapid progress of laser technology has opened up the possibility of generating
ultrashort laser pulses of the nano–pico–femto1–atto-second range and of bringing
(see Tables 3.2 and 3.3; Fig. 3.2) the existing and projected laser complexes into
the petawatt–zettawatt power range (Figs. 5.1 and 5.2), making it possible to span a
wide range of power densities up to the highest values achievable today, q � 1022–
1023 W/cm2 [41, 71, 272, 273, 392], which will undoubtedly rise with time.

The action of these enormous intensities on targets leads to diverse new physical
effects in hot plasmas [42, 71, 273], such as multiphoton ionization, self-focusing
and filamentation of different types, the generation of superintense electric and
magnetic fields, electron and ion acceleration to relativistic velocities, nuclear
reactions caused by these fast particles, relativistic plasma “transparentization”,
nonlinear modulation and multiple generation of harmonics, ponderomotive effects
in hydrodynamics, and many other effects, which are the subject of vigorous
research today (see reviews [273, 304] and references therein). Some of these effects
will be briefly considered in this chapter.

5.1 Growth of Laser Radiation Intensity

The further growth of power density will be accompanied by qualitatively new
phenomena [271, 283], such as spontaneous electron–positron pair production (the
“boiling” of the vacuum and the loss of its transparency [19, 36, 42, 46, 75, 76,
134, 137, 174, 218, 224, 241, 273, 283, 304, 308, 322, 339]), the emergence of
microscopic quantities of relativistic matter, the generation of relativistic plasma
streams and shock waves, solitons, jets, and � -bursts similar to the astrophysical

1For comparison, the ratio between 10 fs and 1 min is equal to the ratio between 1 min and the age
of the universe.

© Springer International Publishing Switzerland 2016
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Fig. 5.2 Growth of laser radiation intensity with time [273, 283]. The rapid increase of radiation
intensity in the 1960s resulted in the discovery of numerous nonlinear effects induced by bound
electrons (characteristic energies on the order of an electronvolt). Contemporary swift intensity
growth permits processes at relativistic electron energies (W � mec2 � 0:5MeV) to be studied

ones, and—in the distant future—the realization of quantum gravitation condi-
tions [83, 335, 371]. This new intensity level may see the advent of new schemes
of controlled thermonuclear fusion (Sect. 7.2), a new way of producing short-lived
isotopes, as well as extraordinary schemes of high-efficiency compact accelerators
(Sect. 7.4).
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Figure 5.2 shows the progress in increasing the irradiation intensity and the possi-
bilities that open up for studying the processes in high-energy density physics [271,
273, 283].

With the invention of lasers it became possible to record numerous nonlinear
optical effects [46, 75, 76, 134, 174, 253, 308, 339], such as the deformation of
intraatomic and molecular fields by laser radiation; stimulated Raman, Brillouin,
and Thomson scattering; multiphoton ionization; and several other nonlinear effects
related to bound electrons.

Since the advent of the first laser, raising the peak power of laser radiation has
been and still is one of the principal goals of quantum electronics. The very notion of
high peak power is permanently changing, and today means a power of no less than
1PW (1015 W). The rapid progress of output laser power in the 1960s and 1970s was
based on the principles of Q-switching and mode locking, which enabled the laser
pulse duration to be reduced from microseconds to picoseconds over 40 years [273].
Further advancement in this direction was limited by the large dimensions and cost
of lasers and the need to operate at the limit of radiation resistance of the optical
elements.

The present-day “renaissance” in laser physics is related to the invention of the
chirped optical pulse technique (Fig. 5.2) in 1985 [346], which opened up the way
for multiterawatt, petawatt, and even exawatt laser systems [219, 271] to raise the
intensities on target to q � 1022 W/cm2, with the theoretical limit equal to �3 �
1023 W/cm2. In this technique [78, 247, 248, 346, 347], an initially short laser pulse
is stretched in time (Fig. 5.3, [214]) on passing through dispersion elements (for

Fig. 5.3 General schematic of a femtosecond laser (CPA chirped pulse amplification, OPCPA
optical parametric chirped pulse amplification). Reprinted, with permission, from [214]
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instance, diffraction gratings). The pulse is decomposed into spectral components,
each of which traces a slightly different path, depending on its wavelength, and the
pulse stretches in time. Spectral clipping (“chirping”) also occurs—the frequency
continuously varies from the beginning to the end of the pulse. The stretched pulse
possesses a lower intensity and is amplified in the ordinary way by the laser-active
medium and arrives at the other nonlinear element for optical compression in
the compressor. While conventional techniques enable the radiation to be focused
by lenses in two mutually perpendicular directions, the new technique does this
simultaneously in three dimensions and sharply increases the resultant intensity at
the target.

Chirping is employed without exception in all lasers of power 1 TW and
above [214]. The chirp principle has made it possible to raise the attainable intensity
of laser radiation by 5–6 orders of magnitude and to radically lower the cost
and dimensions of lasers, which have become “table-top” devices affordable by
university laboratories. Furthermore, these lasers combine well with big facilities
for controlled laser fusion (“fast” ignition, see Sect. 7.2.3) and charged-particle
accelerators (Sect. 7.4, Fig. 6.10) and have provided a way of recording nonlinear
quantum-electrodynamic effects such as pair production in vacuum [42, 46, 70, 75,
76, 79, 339] as well as intense radiation for studying photon–photon collisions [358].

Developed simultaneously with the development of the chirp technique was a
new method of obtaining superhigh-power pulses, which relied on the parametric
light amplification in nonlinear optical crystals—Optical Parametric Chirped Pulse
Amplification (OPCPA) [299]. An advantage of the parametric amplification is an
unrivaled high chirped-pulse gain: an energy gain of up to 3–4 orders of magnitude
in one pass through the crystal. Another valuable aspect is that the technology of
growing wide-aperture crystals of the KDP family (potassium dihydrophosphate)
has been thoroughly elaborated, making it possible to increase the generated pulse
energy by scaling the amplifier stages. At present, three classes of amplifiers are
at about the same frontier of laser power of 1 PW: CPA in titanium-sapphire
crystals, CPA in neodymium glass, and OPCPA in KDP crystals and potassium
dideuterophosphate (DKDP) crystals.

The existing and projected petawatt lasers are divided into three types according
to the amplifying medium: (1) neodymium glass, (2) sapphire, and (3) KDP and
DKDP parametric crystal amplifiers (see Table 5.1 in [214]). In all three laser types
the energy (in the form of population inversion) is stored in neodymium ions in
glass. In the first case this energy is directly converted to the energy of a chirped
pulse, which subsequently undergoes compression. In the second and third cases
the stored energy is converted to the energy of a narrow-band nanosecond pulse,
which is converted to the second harmonic to serve a pump for the amplifiers of
chirped pulses. This pump either produces population inversion in a sapphire crystal
or decays parametrically into two chirped pulses in a nonlinear crystal.

The peak power is defined by the duration of compressed pulses and their energy.
The highest energy is achieved in neodymium glass lasers, because the energy
stored in the form of population inversion is directly converted to a chirped pulse.
However, the narrow spectral amplification band in neodymium laser glasses limits



5.1 Growth of Laser Radiation Intensity 171

Table 5.1 Comparison of petawatt laser concepts

Amplifying medium Nd:glass Ti:sapphire DKDP Cr:YAG ceramics

Energy source Nd:glass Nd:glass Nd:glass Nd:glass

Pump (C) 2! Nda (�) 2! Nd (�) 1! Ndb (0)

Pump duration, ns (C) >10 (0) 1 (�) >10 (0)

Amplifier aperture, cm 40 (0) 8 (�) 40 (0) >50 (C)

Minimal duration, fs 250 (�) 25 (C) 25 (C) 25 (C)

Efficiency (1! Nd ! fs), % 80 (C) 15 (0) 10 (�) 25 (0)

Number of petawatts out of
1 kJ 1! Nd

3.2(3)c 6(1.5)d 4 10

Power attained, PW 1.36 1.1 1.0 —

Symbols “C”, “�” and “0” are indicative of above-average, below-average, and average charac-
teristics, respectively [214]
aSecond harmonic of a neodymium laser
bFundamental harmonic of a neodymium laser
cFrom the pulse of the fundamental harmonic of a neodymium laser to a femtosecond pulse
dThe radiation resistance of diffraction gratings and sapphire crystals limits the peak power at
levels of 3 and 1.5 PW, respectively

the compressed pulse duration at a level of several hundred femtoseconds. As a
result, the radiation resistance of diffraction gratings limits advancement to the
multipetawatt range.

Unlike neodymium glass lasers, sapphire lasers provide broadband amplification,
which permits compressing pulses down to 10–20 fs. At the same time, the
aperture of sapphire crystals does not exceed 10 cm for the existing crystal growth
technology. In an attempt to cross the petawatt threshold, this small aperture will
limit the chirped-pulse energy due to optical breakdown and self-focusing.

Today, tens of petawatt lasers are either in operation in the world (see Fig. 3.2
and Tables 3.3, 5.2 from [219]) or will be commissioned before long; present-
day leading-edge technologies give hope that ultrahigh intensities of the order of
1028 W/cm2 will be obtained in the future [271, 273, 304]. Table 5.2 of [219] gives
the characteristics of suchlike systems with indication of projected experiments.

The HERCULES laser system [176] is capable of generating �300 TW laser
pulses once in 10 s. This laser now holds record for the at-target radiation intensity
of �2 � 1022 W/cm2 obtained by focusing pulses to a 1-�m sized focal spot.

The neodymium glass German PHELIX laser [296] permits obtaining>500 TW
laser pulses with an energy of up to 1 kJ. The laser is operated in two modes:
a long mode (0.7–20 ns, 0.3–1 kJ, 1016 W/cm2) and a short one (0.5–20 ps, 120 J,
1020 W/cm2).

Let us consider several other high-power laser projects [214]. First of all we
mention the Russian project [48] executed in the Russian Federal Nuclear Center
(Sarov) with participation of the IAP RAS. One of the channels of the “Luch”
facility (2-ns second-harmonic pulse of energy 1 kJ) is employed as a pump. A
special master oscillator was developed for the “Luch” facility channel to time
the pump both to a femtosecond laser and to the pump laser of the previous
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parametric amplifier channels. Today the highest energy of chirped pulses after the
final amplifier stage is equal to about 100 J. The four-grating compressor efficiency
is equal to 68 %. An output power of about 2 PW will be achieved upon completion
of the work on pulse compression.

It is planned to upgrade the existing 1-PW Vulcan OPCPA laser facility
(Rutherford-Appleton Lab., UK) to a power of 10 PW by 2014 [82]. Two channels
of the Vulcan neodymium glass laser, each of energy 600 J, are used to pump two
final amplifiers. Advantage is taken of a superbroadband phase matching in a DKDP
crystal at the wavelength of chirped pulses near 910 nm. A special feature of this
project is a very long (3 ns) chirped pulse.

Recently a start was made on two major pan-European laser projects: HiPER
(High Power laser Energy Research) [179] and ELI (Extreme Light Infrastruc-
ture) [121]. The HiPER project is aimed at controlled laser fusion research for a
relatively modest energy of the radiation that compresses the laser target: less than
0.4 MJ in the second harmonic in comparison with 1.8 MJ in the third harmonic
on the National Ignition Facility (NIF). This energy “saving” is achieved by
using, along with nanosecond pulses, shorter (about 1 ps) 150 to 2000 PW power
pulses to ignite fusion targets (Fast Ignition). The objective of ELI project is to
set up a network of three research centers with an ultrahigh-power (10–30 PW)
femtosecond laser constructed in each of them to carry out unique research in the
area of high energy density physics. In these pan-European projects the femtosecond
laser architecture (parametric amplification of chirped laser pulses centered at a
wavelength of 910 nm in DKDP crystals) is assumed to be optimal for further
scaling up.

The OPCPA scheme is not the only presently discussed scheme intended for
constructing multipetawatt and exawatt lasers in the future. Quite possible is
the emergence of sapphire crystals 30–40 cm in diameter and the use of several
neodymium glass types to broaden the amplification band. Of special interest is
the concept related to laser ceramics—a new optical material, which combines
the virtues of glasses and monocrystals. Laser ceramics has already introduced
major improvements into lasers with a high average output power. This line of laser
technology is vigorously developing, and even now there is a wealth of publications
on femtosecond low-power ceramic lasers. So far ceramics has not been used in
high-power lasers, but ceramics-based lasers may well go into competition with
neodymium glass, sapphire, and OPCPA lasers in the future.

In particular, a new concept of superhigh-power femtosecond Cr:YAG ceramic
lasers has been introduced [214], which combines both traditional principles (energy
source—nanosecond pulses of a neodymium glass laser, CPA) and new possibilities
that open up due to the use of laser ceramics. As is evident from Table 5.1, a Cr:YAG
ceramics possesses three key properties simultaneously: a broad amplification band,
which permits amplifying pulses down to 20 fs in duration; a large aperture, which
permits amplifying chirped multikilojoule pulses; and a high conversion efficiency
for the narrow-band radiation of neodymium glass lasers. These properties open up
the door to the construction of a unique laser with a peak power of 100 PW for
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pump energy of 10 kJ. We note that, although Cr:YAG ceramic elements have not
been employed as active elements, they enjoy wide use as passive Q switches.

Apart from a large aperture, a critically important advantage of ceramics is
the possibility of making active media that cannot be grown in the form of a
monocrystal. An example is provided by neodymium- and ytterbium-doped oxides
of rare-earth elements: Nd:Y2O3, Nd:Lu2O3, (Nd, Yb):Sc2O3;, Yb:Yb2O3, etc. One
more version of multipetawatt laser scheme has been proposed: CPA in a flashlamp-
pumped wide-aperture (Nd, Yb):Lu2O3 or (Nd, Yb):Sc2O3 ceramics by analogy
with neodymium glass lasers, whose pulses are much longer. The excitation of
neodymium ions is transferred to ytterbium ions, which provide a broad band
(direct pumping of ytterbium is possible only with diode lasers, which hinders the
possibility of scaling up). An even broader band may be obtained by simultaneous
use of several oxide crystals (Sc2O3, Y2O3, Lu2O3, etc.) similarly to the use of
several neodymium glass types or several garnets with chromium ions. Therefore,
the near future may see the emergence of new petawatt and multipetawatt projects
reliant on CPA in laser ceramics.

Petawatt lasers, which are constructed throughout the world, will shortly become
a tool for mastering a new realm of knowledge in high energy density physics—
the physics of extreme light fields. In the future, petawatt lasers may be used as
charged particle accelerators in basic research, defense technology, and medical
applications. Among the last-named ones, mention should be made of an isotope
factory for positron emission tomography as well as of a compact inexpensive ion
source for hadron therapy.

These and other potential applications as well as significant progress in the
area of petawatt lasers generate interest among commercial companies towards
mastering the petawatt range, which lends additional impetus to the development
of laser technologies. All this gives hope that within 5–10 years petawatt lasers
(including OPCPA lasers) will not be exotics and will become available to many
laboratories throughout the world.

The passage to shorter (attosecond) durations of laser pulses opens new
interesting possibilities in high energy density physics, chemistry, biology and
medicine [219]. The first attosecond pulse sources were supposedly the sources
involving the generation of high-order harmonics in the interaction of laser radiation
with a gas jet. Owing to the nonlinear radiation action on an atom in its ionization,
high-order harmonics emerge even for 1013 W/cm2. The use of ultrashort-pulse (1–2
optical cycles) laser radiation permitted obtaining �100 -as pulses with jets, which
is of interest in the of atomic and molecular processes on the ultrashort time scale.

More efficient is the generation of ultrashort-pulse radiation in the interaction of
lasers with solid targets [219]. The Doppler effect is considered [219] as one of the
mechanisms of generation of this radiation.

The next significant step in the study of the mechanism of high-order harmonic
generation at the surface of a solid-state plasma was made in [40]. Its authors gave
consideration to the fact that the radiation of electrons in the ultrarelativistic case
is synchrotronic in nature and takes place for a short period, with the result that
the cutoff frequency of the generated spectrum is defined not by the square of the
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electron relativistic factor but by its cube. This theoretical result was experimentally
confirmed on the Vulcan facility in the RAL [114–116].

One of the most intriguing purposes of converting optical radiation to attosecond
pulses is the solution of the problem of generating ultrahigh intensities for the
observation of nonlinear vacuum effects. In particular, according to the results
of recent calculations and estimates [134], to observe the avalanches of electron-
positron pair production in vacuum requires an intensity of about 1026 W/cm2. This
is three orders of magnitude higher than the intensity which international projects
plan to reach in the near future [121]. An obvious way to increase the intensity
is to shorten the wavelength, which will permit decreasing the volume in which
the energy is concentrated under ultimate focusing limited by the diffraction limit.
Apart from the focusing scheme of attosecond pulses generated at a spherical plasma
surface [163], they came up with the idea of focusing the counterpropagating laser
pulse reflected from a relativistic electron mirror, which is produced in the breaking
of a wake wave [73] or in the ponderomotive expulsion of electrons from thin
films [226]. In practice this mechanism is strongly limited by a relatively low
efficiency and poor spatial coherence of the generated radiation.

The mode of high-power attosecond pulse production in the oblique irradiation
of the surface of a supercritical plasma appears to be highly attractive from the
standpoint of improving energy conversion efficiency [13, 65]. The ponderomotive
force exerted on electrons by an electromagnetic wave incident on the layer shifts the
electrons into the plasma interior. Unlike the normal-incidence case, in the case of
oblique incidence the existence of a plasma flow in the moving frame of reference
gives rise to magnetic field produced by the stripped ions on displacement of the
electrons into the plasma interior [219]. This in turn underlies the difference in the
ponderomotive wave action on the electrons during two halfcycles of the field.

The emergence of internal fields in the plasma and the accelerated motion of a
part of the plasma electrons have the effect that the plasma accumulates the energy
of the incident wave at this stage. In the case of linear polarization the force of
light pressure oscillates during the field cycle, and therefore at some point in time
a nanodimensional beam formed of displaced electrons under the charge separation
force breaks away and travels towards the incident wave to become the source of
an attosecond burst. In this case the energy accumulated at the first stage is radiated
in a period of the order of several tens of attoseconds. Owing to similarity with the
scenario of energy accumulation by a mechanical spring, this three-stage process
description has come to be known as the model of a relativistic electron spring [162].

According to particle-in-cell simulations, with the use of a 10-PW laser pulse
it is possible to reach an intensity of 1:8 � 1026 W/cm2 in a domain of size several
nanometers.

Another promising mechanism [219] of high-order harmonic generation is a so-
called wake radiation [306], which consists in the following. In the interaction of
laser radiation with the surface of a solid target there occurs generation of electron
bunches traveling into the plasma interior [67]. In the presence of a density gradient
these bunches are capable [219] of exciting plasma oscillations whose frequency is
a multiple of the bunch repetition rate. The latter in turn is defined by the frequency
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of the laser pulse. These plasma oscillations are executed for some density gradient,
and therefore they are capable of radiating electromagnetic waves of the same
frequency. In this way there occurs harmonic generation up to harmonics of the
plasma frequency corresponding to the highest electron density in the target.

The generation of coherent wake radiation was observed in several experiments.
In a 2004 experiment [360], in the irradiation of thin carbon and aluminum foils
by laser radiation for an intensity of about 1018 W/cm2 it was possible to observe
harmonics from the rear side of the target under irradiation. Harmonics up to the
18th were observed under irradiation by a laser pulse with an intensity of only 2 �
1016 W/cm2.

To summarize, we see that multiterawatt laser sources permitting to reach
radiation intensities of the order of 1023 W/cm2 would be expected to emerge. Today
work is underway to develop laser facilities with a rated peak power of 10 PW
simultaneously in several countries in the world. These are Vulcan-10PW in the UK,
ILE-Apollon in France, and PEARL-10 in Russia. Constructed in the framework of
ELI European megaproject are three superhigh-power laser complexes in the Czech
Republic, Hungary, and Romania, which will be employed to execute research into
the basic physics in superhigh fields, the problem of attosecond pulse generation,
and photonuclear processes. Anticipated are the production of monoenergetic
electron beams with energies of several GeV, ion beams with an energy at a level of
1 GeV, ultrabright gamma-ray radiation with photon energies of the order of several
GeV, ultrashort pulses of subattosecond duration, as well as attainment of record
radiation intensities at a level of 1026 W/cm2 with the use of attosecond pulses [219].

5.2 Physical Effects Under High-Intensity Laser Irradiation

The advent of this laser technology of high energy density made it possible to
substantially advance along the intensity scale and go from atomic and solid-state
processes in laboratory research to hot plasma studies, laser nuclear physics, high
energy physics, relativism, and even cosmology beyond the Standard model [158,
273, 292].

The action of high-power laser radiation leads to new and strongly nonlinear
physical phenomena in relativistic plasmas with pressures up to gigabars, with
electric fields of teravolts per centimeter, and gigagauss magnetic fields [227, 273,
282, 304, 311] (Fig. 5.2).

In addition to the well-known effects of self-focusing, stimulated scattering,
and front steeping there emerge new effects: light filamentation, relativistic and
ponderomotive effects in hydrodynamics, as well as fully developed generation of
nonthermal gigavolt electrons and multimegavolt ions in laser plasmas, which result
in nuclear reactions [74, 84, 147, 150, 175, 273, 283, 304, 384, 385, 391, 411]. Here,
we are dealing with extremely short—femtosecond—durations of a laser pulse,
during which the electromagnetic wave executes only a few cycles.
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When analyzing the physical effects that emerge with increase in irradiation
power, we will ascend the curve of laser intensities (Fig. 5.2). Beginning with q >
1014 W/cm2 (for � D 1�m), the amplitude pressures of laser-driven shock waves
pass into the megabar range [19, 36, 118, 224, 239, 244, 273, 285, 304, 327, 328],
in accordance with the scaling law

P .TPa/ D 0:87
�
q.W=cm2/

	2=3 � Œ�.�m/��2=3 :

Beginning with q > 3:4 � 1018 W/cm2, the electric intensity E D p
4�q=c in

the laser wave is comparable with the intensity of the electric field of the nucleus
Ea D e=a2B � 5� 109 V/cm in the first Bohr orbit of hydrogen. To ionize the energy
level Ui [eV] requires an intensity

q
�
W/cm2

	 D 4 � 109 U4
i ŒeV�

Z2
:

Under these conditions, laser radiation ionizes the medium, which turns into a
heated plasma. Interesting experiments in the generation of intense shock waves by
laser radiation [19, 51, 244, 285] (Fig. 5.4) and in the production of fast charged
particles in laser plasmas [42, 125, 250, 304, 305] (Fig. 5.5) can be conducted in this
parameter domain.

It is significant that it has been possible to apply the method of fast Thomson
scattering in experiments to apply laser-driven shock waves for constructing the
equations of state of shock-compressed high-density plasmas [223]. This substan-

Fig. 5.4 Experiment (a) with laser-driven shock waves [51] involving the measurement (b) of the
density of shock-compressed plasma from the absorption of 5 keV X-ray radiation (VISAR velocity
interferometry system for any reflector, CCD charge-coupled device, TCC target chamber center)
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Fig. 5.5 Energy spectrum of electrons [304, 305] accelerated by laser radiation: (a) 20 mJ, 6.6 fs.
(b) 12 J, 33 fs. Temporal evolution of the spectrum: (1–6) ct=� D 350, 450, 550, 650, 750, 850,
respectively. (c) Propagation of the laser pulse 12 J, 33 fs, z=� D 690 through a plasma with a
density of 1019 cm�3. Three-dimensional picture of nonthermal electron energy distribution for
q � 1019 W/cm2. The electrons that differ by 10 keV above 10 MeV are indicated by different
colors

tially broadens the information value of shock-wave experiments in comparison
with the ordinary technique of high-power shock waves [138, 139].

Beginning with roughly the same intensities q > 1017 W/cm2, an appreciable
number of nonthermal electrons and ions of the multimegaelectronvolt range are
generated in the absorption region [68, 74, 77, 84, 109, 125, 147, 150, 175, 220, 235,
250, 252, 255, 263, 290, 291, 293, 317, 384, 391, 411]. Beginning with 1018 W/cm2,
the ponderomotive light pressure is comparable with the hydrodynamic plasma
pressure [36, 224, 273, 283, 304].

Relativistic effects become significant when the kinetic energy of an electron
accelerated in the laser wave field is of the order of its rest energy mec2, which leads
to the condition

qpe�
2 � 1:37 � 1018 W�m2

cm2
:

For � D 1�m this gives 1018 W/cm2.
Therefore, for the first time it has been possible to obtain microscopic quantities

of matter with relativistic energies in terrestrial conditions [36, 273, 304], with
relativistic electron mass on the order of 100 times the mass of the rest energy.

The proton motion will become relativistic at intensities

qpp D
�

Mp

me

�2
qpe � 5 � 1024 W/cm2;

which will hopefully be realized in experiments soon.
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Fig. 5.6 Self-focusing of a laser pulse [304]

The transition to “relativistic” intensities of laser radiation [273] has already
brought several interesting physical results [272]. The case in point is the generation
of X-ray [145, 181, 216, 334, 395] and gamma-ray [159, 171, 213, 242] radiation,
of betatron radiation [10, 363], relativistic self-focusing in plasmas (Fig. 5.6)
[95, 182, 227, 280, 329] and in the atmosphere [53, 119, 120, 243, 310, 320, 332,
350, 408], high-order harmonic generation [30, 208, 286, 340, 341, 348, 361, 407],
acceleration of electrons [42, 68, 109, 125, 220, 250, 255, 257, 263, 290, 293, 304],
protons and ions [74, 77, 126, 150, 175, 235, 252, 291, 317, 385, 391, 411],
neutron [105, 178, 238] and positron [46, 84, 147, 384] generation, electron
vortex and soliton generation [109, 273, 304, 311], multimegagauss magnetic
field generation [237, 265, 282, 311], as well as the manifestations of quantum
electrodynamics [36, 42, 75, 76, 79, 134].

Under high-intensity irradiation there occurs relativistic plasma “transparenti-
zation” [273, 283, 304], which is related to the relativistic growth of the electron
mass and the corresponding lowering of the critical plasma frequency !p Dp
4� e2ne=�m (where � is the relativistic Lorentz factor and ne the number density

of electrons), the plasma density modification by ponderomotive forces, as well as
the frequency transformation of a laser pulse itself [208, 271, 298].

Along with the effect of relativistic plasma “transparentization”, of considerable
interest is the effect of relativistic self-focusing of laser radiation [273] caused by
plasma permittivity variation due to the relativistic growth of the electron mass in
the transverse direction relative to the beam propagation direction and the spatial
plasma density redistribution under the action of ponderomotive forces. The critical
power for self-focusing was derived by Sarkisov et al. [329]:

Wcr D mec5!2

e2!2pe

� 17

�
!

!pe

�2
GW:

Experiments carried out to observe this effect are reported in [53, 95, 182, 227,
280]. Particle-in-cell simulations [304] of laser beam filamentation are presented in
Fig. 5.7. This multiray structure of the laser pulse occurs due to the filamentation
instability and the buildup of transverse beam nonuniformity, which resembles the
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Fig. 5.7 Multiple filamentation of a wide laser beam of petawatt power [304]. There emerge
several channels, which propagate quasi-independently due to their plasma screening

Fig. 5.8 Schematic of the generator under investigation [104]: 1—laser pulse; 2—target; 3—
plasma; 4—virtual cathode; 5—generated radiation

effect of self-focusing. The self-focusing and filamentation of laser radiation in
plasma result in the formation of electron vortices [331], high-intensity compen-
sative currents, and the generation of high magnetic fields. The problem of mega-
and gigagauss magnetic fields in laser plasmas is considered in Sect. 5.8.

In [104] a study was made of the feasibility of generating terahertz radiation
(�0.6 THz) in the irradiation of �0.1-ns laser pulses of high intensity I � 1018–
1019 W/cm2. This investigation was performed by numerical simulations using a
relativistic electromagnetic PIC code. In the interaction of such a pulse with the
target there forms a plasma at the target (Fig. 5.8). The electrons escaping from the
plasma form a virtual cathode, whose oscillations are defined not only by their own
field but also by the field of plasma ions. The generation proceeds in the terahertz
frequency range, the generation efficiency being three times higher than without
ions, i.e. than with the traditional reditron generation mechanism, and amounts to
�10 % of the electron beam power.

The state of things and prospects of laser generation of terahertz megavolt pulses
were analyzed in [153].



5.2 Physical Effects Under High-Intensity Laser Irradiation 185

Fig. 5.9 Setup of the experiment on the laser generation of collisionless shock waves [316]. Each
foil is irradiated by ten laser beams with a wavelength of �351 nm (3!), a pulse duration of 1 ns,
and a focal spot size of �250�m

Experiments [316] in the frontal collision of laser plasma flows for the purpose of
generating collisionless shock waves are shown in Fig. 5.9. CH2 foils were irradiated
by laser fluxes of intensity �1016 W/cm2 on the OMEGA laser facility. Using
Thomson scattering techniques it was shown that the ablated plasma possessed an
electron temperature of �110 eV and a density of �1018 cm�3 for an expansion
velocity of �2000 km/s. The frontal collision of such flows results in the generation
of collisionless shock waves, which frequently occur in astrophysical plasmas [325]
(Chap. 10).

The development of Kelvin–Helmholtz turbulence associated with collisionless
shock waves was described in [228], where optical interferometric and proton
radiographic techniques were used to study the dynamics of shock waves, contact
discontinuities, and flows as a whole.

Similar interesting effects of relativistic nature [36, 304] are related to
strongly nonlinear plasma waves, which form vacuum channels and “bubbles”
(Fig. 5.10 [304]) in the plasma, produce plasma lenses for charged particles, and
give rise to intense electromagnetic radiation in the frequency range from terahertz
to X-rays [208, 271, 298], as well as excite collisionless shock waves [273].

The propagation of two collinear laser beams of relativistic intensity through a
plasma [71] leads to the generation of intense electromagnetic wake waves. These
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a b

c

Fig. 5.10 Soliton “bubbles” in plasma under the irradiation of a 33-fs laser pulse with an energy of
12 J: (a) ct=� D 500; (b) ct=� D 700. (c) Electron trajectories in the frame of reference co-moving
with the laser pulse. The trajectories of electrons initially located at different distances from the
axis are indicated in color [304]

wake waves enable electrons to be accelerated (Fig. 5.5) with acceleration rates
up to 100 MV/cm, which is thousands of times greater than ordinary acceleration
gradients of �5 kV/cm (see Sect. 7.4). Gigantic longitudinal electric fields are
generated in this case [42]: for an intensity q � 1018 W/cm2 the electric intensity
is equal to �2 TV/m, for 1023 W/cm2 it amounts to �0.1 PV/m. These acceleration
rates imply that the laser version of the ordinary 50 GeV SLAC accelerator would
be only 100�m long [42]. Successful experiments have been carried out on laser-
driven acceleration of electrons to energies of 10–170 MeV at laser radiation
intensities of 1018–1019 W/cm2 [167, 236, 249]. There are reasons to believe that
the advent of multipetawatt and exawatt lasers in the future would lead to the
implementation of acceleration rates of the order of a teravolt per centimeter for
a total kinetic energy ranging into the gigavolts—for more details, see Sect. 7.4.

In the interaction of laser radiation of moderate intensity W � 5 � 1017 W/cm2

with frozen nanotargets it was possible to obtain a flux of protons with energies of
5.5–7.5 MeV [411].

Among other interesting manifestations of nonlinearities in laser plasma, we
mention the nonlinear steepening of the optical front (similar to the formation of
a shock wave in hydrodynamics [72]), plasma jet formation [207, 217], and high-
order harmonic generation [30, 208, 286, 298, 340, 341, 348, 361, 407], which is of
practical interest for lithography, holography, medicine, etc.

Under the action of a circularly polarized electric field, the plasma electrons are
set in motion to generate synchrotron radiation [145, 157, 216, 273, 334], relativistic
effects being significant in its description at high intensities. For � D 1�m this



5.2 Physical Effects Under High-Intensity Laser Irradiation 187

radiation-dominant regime is realized, beginning at intensities q � 3� 1023 W/cm2,
when a substantial fraction of laser energy is radiated in the form of hard X-rays.

Quantum optical effects come into play at q � 1:4�1026 W/cm2 [42], the kinetic
electron energy being equal to �50 TeV in this case. For q � 1021 W/cm2, the
light pressure is equal to �300 Gbar, which is close to the pressure at the center of
the Sun and is much higher than the pressure in the near-source zone of a nuclear
explosion [38, 39, 369, 381]—see Chap. 4.

High-intensity lasers make it possible to achieve superstrong acceleration ae D
a0! � c � 1030g (for a dimensionless radiation amplitude a0 D eA=mec � 105),
which is close to the accelerations in the vicinity of the Schwarzschild radius
of a black hole [209, 396]—see Sect. 9.3. This permits the conditions in the
neighborhood of black holes and wormholes to be modeled, and therefore the
predictions of general relativity theory to be verified.

In particular, for q � 1026 W/cm2 the electron acceleration amounts to a D
1027g, which is close to the conditions of the black-hole event horizon [158, 283,
374, 396]. If such acceleration is realized, an opportunity is expected to open up to
study the specific electromagnetic Unruh radiation [83, 335, 371], which is similar
to the Hawking radiation caused by gravitational effects. In this case, additional (in
comparison with calculations by Maxwell’s equations) electromagnetic radiation
with an effective temperature kT D ¯a=c is bound to occur. The ratio between
the power of this radiation and the synchrotron radiation power is equal to 10�6
at an intensity q � 1018 W/cm2 and increases proportionally with intensity, which
raises expectations that it would be possible to observe it at high intensities of laser
radiation.

At higher laser radiation intensities q � 3 � 1029 W/cm2 there is a good chance
to verify the predictions of modern quantum gravity theories [29, 156, 158, 318,
319] about the change of space–time dimensionality at short distances. According to
Arkani-Hamed et al. [29], this distance rn � 1032=n�17 cm, where n is the number of
dimensions greater than 4. In this case, the electron wave function will be reflective
of a different law of gravitation for n up to 3 at distances less than 10�6 cm.

The effects of quantum electrodynamics, polarization, breakdown of vacuum,
and spontaneous electron–positron pair production [46, 75, 76], and then of the
emergence of quark–gluon plasma become significant at high optical radiation
intensities q � 3 � 1029 W/cm2.

The problem of spontaneous electron–positron pair production in vacuum
touches upon many interesting situations, such as the collisions of heavy nuclei
(with Z1 C Z2 > 135) [397], evaporation of black holes [170], and particle
production in the universe [294]. The characteristic electric field scale [283] for the
manifestation of the breakdown effect in quantum electrodynamics is the Schwinger
intensity

ES D m2c3

e„ � 1016 W/cm;
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which is sufficient to accelerate an electron to relativistic velocities over the
Compton wavelength �C D 2�¯=.mc/ and corresponds to ultrahigh intensities of
laser radiation

qQED D qpe
�2

�2C
� 8:1 � 1030 W/cm2:

To realize these ultraextreme conditions, the focusing of � � 1�m laser radiation
in a 1 mm3 volume requires the release of �1 MJ of energy! This intensity threshold
for electron–positron pair production is substantially lowered (to 1022 W/cm2) in the
case of scattering by nuclei [76, 240].

The composition of two counterpropagating laser beams yields a critical intensity
of �1026 W/cm2 for pair production, which is two orders of magnitude below the
limit for a single beam [281].

Thoma [362] analyzed the feasibility of producing an ultrarelativistic kT � mec2

electron–positron plasma with a temperature of �10 MeV by way of double-
sided irradiation of a gold foil by 330-fs long laser pulses at an intensity of
�7�1021 W/cm2. He took advantage of quantum electrodynamics (QED) tech-
niques and analogies with quark–gluon plasma.

The high energy densities supplied to laser plasmas turn out to be sufficient
not only for diverse electronic processes, but also for nuclear transformations such
as activation, fission and fusion, and transmutation [42, 96, 147, 151, 233, 246,
291, 336, 337, 370]. Apart from low-energy nuclear reactions caused by gamma-
ray, electron, and proton radiation fluxes, which are generated by plasma fields,
more sophisticated mechanisms of nuclear transformations are also possible. For
instance, at intensities �1017Z6 W/cm2 there occurs a Z-fold ionization of atoms,
which destabilizes nuclei of charge Z. Thus knocking out inner-shell electrons leads
to disintegration of heavy elements [206, 337].

One of the directions in this research [96, 151, 159, 171, 233, 242] involves
harnessing laser-accelerated electrons with energies above 200 MeV that decelerate
in heavy targets to generate multimegavolt gamma-ray bremsstrahlung, which gives
rise to photonuclear reactions. The photonuclear fission of uranium was successfully
demonstrated and theoretically substantiated in [233, 336, 370]. Recently Magill
et al. [246] realized (as a result of the .�; n/-reaction) the laser-induced trans-
mutation of 129I—the main radioactive waste component with a half-life of 15.7
million years—into 128I with a half-life of 25 min. Of considerable importance in
experiments of this kind is the mechanism of the reactions of electron–positron
pair production in the Coulomb field of heavy nuclei, the cross sections for these
reactions being substantially (two orders of magnitude) greater than the cross
section for the photonuclear reactions of 238U.�; f/.

Among the possible uses of laser-induced photonuclear reactions, mention
should be made [151] of the production of radioactive isotopes for medicine,
the transmutation of long-lived isotopes, determination of nuclear constants, and
radioactive material detection for antiterrorist purposes.
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Owing to a high (�12 % [233]) efficiency of laser radiation energy transfor-
mation to high-energy protons they may be used for the development of pulsed
neutron sources by means of the nuclear reactions .p; xn/ and .p; f/. In any case their
intensity may [151] far exceed the intensity (105 neutrons per joule) of Coulomb
explosions of deuterium clusters. In the experiments reported in [258, 394], about
1:2 � 109 bismuth atoms were recorded, which requires via the .p; xn/-reaction
more than 2 � 109 neutrons arising from the .p; xn/ reaction. In this case, the
neutron yield per joule of laser energy is equal to �5�106. Estimates for the
conditions of the Vulcan laser system made in [284] predict a neutron yield of
2 � 109 for the Zn.p; xn/ reaction and of order 108–1010 for the Li.p; n/ reaction.
The like scheme was implemented on the Titan laser facility (LLNL); it permits
achieving a neutron yield of 1:8�109 [178]. We emphasize that the currently available
compact neutron generators or spontaneous fission sources exhibit characteristic
intensities on the order of 108–1010 neutron/s and 1010 neutron/(s cm2), respectively,
while stationary and pulsed reactors possess intensities of 107–1013 neutron/s
and 1014 neutron/(s cm2).

As noted in the foregoing, in the field of high-intensity laser radiation there
occurs production of positrons, which annihilate with target electrons to emit two
photons with an energy of �0.511 MeV. An analysis of the spectra of this radiation
yields valuable information about the electronic properties of the target. Therefore
positron sources are presently employed in annihilation positron spectroscopy in
materials science, in positron spectroscopy in basic research, etc. Low-energy
positrons find use in electron–positron plasma research, atomic and molecular
physics, antihydrogen production, simulations of astrophysical phenomena, and
materials science.

Estimates and experiments in positron production in laser plasmas made to
date [151] suggest that the number of positrons per plasma electron may amount
to 10�4–10�2 for a total number on the order of 108 positrons per laser pulse. For
comparison, a linear electron accelerator yields on the order of 109 positrons per
second, which in turn is 1000 times the yield of a radioisotope source. Laser sources
of positrons therefore turn out to be comparable to the traditional ones when the
pulse repetition rate is increased to 10 Hz or higher.

Electrons and ions accelerated in laser plasmas may be employed to produce
isotopes by means of .�; n/ and .p; n/ nuclear reactions. Such devices are more
compact than the existing cyclotrons and are located directly in clinics, for instance,
for positron-emission tomography [84, 88, 144, 146, 147, 234]. In particular, in the
Lawrence Berkeley National Laboratory a laser-plasma electron accelerator on the
basis of a 10-TW solid-state laser was employed to produce the 62Cu and 61Cu
isotopes in the .�; n/ reaction of 63Cu. Considerable recent attention in the USA,
Europe, and Japan has been paid to the idea of developing laser-plasma accelerators
of protons with energies on the order of 200 MeV for different medical applications
[271].

Proton tomography shows considerable promise for the diagnostics of fast
processes in shock-wave physics and defense engineering, making it possible to
obtain high-contrast pictures with a high temporal resolution [52, 244, 317, 327, 330,
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382, 388]. Along with proton beams, the high-intensity 20–100 keV X-ray radiation
of laser plasmas has been validly used for the X-ray diagnostics of pulsed plasma
processes (Fig. 5.4) [51]. An important step in this area was made by French and
Russian scientists [51, 52, 244], who accomplished a direct X-ray measurement of
the density of a shock-compressed plasma in experiments involving intense laser-
driven shock waves (Fig. 5.4).

Electron–positron pair production under laser irradiation was reported in [42, 76,
96, 240], where observations were made of other interesting effects as well, such
as multiphoton interference and polarization of the vacuum. Nonlinear Compton
scattering and pair production were recorded in the interaction of 46.6- and 49.1-
GeV electrons accelerated by SLAC accelerators with laser radiation, q � 5 �
1018 W/cm2 [283].

Tajima [353] proposed employing a high-energy (8 GeV) electron accelerator
(SPring-8) and high-power lasers for experiments in QED by generating high-
intensity � -ray radiation for photonuclear reactions. In this case, a study can be made
of the interplay of strong and weak interactions. Combining accelerators with lasers
may hold much promise for the development of new-generation optical sources,
such as femtosecond synchrotrons and coherent X-ray radiation sources [148, 171,
174, 283, 339].

Further advancement along the laser intensity scale (Fig. 5.2) is hard to predict,
for it is limited by our knowledge of the structure of matter in the immediate
spatiotemporal neighborhood of the Big Bang at ultrahigh energy densities.

5.3 Laser-Induced Shock Waves

High-power pulsed lasers, which were developed for controlled thermonuclear
fusion and nuclear substance simulation, provide a unique possibility of generating
light pulses with energies ranging into the megajoules and powers of several hundred
terawatts. Irradiating a condensed medium by such pulses produces record local
energy densities, which no other method is able to provide in laboratory conditions.
This circumstance makes high-power laser systems a highly promising tool for
investigating substance in a plasma state with extremely high energy densities.

Measuring the parameters of compressed substance is a special problem. This
is partly due to the small spatial size, strong nonuniformity, and short lifetime of
the substance in a strongly compressed and heated state. This difficulty may in
principle be overcome by increasing the laser energy. However, it is easily seen that
the requisite energy is proportional to the cube of the characteristic size (or, which
is the same, to the cube of inertial confinement time), and therefore the practical
feasibility of increasing the scale of the experiments is severely limited. Another
difficulty of diagnosing the compressed and heated substance is due to the spherical
laser experiment geometry itself, whereby the compressed inner target layers are
“screened” by the hot and relatively tenuous expanding plasma of the corona.
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The diagnostics is substantially simplified on going over to planar compression
geometry: in this case, to determine the parameters of compressed substance it is
possible to use the mass, momentum, and energy conservation laws, which assume
the simplest form of a system of algebraic equations in the case one-dimensional
quasistationary flow (see Sects. 3.4–3.6). The approach based on the application of
the conservation laws to a stationary shock discontinuity is central to dynamic high-
pressure physics [138]. It was validly employed for studying the thermodynamic and
kinetic substance properties in the megabar pressure range. In this case, chemical
explosives or light-gas launching devices were used to generate shock waves.

The employment of high-power lasers for the generation of shock waves makes
it possible to substantially broaden the attainable pressure range. It is evident
that in laser experiments, too, the classical approach reliant on the use of plane
quasistationary shock waves holds the greatest promise for executing quantitative
measurements. To date, the majority of experiments in the laser generation of
intense shock waves have been carried out in precisely this traditional formulation,
which imposes certain restrictions on the target and laser pulse parameters. In this
formulation it is presently possible to generate in metals the laser-driven shock
waves with behind-front pressures of tens of megabars and even gigabars. These
values are several times higher than those attainable with the conventional technique
of condensed explosives and light-gas “guns”; they are comparable only to the
pressures achieved in the near zone of underground nuclear explosions (see Chap. 4).

Immediately after the advent of lasers their unique properties were employed
to advantage for generating intense shock waves and obtaining extreme substance
states with their aid [19]. The first experiments are schematized in Fig. 5.11.

Long-term irradiation of a target (Fig. 5.11) produces an evaporated substance
cloud above its surface. For a moderate laser intensity this is a vapor of neutral
molecules and atoms, which is normally transparent to the radiation [16]. Then,
the energy is absorbed in the near-surface layer of condensed substance. This layer

Fig. 5.11 Schematic representation of the first laser target irradiation experiments. Vapor expands
along arrows 4 in opposition to the laser beam shown by arrows 1. If the vapor is transparent to
radiation, its absorption takes place in the surface layer 2. This layer separates the target and the
vapor. The vapor pressure sets in motion the target material 3
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heats up, melts, and vaporizes. The vapor flows in the opposite direction to the laser
beam [16]. This flow exerts pressure, which makes the vapor expand towards the
laser beam.

At high intensities I the substance removed from the condensed target surface
ionizes to form a plasma cloud or a plume. This cloud is also referred to as the laser
plasma corona. The issues of corona dynamics have been thoroughly studied for
many years in connection with the problem of inertial laser fusion (see, for instance,
[18, 19, 303]). The plasma is normally opaque to the radiation: its absorption takes
place inside the corona (with its density decreasing away from the target) in the
vicinity of the critical surface. This surface is so named because the electron density
at this surface is equal to the critical value, whereby the plasma frequency, which
lowers away from the surface, is equal to laser radiation frequency. This density is
�10–100 times (depending on the hardness of a laser photon) lower than the solid-
state density, with which the plasma is delivered to the corona.

The heat absorbed at the critical surface 2 in Figs. 5.12 and 5.13 is transported
by electron thermal conduction to the target surface. The heat transfer by thermal
conduction is shown by arrow 3 in Fig. 5.12. The corresponding thermal wave
profile is shown in Fig. 5.13. Ablation front 4 forms the target boundary. The solid-
density substance begins to heat up at this front, its density lowers, and a new portion
of the substance is delivered to the flow from the target to the corona. The velocity
of this portion of the substance is shown by the left arrow u in Fig. 5.12. This portion
reaches the critical surface 2, crosses it, and continues its expansion in vacuum.

The target surface is termed the ablation front. To the right of front 4 is the
relatively cold target substance of solid-state density. The flow is subsonic in the

Fig. 5.12 Structure of laser plasma corona near the target: 1—laser beam; 2—neighborhood of
critical density surface, where the laser energy is absorbed; �–density profile in the target 6 and
the corona 5; profiles 8 and 9 refer to the cases of thick and thin targets, respectively; 4—ablation
front, which separates in the drawing the cold dense substance to the right of the front and the
hot low-density plasma to the left. Arrow 3 indicates the heat flux from the critical surface 2 to
the ablation front 4. The left arrow u denotes the plasma outflow from the ablation front. The hot
plasma pressure in subsonic “pillow” 7 moves the dense target substance in the direction of the
right arrow u. In this sense the corona acts as a piston which pushes the target substance
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Fig. 5.13 Density �, pressure p, and temperature T profiles produced under irradiation by a long
pulse of sufficiently high power. This case is of interest for laser fusion problems; 1—laser beam
reaching the critical density surface 2; 4—ablation front. It is the thermal wave front behind which
the temperature rises sharply. The corona pressure sustains the quasistationary propagation of a
shock wave (SW) through the uniform target substance

space 7 between the critical density 2 and the ablation front 4. The hot plasma
pressure ahead of the ablation front is transferred to the solid-state density substance
behind the ablation front. Like in the case of vapor, it is precisely the corona pressure
that drives the flow in the target, which is indicated by the right arrow u in Fig. 5.12.
The u arrows indicate the flow direction in the coordinate system related to the
initially immobile target substance. In the case of a thick target the density profile
� extends into the target along a straight line 8 in Fig. 5.12. In this case, the corona
pressure sustains the shock wave traveling into the target interior. This shock wave
is shown in Fig. 5.13.

By recording the parameters of this wave in experiments it is possible to gain
information about the thermodynamics of the shock-compressed substance (see
Sect. 5.5).

Recording the shape of the compression pulse as it exits the free surface yields
ample information about the mechanical properties of the medium at high pressures,
temperatures, and deformation rates.

In the case of a thin target, the pressure vanishes at the rear target side (the side
reverse to the ablation front 4). That is why the substance density and pressure
decrease in the direction of curve 9 in Fig. 5.12. The pressure gradient in the
dense substance on the right of the ablation front in Fig. 5.12 accelerates the target
substance. This underlies the well-known principle of spherical shell acceleration.

The resultant flow may be represented as consisting of three portions: (1) a
stationary shock wave followed by (2) a Chapman–Jouguet deflagration wave,
where the light energy is absorbed, and the closing flow in the form of (3) a simple
centered rarefaction wave (adiabatic or isothermal).

In this case, the highest attainable pressure is

pmax D I2=3�1=3c ;

where I is the intensity of laser radiation of frequency! and �c is the critical plasma
density (!0 D !p D p

4�e2ne=me).
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An analysis of this relation suggests that the pressures attainable under laser
irradiation depend only slightly on the chemical target composition. Herein lies
a significant difference between the laser methods of pressure generation and the
classical methods of dynamic physics which use the impact of metallic plates or the
detonation products of condensed explosives. It is instructive that high-frequency
radiation offers considerable advantages from the standpoint of maximizing plasma
pressures. However, the main advantage of short-wavelength radiation consists in a
lowering of the effect of nonthermal electrons with increasing laser frequency.

It is well to bear in mind that the above qualitative estimate was obtained for
the interval of laser pulse parameters in which the simplified interaction model
mentioned above is purely schematic [19]. The matter is that the absorption of light
is essentially nonlinear in character at radiation intensities of 1013–1017 W/cm2.
In this case, a substantial fraction of light is reflected from the plasma, and the
reflection coefficient also depends on the radiation intensity. As a result, the formula
for the absorption coefficient used to estimate the screening time turns out to be
oversimplified. For high laser intensities there arise a number of complications,
which may be fully taken into account only in the framework of arduous numerical
simulations. The results of these simulations are approximated by the relation:

pmax D ˛I˛��ˇ
0 ;

where ˛ � 0:3–0.7 and ˇ � 0:3–2.0, depending on the model and the radiation
intensity [19].

The requirements imposed on laser radiation and target size to obtain plane
stationary shock discontinuities propagating through a relatively cold substance
were formulated in [19]. This will permit using the dynamic diagnostic method
based on the application of the conservation laws to the flow of shock-compressed
plasmas. The limitations emerging in this case will define the highest pressure
level attainable with the aid of contemporary lasers. With the inclusion of shock
wave attenuation and curvature due to the rear and side unloading waves as well
as considering the nonhydrodynamic target heating by nonthermal electrons, a
conclusion was drawn that the energy Elas of laser radiation of wavelength �0
required for generating pressure p may be represented as [19]:

Elas � p6�110 :

Therefore, the constructive way of advancing further along the pressure scale of
laser-driven shock waves involves the use of shorter wavelengths and layered targets
to suppress the role of electron heating. This is the reason why experimenters aspire
to use the high-order harmonics of the fundamental radiation or laser-to-soft X-ray
radiation conversion in “hohlraum” schemes in experiments with laser-induced
shock waves (see Sect. 7.2.1).

In accordance with the general ideology of dynamic experiments[138], to
investigate the equation of state requires measuring independently any two of the
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five parameters which characterize the propagation of a plane stationary shock
discontinuity (D, u, p, V , E), with the subsequent calculation of the remaining
parameters from the general conservation laws at the shock front. This permits
finding the equation of state of the substance under investigation in the caloric
form E D E.p;V/. The phase velocity D of shock propagation is measured most
easily and accurately in dynamic experiments by baselength electrocontact and
optical techniques. For measuring baselengths of �20–50�m typical for laser-
induced shock waves and discontinuity propagation velocities of 20–50 km/s, the
characteristic experiment time is of the order of 1 ns, making optical measurements
the method of choice.

In opaque materials a shock wave may be recorded at the instant it reaches the
free surface of a stepped target. In this case, it becomes visible on approaching the
free surface to within several light paths lr. For the optical range in metals lr �
10�5 cm; for a propagation velocity D � 20 km/s this will lead to a light signal rise
time � � lr=D � 5 ps, which determines the requisite time resolution of the streak
cameras employed in these experiments.

Measurements of the second dynamic parameter run into significantly greater
difficulties. In the dynamic experiments that use explosive equipment and light-has
launching devices, in the determination of the mass velocity u of shock-compressed
substance the widest acceptance has been gained by a method of “reflections”,
which is based on the application of general gas-dynamic laws, which are obeyed in
the breaking of an arbitrary discontinuity. Specific measurements involve recording
the phase velocities of shock propagation in the substance under investigation and
a “reference” (the substance with the known shock adiabat), which permits finding
the mass velocity of motion of the substance under investigation on the strength of
the pressure and velocity continuity conditions at the contact boundary. The shock
adiabat of the “reference” is independently determined by a “deceleration” method,
in which measurements are made of the shock wave velocity in the reference and
the flight velocity w D 2u of the liner made of the “reference” material. The method
of “reflections”, which is central to the dynamic high pressure physics, has made
it possible to determine the shock compressibility of many chemical elements and
compounds. The characteristics of more than 300 substances investigated to date
at pressures of up to �5 Mbar are collected in reference books [254, 376]. With
strong underground explosions and nuclear charge detonation (see Sects. 3.6 and
4.3), shock pressures of tens of megabars were obtained, for which the problem
of references is a challenge, since the “deceleration” method is hard to apply
here. In this case. it has been possible to measure only the relative substance
compressibilities from the reference adiabat extrapolated beyond the domain of
direct measurements. Used as references in this case are elements with a high atomic
number, for which quantum-statistical calculations are most reliable. It is significant
that in doing so it is necessary to resort to distant (from 5 to 300 Mbar) extrapolations
in the construction of reference shock adiabats.

The method of recording u proposed in [365] involves displacement measure-
ments of the contrast interface between heavy and light substances using a side
X-ray backlighting of a layered target and a fast-response X-ray detector [302].
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According to estimates [365], this method of measuring u may yield an accuracy of
about 6–8 %.

In next-generation laser experiments, apart from kinematic characteristics, mea-
surements are made of a more complete set of physical parameters. For significant
substance compressions in the shock waves of extreme intensity, measuring the
wave and mass velocities of motion is not optimal from the standpoint of determin-
ing the equation of state. In this case, along with D it is desirable to directly measure
the degree of plasma compression in the shock wave from either the absorption of
X-rays, like was done in [52, 136] for a nonideal plasma, or the Stark broadening
of spectral lines in the X-ray spectral range [37]. Quite helpful are temperature
measurements (pyrometric or spectral Doppler) measurements: in view of shell
structure manifestations at high pressures, it is precisely the temperature dependence
which would be expected to exhibit significant nonmonotonicities.

Experiments with plane stationary shock waves are the simplest and easily
interpretable type of experiments to study substance properties at high pressures
and temperatures. however, the use of high-power lasers also opens other interesting
possibilities in experimental high energy density physics. Irradiating thin (1–10�m)
metallic targets by laser radiation with I�20 > 106 W results in the heating of the
opposite side of the target by nonthermal electrons [80, 98, 160, 367] and ions. By
comparing the measured temperature with simulation data [251, 262] it is possible
to improve the theoretical models relating to this phenomenon, which has not been
adequately studied. At lower values of I�20 this is the way to investigate the special
features of electron thermal conduction in laser-produced plasmas [251, 256, 390].
We note that nonthermal electrons are an efficient source of the rapid volume heating
of condensed substances to temperatures of several electronvolts. The decay of such
high-temperature states was used for generating intense shock waves in [161].

As is well known, under a single shock compression the density of compressed
substance may not exceed some limiting density. That is why the extremely inter-
esting domain of the phase diagram corresponding to supercompressed substance
is unattainable in the simplest experiments with one stationary shock wave. Several
approaches were proposed for reaching this domain; their common feature is a small
increase in entropy in the compression. In experiments with high-power lasers it is
possible to employ not a single pulse, but a sequence of several pulses optimized
in amplitude and frequency, or one continuous pulse of specially tailored shape
and growing intensity [15, 389]. Instead of programming the laser pulse shape it
is possible to use a layered or shell target with a desired initial density profile. Some
other possibilities are discussed in [47]. We emphasize that the task of measuring
the parameters of compressed substance is quite intricate for all experiments with
quasi-isentropic compression. In resembling experiments aimed at solving laser
fusion problems advantage is taken of X-ray photography, spectroscopy of multiply
charged ions, detection of fusion reaction products, and indirect techniques based
on the measurement of corona parameters. Certain possibilities are offered by the
method of recording shock waves at an appreciable distance from the place of laser
radiation focusing. Using the theory of a point explosion [338] enables estimating
the effective explosion energy [3].
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Laser methods may by helpful not only in studying strongly compressed
substances with above-solid densities. Using the expansion of a material heated by
a laser-driven shock wave or nonthermal electrons [161] it is possible to obtain a
broad spectrum of states in an isentropic unloading wave. These include the domain
of strongly nonideal Boltzmann plasma, the neighborhood of the high0temperature
boiling curve, and metal-dielectric transition domain [136, 164].

Even a brief enumeration of the possible and already executed experiments
at very high local energy densities attainable with modern lasers shows that
this technique offers enormous advantages over other methods of obtaining high
pressures and enables obtaining new physical information about extreme states
of substance. Naturally, such measurements are at the forefront of modern fast-
response recording instruments and interpreting these experiments calls for new
physical models and complex numerical simulations.

In conclusion we consider some experiments in laser production of shock waves
in solids and discuss the effects associated with this method of shock production.

The first experiments in the excitation of shock waves in solid hydrogen and
plexiglass were carried out with a modest-power neodymium laser [375] for an
energy E � 12 J and a pulse length � D 5 ns. Owing to the small (�40�m)
size of the focal spot, the shock waves with the peak pressure of �2 Mbar rapidly
became spherical and decayed. For a radiation intensity I D 3:5 � 1014 W/cm2 a
shock pressure of �1.7 Mbar was obtained in polyethylene [56], and the respective
amplitude pressures obtained in hydrogen and plexiglass for I D 2 � 1014 W/cm2

were equal to �2 and 4 Mbar [355]. Measurements of the energy of plasma corona
ions and the target recoil momentum (integral methods) permitted estimating the
pressure in the aluminum target for I � 1014 W/cm2 [166].

A higher-power neodymium-glass Janus laser system [231] with a pulse energy
of up to 100 J and a pulse duration of 300 ps was employed for producing plane
shock waves [351, 366, 377]. Radiation intensities I of up to 3 � 1014 W/cm2 were
produced in focal spots 300–700�m in diameter.

From the shock transit time through a stepped aluminum sample it was possible
to estimate the shock discontinuity front velocity at 13 km/s (corresponding to a
pressure of �2 Mbar) and measure also the velocity of plasma corona expansion.
Recording the temporal buildup of radiation intensity as the shock reached the free
surface (�t � 50 ps) permitted estimating the thickness of the shock discontinuity
at . 0:7 �m. The shock pressures were increased by an order of magnitude. In [366]
use was made of a small diameter target to lower, in the authors’ opinion, the effect
of surface currents [50, 307], and an agreement was obtained between theory [412]
and experiment [366].

Plasma pressures p � 35Mbar were obtained [368] in the irradiation of a target
consisting of a 22�m thick aluminum layer and a 32�m thick gold layer by ten
overlapping beams of the Shiva neodymium laser facility with �0 D 1:05�m [232].
The peak intensity was equal to 2:9 � 1015 W/cm2 for a pulse duration of 625 ps.
The velocity of the shock wave in gold was measured at 17:3 ˙ 0:3 km/s and
was consistent with a two-dimensional hydrodynamic simulation [412], in which
the absorbed energy fraction was equal to 30 % and the laser beam convergence
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was taken into account [169]. Measurements of the X-ray emission spectrum
in this experiment enabled estimating the heating of the rear target side by
nonthermal electrons. It turned out to be under 500 ıC, while the temperature of
the shock-compressed plasma was about 5 eV.

A version of the “reflection” method was implemented in experiments [378] with
a layered target, when a shock wave with an amplitude p � 3Mbar transited from
aluminum to gold (p � 6Mbar) in low-attenuation conditions. Like in [377], the
laser radiation (E � 20–30 J, � D 300 ps) was nonuniformly distributed over the
focal spot, its shape varying from circular (with a diameter of ¿100�m) to elliptical
(with axes of 200 and 500�m). In the authors’ opinion, the latter circumstance was
the main source of errors in these experiments (ıD D 15%, ıp D 30%).

Systematic investigations of the shock compressibility of aluminum and copper
were carried out using comparative method on the Janus laser facility [183] in the
intensity range I � 5�1013	4�1014 W/cm2 (E � 30 J, � D 300 ps). A thin gold layer
in the target was employed to absorb nonthermal electrons and lengthen the duration
of the shock wave (lowering, however, the peak pressure to an extent). The resultant
data pertain to a 2–6 Mbar pressure range in aluminum and to 4–8 Mbar in copper
and are in good agreement with the findings of dynamic experiments performed
using high explosives and light-gas launching facilities [12, 267].

Along with the reflection technique, elaborated in laser experiments [52, 302] is
the method of plasma velocity measurements by pulsed X-ray radiography. A 17�m
thick aluminum target was irradiated by a laser beam of the Shiva facility with an
intensity I D 6 � 1014 W/cm2 (E D 110 J, � D 600 ps). In this case, one of the
beams of this facility irradiated a tantalum target, which gave rise to X-rays with a
characteristic energy of 1.9 keV. The picture of motion in the field of X-ray radiation
was recorded with a fast-response X-ray camera (an X-ray microscope [302]) with
a temporal resolution of 15 ps and spatial resolution of 4.5�m, which permitted
measuring the plasma velocity at 8 � 106 cm/s.

We mention the experiments on the generation of shock waves by
short-wavelength laser radiation performed in [368], because predictions are made
for these modes about an increase in the peak pressures of shock-compressed
plasmas due to an increase in absorbed laser energy fraction and nonthermal
electron suppression. The laser radiation with �0 D 0:35�m and an intensity of
.1–2/ � 1014 W/cm2 (� D 700 ps) irradiated a 25�m thick aluminum target to
generate in it a shock wave with a pressure of 10–12 Mbar. In this case, the energy
absorbed by the plasma amounted to �95 % of the incident flux. Irradiation by
long-wavelength (�0 D 1:06�m) radiation with I D 3 � 1014 W/cm2 (the absorbed
intensity was 1:2 �1014 W/cm2) for the same formulation of the experiment produced
a pressure of �6 Mbar.

Several other early papers on the laser-assisted production of intense shock waves
may be found in [19, 138].

Experimental data on the shock-wave compression of hydrogen, deuterium, and
rare gases in the megabar range are given in Sect. 3.4 and Chap. 10.
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5.4 Mechanics of Ultrafast Deformations

High-power lasers are not only a modern physical instrument for producing high
energy densities, but a unique means for implementing and studying ultrafast
processes in condensed substance states.

The physics and mechanics of interactions depend strongly on the duration of
a laser pulse. For a duration of �1 ns and above, the main mechanism is the
evaporative one (Fig. 5.11), while the thermomechanical mechanism is basic to the
femtosecond range. In both cases, ultrahigh deformation rates are dealt with.

5.4.1 Mechanical Properties in Ultrafast Deformations

The shock wave technique is a powerful tool for studying the properties of materials
at extremely high deformation rates. The methodology of this scientific area relies
on the relation between the experimentally recorded parameters of substance flow
and the physical and chemical processes occurring therein. The progress of research
into the high-speed deformation, disruption, and physicochemical transformations
in shock waves is largely related to the development of modern techniques for
measuring wave processes with high spatial and temporal resolution [209–211]. To
date, a great body of experimental data has been gained about the elastoplastic and
strength properties of technical metals and alloys, geological materials, ceramics,
glasses, polymers and elastomers, plastic and brittle monocrystals in the microsec-
ond and nanosecond ranges of action duration, and considerable progress has been
reached in the development of methods for obtaining information about the kinetics
of energy liberation in detonation and initiating shock waves. The experimental
data underlie the phenomenological rheological models of deformation and dis-
ruption, and the macrokinetic models of physicochemical transformations, which
are required for calculating explosions, high-speed impacts, and high-power pulsed
radiation–substance interactions.

The use of high-power pulsed lasers for generating shock waves offers several
advantages over the impact of plates, but it is also associated with some problems.
Pulsed laser technology provides the possibility of advancing to the domain of
ultrashort load duration, down to the picosecond range. In this case, the test sample
survives for the subsequent microstructure analysis under minimal additional
actions produced by the high kinetic energy of a striker. On the other hand, the
radiation power distribution over the cross section of the laser beam is nonuniform,
and additional precautions must be taken to generate plane shock waves with the
one-dimensional motion of the substance behind them.

Among the objects of measurements and analysis are the shock compression
wave, its following rarefaction wave, as well as the wave interactions in the
reflection of the compression pulse from the free rear surface of the test sample.
The structural transformation, plastic flow, and disruption processes are associated
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with changes in substance compressibility and therefore manifest themselves in the
structure of compression and rarefaction waves. The pulse of shock compression in
a plane sample is usually generated by the impact of a plate accelerated in one or
other way to a velocity ranging from several hundred m/s to several km/s, and to tens
of km/s in record experiments. The diameter-to-thickness ratios for the striker and
sample are taken to be high so as to ensure the one-dimensionality of the wave
process throughout the measurement time. The experiments involve continuous
measurements of the velocity profiles ufs.t/ of the free sample surface, for which
purpose use is made of the laser Doppler velocity meters VISAR [43] or ORVIS [57]
with nanosecond temporal resolution.

A typical measurement result is displayed in Fig. 5.14, which shows the velocity
profile of the free surface of a 40Kh steel sample loaded by the impact of
an aluminum plate with a velocity of 1:9 ˙ 0:05 km/s. In this experiment the
shock compression pressure was equal to 19 GPa. The velocity profile exhibits the
moments at which three compression waves sequentially reach the sample’s surface.
Owing to an increase in longitudinal compressibility on transiting from elastic to
plastic deformation, the shock wave loses stability and splits into an elastic precursor
and its following plastic compression wave. At a pressure of �13 GPa the material
experiences a transition from the body-centered lattice to the face-centered close-
packed lattice (˛ ! ") attended with a lowering of the specific volume, with the
result that the plastic compression wave splits into two in this pressure domain. The
pressure behind the front of the first plastic shock wave corresponds to the onset of
the transformation, while its attenuation and compression rate in the second plastic
wave are determined by the kinetics of the structural transformation. After the shock
wave circulation in the striker there forms a rarefaction wave, which then propagated
through the sample after the shock wave. The arrival of the rarefaction wave at
the sample’s surface results in a lowering of the surface velocity. The reflection of
compression pulse from the free surface gives rise to tensile stress inside the sample.
The material disruption (the splitting-off) under the tension is attended with stress
relaxation and gives rise to a compression wave, which arrives at the surface in the
form of a so-called split-off pulse to increase its velocity once again. Measurements

Fig. 5.14 Velocity profile of
the free surface of a 4 mm
thick 40Kh steel sample
impacted by a 2 mm thick
aluminum plate with a
velocity of 1:9˙ 0:05 km/s
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of the resistance to splitting-off provide information about the strength material
properties under submicrosecond load durations.

The longitudinal stress at the front of the elastic precursor or the Hugoniot elastic
limit (HEL)

�HEL D 0:5ufse�0cl;

where ufse is the free surface velocity jump in the precursor, �0 is the initial material
density, and cl is the longitudinal sound velocity in the material; the stresses are
assumed to be positive. The elastic limit under a one-dimensional deformation is
related to the yield strength �T, in the ordinary sense of the word, by the equation

�T D 3

2
�HEL

�
1 	 c2b=c2l

�
;

where cb D p
K=� is the “bulk” sound velocity and K is the compression modulus.

Since the rate of plastic deformation of crystalline bodies is determined by the
density of dislocations and their velocity, which are limited in magnitude, the stress
of plastic flow increases with shortening the duration of load action. In shock wave
experiments the dependence of the flow stress on the deformation rate manifests
itself, in particular, in the attenuation of the elastic precursor with propagation and
in the finite parameter growth times in the shock wave.

The split-off disruption in the reflection of the shock compression pulse from
the free surface of a body takes place by way of initiation and growth of numerous
cracks or pores. The rate of these processes and, accordingly, the stress relaxation
rate in the disruption depend on the magnitude of the acting tension and may not
be arbitrarily high. This is the reason why the higher is the rate of load application,
the higher is the split-off (spall) strength. An analysis of the split-off effects in the
compression pulse reflection from the free surface of a body makes it possible to
determine the rupture tension (the split-off material strength) for submicrosecond
load durations from the measured profile of the free surface velocity ufs.t/. The
split-off strength �sp is determined from the velocity decrease�ufs.t/ from the peak
velocity to its value ahead of the front of the split-off pulse. In the linear (acoustic)
approximation the simplified formula for determining the split-off strength is of the
form

�sp D 1

2
�0cb .�ufs C ı/ ;

where ı is a correction for the velocity profile distortion due to the difference
between the velocity (cl) of the split-off pulse, which propagates through the tensile
material, and the velocity of the plastic part of the incident unloading wave in front
of it (cb) [28, 212]. To take into account the nonlinearity of material compressibility,
the magnitude of �sp is actually calculated using equation-of-state extrapolations to
the negative-pressure domain.
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To date a considerable body of measurements of the elastoplastic and strength
properties of solids has been carried out with the use of laser-driven shock waves. At
present, the use of laser-driven shock wave technique permits making measurements
at tension levels comparable to the limiting, or “ideal”, strength of condensed
substances, which defines the upper bound for the possible resistance to rupture. It is
well known that the elastic moduli of solids (and liquids) increase with compression
and, accordingly, decrease under tension. For some value of tensile stress the
bulk modulus must vanish: dp=dV D 0, which corresponds to the absolute loss
of condensed state stability. It is these strain values that are meant by the term
“ideal strength”. The states with zero bulk modulus correspond to the spinodal
of condensed substance [342] and, generally speaking, must be unattainable in
real experiments. Apart from the limiting tensile strength there exists a limitation
on the magnitude of shear stress in a solid. The ideal shear strength is defined
as the shear stress � whereby its derivative with respect to shear deformation �
vanishes: d�=d� D 0. There also exist definitions of ideal shear strength as the
stress required for the nucleation of dislocations and production of stacking faults
in a perfect crystal without participation of thermal fluctuations or as the condition
for the phonon instability of the crystal lattice.

Figure 5.15 shows the normalized values �sp=�id of the split-off strength �sp for
metal monocrystals, amorphous polymers and liquids as functions of deformation
rate [211, 212]. Although the measured the split-off strengths of these materials
differ by more than two orders of magnitude, in the normalized coordinates the data
scatter is smaller.

The data presented in Fig. 5.15 suggest that up to 30 % of the ideal strength of
condensed substance is realized for nanosecond load durations. The fcc-structured
ductile monocrystals of copper and aluminum exhibit a somewhat higher degree of
realization of the ideal strength than iron and molybdenum, which possess a bcc
crystal lattice. This is supposedly due to the possibility of higher stress densities in
the neighborhood of microdefects for bcc-lattice metals with higher yield strengths.
The degree of realization of the ideal split-off strength for amorphous polymers
and liquids is at least no smaller than for metals. The difference in the degree

Fig. 5.15 Degree of
realization of the ideal
split-off (spall) strength �id of
homogeneous materials
(single crystals, amorphous
polymers and liquids) as a
function of deformation rate
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of realization of the ideal strength becomes smaller as the load duration becomes
shorter.

The temporal resolution of the laser Doppler velocity meters VISAR and ORVIS
is limited by a value of about 10�9 s, which is defined by the interferometer
delay line. In this case, the uncertainty of amplitude measurements is inversely
proportional to the time delay. The duration of compression pulses generated by
femtosecond laser pulses is determined, apart from the parameters of the laser pulse
itself, by the temperature distribution in the surface target layer several hundred
nanometers in thickness, which is formed in the course of temperatures equalization
of the electrons and ions of the crystal lattice. The characteristic duration of the
shock load under these conditions amounts to tens of picoseconds, making the
use of VISAR or ORVIS impossible. The employment of femtosecond interference
microscopy [6, 268, 359] permits attaining a time resolution of 10�12 s. This method
makes it possible to measure, correct to 1 nm, the sample surface displacement
with time in the course of arrival of the shock compression pulse at the surface.
To obtain the surface velocity profile required for the analysis, these data must be
differentiated in one or other way, which is associated with an additional uncertainty,
which is not too high, by the way.

Femtosecond laser techniques are employed to investigate the shock-wave
phenomena in metallic film ranging from hundreds of nanometers to several
micrometers in thickness [9, 32, 33, 97, 387]. Suchlike thin films are insufficiently
rigid, and therefore experiments are carried out on metallic samples deposited by
evaporation on glass substrates.

Figure 5.16 shows the data of measurements [32, 33] of the shock wave velocity
US and mass velocity up behind the shock front in submicrometer-thick aluminum
samples in comparison with its shock adiabat measured on samples several millime-
ters in thickness. The reason for the disagreement of these data is that the dynamic
elastic limit in submicrometer-thick aluminum samples amounts to 21 GPa, i.e. the
measured values of US and up pertain to the shock adiabat of elastic compression.
for comparison we note that the dynamic elastic limit of diamond lies in the 50–

Fig. 5.16 Results of
measurements of the shock
wave velocity and mass
velocity behind the shock
front in submicrometer
samples of aluminum in
comparison with its shock
adiabat
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Fig. 5.17 Aluminum
shock-compressed states
realized in submicrometer
film samples irradiated by
femtosecond laser pulses

Fig. 5.18 Amplitude of
elastic shock wave in
aluminum as a function of
traversed distance

100 GPa range [204, 261], i.e. in the picosecond load duration range the elastic limit
of aluminum becomes comparable to the elastic limit of diamond. With reference
to the data given in Fig. 5.17, the departure of the elastic shock-compressed state
of aluminum realized in film samples from the three-dimensional compression
shock adiabat amounts to 6.5 GPa. This corresponds to the highest shear stress of
about 4.9 GPa, which exceeds the aluminum’s ideal shear strength of 3.2–3.5 GPa
predicted by ab initio calculations and molecular-kinetic simulations [90, 205]. On
the other hand, the elastic modulus and, accordingly, the ideal shear strength of
materials increase under compression.

The experimental data on the attenuation of the elastic precursor in aluminum
are collected in Fig. 5.18. According to these measurements, the compression stress
behind the precursor front, which is equal to the dynamic elastic limit (HEL) of
aluminum, ranges from 50 MPa at a distance of 10 mm to 20.5 GPa at a distance of
1.2�m. We note that an elastic compression of up to 20.5 GPa is also realized in a
stationary plastic shock wave with the same propagation velocity US D 7:8 km/s for
a final shock compression pressure of 38.7 GPa. So strong a compression results in a
substantial increase in shear modulus. Full symbols in Fig. 5.18 show the normalized
quantities �HELG0=G [33]. With this correction the entire set of experimental data
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in Fig. 5.15 is described with a reasonable accuracy by an empirical relation

�HEL D S.h=h0/
�˛;

where h0 D 1mm, S D 0:16GPa, and the index ˛ D 0:63. The highest shear stress
behind the precursor front is

�HEL D .3=4/�HEL
�
1 	 c2b=c2l

� D �HELG=E0;

where E0 D �0c2l is the Young modulus. The attenuation of the elastic precursor
of the shock compression wave, which arises from stress relaxation, is related to
the rate of plastic deformation behind its front by the equation P�p D .P"p

x 	 P"p
y/=2

[31, 117]:

d�x

dh

ˇ̌̌
ˇ
HEL

D 	4
3

G P�p

cl
;

where h is the distance traversed by the wave, G is the shear modulus, and cl

is the precursor front propagation velocity, which is assumed to be equal to the
longitudinal sound velocity under this approximation.

As a result the empirical dependences transform to the dependence of the initial
plastic deformation rate on the shear stress:

P�p D 4

3



�E0

SG

� ˛C1
˛ S˛cl

h0G
D 9:1 � 107.�=�0/2:59s�1; (5.1)

where �0 D 1GPa. As is evident from Fig. 5.19, the initial rate of plastic
deformation behind the elastic precursor during propagation front decreases from
109 s�1 at a distance of 1�m to 103 s�1 at 5–10 mm, and subsequently the precursor
attenuation strongly moderates.

Fig. 5.19 Initial plastic
deformation rate behind the
elastic precursor front in
aluminum in relation to shear
stress in accordance
with (5.1)
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Fig. 5.20 Results of split-off
strength measurements for
aluminum of different purity
in comparison with the data
for monocrystalline
aluminum,
molecular-dynamic
splitting-off simulation data,
as well as ab initio
calculations of ideal
aluminum strength

The experimental data on the split-off strength of aluminum for shock-wave load
durations ranging from tens of picoseconds to several microseconds are collected
in Fig. 5.20 [32]. Also shown are the results of the atomistic simulation [402, 410]
of a high-rate rupture and splitting-off and of the ab initio calculations [250] of
aluminum’s “ideal” strength. Resistance to split-off rupture for monocrystals is
higher than for polycrystalline aluminum and aluminum alloys. Polycrystalline
materials contain relatively large stress concentrators like intergranular boundaries,
inclusions, etc. These defects lower the stress level required to trigger disruption.
The high bulk strength of single crystals is evidently caused by their high homo-
geneity. The data of measurements of the split-off strength of aluminum are shown
in relation to the deformation rate. Here, by the deformation rate is meant the
rate of substance expansion in the unloading portion of the incident compression
pulse: PV=V0 D Pufs=2c, where Pufs is the decrease rate in the unloading portion
of the measured wave profile. The initial disruption rate was shown [28] to be
equal to a few times this quantity. Extrapolation of the experimental data to higher
deformation rates shows their agreement with molecular-dynamic calculations and
predicts attainment of the “ideal” strength for a tension rate of about 2 � 1010 s�1.

5.4.2 Dynamic Strength of the Melts and Solid Phases
of Metals

Ultrashort laser pulses (see Sect. 5.5) provide a unique possibility of measuring
the tensile strength of condensed media for extremely high tension rates PV=V �
109 s�1. These tremendous values of the parameter PV=V � u=dT are obtained due
to the thinness dT of the heated target layer. For instance, for a hydrodynamic
expansion rate u D 0:1 km/s and dT � 100 nm we obtain PV=V � u=dT �
10�3 ps�1 = 109 s�1. In the calculations involving the methods of molecular
dynamics, the PV=V parameter is determined at precisely the point of nucleation
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Fig. 5.21 Increase in tensile strength �� with increase in tension rate PV=V. The data for the
highest rate were obtained by way of molecular-dynamic (MD) simulations. They are borne out
by experiments with ultrashort laser pulses (USLPs). The data of Eliezer et al. ([122, 270], see
also [44, 142]) for aluminum occupy an intermediate position between the data of MD simulation
of USLP experiments, on the one hand, and the data of rather conventional experiments with the use
of strikers, which pertain to microsecond times, on the other hand [210, 211]. The data calculated
for gold are added to this drawing dedicated to the analysis of the situation for aluminum, see text

immediately prior to its onset [26, 27, 99, 100]. The dependence of strength on the
logarithm of the parameter is significant. It is shown in Fig. 5.21.

Experimental data (aluminum) obtained with projectile strikers and lasers are
collected in Fig. 5.21. One group of laser experiments was performed using sub-
nanosecond and longer-duration pulses [44, 122, 142, 270]. The corresponding data
are shown with two dashed curves [122]. Another set of data represent experiments
with ultrashort laser pulses. We describe the data obtained in the experiments and
calculations with ultrashort laser pulses. The crosses stand for the split-off strength
of the solid phase of aluminum, which were obtained using an estimate based on
linear acoustics. This estimate is applied to molecular-dynamic (MD) simulation
data. The estimate is compared with the exact MD simulation data. They are
represented by empty squares.

In this case, the MD simulations were performed with a new [27, 402] interatomic
interaction potential (EAM potential, Embedded Atom Method). The symbols in
the form of empty squares pertain to the simulations with the new potential. The
new potential is constructed is accordance with the data calculated by the density
functional method for high-deformation states. For comparison the full square
shows the result of Mishin et al.[266], when the EAM potential is applied in our
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Fig. 5.22 Formulation of experiments to determine the split-off strength of the solid phase (left
panel) and the melt strength (right panel). A dielectric plate (usually glass)is required to support a
thin (normally 0.1–10�m) metallic film. Experiments with free-standing metallic films have also
been made, but we shall not enlarge on them. A pump-probe technique is employed for heating and
measurements. The heating (pump) USLP 1 penetrates through the dielectric 2 and is absorbed at
the dielectric–metal interface 3 (left panel). This generates a shock wave traveling into the dielectric
2 and a compression wave in the metal 4. Shown is the corresponding pressure profile 6. The
compression wave in metal has time or does not have time to break with the formation of a shock
wave. This depends on the wave amplitude and the metal thickness on the dielectric. The arrival
of the shock or compression wave at the rear film boundary 5 gives rise to the splitting-off of solid
metal provided the wave amplitude is high enough. Normally the metallic film 4 is thicker than the
melt layer at the interface 3 in the left panel. That is why the splitting-off takes place in the solid
phase. The right panel is described in the body of text

MD simulation. Substantial uncertainties are associated with this EAM potential
for high deformations of the medium. As is evident, the calculation with Mishin’s
potential somewhat overestimates the strength of the solid phase of aluminum.

The diamond and full circle in Fig. 5.21 pertain to the MD simulation of gold
ablation in vacuum and to the splitting-off in vacuum at the rear boundary of the
film front side-irradiated by a heating ultrashort laser pulse. The schematics of
these two experiments are explained in Fig. 5.22. The ablation takes place at the
front side of the film, i.e. on the side exposed to the ultrashort laser pulses. The
scheme of heating 1 and diagnostic data acquisition 7 is shown in the right panel of
Fig. 5.22. Here we are dealing with an experiment with ablation towards vacuum,
which permits determining the strength of the melt. In this case, by varying the
absorbed energy Fabs it is possible to find the dependence of the dynamic strength
�	 on the temperature of the liquid phase.

The experiment to determine the strength of the solid phase is schematized in the
left panel of Fig. 5.22. Heating of the front metal side 3 initiates a compression
wave. The arrival of the compression wave of sufficient amplitude at the rear
boundary 5 in the left panel of Fig. 5.22 results in the splitting-off of a layer near
the boundary 5. By analyzing the data on the velocity of the rear boundary it is
possible to determine the strength �	 of the solid phase. These data are collected
by detector 7. The film must be thicker than the metal melt layer at the front
boundary 3 in the left panel of Fig. 5.22. This is required so as to determine
the strength �	 of precisely the solid. The melt thickness is �60–140 nm for
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Fabs � 100mJ/cm2. In the interval of Fabs values corresponding to the threshold
of rear-side splitting-off, the amplitudes of compression or shock waves are such
that the substance temperature in the compression wave changes only slightly.
That is why to study the temperature dependence of the solid phase strength �	
requires experiments and simulations with preheated films; the data given below
correspond to the initial room temperature. Experiments with ultrashort laser pulses
and heated films will correspond to experiments [211] with heated targets and for
much higher deformation rates. Until now such experiments and simulations have
not been performed.

As stated in the caption to Fig. 5.22, the heating is effected by an ultrashort
laser pulse, which arrives at the front film boundary 4 in the left panel and the
film boundary 3 in the right panel to generate a compression wave 6, which travels
through the film, arrives at its rear boundary 5 and sets it in motion. If the split-off
threshold is exceeded, the near-surface layer at the rear boundary splits off (left
panel in Fig. 5.22). The motion of the rear boundary in the left panel is monitored
using a series of diagnostic ultrashort laser pulses, see [9]. The acceptance aperture
for the diagnostic pulses reflected from the moving boundary is indicated by figure
7. The rear boundary position is determined from the phase of reflected pulse.

An example of measurements with the help of a series of diagnostic ultrashort
laser pulses is provided in Fig. 5.23. As a result, the trajectory xrear.t/ of the rear
boundary is found in the experiment shown in the left panel in Fig. 5.22. The
velocity of the boundary is found from the trajectory: urear.t/ D dxrear=dt. A
two-temperature hydrodynamic simulation is exemplified in Fig. 5.24.

In the processing of experiments, the velocity–time relationship is extracted from
the dependence shown in Fig. 5.23 (see, for instance, [34]). Initially the velocity of
the rear boundary rises sharply when the compression wave with a steep front arrives
at the boundary, see an example in Fig. 5.24. Then the amplitude of the compression
wave decreases, the boundary begins to decelerate and its velocity lowers under
the resistance of condensed substance to tension. The deceleration next terminates.
The strength is estimated from the velocity loss �u in the segment of boundary
deceleration by using the formula �	 � �cs�u, which follows from linear acoustics.

Fig. 5.23 Trajectory of the
rear boundary according to
pump-probe measurement
data, see[34]. The origin
corresponds to the moment
the compression wave or the
shock wave reaches the rear
boundary. The boundary
displacement
�xrear.t/ D �probe probe=4�

is judged by the phase  probe

of reflected diagnostic
USLPs. This phase is plotted
on the vertical axis
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Fig. 5.24 Two-temperature hydrodynamic simulation of laser action in the formulation shown in
the left panel of Fig. 5.22. The heating beam passes through the dielectric (glass) and is partly
absorbed at the film boundary 3. The film is thin (dfoil D 350 nm), and therefore the compression
wave breaking has not yet occurred, although the profile steepening near the inflection point is
obvious

Fig. 5.25 Solid phase (curve 1) and melt (curve 2) strengths ��.T/ of aluminum as functions
of temperature. The split-off data were obtained by molecular-dynamic simulations of USLP
irradiation in the situation shown in the left panel of Fig. 5.22. The tension rate PV=V amounts
to �2 � 109 s�1 for the melt and to � 4 � 109 s�1 for the crystal. The crystal tension was effected in
the 110 direction

Corrections are added to amend this formula, see strength calculations reliant on
ultrashort laser pulse experiments in [34]. These calculations are consistent with the
data of hydrodynamic simulation outlined here.

The temperature dependences of the strengths of solid and liquid phases are
plotted in Fig. 5.25. The function �	.T/ decreases with temperature, the data
showing the existence of a stepwise decrease in strength on melting.

The data in Fig. 5.25 are indicative of a sharp decrease in strength �	.T/ in
the vicinity of the continuation of the melting curve. Dashed curve 3 in Fig. 5.25
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corresponds to the expected run of the melting curve in the nonequilibrium tension
negative-pressure domain. It is hypothesized that curve 3 for aluminum at low
temperatures T ! 0 passes above the spinodal [300, 301]. Aluminum is believed to
differ in this respect from other metals, in which curve 3 intersects the spinodal for
a finite value of the temperature [200]. Our simulations combine hydrodynamics
and molecular dynamics (a combined approach). The calculated pressure and
temperature values in curves 1 and 2 in Fig. 5.25 were obtained directly at the point
of the future fragmentation in the splitting-off or nucleation in the cavitation in a
melt. They are determined immediately before the very instant of fragmentation or
cavitation. After this point in time, the amplitude of tension at this point begins to
decrease rapidly. To determine the dependence �	.T/ in the solid phase calls for
experiments involving ultrashort laser pulse irradiation of solid film targets.

Figure 5.25 shows the equilibrium curve between condensed phase and saturated
vapor (the binodal). This curve terminates at the critical point. The bimodal consists
of two portions: the sublimation curve and the boiling curve. In the sublimation
curve the vapor pressure is negligible, and in the pressure–temperature plane this
curve therefore merges with the zero-pressure axis on the linear pressure scale
adopted in Fig. 5.25. Even at the critical point the vapor pressure is small in
comparison with the amplitudes of tension at the threshold of ablation or splitting-
off in experiments with ultrashort laser pulses, when these amplitudes are quite high.
These amplitudes approach the maximal values pmax

ˇ̌
cold of the modulus of negative

pressure in cold crystal curves. According to the calculations with our elaborated
EAM interatomic interaction potential [402], the pmax

ˇ̌
cold and Vmax

ˇ̌
cold=V0 values

amount to 12.2 GPa and 1.5 in the crystal tension along the 100 direction, where V0
is the equilibrium crystal volume at zero temperature.

Figure 5.25 pertains to aluminum. The data for gold are given in Fig. 5.21. The
strength of cold gold is higher than that of aluminum, see Fig. 5.21. The modulus
values in the cold curves are approximately 1.8–2 times higher for Au. This is
supposedly why the split-off (spall) strength of solid-phase gold targets is higher
in out calculations simulating the actions of USLPs, see Fig. 5.21. In this case,
aluminum in the fragmentation, which marks the onset of splitting-off in the crystal,
is closer to the point pmax

ˇ̌
cold than aluminum. For aluminum the threshold split-off

tension amounts to about 70 % of the ideal strength pmax

ˇ̌
cold; for gold the figure is

55 %. We also note a substantially greater strength reduction on melting for gold in
comparison with aluminum: we compare the symbols corresponding to splitting-off
(splitting-off in the solid phase) and ablation (cavitation in the melt) for gold in
Fig. 5.21.

Furthermore, in experiments with ultrashort laser pulses the tension rate PV=V
for gold is much lower—by about an order of magnitude—than that in the case of
aluminum [99, 100]. This is due to the fact that, first, the heated layer thickness dT

in gold is nearly two times greater because of the far lower electron-ion thermal
exchange rate. The lower value of the rate coefficient is primarily due to the large
mass of gold nuclei. Second, in gold the expansion rate at the threshold of ablation
or splitting-off is several times lower owing to the high substance density.
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5.5 Thermodynamics for Ultrashort Pulses

In the previous section we considered the case of laser irradiation whereby the
pressure of hot vapor or plasma gives rise to a flow in a dense substance. In the
case of ultrashort laser pulses (USLPs) the situation is entirely different.

A USLP heats the electron subsystem inside the skin layer ıskin [17] of an initially
solid target, see Fig. 5.26. Subsequently the skin-layer heat propagates super-
sonically through the electron subsystem into the target interior. The supersonic
propagation of the electron thermal wave continues until there occurs temperature
relaxation between the electron and ion subsystems [190, 198]. In the course of
relaxation the electron energy is transferred to ions and their local temperatures Te

and Ti gradually converge.
The temperatures Te and Ti equalize in a time period teq of the order of 2–10 ps,

depending on the specific metal. An important point is that heated layer thickness dT

is considerable: the “sonic time” ts D dT=cs the sound takes to traverse the distance
dT exceeds the time teq of heated layer formation, where cs is the sound velocity in
the condensed target substance. For instance, for aluminum the heating thickness
dT � 100 nm, cs � 5 	 6 km/s, ts � 20 ps, and teq � 2 ps. Next, for t > teq the
electron thermal wave passes into the conventional mode of subsonic propagation.

Fig. 5.26 USLP action is radically different from the action of a long laser pulse. During a
short time �L an USLP strongly heats the electrons of the skin layer ıskin � 10–20 nm. The
typical temperatures Te � 1–5 eV. These temperatures are characteristic for the threshold of
thermomechanical ablation. In this case, electron thermal conduction heats a layer of thickness
dT � 50–150 nm. It is significant that the formation of the layer dT proceeds in a time teq � 2–
10 ps, which is short in comparison with the sonic time ts D dT=cs � 15–50 ps. It is therefore valid
to say that the high-pressure layer dT is produced supersonically. All the subsequent hydrodynamic
phenomena are related to precisely the hydrodynamic decay of the high-pressure solid-density
layer dT . Therein lies the difference from the long-pulse case, when the substance motion of the
high-density part of the target is caused by the corona’s pressure
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Fig. 5.27 (x; t) – diagram of the propagation of electron thermal wave (ETW) and sonic
perturbation. The sonic perturbation starts from a point x D 0, t D ��L. Prior to pulsed irradiation
the target substance occupies the right half-space x > 0, the vacuum is on the left. A laser
beam impinges on the target from the left. The rectangular at the origin shows the region heated
by the laser beam in space (the skin layer thickness ıskin) and in time (the pulse duration �L).
The ETW trajectory consists of a steep (in the t-axis) supersonic portion and a gently sloping,
strongly subsonic portion—compare with the slope of the sound wave. The supersonic ETW
propagation continues for a time interval teq. During the time teq the sound wave traverses a
distance csteq, which is short in comparison with the heated layer thickness dT . During the sonic
time ts D dT=cs the acoustic perturbation leaves the heated layer and the entire heated layer is
entrained in hydrodynamic motion

That is why in a time t of the order of the sonic time the heated layer thickness dT

is little changed [27, 189, 190, 409]. The aforesaid is illustrated in Fig. 5.27.

5.5.1 Hydrodynamics of Ultrashort Pulses

As described above, the fast (supersonic) heating gives rise to a heated layer of
thickness dT . For an isochoric heating �.x; t/ � const D �0, t < teq � ts, high
temperatures are associated with high pressures. The heating time teq is shorter than
the hydrodynamic decay time ts D dT=cs of the high-pressure layer. The description
of the hydrodynamic stage accordingly reduces to the description of the problem
of high-pressure layer decay. Two situations are possible. In the first one, a USLP
pulse passes through a transparent dielectric (for instance, glass) and is absorbed in
the metal at the dielectric–metal interface. In this situation, on the left in Fig. 5.27
is the dielectric and the metal is on the right. In this case, a shock wave travels into
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Fig. 5.28 Reduction of the problem on the hydrodynamic flow initiated by a USLP to an initial
data problem. The initial data problem is required for explaining the fundamental points related to
hydrodynamics. The flow during acoustic times and later is formed due to the decay of the high-
pressure layer at the vacuum–metal interface. The vacuum is on the left, the high-pressure layer has
an effective thickness dT . In the target interior on the right the temperature approaches the room
temperature and the pressure falls to zero

the dielectric interior (i.e. to the left in Fig. 5.27). Another compression wave travels
into the metal. Here, we consider the case when a low (for instance, atmospheric)
pressure gas or vacuum is at the left in Fig. 5.27.

The situation with the high-pressure layer at vacuum–metal interface is depicted
in Fig. 5.28. If the formation time teq of the high-pressure layer of thickness dT is
neglected in comparison with the characteristic acoustic time scale ts D dT=cs, we
arrive at a problem with given initial conditions. At the point in time t D 0 we have
a uniform density profile �.x; t D 0/ D �0, x > 0 and a nonuniform pressure profile,
which is shown in Fig. 5.28.

The solution of the one-dimensional problem of the decay of a high-pressure
layer inside a uniform medium is given by D’Alembert’s formula with two
receding compression waves, provided the pressure is low in comparison with the
compression modulus K. The solution is shown in Fig. 5.29. It is of the form

p.x; t/ D p0.x C cst/=2C p0.x 	 cst/=2;

provided the medium was at rest prior to the decay. Here the function p0.x/ defines
the initial pressure distribution.

In our case of a USLP-produced high-pressure layer at the vacuum–metal
interface (see Fig. 5.28), the D’Alambert solution for a time t > 0, t < ts is a
combination of three waves [188]. specifically, there is a wave traveling to the right,
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Fig. 5.29 Decay of the initial state with a high-pressure layer in a uniform medium (upper panel)
into two receding half-amplitude waves (second panel from top). Wave reflection from the x D 0

boundary with vacuum P D 0. An important point is that the compression wave P > 0 transforms
to a tensile wave P < 0 on reflection. Thus tensile stress is formed. For a sufficiently high amplitude
of this tension there occurs a splitting-off: a layer near the boundary x D 0 detaches from the main
part of the target. The thickness of the split-off layer is determined by the effective thickness of the
compression wave and its shape. In the case of a strictly rectangular wave (like in the drawing) the
split-off layer thickness is equal to half the thickness of the rectangular wave

plus a wave traveling to the left, and plus a reflected tensile wave:

p.x; t/ D p0.x C cst/=2C p0.x 	 cst/=2	 p0.cst 	 x/=2:

This wave corresponds to the three lower panels in Fig. 5.29. In the linear approxi-
mation we neglect the displacement of the vacuum–metal interface. The sum of the
first and third terms in the three-wave solution gives the zero value of the pressure at
the vacuum interface for an arbitrary p0.x/ function. In our case the initial pressure
distribution is shown in Fig. 5.28.

For short times t � ts the flow near the boundary is determined by the summation
of the leftward directed wave and the wave reflected from the boundary. In this
case there occurs a half-space decay with a homogeneous nonzero pressure at the
half-space–vacuum boundary, because for short times it is possible to neglect the
pressure decrease with depth in the target, see Fig. 5.28, and consider the pressure
distribution over the target to be uniform. Near the boundary there emerges a
rarefaction wave, in which the substance expands in vacuum. The corresponding
solution has been well studied in hydrodynamics [210, 229, 398]. The sound velocity
in gas vanishes when the gas pressure turns to zero. In the case of condensed
substance, the sound velocity and the density remain finite when the pressure
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Fig. 5.30 Decay of the initial pressure profile for short times, when the rarefaction wave has
traversed a short distance toward the target interior in comparison with the characteristic length dT .
Then the nonuniformity of the initial pressure distribution shown in the lower panel of Fig. 5.28
may be neglected:1—initial pressure distribution borrowed from Fig. 5.28; 2—jump-like decrease
in pressure to the pressure of expansion medium. In the case of vacuum, this pressure is equal to
zero. Along with the pressure, a jump-like decrease is experienced by the density. The jump takes
place in a linear acoustic approximation. On going beyond the scope of this approximation the
jump 2 transforms to the slope of rarefaction wave 4. An important point is that the rarefaction
wave in a condensed medium has a flow region with constant parameters—a step or a plateau. The
plateau terminates at the boundary 3 of the condensed substance. The cause for the emergence of
region 5 with tensile stress P < 0 is discussed in the body of text

decreases to zero. Associated with these circumstances is the formation of a peculiar
rarefaction wave shown in Fig. 5.30 (see [20, 87, 184]).

The density experiences a jump at the condensed phase boundary 3 (Fig. 5.30),
which expands in vacuum. From the jump 3 to the slope 4 of the rarefaction wave
the pressure is identically equal to zero in the expansion in a zero-pressure medium.
In this case the density is constant. The constant-density layer forms a plateau in the
density profile of the rarefaction wave, see [20, 184]. The plateau existence gives
zest to the rarefaction wave. When the pressure in the target is everywhere uniform
(of course, outside of the layer involved in motion), the rarefaction wave is self-
similar with the self-similar variable x=t. Such a wave is referred to as the centered
rarefaction wave, because its profile is covered by a fan of rectilinear characteristics
diverging from the origin. At the zero point in time the origin is at the vacuum–metal
interface. The nontrivial portion of the fan corresponds to the slope 4 in Fig. 5.30.
The centered wave exemplifies a self-similar simple Riemann wave. The substance
inside the plateau is in the equilibrium state belonging to the binodal (the curve
of vapor–condensed phase coexistence). In this case, there is no tension beyond the
binodal in the two-phase region, and accordingly there are no negative pressures[20,
184].
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When account is taken of the nonuniformity of the initial pressure distribution in
Fig. 5.28 there emerge negative pressures [187]. In our case the pressure falls off in
the target volume. And so at the initial stage the boundary 3 in Fig. 5.30 moves with
a velocity corresponding to the higher initial pressure at the boundary. Owing to
the pressure decrease with depth, this velocity must decrease with time. As a result
there appears tension of the plateau substance and there emerges a negative pressure
region 5 in Fig. 5.30. The departure of pressure from the zero value in region 5
is caused by the departure of the initial pressure distribution from the peak value,
which was located at the boundary at the point in time t D 0 (see Fig. 5.28).

For the moment we abandon the discussion of the growth of negative pressure,
the attainment of strength limit, and the description of splitting-off phenomenon.
Let us recall the comparison of USLPs with long pulses and the role of evaporation.

5.5.2 Role of Evaporation

We estimate the amount of vaporized substance for an energy deposition of the
order of the threshold of thermomechanical ablation. As discussed in connection
with Figs. 5.29 and 5.30, the reflection of compression wave gives rise to the field
of time-dependent tension. When the peak tension exceeds the material strength
at some point in time, a layer of thickness of about the heating layer depth dT

breaks away. Since this mechanical detachment leads to substance removal from
the target surface under irradiation, this way of substance removal is also referred
to as ablation (as mentioned in the foregoing, by ablation is meant the process of
mass loss). The emergence of tension is associated with rapid heating, and therefore
use is made of the term thermomechanical ablation. Furthermore, this term permits
separating the evaporative ablation and the thermomechanical one.

Since the thermomechanical ablation is associated with the attainment of a fixed
value—the material strength—this ablation is threshold in nature. For when the
tensile stress only slightly lower than the strength there is no thermomechanical
substance removal. Calculations for aluminum, gold, and nickel suggest that the
absorbed laser energy at the threshold of thermomechanical ablation for metals is
Fabs � 0:1 J/cm2. As this takes place the peak electron temperature �2 eV, the peak
surface temperature on completion of two-temperature (2T) relaxation �2000–
3000 K, and the peak pressure �10 GPa. When the threshold is exceeded, detached
near the threshold is a layer of thickness 20 (Ni)–50 (Al)–90 (Au) nm, depending on
the sort of metal.

We estimate the amount of vaporized substance according to the kinetic theory
of gases. A crude estimate follows from the Hertz–Knudsen formula. In the vapor
outflow in vacuum the highest flux and the layer thickness evaporated per pulse
are limited by the values Pm � minsatc and hevap � Pm�cool=�0, where mi is the
atomic mass, psat.T/ D nsat.T/kBT is the saturation vapor pressure, c.T/ is the sound
velocity in the vapor, �cool � 0:1–1 ns is the cooling time of the irradiation spot, and
�0 is the density of the condensed phase. In accordance with the Clapeyron–Clausius
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formula, the saturation vapor pressure at temperatures below the critical one is a
steep (exponential) function of the temperature.

For metals, temperatures of 2000–3000K are comparable with metals’ boiling
temperatures. And so the saturation vapor pressure of a metal in the vicinity of
the threshold of thermomechanical ablation is of the order of one atmosphere. The
atomic number density of saturation vapor at this pressure is �3 � 1018 cm�3. This
density is four orders of magnitude lower than the density of atoms in the condensed
phase. The vaporized layer thickness is hevap � 0:2˛ D 0:6 nm, where ˛ � 0:3 �
10�7 cm is the interatomic distance. In this calculation we assumed the maximal
parameter values: �cool D 1 ns, the sound velocity in the vapor c D 1 km/s. As
is evident, the amount of substance removed from the target surface by mechanical
detachment above the threshold of thermomechanical ablation is �102 times greater
than the upper estimate for the amount of substance removed by evaporation in
vacuum.

5.5.3 Shape of Acoustic Wave Traveling into the Target Interior

For a time of the order of the acoustic time ts D dT=cs, the hydrodynamic flow
in the target is determined by the combined action of three waves (the right, left,
and reflected waves), see the foregoing text. In a time � ts the left wave vanishes.
Accordingly, subsequently in time the flow is the combination of the right and
reflected waves, see Fig. 5.31. The right and reflected waves are separated by the
“zero” characteristic 4, which emanates from the origin at the onset of USLP
irradiation, see Fig. 5.31.

The trajectory of target boundary is indicated by figures 8, 9 in Fig. 5.31.
The boundary is accelerated and acquires the peak velocity during the course of
a USLP. Then the boundary decelerates in the course of reflection of the left
wave. The portions of acceleration and deceleration are indicated by figure 8
in Fig. 5.31. The deceleration is caused by the fact that the left-wave amplitude
decreases in the direction from the boundary to the target interior, see the lower
panel in Fig. 5.28. After complete reflection of the left wave the bounder ceases
to shift leftwards. The trajectory of the boundary upon stopping is shown by
vertical straight line 9 in Fig. 5.31. Numerical simulation of the problem using
two-temperature hydrodynamic codes and molecular dynamic techniques is the
concern of the following papers: [7–9, 21–27, 34, 35, 86, 99–101, 185–187, 189–
196, 198, 202, 295, 345, 372, 399–402].

A USLP sends into the target interior a characteristic wave with an advance
compression bump followed by a tension well. This shape is depicted in the inset
in Fig. 5.31. In linear acoustics the positive and negative pressure amplitudes are
equal to half the amplitude of the initial pressure distribution profile in Fig. 5.28.
For energy inputs of the order of the threshold one, initial pressures of �10 GPa
constitute an appreciable fraction of the compression modulus K � 100GPa.
Nonlinear effects most strongly affect the shape of the reflected wave, whose
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Fig. 5.31 Propagation of compression and rarefaction waves into a target: 1—location of the
region of heating due to USLP absorption. The absorption depth is of the order of the skin layer
thickness of 10–20 nm, the heating time is defined by the USLP duration, usually �0.01–1 ps; 2—
the supersonic and subsonic portions of electron heat conduction wave (EHCW); 3—transonic
portion in which the thermal wave propagation mode changes. From this region the leading
compression wave characteristics 4, 5 (the right-traveling wave) begin their propagation into
the target interior; 6—trailing characteristics of the left-traveling wave. This wave, as we see,
propagates towards the vacuum–target interface; 7—trailing characteristics of the right-traveling
reflected wave 4–7. The reflected wave follows immediately after the compression wave 5–4. As
this takes place, the pressure profile, which forms as the sum of the right-traveling and reflected
waves, assumes a “zigzag” shape shown in the inset

amplitude turns out to be appreciably smaller in magnitude than half the peak initial
pressure.

The wave shape deforms with time due to nonlinearity, see Fig. 5.32. Beyond
the heating layer the wave propagates through a uniform substance with a constant
temperature. Inside the heating layer the wave propagation is affected, first, by the
existence of a melt layer and, second, by the temperature profile in the heated region.
Beyond the heated substance temperature profile of thickness � dT , the inward
directed wave is a simple Riemann wave. Well known are the effects of steepening
(the growth of gradient’s magnitude) of the compression wave in its leading portion
and of wave profile lengthening in the region of pressure decrease. The profile of the
tensile wave is also steepened and lengthened (p < 0). In the latter case, however,
the steepening takes place in the trailing part of the tensile wave, where the pressure
builds up [99, 100, 191, 402].

The arrows in the upper panel of Fig. 5.32 indicate the inflection points in the
leading portion of the compression wave and in the trailing part of the tensile
wave. The wave profile steepens owing to the convergence of Riemann wave
characteristics. There is an instant of caustic formation, after which a part of the
characteristics begin to intersect. These instants are different for the compressive
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Fig. 5.32 Breaking of compressive and tensile waves. In the (.x; t/) diagram in Fig. 5.31, bands
5–4 and 4–7 correspond to compressive and tensile waves, respectively

and tensile waves. The arrows in Fig. 5.32 indicate the positions of the shock waves
formed after breaking.

The wave evolution proceeds in a peculiar way [26] for short times, the portion
of the wave near the “zero” characteristic is steep, because this portion corresponds
to the fan of characteristics at pressure decrease in the rarefaction wave. This is
portion 4 in Fig. 5.30. It is the image of the portion of a sharp decay of the initial
pressure at the vacuum–metal interface in Fig. 5.28. In this case, the extent of the
leading part of the compression wave and the trailing part of the tensile wave is of the
order of the initial profile thickness in Fig. 5.28. Then, the situation changes due to
nonlinear processes. The zone near the zero characteristic expands and the pressure
profile steepness decreases in this zone. The zones of pressure growth, conversely,
become steeper. The maximum and minimum of the pressure propagate along the
characteristics of their own. That is why the wave amplitudes at the maximum and
minimum do not change with time, until the characteristic of the maximum finds
itself in the leading shock wave and the characteristic of the minimum in the trailing
shock. After this the maximum and minimum amplitudes begin to slowly vary with
time [197, 199].

The evolution outlined above proceeds faster when the initial pressure is higher.
Above the thermomechanical threshold, upon layer detachment, the profile of the
tensile wave propagating into the target interior changes significantly. The well
depth becomes smaller. The higher the initial pressure, the higher is the ratio
between the maximum positive pressure and the magnitude of the maximum
negative pressure in the wave combined of the right wave p > 0 and the negative
wave p < 0: the initial pressure shown in Fig. 5.28 rises with increasing absorbed
energy Fabs, while the magnitude of the negative pressure is limited by the tensile
strength of the substance.
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5.5.4 Melting and Nucleation

Calculations suggest the threshold of USLP-induced melting is two to four times
lower than the thermomechanical ablation threshold. This is a highly significant
circumstance. Then, for an energy of about the thermomechanical ablation threshold
Fabs

ˇ̌
abl the melting takes place within the electron–ion (Te–Ti) temperature relax-

ation time interval 	�L < t < teq. The matter is that, for such excess over the
melting temperature, even during this time interval the temperature t rises above the
temperature Ti in the spinodal of the crystal–melt transition[189]. The temperature
in the spinodal is �20 % higher than the melting temperature for a fixed density.
The melt layer thickness is comparable with the heating layer thickness dT .

The hydrodynamic decay of the high-pressure surface layer in Fig. 5.28 proceeds
after the melt formation. And so the right, left, and reflected waves mentioned in
the foregoing propagate through the melt. The growth of tensile stress in time (the
onset of this process is shown in Fig. 5.30, downward deviation of the pressure,
profile 5) proceeds in the liquid substance. It turns out that the greatest tension in
the metals investigated (Al [402]; Au [99, 100]; Ni [101]) is attained in a liquid.
Consequently, the fragmentation of the initially continuous substance begins with
bubble nucleation in the liquid phase upon attaining the strength limit of the melt.

The formation of vapor-filled bubbles in a liquid is termed cavitation. We
emphasize that the effect of vapor pressure on the vapor-liquid mixture dynamics is
negligible in the USLP-induced thermomechanical ablation problem under consid-
eration. For, as noted above, in the 2000–3000K temperature range characteristic
for the ablation threshold the saturation vapor pressure is of the order of a few
atmospheres, �10�4 GPa, while the dynamic melt strength amounts to a few GPa
in the experiments under discussion.

We note that the attainment of highest tension and nucleation occur at the
one-temperature stage Ti D Te D T. The matter is that the attainment of highest
tension takes a time of the order of the acoustic time ts D dT=cs, and this
time exceeds the temperature equilibration time teq. However, there are papers in
which cavitation is considered inside of the two-temperature time interval, when
the electron pressure plays a significant role in the expansion dynamics of a two-
temperature heated substance [289]. We also note that the temperature profile has a
significant effect on the depth at which nucleation sets in at the ablation threshold.
This is so because the strength becomes higher with a decrease in temperature. There
is competition between the growth of the amplitude of the highest instantaneous
tension with propagation of the reflected wave into the target interior, on the one
hand, and the temperature lowering with depth, on the other hand. Portion 5 of the
pressure profile in Fig. 5.30 shows how the reflected wave amplitude grows with
propagation distance.

The vapor pressure inside of the cavitation bubbles is insignificant. Surface
tension is significant. The situation whereby the surface tension of the bubbles
affects the deceleration of a split-off plate is unusual. This is a special feature of
precisely the USLP with its extreme thinness of the heated layer: dT � 100 nm—
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only several skin layer depths. This effect is negligible in conventional experiments
with splitting-off in a liquid, when the split-off layer has a thickness of about a
fraction of a millimeter or more. In USLP experiments the inertia of the split-off
plate is negligible owing to its superthinness. That is why surface tension comes
into play, see[35, 400, 401].

The melt–vapor mixture passes three stages in the tension of the mixture. At the
first stage there occurs nucleation with the formation of separate vapor phase nuclei
of size comparable with the interatomic distance [45, 86, 201, 287, 372, 400, 402].
This is so because tension is high, of the order of several GPa, and the diameter
of a viable nucleus is very small. In the nucleation the distances between the
nuclei are far longer than the diameters of viable nuclei. That is, individual nuclei
are formed independently. However, a short time after the nucleation of the first
group of bubbles there emerges interaction between them. The amplitude of tension
around a bubble decreases from the high nucleation value to a value which is only
little higher than 2�=r. The quantity 2�=r is defined by the current bubble radius
and the surface tension coefficient. The tension amplitude decreases inside of the
sonic sphere around the bubble. The radius of this sphere lengthens with the sound
velocity A short time later the spheres of neighboring bubbles overlap, the tension
lowers, and the nucleation of new nuclei terminates.

It is noteworthy that here we are dealing with a near-threshold situation. When
the ablation threshold is substantially exceeded (for instance, by a factor of 2–3),
after the formation of the first group of nucleation bubbles at a depth h1 under the
target surface the tensile stress lowers at first but then increases again [99, 100]. As
a result, a new group of bubbles nucleates at a greater depth h2.

At the second stage the resultant bubbles expand. As this takes place, the volume
fraction � D Vvap=.Vvap CVliq/ of the vapor phase in the liquid–vapor phase mixture
increases. In the nucleation of the first nuclei this fraction is very small. At the
second stage there occurs percolation of the liquid phase; the vapor is isolated in
the bubbles and there is no vapor percolation. The second stage continues until the
fraction � reaches a value of about 0.5. Next begins the third stage, during which
the liquid-vapor mixture forms a foam with a rather low volume content of the
melt [27, 402]. In this case, the vapor still remains isolated, like during the first
and second stages. Liquid films prevent the vapor from flowing from one cavity to
another. The resistance to mixture tension, and hence the split-off plate deceleration,
continues due to the film surface tension in the foam.

So, initially the plate deceleration is associated with the tension of continuous
melt to lower densities than the equilibrium density at low (zero, it may be said)
pressure. This is the main contribution to deceleration. At the second stage the
deceleration is caused by the bubble surface tension 2�=r. This stage may a
substantial contribution to deceleration for superthin split-off plates and their small
inertia. Lastly, a small and yet appreciable contribution to deceleration is associated
with the third stage, when plate velocity lowers owing to the resistance of liquid
foam films to their tension [27].

The third stage terminates when the liquid films become several interatomic
distances thick. The films start breaking and the plate deceleration terminates[400,
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Fig. 5.33 Simulation of USLP action on a metal target by the example of aluminum. The quantity
dT is artificially decreased sixfold. This was done to model the foam formation up to its breaking
for a limited computational capability [400, 401]. The input energy is slightly higher than the
thermomechanical ablation threshold. The split-off (spalled) layer at the top is clearly seen.
The arrow shows the layer velocity and its magnitude. One can see that this velocity continues
to decrease significantly even after bubble nucleation. This situation is impossible for large
thicknesses of the split-off plate and accordingly a large plate mass per unit area. The smooth
shading distribution and the mesh structure at the bottom are separated by a melting front. The
liquid phase (the region of smooth shading) is on top and the crystal lattice is at the bottom. The
left and middle frames pertain to the second and third stages of the existence of the liquid-vapor
mixture. In the right frame the films are broken, and a vapor-droplet cloud with a low volume liquid
content is formed under the split-off plate. After foam breaking the plate retains its momentum in
the subsequent flight

401]. The stage of film breaking continues for some time. During this period the
melt percolation vanishes. Accordingly, in the case of metals the resistivity of the
liquid–vapor mixture rises sharply. The mixture transforms from the foam state to
the state of droplets in the vapor with a small volume content of the droplets. The
quantity � monotonically tends to zero on further expansion of the mixture.

The second and third stages of bubble ensemble development are shown in
Fig. 5.33.

5.5.5 Newton Rings

Interference Newton rings were the first experimental [345] indication of the
decisive role of mechanical effects in USLP irradiation experiments. However,
extensive theoretical work had to be done to recognize this [21–23, 184, 187, 399].
We describe briefly why there emerge interference rings. The reason lies with the
detachment of the split-off layer and enhancement of laser radiation near the beam
axis (Fig. 5.34).

Let the laser beam shown in Fig. 5.34 be normally incident on the target surface.
Let the beam intensity distribution be symmetric about the beam axis. Then the
irradiated region on the target surface in which the energy density F (the fluence)
exceeds the thermomechanical ablation threshold F

ˇ̌
abl forms a circle on the target
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Fig. 5.34 Schematic explaining the formation of Newton rings. The beam of laser radiation is
incident on the target surface. The lateral beam intensity distribution is shown on the right. The
intensity is highest in the beam axis. The target is at the left. Prior to the arrival of a USLP the
target boundary is a plane shown with a vertical dashed line. Initially the target substance is to
the left of this plane. The USLP sets in motion the target substance. The transverse beam size
rbeam � 10–100�m is far greater than the USLP-heated layer thickness dT � 100 nm. Locally, to
small plane portions in comparison with rbeam; it is therefore possible to apply an approach with
a one-dimensional flow normal to the target surface. This picture is exemplified in Fig. 5.33 for
a near-threshold portion of fluences F. An example with summation of five flows with different
F=F

ˇ̌
abl ratio values is shown in Fig. 5.35. See the body of text for the explanation concerning the

number of half-waves and interference

surface. The threshold value is marked with an arrow in the intensity distribution in
Fig. 5.34. Nucleation and the formation of a split-off plate begin above the ablation
threshold. The velocity of this plate depends on the local value of absorbed energy:
the higher is the energy, the higher is the velocity. That is why the split-off plate
bends to take on the shape of a convex dome, see Fig. 5.34.

Under the plate there remains the bottom of the future crater. A gap is formed
between the crater and the dome. The dome thickness decreases towards the center,
because the plate thickness depends on the local fluence: the thickness decreases
with increasing F. There is a fluence value at which the thickness turns to zero [7,
8, 187]. When the central fluence in the distribution plotted in Fig. 5.34 exceeds this
value, a hole is produced in the dome, see Fig. 5.35. Of course, there are no Newton
rings inside the hole. An example with experimental and simulation pictures is given
in Fig. 5.36.

The split-off plate produced under USLP irradiation is very special in the sense
that it is extremely thin. Its thickness is of the order of the skin layer thickness, which
amounts to 10–20 nm. We are therefore dealing with a nanosplitting-off [187].
Although the existence of splitting-off has been well known, the split-off layers of
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Fig. 5.35 Example of the composition of a two-dimensional flow with a dome. The flow is
composed of five one-dimensional flows with a fluence ratio F=F

ˇ̌
abl increasing from right to left

in each specific frame. One can see that, first, there is no nucleation, detachment, and split-off
plate for two insufficiently high fluences at the right. Second, the plate thickness decreases with
increasing fluence, compare the 2nd and 3rd frames at the left. In the leftmost frame the fluence
ratio is such that the split-off plate vanishes

so small a thickness have never before been obtained. Owing to the thinness of the
dome in Fig. 5.34, the light of probing laser pulses penetrates through the dome. In
Fig. 5.34 the incident ray is marked with “Inc” and the transmitted ray with “Trans”.
The transmitted beam reflects from the crater bottom and emanated from under the
dome as “Refl-2” to interfere with the “Refl-1” beam produced in the first reflection
of the “Inc” beam from the dome. When the gap under the dome is equal to an
integer number of the half-waves of laser radiation, there forms a Newton ring.

It is noteworthy that the dome shape is easy to control by changing the intensity
distribution over the laser spot. We also note that the pattern with Newton rings
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Fig. 5.36 Pattern with
Newton rings obtained in the
experiment on gold (central
frame) and two versions of
theoretical interference
simulations [187]

in Fig. 5.36 varies with time, because the dome shown in Figs. 5.34 and 5.35 is in
motion. The dome–crater bottom increases with time. Initially there are no rings
in the image of irradiated spot. In order for the first ring to emerge, the gap under
the central point of the dome must amount to one half-wave. This necessitates a
certain period of time after the irradiation by a heating USLP. For instance, for
a laser wavelength of 1�m and a central velocity of 1 km/s this time is equal to
500 nm/1 [nm/ps] = 0.5 ns. The higher is the input energy, the shorter is this time.
The second ring emerges when two half-waves fit into the gap under the dome. A
new ring emerges at the center. In this case, the previous rings shift towards the edge
of the circle in Fig. 5.34 at which the ablation threshold was reached.
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5.6 Laser-Induced Explosion of Cluster Plasma

The interaction of an ultrahigh-power laser pulse of femtosecond duration with
cluster targets permits obtaining plasmas with unique properties [221, 222]. On
the one hand, at cluster locations there forms a plasma with a density far greater
than the critical one, which consists of multiply charged ions and electrons with
kiloelectronvolt energies. On the other hand, owing to the smallness of the average
density of the medium and individual cluster size, the electromagnetic wave
propagates freely and interacts with all atoms of the target, i.e. it freely penetrates
the domains with above-critical electron density and is not reflected, unlike the case
with solid-state targets. Furthermore, the heating of conduction electrons in the case
of metallic clusters (or primary ionized electrons in the case of rare-gas atomic
clusters), on the one hand, and the absence of the possibility of fast heat removal like
in ordinary plasmas, on the other, permit attaining a substantially higher excitation
of the electron subsystem in comparison with isolated atoms and molecules. As
this takes place, atomic ions are hardly heated. After the rapid primary multiple
ionization during the course of the main part of the laser pulse, the cluster ion
substance is an ideal plasma consisting of electrons and multiply charged atomic
ions.

Under a strong excitation the clusters transform to completely ionized plasma,
which initially occupies the region occupied by the cluster and freely expands
into the ambient space later on. To excite the cluster matter, the time of energy
deposition must therefore be short in comparison with the plasma expansion time.
For a characteristic cluster size of about 10 nm (�104 atoms per cluster) and an
ion expansion velocity of 107–108 cm/s, the ion flight time amounts to 10�13–
10�12 s, which calls for femtosecond excitation times of cluster excitation and
plasma production.

Therefore, in a cluster target it is possible to attain a high specific absorption of
laser energy and, accordingly, a higher specific substance excitation in comparison
with other targets. The characteristic charge of the resultant plasma exceeds the
average charge of the plasma produced in the interaction of laser radiation with solid
or gaseous targets. The fraction of laser pulse energy converted to X-ray radiation
with the use of a cluster target amounts to about 10–15 % and is nonthermal in
nature. Moreover, since the absorption of laser radiation is substantially enhanced,
this results in the high-efficiency generation of fast electrons and multiply charged
ions with kinetic energies ranging from tens of keV to hundreds of MeV. Therefore,
execution of investigations into the laser radiation–cluster interaction, on the one
hand, permits obtaining new information about the fundamental properties of matter
under extreme conditions [81, 108, 124, 135, 141, 180, 221, 222, 264, 321, 324,
352] and, on the other hand, provides a possibility for using new approaches to the
solution of several applied problems like initiation of nuclear reactions [69, 107, 165,
177, 215, 230, 245], electron and heavy particle acceleration [106, 326, 354, 404],
as well as production of a bright X-ray radiation source for medical, biological, and
lithographic purposes [85, 89, 110, 173, 225, 260, 344, 403].
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In this section we show that the simultaneous use of laser pulses with a high tem-
poral contrast ratio of 108–1010 and submicrometer-sized clusters provides a high
laser-cluster interaction efficiency and permits generating different high-intensity
photon beams of soft and hard X-ray (up to gamma-ray) radiation as well as intense
high-energy electron and ion fluxes. Also we will briefly consider examples of the
application of such plasma femtosecond laser-cluster sources to radiography.

5.6.1 Models of the Interaction of High-Power Laser Pulses
with an Atomic Medium

During the course of a laser pulse and for some time later, the parameters of the
plasma produced in the cluster target and the nature of the processes occurring in it
change greatly. The characteristic times of the processes are depicted in Fig. 5.37.
At the first irradiation stage, atoms and ions are ionized, a part of the electrons
escape from the cluster and are uniformly distributed over the whole space, so that
the cluster acquires a positive charge; the remaining electrons are captured by the
self-consistent potential of the cluster. There occurs cluster heating and production
of a high-temperature high-density plasma in the regions of initial cluster positions.
The duration of this stage is determined by the laser pulse duration and the cluster
size. Normally it amounts to several tens or hundreds of femtoseconds.

At the second stage, under the action of the positive charge and the hydrodynamic
pressure of the captured electrons the structure decays, all spatial gradients vanish,
and there forms a spatially uniform plasma channel of diameter corresponding to
the diameter of the laser spot. Simultaneously with the decay of heated clusters
the kinetic energy of the electrons converts to X-ray radiation and kinetic ion
energy. The duration of the second stage ranges from several tens to hundreds of
picoseconds. It is noteworthy that the characteristic final energy of the ions exceeds
that of the electrons.

At the third stage, the resultant spatially uniform plasma decays on a time scale
of several nanoseconds.

The parameters of the plasma produced at the first stage depend heavily on
the laser pulse contrast ratio and the cluster size, because the existence of a
picosecond-long prepulse of sufficient intensity may result in the disruption of
clusters even prior to the arrival of the main femtosecond pulse. The pulse contrast

Fig. 5.37 Characteristic times of the processes occurring in the excitation of a cluster beam by
an ultrahigh-power ultrashort laser pulse in accordance with [222]: 1—laser pulse duration; 2—
cluster lifetime; 3—time of uniform plasma production after cluster decay; 4—time of uniform
plasma decay
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ration, i.e. the ratio of the peak intensity of the main laser pulse and the prepulse
intensities is, as a rule, of the order of 104–106 or lower, unless special arrangements
are made to suppress the prepulses. When the contrast ratio is so low and the
main pulse is intense enough (and these experiments are usually carried out for
intensities Ilas ranging from 1017 to 1020 W/cm2), the prepulse intensity will not
be lower than 1013–1014 W/cm2. This would suffice to destroy the clusters even
prior to the arrival of the main pulse. Evidently one of the possible solutions to
this problem involves improving the laser contrast ratio to a level of 1010–1012.
Another possibility involves the use of large clusters of size of the order of the laser
wavelength containing 109–1011 atoms, which would only partly be destroyed by
laser prepulses.

Following the theoretical approaches developed in [221, 222], in this section we
consider the basics of the interaction of femtosecond laser radiation with cluster
systems and show the main changes in this interaction when the cluster size is
increased to the submicrometers [344].

The advent of new laser technologies that provide the generation of relativistic
ultrashort pulses of electromagnetic energy endows a new quality to the radiation–
medium interaction problem. Specifically, the characteristic magnitude of atomic
electric field intensity, which is constructed with atomic units, is

F0 D e

a20
D m2

ee5

„4 D 5:14 � 109 V/cm;

and the electromagnetic wave intensity corresponding to this field is

I D cF20
8�

D 3:5 � 1016 W/cm2:

Here, e is the electric charge, a0 is the Bohr radius, me is the electron mass, „
is Planck’s constant, and c is the speed of light. The fields produced by the laser
pulses of modern facilities exceed this figure by several orders of magnitude. The
practice of experiments shows that the attainment of laser radiation intensities in
the range I D 1016–1019 W/cm2, which corresponds to the peak electric intensity
F D .0:6–20/F0 in the electromagnetic wave, has become an ordinary event. In
this case, the pulse duration amounts to 30–100 fs, or 15–50 electromagnetic wave
oscillation cycles, and the electromagnetic wave frequency is usually much lower
than the corresponding atomic quantity.

It was shown [222] that the Keldysh parameter, which defines the character of
electromagnetic wave interaction with an atomic system, is small for the ionization
of atoms by the electromagnetic wave field. This condition is fulfilled not only for
atoms, but also for the atomic ions produced in the sequential ionization of the
atoms. When the intensity of external laser field becomes comparable with the field
produced by the atomic core, the atomic system is substantially restructured and the
rate of nonresonance (multiphoton) processes becomes comparable with the rates of
resonance transitions. On further increase in laser wave intensity, the above-barrier
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ionization of valence electrons becomes possible. In this case, the above-barrier
transition of the valence electrons to the spatial domains where the electron remains
free on termination of the electromagnetic field (the Bethe mechanism) becomes one
of the most efficient mechanisms of the absorption of a strong electromagnetic wave
at the first stage of interaction with the atomic system. The characteristic amplitude
of ionized electron oscillations in a laser field is estimated by the quantity

a D eF

me!2

and turns out to be large in comparison with the atomic size a0. For instance, for an
electric intensity F D 1018 V/cm of electromagnetic wave field and a wavelength
� D 0:8�m of a titanium-sapphire laser we obtain a � 1500a0 D 82 nm. This is
the value of the radius of metallic cluster containing �108 atoms.

We note that a gas consisting of separate atoms or molecules is not suited for
an efficient laser target: for a low atomic number density, electrons execute free
oscillations in only the electromagnetic laser field and their interaction with the
atomic core is relatively weak. This results in a weak absorption of the laser-pulse
energy in the medium. On the other hand, when the atomic number density is high,
even after single ionization of the atoms the electron density may attain the critical
value and the radiation will not be able to penetrate into the resultant plasma.
Therefore, clusters or a macroscopic atomic system must be selected for a target
for maximizing the plasma temperature.

5.6.2 Cluster Ionization in the Field of an Intense
Electromagnetic Wave

One of the main processes which determine the cluster evolution is ionization,
which may be subdivided into internal, i.e. the ionization of atoms and ions in the
cluster, and external—the ionization of the cluster as a whole. The description of
ionization in the framework of the Bethe approximation permits elucidating the
nature of the processes taking place and the dependence of ionization parameters
on the parameters of the electromagnetic wave.

It is commonly assumed that the electron released in the ionization of an atom
by a laser field is in the Coulomb field of the atomic core and that the laser field
does not change the ionization potential of the atomic particle. When use is made
of the hydrogenic ionization potential J D Z2J0=n2 (J0 is the ionization potential
of a hydrogen ion in the ground state and n is the principal quantum number),
the maximal charge of the atomic ion produced by the field of intensity F may
be estimated [222] as

Z D n3=4
�

F

F0

�1=3
:
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Fig. 5.38 Atomic ion charge
Z in a xenon cluster plasma,
which is produced by the
excitation of a cluster beam
by a laser pulse, as a function
of laser pulse intensity [222]

An important factor which affects the ionization of a multielectron atom is the
step dependence of the ionization potential on the ion charge. The steps of the
ionization potential correspond to variations in the principal quantum number. A
typical dependence of the atomic ion charge Z in a cluster plasma on the intensity
of laser radiation is shown in Fig. 5.38 by the example of xenon cluster plasma.
This dependence has plateau portions for charge values corresponding to a constant
quantum number.

Internal ionization proceeds on an atomic time scale, i.e. instantly in our
consideration, and therefore the highest degree of ionization is reached at the
points in time when the harmonic electromagnetic wave field is at its maximum.
An increase in wave intensity leads to an increase in resultant ion charge. The
detachment of new electrons within the same electron shell proceeds monotonically
for a relatively small variation of the field intensity, while the ionization of a new
shell requires a substantially greater increase in intensity.

In the treatment of external ionization of a cluster as a whole under laser
irradiation, advantage is commonly taken of the Bethe approximation as well. In
this case, the cluster charge Q is evaluated by the formula [222]

Q D 4Fr2wN2=3;

where rw is the Wigner–Seitz radius related to the cluster size by the formula R D
rwN1=3 and N is the number of atoms in the cluster. The electrons liberated in the
ionization of the atoms and atomic ions of the cluster are partially trapped in the
cluster by its self-consistent field and partially escape from the cluster. The fraction
of electrons that escape from the cluster or the degree ˛ of cluster ionization may
be represented in the form [222]

˛ D
�
8F

F0

�2=3 r2w
a20N

1=3
:
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As follows from this formula, the degree of cluster ionization in a given
electric field lowers with increase in cluster size. For a fixed cluster size it rises
with increasing field intensity. Under laser irradiation with an intensity of 1016–
1018 W/cm2 the degree of cluster ionization may range up to ˛ D 0:01–1.

It is pertinent to note that the ionization of atoms and ions in a cluster is caused
not only by the action of external electric field, but also by the action of the
self-consistent cluster field associated with the uncompensated charge of the atomic
ions inside the cluster. The self-consistent field combines with the laser wave field
to enhance the ionization. In particular, if the charge distribution in the cluster is
assumed to be uniform, the self-consistent field intensity inside the cluster (r � R)
is [222]

Fcl.r/ D dUcl

dr
D Q

R3
r D 4F

r

R
:

This field is equal to zero at the cluster center and is nonzero at the cluster boundary.
Accordingly, the atomic ion charge at the cluster boundary is higher than at its
center. For instance, assuming that the ionization of a cluster as a whole proceeds
similarly to the ionization of a hydrogen-like ion in the ground state, for the charge
Z of an atomic ion in relation to its distance r from the cluster center we have

Z.r/ D Z0
�
1C 4

r

R

�1=3
;

where Z0 is the charge of the ions located at the cluster center. Hence it follows that
the atomic ion charge at the cluster surface is 51=3 � 1:7 times higher that at the
center.

The electrons captured by the self-consistent cluster field execute harmonic oscil-
lations, thereby moving throughout the cluster volume. This oscillation frequency
is comparable to the corresponding atomic quantity and is usually higher than
the oscillation frequency of laser radiation. The electrons propagate swiftly in the
cluster and so similar conditions are settled in different parts of the cluster.

5.6.3 Absorption of Laser Radiation by the Cluster Medium

For classical plasmas it is well known that an electromagnetic wave cannot penetrate
into the plasma interior when the plasma oscillation frequency exceeds the wave
frequency. If it is assumed that the plasma is uniform, the possibility of wave
penetration into the plasma is determined by comparing the wave frequency ! with
the plasma oscillation frequency !p. A weak electromagnetic signal penetrates a
high-density cluster plasma to a depth of the order of the Debye–Huckel radius,
which is quite short. For a plasma with an electron density Ne D 1022 cm�3 and an
electron temperature Te D 100 eV, the Debye–Huckel radius is equal to 0.5 nm.
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For the strong electromagnetic field of ultrahigh-intensity laser radiation the
situation is different. First, the displacement of boundary electrons resulting from
the radiation–cluster interaction cannot induce the requisite screening field (which
is induced in the weak radiation case), and therefore the electromagnetic field
penetrates the plasma much deeper. Second, the electrons execute oscillations whose
amplitude can be quite high in a strong field. This amplitude may be treated as the
depth of electromagnetic wave penetration into the plasma. Therefore, the radius
R of a cluster penetrated by a strong wave is comparable with the free-electron
oscillation amplitude a in the electromagnetic wave field, R � a [222]. For instance,
for a laser field of intensity I � 1019 W/cm2 and the number N � 4 � 109 of cluster
atoms the field penetration depth is estimated at a � 280 nm, which is a very large
figure.

Therefore, the ionization of atoms and atomic ions in a cluster due to the
above-barrier transitions of valence electrons underlies the absorption of a strong
electromagnetic wave by the cluster. The resultant-electron propagation into the
cluster interior and their interaction with the collective degrees of freedom of the
cluster plasma in the field of the electromagnetic wave leads to the energy transfer
of the electromagnetic wave to the energy of the generated plasma. We also note that
the rate of relaxation to the equilibrium electron energy distribution is determined by
electron-electron collisions. Estimates of the characteristic electron Maxwellization
time in the cluster plasma suggest that it is far longer than the laser pulse duration
and the plasma expansion time. This is testimony to the nonequilibrium state of
this plasma medium. The irradiation of clusters by high-power laser pulses of
short duration permits inputting a high (>1 keV) specific energy into the electron
subsystem, which gives rise to a specific hot plasma.

5.6.4 Cluster Production and Formulation of Experiments

The interaction of ultrashort laser pulses with a cluster target is a more intricate
problem that the interaction with solid or gaseous targets. This is due to the fact that
the initial target state itself is unknown, which may be spatially nonuniform. We
note: while the number of works concerned with the evolution of clusters under
laser irradiation amounts to many tens (see, for instance, [69, 81, 85, 89, 106–
108, 110, 124, 135, 165, 173, 177, 180, 215, 221, 222, 225, 230, 245, 260, 264, 321,
324, 326, 344, 352, 354, 403, 404]), the very production of clusters and especially
of submicrometer-sized clusters remained practically unexplored. At the initial
stage of research, to estimate the cluster parameters in a jet advantage was taken
of the multiparametric Hagena formula [168], which was derived by generalizing
empirical data:

� D k

�
d

tan ˛

�0:85 p

T2:290

:



234 5 High-Power Lasers in High-Energy-Density Physics

Here, d is the diameter of the critical section of a supersonic nozzle, �m, 2˛ is the
nozzle apex angle, p is the pressure, Mbar, k is an empirical coefficient, which is
different for different atoms (for instance, k D 2900 for krypton atoms and k D
180 for neon atoms), and T0 is the initial gas temperature. Clusterization begins for
Hagena parameters � > 300. For � > 50;000 clusters each contain more than
10,000 atoms.

However, the above formula permits estimating only the average values of cluster
size and density, which pertain to the gas flow as a whole. Meanwhile, knowing
the spatial and temporal dependences of cluster target parameters is absolutely
necessary both for the correct numerical simulation of the heating by laser radiation
and for the implementation of some important applications which require the
uniformity of large-size plasma along one of the spatial directions, for instance,
for making an X-ray laser.

It has been suggested [61–63] to obtain such data by simulating gas-dynamic
processes with the inclusion of phase transitions occurring in a gas jet. In this
case, to describe the formation of clusters advantage is taken of the model based
on the so-called moments method; this model was developed and applied primarily
to investigate the flows of humid water vapor in nozzles and turbine cascades. In
this model the gas flow is considered at initial room temperature (experiments are
usually executed under these conditions), i.e. the gas does not contain ions. Then,
condensed-phase nuclei (only the liquid phase is considered in these simulations)
are produced due to fluctuations in the supercooled gas (spontaneous condensation).
Owing to surface effects, a small liquid droplet may be in equilibrium or vaporize
even in the supercooled gas. Surface tension forms an additional potential barrier
for a molecule that deposits on the droplet. Therefore, for specific gas parameters
there exists a critical droplet radius rcr. A droplet of critical radius is in equilibrium
with the supercooled gas, the droplets of shorter radius vaporize and vanish, and
only the droplets of greater-than-rcr radius can grow. The following assumptions are
made then to describe the formation of clusters: (1) the droplet velocities are equal
to the gas velocity; (2) the droplet temperature is equal to the saturation temperature;
(3) the effects of droplet fragmentation and merging, viscosity, thermal conduction,
and turbulence are negligible; (4) the possibilities of droplet freezing and crystalline
nucleation are neglected.

The elaborated model and the ensuing simulations made it possible to demon-
strate for the first time that the use, for instance, of the well-known Laval nozzle for
producing clusters has the effect that their density and size vary strongly across the
nozzle [61] (the gas produced at the center of jet is a dryer gas with a lower cluster
density than at the nozzle wall). Systematic simulations with different (Ar, Kr, Xe)
gas media [63] also allowed the first prediction of the effect, which is significant
from the standpoint of laser-cluster interaction, that only a small part (�10–20 %)
of the gas is normally clusterized, while the greater part remains in the gas stage.
The use of this model also enabled designing a three-stage nozzle [62, 63], which
opened up the possibility of investigating laser interactions with submicrometer-
sized clusters (for more details, see Sect. 5.6.5) as well as with clusters produced in
the expansion of different gas mixtures. All these results, which were obtained in the
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expansion simulations of different gaseous media, were borne out by experimental
data, which followed from the analysis of the Rayleigh scattering of laser radiation
by cluster jets performed, for instance, in [111, 152].

Now we discuss the formulation of typical experiments on the interaction of
high-power short laser pulses with clusters. The majority of experiments described
in [221, 222] was carried out on the clusters of rare-gas atoms or simple diatomic
molecules, the number of particles in these clusters ranging up to one million. The
results outlined in Sect. 5.6.5 of this chapter were obtained for a substantially larger
cluster size [54, 132, 133, 149, 172, 297]. The number of atoms in them amounted to
a figure of 108–1010, which was provided by the use of a special conical nozzle with
input and output openings with respective diameters of 0.5 and 2.0 mm. A typical
setup of this experiment is shown in Fig. 5.39 [404].

The cluster beam is formed in the expansion of gas in its supersonic flow through
the nozzle in vacuum; the gas pressure at the input nozzle opening is equal to
70 atmospheres. The laser beam is focused to a spot �6�m in diameter at a
distance of 1 mm from the nozzle outlet. The Ar gas expands in the nozzle, and
the outgoing clusters are irradiated by a 100-fs laser beam at a distance of 1 mm
from the nozzle outlet. The size of laser–cluster interaction zone is monitored using
Thomson scattering in the direction perpendicular to the direction of laser radiation
propagation (in this case, from the chamber top). The electrons produced in the
course of interaction are measured using an electron spectrometer in the direction
of laser radiation propagation and are also visualized in the perpendicular direction.
Different experiments additionally make use of soft- and hard-X-ray spectrometers
as well as of various ion detectors (see the results outlined in Sect. 5.6.5). In
conclusion of this section, there is good reason to emphasize once again the
unique properties of cluster targets in comparison solid targets: (1) a very high

Fig. 5.39 Typical setup of experiments to investigate the interaction of ultrahigh-intensity laser
pulses with cluster targets, which is considered by the example of experiments on the generation
and recording of relativistic electron beams [404]
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shot-to-shot stability of cluster target generation; (2) the ease of timing of cluster
target generation to the heating laser radiation; (3) the absence of finely dispersed
parasitic particles, which are normally produced in the interaction of laser radiation
with solid targets; (4) the high, nearly 100 % absorption of laser radiation by the
cluster target.

Until recently the use of radiographic and ionographic techniques of research
necessitated the application of experimental facilities of huge size and cost:
synchrotrons in the former case and heavy-ion accelerators in the latter. However, in
many cases the synchrotron sources and heavy-ion accelerators may be replaced
to advantage by compact femtosecond lasers, because sufficiently intense X-ray
and VUV radiation fluxes as well as fast proton or ion beams are generated in
the interaction of short laser pulses with matter. Given below is a review of the
best recent results on the generation of quantum particles obtained in laser-cluster
interactions.

5.6.5 Production of Ultrabright X-ray Radiation

Of major interest for several applications is soft X-ray radiography, while for other
applications the use of hard X-ray photons is preferential. The variety of gases which
lend themselves to submicrometer cluster production is wide and permits making
ultrabright X-ray sources in different spectral regions. Specifically, for the soft X-ray
region use can be made of clusters that contain light chemical elements like C, N, O.
Medium-Z chemical elements like Ar, Kr and Xe may be employed for generating
hard X-ray radiation.

5.6.5.1 Production of Soft X-ray Radiation

X-ray fluxes in the Ly˛ and Heˇ spectral lines of oxygen ions were measured in the
experiments to generate soft X-ray radiation with an energy of �0.7 keV performed
on the JLITE-X facility (Kansai Photon Science Institute JAEA, JAPAN) using
three types of cluster targets (CO2 and N2O gases, a 90 % He + 10 % CO2 gas
mixture) [132, 149]. The 36-fs long pulse of a Ti:Sa laser with an energy of 120 mJ
was focused with a parabolic mirror to a spot 50�m in diameter to provide a laser
irradiation intensity of 4 � 1017 W/cm2 in the focal spot. The intensity of the oxygen
lines was observed to be highest for gas pressures at which largest-size (up to 1�m
in diameter) clusters were produced. It is noteworthy that the number of photons
with the use of clusters from the gas mixture (90 %He + 10 % CO2) as the target
was four to nine times greater than with the use of pure CO2 or N2O gases and
was as high as 2.7 and 2:8 � 1010 photons/sr per laser pulse for the Ly˛ and Heˇ
lines, respectively. The measured brightness of both lines was also higher for the
gas mixture and was equal to 1:6 � 1023 and 1:3 � 1023 photons/s/ mm2/mrad2/0.1 %
spectral line bandwidth), respectively.
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Fig. 5.40 Use of a laser cluster soft X-ray radiation source and a LiF crystal detector for the
high-resolution high-contrast radiography of microobjects [132, 149]: (a) fluorescent images of
aluminum foil of thickness 0.8�m and a square mesh (2000 lines per inch) placed in contact
with the LiF surface; (b) fluorescent image of a damaged segment of 100-nm thick zirconium foil
obtained in the mode of phase contrast (the sample–detector surface spacing was equal to 3.8 mm).
The effect of intensity increase at the foil edge is clearly seen and coincides with a simulation made
assuming that the spatial coherence length is equal to �5�m at a distance of 500 mm from the
source

The developed source of soft X-ray radiation was used to obtain the contact soft
X-ray radiographic images of different foils and biological nano- or micrometer-
thick objects with a high (�700 nm) spatial resolution, a large (several cm2) field
of view, and a large dynamic range (see Fig. 5.40a). The high efficiency of the
radiographic method developed using a high-intensity point-like laser-cluster X-ray
source and a high-contrast high-resolution LiF crystal detector is made evident by
the image of a 0.8-�m thick Al foil (Fig. 5.40a). The fine features arising from the
impurities and inhomogeneities of the Al foil less than 1�m in size are clearly
discernible throughout the image.

A major virtue of the developed source and detection system is not only the
possibility of carrying out contact radiography, but also the capability of obtaining
informative phase-contrast images. As is evident in Fig. 5.40b, in the resultant image
there occurs an improvement of the contrast, making it possible not only to enhance
the definition of foil edges, but also to resolve finer features in the film structure. The
improvement of image contrast was achieved owing to the well-known effect which
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has come to be known as the phase contrast technique [297]. This result allowed
estimating the spatial coherence length of the laser-cluster X-ray radiation source at
�5�m.

5.6.5.2 Production of Hard X-ray Radiation

To obtain hard X-ray radiation in the 3–30 keV energy range, use was made of Ar,
Kr, and Xe clusters.

Figure 5.41a shows a typical spectrum obtained in the experiments with Ar
clusters executed on the Extreme Light-III laser facility (Institute of Physics,
Chinese Academy of Sciences) for laser radiation intensities Ilas � 2:6 �1019W/cm2

and a high (1010) contrast of a 100-fs laser pulse. Under the conditions of this
experiment, the emission peak in the Ar K˛ energy region is primarily due to the
emission of different multiply charged ion lines, which lie between the He˛ lines of
Ar XVI and the K˛ line of neutral Ar[133]. An investigation of the dependence
of the X-ray yield on the gas pressure [403] showed (see Fig. 5.41b) that the
X-ray yield is relatively low for low gas pressures. It monotonically increases with
increasing gas pressure (due to an increase in size of the clusters, which amount
to 0.3�m in diameter for an Ar gas pressure of 70 bar) to attain a record figure of
�2:5 �1011 photons/J. In this case, the laser-to-X-ray conversion efficiency was quite
high (�1:2 � 10�4), which permitted using the resultant source for the radiography
of biological objects with a high spatial resolution in one laser shot [403].

To produce a high-intensity X-ray source in a harder (�13 keV) X-ray range,
use was made of Kr gas, which has a higher atomic number. Figure 5.41c shows
the observed X-ray spectrum [172] consisting of a continuous (bremsstrahlung)
spectrum and peaks with energies of 12.7 and 2.7 keV, which correspond to the
linear spectra in the region of Kr K˛ and L˛ lines recorded for a Ti:Sa laser
radiation intensity of only �8 � 1016 W/cm2 [172]. The full width at half-maximum
(FWHM) of the K˛ peak is equal to 0.28 keV, which is in reasonable agreement

Fig. 5.41 (a) Typical spectrum of Ar cluster plasma in the 2–7 keV photon energy range; (b)
photon flux in the Ar K˛ spectral line as a function of gas pressure [403]; (c) typical Kr cluster
plasma in the 2–15 keV photon energy range [172]
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with the energy resolution of the X-ray CCD equal to 0.25 keV in these energy
ranges. Another picture is observed for the 2.7 keV peak. the halfwidth of this peak
amounts to 0.74 keV, which is approximately four times greater than the ideal energy
resolution of the X-ray CCD (�0.18 keV in this energy range). This large halfwidth
of the peak is due to the fact that this energy range comprises not only the radiation
of the L˛ resonance line, but also the radiation from the L shell of multiply charges
Kr ions.

Like in the case of experiments on Ar discussed above, the X-ray radiation
yield shows a trend for a sharp rise with increasing gas pressure in the nozzle to
reach values in the .5:0–7:5/ � 107 photons/sr range for energies of �2.7 keV and in
the .6:8 ˙ 2:6/ � 105 photons/sr range for energies of �13 keV. In this case, the
brightness of the bremsstrahlung and the Kr K˛ line corresponded to 2:5 � 1013
and 1:8 � 1014 photons/(s mrad2 mm2)/(0.1 % bandwidth), respectively, assuming an
X-ray pulse duration of 1 ps. Also noteworthy is a high (�20 %) stability of this
X-ray source based on submicrometer-sized Kr clusters. Further increase in the
X-ray yield with the use of submicrometer-sized Kr clusters and high-contrast Ti:Sa
lasers was achieved in experiments on the higher-power Extreme Light-III laser
facility (Institute of Physics, Chinese Academy of Sciences)[403]. Increasing the
laser–Kr cluster interaction intensity to 2:6 � 1019 W/cm2 enabled reaching an X-ray
radiation yield of �8 � 108 photons/J near the Kr K˛ line, which corresponds to a
conversion coefficient of �1:6 � 10�6.

Harder X-ray radiation may be obtained with the use of Xe clusters with a nuclear
charge Z D 54 [173]. These experiments were carried out using the J-KAREN
Ti:Sa laser facility (Kansai Photon Science Institute, JAEA, Japan), in which the
employment of an optical chirped pulse amplification scheme made it possible
to reach a very high contrast, �1011, and have a prepulse laser intensity below
�108 W/cm2. Despite the relatively small size of Xe clusters, this intensity was
not high enough to destroy them prior to the arrival of the main laser pulse. The
hard X-ray yield near the Xe K˛ line (�30 keV) for a laser irradiation intensity of
�4 � 1018 W/cm2 was measured [173] at �3:1 � 107 photons/pulse and corresponds
to a laser-to-X-ray radiation conversion efficiency of �1:5 � 10�7 for a 40-fs laser
pulse. The X-ray spectrum has a sharp peak in the 30-keV region with a halfwidth
of �0.7 keV, which is considerably greater than the energy resolution of the X-ray
CCD and is indication that several gas ionization stages ranging from XeC30 to
XeC40 were reached in the experiments under discussion (see, for instance, [54] for a
more detailed information about the ionization of Xe clusters by ultrahigh-intensity
laser pulses). Furthermore, the action of high-energy electrons may directly remove
the K-shell electrons of multiply charged ions; in this case, the emission from these
ions is superimposed to increase the halfwidth of the energy spectrum in the vicinity
of the Xe K˛ line, which was observed in the experiment being discussed. We note
that the observed spectrum is best described assuming a two-temperature plasma
model. Specifically, while for a 40-fs long laser pulse the effective temperature was
Maxwellian with Tel1 D 1:3 and Tel2 D 5:4 keV, for a 300-fs laser pulse it was equal
to Tel1 D 1:6 and Tel2 D 4:8 keV. It was also determined that the X-ray radiation
intensity in the neighborhood of the Xe K˛ line for a laser pulse duration of 40 fs
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was definitely higher than for a pulse duration of 300 fs. The efficiency of laser
energy conversion to the X-ray line radiation corresponded to �1:3 � 10�7 for the
40-fs pulses and to 2:4 � 10�8 for the 300-fs pulses. This result contradicts the data
obtained in [112, 203], in which a laser pulse duration of 200–300 fs was optimal
for maximizing the hard X-ray Kr cluster radiation yield. The dependence measured
for Xe may be attributed to the fact that the Xe K˛ photon energy (�30 keV) is
substantially higher than the Kr K˛ photon energy (�13 keV). This signifies that
the laser pulse has to accelerate electrons to higher energies, which are required for
ionizing the inner shells of Xe (>35 keV in comparison with >15 keV required for
ionizing the inner shells of Kr). This assumption was confirmed in [173] by way of
particle-method simulations of the number of electrons with energies above 35 keV
generated in the plasma under heating by 40- and 300-fs long laser pulses. In the
former case the number of electrons with energies above 35 keV was an order of
magnitude higher, which naturally led to an increase in X-ray radiation yield in the
vicinity of the Xe K˛ line.

5.6.6 Production of Fast Electrons in Cluster Plasma

The effect of the high contrast of femtosecond laser pulses on the interaction with
a gaseous medium containing large argon clusters was investigated in [404]. These
experiments were carried out on the Extreme Light-III Ti:Sa laser facility delivering
100-fs long pulses for a contrast ratio of 1010 and a laser irradiation intensity of
�2:6 � 1019 W/cm2. The energy spectrum of electrons accelerated in the direction of
laser radiation propagation (indicated by figure 1 in Fig. 5.39) was measured using a
magnetic spectrometer. In order to realize the conditions for the efficient generation
of electron beams, the nozzle position relative to the focal point of the laser beam
and the gas pressure were optimized, which determined the cluster size and other
characteristics of the gas-cluster target. When the argon pressure was varied from 1
to 6 MPa, no electron beam was produced in the direction of laser beam propagation
(direction 1 in Fig. 5.39), irrespective of the nozzle position. Reliable generation of
electrons was detected when the gas pressure reached 7 MPa, which initiated the
production of clusters up to 0.28�m in diameter for an ambient gas density of
�5:5 � 1019 cm�3. The highest intensity of the electron beam in the energy range
from 80 to 600 MeV was obtained when the laser pulses were focused at a distance
of 1 mm from the nozzle outlet, approximately 0.5 mm off center in the direction of
laser beam axis (see Fig. 5.42a, b). One can see from the drawing that the beam is
rather well collimated in the vertical direction and its divergence does not exceed
1.4 mrad. Assuming a Maxwellian electron distribution above 80 MeV, the total
electron charge was found to be no less than 50 pC. This efficient fast-electron
production in the longitudinal direction corresponds to the conditions when the laser
radiation absorption depth in the cluster target is equal to 3 mm; this was monitored
in the visible spectral range from the shape and intensity of Thomson scattering,
which was recorded from top of the interaction zone, as shown in Fig. 5.39.
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Fig. 5.42 (a) Electron-beam image obtained with an electron spectrometer in the energy range
between 80 and 600 MeV in one laser shot (longitudinal direction 1) [404]]; (b) electron spectrum
corresponding to the image in (a); (c) images of the electron beams generated perpendicular to the
axis of laser radiation (directions 2)

A special feature of the use of gas clusters as targets manifested itself in the
simultaneous observation of relativistic electron fluxes not only in the direction
of laser radiation propagation, but also in perpendicular directions (directions 2
in Fig. 5.39). Side detectors (see Fig. 5.42c) recorded intense electron beam with
energies>1 MeV and a charge greater than 3 nC. These electron beams, which carry
large charges, may be of considerable practical interest, for instance, for electron
injection in conventional accelerators or as THz radiation sources. As is evident
from Fig. 5.42c, the beams also possess wide angular dimensions and may therefore
be highly efficient in wide-field electron radiography.

5.6.7 Production of High-Energy Ions in Cluster Plasma

Among the important applications of ion sources is the radiography of differ-
ent objects using the beams both of high-energy multiply charged ions and of
high-energy protons (for brevity such radiography will be referred to as ionography
and protonography). In particular, the radiography reliant on a laser-plasma proton
source (see, for instance, [64, 356]) enjoys wide use for recording images with a high
spatial (at a level of several micrometers) and temporal (several picoseconds) res-
olution without resorting to complicated charged-particle optics, which is required,
as a rule, when use is made of conventional particle accelerators.

We note that an important requirement in ionography is to provide a wide field of
view, which calls for the use of an ion source isotropic over a broad angular emission
range. From general physical considerations it follows that this isotropic production
of fast ions would be expected in precisely the employment of cluster targets. The
contrast of an ionographic image will be highest when the free probe-ion path in
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the substance under investigation is only slightly longer than the expected sample
thickness. On lowering the energy of a femtosecond laser pulse to 0.1 J (for a flux
density of about 1016 W/cm2) the accelerated ion energy lowers to hundreds of
keV. Therefore, going to lower-power laser facilities and decreasing the average
probe-ion energy optimizes the conditions for investigating and imaging extremely
thin samples, like micro- and nanofoils and membranes. Since the accelerated-
ion absorption cross sections in the substance under investigation are inversely
proportional to the squared ion charge, highly charged ions are a great advantage
in the imaging of these object, while protons are most convenient in imaging the
objects of considerable thickness [132].

The high efficiency of using cluster targets for the ionography of submicrometer-
thin foils by exposing them to multiply charged ions with energies of several
hundred keV was demonstrated in experiments on the JLITE-X facility. Measure-
ments executed using the Thomson parabola and X-ray spectroscopy (see Fig. 5.43a,
b) showed that the use of a 90 % He + 10 % CO2 gas mixture as the cluster target
resulted in a virtually isotropic acceleration of the H- and He-like ions of carbon
CV;VI and oxygen OVII;VIII to energies of the order of 100–1000 keV in the resultant
plasma source; in this case, accelerated helium ions were hardly present. The
number of these energetic ions is greater than 108 per laser pulse in the 4� total solid
angle. By way of example Fig. 5.43c shows an ionographic image obtained using a
laser-cluster plasma source on the 90 % He +10 % CO2 mixture, which demonstrates
a high (much better than 100 nm) sensitivity of the ionographic visualization method
to the thickness of material and a high (0.6–0.8�m) spatial resolution. Considering
that in this case the probe ion flux uniformly irradiates object areas measuring tens

Fig. 5.43 (a) Setup for recording the ion spectra of a laser-plasma cluster source; (b) typical form
of the spectrum of CO2-cluster plasma ions obtained with the use of a Thomson parabola [64, 356];
(c) ion radiographic image obtained with a CR-39 detector—the tip of a 100-nm thick Zr foil rolled
into a tube—and a graphic reconstruction of its shape [132]
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of millimeters, we can reach a conclusion about the development of a unique means
of constructing microscopic ion-radiographic images with a field-of-view/resolution
ratio of the order of 105.

Another interesting application of a laser-cluster source is the possibility of
accelerating negative ions to submegaelectronvolt energies. As is clear from the
data given in Fig. 5.43b, negatively charged ion beams are also generated in the
interaction of short laser pulses with large-size clusters [276, 277]. Specifically,
the highest energy of C�1 negative ions recorded in this experiment was equal to
about 0.6 MeV. To explain the production of high-energy negative ions, the authors
of [276, 277] proposed the mechanism of a Coulomb implosion (directed into the
cluster interior, unlike a conventional Coulomb explosion directed away from the
cluster center), which leads to negative-ion acceleration. When a cluster is irradiated
by a high-intensity laser pulse, electrons are “blown off” the cluster by the pondero-
motive pressure of the laser light. Produced in this case is a large uncompensated
charge of positive ions, which results in the Coulomb explosion of the cluster. The
model under consideration supposes that negative ions may be accelerated in the
same region where ordinary ions are accelerated. However, they are accelerated
in the opposite direction, resulting in the back-reflection at the symmetry center
and the production of high-energy negative ions. a similar mechanism of negative
ion acceleration was earlier considered in [343] for multicomponent clusters. An
in-depth simulation by the particle-in-cell method was carried out in [276, 277] and
showed a rather good agreement with the experimental data shown in Fig. 5.43b.

The above ion acceleration mechanism based on the Coulomb cluster explosion
does not permit accelerating ions to energies of tens of MeV, which is one
of the currently central problems of relativistic laser physics. As shown above,
this acceleration mechanism permits generating isotropic ion beams of not too
high an energy. However, other, higher-efficiency mechanisms of high-energy
ion acceleration are also possible in laser-cluster interactions. For instance, the
possibility of producing multiply charged ions with energies of the order of
20 MeV/nucleon was demonstrated [150] in the irradiation of submicrometer-
sized clusters by high-intensity femtosecond laser pulses. This is associated with
the unique properties of cluster plasmas, which permit laser beams to efficiently
self-focus [11], produce multimillimeter-long plasma channels, and generate intense
electron beams with energies of tens and hundreds of MeV [404]. These properties
of the cluster medium are highly important for efficient ion acceleration, because the
resultant plasma waveguide favors the unimpeded transport of laser pulses over long
distances and the large number of accelerated fast electrons produces high electric
and magnetic fields.

Experiments on the generation of ion beams with MeV energies were carried out
on the JLITE-X facility. For a target use was made of submicrometer-sized CO2

clusters produced in the expansion of a 90 % He+10 % CO2 gas mixture in vacuum.
In these experiments the in-vacuum laser intensity was equal to �7 � 1017 W/cm2.
However, in the propagation of the laser beam through the cluster target the intensity
of laser radiation increased significantly, because the peak intensity of the main laser
pulse far exceeded the critical power of relativistic self-focusing. The occurrence of
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self-focusing and self-channeling of the laser radiation was experimentally borne
out by way of recording the shadow images of the laser plasma channel for
different time delays of the probing laser radiation. The recorded shadow images
reveal the formation of a plasma channel approximately 5 mm in length, which
is significantly greater than the nozzle diameter (2 mm) and the Rayleigh length
(�900�m) of the focusing lens employed in these experiments. High ion energies
(10–20 MeV/nucleon) were measured with the help of nuclear track detectors
(SSNTD) accommodated on the axis of laser beam propagation at 200 mm from
the laser focal plane. The data obtained with the track detectors show that the ions
with such high energies are well collimated and propagate within an angle of 3:4ı
in the direction of laser radiation propagation.

The fact of production of the ions with such high energies was confirmed using
time-of-flight measurements with the use of a microchannel plate (MCP) detector
placed at a distance of 930 mm in the direction of laser radiation propagation.
Figure 5.44 shows the ion energy spectrum (under the assumption that it is due
to carbon ions) measured with the TOF spectrometer in 285 sequential laser shots.
The highest recorded ion energy was equal to �18.5 MeV/nucleon, which agrees
nicely with the ion energies measured using CR-39 track detectors.

It is pertinent to note that increasing the laser prepulse energy (the laser contrast
ratio was lowered from �106 to �104, which permitted destroying clusters with
certainty prior to the arrival of the main femtosecond pulse) had the consequence
that neither the long plasma channel produced by laser self-focusing nor the accel-
erated MeV ions were observed. To elucidate the mechanisms of ion acceleration,
two-dimensional particle-in-cell simulations were undertaken in [150]. According
to [278], ions are accelerated along the propagation axis of laser radiation, which
induces high-intensity electromagnetic fields during this propagation. This process
is largely similar to the ion acceleration in a plasma discharge column. Furthermore,
the ions are accelerated perpendicular to the surface of the sheath formed by the field
of nonuniform magnetic pressure, resulting in a rather low (�5ı) divergence of the

Fig. 5.44 Ion energy
spectrum obtained by the
time-of-flight method and
integrated over a large
number of pulses [150]. The
inset shows the time-of-flight
signal from a single shot, in
which one can clearly see a
prominent peak
corresponding to an energy of
15 MeV/nucleon. The signal
saturation in the time region
t D 5 ns is due to the
saturation caused by hard
X-ray radiation
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ion beam, which is in good agreement with the experimentally observed divergence
of �3.4ı.

5.6.8 Conclusions

In this section it was shown that the interaction of high-power high-contrast (the
time contrast ratio between the main pulse and the prepulse is no worse than 108–
1010) femtosecond laser pulses with gas clusters of large size permits producing
bright X-ray radiation sources and high-intensity electron and ion beams.

The generated radiation wavelengths may lie in the soft and hard X-ray ranges,
depending on the elemental composition of the cluster target. For instance, the
clusters of carbon dioxide CO2 are an efficient source of soft X-rays with a photon
energy h	 � 0:7 keV: a photon yield of >2 � 1010 photons/pulse was obtained in
the Ly˛ spectral lines of hydrogen-like ions and He˛ lines of helium-like ions of
oxygen.

For the argon K˛ lines (hv � 3 keV), a flux of �2 � 1010 photons/J was obtained
for a uniquely high conversion coefficient of �1:2 � 10�4, which permitted using
this source for the radiography of low-absorbing objects. In the hard X-ray range
(hv � 12 	 30 keV), with the use of Kr and Xe rare-gas clusters the K˛ radiation
intensity was equal to 0:7 � 106–3 � 107 photons/pulse for a laser radiation intensity
of 8 � 1016–4 � 1018 W/cm2.

The laser–cluster interaction was shown to produce, along with X-ray radiation,
accelerated relativistic electron fluxes of, conventionally speaking, two types: high-
energy (with an energy of tens and hundreds of MeV) low-divergence (several
milliradians) fluxes propagating near the axis of laser radiation and wide-field fluxes
with an energy of several MeV produced in the perpendicular direction to the
laser radiation. In the irradiation of Ar clusters by 10-TW pulses, electrons with
energies of up to 600-MeV were recorded in the forward direction; in this case,
the total charge of the electrons with energies above 80 MeV amounted to �50 pC.
Simultaneously, in the transverse direction the electron charge of the electrons with
energies >1 MeV amounted to >3 nC in an angular field of �20ı.

The laser–cluster interaction was shown to be highly efficient as a virtually
isotropic intensive source of ions with energies <1 MeV. Uniformly irradiated ion
radiographic images of test samples were obtained with submicrometer spatial
resolution over a wide field of view (tens of cm2). Therefore, the cluster ion
source is of considerable interest for the development of high-precision methods
of measurement and quality monitoring of thin films and other low-contrast objects
and submicrometer-scale structures.

Conditions were found in laser–cluster interactions, which permit implementing
the mode of ion acceleration up to energies of 19 MeV/nucleon in the direction
of laser radiation propagation. This result confirms the significant potentialities of
laser systems for the development of compact high-repetition-rate ion sources for
practical applications, including medical ones.
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5.7 Spectra of Hollow Ions in Superdense Laser Plasma

Improvement of the time contrast ratio for laser radiation up to 1010 and over as
well as commissioning of the first X-ray free-electron laser (LCLS in the Stanford
National Laboratory, USA, and SACLA of the Institute of Physical and Chemical
Research (RIKEN), Japan) open up new possibilities for the investigation of such
exotic states of substance as “hollow ions” [380].

Even the first experiments carried out with a femtosecond laser characterized
by an ultrahigh contrast (the pulse-to-prepulse intensity ratio) of the order of 1011

[128, 129, 373] permitted to record for the first time the spectra of a new type
previously unobserved in this spectral domain (see Fig. 5.45c). The appearance of
the new type of spectra was an unambiguous indication that the passage to ultrahigh
laser contrast ratios is attended with a radical change in resultant plasma parameters
and the emergence of its induced new physical effects.

The observed “extraordinary” spectra differ from the more usual ones by
their complex quasicontinuous spectral structure, in which the main, resonance,
lines are embedded. Theoretical spectra calculated in the framework of a coronal
quasistationary kinetic plasma model [58] (see Fig. 5.45d) resemble the previously
observed experimental emission spectra of the plasmas produced by nano-, pico-,
and femtosecond laser pulses with a low contrast, but turned out to be absolutely
unsuitable for describing the new type of spectra.

The physical reason for this dramatic spectral restructuring is naturally associated
with the difference in plasma production mechanisms. The absence of preplasma
underlay the direct interaction of an ultrashort laser pulse with a solid substance.
This gave rise to a plasma with a substantially higher electron density, on the one
hand, and tremendous spatial gradients of the density and temperature, on the other
hand. Under these densities, a wealth of spectral lines which are hardly excited in
uniform coronal plasmas come to dominate the emission plasma spectrum.

In [128, 129, 373] it was shown for the first time that the new type of observed
spectra may be interpreted only with the inclusion of the radiation emitted by
multiply charged hollow ions (i.e. by the ions with an empty K shell, see Fig. 5.46) in
superdense plasmas. Transitions of this type (see Figs. 5.47 and 5.48) in neutral and
quasineutral objects (hollow atoms) were observed in experiments on the interaction
of ion beams (see, for instance, [66, 259, 323, 333]) or synchrotron radiation (see, for
instance, [102, 103]) with a solid surface and have been under active investigation
during the past two decades. Similar structures for multiply charged ions were first
observed supposedly in the spectra from the near-surface regions of the plasma
produced by the nanosecond pulse of the NIKE laser [5].

A strong incentive for the development of theoretical and experimental hollow-
ion spectroscopy is that these spectra should be excited in warm dense matter and
in nonideal plasmas [138, 143, 288, 315]. As is clear from Figs. 5.46 and 5.47, these
spectra arise from electron transitions between deeply lying inner ion shells, and
therefore the nonideality effects, which are hard to calculate quantitatively, will not
have an appreciable effect on the spectra of hollow ions. This signifies that it will be
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Fig. 5.45 Emission spectra of silicon plasmas heated by nanosecond (a) [58] as well as low-
contrast (b) [127] and high-contrast (c) [128] subpicosecond laser pulses in the vicinity of the
resonance Ly˛ line of H-like ions Si XIV. Theoretical spectrum (d) corresponds to the coronal
plasma model

possible to employ the hollow-ion spectra for the X-ray spectroscopic diagnostics
of nonideal plasmas with hardly any modifications.

We emphasize: for a significant amount of hollow ions to be produced in a
plasma, there must be a mechanism which efficiently removes inner-shell electrons
without ionizing the outer shells. Strictly speaking, such a mechanism does not exist;
however, we may endeavor to find processes whereby the probability of removing
inner-shell electrons will not be too small in comparison with the ionization of the
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Fig. 5.46 Electron shell structure of excited, autoionization, and hollow ion states

Fig. 5.47 Energy level diagram for ordinary, autoionization, and hollow ion states with valence
K- and L-shells

outer-shell ones. Broadly speaking, the ionization in a plasma may occur in ion
collisions with electrons, other ions, or photons.

Ion-ion collisions may result in the nonresonance ionization by the Coulomb field
of the incident ion as well as in resonance charge exchange. The former process may
be neglected in plasmas, because the cross sections for the ionization by ion impact
are large only for superhigh ion energies achieved only in accelerators [139]. It is
pertinent to note, however, that the first observations of the spectra of hollow atoms
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Fig. 5.48 Approximate positions of the Ly˛ resonance line of an H-like ion, the He˛ line of a He-
like ion, the characteristic K˛ line, dielectronic satellites (2l2, 1s2l2 , 1s2=3=), and hypersatellites
(the lines of hollow ions) in the ion emission spectrum. The configurations of the upper levels
of spectral transitions are indicated for all lines. The location of the dielectronic satellites and
hypersatellites with the number of electrons greater than three is marked with ellipsis

(a hollow atom is the special case of a hollow ion with a zero total charge) were
made in precisely the accelerator experiment [66]. The latter mechanism (resonance
charge exchange) may excite hollow ion states, for which purpose the interaction of
ions of significantly different multiplicity is to occur.

Ionization events in a plasma occur most often due to electron impact. In this
case, the electron energy must also be rather high in comparison with the inner-shell
ionization energy, but nevertheless lower than in the case of ionization by ion
impact. For ions with charges of about 10 it would suffice to have electrons
with energies of several keV and, as is commonly known (see, for instance,
[1, 2, 405]), in the plasma production by subpicosecond laser pulses at intensities
above 1016 W/cm2 such electrons are generated in sufficient quantities.

Hot electrons may produce hollow ions, but do this with not-too-high an
efficiency. Specifically, the electron impact ionization rates are approximately
proportional to n3, where n is the principal quantum number of the electron being
ionized. Hence it follows that a hot electron will ionize the L shell with a much
higher (by nearly an order of magnitude) probability than the K shell (see Fig. 5.49).
Therefore, in the collisions of ions with hot electrons the K2 hollow ions will be
produced, but in far lower numbers than ordinary ions. This conclusion is practically
independent of whether the hot ions are monoenergetic (an ion beam) or thermal,
as is evident from Fig. 5.49. Broadly speaking, hollow ions may be produced not
only by way of inner-shell ion ionization, but also due to the excitation of an inner
electron to an outer shell. However, the situation is hardly changed on including this
process (see the dashed and dotted curves in Fig. 5.49).
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Fig. 5.49 Ratios between the probabilities of electron removal from the K and L shells of the
ion with Z D 10 induced by photons (grey and dark solid bold lines) and electrons (the
remaining curves) as functions of their energy or temperature [380]. The grey bold line stands
for a monochromatic X-ray source, the dark bold line stands for blackbody radiation. The thin
solid curve stands for a monochromatic electron beam, the dashed curve stands for ionization by
Maxwellian electrons, the dash-dot stands for excitation by Maxwellian electrons, and the dotted
curve is the net result of ionization and excitation by Maxwellian electrons

The case with KL L2 LM, and the like hollow ion production is somewhat better.
In this case, the ratio between electron-impact ionization rates for neighboring shells
is closer to unity and the amount of hollow ions may be quite significant. Therefore,
even from simple estimates it follows that the presence of hot electrons in plasmas
may result in the production of hollow ions, but usually the population of these
states will not be high.

The case is quite different in the interaction of an ion with an X-ray photon. In
this case, the electron removal cross section (the photoionization cross section) is
approximately proportional to n�5, i.e. the photon incident on the ion will remove
electrons with overwhelmingly high probability from the innermost shell whose
ionization energy does not exceed the photon energy. For example, Fig. 5.49 shows
schematically the ratio between the probabilities of electron removal from the K and
L-shells of the H-like ion with Z D 10 for the photoionization by monochromatic
radiation (grey curve) and by blackbody radiation (dark bold curve). One can clearly
see that it is precisely the K2 hollow ion production which is the prevailing process in
the photon energy (temperature) range exceeding the ionization potential (a quarter
of the ionization potential) of the K-shell.

The intrinsic X-ray plasma radiation may be capable of producing hollow ions.
This effect should be most pronounced when the plasma is strongly nonuniform and
there are regions with substantially different temperatures [91, 92]. In this case, the
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radiation generated in the hot region will produce hollow ions in the cold region,
where the electron temperature is not high enough to ionize the outer ion shells.

It is believed that the energy transfer to the dense substance under irradiation is
dominated by precisely the radiative mechanisms and that up to 30 % of the energy
of the laser pulse is converted to X- and gamma-ray radiation when the intensity of
laser radiation is higher than 1020 W/cm2 [94, 279, 406].

At present the process of hollow ion production by X-ray radiation is becoming
highly topical in connection with the advent of high-power X-ray lasers, both
plasma-based and free-electron lasers [113, 274, 309, 379, 393]. In this case, the
very energy input will be directly related to hollow ion production, unlike the case
when laser radiation of the optical range interacts with matter. Recall that the major
part of the energy of a substance-irradiating optical laser pulse initially goes to
heat the emerging free electrons. And only later, in electron-ion collisions, does
the energy go into internal ion energy (collisional ionization and production of
multiply charged ions) and subsequently into the ion kinetic energy. By contrast,
in the absorption of an X-ray photon the major part of energy may immediately go
into the internal energy of emerging autoionization and hollow-ion states, and only
then will a part of it be transferred to the free plasma electrons in the course of
autoionization. In this case, the plasma production will depend heavily on the ratios
between the X-ray laser photon energy and the ionization potentials of the various
atomic shells of the target material. In this connection, mention should be made of
a very interesting recent experiment [274] in the absorption of high-power X-ray
radiation by aluminum foil.

The interaction of sufficiently intense monochromatic X-ray radiation with
targets may give rise to target self-bleaching, whereby the target ceases to absorb the
radiation and becomes almost transparent in the course of heating. In the simplest
(and the least interesting) case this may be due simply to the complete ionization of
target atoms to the state of bare nuclei, which is of course possible, but requires high
fluences. However, owing to the production of hollow ions this effect may occur for
substantially lower energy inputs. As noted above, the inner K-shell photoionization
cross section far exceeds the photoionization cross section of the L shell (and all
the more those of M-, N- . . . shells). This signifies that, as soon as the K2 hollow
ions come to prevail in the plasma, the absorption of photons with energies above
the K edge will decrease sharply, i.e. the target self-bleaching will occur. In this
case, the degree of substance ionization will not be too high, low-charged ions may
prevail in the target substance, and substantially lower energy inputs will therefore
be required to produce such a state. Naturally, a similar effect may also be obtained
for L8 hollow ions, but it will be weaker pronounced, since the difference between
the L- and M-shell photoionization cross sections is not so significant.

The effect of induced transparency is of major practical significance. The
execution of X-ray structural investigations of microobjects, including medical and
biological ones, calls for exposing these objects to rather high X-ray irradiation
doses in order to obtain high-quality diffraction images. However, raising the
irradiation dose increases, as a rule, the absorbed dose. The latter is undesirable,
for it may cause damage to the object under study. We note that the typical damage
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threshold amounts to 200 X-ray photons per square Angstrom. The self-bleaching
effect permits raising the incident fluence with hardly any increase in absorbed
fluence [393].

Highly interesting situations may be realized provided there is a possibility to
continuously tune the frequency of monochromatic X-ray radiation, i.e. with the use
of free-electron lasers [113, 274, 309, 379, 393]. Since the energy required for the
excitation of the K1 autoionization state is lower than the energy for the K2 hollow
ion excitation, it is possible to so select the X-ray photon energy that it suffices to
generate the autoionization state and is insufficient for producing the hollow ion. It
is then possible to obtain a plasma void of hollow ions, and the self-bleaching will
take place at the stage of autoionization level excitation. An experiment of this kind
was recently carried out in [274].

Similarly, by continuously tuning the free-electron laser frequency it is possible
to select the photon energy so as to optimize the photopumping of K2 hollow
ions and thereby produce a solid-state substance consisting virtually of only such
hollow ions. This experiment on the generation of hollow ions and the use of their
radiation for the diagnostics of the resultant solid-state plasma was recently made
in [379]. Furthermore, optimization of the parameters of the free-electron pump
laser in [309] made it possible to make for the first time an X-ray laser with a photon
energy of 849 eV on the transitions of NeC1 hollow ions, which possessed a high
monochromaticity, stability, and a unique brightness.

As already mentioned, in the production of hollow ions by X-ray radiation their
abundance may be quite high. This follows not only from the simple estimates
of photoionization cross sections given above, but also from detailed kinetic
calculations. A kinetic model was constructed in [312, 313] to describe the plasma
produced by the radiation of an ordinary laser of the optical range, which is
additionally irradiated by an X-ray free-electron laser. The results of these works
as well as of [94] clearly demonstrate: in the absence of X-ray pumping the K2

hollow ions are hardly produced, while in the presence of the pumping the hollow
state populations are practically the same as or even higher than the populations of
the resonance levels.

Plasma exposure to an X-ray photon beam makes it possible not only to observe
the spectra of hollow ions, but also to use them in diagnostic purposes. This is most
topical when the state produced by optical laser radiation corresponds to a warm
dense matter or a nonideal plasma [138, 140, 143]. As shown by the simulation data
of [94, 312, 313], the spectra of hollow ions depend heavily on the temperature of
the substance and therefore permit measuring it.

The production of hollow ions must play a highly important part in the course of
ionization of a medium by the radiation of high-power X-ray lasers, the mechanism
of ionization being strongly dependent on the X-ray photon energy. By way of
example consider the ionization of a neon target exposed to X-ray photons of
different wavelength, as was done in [393].

When the X-ray photon energy is below the neutral neon K-shell ionization
threshold (which is equal to 870 eV), the incident X-ray radiation will photoionize
the outer (valence) L-shell, with the result that we obtain a plasma containing the
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He-like ions Ne IX. In this case, the only process leading to ionization of the medium
is the photoionization of the valence shell.

If the photon energy is raised to exceed 993 eV, other ionization schemes will
take place. Initially the photoionization of a K electron will occur with the formation
of an autoionization state, and then two versions of the progress of events will be
possible: either autoionization will occur with the filling of the K-shell vacancy and
an L-electron detachment, or another K-electron photoionization with the formation
of a hollow ion and the subsequent autoionization. This chain of events may
terminate on the attainment of some ion multiplicity, depending on the photon
energy, and subsequently only the photoionization of valence electrons will take
place. The plasma of Ne IX ions will eventually result again.

When the photon energy exceeds 1360 eV, the chains of ionization events will
proceed to the end to produce the plasma of bare nuclei Ne XI. It is significant
that the photoionization–autoionization–photoionization. . . chains, which take place
with participation of the inner ion shell, are a significantly faster process than simply
the photoionization of the valence shell [393]. This signifies that the same degree
of ionization of the substance in this case will be reached in a substantially shorter
time.

Quite recently the ionization of a neon target exposed to the pulse of the
LCLS (Linac Coherent Light Source, USA) X-ray laser was investigated exper-
imentally [393]. The X-ray photon energy was equal to 800, 1050, or 2000 keV
in different experiments for a maximum photon fluence of 105 photons/A2. For an
energy of 800 eV the highest ion charge was equal to C6, for 1050 eV it increased
to C8 and for the highest energy to C10 (see Fig. 5.50). It is noteworthy that the
self-beaching effect was also discovered in this work for an energy of 2000 eV.

Therefore, at present there are numerous observations of the spectra of exotic
atomic objects like hollow ions (for more details, see review [380]). We see that
such spectra are excited in the interaction of ultrashort laser pulses with condensed
targets (solid targets, clusters) [93, 128, 129, 131, 373] and even dense gases (see,
for instance, [314]). And although the spectra of hollow ions are exotic in this
sense, they are a rather widespread physical object. The fact that their excitation is
especially efficient in high-density plasmas, broadly speaking, permits developing
X-ray spectral techniques for superdense plasma diagnostics. This is well illustrated
by the recent Russian–British experiments carried out on the VULCAN petawatt
femtosecond laser facility in the Rutherford Laboratory [94]. Figure 5.51 shows the
spectra of an aluminum target heated by high-contrast (>1010) laser radiation for an
intensity higher than 1020 W/cm2 at the target. One can see from the drawing that
the time-integrated intensity of hollow-ion emission lines under certain conditions
may exceed the intensity of resonance lines and of ordinary satellite lines.

It is highly significant that such spectra are bound to be excited in warm dense
matter [138–140, 143, 288, 315] and in nonideal plasmas [143]. For instance,
in [155] they were recorded in a plasma, which was nonideal in ion-ion interaction
and weakly nonideal in electron-ion interaction. In this case it is highly significant
that the nonideality effects will hardly tell on the spectra themselves even though
the hollow-ion spectra may be emitted by a nonideal plasma, because they arise
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Fig. 5.50 Abundances of differently charged ions produced in a neon target under irradiation
by an LCLS X-ray laser pulse: (a) time-of-flight measurement data; (b) comparison with
simulations [393]

from transitions between deeply lying inner ion shells. This signifies that their
based X-ray spectral techniques may be used to advantage for nonideal plasma
diagnostics. By contrast, the use of methods reliant on the spectral transitions
between outer ion shells invites reconsidering the existing collisional-radiative
kinetic plasma models and, perhaps, even constructing a new theory of the spectra
of a strongly nonideal plasma, which will undoubtedly take a considerable period
of time.

The spectra of hollow ions will acquire even greater significance with the
advancement of research in the area of development and use of plasma X-ray lasers
and free-electron X-ray lasers (see, for instance, [55, 113, 130, 154, 274, 348, 364,
393]). And it is not so much the possibility of employing hollow ion states for
producing lasing in the X-ray range (see, for instance, [269, 309]) as the fundamental
features of the interaction of high power X-ray laser radiation with substance. For,
irrespective of whether the X-ray laser radiation source is a plasma laser or a free-
electron laser, in experiments of this kind the ionization of the inner shells of
atoms and ions, which are responsible for the production of hollow ions, will be
the main mechanisms of laser energy absorption. In this case, the resultant state of
the medium will be characterized by solid-state density and moderate temperature,
i.e. in many cases will be a nonideal plasma, only a few reliable techniques being
suitable for determining its parameters, as mentioned in the foregoing.
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Fig. 5.51 X-ray spectra of Al
targets in 7.0–8.4 Å spectral
range (Ly˛–He˛–K˛ lines)
heated by the high-contrast
(>1010) radiation of the
VULCAN petawatt laser
facility for laser radiation
intensities exceeding
1020 W/cm2 [91] (lower
panel). The black and green
curves in the lower panel
correspond to the spectra
produced in the irradiation of
a 1.5-�m Al foil by laser
radiation with respective
energies of 160 and 64 J. The
blue spectrum (lowered
fivefold) was obtained in the
irradiation of a 20-�m Al foil
by laser radiation with an
energy of 160 J. The lower
spectrum was obtained
in [14] in the irradiation of an
Al target by a 150-fs laser
pulse with an energy of
80 mJ, a high contrast and an
intensity of 5 � 1017 W/cm2.
Broken vertical lines
correspond to the Ly˛ , He˛ ,
and K˛ lines of Al. The upper
panel shows the results of
numerical simulation of the
spectra performed using the
ATOMIC code with and
without the inclusion of
spectrum excitation by fast
electron fluxes and
high-intensity X-ray plasma
radiation
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In our view, to realize the potentialities of using hollow-ion spectra for diagnostic
(as well as any other) purposes calls for the further development of the methods of
calculating atomic structures with a large number of open electron shells. Only on
attaining the spectroscopic calculation precision (a relative uncertainty of �10�4)
will it be possible to confidently identify the spectra of hollow ions as regards their
charge state as well as their origin to one or other configuration and, in special
cases, to fine structure levels. The development of the methods of calculation in its
turn calls even now for the experimental information about the spectra of such ions,
which poses the problem of undertaking systematic experimental investigations in
this area.

The situation is essentially similar to the one with satellite spectra, which formed
in the second part of the past century [4, 58–60]. By the time the importance of such
spectra for practical applications was recognized, the accuracy of calculating satel-
lite structures was obviously insufficient. Within just one-two decades, however,
different theoretical groups developed alternative approaches (relativistic perturba-
tion theory, multiconfiguration Hartree–Fock methods with relativistic corrections,
Dirac–Fock methods, semiempirical relativistic model-potential method), which
permitted obtaining the necessary data with the accuracy required for experiments.
This in turn fostered the development of X-ray spectral diagnostic techniques, which
came into good use both for tenuous astrophysical plasmas and for dense laboratory
plasmas. This step now is to be made as regards the spectra of hollow ions.

5.8 High Magnetic Fields

Production of ultrahigh magnetic field in laser-produced plasma is an interesting
and vigorously developing line of research (see review [49], which we follow in the
subsequent discussion).

Different mechanisms of magnetic field generation in the interaction of
high-intensity laser radiation with solid targets give rise to magnetic fields with
a magnetic induction of up to 1GGs, which are produced in the interaction of
high-intensity laser radiation with dense plasmas. These fields are localized near
the critical surface, where there occurs the main absorption of laser energy. Several
main mechanisms have been proposed responsible for the generation of quasistatic
magnetic fields: (1) the difference in directions of the plasma temperature and
density gradients; (2) the flux of fast electrons accelerated by ponderomotive forces
along and across the laser pulse direction; (3) collisionless Weibel instability.

The generation of magnetic fields with an induction of about 1GGs in relativistic
dense plasmas was first predicted in [349]. According to the theory proposed in this
work, the source of quasistationary magnetic field is the ponderomotive force acting
on electrons. It generates radial electron current away from the axis of the laser
beam towards its periphery until the beginning of a combined vibrational motion of
ions and electrons caused by the requirement of electroneutrality.
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The Weibel instability mechanism in the plasma arises from the anisotropy of
electrons in their velocity directions. This anisotropy emerges in the course of
ionization of atoms and atomic ions by superhigh laser field. The majority of
electrons escapes along the direction of the electric intensity vector of a linearly
polarized laser wave. The number of electrons escaping in the transverse directions
is considerably smaller. Both the longitudinal and transverse velocities are defined
by the energy–time uncertainty relations. Weibel [386] was the first to show that the
presence of electron current anisotropy gives rise to instability in Maxwell equations
relative to a spontaneous buildup of quasistatic magnetic field.

The thermoelectric mechanism [49], unlike the previous one, is realized in a
collisional plasma in which there are gradients of the electron density and electron
temperature directed at an angle to each other. The density gradient is directed along
the radius of the electron beam. It is caused by the nonuniformity of laser radiation
intensity across the focal spot. As a result, the number of electrons on the axis of
the laser beam is far greater than at the beam periphery owing to a strong difference
in the degree of ionization of the atoms of the medium. The temperature gradient
is evidently directed along the normal to the target surface. The growth increment
of spontaneous magnetic field is proportional both to the temperature gradient and
the velocity gradient. In this case the magnetic field possesses toroidal symmetry:
its circular lines of force embrace the laser beam.

In the passage of a laser pulse of relativistic intensity, the plasma electrons are
accelerated along the direction of laser pulse propagation by the magnetic part of the
Lorentz force. This gives rise to a magnetic field, which is also annular in character.

There also exist more sophisticated methods of magnetic field generation is a
laser plasma, a part of which is considered in [49].

In [275] measurements were made of the magnetic field in a subcritical laser
plasma. An azimuthal magnetic field with an induction of 2-to-8 MGs on a scale of
200�m was shown to emerge for a duration of a linearly polarized laser pulse of
30 fs and an intensity of 4:2 � 1018 W/cm�2; for an intensity of 8 � 1018 W/cm�2
the field amounted to 7 MGs. Both fields existed for several picoseconds. Their
production is attributed to the fast electron fluxes produced in the laser plasma.

Measurements [357] permit determining the range of generated magnetic fields
in the dense plasma at the critical surface, which is found to correspond to 340–
460 MGs (Fig. 5.52). The magnetic pressure of such fields exceeds 109 atm.

Outlined in [383] were the results of experiments on the irradiation of solid
targets by a laser pulse with an intensity of the order of 1020 W/cm�2. By way
of polarization measurements of radiation harmonic yields it was found that there
emerged magnetic fields with an induction of about 700 MGs in the laser plasma.
These magnetic fields also exist in the domains which far exceed the skin layer. This
is attributable to the ultrarelativistic motion of electrons in so high a laser field as
well as to the deep penetration of the high-order harmonics of laser radiation into
the target substance.

In [123] the magnetic field induction in laser experiments was estimated at about
1GGs.
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Fig. 5.52 Measured
magnetic field induction as a
function of laser radiation
intensity [357] at 5! ( filled
diamond), 4! ( filled circle),
and 3! (open square)
harmonics
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Chapter 6
Relativistic Charged Particle Beams

The highest energy densities attainable under terrestrial conditions are generated in
relativistic heavy-ion collisions. Accelerators [81] required for this purpose operate
in several laboratories throughout the world and are well known as the principal
experimental tool in nuclear physics, elementary particle physics, quantum chromo-
dynamics, and superdense nuclear matter physics research [89, 119, 165, 169, 190],
i.e. in the areas which have always been at the forefront of the natural sciences.
There exists a demand for constant advancement into the domain of higher energies
and higher phase densities of accelerated particle beams.

Investigations in the realm of high energy physics and relativistic nuclear physics
permit determining that the main laws controlling the motion and interaction
of elementary particles are highly unusual and quite simple. They are based on
symmetry and the principle that everything not contradicting to the symmetry is
allowed and so it may and must occur. This is fully realized in gravitational,
electromagnetic, weak, and strong particle interactions.

Accelerator science and technology have come a long way from the first
1.2 MeV proton cyclotron invented by E. Lawrence in 1932 to the Large Hadron
Collider (LHC) (Fig. 6.1), just beginning operation at CERN, with energies of
7,000,000 MeV in either of the counter-propagating beams, which is 7000 times the
proton rest energy mpc2. In the center-of-mass system this corresponds to a proton
collision energy of �14TeV.

During this period, the world has seen the construction of thousands of accelera-
tors of different types, which are giant electrical facilities incorporating cutting-edge
engineering ideas and exhibiting a high degree of reliability. Today they hold the
record in high-energy-density physics.

It is planned to collide two proton beams with an energy of 7 � 7TeV in the
LHC accelerator complex, which is the largest man-made experimental installation,
to reach the new domain of distances of 10�16 cm and energies on the 1TeV scale,
which is sufficient, in particular, for the production of the particles of dark matter
(their mass mDM � 10GeV–1 TeV), the Higgs boson, quark–gluon plasma, perhaps
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for discovering new dimensions, and for the solution of other intriguing problems
of high energy physics [189, 191]. The main purpose of the experiments at LHC is
to check the so-called Standard Model of particle physics and to see if there is any
new physics in the teraelectronvolt range of energies [135].

The main lines of research on the LHC are discussed in [64]:

– the search for the Higgs boson;
– the search for supersymmetry;
– the search for new physics outside the scope of the SM and MSSM (Minimal

Supersymmetric Standard Model);
– B-physics;
– heavy-ion physics;
– top-quark physics; and
– standard physics (QCD and electroweak interactions).

In the LHC, protons will move in the form of 3000 bunches distributed over the
entire 27 km circumference of the collider. Each bunch of up to 100 billion protons
measures, at the points of collision, several centimeters in length and only 16�m
in diameter—like a thin human hair. A total of 2808 bunches of 100 billion protons
each will collide in the zones where detectors are located to cause over 600 million
proton collisions of particles per second (up to 20 collisions at intersection). These
collisions will take place between the particles that constitute protons—quarks
and gluons. At the maximum particle energy, the energy release will be equal to
approximately one seventh of the energy contained in the initial neutrons, or about
2 TeV.

The detectors, which are impressive giant engineering structures—the biggest
one having a volume half that of Notre Dame cathedral in Paris and the heaviest
one containing more iron than the Eiffel Tower—will measure the parameters of the
thousands of particles escaping at each collision event. Despite the huge size of the
detectors, their individual elements should be mounted with a precision of 50�m.
Later on it will be possible to study the processes in the collision of highly ionized
lead ions (Pb82C) with energies of up to 155 GeV per nucleon. We discuss the LHC
project at length in Sect. 6.6.

The Stanford Linear Accelerator at SLAC, Menlo Park, California, generates a
5 ps pulse of 10 electrons with a kinetic energy of 50 GeV, which is focused to a
3-�m-sized spot to provide a power density of 1020 W/cm2.

The actively operating Relativistic Heavy Ion Collider (RHIC) (Fig. 6.2) of
the Brookhaven National Laboratory (Long Island, NY, USA) affords an energy
of up to 500GeV per nucleon in the center-of-mass system for colliding gold
ions, 39TeV for Au+Au, and 13TeV for Cu+Cu [187]. The new experimental
data obtained on this accelerator are discussed in [97]. In Darmstadt (Germany),
in November 2007 a start was made on the construction of the unique ion and
antiproton accelerator facility FAIR (Facility for Antiproton and Ion Research) with
an energy of 1.5–34 GeV per nucleon for �5 � 1011 and �4 � 1013 accelerated
U92C ions and antiprotons, respectively. The construction cost of each of these major
ultrarelativistic hadron accelerator complexes amounts to several billion dollars and
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Fig. 6.2 Relativistic Heavy Ion Collider (RHIC) of the Brookhaven National Laboratory (USA)

is close to the limit of the economic potentials of the world’s wealthiest countries
and even international communities such as the European Union.

The scientific programs at these complexes comprise experimental research
into the basic problems of high energy physics in hadron collisions, which are
accompanied by the production of superdense nuclear substance—quark–gluon
plasma. According to contemporary notions, this was precisely the state of the
universe’s substance during the first microseconds after the Big Bang (Fig. 9.50),
and this is precisely the state of the substance of astrophysical objects such as
gamma-ray bursts, neutron stars, and black holes.

It is no coincidence that during the preparation of these experiments there
emerged concerns about their safety because of the possibility that a black hole
would emerge in laboratory conditions with the subsequent absorption of our
civilization. However, calculations showed that the state of a mini black hole in
accelerator experiments would exist for a very short time (�10�26 s), which is
insufficient for catastrophic consequences. Furthermore, the absence of catastrophic
events in the transit of superhigh-energy cosmic particles is supposedly an additional
argument for the safety of the acceleration experiments in this energy density range.

Possible concerns about increasing the energy of collisional experiments were
analyzed in [223] (Fig. 6.3). In the subsequent discussion we follow this work. The
matter is that the collisions of energetic particles may, in principle, trigger a phase
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Fig. 6.3 Dependence of
accelerators energy (in terms
of center-of-mass energy) on
the time of their construction.
Drawing borrowed
from [223]

transition of the first kind, whereby a decay of the false vacuum and a complete
change of the physical properties of the Universe will take place. Experiment,
including that with cosmic rays, shows that this will not happen for low energies.
However, it is required to determine the safe level to which it is admissible to
increase the energy. This level may be estimated with the knowledge of the highest
energy of cosmic rays, Elab D 1020 eV. The equivalent center-of-mass energy on the
collider is approximately 106 GeV. This is precisely the level to which the particle
collision energy may be increased without concerns about consequences like phase
transitions of the first kind.

Since the Planckian scale is 1019 GeV, the safe-for-investigations energy scale
amounts to its fraction equal to 10�13. Experiments performed below the safe
energy limit may leave unanswered [223] a multitude of questions: the origin of
elementary particle masses, the understanding of supersymmetry, the nature of
hidden mass, the problems of neutrino physics, grand unification, superunification,
multidimensionality, etc. There nevertheless exists the possibility that in the future
we will able to study the entire energy scale without going beyond the safety limit.

If the idea of multidimensionality turns out to be true, then the Planckian energy
scale, which characterizes quantum-gravitational effects, may be considerably
lower. In the simplest versions of the theories which rely on the idea of additional
dimensions with the geometry of a d-dimensional sphere of radius R, there holds the
relation [223]

md D
�

m2
4

Rd

� 1
.dC2/

;

where m4 D 1019 GeV and md is the energy scale of (d C4)-dimensional space. The
true ((d C 4)-dimensional) Planckian scale may be much lower, depending on the
scale R of compact measurements. Accordingly, all effects of the new physics must
lie below it [223].



282 6 Relativistic Charged Particle Beams

Fig. 6.4 Admissible domain
of d-dimensional Planckian
mass (grey color), R <
10�17 cm � .103 GeV/�1.
Drawing borrowed from
[223]

Possible R values are determined by modern experimental with the upper bound
of the order of 10�17 cm in the case when all fields “feel” additional dimensions.
The domain of possible values of d-dimensional Planckian mass is shown in grey
in Fig. 6.4. The horizontal line indicates the “safety limit”. On can see that the
d-dimensional Planckian mass may turn out to be attainable on future colliders if
the number of spatial dimensions is higher than 8 [223].

The problem of increasing the colliders energy makes topical the further experi-
mental investigations to improve the accuracy of measurements without raising the
particle energy. Examples are provided by measurements of the magnetic moments
of electrons and muons, atomic energy shifts, mass mixing in K0-, D0-, and B0

mesons, rare decays, etc. In particular, in the measurement of muon magnetic
moment, the resultant departure from the SM was in the ninth decimal digit at a
3:2� confidence level [223].

For our consideration it is significant that these acceleration experiments are
aimed not only at the production of particle beams with ultrarelativistic energies
and the investigation of individual hadron collision events (Fig. 9.51) [140], but also
for macroscopic substance heating [81, 106, 204].

6.1 Production of Macroscopic Hot Plasma Volumes

The methods of gas-dynamic acceleration of condensed strikers as described
in Sects. 3.4 and 3.5 have a fundamental disadvantage arising from the limited
value of the velocity of sound cs in the pusher gas, so that the acceleration
efficiency decreases sharply (exponentially) when the striker reaches the velocity
of sound. The techniques of high-energy-density generation relying on the use of
high-intensity fluxes of charged particles—electrons, light or heavy ions—as well
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as on electrodynamic acceleration techniques, where the velocity of light fulfills the
role of the velocity of sound, are devoid of these limitations. An important positive
feature of charged particle beams is the volume nature of their energy release [204].
This distinguishes them from laser irradiation, where the bulk of the energy for
radiation of frequency !l is released in a narrow critical zone [22, 27, 137, 143]
!l � !p � p

4�e2ne=me and is then transferred to the target interior by electron
thermal conduction [22, 27, 137, 143].

As a result of deceleration of the charged particles there emerges a layer of
isochorically (at constant-volume) heated plasma, which subsequently broadens to
generate a shock wave traveling into the target or a cylindrical shock diverging
from the beam axis. Modern research in the area of high-energy-density physics
takes advantage of both of these techniques—isochoric heating and compression by
shocks generated by particle beams.

For particle beam generators use is made of either cyclotrons developed for
high-energy and nuclear physics research [106], or high-current diode systems [34,
152]. Involved in the latter case are subnanosecond current pulses of the megampere
range with kinetic particle energies of 1–20 MeV [177, 195].

Fortov et al. [77] employed relativistic MeV electron beams to excite shock
waves in aluminum targets for the purpose of studying the features of electron
absorption in a dense plasma and elucidating the effect of intrinsic magnetic fields
of the beams on the stopping power of magnetized plasma (the magnetic “stopping”
effect).

Owing to the substantially shorter paths of ions in comparison with electrons
(Fig. 6.5), ion beams make it possible to obtain higher specific energy densities in
plasmas (Fig. 6.6). In a series of investigations by Baumung et al. [34] performed on
the pulsed high-current KALIF accelerator, the �2 MeV proton beam with a current

Fig. 6.5 Characteristic ion
paths in a cold material [204]



284 6 Relativistic Charged Particle Beams

Fig. 6.6 Typical plasma
temperature as a function of
energy deposited by charged
particle beams [204]

Fig. 6.7 Spalling strength of
an aluminum-magnesium
alloy for high strain rates
(HE: high explosive)

of �400 kA produced a power density on the order of 1012 W/cm2. This enabled thin
(50–100�m) flyers to be accelerated to velocities of 12–14 km/s and informative
measurements of the dense-plasma stopping power to be performed for fast protons,
the thermodynamic parameters and viscosity of the shock-compressed plasma to be
recorded, and the spalling resistance of metals at ultrahigh rates of straining to be
found. It turned out (Fig. 6.7) that the spalling resistance of metals significantly
rises (by 1–2 orders of magnitude) with increasing rate of strain to approach its
theoretical limit, which is related to the propagation kinetics of dislocations and
cracks in a pulsed stress field [34, 116].
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Fig. 6.8 Schematic of electrodynamic acceleration of metal liners at the Z-pinch facility of the
Sandia National Laboratories, USA [124]

The pulsed high-current BPFA-II generator (Sandia National Laboratories, USA,
Fig. 6.8) was earlier used to advantage for producing megavolt lithium ion beams
with an intensity on the order of 1012 W/cm2 for the inertial confinement fusion
(ICF) program [57, 147]. At present this facility is employed in the high-current
Z-pinch mode for the production of soft X-rays and electrodynamic generation of
shocks and adiabatic compression waves [58, 124, 181, 217].

The relativistic heavy-ion accelerators constructed for high-energy physics
experiments turned out to be candidates (Table 3.2) for controlled nuclear fusion
with inertial plasma confinement and for experiments on the compression and
heating of dense plasmas (Fig. 6.9) [81, 204].

The LHC (CERN) (Fig. 6.1), constructed to study the collisions of two proton
beams with an energy of 7 TeV each, generates 2808 bunches, each 0.5 ns long,
which contain 1.1�1011 protons each and are spaced at 25 ns, so that the total beam
duration is 89�s and the energy � 350 MJ, which is sufficient to melt 500 kg of
copper. The energy density in one beam is 1010 J/cm3. The characteristic kinetic
energy of one heavy relativistic ion is comparable to the kinetic energy of a metal
liner accelerated by the high explosive (HE) detonation products of the launching
system described in Sect. 3.5.
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Fig. 6.9 Relativistic heavy-ion beam interaction experiments at the GSI accelerator (Darmstadt,
Germany) [81, 106]

Heavy-ion beams with a kinetic energy of 3–300 MeV per nucleon were
employed in experiments on the heating of condensed and porous targets, the
measurement of plasma stopping power for ions, and the interaction of charged
beams with shock-compressed plasma produced by miniexplosion-driven shock
tubes [68, 81, 154, 188, 230].

Of special interest is the possibility of employing the GSI (Darmstadt, Germany)
heavy-ion accelerator in combination with the high-power petawatt PHELIX laser
system (Fig. 6.10), which would qualitatively enhance the experimental capabilities
of this device.

The potential and application prospects of the acceleration complexes at the
GSI heavy-ion center are depicted in Figs. 6.11 and 6.12. One can see that
high-intensity relativistic heavy-ion beams are interesting candidates for the gener-
ation of high-energy-density plasmas as well as for pulsed nuclear fusion [81, 106]
(see Sect. 7.3).
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Fig. 6.10 Setup of the experiment using a relativistic heavy-ion beam and a petawatt laser [81,
106, 229, 230]

Fig. 6.11 Capabilities of the SIS 18, SIS 100, and SIS 300 heavy-ion accelerators (see Table 3.2)
for producing high energy densities in lead [81, 106, 229, 230]
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Fig. 6.12 Parts of the phase diagram of zinc attainable with heavy-ion generators [81, 106, 229,
230]

6.2 Relativistic Nuclear Collisions

As already noted, record high energy densities are now achieved in the head-
on collisions of heavy ions (Figs. 6.13 and 6.14 [85]) accelerated to subluminal
velocities in accelerators. These collision experiments are aimed at the quest for
new particles (Fig. 6.15), at experimental investigations into the basic problems
of high-energy physics, elementary particle and relativistic nuclear physics in
hadron collisions, which are attended with the production of superdense nuclear
substance—quark-gluon plasma (QGP) (Figs. 6.16 and 6.32). Specifically, unique
experiments were executed on the CERN and Brookhaven accelerators to generate
ultraextreme baryon substance in a superdense and heated state with a density of the
order of 1015 g/cm3, a pressure of 1030 bar, a temperature of about 200MeV, and a
specific energy density of �1GeV/fm3 (Figs. 2.1 and 2.2) in individual Cu–Cu and
Au–Au nuclear collision events. Implemented in experiments on the RHIC were
collisions of iron nuclei with a specific energy of 100 GeV/nucleon (the nucleon
mass is equal to 1 GeV), resulting in a heat-up temperature of 300–600 MeV.
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Fig. 6.13 Dynamics of relativistic heavy-nuclei collisions in accelerators [187]

The emergence of a domain with extremely high parameters in a laboratory ion
collisions and its subsequent expansion are sometimes referred to as a “Micro Bang”
(Fig. 6.15), whose analogy to the cosmological Big Bang is a subject for special
analysis [65].

The internal structure and interaction of particles and nuclei are the main objects
of studies on accelerators [65]. According to modern views, strong interactions are
described by quantum chromodynamics, which considers quarks and gluons as the
elementary objects (partons) responsible for the interactions. At low energies the
partons are retained within strongly interacting particles (hadrons).

The matter produced in the interactions is undoubtedly different from that
mentioned above. Strong internal fields and highly coherent partonic configurations
become especially important. In the collision of two heavy nuclei at ultrarelativistic
energies one would expect the emergence of a hot and dense internally colored
medium. This medium must manifest some collective properties different from
those observed under static conditions.

Figure 6.17 gives the characteristics of baryon matter attainable for different
accelerators [146].

The study of substance properties in relativistic nuclear collisions will always be
the most advanced field of natural science [90]. In the opinion of H.A. Bethe, in
the twentieth century the mankind expended more intellectual effort on the study
of nuclear forces and the corresponding processes than on the study of all the rest
scientific disciplines taken together.

Following [64, 208, 209] we briefly discuss the main results obtained on
accelerators.

World’s leading scientific centers are involved in the research with accelera-
tors:

• GSI, Germany,Elab � 1–2 AGeV, which corresponds to a nucleon-nucleon
center-of-mass energy

p
sNN � 2– 2.5 GeV;

• CERN, SPS, Switzerland/France, Elab � 20–158 AGeV,
p

sNN � 6–17 GeV;
• BNL, RHIC, USA,

p
sNN � 20–200 GeV;

• JINR, Nuclotron, Russia, Elab � 1–6 AGeV,
p

sNN � 2:5–3 GeV.
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Fig. 6.14 Relativistic collision of gold nuclei. At the left: energy density, the domain of hadroniza-
tion is light-colored. At the right: the time evolution of the total baryon energy density at the center
and the trajectory of parameter variation. The domain of phase coexistence is marked in yellow and
the domain of phase transition is shown in green. Figure borrowed from [85]
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Deconfinement

Phase transition

Fig. 6.16 Quark–gluon plasma production. Under ordinary conditions (at the left) quarks (shaded
balls) are bound in hadrons. At high temperatures T > Tc there occurs deconfinement of quarks
and they cease to be bound in hadrons and form a QGP

Fig. 6.17 Characteristics of baryon matter achievable for different accelerators [146]

The SPS accelerator in the CERN yielded a wealth of data about the total
cross sections, elastic scattering amplitudes, diffraction processes, inclusive fissions,
and other general characteristics of hadronic interactions for an energy of up to
450 GeV. Also recorded there were manifestations of collective effects, which
became indications of a quark-gluon plasma. The SPS accelerator is now employed
as a 450 GeV particle injector for the LHC and as a neutrino source, whose
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flux penetrates the 730-km depth of rock to reach the underground Grand-Sasso
laboratory in Italy.

The LHC accelerator was constructed in place of the Large Electron-Positron
Collider (LEP), which was the site of the interaction of colliding beams of electrons
and positrons with a total energy of up to 200 GeV. With the help of the LEP
accelerator, quark and gluon jets were found for the first time, measurements
were made of the QCD coupling constant ˛s and its energy dependence (with the
presently available accuracy ˛s.Mz/ D 0:1176˙ 0:002), the W and Z bozons—the
weak interaction carriers—were discovered and investigated, and the lower mass
bound on the Higgs boson (114 GeV) was determined.

The Hadron-Electron Ring Accelerator (HERA) in Hamburg, which was recently
decommissioned, was used to accelerate and collide the beams of electrons with an
energy of up to 27.5 GeV and protons with an energy of up to 920 GeV. This enabled
physicists to comprehensively study the so-called proton structure functions and
thereby elucidate the quark-gluon composition of high-energy protons [64].

Tevatron at the Enrico Fermi Laboratory in Chicago is closest in energy and
nature of colliding objects to the LHC. In the Tevatron, protons collide with antipro-
tons with a center-of-mass energy of almost 2 TeV. Therefore the particle collisions
are the source of information about the qOq-, gg-, �� - and � -Pomeron processes. Also
highly intensive and successful were the mass and width investigations of W and Z
bosons as well as of top quarks (their respective masses are equal to about 80.4,
91.2 and 172 GeV). The lower mass bound to the Higgs boson was also determined.
Detailed investigations were made of quantum-chromodynamic (QCD) jets and
processes with high transverse momenta. But even now the Tevatron continues to
yield data which arouse keen interest. All these data will be studied on the LHC
with an even higher accuracy. The statistics of such events (for instance, jets of the
same energy) on the LHC will be approximately one thousand times greater than on
the Tevatron for the same accumulation time [64].

Another accelerator, Relativistic Heavy Ion Collider (RHIC), operated in
Brookhaven. The main objective of research on the RHIC consists [64] in the study
of head-on ion beam collisions for a total energy of up to 200 GeV per nucleon and
in the comparison of results with similar data about proton collisions. The RHIC
experiments yielded ample information about the behavior of baryon substance. It
was possible to obtain states with record high energy densities of �5GeV/fm3 in
lieu of the previously attained figure equal to �0:15GeV/fm3. Quark-gluon plasma
was obtained, which possessed, as it turned out, a high stopping power and the
properties of a nonviscous liquid. The presence of clearly pronounced “collective”
flows, rapid thermalization, a fast growth of pressure in the course of collisions, and
several other fundamentally new effects were demonstrated. The properties of the
nuclear substance produced in these collisions were thoroughly studied, which lent
additional support to the ideas of quark-gluon plasma formation. These properties
were found to be closer to the properties of a ideal liquid than to those of gases, as
hypothesized earlier (for more details, see Sect. 6.4). Clearly observed were other
collective effects as well: azimuthal asymmetry of particle fluxes and softening of
the particle spectra in jets in the passage through this medium.
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High beam intensities in KEK (Japan) and SLAC (Stanford Linear Acceleration
Center, USA) B factories permitted carrying out accurate measurements of the
� -boson family properties as well as of other processes with b-quark production.
This led to a clearer understanding both of the CP-invariance violation problem and
of the emergence of differences between matter and antimatter as well as permitted
investigating in greater detail rare particle decays and obtaining limitations on the
masses of supersymmetric partners of our known particles.

We summarize the main results [209]:

• strong deceleration of colliding nuclei,
• collective fluxes of secondary particles,
• anomalously large broadening of momentum distributions,
• anomalous enhancement of multistage hyperon production,
• significant broadening of �-meson spectral maximum,
• strong modification of fast hadrons,
• suppression of jets in their motion through the nuclear medium.

A number of these observations may be related to the emergence of quark-gluon
plasmas.

Also obtained was a wealth of other interesting results, which lay at the
foundation of modern conceptions of high-energy physics.

In accordance with modern notions, strong interactions are described by quantum
chromodynamics (QCD), which views quarks and gluons as elementary particles
(partons) responsible for the interaction. At low energies the partons are confined
inside strongly interacting particles (hadrons) and determine their static properties.
At high densities we have a nonperturbative QCD mode, which describes strongly
interacting matter under thermodynamic equilibrium at a finite temperature. The
matter produced in collisions exhibits new interesting properties. Strong internal
fields and highly coherent partonic configurations become highly significant. In
the collision of two heavy nuclei at ultrarelativistic energies there emerges a hot
dense color medium. Following [65] we note that this medium must manifest
some collective properties different from those observed under static conditions.
Low-momentum modes in nuclear wave functions may be described in terms of
classical fields related to certain high-momentum static color sources. According to
modern views [65] the collision process (evolution in energy for all modes) passes
through several stages (Fig. 6.13). At the beginning of this chapter we discussed
some of them. At one stage for a short time interval and in a finite volume, quarks
and gluons may be deconfined and, according to modern theories, may form some
ideal liquid—quark-gluon plasma. Collective properties of this plasma manifest
themselves in its mechanical motion as a whole, which is described in the framework
of hydrodynamics, as well as in its chromodynamic response to the propagation of
partons in it, which is described by QCD in the medium [65].

For high transferred momenta the QCD coupling constant becomes small
(asymptotic freedom) and a perturbative approach reliant on the perturbation theory
becomes applicable. Experiments on high-energy particle collisions are required
for studying processes with high transferred momenta, i.e. on progressively shorter
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distances. Studied in this way are the quark-gluon structure of a particle, its scale
dependence, and the properties of interaction range. Furthermore, hard processes
in the medium may induce its collective coherent response. Nuclear-nuclear (AA)
collisions were studied [65] in experiments on the SPS and RHIC heavy-ion
accelerators. The primary problem under study: the difference of process properties
in AA and proton-proton (pp) high-energy collisions. Observations and comparisons
were made of various characteristics, which showed clearly that nuclear collisions
may not be treated as the coherent superposition of nucleon-nucleon collisions.
Explaining the differences requires taking into account the collective properties of
the medium, some of their manifestations being attributable to the emergence of
quark gluon plasma.

The theoretical and experimental effort to study the phase diagram of compressed
baryon substance and the intensive search for new unusual phases of the strongly
interacting substance at high energy densities have been mounted for about a
quarter of a century [209]. These investigations will help understanding the behavior
of hadrons in a hadronic medium, obtaining the equation of state of hadronic
and nuclear substance, and recording the observable manifestations of quark
deconfinement and chiral symmetry violation (Fig. 6.18 [85]).

The main trend in relativistic collision research is to advance upwards in
relativistic particle energy scale. This increase in collision energy gives rise, of
course, to fundamentally new high-energy effects; however, as we shall see below,
this shortens the interaction time in nuclear collisions, making nonequilibrium
processes in ultrarelativistic interactions more probable. This circumstance accounts
for the opposite research trend: the interest in a lower energy range (in comparison
with the record one) of 8–40 GeV in the domain of the phase boundaries of new
hadronic phase formation [208, 209, 213].

According to modern physical notions, nuclear matter may undergo a series of
phase transitions with increase in baryon temperature and/or density (see Figs. 6.19
and 6.20). One of them is a transition with chiral symmetry violation caused by
the strong interaction. This interaction violates chiral symmetry at low temperatures

Fig. 6.18 Hierarchy of
momenta (energies) and scale
of nonperturbative effects.
Figure borrowed from [85]
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Fig. 6.19 At the left: water–vapor transition (a phase transition of the first kind with latent heat of
vaporization) terminates at the critical point (of the second kind). There is no difference between
vapor and water above the critical point. At the right: according to modern theoretical models,
the structure of a quarks–hadrons phase transition is similar to the water–vapor transition, with
the absence of differences between the phases above the critical point (
B is the baryon chemical
potential related to the baryon density and T is the temperature)

Fig. 6.20 Phase diagram of strongly interacting baryon matter. Posted on the NICA site [40, 163]

and/or low baryon densities, which recovers for high parameters. Possible in this
case is the existence domain with violated and recovered symmetry phases, like
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is the case in water vapor under subcritical conditions (see Fig. 6.19). Owing to the
possibility of quark pairing, luminal supervisibility effects with crystallization of the
system may take place. Another example of exotic phase transitions is a transition
to quark-gluon plasma [184], which is considered at length below.

The existence of suchlike phase transitions brings about a qualitative change in
the usual form of the phase diagram of baryon substance (Fig. 6.20) and results
in new phase boundaries of chiral and quark-gluon transitions, which in turn may
mutually overlap or even coincide [40, 208].

Color superconductivity may vanish at high hadronic densities and very low
temperatures. This effect is intensively studied now by neutron star scientists. This
effect may lead to the emergence of a new baryon phase named “quarkyonic”.

We therefore see that investigations into the physical properties of strongly
compressed baryon matter are of significant interest even in the moderate-energy
range, providing the possibility of discovering new exotic states of matter. However,
the aspiration for operating with the highest attainable collision energies remains
the main line of work in high energy physics. Discussed in this case is the now-
hypothetical possibility of reaching the short range and the Grand Unification
domain [170]. At these distances the electromagnetic and weak interactions are
unified even stronger in the sense that they will be described by a common
interaction constant. Would the strong chromodynamic interaction be expected to
join these two? In other words, that leptons and quarks at short range make up a
unified group. The expectation to get a positive answer to this question relies on the
fact that the three constants are not to much different from each other at a range of
about 10�19 m show a trend for further convergence. There are theoretical models
of this unification, in which these constants tend to a common value,

˛GU D g2GU=4� � 1=40;

at a range of about 10�32 m. The characteristic Grand Unification energy (1016 GeV)
is only three orders of magnitude than the Planck mass, whereby the gravitational
interaction becomes stronger than the electroweak and strong ones. So that in
this case there appear conditions for Supergrand Unification of all particles and
interactions in the framework of supergravity [170].

To describe a chiral phase transition, the authors of [174] studied the melting
of different crystal structures on heating under domination of pionic degrees of
freedom.

6.3 Quark-Gluon Plasma

Among the wealth of interesting physical results obtained using accelerator facili-
ties, here we discuss the production of QGP, which emerges in the deconfinement
of quarks for energies � 200MeV [97, 157, 207]. The experiment scheme is as
follows: in the collision of two nuclei (Fig. 6.13 [187]) their kinetic energy is
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converted to the internal nucleons energy. In accordance with the predictions of
quantum chromodynamics (QCD [157]) this gives rise to a so-called “color glass
condensate” and subsequently, with thermalization, to a new state of matter—quark-
gluon plasma—“a quark soup” [97, 157] (Fig. 6.16). Colliding in the RHIC are gold
nuclei, which move at nearly the speed of light. Each collision (a miniexplosion)
proceeds in several stages. Initially there emerges a short-lived expanding “fireball”,
which consists of gluons (green), quarks, and antiquarks, primarily of upper (top),
lower (bottom), and strange (s-) (blue) quarks with a small amount of heavier
charmed (c-) and beautiful (red) quarks. Eventually the fireball explodes to decay
into hadrons (silvery), which are detected together with photons and other decay
products. The physical properties of the quark-gluon plasma are determined from
the properties of detected particles. In doing this it is assumed that the collision
time suffices for substance thermalization, so that the kinetic energy has time (this
is the subject of special consideration) to be converted to the internal energy of the
resultant plasma.

The QGP emerging in such collisions consists of quarks, antiquarks, and
gluons [91, 103, 165, 190, 235]. The masses of quarks and other fermions are shown
in Fig. 6.21 [235]. This plasma is sometimes called the “oldest” form of matter,
because it existed even in the first microseconds after the Big Bang (see Sect. 10.4);
hadrons were formed in the course of expansion and cooling of this matter. QGP
is highest in density, approximately 9–10�0 (�0 D 2:8 � 1014 g/cm3 is the nuclear
density), and may emerge at the center of neutron stars, black holes, and in the
collapse of ordinary stars (see Chap. 9). Undertaken for the quest for QGP were
large-scale experimental programs on the collision of ultrarelativistic ions on the

Fig. 6.21 Masses of charged SM fermions. The area of a circle is proportional to particle
mass [235]
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accelerators HERA, RHIC in Brookhaven, GSI in Darmstadt, and SPS, LHC in the
CERN.

Even the first QGP experiments in Brookhaven (RHIC) and the CERN (SPS)
revealed a greater diversity of QGP plasma behavior than assumed earlier (the gas
of quarks and gluons). It was found that special attention should be paid to the
energy domain

p
sNN � 2–10 GeV, where a strongly interacting (nonideal) QGP

was expected to emerge. This domain will be studied in the framework of the CBM
experiment of the FAIR project (for more details, see Sect. 6.7, where collisions
with Elab � 5–35 AGeV and

p
sNN � 3–8.5 GeV) will be studied. Furthermore,

BHL–RHIC plan to carry out experiments in a lower (down to
p

sNN � 5GeV)
energy range in comparison with

p
sNN � 200GeV. Unfortunately, in this case the

beam luminosity will be lower by several orders of magnitude.
In any case we are dealing with the collisions of heavy nuclei with per-nucleus-

energies of the order of 100GeV and higher in the center-of-mass system or with
per-nucleus-energies of 20TeV in the laboratory frame of reference. The conditions
achievable on modern accelerators are shown in the phase diagram of nuclear matter.
The domain of low temperatures and baryon densities is occupied by hadrons (nuclei
and mesons) [91, 160, 165, 169, 190]. The limit of high densities (five to ten times
higher than the nuclear density: �0 D 2:8 � 1014 g/cm3) and high (T > 200MeV
� 1012 K) temperatures corresponds to quarks and gluons, which are not confined
in hadrons in this case and form “quark-gluon plasma”. The transition between these
states may be either nonabrupt or abrupt, like a phase transition of the first kind with
a critical point (Fig. 6.20). To describe the behavior of compressed baryon matter in
the corresponding domain of the phase diagram, use is made of the methods of
quantum chromodynamics, which itself is the object of experimental verification.
The phase diagram with the inclusion of quantum-chromodynamic calculations is
plotted in Fig. 6.22 [85].

QGP is a significant element of matter transformation after the origination of
our Universe (see Sect. 10.4). During the first microseconds [165, 190] after the
Big Bang, the temperature decreased as T[MeV] � 1=t1=2, where t is time [s], so
that a QGP with a temperature of several hundred MeV could exist during the first
5–10�s after the Big Bang (for more details, see Fig. 6.23). At that time, the baryon
density was not so high. As the universe expanded, the plasma became cooler, which
resulted in the “hadronization” of matter and the subsequent production of pions. If
a first-order transition occurred, “bubbles” of hadrons (neutrons, protons, and pions)
would form inside the plasma.

QGP [113, 117, 205, 206] is a superhot and superdense form of nuclear matter
with unbound quarks and gluons, which are bound inside hadrons at lower energies
(Fig. 6.16).

Four types of interaction (gravitational, electromagnetic, weak, and strong) are
schematically shown in Fig. 6.24; three of them enclosed in a frame are described
by the Standard Model. Electromagnetic and weak interactions are unified in
electroweak theory (Fig. 6.25).

We know that ordinary substances consist of atoms. An atom consists of an
atomic nucleus and electrons. Atomic nuclei consist of protons and neutrons.
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Fig. 6.22 Phase diagram of hadronic and quark-gluon matter. The circles stand for experiments
and lattice QCD simulations. The empty triangle is the critical point and the full one is atomic
nucleus [85]

Fig. 6.23 Transformation of matter after the Big Bang. The arrow indicates the RHIC accelerator
parameters
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Fig. 6.24 Four types of interaction in nature and structure of matter. The domains of Standard
Model operation are enclosed in squares [95]

Fig. 6.25 Interaction of elementary particles [95]

Protons and neutrons in turn consist of quarks, u and d. And so the basic particles
which make up ordinary substances are the electron and two types of quarks, u
and d.
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Quantum chromodynamics was constructed for describing strong interac-
tions [65, 71, 207]. The basic QCD particles, unlike other particles of the Standard
Model, may not be directly observed—these are quarks and gluons. Instead of them
we see bound hadronic states.

One of the central ideas of chromodynamics is the principle of asymptotic
freedom. At low energies the coupling constant is large; with increasing energy
it becomes smaller (Fig. 6.26) and approaches zero. The large magnitude of the
coupling constant at low energies does not permit changing the perturbation theory
in this case. This theory works and yields good results in the high energy limit.

At low (below 1 GeV) energies, bound states and their interactions may be
described by a nonperturbative lattice theory. In this case, the passage to the
continuous spectrum is effected by decreasing the lattice parameter.

An important property of the principle of asymptotic freedom is that, with
increasing energy (and hence the temperature), the main contribution is made not
by bound hadronic states but by free quarks and gluons (the Stefan–Boltzmann
limit). Therefore, there emerge two phases (hadronic and quark-gluon ones), with a
phase transition between them, a critical temperature Tc � 200MeV, and an energy
density of �0:7GeV/fm3.

Fig. 6.26 Coupling constant as a function of energy [251]
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The compression of nuclear matter leads to the same effect [65, 71, 207]. At
high baryon densities the coupling constant is small, because the Fermi surface
corresponds to high energies, which also results in quark deconfinement. The
corresponding phase diagram of baryon matter is nontrivial in form (Figs. 6.19
and 6.20) and is the object of many papers [48, 49, 52, 55, 61, 63, 65, 71, 87, 96,
102, 118, 127, 139, 141, 142, 150, 207, 216, 220, 238, 246, 256], which describe
not only the domain of the phase transition of the Ist kind, of the IInd kind, the
thermodynamics and kinetics of hadronic and quark-gluon phase mixture, but also
the analytical crossover under supercritical conditions.

We note (see Fig. 6.21 [235]) that, according to the principle of asymptotic
freedom, fermions will weakly interact at a high density (chemical potential). Since
quarks experience mutual attraction, they will make up Cooper pairs to give rise to
color superconductivity [71] (see Fig. 6.20).

In the Standard Model (Figs. 6.27 and 6.28), which provides a complete descrip-
tion of the modern notions of particle physics, the number of quark types is equal
to six. Additional quarks are denoted as s, c, b, and t. The reason why we do not
discover them in ordinary substances is that these quarks are unstable under ordinary
conditions. The matter is [235] that the effective coupling constant in quantum
chromodynamics increases with a decrease in energy (see Fig. 6.26), with the result
that the particles which experience strong interaction cannot exist in the free form
and are present in bound states (hadrons). A physical explanation may consist in
the screening of point sources by virtual pairs produced in a vacuum. When we
approach a charge source, we penetrate its surrounding screening cloud. In this case,
the effective charge becomes higher due to the absence of screening. This brings
up an analogy with the passage through the electron cloud surrounding an atomic
nucleus. The difference is that electrons are real particles on the mass surface.
Electron screening is in essence a classical effect. An increase in renormalization
group charge is associated with the lowest contribution of virtual particles and is a
purely quantum effect. The binding forces responsible for quark confinement arise

Fig. 6.27 Components of the Standard Model [125]
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Fig. 6.28 Elementary particles described by the Standard Model [235]

Table 6.1 Problems of the Standard Model

Problem

Matter structure 1. Quark-gluon matter
2. Going beyond the framework of the Standard Model (Higgs
boson)
3. Supersymmetry, grand unification, additional dimensions
4. Neutrino properties

Properties of the Universe 5. Baryon asymmetry
6. Dark matter
7. Nature of cosmic rays

due to exchange of rather soft gluons. Like quarks, the electron is a member of the
family of six components called leptons. Among these leptons are three types of
neutrinos.

Basic interactions are another important constituent of the Standard Model.
Quarks and leptons experience three types of forces. Strong interactions are
described by quantum chromodynamics, and electromagnetic and weak interactions
by the Weinberg–Salam–Glashow theory. All three interaction types are described
in the framework of special field theories, which are called gauge theories. Several
problems associated with the Standard Model are indicated in Table 6.1.

The characteristics of quarks (which possess a fractional charge), which make up
hadrons, are collected in Table 6.2. For instance:

proton D u C u C d

neutron D u C d C d

�C D u C d; etc.
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Table 6.2 Quark characteristics

Designation Type of quark and its flavor Charge (jej) Mass (MeV)

u up—upa �2=3 5

d down—downa �1=3 10

s strange—strange (strangeness, S D �1) �1=3 150

c charm—charmed (charm, C D C1) �2=3 1300

b beauty—beautiful (beauty, B D C1) �1=3 4200

t top—topb, truth—truth �2=3 175,000
a There is no quark flavor and the corresponding additive quantum number is not used
b There is no conventional flavor name

ε
ε

Fig. 6.29 QCD calculations of the temperature dependence of the energy density (left) and
pressure (right) [97]. The most realistic case corresponds to flavor 2+1. (The subscript SB stands
for Stefan–Boltzmann.)

The existence of QGP follows from the property of asymptotic freedom of
QCD [36, 46, 53, 84], which yields a value of 1–10 GeV/fm for the corresponding
transition energy density, which is close to the energy density inside a proton
and exceeds the nuclear energy density by an order of magnitude. Detailed
numerical simulations yield the critical conditions for the emergence of QGP: Tc �
150–200MeV � .1:8–2:4/ � 1012 K (Fig. 6.29)—100,000 times higher than the
temperature at the solar center—and the critical energy density ecr � 0:7GeV/fm3.

The emergence of this plasma manifests itself as an increase in the number of
degrees of freedom (Fig. 6.30 [110]): from 3 for hadrons to 8 for gluons multiplied
by 2 spin ones, plus 2–3 for light flavors of quarks, which in turn have 2 spins and
3 colors. Therefore, according to quantum electrodynamics, quarks possess 24–26
degrees of freedom; excited in quark-gluon plasma for T � .1–3/Tc are 40–50
degrees of freedom versus 3 for a pion gas at low temperatures, T < Tc. Since the
energy density, pressure and entropy are roughly proportional to the excited degrees
of freedom of a system, an abrupt change of these thermodynamic parameters in a
narrow temperature range about Tc accounts for a large (several-fold) difference in
energy (Fig. 6.29) between ordinary nuclear matter and QGP.
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Fig. 6.30 Number of thermally active degrees of freedom of a system for a temperature T is
proportional to its energy " density divided by T4 . Depicted in the drawing is the expected temper-
ature dependence "=T4 for extended hadronic matter calculated under a lattice approximation in
the framework of quantum chromodynamics. The "=T4 ratio is given in natural units (The Planck
and Boltzmann constants are equal to 1 in this case) and is dimensionless. Plotted on the abscissa
is the ratio between the temperature T and the critical temperature Tc (roughly 170 MeV), whereby
"=T4 rises most sharply, testifying to the transition from a hadronic gas to a quark-gluon plasma
[110]

In view of the aforesaid, the equation of an ideal, g ! 0, QGP is of the
form (Gyulassy, M.: Quark gluon plasmas: femto cosmology 2008)

PQCD
SB .T/ D .2s � 8c„ƒ‚…

gluons

C7

8
� 2c � 3c � 2qq � nf„ ƒ‚ …

quarks

/
�2T4

90
	 B„ƒ‚…

vac

:

For hadronic matter (Gyulassy, M.: Quark gluon plasmas: femto cosmology
2008)

PH.T/ D . 3ISO„ƒ‚…
pions

C O.e�M=T /„ ƒ‚ …
�;!;:::

/
�2T4

90
:

A comparison of these expressions defines the critical QGP transition tempera-
ture Tc.

Like our customary “electromagnetic” plasma (EMP), the QGP may be ideal for
T � Tc and nonideal for T � (1–3)Tc. The corresponding nonideality parameter—
the ratio between the interparticle interaction energy and the kinetic energy—in this
case is of the form � D 2Cg2=4�aT D 1:5–5, where C is the Casimir invariant
(C D 4=3 for quarks and C D 3 for gluons), the interparticle distance a � 1=T �
0:5 fm, T D 200 eV, and the strong interaction constant g � 2. The factor 2 in the
numerator takes into account magnetic interaction, which is of the same order of
magnitude as the Coulomb interaction in the relativistic case.
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Fig. 6.31 Features of the equation of state of a QGP [97]. Left: Temperature dependence of the
speed of sound. Right: Phase boundary and critical point according to [56, 71]

Fig. 6.32 Phase diagram of QGP [35] (Gyulassy, M.: Quark gluon plasmas: femto cosmology
2008)

At present it is hard to tell unambiguously whether the transition to a QGP is
a true thermodynamic phase transition with an energy density jump or a sharp
and yet continuous transition [97]. Conceivably (Fig. 6.31 [97]) for low baryon
densities 
B this might be a continuous transition and for high 
B a phase transition
of the first kind (Fig. 6.32). In any case, the theory [97] predicts a low value
for the velocity of sound in the transition region (Figs. 6.31 and 6.29), which is
reflected in the hydrodynamic anomalies accessible to observations in the relativistic
collisions of heavy nuclei. The specified features of adiabatic compressibility of
the QGP testify to a “softer” equation of state for T � Tc and a “stiffer” one at
high temperatures as well as for T 6 Tc. In the limit T � Tc, the equation of
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state of hadronic matter becomes “softer”, although in this case the uncertainty is
quite high and the description of this matter by quantum electrodynamics (QED)
techniques encounters serious problems. Proceeding from lattice simulations in [50]
a conclusion is drawn about the emergence of magnetic vortices in a QGP.

A picture of a relativistic heavy nuclei collision is shown in Figs. 6.33, 6.34,
and 6.35. In this case, hundreds and thousands of high energy particles (Figs. 6.34

Fig. 6.33 A relativistic hadron collision: “burning of the vacuum” [140]

Fig. 6.34 Schematic representation of uranium nuclear collision for 25 AGeV (laboratory frame)
at points in time: early in the collision, high-density phase, and expansion phase. As a result, about
1000 particles are ejected, most of them being pions [85]
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Fig. 6.35 Trajectories of the particles produced in the collision of gold nuclei with an energy of
25 AGeV [85]

and 6.35) are produced in every collision, most of them being mesons. The
detectors’ task is to select and analyze the requisite events.

Under the conditions of the RHIC experiment, the longitudinal Lorentzian
compression of the size of colliding nuclei is on the order of 100. The characteristic
volume of the U–U collision domain (�3000 fm3) contains �10;000 quarks and
gluons, while the characteristic collision time is �0 � 0.2–2 fm/c � (5–50)�10�25 s.
That is why some of high-energy processes supposedly take place in the expanding
substance, when the nuclear bunches have already passed through each other.

These nonequilibrium effects become stronger with increase in ion collision
velocity and are a limiting factor for studying compressed baryon matter (for more
details, see Sects. 6.6–6.8). In particular, the characteristic atom-atom collision time,
� � 2R=� , is �1:5 fm/c for SPS accelerator and �0:14 fm/c for the RHIC.

Gyulassy and McLerran [97] called attention to the fact that the production
of fast particles in the expanding plasma after nuclear collisions is similar to the
production of new forms of matter after the Big Bang (Sect. 10.4). However, the
difference is that the expansion in nuclear collisions is one-dimensional rather
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Fig. 6.36 Spatiotemporal matter evolution after a collision [157]

than three-dimensional as in cosmology. The spatiotemporal evolution of matter
following a relativistic collision is shown in Fig. 6.36.

During the collision, as the nuclear substance expands and cools down, the
emergent quarks and gluons are thermalized (the time �eq 6 1 fm/c � 3 � 10�24 s)
and may reach local thermodynamic equilibrium during the plasma lifetime �0 �
(1–2)R=c � 10 fm/c. In this case, the medium will be set in hydrodynamic motion;
recording this may yield experimental information about the properties of hadronic
or quark–gluon matter as well as about the limit of their back and forth transition,
which should occur at an energy density of �1GeV/fm3 according to QED.

In any case, it is believed [110] that hydrodynamics in RHIC experiments begins
to work after a time period of 2 � 10�24 s, which is much shorter than the particle
transit time through the nucleus.

The idea of applying hydrodynamic equations to describe relativistic ion col-
lisions belongs to L.D. Landau (1953). It proved to be highly fruitful for the
calculation of a broad class of collisional experiments in a wide energy range [126].
Under this approximation the substance motion at high densities is described by
the differential equations of mass, momentum, and energy conservation, which are
supplemented by the conservation laws for charge numbers (total baryon charge,
electric charge, and strangeness). Also employed are semiempirical equations of
state of nuclear matter (Figs. 6.37 and 6.38) [48, 49, 49, 52, 55, 61, 63, 75, 87, 96,
102, 118, 118, 126, 127, 139, 141, 142, 150, 216, 220, 238, 246, 256].

It is evident that one of the central issues relating to the validity of hydrody-
namic approximation is the question of whether the nuclear matter thermalizes in
ultrarelativistic collisions.

Figure 6.39 [97] serves to illustrate the characteristic energy density in nuclear
collisions as a function of time. An analysis of the collision and expansion dynamics
shows [97] that the transition from a relatively slow one-dimensional expansion to
a faster three-dimensional expansion occurs in a characteristic time � 0:3 fm/c.
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Fig. 6.37 Examples of the equation of state of a resonance hadronic gas (EOS H), ideal gas of
massless particles (EOS I), and the equation of state with a phase transition (EOS Q) [126]

Fig. 6.38 Equation of state (EOS Q) with a quark-hadron phase transition. Plotted in the drawing
is the pressure as a function of energy e and partial baryon density n. For each value of n there
exists an energy density minimum emin.n/, to which there corresponds a pressure pmin.emin; n/.
Below the emin level the pressure was “manually” set equal to zero

The upper bound of the dark band in Fig. 6.39 corresponds to the assumption that
the system is in thermodynamic equilibrium and is an ideal massless gas, while the
lower one corresponds to nonequilibrium “frozen” conditions. By the point in time
3 fm/c the plasma is a mixture of quarks, gluons, and hadrons, and for 10 fm/c the
quarks and the gluons recombine in hadrons. The lower bound of attainable energy
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Fig. 6.39 Characteristic energy density in the collision of nuclei as a function of interaction
time [97]

density is realized for t � 1 fm/c and the upper limit (massless gas) for 0:3 fm/c.
The general estimate of energy density is of the form [97]

(2–3) GeV/fm3 � E � (20–30)GeV/fm3.

For comparison, the energy density in neutron stars (Sect. 9.3) amounts to
�1GeV/fm3.

The emergence of a new form of matter—QGP—should be accompanied
by qualitatively new physical phenomena, which should manifest themselves in
experiments.

First, the emergence of new degrees of freedom in the plasma must be reflected in
the collision and expansion relativistic hydrodynamics, which in turn is described by
the equations of motion of a viscous fluid in the conditions of local thermodynamic
equilibrium. This formalism is simplified for a nonviscous fluid (the Euler equation),
while the experimental manifestation of collective (viscous) effects (see Sect. 6.4)
may be indicative of plasma effects.

The emergence of QGP may show up not only in the properties of the equation
of state, but also in the behavior of viscosity in the hydrodynamic motion.

The results of such comparisons for the azimuthal components of � , K, p, and�
flow in Au C Au collisions (200 AGeV) are given in Fig. 6.40 [15, 16, 18, 21, 215].
One can see that simulations and measurements are in good agreement up to
energies of about 1 GeV/fm, which fails at higher energies. This disagreement
is attributed to the emergence of QGP. The agreement between simulations and
experiments is improved by including the lowering of sound velocity in the vicinity
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Fig. 6.40 Experimental manifestation of a QGP [97]. Left: STAR [15, 16, 215] and PHENIX [18]
measurement data. Right: Data from [21]

Fig. 6.41 Relativistic nuclear collision, generation of elliptical flows. The high-energy domain
is elliptical in shape, so that the spatial anisotropy generates the anisotropy of momenta of the
expanding medium [171]

of T � Tc and the corresponding “softening” of the equation of state, which are
caused by the emergence of this plasma.

Apart from the special features in the equation of state, the emergence of QGP
may manifest itself in the behavior of shear viscosity � in hydrodynamic motion:

Tij
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It turns out that QGP behaves not as a gas of noninteracting particles but as a
strongly interacting liquid with a vanishingly low viscosity, which, however, has a
lower bound, �s & 1

4�
„
k , which follows from a highly general string theory (see the

next Section).
It is precisely these effects that account for the underestimation of elliptical

expansion velocities in central (Fig. 6.41) and off-center (Figs. 6.42 and 6.43)
collisions, which were measured on the SPS, in comparison with simulations (this
underestimation is unavoidable in the framework of three-dimensional (3+1D)
hydrodynamics [126]) and a lowering of this departure with increase in impact
parameter [97], which is due to a lower efficiency of pressure transfer to the
hydrodynamic flow by hadrons in comparison with plasma. In any case, ideally
nonviscous flow simulations reliant on Euler equations [35] provide a better
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Fig. 6.42 Schematic representation of off-center nuclear collisions [85]

Fig. 6.43 Off-center (b=2 fm) Au+Au collision dynamics for 2 AGeV. The velocity of motion is
depicted on the XZ plane and the substance density on the XY plane [85]

agreement with experiments (Fig. 6.44) than the simulations using equations with
viscous dissipation.

Interestingly, for moderate energies the RHIC experiments display anomalies in
QGP dissipation and yield effective viscosity values that are up to ten times lower
than one would expect from the models of weakly nonideal Debye plasma. This is
thought to be [97] due to plasma nonideality effects (Figs. 6.59 and 6.60).

It is a striking fact that the hottest and densest matter of that occurring in Nature
exceeds all known liquids in degree of noideality, which is characterized by the
viscosity of the medium. String theory and QCD calculations yield a ten times
lower viscosity value than that of superfluid helium [187]. The issue of viscosity and
nonideality is highly general in nature and will be considered in the next section.
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Fig. 6.44 Comparison of measured (circles) and calculated expansion velocities in nuclear
collisions [35]

An experimental study of the properties of matter in the interaction domain
calls for studying the energy loss of different probe partons (quarks, gluons) that
traverse it [65]. This is similar to studying the energy loss of electrons that pass
through ordinary amorphous media. Recent experimental results obtained on the
SPS (Super Proton Synchrotron) and the RHIC (Relativistic Heavy Ion Collider)
show clearly that the collective properties of the medium are determinative for
heavy ion collisions. The radiative properties of partons, the energy spectra of
resultant hadrons, and their correlations change in comparison with those in proton-
proton collisions. Induced coherent radiation reflects the collective response of
the medium to the partons that penetrate it. In the medium itself there occurs
collective motion. The hadrochemical composition of the particles produced is
also changed. Productive are both micro- and macroscopic approaches to the
theoretical description of the observed effects in the framework of QCD. Mechanical
and thermodynamic properties of the medium are studied in the framework of
hydrodynamic description. Below we describe both of these approaches and discuss
the corresponding experimental data.

Important information about the properties of high-density matter is carried
by the measured spectra of charged hadrons produced in collisions. For pT �
3GeV the shape of transverse-momentum charged-hadron spectra changes from
an exponential dependence to a power-law one in accordance with the predictions
of perturbative QCD. RHIC single-particle distribution data for central Au–Au
collisions for an energy of 200 GeV reveal a strong pT -independent suppression of
the hadron fraction with high transverse momenta (pT > 4GeV). The measurements
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cover the interval in pT up to a value of 20 GeV. The measured large deficit of
particles with a high transverse momentum is indicative of partons’ energy loss in
the medium. It corresponds to the effect of so-called jet suppression (quenching),
which manifests itself in a softening of the hadronic spectrum obtained from in-
medium partons in comparison with the spectrum in a vacuum. Therefore, the
suppression factor is a powerful means for determining the density of the medium.

We see that the effects involving suppression of the jets produced in the
relativistic nuclear collisions contain information about the properties of shock-
compressed matter [98, 99, 245] and about the emergence of QGP. By the order
of magnitude this suppression is determined by the radiation loss of gluons, while
the contribution of elastic loss is not large.

The results of such “tomography” for PHENIX experiments are shown in
the right part of Fig. 6.45 [97, 242]; they suggest that the reduced initial gluon
density must be equal to dNg=dy � 1000 ˙ 200 to account for the observed
jet suppression. These values are in reasonable agreement with another set of
independent measurements [97]:

(a) with the values of initial entropy determined from the plasma expansion after
the collision,

(b) with the initial plasma parameters that follow from the hydrodynamic simula-
tions of “elliptical” flows,

(c) with density variation rates calculated by the methods of quantum electrody-
namics.

π

αα

π

π

π
±

σ

Fig. 6.45 Left: �0 flux quenching data recorded at PHENIX and RHIC in comparison with
different ISR and SPS observations (both at CERN). Right: Factor RAA D dNAA=Taa.b/d�pp

measured at SPS, RHIC, and LHC in comparison with radiative energy loss models [97, 242]
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These data sets permit finding the initial energy density in relativistic collisions:

E0 D E.1=�0/ � �20=�R2 � dNg=dy � 20GeV=fm3 � 100Ea;

for the characteristic gluon momentum (P0 � 1:0–1.4 GeV), which in turn defines
the formation time, „=P0 � 0:2 fm/c, of the primary nonequilibrium QGP. Under
these conditions, local thermodynamic equilibrium, which is necessary for the
application of hydrodynamics, sets in for

�eq � .1–3/B=P0 < 0:6 fm=c:

By this point in time the temperature becomes

T.�eq/ � ."0=.1–3/ � 12/1=4 � 2Tc:

According to one model [97], for P0 � 2–2.2 GeV the number of minijets must be
of the order of 1000.

Studying the correlation between secondary particles by recording correlated
binary jets in nuclear collisions yields more comprehensive data about the plasma
properties (Fig. 6.46). It was shown [65] that both two- and three-particle correla-
tions exhibit two oppositely directed jet-like peaks (two-jet transitions). Theoreti-
cally, to a first approximation the jets are treated as the residual manifestation of the
hard scattering of quarks and gluons. The consistency of jet characteristics obtained
under different conditions (central and peripheral collisions, protons and gold)are
considered [97] as a powerful argument in favor of the applicability of quantum
chromodynamic techniques and QGP formation.

φΔ

φ
Δ

ηΔ

φΔ

φ
Δ

ηΔ

Fig. 6.46 Strongly correlated backward jets in STAR and RHIC experiments [17, 97, 111] in
Au+Au collisions (at the left) are compared with p+p collisions and with off-center collisions
with monojets in head-on Au+Au collisions (at the right)
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Therefore, the jet quenching effects observed in nuclear collisions allow the
energy density of nuclear matter to be determined and conclusions to be drawn
about a strong collective interaction (nonideality) of this plasma, proceeding from
an analysis of the energy losses of the jets in their motion through the QGP.

Many-particle correlations and totally (calorimetrically) reconstructed jets are
the main focus of the effort to study proton-proton and nuclear-nuclear collisions.
The first results for totally reconstructed jets in proton-proton, Cu–Cu, and Au–Au
collisions show clearly the jet broadening in the quark-gluon medium.

Another manifestation of QGP was the observation of entirely new event
topologies in nuclear-nuclear collisions which were termed “the ridge” and “the
double-humped event” [65]. In central collision events the trigger jet is located on a
pedestal (the ridge), which spans a broad pseudorapidity interval and falls off rapidly
in the azimuthal direction. The ridge existence is independent of the presence of the
jet peak. The characteristics of this peak coincide with the general characteristic of
the particles produced, but the particle spectrum in the ridge is somewhat harder. The
emergence of the ridge is unrelated to particles in jet configurations. In peripheral
collisions and for high pT of the trigger particle the ridge vanishes. Both the large
pseudorapidity length of the ridge and the presence of large broad clusters revealed
by two-particle correlations are indicative of the importance of collective effects.

The azimuthal ı� D � peak in the antitrigger (away-side) direction, which is
observed in proton-proton collisions, is replaced with a broad antitrigger structure
in Au–Au collisions. In the majority of central collision events, clearly discernable
are two symmetric maxima (humps) for ı� D � ˙ 1:1. Their position is hardly
dependent on the transverse momenta of the trigger and associated particles. The
two humps supposedly merge into one broad hump for high pT of the trigger (6 <
ptrig

T < 10GeV). This signifies that the antitrigger jet hidden between the two humps
becomes visible again—as it must be in the case of a medium of finite size, where
a high-pT parton escapes from the medium and forms a jet. The jets generated by
heavy quarks possess similar qualitative properties (though measured with a lower
statistics). These features are observed both for two- and three-particle correlations.
The existence of these features is undoubtedly associated with collective properties
of the medium.

Today, the observational manifestations of QGP (Gyulassy, M.: Quark gluon
plasmas: femto cosmology 2008) that are being actively analyzed include

– “Barometric” effects: from the parameters of collective flows (elliptic, longitudi-
nal, radial)

– “Thermodynamic” effects: photons, leptonic pairs, vector mesons
– “Critical” effects: hadronic density fluctuations
– “Tomography”: short jets, heavy quark fluxes
– “Exotics”: multiquark states, femtometer-dimensional “fullerenes”

Among the interesting hydrodynamic phenomena, special mention should be
made of Stöcker’s elegant and beautiful idea [221] of the production of conic Mach
shock waves (Fig. 6.47), whose properties permit the characteristics of compressed
nuclear matter to be judged.
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(a)

diving stage

(b)

penetration stage

(c)

final stage

Fig. 6.47 Formation of Mach shock waves in nuclear matter [221] in the collision of a light
nucleus (at the left) with a “heavy” one

Following [65] in the subsequent discussion, we consider a microscopic approach
to the description of QGP. Consistent microscopic description of all processes
with participation of several thousand generated particles in the entire phase space
in the framework of quantum chromodynamics (QCD) is unrealistic today. This
description may be applied to relatively infrequent subprocesses with high pT , in
which the QCD coupling constant is small enough. The description of essentially
collective effects is better approached by a macroscopic (including statistical)
treatment.

And yet, by applying general QCD principles it is possible to deduce the general
features of fields’ evolution and reveal typical correlation patterns in heavy-ion
collisions. In this context the present-day paradigm, which is discussed below,
describes the transition from a color glass condensate (CGC) to a plasma and
subsequently to the quark-gluon plasma and the following hadronization [65].

The main source of experimental information about the properties of quark-gluon
medium at these stages is the energy loss of partons.

A concept introduced to describe multiple scattering events in hadronic and
nuclear collisions in the framework of QCD is the notion of color glass condensate
(CGC)—a universal form of matter which controls the high-energy limit of all
strong interactions and is the part of the hadron wave function.

Multiparticle production in QCD is due to the partons with short x in nuclear
wave functions (CGC). Produced in the collision of two CGC “pancakes” is a
matter of extremely high density termed glasma. It precedes quark-gluon plasma
(QGP). The glasma consists of color flux tubes localized in the transverse plane
and stretching between the valence color degrees of freedom. These tubes generate
long-range correlations. The existence of long-range (pseudo)rapidity correlations is
related to the early instants of glasma formation in nuclear collisions. The radial flux
collimates particles in the direction of the flux and generates azimuthal correlations.
In particular, this might explain the hump effect as a combination of long-range
correlations in rapidity in the initial state and the radial flux in the final state.

Macroscopic collective properties (CGC, QGP) may manifest themselves in its
hydrodynamically described mechanical motion as a whole (for instance, viscosity)
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or in its response to external color fluxes (for instance, chromopermittivity)
described in the framework of QCD.

As is well known [65], at very high energies gluons become the main components
in the wave functions of colliding hadrons. The in-medium gluodynamics equations
differ from those in vacuum by the inclusion of chromopermittivity of quark-gluon
plasma [65]. Like permittivity in electrodynamics, chromopermittivity describes the
linear response of matter to its traversing partons. To the leading order in strong
coupling constant the equations are completely similar to electrodynamics equation
with substitution of the permittivity for the chromopermittivity. The response of the
medium to the action of partons is discussed at length in [65].

Studying the thermodynamic and mechanical characteristics, which vary in
the course of the evolution of quark-gluon medium, requires information about
the spatio-temporal picture [65]. Lattice simulations and ideas concerning CGC,
glasma, and QGP yield certain indications about the transition from the state of
confinement to free quarks and gluons. Inelastic collisions may lead to thermaliza-
tion of the medium. Subsequently this medium expands, and hydrodynamics may
be applied for describing this evolution phase. This is described in reviews [61, 75,
104, 126, 207].

The medium is characterized by six independent variables [65]. These are the
energy density e, the pressure p, the baryon number nB, and three velocity vector
components u
. The energy-momentum tensor and the baryon charge current are of
the form

T
v.x/ D .e.x/C p.x//u
.x/uv.x/ 	 p.x/g
v;

j
B.x/ D nB.x/u

.x/:

The evolution of these variables is described by six hydrodynamic equations: five
nonlinear partial integro-differential equations obtained from energy, momentum,
and baryon-charge local conservation laws:

@
T
v D 0.v D 0; : : : ; 3/; @
j
B.x/ D 0;

and the equation of state relating p, e and nB [20, 23, 37, 38, 42, 48, 49, 52, 55, 61, 63,
87, 96, 102, 118, 120, 127, 139, 141, 142, 150, 159, 168, 216, 220, 238, 246, 256]. The
last-named is usually selected in the form closest to QCD lattice data by normalizing
to the states that lie below and above the critical temperature (i.e. hadrons and quark-
gluon medium). This is a rather arbitrary element of the approach. Furthermore,
to solve the (3+1)-dimensional nonlinear equations requires determining the initial
conditions. These solutions may be found only numerically with the use of several
external parameters [65].

The solutions of hydrodynamic equations yield the spectra of transverse
momenta for different sorts of particles, radial and elliptical fluxes, the geometry of
interaction region. Their comparison with experimental data permits determining
the main thermodynamic, static, and mechanical properties of quark-gluon medium.
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A schematic grouping of their values for an energy of 200 GeV is as follows:
Teq � 360MeV, Tcr � 170MeV; Tdec � 120MeV, �therm D �eq � 0:6 < 1 fm;
�dec � 7 fm, eth � 25GeV/fm3, ecr � 1GeV/fm3, edec � 0:075GeV/fm3,
seq � 110 fm3, 	=s � 0:1 (1=4� in AdS/CFT), nB < 0:5 fm3. These values
testify to a rapid thermalization, a high initial average energy density, and a rather
long lifetime of quark-gluon plasma prior to hadronization for a fairly low density
and temperature predicted by lattice QCD. Total thermalization in a time shorter
than 1 Fermi is required for measuring the magnitude of elliptic flux (Fig. 6.41) and
its dependence on centricity, which are highly sensitive to any departures from local
thermodynamic equilibrium for low-pT particles. Collective excitations, resonances,
and inelastic interactions maintain the system in the state of thermal equilibrium.
A good agreement of the data with ideal fluid dynamics is indicative, as we saw
above, of a very low viscosity of QGP. Other transfer (shear, diffusion, thermal
conductivity) coefficients do not play a significant role on a macroscopic scale
length typical for scattering: this length is much shorter than the macroscopic scale
related to the expansion of the medium. Strong nonperturbative interactions must
be responsible for the behavior similar to the behavior of an ideal fluid. Hence there
comes the term “a strongly interacting quark-gluon plasma” (sQGP). For instance,
clusters or colored bound states of massive quasiparticles with heavy quarks may
exist in sQGP. Resonance scattering from the constituents of quark-gluon medium
may become significant. This all would give rise to collective response on the scale
under discussion, to high pressure, large values of chromopermittivity and long-
range correlations required, in particular, to account for the increase in production
of strange partons due to nonlocal processes. A long “lifetime” counts in favor of
the approximate treatment of energy loss in an “infinite” medium.

The hydrodynamics of collisions now is making rapid strides. The main charac-
teristics of low-pT particles have been described using this approach. At the same
time, many factors have to be taken into account like thermodynamics, collective
flux models, hadronization, decays of resonances, chemical composition, collision
geometry, etc. So far, however, attempts to construct a complete consistent hydrody-
namic description have not met with success. Sometimes there appear contradictory
statements, for instance, about the energy (from SPS to RHIC) dependence of
elliptic flux on rapidity and centrality, its absolute value, the transverse-momentum
dependence of different radii, the hadrochemical composition for several particles,
etc. It is hoped that these contradictions will soon be resolved using the same set
of adjustable parameters. This will allow a deeper understanding of the collective
thermodynamic and mechanical properties of the matter and its evolution.

The quest for and study of the physical properties of QGP now is the subject
of intensive theoretical and experimental investigations in many laboratories in the
world. This research will undoubtedly gain impetus upon commissioning the Large
Hadron Collider as a result of implementation of the FAIR and NICA projects (see
Sects. 6.7 and 6.8).

There are many distinctions and there is much in common between the quark-
gluon plasma and the ordinary plasma, which makes up 98–99 % of the visible Uni-
verse and which is terms “electromagnetic” plasma (EMP) [157] (Fig. 6.48 [97]).
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Fig. 6.48 Different lines of research in high energy density physics [97]

The intensity of interparticle interaction in electromagnetic plasmas is described
(see Chap. 3) by the nonideality parameter,�EM D z2e2n1=3

kT . For quark-gluon plasmas

the corresponding parameter is of the form �CQP D ˛s
1��

„
lmc , where ˛s is the

coupling constant � 0:3–0.5 (Fig. 6.26). The mode of strong nonideality in this
case corresponds to moderate temperatures T � .1–2/Tc, with a perturbative mode
supposedly operating at higher temperatures.

Unlike EMPs, QGP is relativistic or ultrarelativistic. This difference in relativism
manifests itself not only in the kinematics of motion but also in that only particles
are present in the nonrelativistic case, whose number is conserved, while in the
relativistic case also antiparticles are present and conserved is the number of leptons.
The particle number density is no longer an adequate characteristic and is replaced
by the baryon and strange particle number densities.

An increase in the fraction of various particles in comparison with a very strong
suppression of pions was observed in atom-atom collisions for high transverse
momenta. Therefore, the hadrochemical composition in atom-atom and proton-
proton collisions is different. This is considered as a manifestation of quark-gluon
plasma (or, in more general terms, as the effect of a prehadronic state). For high pT

(above 2 GeV) neutral pions and 	 mesons are strongly suppressed (approximately
five-fold) in central atom-atom collisions in comparison with proton-proton colli-
sions. The change in the hadrochemical composition of high-pT collision products
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may reflect a difference in the interactions of different particles in the medium
and call for the inclusion of collective (nonlocal) properties of the medium (with
possible diffusion prior to hadronization).

Proton production is enhanced for intermediate pT (in the region pT � 2–5 GeV),
so that the proton-to-pion number ratio becomes close to unity.

It is remarkable that the fractions of secondary particles (different for various
particles) for very low transverse momenta (pT < 0:5GeV) are the same for proton-
proton, atom-atom, and even eCe collisions and are independent of the initial energy,
as would be expected proceeding from the universality of coherent processes for
long-wave gluons.

In EMPs, the large difference in the mass of electrons and ions leads to the
difference in their dynamics and kinetics and underlies, in particular, the difference
of electron and ion temperatures in relaxation processes. In a QGP, there also are
heavy (charmed, top, and bottom) particles, which, however, are fewer in number
than the light quarks and gluons, and their lifetime is shorter. That is why the
contribution of heavy quarks in QGP dynamics is small. QGPs are described by
QCD and EMPs by QED. The latter theory is Abelian, unlike chromodynamics. In
QCD, gluons carry color charge, determining the quark–quark and quark–antiquark
interaction, and interact with each other. Unlike photons, gluons make a contribution
to the color charge density and the color current.

A feature that the QGP and EMP share is the collective nature of interparti-
cle interaction [157]. Despite screening, the radius of effective electromagnetic
interaction is normally much longer than the interparticle distance, so that there
are many particles in the Debye sphere and their motion is strongly correlated.
Quantum electrodynamics gives a solution, which corresponds to the Debye one:
˚.r/ D .q=r/ � exp.	m2

D/, in which the Debye mass (which plays the part of the
inverse Debye radius in the atomic system of units) m2

D D e2T=3 is of the order of
.qT/2, where q is the constant of QED. Since the number of particles in this density
theory � T3, the number of particles in the Debye sphere is � 1=q3 in the weak-
compression limit .1=q � 1/. Interestingly, the pseudopotential of the interparticle
interaction of like charges in QGP may become attractive in some cases [157]. The
long-range interparticle interaction inherent in EMP and QGP has the consequence
that an important role is played by collective effects such as screening, plasma
oscillations, and instability.

Unlike experiments with EMPs, where use is made of external electromagnetic
or gravitational fields, for QGPs the fields of requisite intensity are inconceivably
high, and only self-induced fields are of significance in relativistic collisions.

The description of an EMP is also very different from that of the QGP [157]. For
electromagnetic plasmas, under the corresponding time limitations extensive use is
made .mi � me/ of a two-fluid (electron–ion) model with different electron and
ion temperatures. The local electroneutrality condition hinders appreciable charge
separation, which leads to equations of magnetohydrodynamics where the plasma
motion takes place under the action of pressure gradients and a magnetic field.
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In QGP there is no analog to magnetohydrodynamics, because every quark
or gluon may carry charges of different color. On attaining local thermodynamic
equilibrium, different color components will therefore possess the same temperature
and velocity. Furthermore, a quark–gluon system becomes neutral in color, and in a
QGP the hydrodynamics of a neutral fluid without chromodynamic fields is realized.
Naturally, in the absence of local thermodynamic equilibrium use is made of more
complex kinetic equations with a “collisional” term of one form or another [97].

To close the equations of motion, which express the mass, momentum, and
energy conservation laws, necessitates invoking the equations of state. In the
simplest case of an ideal ultrarelativistic gas of massless particles it is assumed that
E.x/ D 3P.X/.

Many hydrodynamic and kinetic plasma instabilities typical of EMPs are thought
to show up in the QGP [157], although they are extremely hard to observe there.
However, the development of these perturbations is associated with the short
(61 fm/c) measured QGP thermalization time and the effect of jet quenching in
relativistic nuclear collisions.

The experimentally observed [157] fast matter thermalization, the parameters of
elliptical flows, the spectrum of outgoing particles, jet quenching, and low viscosity
are attributed [157] to the nonideality of the QGP close to the deconfinement
threshold. The nonideality parameter estimate � � 1.5–5.0 given above may
increase by an order of magnitude when higher-order terms in the interaction
potentials are taken into account [157]. This in turn may give rise to a “plasma”
phase transition similar to that observed in a strongly nonideal nonrelativistic
plasma [73, 78–80].

In [157], the effects of plasma nonideality revealed for compressed EMP are
employed in the analysis of the behavior of the viscosity, cross sections, collisions,
and stopping power of QGP. In QGP the ratio between the Landau length � � q2=E
and the Debye radius is equal to 1–5; this increases the scattering cross section by a
factor of 2–9, which shortens the free path � and hence the viscosity (� � �) also by
an order of magnitude. This is consistent with the measured parameters of elliptical
flows and particle spectra in nuclear collisions as well as with the recorded increase
of radiation losses.

Interesting analogies [157] are drawn between strongly nonideal QGPs and
strongly nonideal “dust” plasmas [78, 79]. In both cases we assume to be dealing
with a Newtonian liquid, in which the shear viscosity depends on the velocity of
motion. Furthermore, the QGP possesses features of a nanoliquid [157]. In particu-
lar, the initial QGP size immediately after a collision is �10 fm (�20 interparticle
distances), which distinguishes it from a continuous medium. This is also typical for
a nonideal “dust” plasma.

In [35], an analysis was made of analogies between a QGP and a strongly
nonideal EMP that consists of ions in electrostatic traps cooled by laser and
evaporative techniques to ultralow temperatures. In both cases we are dealing with
strongly interacting systems with a limited volume and a large number (of order
104–107) degrees of freedom. Figure 6.49 shows the expansion of a cryogenic ion
EMP cloud [167], which exhibits pronounced features of an “elliptical” flow typical
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Fig. 6.49 Asymmetric
“elliptical” dynamics of
nonideal cryogenic 6Li
lithium plasma expansion
upon deenergizing an
electrostatic trap [167]. An
analogy with an “elliptical”
flow in nuclear collisions

of the expansion of superdense nuclear matter in relativistic collision experiments
(Fig. 6.41). Similar energy characteristics of neutral matter and ultracold Fermionic
atoms (Fig. 6.50) [88] demonstrate a striking similarity at temperatures that differ
by �20 orders of magnitude.
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Fig. 6.50 Reduced energy of neutron matter (circles) and ultracold atoms (squares) [88]. QMC:
Quantum Monte Carlo

These analogies may be a helpful aid in the elucidation of several fundamental
properties of the QGP, especially those which are hard to derive directly from
relativistic ion collision experiments:

– kinetic energy distribution in a compressed medium,
– collective motions and their measures,
– screening,
– collisions and expansion,
– flows, hydrodynamics,
– thermalization,
– correlations,
– interaction with fast particles, stopping power,
– viscosity, dissipation.

Further analogies of this kind can be easily added.
To conclude this section we give a scheme of matter transformation at high

energy densities (Fig. 6.51), which in a sense extends the conclusions of Sect. 3.6
(Fig. 3.33) about substance simplification as you move toward extremely high
pressures and temperatures.

We see that heavy-ion relativistic collision experiments (SPS, RHIC) have
become a source of invaluable information about a new realm of physics—the
physics of quark-gluon medium. The experiments suggest that nuclear collisions
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Fig. 6.51 Matter transformation at high energy densities

may not be treated as an additive superposition of proton-proton collisions, so that
collective properties of the medium must be taken into account. This is evidenced
by the presence of anisotropic fluxes, jet quenching, correlations of special kind like
the ridge and double-humped events as well as many other data discussed above.

Theoretical understanding of the evolution of the medium called for invoking
QCD to discuss effects like color glass condensate, glasma, thermalization, quark-
gluon plasma, hadronization, and so on. We note that the methods of condensed
state physics describe the modification of parton energy loss in the substance
due to the effects of formation length and collective response of the medium
(chromopermittivity)resulting from its polarization. Hydrodynamics was widely
used to describe the collective behavior of this medium.

In summary, we mention another approach which relies on the idea of discover-
ing quark-gluon plasma from its own radiation [187], the emission of high-energy
photons, which escape absorption and come out of the medium. Physicists endeavor
to employ energetic photons to determine the temperature of quark-gluon liquid,
much as astronomers measure the temperature of a distant star from its light
emission spectrum. But the spectrum measurement is extremely difficult now,
because a multitude of other photons are produced in the decay of neutral pions.
And though they emerge well after the inverse transformation of the quark-gluon
liquid to hadrons, the photons that reach detectors look similar to them.
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Many physicists look forward to the attainment of the next energy milestone
on the Large Hadron Collider (LHC) in the CERN [187]. Experiments involving
the observation of lead nuclei collisions for a total energy above 1 million GeV
are expected to commence soon. The instantaneous energy density achieved in the
miniexplosions that will take place in the LHC will be several times higher than
in collisions on the RHIC and the temperatures will far exceed 1013 K. Scientists
will be able to simulate and study the conditions which existed during the very first
microsecond after the Big Bang.

Of major interest is the question of whether the similarity to a fluid discovered
on the RHIC will persist at the higher temperatures and energy densities that will
be obtained on the LHC [187]. Some theorists believe that the force acting between
quarks will become weak as soon as their average energy exceeds 1 GeV and that
quark-gluon plasma will nevertheless behave like a gas. Other researchers do not
share this viewpoint. They assert that the QCD force decreases insufficiently fast
with increasing energy and that quarks and gluons will therefore remain strongly
bound like molecules in a liquid.

6.4 Viscosity and Interparticle Interaction

As we have seen above, one of unexpected and brilliant results obtained on the RHIC
accelerator is that a strongly compressed quark-gluon plasma with P � 1030 bar,
T � 1012 K and � � 10�0 � 1015 g/cm3 behaves not as a gas of quarks and
gluons but as a fluid with a vanishingly small viscosity (�=s � 0:08–0:24). This is
supposedly a reflection of the general basic properties of an interacting ensemble
of particles, which behaves as a nonviscous ideal liquid in the limit of strong
interparticle interaction [110, 112, 233].

This feature is inherent in a broad class of physical objects of highly different
nature in an extremely broad parameter range (Figs. 6.59, 6.60, and 6.61): 18 orders
of magnitude in temperature and 25 orders of magnitude in density [130, 131, 207].
The cases in point are a relativistic supercompressed quark-gluon plasma with T �
1012 K [110], the substance in the early Universe [247], the viscosity of helium
isotopes [14, 122], molecular and atomic liquids, dust plasmas [240], electrons in
metals and semiconductors [219, 241], graphene [237], black holes [112], and the
Fermi gas of ultracold (T � 10�6 K) lithium atoms in optical traps [45, 196, 233]
(see Figs. 6.59, 6.60, and 6.61).

The strong (collective) interparticle interaction in all of these classical and
quantum systems manifests itself as a sharp decrease in shear viscosity, which serves
as a means of diagnostics in this case and fulfils the function of a “signal”, testifying
to the collective behavior of a strongly correlated system. It is significant that such
viscosity behavior is in fact model-independent and “nonperturbative”.

The notion of ideal liquid corresponds to a macroscopic system which is in local
thermodynamic equilibrium and has a vanishingly low shear viscosity, � D �v2� .
Macroscopically, viscosity describes the magnitude of resistance of a medium to its
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motion. Microscopically, it is a characteristic of the interaction intensity between
different elements of the medium [112]. It is valid to say [110] that viscosity reflects
the inability of the medium to transfer momentum to neighboring regions. It reflects
local departures from complete equilibrium, which gives rise to friction and flow
deceleration.

Shear viscosity describes how perturbations propagate through the medium via
interactions. The lower is the viscosity of a fluid, the stronger are the interactions
and the higher is the intensity of perturbation transfer. In the other limiting case of an
ideal gas of noninteracting particles the shear viscosity has a finite value (Fig. 6.52).

The matter is that viscosity is proportional to the average time between particle
collisions (Fig. 6.52) and the system energy density E. The entropy density s is
proportional to the particle density N, so that �

s � �"
k , where " is the energy per

particle. Since the interparticle interaction shortens � , this leads to a lowering of �.
According to the Heisenberg principle, �" & „ and �

s � „
k , so that the ideal fluid

concentration with � D 0 contradicts quantum mechanics.
Using the arguments based on the Heisenberg relation, the gauge theory, the

string theory, and the holographic principle (see below), which was developed for
describing gravitation (Fig. 6.53), in elegant works [130] it has been possible to
estimate the lower bound to viscosity, which yielded a very small figure:

��
s

�
g

D 1

4�

„
k

� 6:08 � 10�13 K s:

This estimate is underlain by calculations of perturbation propagation by the
methods of gauge theory: considered in the framework of this theory is the
propagation of a graviton in a multidimensional space from a point at the boundary,

Fig. 6.52 Strongly interacting particles, like those depicted in the right frame of the drawing,
usually have a short mean free path and a short mean free time � between the interaction events
with other particles of the same type. The system of weakly interacting particles shown in the left
frame of the drawing lends itself to traditional computational methods with the use of perturbation
theory; however, as � shortens the particles begin to lose their individuality and these methods
become inappropriate [112]
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Fig. 6.53 Holographic duality permits transforming hydrodynamic gauge theory calculations to
scattering calculations in high-dimensionality space-time theory. The plane at the left represents
the three-dimensional space, a section of the four-dimensional space–time, for which a dual gauge
theory was developed. The motion perpendicular to this plane proceeds in the additional fifth
dimension; gravitation operates in the volume of five-dimensional space–time. The plane at the
right represents the three-dimensional event horizon of a black hole. Intricate calculations of how
perturbations propagate in the four-dimensional space–time of the gauge theory are equivalent to
a simpler-to-calculate process whereby a graviton (blue) is scattered by a black hole in the five-
dimensional space–time [112]

its reflection from a black hole in the anti-de Sitter space, and its return back to
the boundary (Fig. 6.53) [179]. In this case, the graviton reflection cross section
turns out to be close to the area of the black hole horizon and the viscosity
proportional to the area of the horizon [179]. In doing this, advantage is taken of
an analogy between the physics of a black hole and thermodynamics. A superstring
theory of gravity on a ten-dimensional “black” membrane is considered, which
has analogies in hydrodynamics. The holographic principle (AdS/CFT) reduces
this multidimensional treatment to a lower-dimensionality space. In this case, the
entropy of the “black” membrane turns out to be proportional to the area of event
horizon, S D A

4G , whence there follows the estimate of the lower viscosity bound.
In [131] the methods of the string theory developed for strongly interacting

systems were applied to describe “dual” weakly interacting ensembles [112]. It
was shown that the ratio �=s must have a nonzero minimum with �

s & 1
4�

„
k .
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This relation relates the hydrodynamics and thermodynamics of strongly interacting
systems [233]. Specific calculations of the shear viscosity of relativistic gas of
hadron resonances [173], perturbative [24] and lattice calculations [153] do not
contradict this bound.

With the use of a chiral perturbation theory [54] it was shown that viscosity �=s
decreases monotonically with increasing T (with increasing the degree of correlation
in the system) and reaches its minimum near the temperature of the QGP phase
transition. This behavior of �=s may by itself be an indication of a phase transition
in a strongly correlated system. A conclusion about the minimum of �=s in the
phase transition to QGP is drawn in [62], where ultrarelativistic molecular dynamics
methods were used to show that the expansion and cooling of a fireball is attended
with a growth in �=s. This QGP parameter was shown to monotonically grow with
increasing T.

For the sake of completeness we mention a paper [43] in which the use of
generalized gravitation theory yields other values of the quantum limit.

To analyze viscosity, advantage is taken of the holographic approach—one
of the most elegant theoretical approaches to the analysis of strong-interaction
dynamics at low and intermediate energies. Its idea consists in that dual theories
may be formulated in the space–time of different dimensionality, so that, for
instance, the four-dimensional dynamics of some theory with a large interaction
constant is equivalent to the five-dimensional dynamics of another theory with
a small interaction constant (much as a two-dimensional hologram describes a
three-dimensional object). The best known realization of this approach is underlain
by the Anti de Sitter/Conformal Field Theory (AdS/CFT) correspondence, which
implements the duality between the strong-coupling gauge theory, which enjoys
four-dimensional conformal invariance, and multidimensional supergravity with a
weak coupling constant. Four-dimensional conformal symmetry includes invariance
relative to Poincare group transformations, dilations and inversions.

Experiment shows [112] that ordinary liquids, like water and even liquid helium,
possess viscosity which far exceeds this lower bound „

4�k (Fig. 6.54), while the
viscosity of quark-gluon plasma (Sect. 6.2) and ultracold fermions is only several
times higher than boundary values

�
�

s

�
bd

. This testifies that new forms of matter
with record low values of shear viscosity were obtained in this case [110, 112, 233].

We note that the viscosity of a one-component plasma, according to [232],
reaches a minimum, �s D 4:9 „

4�k , for� � 12. The viscosities of a strongly nonideal
dust plasma and electromagnetic plasma are shown in Figs. 6.59 and 6.60.

Let us consider these examples in greater detail. We begin with the case of
the tenuous Fermi gas of atomic lithium-6 frozen by evaporative cooling to T �
10�6 K [233]. This system of strongly interacting fermions exhibits the properties
of an ideal liquid with the lowest viscosity admitted by quantum mechanics [233].

In the experiment of [233], several hundred thousand lithium-6 atoms were
placed in an optical trap; the interactions between them were controlled by external
magnetic field. To lower the temperature, use was made of evaporative cooling,
which transferred the system of atoms to the quantum mode (Fermi statistics),
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Fig. 6.54 Viscosity of helium, nitrogen, and water [232]

whereby the atomic momentum became so low that the de Broglie thermal

wavelength � �
q

„
2nmkT became comparable with the interparticle distance [233].

The interaction between atoms with oppositely directed spins is strongest in the
case of Feshbach resonance [123]; its attainment conditions are provided by the
imposition of external magnetic field. In this case, the sum of kinetic energy and the
energy of magnetic interaction of colliding pairs of particles becomes close to the
dimer binding energy. It is significant that the properties of such gas are universal in
this regime and depend only slightly on the details of interparticle interaction [233].

Since the optical trap potential is nearly harmonic in shape, in accordance
with the virial theorem the total energy E of a particle ensemble is equal to
twice the potential energy. The geometrical size of the ensemble was determined
from its photograph (Fig. 6.55 [233]). This experimentally recorded ensemble size
determines the internal energy of the system. Varying the frequency of trap-forming
laser radiation served the purpose of determining the atomic resonance frequency,
at which the absorption of laser energy increases and, accordingly, the particle
ensemble size becomes larger.

The idea of measuring the entropy S consists in the use of adiabatic variation
of magnetic field, which removes the system from the Feshbach resonance and,
therefore, transfers it to the mode of weak interparticle interaction. In this case, the
entropy S is equal to the easily calculable entropy of the ideal gas, which is equal
to the entropy of the strongly interacting ensemble on the strength of adiabaticity of
the process.

The thus obtained data are given in Fig. 6.56 [233], where one can see the
superfluid-to-normal state transition of a nonideal Fermi system. In [233] it was
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Fig. 6.55 Root-mean-square size of trapped Fermi gas determines it energy and entropy. When
particles are strongly interacting ones (at the left), measurements of the cloud size permit
determining the total energy. By slowly removing the external magnetic field, experimenter can
adiabatically transfer the system to a weak interaction mode. In this case (at the right) it is possible
to calculate entropy from the root-mean-square cloud size. The interaction in the strong mode is
attractive; no wonder that the corresponding cloud is two times smaller in size. Both clouds amount
to 200�m horizontally; the highest-density domains are shown in red [233]

Fig. 6.56 Transition of a strongly interacting Fermi gas of lithium-6 from a superfluid state to
the ordinary fluid state, which is “signaled” by a change in energy–entropy scaling. In the plot
the energy per particle is normalized to the Fermi energy of an ideal Fermi gas at the trap center,
and the entropy per particle is normalized to the Boltzmann constant. The data suggest that the
transition occurs when the normalized energy is equal to about 0.8. Plotted for comparison is the
energy–entropy dependence for the ideal Fermi gas (curve) [233]

shown that this transition occurs for T � 0:2TF, where TF is the Fermi temperature
and T D @E

@S .
By varying external magnetic fields in experiments [233] it was possible to

realize the mode of particle ensemble oscillations—a “heartbeat” mode. The decay
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Fig. 6.57 Experimentally determined ratio between the shear viscosity and the entropy density
(�=s, red circles) for strongly interacting normal lithium-6 compared to the hypothetical lower
bound predicted by the string theory (green line). The per-particle energy in the calculation is
normalized to the Fermi energy; in these units the transition from a superfluid liquid to a normal
liquid occurs for a normalized energy value of 0.8. The statistical error bars do not include possible
systematic errors arising from the model used to estimate the viscosity [233]

of these heartbeats yields information about the shear viscosity of the system. The
resultant data on the shear viscosity of strongly interacting Fermi particles are given
in Fig. 6.57 [233] and testify about the realization of a nearly ideal fluid mode. One
can see that the measured �

s values turn out to be quite close to the lower bound
1
4�

„
k set by the string theory.
Also investigated was the expansion mode of the cigar-shaped bunch upon

imparting it an additional energy or terminating the traps current (Fig. 6.49). One
can clearly see the ellipticity of the cloud expansion, which is similar to the elliptic
fluxes of quark-gluon plasma. In this case the momentum has a dimension „=ı,
where ı is the interparticle distance. The shear viscosity is of the form 	 �
˛„3=ı3 D ˛„n. The dimensionless quantity ˛ has the meaning of the ratio between
the de Broglie wavelength and the interparticle distance. For the air ˛ � 6000, for
water ˛ � 300, which testifies to the smallness of quantum effects in this case [233].
However, for liquid helium ˛ � 1 at the � point, which corresponds to the quantum
mode. Viscosity calculations performed for strongly interacting Fermi systems give
˛ � 0:3 [44].

The theoretical description of oscillatory processes of plasmas in traps was the
concern of paper [45], where a hydrodynamic approximation was substantiated and
the characteristics of spectral density for excitations were found.

As we saw in Sect. 6.3, the production of quark-gluon plasma (QGP) in the
relativistic collision of heavy nuclear is attended with the emergence of a low-
viscosity (ideal) fluid, whose dynamics is described by the hydrodynamics of an
ideal liquid consisting of quarks and gluons.
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Since detectors record the late expansion stages of quark-gluon plasma, it is
possible to judge its characteristics by indirect indications (see Sect. 6.3); the most
substantive of them are the data about the “streams” of expanding substance and
“hard” processes corresponding to the high values of angular momentum. The hard
processes include the production of quarks and the generation of highly collimated
hadron jets due to quark collisions in the QGP. On the face of it, this contradicts the
principle of asymptotic freedom [110], which predicts a weakening of interactions
in the QGP with increase in temperature and density.

Nevertheless, experiments clearly show the formation of “elliptica” streams
(Figs. 6.41 and 6.44) in off-center collisions, which are confidently reproduced by
hydrodynamic collision simulations. This also is a verification for the description
of relativistic collisions by the methods of continuum mechanics under local
thermodynamic equilibrium.

In the motion through a dense QGP, the jets experience absorption (suppression),
which signifies that the quark-gluon plasma is strongly opaque to them. This effect
of jet suppression is illustrated by Fig. 6.58 borrowed from [110], where electrons
are indicative of the decay of heavy quarks. Interestingly, since photons are not
subject to strong interactions, they are hardly (see Fig. 6.58) absorbed by the QGP.
They can therefore carry information about the QGP temperature, which turned
out [110] to lie in the 300–600 MeV range and well above the temperature of the
phase transition to the QGP, Tc � 170MeV.

Fig. 6.58 Suppression of jets and heavy-quark hadrons in a quark-gluon plasma (QGP) (a); plot
of the suppression of pions and yield of electrons with a high transverse momentum pt in head-on
collisions of gold nuclei. The suppression coefficient the ratio between the particle yield and those
products which may be expected from a simple superposition of proton-proton collisions allowed
in the QGP. Pions with a high value of pt are indicative of hadron jets, while electrons with a high
pt are indicative of the decay of individual heavy-quark hadrons. By contrast, photons with high pt

values, which are insensitive to nuclear forces, do not experience suppression. The suppression of
jets and heavy-quark hadrons in QCD is a characteristic feature of energy loss by way of emission
of gluons by high-energy quarks, which generate them (b). In QCD a high-energy quark (red)
scatters and emits gluons (white ringlets) prior to showing up and forming a jet [110]
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In any case, experimental data [110] suggest that (in view of a strong opacity to
quarks and gluons, among other data) QGP is a strongly interacting medium rather
than a weakly interacting one, as one might expect from the principle of asymptotic
freedom.

Calculations for the lattice model by quantum chromodynamics techniques
testify to the existence of peaks of correlation functions for T � .1–2/Tc, which
is indicative of appreciable quark-gluon correlations.

In any case, the data on jet suppression and elliptical flows may be described
assuming a vanishingly low viscosity, which only slightly exceeds its lower bound,
�

s & 1
4�

„
kB

.
The data of collision experiments suggest that they are close to the mode of weak

asymptotic freedom, in which quantum chromodynamics predicts the screening of
color charges at short range. An analogy between the Debye screening of Coulomb
charges in electromagnetic plasmas and the color screening in quark-gluon plasmas,
which we discuss in Sect. 6.3, may be quite substantive.

We emphasize once again that strongly interacting systems are liable to phase
transitions when the interparticle interaction energy, which is responsible for
ordering, is far greater than the disordering thermal energy. Among these phase
transitions are (see Chaps. 2 and 3):

• dust plasma crystallization,
• ultracold ions and atoms in traps,
• ordering of colloidal systems,
• plasma phase transition in deuterium,
• crystallization of two-dimensional electrons on the surface of liquid helium,
• crystalline beams cooled by laser radiation in accelerators,
• exciton droplets in semiconductors,
• phase layering of metal-ammonia solutions.

Realized in all these case is a strong collective interparticle interaction, which
gives rise to new phase states [79].

The quark-gluon plasma under discussion is a representative example of such
phase transitions. The corresponding research will be performed in the framework
of the international FAIR project (see Sect. 6.7).

Experimental data on the viscosity of strongly nonideal dust (Fig. 6.59) and
shock-compressed electron-ion (Fig. 6.60) plasmas show that �

s decreases with
increase in nonideality (correlation) in the system.

In conclusion we give (Fig. 6.61) the �

s data for helium, nitrogen, water, the
baryon substance in experiments on the RHIC, quark-gluon plasma, and meson gas
in relation to the reduced temperature. One can see that the QGP exhibits the lowest
shear viscosity.
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Fig. 6.59 Dust plasma viscosity as a function of nonideality parameter [82]

Fig. 6.60 Viscosity of shock-compressed electron-ion plasma [82]
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Fig. 6.61 Viscosities of different media in dimensionless parameters [110]

6.5 Extreme Atomic Physics

High-intensity beams of stable and radioactive ions in different charge states with
velocities ranging from zero to the velocity of light (v � 0:99c) as well as ultracold
antiprotons are promising tools for obtaining ultrahigh electric and magnetic
fields and for investigating their action for ultrashort times. The corresponding
investigations will be carried out in the framework of the international FAIR project
(see Sect. 6.7). Used in experiments are not only ordinary targets, but also unusual
objects such as ultracold electrons, atoms, molecules or clusters, which may also be
exposed to the action of intense light fields generated by high-power lasers.

The physics of extremely high electromagnetic fields with stored particle beams
is the central subject of the Stored Particle Atomic Physics Research Collaboration
(SPARC) at the FAIR project [222]. High-precision experiments will be carried out
on the heaviest relativistic ions for the purpose of comprehensive understanding
their electron structure and internal dynamics. The results of these experiments
will allow a substantive conclusion about the applicability of the basic light–
matter interaction theory for an extremely high field on a subattosecond time scale.
Experiments of the first type will use relativistic heavy ions for investigating the
interaction of highly ionized atoms with electrons and photons under a superhigh
electromagnetic field rapidly varying in time and a high value of relativistic Doppler
shift [3, 222]. In this case, it becomes possible to exceed by an order of magnitude
the critical field intensity value (�1016 V/cm) for the spontaneous production of
lepton pairs, (.eCe�/), the so-called Schwinger limit [202].
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To date, there were only a few experiments on the eCe�-pair production in the
relativistic mode with energies of up to several GeV/nucleon. Since the FAIR project
implies operation in the 1–30 GeV/nucleon energy range, these experiments are
expected to yield a wealth of new data in this energy range.

In this energy range, new interesting data on atomic physics under the strong
effect of electromagnetic interaction are likely to be obtained. Diagnosing these
processes calls for invoking modern techniques of photon, electron, and positron
spectroscopy [200].

The corresponding elementary processes are diagrammed in Fig. 6.62 [200].
Electron and photon spectroscopies yield information about the excitation mech-
anisms under high-intensity fields. Producing an eCe�-pair requires excitation from
the negative continuum [200].

Shown in Fig. 6.63 by way of illustration is the angular intensity distribution of
the radial electric field of a point source traveling at a relativistic velocity [222]. As
is evident from Fig. 6.63, as the velocity of light is approached the electric field in the
transverse direction to the trajectory of motion increases, while the longitudinal field
component decreases (� �2). In this case, the interaction time with a target atom
spaced at an impact parameter b � 106 fm is record short—tenths of an attosecond
(�10�19 s), which is unattainable with other experimental techniques. Therefore, it
becomes possible to measure the dependence of the interaction impact parameter
separately on the longitudinal and transverse field components for the ionization of
inner atomic shells and for their excitation. Implementing these experiments invites
the use of high-precision spectroscopic methods to record the emission of photons,

b

Fig. 6.62 Energy diagram of the single-particle Dirac equation and main atomic processes
observed in relativistic ion-atom collisions (a). Mathematical expectation of the electric intensity
<E> for the K-shell electron of a hydrogen-like ion as a function of nuclear charge Z (b) [200]
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Fig. 6.63 Angular intensity distribution of the radial electric field of a point charge traveling at
relativistic velocities (for the Lorentz factor � of 1–5 in the laboratory frame of reference) [222]

electrons and positrons, which yield the desired information about the mechanisms
of excitation in such superhigh fields.

It is noteworthy that the Lorentz factor � which may be realized on different
storage rings of the FAIR facility ranges from 1 to about 30. And so the electric
intensity in the interaction with target atoms may exceed the field intensity which
retains the 1s electron on the K shell of uranium ions (E � 1016 V/cm) [222]
(Fig. 6.62). In this case, the correction to the ground energy level of uranium
(Z D 92) is of the order of 500 eV for an accuracy of level energy measurement
of 10�14 (Fig. 6.62).

Another type of SPARC collaboration experiments is aimed at attaining high
ion charge states, up to completely “stripped” uranium nuclei, circulating in a
synchrotron ring. The matter is that almost all electrons are stripped off the ions
in different accelerator structures (FAIR), and these highly ionized ions may then
be decelerated to practically zero velocities and will therefore be accessible to spec-
troscopic and other measurements. Figure 6.64 gives the characteristic energies and
Coulomb field intensities which may be obtained [200] in different GSI facilities.
Ions in the NESR storage ring will be cooled from energies of 760 MeV/nucleon to
4 MeV/nucleon, and subsequently to 0.5 MeV/nucleon in the Low-Energy Storage
Ring (LSR) facility. This opens up new interesting possibilities for measuring the
differential cross sections for photoionization, excitation, polarization, electron-
nucleus bremsstrahlung, .e; 2e/ processes, etc. This offers unique possibilities for
studying highly charged heavy ions at low collision energies, when the Sommerfeld
parameter q=r is very large [200]. The objective is a high-precision verification of
quantum electrodynamics in extremely high electric fields. In this case it is required
to measure the finestructure corrections for one-, two-, and three-electron atoms,
particularly 1s 1/2 and 2s 1/2 states. For heavy Li-like ions, direct excitation of 2s–
2p transitions becomes possible by directing a laser beam in the opposite direction
to the relativistic ion beam due to the Doppler effect (Fig. 6.65) [222].

The emitted photon resulting from laser excitation will exhibit a Doppler shift
(proportional to � 2� ), which will permit high-sensitivity measurements with
reliable suppression of the scattered primary photons. In particular, the 280 eV
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Fig. 6.64 Ion energy and Lorentz factor attainable with different FAIR facilities. Indicated is an
adiabaticity value � D 1 (the characteristic kinetic ion energy corresponding to the velocity for the
binding energy of K-shell electrons in uranium). Given on the right is the electric field intensity
attainable in collisions, bound states, and laser fields. We note that LSR, USR, and HITRAP are
storage rings and that the trap facility is located in the FAIR building [222]

Fig. 6.65 Schematic of the experiment to measure the fine structure of heavy Li-like ions [222]

transition in uranium for a value � D 23 may be measured with a record accuracy
of ˙0:007 eV. The interaction of a ring-circulating heavy-ion beam with laser
radiation will have an important application for beam cooling up to the conditions
for the production of highly charged heavy-ion crystalline beams. As we will see
in Sect. 7.6, this is a manifestation of a plasma phase transition (crystallization)
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caused by the strong Coulomb interaction � Z2e2

rav
, which exceeds the kinetic energy

of cooled ions. This kind of laser cooling improved the beam quality significantly:
its length decreased by a factor of two, the diameter by a factor of four, and the
momentum scatter by an order of magnitude.

These experiments will be carried out on the New Experimental Storage Ring
(NESR) with the use of the PHELIX high-power petawatt laser (Fig. 6.66) [138].

Unlike typical experiments with the use of gaseous targets in this area of physics,
a storage ring is able to provide a precision control of the charge-state beam
composition as well as the diagnostics of the final states of atoms and electrons
at a level of single particles and events. This signifies the possibility of producing
unique unperturbed controllable conditions whereby one ion, the field of laser
radiation, and one electron participate in the interaction. Therefore, an investigation
will be made of fundamental quantum-electrodynamic corrections to the binding
energies in atoms, magnetic moments, and magnetic interaction in the ultrahigh field
mode. The experiments will employ the SIS 300 synchrotron ring and the NESR
ring. Investigations will be carried out using an X-ray crystal spectrometer, a low-
temperature calorimeter, a Compton polarimeter, an electron spectrometer, and other
high-acceptance diagnostic systems, which make it possible to verify QED models
from the spectroscopy of sequential atomic transitions [3, 200].

Fig. 6.66 Schematic representation of a petawatt laser [138]
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The subjects of planned experimental investigations of the FLAIR collaboration
comprise a study of basic symmetries, the effect of gravitation on antimatter, the
matter–antimatter interactions, and antimatter atomic physics.

The Facility for Low-Energy Antiproton and Ion Research (FLAIR) [248]
under construction is intended for investigating low-energy antiprotons and ions; it
comprises new-generation facilities for the production of ultracold antiproton beams
required for the highest-resolution spectroscopic investigations of antihydrogen and
antihelium atoms captured in traps and cooled with a laser [248]. The antiproton
beams generated with an effective efficiency of up to �1012 s�1 will permit
decelerating and capturing antiprotons in numbers 100 times greater than those
presently obtained in the CERN [149].

Antiprotons will be produced in the interaction of a high-intensity 29 GeV
proton beam with an approximately 8 cm thick generating iridium target [10]. The
antiprotons resulting from electron-positron pair production are directed to the CR
ring to be cooled for an energy of 3 GeV. The antiproton intensity is next increased in
the RESR storage ring, from which they are directed to the NESR ring to be cooled
to an energy of 30 MeV. The further deceleration of the antiprotons to energies
required for experiments (from 0 to 5 MeV) is achieved in the FLAIR facilities by
slowing down the initially fast antiproton beam in two sequential storage rings: the
LSR magnetic ring (300 MeV–300 keV) and the USR electrostatic ring (300 keV–
20 keV) [239].

The LSR and USR rings make use of beam cooling by electrons to provide
a low emittance (" � 1� mm mrad, ıp=p � 10�4), and there are internal gas
targets for investigating atomic collisions with antiprotons. The Penning trap of the
universal HITRAP facility [5] is employed for cooling to cryogenic temperatures
and magnetic field deceleration of heavy ions and antiprotons to their complete stop.
In these conditions it is possible to measure the electron g-factor in the potential of
stable and radioactive U238 heavy ions [200]. The study of hyperfine splitting in
hydrogen-like ions yields information about the distribution of magnetic moments
inside nuclei. Optical pumping of the hyperfine levels of the ground state results in
effective polarization of the nuclear spins of radioactive nuclei, thereby providing a
unique possibility of verifying the Standard Model.

The availability of this low-energy antiproton beam opens up novel experimental
possibilities that have never been realized anywhere in the world. In particular, the
superhigh-precision spectroscopy of the hyperfine splitting of the 1.4 GHz line of t
he antihydrogen ground state with a relative accuracy of 10�4 (�	 � 100 kHz) or
the 2.5 GHz line arising from the 1s–2s transition with a relative accuracy of about
10�10 will permit reaching the sensitivity required for recording CPT invariance
violations and verifying the results of QED calculations [41, 250].

The trapping and laser cooling of antiprotons opens the way for the experimental
investigation into the effect of gravitation on antimatter, unlike the situation when
gravitation effects are masked by many orders of magnitude stronger electro-
magnetic interaction. Planned to this end are the corresponding high-sensitivity
experiments on cooled neutral antihydrogen atoms [244].
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Collisional experiments on antiprotons and antihelium will permit reconstructing
collisional processes for the first time. Owing to the availability of a continuously
extracted beam it will be possible to measure the X-ray spectra of antiproton atoms
and study nucleus-antinucleus scattering, for instance, on such large antimatter
systems like a positively charged antihydrogen atom HC (one antiproton and two
positrons). Furthermore, combining, in a common facility, unstable nuclei and
antiprotons as probe particles opens the door to studies of the structure of exotic
nuclei (see Chap. 8).

Therefore, the use of relativistic heavy-ion beams offers unique possibilities for
studying atomic and nuclear physics processes under extreme conditions. It is made
possible to study the dynamics of relativistic collisions, verify the predictions of
quantum electrodynamics in extremely high electromagnetic fields, employ atomic-
physics techniques for determining the characteristics of stable and unstable nuclei
and, lastly, verifying the Standard Model (see Chap. 10).

6.6 Large Hadron Collider

The study of the basic properties and structure of matter and the evolution of
the Universe since its inception have always been among the central problems
of contemporary physics. In this connection, the production of extreme states of
substance in laboratory conditions, along with observations of astrophysical objects,
have been and are giving to researchers new experimental data about the ambient
matter and form our basic vision of the world. A special place among research
facilities is occupied by relativistic accelerators like the Large Hadron Collider
(LHC) (Fig. 6.1) in the CERN, the Relativistic Heavy-Ion Collider (RHIC) (Fig. 6.2)
in Brookhaven, USA, as well as the RIKEN cyclotron complex (Japan) and the
accelerators TVN-ITEF and Nuclotron (JINR).

In the next three sections we consider briefly the projects of fundamental devices
under implementation or implementation-ready, which show promise of a major
breakthrough in the near future.

Following [64] we begin our consideration with the Large Hadron Collider
(LHC)—a facility with the highest kinetic energy of colliding particles. It gives
experimenters a possibility to reach a new—teraelectronvolt—energy level and
study the properties of space on progressively smaller scale. We are dealing with
verification of the basic predictions of the Standard Model and the quest for effects
beyond its framework.

Of greatest interest is the nature of the emergence and diversity of particle
masses and fields, the structure of physical vacuum, particle type multiplicity in
the Universe, the united description of fundamental forces, including gravitation,
the possible existence of supersymmetric partners of all observable particles and
additional space–time dimensions, as well as several other basic questions.



6.6 Large Hadron Collider 345

Fig. 6.67 Schematic of the LHC accelerator. The arrows indicate the directions of beam prop-
agation. Asterisks stand for the four beam collision points, which are the sites of four main
detectors [64]

The LHC accelerator is diagrammed in Fig. 6.67. One can clearly see the
structure with two counterpropagating beam directions (indicated by arrows). In
2011 the proton energy in each of the beams was equal to 3.5 TeV, so that the total
collision energy was equal to 7 TeV. In 2012 the collider operated for a total energy
of 8 TeV. The projected total collision energy is 14 TeV [192].

The oppositely directed particle motion in two channels is provided by 1232
superconducting magnets with an induction B � 9T each (Fig. 6.68). The magnets
operate at a very low temperature (1.9 K) and pressure (10�10 Torr). To initially
cool the magnets, use is made of up to 1:2 � 107 l of liquid nitrogen and up to 7 �
105 l of liquid helium for their subsequent operation. Engineers have to provide
reliable control over 40,000 connections to prevent them from leaking. Apart from
the principal magnets, there are over 500 quadrupole superconducting magnets and
over 4000 beam-positioning superconducting magnets.

Apart from the high energy of colliding particles, the LHC accelerator should
possess a high luminosity of up to 1034 cm�2 s�1, which will enable studying rare
events with small cross sections. It is precisely these rare events that are of interest
for new physics for the sake of which the LHC was constructed. In the investigation
of processes with large cross sections it is sufficient to operate in a lower-luminosity
mode. This may be attained in different ways, for instance, by beam defocusing,
like in the operation with the LHCb (Large Hadron Collider beauty experiment)
detector.
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Fig. 6.68 Diagrammatic representation of LHC magnetic system [64]

Four principal detectors, ATLAS (A Toroidal LHC ApparatuS), CMS (Compact
Muon Solenoid), ALICE (A Large Ion Collider Experiment), and LHCb, record the
products produced at four beam interaction products. To this end, four international
collaborations of the same names were developed for operating these detectors
(Fig. 6.68). The largest-scale detectors, ATLAS and CMS (Figs. 6.69 and 6.70),
are intended for studying proton-proton and ion-ion collision events. The ALICE
detector is intended for the investigation of ion-ion collisions, although some data
for proton-proton processes will also be obtained on it. The LHCb is intended
for recording b-quark production events. In addition the four principal detectors
there are subdetectors of smaller size, which operate in concert with the principal
detectors: LHCf (LHC forward), Totem, ZDC (Zero Degree Calorimeter), FMS
(forward muon spectrometer), CASTOR, and FP420.

The detectors are outstanding engineering structures in themselves. In particular,
the ATLAS measures 25 m in height (which is approximately equal to the height
of an 8-storey building), 46 m in length, and weighs 7000 t. This size is required to
accommodate all trackers and calorimeters so as to maximize the spanned angular
range in which the generated particles will be recorded.

The beam structure exhibits special features. The proton flux in the accelerator
ring consists of bunches spaced at 25 ns time intervals, or at about 7.5 m. For this
repetition rate of the beams, the frequency of their encounters at the interaction
points is equal to 30–40 MHz. The majority of beam photons will overfly these
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Fig. 6.69 ATLAS detector: (a) natural-size detector image superposed upon building 40 in the
CERN, which is the site of ATLAS and CMS collaborations; (b) general view; (c) cross-sectional
diagram [64]

points without undergoing interaction and will continue their motion along the
accelerator ring. But even in this case, about 20–40 proton–proton interaction events
will simultaneously occur at a very short range at every beam encounter. The trigger
system must distinguish between the interactions and, furthermore, select those of
them which are of physical interest. The triggers must therefore be fast-responding,
purpose-oriented, and suited to the corresponding detector objectives [64].

The magnetic fields in detectors are required to bend the trajectories of produced
charged particles and amount to 2 T in the ATLAS and to 4 T in the CMS. The
trajectory curvature permits measuring the momentum of a particle and determining
its mass. This is the main information acquired about the interaction. The particle
detection relies on the interaction of charged particles with detector substance. The
general “architecture” of the ATLAS, CMS, and ALICE detectors has much in
common, while the LHCb is oriented to b quarks, which travel primarily in the
forward direction.

Special emphasis is placed on the radiation resistance of the materials in use,
because the radiation intensity is very high owing to the short distances from the
interaction points. This requirement also holds for the electronic systems that read
out the information from detector components and relay it to computer network.

The calorimeters of the detection system absorb and measure electron, photon,
and hadron energy fluxes; they also serve as signal triggers, in particular, for
the events under study. They are employed to measure the propagation direction
and energies of electromagnetic showers. Hadron calorimeters, which are arranged
around the electromagnetic calorimeters, also measure the directions and energies
of hadronic showers (especially hadronic jets) as well as the missing energy,
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Fig. 6.70 CMS detector: cross-sectional diagram and internal structure with indication of trackers
and calorimeters [64]

which may be associated with neutrinos, undetected neutral particles, etc. The
peripheral detector parts remotest from the interaction points consist of gas-using
devices intended for the identification of muons and measuring their momenta. The
operation of these devices is timed to the operation of the rest detectors [64].

The LHC project necessitates the use of huge computational power to store,
distribute, and analyze the information arriving from the accelerator. It amounts
to several tens of petabytes per year. Developed for this purpose is a special project
(Grid), which unites computer centers throughout the world.

Following [64] we briefly discuss the main scientific objectives of the LHC
project. This was, in the first place, the program for the quest of the only
undiscovered particle of the Standard model—the Higgs boson, which is responsible
for the nature of particles’ mass and their diversity in the Nature (the top quark mass
is 1014 times greater than neutrino’s mass, and the photon mass is nil at all) [64].
The new particle was indeed discovered in the execution of the program. It is rather
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heavy if measured by the yardstick of microworld physics. In this realm of physics
the mass is measured in energy units. In these units the electron mass is equal to
0.5 MeV, the proton mass is equal to about 1 GeV, and the mass of the heaviest
known elementary particle, t quark, is equal to 173 GeV. And the mass of the new
boson is equal to 125–126 GeV (more precisely, 125:3˙0:4 (stat.)˙0:5 (syst.) GeV
according to the CMS data [47] and to 126:0˙0:4 (stat.)˙0:4 (syst.) GeV according
to the ATLAS data [13], where statistical and systematic uncertainties are given).
This new particle (conventionally labeled as H) is void of electric charge. It is
unstable and may decay in different ways. It was discovered on the Large Hadron
Collider [13, 47] in the study of its decay into two photons, H ! �� , and
into two electron–positron and/or muon–antimuon pairs,H ! eCe�eCe�, H !
eCe�
C
�, H ! 
C
�
C
�. It is very important to elucidate if there exists only
one Higgs boson or there also are other Higgs bosons, and whether this particle has
internal structure. Higgs fields are intimately related to astrophysical observations
like dark energy (or, in the language of theorists, to the cosmological constant in the
gravitation theory) [64].

Another line of research on LHC involves the quest for heavy supersymmetric
partners of the known particles; such partners would testify to the supersymmetry
of our world. The cross sections for the processes that go beyond the Standard Model
are extremely small and are estimated to lie in the range from several femtobarns to
several picobarns.

The experimental program of the LHC comprises studying quantum chromo-
dynamic effects like inclusive distributions, production of B mesons or mesons
containing both bottom and strange quarks, dileptonic spectra, collective effects
in ion-ion collisions, etc.[64]. The LHC will also generate different heavy quarks,
because the cross sections for bNb pair production will be around 1�b and for the top
quark production around 1 nb.

The complex structure of physical vacuum with numerous minima, special
asymmetries, as well as multidimensional effects possibly underlie many interesting
effects. In particular, it is believed that physical vacuum is not empty and is filled
with scalar Higgs fields [64].

Supersymmetry may show up in LHC experiments in the detection of light
particles like neutrino and gravitino [64]. The supersymmetry implies that the
known fermions correspond to their supersymmetric partners—bosons, while such
partners are nonexistent in the Standard Model. Their discovery will signify going
beyond the framework of the Standard Model, which will probably invite the
existence of superparticles. This would give rise to an absolutely new world: we
will have at our disposal a natural candidate for the explanation of dark matter and
a possibility of unifying all fundamental forces of the nature [64].

Another route beyond the scope of the Standard Model is opened up by the
idea of additional dimensions of the space–time. These additional dimensions may
be convolved (compactified), so that they have not been heretofore observed but,
perhaps, may lend themselves to observation at energies above 1 TeV. In this case,
in particular, gravitation may become strong and give rise to black miniholes [64] at
LHC energies, which is the subject of anxiety of numerous articles in the press.
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The LHC project intends to study the properties of compressed baryon matter at
an energy 28 times higher than on the RHIC and 300 times higher than on the SPS.
The case in point is the states and properties of quark-gluon plasma in a new energy
range, which is extremely important for understanding the behavior of matter under
these conditions and, consequently, for understanding the processes that took place
in the early Universe, when quarks and gluons were not confined in hadrons and
were “free”. A change in the nature of collective effects with increasing energy may
point to the nature of the transition from hadrons in nuclei to quark-gluon substance
during the time interval when the nuclei overlap prior to subsequent hadronization.
The behavior of nuclear substance in ion collisions on the LHC may turn out to have
little in common with the results of simple extrapolations. Generally speaking it is
difficult to predict which route has been taken by the Nature—one of those known
to us today or an entirely different one in the new energy domain. To approach an
answer to this question we will have to wait for experimental data from the LHC.

Apart from the search for a hot and dense quark-gluon plasma, promise is shown
by the quest for a cool and dense condensate of color glass (CGC), which may
exhibit new properties of the fields described by quantum chromodynamics [64].

The proton at high energies is a source of partons; the LHC will be a tool
for studying a variety of exclusive processes. For instance, it will be possible to
distinguish quark-quark, quark-gluon, and gluon-gluon scattering. It will be possible
to study their interaction with pomerons and pomeron-pomeron interactions. The
strong electromagnetic fields of colliding nuclei may lead to new interesting effects
in � –� processes and give rise to unexpected asymmetries [64].

Long-term research in the realm of high-energy physics largely depends on what
results will be obtained on the LHC. Further advancement requires raising the proton
beam luminosity by an order of magnitude. This project has come to known as Super
LHC (SLHC). It will improve the statistics and broaden the mass range wherein the
search will be made for supersymmetric particles and additional dimensions [64].

Another long-term project is the International Linear Collider (ILC), where
electrons and positrons traveling along rectilinear trajectories in the opposite
directions will collide with a total energy of 1 TeV. It will be possible to study
the supersymmetric world with a good precision for large masses. The need will
supposedly emerge for even higher energies—of several TeV. Then the Compact
Linear Collider (CLIC) project will become topical if the need arises to investigate
particles of even larger mass[64].

These projects will compete with the projects which plan to double (DLHC) or
even triple (TLHC) the LHC energy [64].

The discussion and comparison of different possibilities of choice are underway
even now. Concrete solutions may not be approached until the LHC begins operating
at full energy of 13–14 TeV and rapidly acquiring data. The future of high-energy
physics largely depends on these results.
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6.7 FAIR Project

The European Facility for Antiproton and Ion Research (FAIR) is the project of
a new research complex based on a multi-purpose accelerator with antiproton and
radioactive-nuclei beam parameters that are unrivaled in the world and which offer
unique possibilities for carrying out scientific investigations in the most topical areas
of modern science and innovative technologies [83].

Being under construction in Darmstadt, Germany, this ultra-modern accelerator
complex will provide precisely tuned high-energy beams of antiprotons and differ-
ent ions of unique quality (brightness, phase density) and intensity. A distinguishing
feature of the FAIR project under construction is the availability of high-intensity
primary and secondary beams of stable and radioactive nuclei as well as of
antiproton beams, which exceed in intensity the presently existing beams in the
world by factors of 100–10,000.

Furthermore, experiments on the FAIR will make it possible to substantially
advance in the investigation of unknown phase diagram domains of nuclear matter
in comparison with the experiments on the RHIC ion collider in the Brookhaven
National Laboratory, USA, and the LHC in the CERN [81]. Unlike these labora-
tories, where emphasis is placed on the investigation of nuclear matter properties
at extremely high temperatures but low baryon densities, the FAIR experiments
are aimed at the detailed study of matter properties at the highest baryon densities
attainable under terrestrial conditions.

The scientific objectives of the program for the FAIR accelerator complex are
grouped into the following concrete lines of investigations:

• The study of nuclear structure and nuclear astrophysics with the use of stable ion
beams as well as the beams of short-lived (radioactive) nuclei distant from the
stability limit;

• Hadronic structure, the theory of strong interactions in the framework of quantum
chromodynamics (QCD) primarily using antiproton beams;

• The phase diagram of nuclear matter, quark deconfinement, and quark-gluon
plasma;

• The physics of superdense electromagnetic plasma with the use of high-intensity
heavy ion beams in unique combination with a petawatt laser;

• Atomic physics, quantum electrodynamics (QED) and ultrahigh electromagnetic
fields with the use of highly charged heavy ion beams and antiprotons;

• Applied research and technology developments with ion beams for material
science, medicine, and biology.

The experiments which will be carried out on the FAIR call for significant
technological innovations:

• new superconducting magnet designs for producing particle beams of highest
possible intensity;

• novel techniques for the precision control of beam energy and geometry;
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• large detectors capable of tracking the trajectories and parameters of the great
number of particles produced in the experiments;

• extremely high data streams arriving from detectors will invite new hardware and
software solutions (like the GRID technology) for their processing, accessibility,
and storage.

The FAIR is an international project, which is among the basic projects of
the European Strategy Forum on Research Infrastructures (ESFRI) [4]. Fifteen
countries of the world participate in the project: Austria, Great Britain, Germany,
India, Spain, Italy, China, Poland, Russia, Romania, Slovakia, Slovenia, Finland,
France, and Sweden. The countries intend to make contributions in the form of
deliveries of high-tech equipment and components of experimental facilities as well
as in the form of money contributions.

The total project cost, including construction, maintenance, and operation for a
period up to 2025 amounts to about 3 billion euros. The cost of construction of the
initial phase of the acceleration center and its basic research facilities exceeds 1.5
billion euros.

The construction term of the FAIR facility is set at 8 years. It is planned to
complete its construction in 2018. In this case, the commencement of scientific
research on several subsystems of the accelerator complex is planned even for 2017.

About 3000 researchers from all over the world will carry out experiments on the
FAIR accelerator complex, which are aimed at the study of the basic properties and
structure of matter and the evolution of the Universe since its inception. To date,
14 large international collaborations have been set up, which are grouped into four
subject lines of research:

• nuclei and nuclear astrophysics—NuSTAR;
• dense baryonic matter—CBM;
• antiproton program—PANDA;
• superdense plasma physics, atomic physics, as well as applied research in

material sciences and biology—APPA.

6.7.1 Accelerator Complex

The heavy-ion accelerator complex operating at the Heavy-Ion Research Institute
(GSI) in Darmstadt [11] is one of the most successfully operating facilities with
a multi-aspect scientific program of international experiments. However, in 2002 a
start was made on the development of the concept of a new-generation multipurpose
facility with new requirements on the qualitative characteristics and intensity of ion
and antiproton beams for executing experimental research in previously unattainable
conditions. In 2006, the international scientific community—2500 scientists and
engineers from 44 countries—draw a FAIR Basic Technical Report, which specified
the engineering diagram and components of the requisite system of accelerators
and the types of proposed experiments. The central characteristic of the FAIR is a
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complicated and cost-justifiable arrangement of a number of accelerator systems,
which is aimed at the production of particle beams in an unprecedentedly broad
parameter range. In this case, a critically important feature of the accelerator
complex will consist in the capability of simultaneous execution in parallel of up
to five different research programs. By and large, the complex will serve different
experiments so as if it were intended separately for each of them.

The general view of the FAIR accelerator complex and its main parameters are
given in Fig. 6.71 and Table 6.3. The existing UNILAC accelerator and the SIS 18
synchrotron will serve as injectors for the FAIR accelerator complex.

The FAIR complex consists of carefully designed and interconnected systems for
the acceleration and storage of high-quality particle beams as well as for obtaining
secondary particles produced in the bombardment of targets by the primary beams.
High-energy proton and ion beams will be used for producing secondary antiproton
beams as well as stable and unstable (radioactive) nuclei. The secondary beams may
be employed directly or delivered to a complex system of storage rings, which serve
to form the parameters required by experiments.

The basis of the FAIR is provided by two accelerator synchrotron rings with
a perimeter of 1100 m (SIS 100 and SIS 300) with respective magnetic rigidities
of 100 and 300 T m arranged one above the other in an underground tunnel and
intended for ion acceleration—from hydrogen ions (protons) to uranium ions.
The presently operating UNILAC and SIS 18 will preaccelerate ions prior to their

Fig. 6.71 Schematic representation of the FAIR accelerator complex [83]



354 6 Relativistic Charged Particle Beams

Table 6.3 Main parameters of synchrocyclotrons and storage rings

Ring Ring perimeter (m) Magnetic rigidity (T m) Beam energy

SIS 100 synchrotron 1084 100 2.7 GeV/nucleon,
238U28C 27 GeV,
protons

SIS 300 synchrotron 1084 300 34 GeV, 238U92C

CR (collector ring) 211 13 0.74 GeV/nucleon,
238U92C 3 GeV,
antiprotons

RESR (recirculation
experimental storage
ring)

245 13 0.74 GeV/nucleon,
238U92C 3 GeV,
antiprotons

NESR (new experimental
storage ring)

222 13 0.74 GeV/nucleon,
238U92C 3 GeV,
antiprotons

HESR (high-energy
storage ring)

574 50 14 GeV, antiprotons

injection into the new ring SIS 100. The SIS 100 is intended for generating high-
intensity pulsed ion beams with the purpose of subsequently converting them to
the secondary beams of rare-element nuclei as well as for converting proton beams
to antiprotons. The synchrotron ring will consist of superconducting magnetic
elements, providing the field of up to 4 T with a frequency of 1 Hz (for a field build-
up rate of 4 T/s). The projected intensity in U28C uranium ions will be equal to
5 � 1011 ions per pulse for an energy of 1 GeV/nucleon and in protons to 4 � 1013
for an energy of 29 GeV. A new linear proton accelerator meant for an energy of
70 MeV will be constructed for injecting high-intensity proton beams.

Both ion and proton beams will undergo temporal pulse compression for the
production, storage, and subsequent cooling of exotic nuclei and antiprotons with
respective pulse durations of 60 and 25 ns. Short high-intensity heavy-ion pulses are
also required in experiments on plasma physics.

Also possible is a continuous beam mode with an average intensity of � 3 � 1011
ions per second and an energy of 1 GeV/nucleon on extraction directly from the
SIS 100 ring or on beam transfer to and subsequent slow extraction from the SIS 300
ring.

Accelerated uranium nuclei are injected into the SIS 300 ring constructed on
the basis of superconducting fast-cycling magnetic elements, which provide a field
of up to 6 T and a field build-up rate of 1 T/s. The highest ion energy amounts to
45 GeV/nucleon for Ne10C and to 34 GeV/nucleon for completely ionized uranium
U92C. The extraction of the beams with an intensity of up to �1010 particles per
second with an extraction period of 10–100 ns is provided for use in experiments on
heavy ion collisions with the production of superdense nuclear matter.

The SIS 100/300 accelerators are connected by transportation lines with a
complicated system of successive rings. The beams injected into these rings are
accumulated, “cooled”, and prepared for specific experiments. The FAIR will
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operate multifunctionally and permit the simultaneous execution of up to five
research programs with five different particle beams. This will be achieved by way
of coordinated control over the beams in both synchrotrons as well as in the adjacent
storage and accelerator rings. Therefore, each experiment will be able to make full
use of the highest attainable beam intensities.

Carrying out precision physical experiments requires that the secondary beams
possess specific energy and all beam particles move in one direction with the same
velocity (minimal longitudinal phase volume). This is achieved using so-called
beam “cooling” techniques.

Two types of cooling will be employed in the FAIR:

• beam cooling by electrons (see, for instance, the CERN [11]), whereby the ions
are decelerated to a common velocity in the periodic interaction with a parallel
beam of electrons possessing a strictly defined velocity;

• stochastic cooling, whereby so-called pickup electrodes determine the geo-
metrical position of the center of the ring-orbiting beam for the generation
of the requisite field amplitude of correction devices (kickers) located at the
diametrically opposite portion of the CERN storage ring [175, 239].

The beams are cooled and tuned for experiments in the four following rings.
Collector ring (CR), in which the secondary beams of ions and antiprotons

undergo stochastic cooling, which decreases the phase volume of the antiproton
beam by a factor of 1:6 � 104 (during a 10-s cooling time) and of rare isotope beams
by a factor of 1:3 �106 (during a 1.5-s cooling time). This ring will also be employed
for measuring the masses of short-lived nuclei;

Recirculation experimental storage ring (RESR), to which bunches of 108

antiprotons with an energy of 3-GeV stochastically cooled in the CR will be
delivered once in 10 s. This will permit accumulating up to 1011 antiprotons for
their subsequent use in the HESR. The RESR will also provide a rapid deceleration
(during 1 s) of rare isotopes from an energy of 740 to 100–500 MeV/nucleon.

New experimental storage ring (NESR), which is intended for experiments with
exotic ions and antiprotons. It will make use both of cooling by electrons and of
stochastic cooling for experiments of different kind, including experiments at very
low energies (down to 30 MeV for antiprotons and to 4 MeV/nucleon for radioactive
ion beams).

High-energy storage ring (HESR), in which 14.5 GeV antiproton beams are
prepared for experiments with the help of cooling by electrons and stochastic
cooling.

Antiproton beams for PANDA experiments will be obtained in the following
way [156]. Initially the pulsed proton beams with a current of 70 mA, a pulse
duration of 40�s, and a repetition rate of 5 Hz accelerated in a special linear
accelerator (p-LINAC) to an energy of 70 MeV will be injected into the SIS 18
synchrotron.

To increase the number of accelerated protons, the SIS 18 synchrotron ring
will be filled with eight proton micropulses (bunches) prior to their acceleration
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to an energy of 2 GeV required for the subsequent injection into the main FAIR
accelerator—the SIS 100 synchrotron.

The protons circulating in the SIS 100 will be accelerated to a final energy
of 29 GeV and, prior to their extraction onto an antiproton-producing target,
compressed into one bunch about 7.5 m in length, which corresponds to a duration of
�25 ns. Every 10 s the bunch of 2 � 1013 protons will be directed onto a thick (with
an effective thickness of 60–80 mm) iridium or tungsten target, with the resultant
production of up to 1 � 108 antiprotons (the yield amounts to 5 � 10�6 per proton)
with an average energy of 3 GeV.

The resultant separated short antiproton bunch with a momentum spread ıp=p D
˙3% and a transverse emittance "x;y D 200mm mrad is then fed to the CR
storage ring, where its phase volume is transformed in such a way that the bunch
lengthens from lb � 15m to lb � 45m for the corresponding reduction of the
momentum spread to ıp=p D ˙1%. Next, with the use of an adiabatic rebunching
the antiproton beam is prepared for its stochastic cooling; on its application the
antiproton beam (ıp=p D ˙0:1%, "x;y D 5� mm mrad) is bunched once again and
delivered to the RESR ring, in which there occurs antiproton accumulation.

In the RESR ring the antiproton beam will undergo stochastic cooling throughout
the accumulation time, during which a new antiproton beam is injected into the
RESR every 10 s. The rate of antiproton accumulation is comparable to their cooling
rate in the CR ring. This signifies that it will be possible to obtain 7 �1010 antiprotons
per hour. The choice of accumulation time (or the total number of accumulated
antiprotons) will be governed by experiment requirements.

The beam of antiprotons with momenta of 3.8 GeV/c stored in the RESR ring is
compressed into one bunch prior to its injection into the HESR high-energy storage
ring. In the HESR, whose circumference is equal to 574 m, the antiproton beam may
be either accelerated or decelerated to the momentum required in a given experiment
with a rate of about 0.1 GeV/c per second.

Therefore, the FAIR accelerator complex will provide antiproton beams of
unprecedented intensity and quality in the momentum range from 1.5 to 15 GeV/c
(or energy range from 0.83 to 14.1 GeV) for annihilation experiments with the use of
an internal target and a universal 4� PANDA detector. To compensate the antiproton
beam heating, which occurs due to its interaction with the internal target and the
intrabeam scattering, the HESR ring will be equipped with a facility for cooling
by electrons with an electron energy of up to 4.5 MeV as well as with a stochastic
cooling system.

The ultrahigh requirements on the quality and intensity of the beams entail the
realization of the extremely complex FAIR accelerating-storage scheme.

Intensity problems. The technical requirements imposed on the fast-cycling
magnets [156], in which the magnetic field will rise to 2 T with a rate of 4 T/s in
the SIS 100 accelerator and to 6 T with a rate of 1 T/s in the SIS 300 accelerator,
compel the developers to go beyond the limitations of modern technologies and
proceed to the use of superconductivity with record parameters as regards the field
build-up rate.
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Induced radioactivity problems. High-intensity particle beams will call for the
development of new materials and new radiation-resistant designs of accelerator
and detector components capable of withstanding the radiation induced therein.

Accelerator problems. The rapid acceleration of the heavy uranium ions U28C
will require complex radiofrequency devices capable of generating extremely high
fields with steep leading edges and variable frequency to produce short (50–100 ns)
high-intensity particle pulses.

Ultrahigh dynamic vacuum problems. The new materials and technical systems
must sustain ultrahigh vacuum conditions (10�12 mbar) in the presence of high-
intensity ion beams in the vacuum channels of accelerators and storage rings. The
inevitable particle loss may give rise to molecular desorption from their wall, which
will entail an undesirable increase in residual gas pressure. Specially designed
collimators are meant to minimize these effects. The higher, in comparison with
the LHC (10�10–10�11 mbar), vacuum requirements in accelerator scheme channels
arise from the necessity of acceleration ions with a broad spectrum in mass and
charge, including those with large cross sections for the capture and/or ionization of
orbital electrons.

And now we address the FAIR scientific program.

6.7.2 Atomic Nuclear Structure, Astrophysics, and Nuclear
Reactions with Rare Isotope Beams: NuSTAR (Nuclear
STructure, Astrophysics and Reactions)

The experiments grouped into the NuSTAR direction comprise a broad spectrum of
investigations into the physics of atomic nucleus, nuclear astrophysics, fundamental
interactions, and symmetries.

Radically new aspects of nuclear structure are found in the investigation of
exotic short-lived nuclei, which are carried out using secondary radioactive nuclear
beams [92, 158, 161, 164, 193, 225].

Exotic nuclei are characterized by the extreme excess of protons or neutrons and
are therefore away from the domain of stability (Fig. 6.72). The structure of such
nuclei would be expected to substantially differ from the structure of the nuclei
that fill the stability domain [172, 231, 253]. For instance, they have significantly
different proton and neutron density distributions distinguished by the existence
of a proton/neutron halo. Furthermore, possess new excitation modes, which are
nonexistent in stable nuclei. The study of these effects is of major significance
for the understanding of the dependence of intranuclear forces as well as the
effects of pairing and clusterization on the isotopic spin and density (see, for
instance,[158, 185, 194, 234]).

With the use of rare isotopes of the FAIR accelerator complex it will be possible
for the first time to determine the properties of many unstable nuclei remote from
the stability domain, which exert a significant effect on the astrophysical processes
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Fig. 6.72 Map of the radioactive beam intensities per second expected in the FAIR (marked in
color in accordance with the scale column at the right). The nuclei of primary beams and the
boundaries of known nuclei are shown in black [11]

in the Universe that govern the origin of heavy chemical elements, the physics of
stellar explosions, stellar nuclear processes, and the properties of compact objects
like white dwarfs, neutron and strange stars [161]. New possibilities emerge for the
understanding of the physics of thermonuclear explosions on the surfaces of giant
stars as well as for the explanation of activity manifestations of new astrophysical
phenomena and the evolution of the Universe after the Big Bang.

One of the main FAIR objectives is to obtain the secondary beams of radioactive
nuclei for investigating the nuclear structure and the origin of the elements in the
Universe. According to modern views [8], there are more than 6000 different nuclei,
most of them being unstable, especially those with a substantial difference in proton
and neutron numbers. The nuclei of complex and sometimes unusual structure may
exhibit unconventional behavior, which sheds light on the operation of forces that
keep the nuclei from breaking up.

Despite the fact that some of these rare isotopes exist for only a short time (less
than 10�6 s), they play a decisive role in the nuclear reactions that give rise to heavy
elements in the stars. While light elements are produced throughout the lifetime
of the stars in their thermonuclear burn, heavier elements (heavier than iron) are
produced, it is believed [74, 136, 176], primarily during the premortal agony of
supermassive stars, when they explode as supernovae (see Chap. 9). The elements
then propagate through the interstellar space and eventually become the building
blocks for next-generation stars and planets. The only way of verifying these ideas
is to produce and study the unstable isotopes in a laboratory. The FAIR, like no other
laboratory in the world, will produce the yet unknown exotic nuclei and measure
their masses, decay modes, and other properties. Shown by way of illustration in
Fig. 6.72 is a nuclear map.
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Fig. 6.73 Comparison of the ion-optical schemes of the new Super-FRS separator and the FRS
separator presently existing in the GSI. For clarity the longitudinal and transverse scales are taken
different but the same for both separators [11]

For this line of research the new accelerator complex will provide the secondary
beams of radioactive nuclei throughout the range of charge and mass numbers,
from the lightest to the heaviest ones. These secondary rare-isotope beams will
be obtained either by way of fragmentation of primary heavy-ion beams or as a
result of fission of a 238U beam with an energy of up to 1.5 GeV/nucleon. The
beams of nuclei with different charge and mass numbers will be separated using a
new, partly superconducting Super-FRS magnetic separator (Fig. 6.73), whose ion-
optical scheme is depicted in Fig. 6.73 in comparison with the scheme of the FRS
separator presently existing in the GSI.

So, the beams of exotic nuclei are produced in the passage through the target
of the primary beam of heavy ions. In doing this the ions split into other nuclei,
which are immediately separated in a magnetic separator (Fig. 6.74). This permits
obtaining high-purity beams of all kinds of isotopes (including short-lived ones)
in a broad energy range and with temporal characteristics matched to specific
experiments. For the first time the heaviest radioactive nuclei (up to uranium) will
be produced in quantities sufficient for carrying out precision measurements.

The Super-FRS design relies on the operating experience of the fragment separa-
tor existing in the GSI, which makes use of the principle of double magnetic analysis
with intermediate selection in energy. The high intensity of the primary beams
arriving from the SIS 100/300 dictates recourse to a two-stage magnetic separator
scheme equipped with wedge-shaped degraders (varied-thickness decelerators),
which permit monochromatizing the transmitted secondary beams [198] due to a
difference in particle energy loss in the material of different thickness.

The wide-aperture Super-FRS separator will have a large acceptance in momen-
tum (˙2:5%) and angle (a horizontal divergence of ˙40mrad and a vertical
divergence of ˙20mrad) as well as an ion-optical resolving power of 1500. The
new separator conception with two independent separation stages is intended to
cope with a high load and thereby provide efficient background suppression. About
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Fig. 6.74 Setup of NuSTAR experiments [11]

30–60 % of the fission fragments will be extracted as spatially separated isotope
beams.

Even the shortest-lived isotope beams may be obtained and employed in research
on the FAIR accelerators. Secondary beams are obtained at a high purity level in a
wide energy range with the capability of providing a different temporal structure
(pulsed or quasicontinuous). They can be transported to target stations or injected
into storage rings.

At the present time the NuSTAR scientific direction (Fig. 6.74) encompasses
eight experiments. This direction embraces more than 800 collaboration participants
from 37 countries of the world.

R3B (Reactions with Relativistic Radioactive Beams): the structure of atomic
nuclei will be investigated in nuclear reactions with high-energy radioactive ion
beams. To this end, highly efficient high-resolution universal equipment with a large
acceptance will be installed in the focal plane of the high-energy branch of the
Super-FRS separator [198].

HISPEC (High Resolution Spectroscopy): employing intermediate-energy
radioactive beams, investigations will be made of the evolution of the shell structure
of highly neutron-excessive medium-heavy nuclei with the use of the reactions
of Coulomb excitation, knocking-out, and secondary fragmentation. Furthermore,
investigations will be made of the evolution of collective states of the nuclei remote
from stability path (see Fig. 6.72) by measuring the lifetimes and gyromagnetic
ratios (i.e. the ratio between the magnetic dipole moment of an elementary particle
(or a system of elementary particles) and its mechanical moment).
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DESPEC (Decay Spectroscopy): in all DESPEC experiments, use will be made
of deep ion implantation into an active substrate (active stopper) prior to ion decay.
A multisegment detector will permit correlating in space and time the signal caused
by the implantation of a heavy ion and the signal of the subsequent ˇ decay
emerging in the detector itself. For exotic nuclei, investigations will be made of
unusual decay modes like ˇ-delayed neutron emission and fission, or direct neutron
radioactivity. It will be possible to study the properties of the isomeric states of
short-lived nuclei.

LaSpec (Laser Spectroscopy of short-lived nuclei): a multipurpose laser spec-
troscopy facility will be made for studying stopped, cooled, and spatially bunched
radioactive ions [105, 162, 201], which will make it possible to model-independently
measure the nuclear spins of isotopes and isomers, magnetic dipole moments,
electric quadrupole moments, and route-mean-square radius variations.

MATS (Precision Measurements of very short-lived nuclei using an Advanced
Trapping System for highly charged ions): this program is aimed at precision
measurements of short-lived nuclear masses. Experimentally, the MATS will be
a unique combination of an electron-beam ion trap (EBIT) for obtaining multiply
charged ions, ions traps for beam preparation, and a high-precision system based
on a Penning electromagnetic trap for measuring masses (with a relative accuracy
of about 10�9) and studying decays (conversion electrons and alpha particles)—
of radioactive nuclei. A recent review of the works on precision nuclear-physical
measurements with the use of ion traps is given in [105].

ILIMA (Isomeric Beams, Lifetimes and Masses): this program is aimed at mass
and lifetime measurements of exotic nuclei in the ground and isomeric states at
relativistic energies. To this end, exotic nuclear ion beams will be injected into the
CR storage ring. The measurements of masses (accurate to ˙50 keV) and lifetimes
of very short-lived nuclei (to several microseconds) by way of measurements of
the frequency spectra of the ions circulating in the ion storage ring (see, for
instance,[182]) will be carried out in the CR operated in an isochronous mode.
Longer-lived nuclei (over 1 s), after their preliminary stochastic cooling in the CR,
will be directed to the next ring RESR and then injected into the NESR storage ring.
Here, they will undergo additional cooling by electrons after which their masses
will be measured by the same technique [144]. Transferable particle identification
detectors will be installed after one of dipole magnets in the CR and NESR for
independent lifetime measurements.

EXL (Exotic nuclei studied in Light-ion induced reactions at the NESR storage
ring) plans a study of direct reactions of exotic nuclei with light stable nuclei in
inverse kinematics with the help of modern technology of storage accelerators and
a universal detector system. Earlier research performed with stable nuclei showed,
with confidence, that such direct reactions with light nuclei at intermediate and high
energies are a necessary tool in the set of methods for studying the structure of
atomic nuclei. The EXL detector system installed on the NESR storage ring will
comprise:
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• a silicon detector of recoil nuclei of reaction products, which will be arranged
around the inner gas-jet target and supplemented with slow-neutron detectors
and a highly segmented scintillator assembly for recording � -ray photons and
measuring the total energy of the higher-energy target recoil nuclei;

• detectors of forward outgoing fast neutrons and light charged particles;
• detectors of heavy fragments ejected from the gas-jet target.

ELISe (Electron-Ion Scattering at the NESR) will study the structure of exotic
nuclei by way of experiments on elastic, inelastic, and quasi-free scattering of
electrons by ions using intersecting ion and electron storage rings (the NESR and
ER, respectively) as well as an electron spectrometer operating in combination
with a reaction product detector system. The most trustworthy data on the density
distribution in atomic nuclei were obtained in precisely the electron scattering
experiments. However, until the present time the experiments on the electron
scattering by nuclei were limited to stable isotopes. The ELISe program is intended
to extent this powerful tool, which has already yielded a wealth of valuable
information about the structure of stable nuclei, to the domain of nuclei remote from
the stability path. For this purpose the secondary beams of radioactive ions cooled
in the NESR storage ring will collide with a high-intensity electron beam circulating
in the ER electron storage ring, which has an intersection with the NESR ring.

The secondary beams (see Fig. 6.74) are directed for carrying out experiments
along three lines:

• a high-energy branch, where investigations will be made of astrophysically
important reactions with high-energy heavy ions for inverse kinematics with the
use of highest-efficiency detection and coverage of the total solid angle—the R3B
experiment (in this case, heavy beam particles interact with light target nuclei,
while secondary particles are recorded at large angles);

• a low-energy branch, where such nuclear properties as decay modes and energy
levels may be studied using monoenergetic low-energy ion beams (from several
to 100 MeV/nucleon)—the HISPEC, MATS, LsSpec, and DESPEC experiments;

• a branch directed to the CR-RESR-NESR ring system, where exotic nuclei are
accumulated and cooled. Here, experiments will be made to measure the masses
and lifetimes of unknown exotic nuclei as well as to study their structure using
electron or antiproton beams— the ILIMA, EXL, and ELISe experiments.

In many respects the experiments developed on the FAIR will far outperform
the experiments in other research centers that have radioactive nuclear beams. The
FAIR will offer significant advantages over similar projects in the USA (in ANL:
RIA [254] and in MSU: LEBIT [121]), in Europe (in CERN: REX-ISOL-DE [155],
in GANIL: SPIRAL-2 [145], in Louvain-la-Neuve university: CYCLONE [101],
in LMU: MAFF [108], in GSI: SHIP [93] and SHIP-TRAP [162]), and Japan
(in RIKEN: RIBF [93]) due to the use of new technologies, the high intensities
of secondary radioactive beams of highest energy—up to 1.5 GeV/nucleon—(for
comparison: 400 MeV/nucleon in RIA and 450 MeV/nucleon in RIKEN) in a wide
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mass range, and primarily due to the combination of the Super-FRS wide-aperture
fragment separator and the CR-RESR-NESR storage ring system [6].

6.7.3 Compressed Baryonic Matter (CBM) Experiment

The scientific program of the CBM experiment comprises investigations of extreme
nuclear matter states and the phase transition to quark-gluon plasma at a high baryon
density in nuclear-nuclear collisions, as well as investigations of the structure and
equation of state of baryonic matter at densities comparable to those which exist
in the cores of neutron and quark-gluon (“strange”) stars (see Sect. 9.3) [74]. The
program includes the quest for the boundary between baryonic and quark-gluonic
matter, the quest for the critical point, the search for indications of the onset of
chiral symmetry recovery at a high baryon density (Fig. 6.20) [12], and many other
subjects.

The heavy ion beam in the SIS 300 of the FAIR will range up to 35–
45 GeV/nucleon in energy for a 1000-fold increase in intensity in comparison with
the present-day beam intensity of the SIS 19 accelerator in the GSI and a ten-fold
increase in intensity in comparison with the LHC experiments in the CERN (see
Sect. 6.6) [203]. The planned activity will make it possible to significantly advance
in the investigation of unknown domains of the phase diagram in comparison with
experiments on the RHIC ion collider in the Brookhaven National Laboratory in the
USA and on the LHC collider in the CERN [64]. In these laboratories the emphasis
is placed on the investigations of matter properties at extremely high temperatures
but low baryon densities, i.e. at very small values of the baryon chemical potential.
By contrast, the CBM experiment at the FAIR is aimed at a detailed study of matter
properties at the highest baryon densities attainable under terrestrial conditions
(Fig. 6.20).

To investigate how nuclear matter behaves in the domain of high densities typical
for supernovae explosions and compact astrophysical objects, experiments will be
carried out on the FAIR involving collisions between heavy ions using fixed targets
at energies that maximize the compression of the nuclear matter. It is hypothesized
that the constituents of atomic nuclei (protons and neutrons) “fuse” into quark-
gluon plasma. This phase transition to the new state takes only 10�23 s and must
be observable in head-on collisions between nuclei at high energies attainable on
the SIS 300 FAIR accelerator [85].

Unlike the experiments in the CERN and Brookhaven, where the quest of the
critical point is made by recording the spectral characteristics of the fluxes of bulk
observables, the high intensity of the primary FAIR beams offers an additional
possibility of recording rare events and scanning a vast domain of the phase diagram
in particle energy (see Fig. 6.20). In particular, it is planned to directly investigate
for the first time the signatures (observable manifestations) of the emergence of a
“fireball” from the detection of short-lived vector mesons decaying into electron-
positron pairs (Fig. 6.75).
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Fig. 6.75 Emergence of a “fireball” in the collision of two nuclei attended with the production of
dilepton pairs

The FAIR’s 2-to-35 GeV/nucleon energy range for gold ions is well suited
for executing experiments in the phase diagram domain with high energy matter
densities eight to ten times greater than the normal one.

It is important for an unambiguous data interpretation that it will be possible to
make a direct comparison of the data obtained nuclear-nuclear collisions with the
data for proton-proton and proton-nuclear collisions, because the FAIR accelerator
complex will provide proton beams up to a maximum energy of 90 GeV.

Figure 6.76 [2] is a schematic representation of the detector constructed in the
framework of the CBM collaboration. The universal detector system will identify
particles produced in the dense reaction zone. The experiment will operate with 107

events per second and up to 1000 charged particles in one head-on collision of gold
ions [203]. In this case, the particles containing strange and charmed quarks will
serve as high-sensitivity diagnostic probes.

A radiation resistant silicon tracker of secondary particles (STS) consists of three
plane layers of silicon pixel/strip detectors followed by four microstrip detector
layers. The entire detector is accommodated in the gap of a dipole magnet for
momentum determination with a resolution of better than 1 %. The purpose of a
ring Cherenkov detector (RICH) is to identify electrons and suppress pions in the
momentum range of the electrons arising from low-energy vector meson decay. A
transition radiation detector (TRD) will record charged particle tracks and identify
fast electrons and positrons. The challenge is to develop finely granulated gaseous
counters capable of operating at a frequency of 100 kHz/cm2. At the same time, the
pion discrimination factor must amount to several hundreds for an electron detection
efficiency of 90 %. Hadrons will be identified using a time-of-flight (TOF) system
based on resistive plate chambers (RPCs). The requisite measurement accuracy
should not exceed 100 ps for particle fluxes of up to 25 kHz/cm2. An electromagnetic
calorimeter (ECAL) will be employed for identifying electrons and photons as well
as for rejecting pions.
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Fig. 6.76 CBM detector

A characteristic feature of the CBM detector will be its record high-rate data
collection system for an appropriate conception of the trigger system.

The CBM collaboration numbers more than 350 scientists from 15 countries of
the world, which are prepared to begin experiments in 2016 even with ion beams
from the SIS 100 accelerator.

6.7.4 Antiproton Program: PANDA Experiment

The physical AntiProton ANnihilation in DArmstadt (PANDA) program covers a
wide research field ranging from investigations into the basic problems of hadronic
and nuclear physics to verification of fundamental symmetries by way of studying
the interaction of accelerated antiprotons with nucleons and atomic nuclei with the
help of the universal PANDA detector installed on the axis of the HESR high-energy
storage accelerator (see Fig. 6.77).

The program is aimed at the quest of new forms of matter; in this case,
an unprecedentedly high accuracy will be reached in the investigation of gluon
excitations and in the physics of strange and charmed quarks [11, 72], which is
provided by two fundamental virtues of the FAIR accelerator complex:

• a high-intensity antiproton beam with an energy of up to 15 GeV and
• the capability to scan the antiproton energy with an accuracy of ˙10 keV. This

all will permit executing the experimental investigations of strong interaction
properties at a new level of precision.
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Fig. 6.77 HESR antiproton storage accelerator ring with a PANDA detector [11]

Experimental investigations into the structure of ordinary as well as of exotic
hadrons may be carried out using electron, pion, kaon, proton, or antiproton
beams. In the course of hadron annihilation, in particular antiproton-nucleon and
antiproton-nucleus ones, particles with gluon degrees of freedom, along with
particle–antiparticle pairs, are produced in abundance. This permits carrying out
spectroscopic investigations with an unprecedented statistics and accuracy. There-
fore, the antiproton beams of the FAIR accelerator complex in combination with the
PANDA detector will afford the acquisition of qualitatively new data in comparison
with the results of experiments performed in the Fermi National Laboratory and
in the CERN. The FAIR will provide a 100 times higher intensity of the beam of
stored and cooled antiprotons than in the CERN and will also exceed in intensity the
beams in the FNAL (USA) and the beams of the J-Park facility being constructed in
Japan [11, 25].
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Fig. 6.78 Hadronic mass range which will be available in PANDA experiments. The upper scale
shows the corresponding antiproton momenta required for fixed target experiments [11]

For the first time high-precision measurements will become possible not only
for electromagnetic, but also for hadronic decay modes in the resonance proton-
antiproton annihilation. The quest for gluon excitations (glueballs and hybrids) in
the energy range corresponding to charmonium masses (3–5 GeV/c2, see Fig. 6.78)
will also become possible.

The unambiguous determination of gluon modes will be an important milestone
in the solution of the problem of quark confinement in hadrons. In particular, a
particle consisting of a charmed quark and an antiquark (charmonium) will make it
possible to study with a high accuracy the heretofore unexplored aspects of strong
interaction, whose main theory now is quantum chromodynamics (QCD). In this
case, the PANDA experiment will open up broad possibilities for discoveries, in
addition to experiments on the Large Hadronic Collider (LHC) for a relatively high
antiproton energy; furthermore, owing to the capability of energy scanning with an
accuracy of 10 keV it will enable determining the widths of narrow resonances like,
for instance, the states of charmonium.

The scientific PANDA collaboration program comprises:

• the quest for exotic particles like glueballs and hybrids;
• spectroscopy of charmonium states above the threshold of D–anti-D-meson pair

production;
• investigations of hypernuclei (including double ones) and charmed nuclei, in

which the strange (one or two) or charmed particles take the place of an ordinary
nucleon.

Also projected is the use of the PANDA facility for studying rare decays which
contain single photons, �0- and �-mesons in a broad energy range.
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Table 6.4 Parameters of PANDA’s two experimental modes

Parameter Operating mode
High resolution High intensity

Momentum range (GeV/c) 1:5–8:9 1:5–15

Number of accumulated antiprotons 1 � 1010 1 � 1011
Beam luminosity (cm�2 s�1) 2 � 1031 2 � 1032
Momentum resolution ıp=p <4 � 10�5 1 � 10�4

It is assumed here that the effective thickness of the inner hydrogen target is 4 � 1015 atoms/cm2

and the beam emittance is 0.3 mm mrad

By way of illustration Fig. 6.78 schematically shows the hadronic mass range
which will be attainable in PANDA experiments.

It is expected that PANDA experiments will be carried out in two operating
modes: a high luminosity mode and a high resolution one. The parameters char-
acterizing these modes are collected in Table 6.4.

The protons accelerated in the SIS 100 to an energy of 29 GeV are employed to
generate the beam of antiprotons, which are produced under target bombardment
by protons, are subsequently cooled in two rings (CR and RESR) and delivered to
the 574-m long High Energy Storage Ring (HESR) schematized in Fig. 6.77. Here,
the antiproton beams interact with a proton target (hydrogen) to produce compound
particles containing strange and charmed quarks.

In the PANDA experiments use will be made of two types of hydrogen-beam
targets:

• a cluster jet target (see, for instance, [69, 186]), in which the clusters are particles
consisting of about 105 weakly coupled hydrogen atoms, and

• a target represented by a train of frozen hydrogen microspheres falling in a
vacuum with characteristic diameters of 20–40�m [236].

Similar targets of other gases (for instance, neon, nitrogen, argon, xenon) will
also be available for PANDA experiments.

The PANDA detector is a 4� detector with an inner fixed target and is installed
on the HESR ring. It will have a close to 4� acceptance, high resolutions in tracking,
particle identification and calorimetry, will provide efficient data collection and
selection of events for a load of 2 � 107 interactions per second in the inner hydrogen
target [72].

To provide a high momentum resolution, the detector will consist of two
magnetic spectrometers (see Fig. 6.79): the target spectrometer based on a super-
conducting magnetic solenoid, which is arranged around the antiproton–target
interaction point and will be used for measurements at large angles, and the front
spectrometer, which has a dipole magnet for measuring the tracks of particles
emanating from the target at small angles to the antiproton beam axis.

Both spectrometers will provide tracking, charged-particle identification, elec-
tromagnetic calorimetry, and muon identification, which will permit recording the
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Fig. 6.79 PANDA detector, which consists of two magnetic spectrometers: the target spectrometer
(at the left) arranged around the antiproton–target interaction point and the front spectrometer (at
the right) intended for measuring the tracks of particles emanating from the target at low angles to
the antiproton beam axis. The overall detector length is equal to 10 m [11]

entire spectrum of the final states that are of significance in attaining the goals of
the PANDA research collaboration.

The target spectrometer, which is schematically shown in Fig. 6.80 with indi-
cation of its components, will measure the tracks of charged particles in a highly
uniform (to within ˙2%) 2-T solenoidal field. The spectrometer configuration
(similar to the configuration of detectors in collider experiments) is like the structure
of an onion: different types of detectors will be arranged in layers about the axis.
Vacuum pipes intended for the introduction and subsequent removal of the target
material (i.e. the beam of clusters or pellets) from the antiproton beam will cross
the spectrometer vertically downwards, perpendicular to the vacuum pipe with the
antiproton beam. In accordance with the angles of particle escape from the target,
this spectrometer may be conventionally divided into the following three parts:

• the barrel, which covers the angular range between 22ı and 140ı;
• the front lid, which broadens the angular range to the lower side, to 5ı in the

vertical plane and to 10ı horizontally;
• the rear lid, which covers the �145ı and 170ı angular range.

We briefly describe the main elements of the target spectrometer.
Superconducting solenoid. Providing a 2-T magnetic field in a 4-m long space

of diameter 1.9 m and leaving it available for detector installation is a nontrivial
problem. The task is additionally complicated by the strict requirements imposed
on the uniformity of magnetic field, the presence of magnet-intersecting hot pipes
for target beam transport, the need to provide access to detectors, etc. The cryostat
of the solenoid will surround all detectors and serve as their support structure. The
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Fig. 6.80 Side view of the target spectrometer of the PANDA detector

magnet yoke will additionally play the role of a muon recording system due to
placement of minidrift tubes in it (between 13 iron layers) (the Muon Range System
in Fig. 6.80).

A Micro-Vertex Detector (Fig. 6.80—Micro-Vertex Detector) is located in the
target spectrometer, most closely to the place of interaction of the antiproton beam
with the transversal beam of target particles. The Micro-Vertex Detector, whose
conception relies on the use of radiation-resistant silicon pixel and strip detectors,
is a tracking device for charged particles. This detector is highly important for the
precise determination of the vertices of secondary decays of short-lived particles,
like charmed or strange hyperons and D mesons.

Central Tracker (Fig. 6.80—Central Tracker). Arranged around the micro-
vertex detector is the central track detector, which is also barrel-shaped; its operation
is based on the ionization of gas in the passage of a charged particle through the gas.
The electrons resulting from the ionization drift to the sensor electrode in the field
applied, and the charged particle track may be determined from the known drift
velocity in the gas and the spatial position of the electrode.

Gas Electron Multipliers (Gas Electron Multiplier, Fig. 6.80—GEM’s). The
particles traveling at angles<22ı to the axis, i.e. the particles which do not enter the
central tracker, will be recorded by three gas electron multiplier stations mounted at
distances of 1.17, 1.53, and 1.89 m from the target.
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Particle identification. The capability of identifying hadrons and leptons in a
broad range of momenta and angles is an important property of the PANDA facility.
Particles with momenta greater than 1 GeV/c will be identified by Cherenkov
detectors. Slow particles ejected at large angles will be identified by a time-of-flight
detector. Since the target spectrometer path length is equal to only 50–100 cm, this
detector must have a very good temporal resolution, about 50–100 ps. The time-of-
flight detector assembly in the form of a barrel (Barrel TOF in Fig. 6.80—Barrel
TOF) with inner and outer radii of 42 and 45 cm will cover the angles ranging from
22ı to 140ı. Faster particles in this angular range will be identified by Detection
of Internally Reflected Cherenkov (DIRC) light, like was realized in the BaBar
facility [19]. The Cherenkov detector will be a barrel-like assembly (Disc DIRC
in Fig. 6.80) of 1.7-cm thick quartz plates surrounding the antiproton beam at a
distance of 45–54 cm from the axis. A similar Cherenkov detector, though in the
form of a disc (Disc DIRC in Fig. 6.81), will be employed for particles ejected
forward at angles between 5ı and 22ı. This disc will be mounted immediately in
front of the front lid of the electromagnetic calorimeter.

Electromagnetic calorimeter (Fig. 6.80—Electromagnetic Calorimeter). To
cope with high loads for a compact design of the target spectrometer, the electro-
magnetic calorimeter needs a fast scintillation material with a short radiation length
X0. Best suited for this purpose are crystals of lead tungstate (PbWO4)—a high-
density inorganic material, which provides a high energy and time resolution in
the detection of photons and electrons even in the intermediate energy range [166].
This is precisely the reason why PbWO4 crystals are employed, for instance, in the

Fig. 6.81 Three-dimensional structural view of the front spectrometer of the PANDA detector.
The dipole magnet (at the left of the figure) with a 1-m gap and an aperture greater than 2 m
possesses a deflecting force of 2 T m
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compact muon spectrometer of the CMS collaboration in the CERN [7]. To reach
an energy resolution of better than 2 % at an energy of 1 GeV, the crystals in the
electromagnetic calorimeter will measure 20 cm in length (i.e. approximately 22X0).
11,360 profiled crystals with a front face area of 2.1 �2:1 cm2 will be installed in
the calorimeter barrel with an inner radius of 57 cm. The front and rear lids of the
barrel will require 3600 and 592 crystals, respectively.

The front spectrometer, whose three-dimensional structure is diagrammed in
Fig. 6.81, will record particles emitted in the vertical and horizontal angular ranges
of ˙5ı and ˙10ı, respectively. To analyze the charged particles with a momentum
resolution of �1%, use will be made of a dipole magnet with a gap of 1 m and an
aperture of 2 m. The deflecting force of the magnet is equal to 2 T m, which makes
the antiprotons with the maximum momentum equal to 15 GeV/c deflect by an angle
of 2.3ı in the field of this dipole magnet. The antiproton beam deflection will then
be compensated by two or three beam-positioning magnets installed behind the
PANDA facility.

The variations of particle trajectories in the field of the dipole magnet will be
measured by a set of multiwire drift chambers. Two chambers will be installed in
front of the magnet and another two behind the magnet. This will enable recording
the tracks of the highest-momentum particles. Two additional drift chambers will be
installed inside the magnet gap for tracking particles with small momenta.

An assembly of plastic scintillator plates with fast photomultipliers at both ends
of the plates for signal readout, placed at a distance of 7 m from the target, will serve
as stop time-of-flight counters and measure the transit time from the start detector,
which is placed near the target, to these stop counters. Similar stop detectors will
be additionally installed inside the dipole magnet for recording low-energy particles
which cannot escape from this magnet. For an expected time resolution of 50 ps,
separation of pions from kaons (�/K) and of kaons from protons (K/p) at a level
of three standard errors will be possible for particles with momenta up to 2.8 and
4.7 GeV/c, respectively.

The calorimeter for particles ejected into the front angular domain will consist of
two parts. A “Shashlyk”-type calorimeter (see, for instance, [26]) will be employed
in the first part intended for detecting photons and electrons with a high resolution
and efficiency. An energy resolution 4 %/

p
E was obtained for this calorimeter

type in [51]. The second calorimeter part will fulfill the function of measuring
the energies of neutral hadrons and will also be employed as a fast trigger and an
active muon filter. This calorimeter part will be installed immediately behind the
“shashlyk”-type calorimeter, in front of the wall of muon identification counters
(these counters are similar to the muon counters which surround the supercon-
ducting solenoid of the target spectrometer described above). A comprehensive
description of the front spectrometer may be found elsewhere [9].
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6.7.5 Electromagnetic Plasma Physics

Research in the physics of high energy density in matter and extreme states of
matter exposed to high-intensity pulsed action is necessary for acquiring new
knowledge about the physical processes and material properties under conditions
of superhigh pressure, density and temperature. This knowledge forms the scientific
basis for challenging energy projects—controlled thermonuclear fusion with inertial
confinement of hot plasma, magnetohydrodynamic and magnetocumulative genera-
tors, nuclear space facilities, etc. (see Chaps. 3, 4, and 5) [74]. In nuclear powers
this knowledge is used for improving nuclear weapons (Chap. 4) and studying
the properties of materials of nuclear power facilities experiencing the action of
high-power radiation fluxes and for developing new defense and nuclear power
technologies.

Unlike quark-gluon plasmas, where the main kinds of interparticle interaction
are described by the methods of quantum chromodynamics, in this section we will
discuss investigations of electromagnetic plasma, which is dominated by the weaker
electromagnetic interaction.

Proceeding from experimental data, highly reliable physicomathematical models
are developed, which possess excellent prognostic capacities. Scientists hope that
they can underlie computer-aided simulations that will partly replace full-scale
tests. The accuracy of predictions of such simulations relies on the basic models
employed, the depth of understanding the essence of the physical processes
involved, and the reliability of the description of material properties under ultrahigh
pressures and temperatures.

Therefore, the practical significance of research in this area stems from the
acquisition of reliable experimental data about the substance properties at high
energy densities and the construction on this basis of accurate design-theoretical
models for developing new equipment for defense and civil applications, inertial
thermonuclear fusion, nuclear reactor safety and plasma technologies.

In the execution of full-scale nuclear tests (see Chap. 4) it is possible to obtain
experimental data in the 1–1000 g/cm3 density and 0.1–100,000eV temperature
ranges. In the absence of such tests it is possible to obtain the experimental data
on research facilities, which permit covering one or other domain of this range.
The largest (see Chap. 5) of them are Omega and NIF (USA), GEKKO-12 (Japan),
VULKAN (Great Britain), and Iskra-5 (Russia) high-power lasers, ZX (USA) and
Angara-5-1 (Russia) high-power electric discharge systems, SIS 18 (FRG) and
TWAC-ITEP (Russia) high-power heavy-ion accelerators, etc. Figure 6.82 shows
the capabilities of various facilities in research in different domains of the phase
diagram of matter.

On the FAIR complex it will be possible to achieve a pulsed ion-beam intensity
of 1012 for an energy of up to 1000 MeV/nucleon. By raising the intensity of heavy
(up to uranium) ion beams and compressing the beams in time to a pulse duration of
50 ns, the specific energy input of the FAIR facility will be made 600 higher than that
of the existing SIS 18 accelerator complex at the Heavy Ion Institute and will exceed
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Fig. 6.82 Phase diagram of nuclear matter

ten-fold the parameters of the TWAC-ITEP complex. This will enable studying the
properties of superdense nonideal electromagnetic plasmas and of substances under
ultrahigh pressure in the pressure and temperature ranges unattainable on other
experimental facilities.

On focusing to a spot �1mm in diameter, ion beams with the above parameters
are able to heat macroscopic volumes of a dense target substance to a temperature
of several tens of electronvolts.

The heart of the experimental program on electromagnetic plasmas comprises
three basic experiments:

• Heavy Ion Heating and EXpansion (“HIHEX” experiment);
• LAboratory PLAnetary Science (“LAPLAS” experiment);
• Warm Dense Matter (“WDM” experiment).

The most important feature of these three experiments on the physics of high
energy density in substance on the FAIR accelerators will consist in the unique
possibility of plasma diagnostics using high-energy proton beams (radiography)
with the simultaneous use of high-power petawatt laser radiation (�1015 W). This
laser is capable of producing a target irradiation intensity of 1021 W/cm2. Planned
under the program is the construction of a corresponding proton beam transport
line from the SIS 18 accelerator to the experimental plasma physics hall as well
as the delivery of the high-power laser beam to the target vacuum chambers. The
combination of the high-intensity laser pulse, the diagnostic proton beam, and the
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high-intensity ion beam opens up new unique experimental possibilities for the
FAIR.

HIHEX experiment. High-intensity heavy ion beams with a pulse duration of
50–100 ns make it possible to rapidly (in comparison with the characteristic time of
hydrodynamic motion) heat a substance and then observe the expansion of the hot
substance in the surrounding medium, i.e. create a high level of energy liberation
and successively observe the isentropic expansion. In an experiment of this type
[81, 107] the heated material will go through several new interesting states in its
expansion. Specifically, as a result of heating, an initial metal of normal density will
reach the superheated liquid state with disordered ion component and degenerate
electrons. In the course of isentropic expansion the substance goes through the state
of a quasi-nonideal Boltzmann plasma and a rarefied gas. On further expansion the
degree of degeneracy lowers, which is attended with a redistribution of the energy
spectrum of ions and atoms as well as a partial recombination of the dense plasma.
Metal–dielectric phase transitions may occur in the disordered electron system, and
the plasma in the vicinities of the critical point and the liquid–vapor equilibrium
point becomes nonideal. When the isentrope enters the two-phase liquid–vapor
domain, there sets in the condensation of the gas phase. At higher levels of energy
deposition, the isentropic expansion may be attended by still more exotic effects
with a strong variation of plasma ionization degree ˛ and nonideality parameter � .
In one experiment the thermodynamic parameters of a substance may vary over a
broad range: up to six orders of magnitude in pressure and up to four orders of
magnitude in density.

In the pressure–entropy diagram (Fig. 6.11 [107]) the states of matter with a
high energy density, including the hot compressed ionized substance, the nonideal
plasma, the hot expanding liquid and the quasi-ideal plasma, occupy a vast domain.

The presently available information about metal properties obtained by the
method of isentropic expansion of shock-compressed material [128] is concentrated
primarily along the Hugoniot adiabat and is supplemented with model estimates of
the location of critical points in the phase plane (Fig. 6.11). That is why the vast
domains of the phase diagram under the shock adiabat, including the domains with
the critical points of metals and the nonideal plasma domain (� � 1), invite further
investigations [32, 33, 214, 255].

The phase diagram domains corresponding to parameters attainable with the
SIS 18 and SIS 100 heavy ion accelerator facilities are highlighted (Fig. 6.11). In
particular, the SIS 18 operating accelerator produces a heating uranium ion pulse
with an intensity of about 1010 particles, duration of about 100 ns, and an ion energy
of 300 MeV/nucleon. When this pulse is focused onto a target, the energy liberation
is at a level of 1 kJ/g. In the future it is planned to increase the beam intensity and
raise the energy liberation to a level of 10 kJ/g. The TWAC-ITEP storage accelerator
put in service in the ITEP in 2003 is aimed at reaching an energy liberation level
of 10–20 kJ/g by concentrating on a target the pulses of copper or cobalt ions
with energies of up to 700 MeV/nucleon. The new SIS 100 accelerator in the FAIR
project will provide an energy liberation level above 100 kJ/g.
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Two large international collaborations (HEDgeHOB and WDM) aim at gener-
ating high-entropy states of matter by employing the property of a high-intensity
ion beam to liberate its energy in the volume of a substance. The high-power
pulsed beams generated by the FAIR accelerators will be capable of producing large
volumes of dense plasma with an energy density, which is of interest for the solution
of a broad range of basic problems in plasma physics, magnetohydrodynamics,
radiative study of materials, planetary geophysics, atomic and molecular physics,
etc. The expected parameters of U28C ion beams are collected in Table 6.5.

Figure 6.10 shows the HIHEX experiment scheme, in which a cylindrical
target is bulk heated by a high-intensity heavy ion beam. The heated substance
(plasma) begins to isentropically expand in the surrounding vacuum. The expansion
parameters required for constructing the equations of state of materials are measured
using diagnostic systems which involve X-ray backlighting produced by a petawatt
laser.

The “LAPLAS” experiment implements the regime of strong substance com-
pression by cylindrical implosion on the cylinder axis. The interest in this effect
is generated by the feasibility of generating in a laboratory the planetary states of
matter existing in the central parts of Jupiter and Saturn giant planets, where the
substance has a density of 1–2 g/cm3 at a pressure of 5–10 Mbar and a temperature of
several electronvolts. Furthermore, the experiment bears on the problem of inertial
confinement nuclear fusion driven by a heavy ion accelerator [81, 129]. As a rule,
the targets are cylindrical layered structures with layers of different initial density
(Fig. 6.83).

Table 6.5 Expected beam
parameters

Total pulse energy 80 kJ

Pulse duration 50 ns

Total number of particles 2 � 1012
Specific power 10 TW/g

Specific energy liberation >100 kJ/g

Ion energy � 1GeV/nucleon

Fig. 6.83 CMS detector: cross-sectional diagram and internal structure with indication of trackers
and calorimeters [64]
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The central domain is occupied by a substance which should be compressed
to the maximum attainable final density, for instance hydrogen or the equimolar
mixture of DT. The substance layer (the absorber) which absorbs the ion energy
is irradiated by a specially shaped “tubular” beam, which is an annulus in cross
section. A solution of the tubular ion beam production problem by way of HF-
field-aided beam rotation at the stage of accelerator-to-target transport was proposed
in [129, 178]. Several design-theoretical works are dedicated to the search of optimal
conditions to provide the uniformity of hydrodynamic response of the absorber
substance to the energy liberation induced by this rapidly rotating beam [31, 178].

In this case, special emphasis is placed on the selection of the combination
of the parameters of the heating ion beam pulse, the geometrical dimensions of
target layers, and their initial densities to provide a close-to-adiabatic mode of fuel
compression on the cylinder axis [30], see also [227] and [228]—the so-called quasi-
entropic mode.

The objective of the LAPLAS experiment [178, 226] is to study the metallization
of hydrogen, which is typical for the state of the inner layers of the giant planets
of Jupiter and Saturn. A two-dimensional hydrodynamic code [76] was employed
to perform numerical feasibility investigations of a heavy-ion-beam-driven quasi-
entropic compression mode with the purpose of realizing the effect of hydrogen
metallization, which was predicted by Wigner back in 1935. The numerical
experiment dealt with a 3-mm long multilayer cylindrical target with an external
radius of 3 mm (see Fig. 6.76). The radius of internal cylinder, which consisted
of solid frozen hydrogen, was equal to 0.5 mm. The cylinder face is irradiated by
a beam of 1012 uranium ions with an energy of 400 AMeV and a pulse duration
of 50 ns. An important point is the annular structure of the beam cross section:
the beam is focused into a ring with outer and inner radii of 2.0 and 0.5 mm,
respectively, and irradiates the cylindrical layer of lead rather than hydrogen. The
energy deposition is assumed to be uniform lengthwise of the lead layer, since
the range of 400 MeV/nucleon uranium ions in lead amounts to 4.25 mm, with the
consequence that the Bragg peak is beyond the target.

A characteristic feature of the experiment consists in the mode of generation
of a multitude of sequential reverberating weak shock waves, which compress
hydrogen along the isentrope. The BIG-2 two-dimensional hydrodynamic code [76]
enables calculating the hydrogen density distribution along the cylinder radius at
different points in time. According to the simulation data, as the hydrogen–lead
interface executed a relatively slow adiabatic motion towards the cylinder axis there
emerges a series of weak reflected shock waves between this interface and the
axis, which produce the substance state which corresponds to the metallization of
hydrogen. In accordance with the equation of state from the SESAME table, this is a
pressure of 3 Mbar, a density of �1 g/cm3, and a temperature � 0:1 eV [226]. These
parameters remain invariable for 160–200 ns, which is quite sufficient for measuring
the conductivity of hydrogen under extreme conditions. Recent experiments in the
quasi-adiabatic compression of hydrogen [74, 81] suggest that the pressure-induced
metallization sets in even at pressures of about 1 Mbar and a density of � 0:6 g/cm3.
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The WDM experiment is targeted at realizing the quasi-isochoric mode of matter
heating and attaining the extreme plasma state involving a strong interparticle
interaction for large values of the nonideality parameter � � 1 [74].

The physical substantiation of the experiment to be performed with the ion beams
of the SIS 100 accelerator, which is under development in the framework of the
FAIR project, is outlined in [132]. The experiment is aimed at the study of solid
hydrogen state for a energy deposition level of 130 kJ/g, which is afforded by a
200 MeV/nucleon uranium ion beam with an intensity of 8 � 1010 focused to a spot
of radius rb D 350�m. According to the equation of state from the SESAME tables,
this corresponds to a temperature of 0.6 eV—the mode of “warm dense matter”, in
which the entire beam energy is converted to the internal substance energy.

In the case of bulk energy liberation by an ion beam characteristic of ions with
energies E � 10MeV/nucleon, the specific energy deposition Es is the governing
characteristic, which can be measured with a good accuracy. And if the sam-
ple’s substance density �0 remains invariable during heating, the thermodynamic
substance parameters after irradiation are defined by the quantities �0 and Es.
Therefore, any measurable physical quantities are functions of this, well defined,
thermodynamic state.

The choice of the target material is determined by the capabilities of the diagnos-
tic technique, which involves recording of the spectral and angular distribution of
the X-ray photons scattered by the substance of the heated sample—the method of
Thomson X-ray scattering [94]. This X-ray backlighting with a temporal resolution
can be provided by the PHELIX laser, which is under construction in the GSI,
Darmstadt. For X-ray photon energies of �1–3 keV, the choice of target structure
materials is nevertheless limited to low-Z elements. To carry out the substance state
diagnostics and interpret the data, it is advisable to deal with a uniform density
distribution over the sample volume. The simplest target for the execution of a
quasi-isochoric experiment is the cylinder of frozen hydrogen of radius Rh � rb

(Fig. 6.84). For a rectangular intensity distribution over the beam cross section, the
density on the cylinder axis remains constant until the unloading wave reaches the
axis. However, for a realistic beam with a Gaussian intensity distribution over its
cross section, for which the second derivative of the pressure with respect to radius
is nonzero, the density begins to decrease even prior to the arrival of the unloading
wave at the axis.

This effect of the hydrodynamic unloading of the heated target domain may be
compensated by using an inertia shell (tamper) to confine the frozen hydrogen. To
provide the requisite “confinement” of the heated substance by a low-Z material
transparent to X-ray photons, the tamper is also heated by the peripheral part of the
ion beam. In this case, the heated layer of the tamper produces counterpressure for
confining the main substance of the target. For a tamper it is evidently advantageous
to use a material with a high sublimation energy to delay the onset of the
hydrodynamic expansion of the tamper itself.

Numerical simulations performed using the BIG-2 two-dimensional hydrody-
namic code [76] suggest that the tamper density should be lower than that of
graphite. That is why a plastic with a density of 1.5 g/cm3 at normal conditions was
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Fig. 6.84 WDM. Scheme of an experiment in the isochoric heating of hydrogen [132]

Fig. 6.85 Time dependence of the densities of target layers [144]

chosen as the tamper material. The temporal variation of the target layer densities
is shown in Fig. 6.85. Initially the hydrogen density begins to decrease owing to
the Gaussian profile of the ion beam. The pressure in the tamper material exceeds
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Fig. 6.86 Time evolution of the hydrogen density averaged over the target section [132]

that of hydrogen, and therefore the tamper begins to move inwards and drives a
weak shock wave. Later on, when the tamper density becomes lower, the pressure
equalizes and the hydrogen–tamper interface stops. Then, the increasing hydrogen
pressure returns the interface to its initial position. According to the simulations,
by the end of the course of ion irradiation the radial density distribution is nearly
uniform.

Figure 6.86 shows the time evolution of the hydrogen density averaged over
the target cross section. The tamper thickness may be optimized depending on the
result required: minimization of density variations during heating to within 10–15 %
(�Rc D 50�m) or attainment, by the end of irradiation, of hydrogen density equal
to the initial density 0.1 g/cm3 (�Rc D 60�m).

Therefore, it was shown that an ion beam is capable to provide, for a prescribed
set of initial parameters, a quasi-isochoric heating mode of solid-density hydrogen
for a temperature of 5000 ıC, i.e. to provide dynamic confinement for 100 ns.

6.7.6 Radiative Study of Materials and Biophysics (BIOMAT)

Heavy ion beams of the FAIR accelerator complex with energies of 10 GeV/nucleon
and above are of immediate interest for the study of radiation influence of galactic
and solar particles on living biological objects as well as on various materials.
The area of practical applications includes the radiative study of materials, the
radiation resistance of microelectronic components, nuclear medicine, simulation
of the effect of the cosmic radiation of heavy charged particles on living cells and
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materials. In this case, of special significance in the formulation and execution of
these experiments is the property of fast ions to penetrate to a controllable depth
inside the samples.

1. Comprehensive data about the radiological effects of fast heavy charged
particles are required for lowering to the minimal necessary level the thickness of
expensive radiobiological shielding on the spacecrafts of interplanetary missions
[67, 249]. Furthermore, the facility developed for sample irradiation is required for
testing and calibrating different instruments and equipment employed in space.

The cosmic radiation of solar and galactic origin poses the greatest hazard
in interplanetary space investigations and in the course of manned interplanetary
missions, because the personnel and instrumentation are outside of the protective
terrestrial magnetic field [60, 67]. Genetic changes and carcinogenic effects may
emerge even for low irradiation levels. However, in the case of a solar flare and
coronal mass ejection the lethal dose may be accumulated in less than 30 min. While
the solar radiation consists primarily of protons and helium nuclei, galactic radiation
also comprises heavier particles up to iron (Fig. 6.87).

Fig. 6.87 Spectrum of heavy
charged particles in galactic
cosmic radiation [1]



382 6 Relativistic Charged Particle Beams

Fig. 6.88 Calculated risk
coefficient for the emergence
of malignant neoplasms in
mammary gland cells under
long-term action of heavy
charged particles [249]

In this case, since the radiation influence is determined by deceleration energy
loss, which is proportional to the squared particle charge in accordance with the
Bethe–Bloch formula [39, 81], the risk coefficient (Fig. 6.88 [249]) for relativistic
iron ions is three orders of magnitude higher than for protons.

The dose is the governing factor both for living organisms and for electronic
devices. Usually the dose is macroscopically defined as the energy absorbed by a
unit mass (1 Gy = 1 J/kg). However, of higher significance is the local dose distribu-
tion along an individual particle track [59], which amounts to many kilograys at the
track center. It is precisely this disproportionately strong response to relatively low
macroscopic doses that is observed in many biological systems. This effect of higher
radiobiological efficiency (RBE) [133, 134] is attributed to numerous damages
caused to both strands of deoxyribonucleic acid (DNA) in the vicinity of a heavy
charged particle track. The higher RBE and the effect of fragmentation of a heavy
relativistic particle in its deceleration are responsible for enhanced transformation
of cells irradiated by iron ions, despite a low intensity in comparison with proton
beam intensity.

In the forthcoming experiments on the FAIR, special emphasis will be placed
on the effect of relativistic nuclei fragmentation and the resultant shower of
secondary low-energy particles with a high RBE for living objects. Since the
secondary particles are correlated in space and time, it is planned to investigate
the radiobiological effect not only at the genetic molecular level, but also at the cell
and living tissue levels [66].

2. Experiments in material science on the FAIR accelerator in the simulation
of the influence of the heavy component of galactic cosmic radiation on materials
pursue two primary goals:

• calibration of spacecraft’s detecting instrumentation employed to record high-
energy (>1GeV/nucleon) cosmic particles with a high resolution in particle mass
and charge;
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Fig. 6.89 Robotized system for the automatic positioning of biological samples [11]

• study of radiation effects in electronic components employed in the instru-
mentation of space satellites—from single chips to microprocessors [109].
These effects are responsible for single failures, the occurrence of destructive
operational errors, or the disabling of critical functions of spaceborne electronics.

Heavy ions obtained from the SIS 100 will be used in the multipurpose BIOMAT
facility equipped with a raster scanning system [100], which will provide an
excellent beam quality in the uniform irradiation of a large-surface field in a broad
fluence range for particles of different atomic mass. A special robot will be used for
positioning the samples (Fig. 6.89).

A broad set of ion beams—from proton to uranium ones—will be required for
biophysical and materials research. The highest requisite beam intensities for an
energy of 10 GeV/nucleon in the ion mass range from protons (5 � 1010 cm�2) to
iron (1 � 108 cm�2) correspond to a dose of 10 Gy uniformly absorbed by a target of
100 cm2 area in 1 min. Acceptable irradiation times may be achieved for this dose
rate, which is highly significant in the irradiation of sensitive biological samples
(i.e. cell cultures), which should be in a nutrient medium. The highest intensities of
heavier-ion beams—from krypton to uranium ones (1 � 108 1/cm2)—are defined by
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the fluxes required for materials research in combination with reasonable exposure
times.

The BIOMAT collaboration will use the high-energy ion guide and the experi-
ment site jointly with the SPARC collaboration. Fourteen research groups partici-
pate in the collaboration.

3. Experiments in modification of materials by relativistic heavy ion beams.
In passing through a solid material, high-energy heavy ions induce ultrahigh electric
fields (of the order of 1012 V/m) in short (�10�18 s) time intervals, which affect
atoms and electrons in the vicinity of their path of motion, converting the kinetic
energy of the fast particles to the internal energy of the substance. The energy loss
excites complicated processes like the generation of fast electrons, which is attended
with the Coulomb repulsion of ionized atoms, the emission of X-ray photons and
Auger electrons, electron-phonon interaction, etc. [148, 199, 252]. As a result, a fast
particle can produce long cylindrical zones several nanometers in radius, in which
the material properties are significantly different from the initial ones. By way of
example, mention can be made of the crystalline-to-amorphous state transition or
the formation of metastable high-pressure high-temperature phases [199, 252].

Studying the transient processes initiated by the passage of a fast particle through
a substance is most important for explaining the mechanisms of track formation
(Fig. 6.90 [1]).

In particular, electron processes prevail in the track evolution during the time
interval from �10�18 to �10�13 s. Diagnostics of the damage process with a high
resolution (at a level of 10�14 s) may be achieved by recording convoy and Auger
electrons or by X-ray techniques [4, 74]. However, the complete picture of track
formation mechanisms involving displacements of atoms due to the excitation by
electrons includes slower processes (�10�13–10�12 s) related to the passage of a
shock wave and lattice relaxation [114, 115].

The most important quantitative characteristic used in the description of fast
particle deceleration in a solid substance the stopping power dE=dx (the energy loss
per unit path length). For nonrelativistic ions (Ei < 1GeV/nucleon) the deceleration

Fig. 6.90 Temporal diagram
of energy dissipation in a
polymer sample after the
passage of a charged
particle [1]
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Fig. 6.91 Material modification in the region of Bragg’s peak in a precompressed sample [1]

mechanisms have been comprehensively studied theoretically and experimen-
tally [86, 197]. However, for relativistic ions with energies Ei > 2GeV/nucleon
the experimental data on the stopping power are quite scarce.

Among the experimental problems in material science to be solved on the FAIR
facility is the study of modifications of solids precompressed to a pressure of
25 GPa, in the volume of which a high-intensity heavy ion beam is decelerated.
The idea of the experiment is to study the phase transformations of a substance,
which is compressed using diamond anvils, in the vicinity of Bragg’s peak, where
the stopping power is highest [86, 197] (Fig. 6.91 [1]).

Heavy ions release energy in a small volume during a short period of time
to provide the threshold structural change of a solid substance, which was in a
subthreshold state due to precompression. Furthermore, the ion beam generates
acoustic waves in the sample, which also affect the phase transition processes.
Therefore, the combination of a high pressure and the local energy liberation by a
fast ion-beam will open new possibilities in the generation of those phase transitions
which cannot take place on application of the pressure alone. In these investigations
it is planned to employ several promising diagnostic techniques, including X-
ray and neutron diffraction, optical Raman spectroscopy, and also the resonance
measurements of muon spins [218].

In summary it is pertinent to note that these investigations will be carried out
on a unique research complex, which has no analogues in the world. A distinctive
feature of the FAIR complex is the capability of generating high-intensity primary
and secondary beams of stable and radioactive nuclei as well as of antiproton beams,
which exceed in intensity the presently available beams by a factor of 100–1000
and offer unique possibilities for performing research in the most topical areas of
modern science and technology even in the initial version of the project [224]. A
high quality of the beams will be provided due to the capability of their storage,
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cooling, and compression. The proposed scheme of the accelerator complex lends
itself to optimization of the parallel self-consistent operation of the complex. By and
large the complex will be operating for different experiments as if it were intended
for each of them separately.

6.8 Heavy-Ion Experiments in the NICA Project

The first accelerator in Russia that allowed beams of high-energy nuclei to be gen-
erated was the Synchrophasatron of the Joint Institute for Nuclear Research (JINR)
in Dubna [208]. Nowadays this accelerator has been replaced by the Nuclotron,
which belongs to a new generation of machines based on the use of superconducting
magnets. In the years following the first pioneering Dubna experiments in 1971 on
the relativistic acceleration of deuterons, at the Synchrophasatron, and the discovery
of the cumulative effect in the reactions with nuclei, a new challenging direction in
high-energy physics dubbed relativistic nuclear physics [28, 70], a few generations
of heavy ion accelerators succeeded each other. Through such technical advances
and through the construction of new machines, the laboratory equivalent accessible
energy scale grew constantly in time, from a few GeV per nucleon to some tens of
TeV per nucleon.

During the entire period of pursuance of heavy ions experiments, there set in a
tendency for a steady increase in operating accelerator energy. Progressively more
powerful and expensive facilities were made in pursuit of higher energy ion beams.
Quite recently an opposite tendency began to show, namely, the trend for lowering
the accelerator energy for the purpose of obtaining evidence for the existence of
new states of nuclear matter and studying the corresponding phase transitions and
critical phenomena. Realized in this case is a deeper thermalization of the substance
in relativistic nuclear collisions and the consequential clearer manifestation on new
forms of nuclear matter in experiments. Now it is believed that moderate accelerated
ion energies are required for this purpose: 8–40 GeV per nucleon in the laboratory
frame of reference [212].

According to the existing theoretical notions, nuclear matter may undergo a series
of phase transitions of the first kind with increase in temperature and/or baryon
charge density. Among them is the phase transition of the first kind involving
the recovery of special nuclear interaction symmetry—chiral symmetry, which is
severely violated at low temperatures and/or baryon charge density and is recovered
at high ones. As a consequence, the existence of a mixed phase corresponding to
this transition is predicted [211]—the phase of matter with unbroken and broken
symmetry. As we saw above, another predicted phase transition of the first kind is
a so-called nuclear matter deconfinement transition to a hypothetical quark-gluon
plasma state.

The lowering of energy in heavy ion experiments is, in a sense, a “return to
the sources”, because this is a return to the previously mastered energy values.
However, its expedience is quite evident: a unique possibility thereby appears to
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take advantage of state-of-the-art detectors, modern notions and models, which
were nonexistent at the time of execution of the previous experiments at the same
energies, so as to refine the existing views, perhaps revise past errors, as well
as to supplement the existing experimental data with new ones required from the
viewpoint of modern concepts.

The collider project named Nuclotron-based Ion Collider fAcility (NICA) [151,
209, 210], which was initiated in 2007 at JINR, is similarly devoted to exploring
heavy ion collisions in the energy range

p
SNN D 4–11 GeV. Such a center-of-mass

energy corresponds to about 8–60 GeV per nucleon in the laboratory frame. NICA,
with its Multipurpose Particle Detector (MPD), has been defined as the new flagship
of the Joint Institute for Nuclear Research in Dubna (JINR). With this instrument,
JINR plans to provide a collider facility aimed at the exploration of the high-density
region in the QCD phase diagram, thus providing unique opportunities. Specifically
NICA will provide collisions of ions over a wide range of atomic masses: nucleon–
nucleon, nucleon–nucleus, and nucleus–nucleus collisions are planned. For the time
being the maximal foreseen atomic mass is Au79C. Hence, altogether, the actual
measurements will range from Au79C + Au79C collisions at a center-of-mass energy
up to

p
SNN D 11GeV with an average luminosity of L D 1027 cm�2 s�1, to

proton–proton collisions up to
p

SNN D 20GeV and an average luminosity of L �
1030 cm�2 s�1.

The NICA (Nuclotron-based Ion Collider fAcility) [151, 209, 210] collider
project (Figs. 6.92 and 6.93), which is carried out by the JINR (Dubna) since
2007 in close collaboration with the institutes of the RAS, Rosatom, The Ministry

Fig. 6.92 Location of the NICA collider in the JINR accelerator complex area [40, 151]
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Fig. 6.93 Schematic of the MPD: central detector (CD) and two forward spectrometers (FS-
A and FS-B). BBC beam–beam counter, DC drift chambers, ECal electromagnetic calorimeter,
ECT end-cap tracker, FD fast-forward detector, IT inner tracker, SC Coil superconducting coil,
TM toroidal magnet, TOF time-of-flight system, TPC time projection chamber, ZDC zero degree
calorimeters [213]

of Education and Science of Russia, and several other organizations, is aimed at
studying relativistic heavy-ion collisions at energies

p
sNN � 4–11GeV in the

center-of-mass system or of 8–60 AGeV in the laboratory frame. This ambitious
project intends to investigate the properties of heated and heavily compressed
nuclear matter produced in heavy-ion collisions for the highest baryon charge
densities attainable under laboratory conditions, and to search for phase transitions,
new nuclear matter states, and new manifestations of the production of a mixed
quark-hadron phase. The average luminosity for Au79C+Au79C collisions at an
energy

p
sNN � 10GeV is L � 1027 cm�2 s�1 and for proton-proton collisions atp

sNN � 20GeV the figure is L � 1030 cm�2 s�1. At present, for world’s accelerator
centers, namely CERN (SPS), BNL (RHIC), GSI (FAIR), and JINR (NICA), plan
experimental programs in this energy range and complement each other, because
any experimental results require confirmation.

The scientific goal of the project is to study the properties of heavily compressed
baryon substance at the highest density attainable with accelerator technology (see
Figs. 6.20 and 6.94) in an effort to discover and investigate new nuclear matter states
and new quark-gluon-plasma-type phases.
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Fig. 6.94 Freeze-out (ceasing of particle interactions in the system) estimated for different
colliding energies [183]. The freeze-out baryon density is maximal at the collider energy

p
SNN D

4C 4GeV. The blue numbers give the energy in the laboratory system, the red ones in the center-
of-mass system

In the NICA project, an investigation will also be made of electron-nuclear
collisions for the purpose of studying the electromagnetic form factor of nuclei and
nucleons for high momenta. This line of research comprises studies of spatial charge
distribution, magnetization of nucleons and nuclei, as well as parton distribution
caused by valence quarks. Measurements of this kind will perhaps yield information
about the color transparency of baryon substance, which is important for under-
standing the properties of QGP and the predictions of quantum chromodynamics at
zero temperature.

The project under discussion will provide information about substance behavior
in the central domain of the phase diagram in Fig. 6.94, i.e. at a high baryon density
and moderate temperature. Also planned is the implementation of other large-scale
projects:

• Low-energy RHIC mode in Brookhaven;
• NA61/SHINE at the CERN SPS;
• CBN, FAIR, Darmstadt.

The NICA project is schematized in Figs. 6.20 and 6.94. One of the two MPD
(Multi-purpose Particle Detector) detectors (Fig. 6.93) is intended for measuring the
characteristics of hot compressed nuclear matter and obtaining data

• on the occurrence of a quark-gluon and/or chiral phase transition;
• on the existence and parameters of critical points;
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• on the presence of a mixed quark-gluon phase.

The second SPD (Spin Particle Detector) will study spin physics in heavy ion
collisions and in the collision of polarized nucleons and deuterons.

In the NICA project, investigations will be made of the “bulk” properties
of hadronic matter like its equation of state, which is critically important for
astrophysical applications, including the physics of neutron, quark, and strange stars
(see Chap. 9).

The following experiments are planned for the first stage of project implementa-
tion:

• the multiplicativity and spectral characteristics of hadrons, including “strange”
particles, strange baryons and antibaryons “freeze-out”;

• collective fluxes, directional elliptic higher-order fluxes of hadrons and strange
particles;

• femptoscopy and correlation for particles.

The second stage will deal with measurements with the aid of electromagnetic
fields of photons and dileptons.

Femtoscopy, HBT correlations and event-by-event fluctuations bear important
information about the spatio-temporal nature of hot matter in deconfinement
conditions as well as about its properties and phase boundaries.

RHIC and SPS experiments suggest that dileptons and photons may be a promis-
ing tool for penetrating into the QGP domain. Owing to small electromagnetic
interaction cross sections, dileptons and photons escape the interaction domain
almost freely and are only slightly distorted on their way to detectors. In this case,
the thermal electromagnetic radiation can yield information about the temperature
of compressed baryonic matter, provided this radiation is safely separated from the
strong background radiation.

Although the NICA energy range is much lower than for RHIC and LHC, this
project will permit realizing higher baryonic matter densities precisely where the
phase transitions to QGP and chiral structures are expected to occur.

Clearly the NICA project is capable of producing data about the role of
nonequilibrium and dimensional effects in relativistic collisions, too.

A study will also be made of the mechanisms of multiparticle production,
whereby the hadrons of a nucleus decay into final particles. At high energies (above
15 GeV) this effect is adequately described using quark-and-gluon models. At the
same time, these transitions have not been adequately investigated at low energies
and will supposedly call for invoking new degrees of freedom.

An important part of the NICA project is the physics of multiplicative effects,
which is described by quantum chromodynamic techniques at a high density in the
nonperturbative mode [40].

Cumulative processes, which are kinematically forbidden for free nucleons, may
yield interesting information about collective properties of the medium and about
short-range correlations of quarks and gluons in hot and cold QGPs.
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The authors of the NICA project hope that they will manage to obtain new data
about the properties of vacuum and hadrons. The matter is that the topological
solutions of quantum chromodynamics, which arise from the non-Abelian nature
of this theory, may give rise to topological fluctuations in the near-critical domain
and, as a consequence, to spatio-temporal domains with broken P- or CP-invariance.

In heavy-ion collisions this may result in the separation of positive and negative
hadrons relative to the reaction plane and give rise to the electric dipole moment in
QGP. This charge separation is determined by the ratio between the high magnetic
field at the initial instants of collision and the magnitude of topological fluctuations
in the heated matter (“the chiral magnetic effect”). This effect was supposedly
established in RHIC experiments [243] and is bound to become stronger in QGP.
There are grounds to expect that this effect may manifest itself under the NICA
experiment conditions.

While on another line of NICA project research related to polarization effects
and spin physics, we mention two lines:

• polarization effects in ion collisions;
• spin program with polarized beams.

The former line of research is related to the transformation of the gigantic angular
momentum arising in heavy ion collisions to the angular momenta of resultant
particles. The study of these processes is related to a deeper insight into the collision
dynamics, the chiral properties of the generated medium, and the possible P- or CP-
invariance violation.

The spin program comprises:

• studies of the Drell-Yan effect using longitudinally polarized proton and deuteron
beams;

• spin effects in inclusive and noninclusive baryon production;
• light and heavy ions, direct photons;
• studies of spiral amplitudes and double-spin asymmetries in elastic processes.

We therefore see that the NICA project complements the ongoing and planned
investigations into the basic properties of compressed baryon matter and will
undoubtedly yield many new results in this fascinatingly interesting realm of
modern physics.

To complete the section concerned with accelerator projects, we briefly discuss,
following [29], an international project whose conceptual stage came under discus-
sion by 1600 scientists from world’s 300 laboratories and universities. The case in
point is a 30-km long linear electron-positron collider costing 6.7 billion dollars.
The facility consists of two linear accelerators of length 11.3 km, one for electrons
and the other for positrons (Fig. 6.95).

The projected 30-km long linear collider ILC will be the highest-power facility of
this kind. Its linear accelerators (linacs) will accelerate electrons (blue) and positrons
(orange) to 250 billion eV (GeV) and then collide them together.

A laser knocks billions of electrons out of a gallium arsenide target in each pulse.
Upon acceleration to 5 GeV the electrons are injected into a compressor ring for
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Fig. 6.95 Schematic of the ILC accelerator [29]

increasing the beam density. The electrons are transferred into a compressor where
their bunches are further shortened and accelerated to 15 GeV. Then they are injected
into the main linear electron accelerator (linac) and their energy is raised to 250 GeV.
Halfway in the linac the electron beam is deflected into a special magnet (undulator),
where a part of their energy is converted to � -ray radiation. The gamma-ray photons
irradiate a rotating target to produce electron-positron pairs. The positrons are
captured, accelerated to 5 GeV, and directed to the second compressor ring.

The positrons travel to the opposite end of the ILC, where their bunches are
further compressed and then accelerated to 250 GeV in the second main linac.
Magnetic lenses focus the electron and positron beams, which travel towards each
other. The particles produced in the electron-positron interaction for 500 GeV at the
point of collision are analyzed by detectors.

The key element of this superconducting radio-frequency device is a 1-m long
nine-cell niobium resonator, which may be cooled to 2 K. Eight or nine such
resonators joined together and submerged into a container with supercooled liquid
helium make up a cryomodule. Up to 900 cryomodules will be installed in each ILC
linear accelerator, i.e. about 16,000 resonators in the entire collider.

The two superconducting linear accelerators provide electron-positron collisions
at an energy of 500 GeV. The ILC will generate, accelerate, and bring into collision
almost 3000 electron-positron bunches in a 1-ms long pulse five times per second,
which corresponds to a power of 10 MW for each beam.

In the course of compression of electron bunches, the electron energy rises up
to 10 GeV; after that they will be injected into one of the two 11.3-km main SCRF
linear accelerators, where their energy rises up to 250 GeV. In the midway, at an
energy of 150 MeV, the electron bunches will be deflected for producing positron
bunches. The positrons will be captured, accelerated to 5 GeV, transferred to another
compressor ring and then to the second main linear SCRF at the opposite end of the
ILC.

When the energy of the electrons and positrons reaches the final value of 250 GeV
and they travel towards the point of collision, several magnetic lenses will focus the
bunches into 6-nm thick plane ribbons approximately 600 nm wide.
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It is yet unknown where the ILC will be located and whether it will be constructed
at all; the decision on this matter depends on the financial support which the
governments will be able to provide and on the results obtained on present-day
accelerators in the immediate future.
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Chapter 7
Technical Applications of the Physics
of High Energy Densities

7.1 Magnetic Confinement Fusion

Among the numerous technical applications of high energy density physics, con-
trolled thermonuclear fusion is of greatest significance. It relies on the implementa-
tion of thermonuclear fusion, which is the source energy for our Sun and other stars
and is the basis of life or the cause of death to every living thing.

The discovery of nuclear energy was one of the most outstanding intellectual
achievements of mankind. The grandiose scale and significance of thermonuclear
fusion reactions in the evolution of the Universe and its role as a stellar energy
source was ascertained even in the first third of the twentieth century. In the
middle of the twentieth century, people managed to reproduce on the Earth the
conditions with record-high energy density required for quasi-controlled fusion
by making the most destructive weapon—a thermonuclear bomb. Not only did
this outstanding scientific achievement determine the natural-science character of
contemporary civilization, but it also determined (as the makers of nuclear weapons
had expected) the development of contemporary history and society for decades,
making global military conflicts on the Earth impossible. Today, scientists-engineers
are mounting unprecedented effort to implement the thermonuclear fusion reactions
under controllable conditions, which would provide humanity with an unlimited and
ecologically pure energy source and solve forever the energy problem on the Earth.

Taken separately, almost all parameters required for the ITER have been achieved
on the existing facilities (Table 7.1).

The history of controlled fusion is impressive and dramatic; it is full of hopes
and disappointment, bright breakthroughs and failures. In his concluding speech
to the 1961 Conference in Salzburg concerned with achievements in plasma theory,
M.N. Rosenbluth said: “Let me close by saying that while it is unfortunately true that
theorists have not told the experimentalists how to build a thermonuclear machine,
it is also true that we have been looking hard for very many years for a fundamental
reason why a plasma fusion reactor should be impossible and we have not found any
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Table 7.1 Parameters attained in tokamaks and the ITER project

Requirements
Parameters Current level on ITER

Temperature (keV) 50 (TFTR) 15

Density (1020 m�2) 15 (Alcator-C mode) 1

Lifetime (s) 1 (JET)* 3

Minor radius (m) 1.1 (JET)* 2

Major radius (m) 3 (JET)* 6

Discharge duration (s) 360 (Tore Supra) 400

Heating power (MW) 50 (TFTR) 70

Fusion power (MW) 16 (JET)* 500

Burn duration (s) 10 (JET)* 400

The asterisk indicates those parameters in which lag will be eliminated after the construction of
ITER tokamak

such reason.” Next he added: “. . . I believe the chances are very good that in twenty
years or so mankind will have solved the problem of controlled fusion if only he has
not lost in the meantime the far more difficult struggle against uncontrolled fusion”.

Now, 60 years after the commencement of controlled nuclear fusion research we
may conclude that the complexity of the problem was strongly underestimated in the
initial stage of the work, especially so when it is considered that the final objective,
namely the demonstration of electric power production by a thermonuclear power
plant, is still several decades away [21].

In Sect. 3.1 we discussed the types of exothermal nuclear reactions and their
required physical conditions with extremely high energy densities. Applied for
their practical realization are two thermal insulation methods for hot plasma
confinement—magnetic and inductive. In the former, which has been given pri-
ority, the plasma with thermonuclear parameters—a temperature of �108 K and
a density of 1019–1020 m�3—is confined by magnetic fields of induction 4–8 T in
a continuous or quasicontinuous mode. This line has received the name magnetic
confinement. Its leader is a toroidal tokamak facility, which was developed in the
I.V. Kurchatov Institute of Atomic Energy in the 1950s–1960s of the past century
and which underlies the International Thermonuclear Experimental Reactor (ITER)
constructed jointly by seven countries in France [4]. The project was formulated
with the inclusion of a vast base of experimental data (Fig. 7.1) and simulation
results obtained with model codes that took into account the main processes in a
tokamak.

The reader may familiarize himself with the works on plasma heating and its
magnetic confinement from review [21]. Here, we mention only several results.
The most impressive events consisted in the release of substantial thermonuclear
power in deuterium-tritium plasma experiments on the TFTR (11 MW, 1994) and
JET (16 MW, 1997) tokamaks (Fig. 7.2) [21]. The highest value of Q D Pfus=Paux

attained on the JET facility was �0:65. These results were recorded in the regimes
with hot ions, Ti � Te, which are not typical for the reactor. In the reactor-like
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Fig. 7.1 Comparison of
experimental confinement
times and ITER scaling
(H98(y,2))

Fig. 7.2 Experimental nT�E

value as a function of central
ion temperature. Marked off
are the zones with the values
of Q 
 Pfus=Paux D 0:1, 1.0,
and 1 [21]

H-mode at the JET facility with Ti � Te, a thermonuclear power Pfus D 3–5MW
was obtained in a long (�5 s) pulse. Similar results were achieved on the JT-60U
facility in deuterium discharges: the equivalent value of Qeqv calculated for a DT
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Fig. 7.3 Growth dynamics of
fusion power generated in
different experimental
facilities over a period of 20
years (1975–1995)

plasma amounted to Š1:25 in a short pulse for Ti � Te, and to Š0:5 in the
quasistationary mode [21].

Figure 7.2 depicts the values of a factor M D ni.0/Ti.0/�E as a function of Ti.0/,
which were obtained in experiments on several tokamaks [21]. The shaded domains
of M values in Fig. 7.2 correspond to the calculated values Q D 0:1, 1.0, and 1
for a DT plasma. When the JET and TFTR data with Ti � Te are excluded in
accordance with the aforesaid, and it is considered that the DT reaction ignition
mode at Ti.0/ � 30 keV calls for a value of M � 100, one can see from this figure
that the distance (in units of �M) from the modes with the best quasistationary
discharges at the JET and JT-60U facilities to the mode with DT reaction ignition
amounts to 20–30 [21].

Figure 7.3 exhibits the maximal thermonuclear power measured in DT dis-
charges, or the equivalent power calculated from the DD plasma parameters in
different tokamaks, Pmax

fus , as a function of calendar date between 1975 and 1995 [21].
One can see that Pmax

fus rose by a factor of 108 over the 20-year period. This was
achieved by constructing new, larger facilities and equipping them with higher-
power additional heating. On obtaining the record-high power pulses at the JET and
JT-60U facilities, no further increase occurred in Pmax

fus . The new superconducting
facilities constructed during the last decade, which are smaller in size than JET and
JT-60U, are intended for the realization and investigation of stationary discharges
rather than the attainment of high Pmax

fus values. The further increase in Pmax
fus (by a

factor of 30–50 in comparison with the values attained in JET and TFTR) should
occur when ITER reaches its design objectives, i.e. about 2027.

The plasma configuration and the general setup are schematized in Figs. 7.4
and 7.5.

To compensate for the effect of charge separation owing to the differently
directed toroidal drifts of electrons and ions, which leads to a radial ejection of a
plasma column onto the wall, a toroidal current is excited in the plasma. As a result,
the combined magnetic lines of force of the external magnetic field and the field
of the in-plasma current spiral about the toroid axis, and a free charge flow along
the lines of force removes the charge separation. Therefore, the tokamak plasma
may exist only in the presence of current in it. In the simplest case, the excitation
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Fig. 7.4 Plasma position in a tokamak [69]

Fig. 7.5 Conceptual sketch of a tokamak [69]

of current is effected by the induction electric field of the central solenoid. That
is why early in its development the tokamak was considered as a pulsed system,
whose lifetime was determined by the buildup time of the magnetic flux of the
central solenoid. Subsequently, however, the possibility of noninductive in-plasma
current generation was found. There are two reasons. One of them is related to the
entrainment of electrons in the excitation of high-frequency waves in the plasma and
in the injection of a beam of neutrals; the other is related to the special feature of
electron paths in the presence of pressure gradient in the plasma, which produce the
so-called bootstrap current. According to modern views and several experimental
observations, it is possible to sustain a stationary current in a tokamak, which
permits counting on future reactor tokamaks. The poloidal magnetic field of external
coils interacts with the current of the plasma column and prevents it from being
ejected along the major torus radius. The magnetic field lines spiral about the toroid
axis and make up a system of embedded magnetic surfaces (Fig. 7.6).
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Fig. 7.6 Main physical parameters of a tokamak

Among them, the surfaces on which a line closes to itself after several revolutions
possess special properties. Such surfaces are termed rational. The plasma behavior
in the vicinity of rational surfaces exhibits several special features. There is a
boundary surface termed separatrix beyond which there are no magnetic surfaces.
The magnetic lines of force outside of the separatrix go beyond the torus and close
on the chamber walls. By selecting the magnitude of poloidal coil currents the
open magnetic lines of force near the separatrix may be brought to one domain
termed a divertor. The divertor is intended for removing the reaction products and
impurities that find their way into the plasma. The plasma flowing out along these
lines, which contains impurities and the fusion reaction products—alpha particles—
is neutralized at the divertor plates, while the gas is evacuated from the volume.
The tokamak plasma is vulnerable to numerous magnetohydrodynamic and kinetic
instabilities. The development of some of MHD instabilities leads to magnetic
field line reconnection inside of the plasma (the so-called internal disruptions) and
the formation of islands with intrinsic closed magnetic surfaces, which increases
the particle and energy loss from the tokamak. In the most dangerous case, a
disruption instability develops, which leads to the ejection of a plasma column
to the chamber wall and discharge termination. In the case of disruption the first
reactor wall experiences a high load of electrodynamic nature and thermal damage
by plasma fluxes and electron beams, which accompany the disruption development.
Disruptions must be ruled out in reactor modes; at least, admissible in the conceptual
designs of industrial thermonuclear stations is no more than one disruption per year.
That is why methods for the prediction and prevention of disruptions are developed,
as are the methods for the mitigation of their consequences by injecting large masses
of strongly radiating substance into the plasma. The task of controlling the plasma
maintenance mode involves selection of the radial distributions of the current and
pressure in the plasma column, whereby a stable configuration is realized. The
discharge mode of a tokamak is controlled by external actions on the plasma exerted
by additional heating and current drive sources.
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Modern techniques of additional plasma heating and current generation in
tokamaks of reactor size are based on the simultaneous action of neutral atomic
beams and high-frequency wave excitation. Injectors of the beams of neutral
particles with an energy of the order of 1 MeV have a beam power of tens of
MW. On entering the plasma, the neutrals are ionized and captured to heat the
plasma and excite a current. The making of such stationary operating injectors is
a intricate engineering-physical problem. Another approach to heating and current
generation relies on plasma wave generation by external antennas. In magnetized
plasma there are many wave types and several characteristic resonance frequencies:
the harmonics of electron and ion cyclotron frequencies, resonances on the upper
and lower hybrid frequencies. The frequencies lie in a range from tens of megahertz
to hundreds of gigahertz. The power level required for a reactor amounts to tens
of megawatts, like for neutral beam injectors. However, for HF techniques of
additional heating the task of making generators of such power is simpler to solve,
because there exist high-power generator lamps developed for accelerators and
radio communication. An exception is provided only by generators with frequencies
above 100 GHz for plasma heating at the electron cyclotron resonance. Gyrotrons
with a power of about a megawatt and a pulse duration longer than 1000 s have
recently been made and described (ITER project). The plasma–wave interaction
physics is rich in diverse linear and nonlinear effects of oscillation transformation
types, refraction and collisionless absorption effects. Today it cannot be considered
as being fully investigated. However, the future reactors will not be able to do
without beam and high-frequency power sources for tokamak heating and, in some
cases, stabilizing instabilities.

The most important problem of the future reactor tokamak is to ensure efficient
thermal plasma insulation, which is characterized by the energy confinement time
determined loss–heating power balance. A contribution to the tokamak energy loss
is made by diffusion processes and the nonlocal transfer related to MHD-mode
development. At present, so complex and multicomponent a system as a tokamak
is impossible to simulate from first principles. And so, proceeding from many
thousands of experiments, scalings were obtained to predict the confinement time,
which contain the dependence of the confinement time on the numerous tokamak
parameters. The scaling employed in the ITER project is shown in Fig. 7.1. One
can see that the confinement time of the first experimental reactor tokamak should
exceed the presently achieved level by a factor of three.

The tokamak plasma energy loss is primarily determined by electron and ion
plasma transport. The radiative loss makes an insignificant contribution to the
energy balance of a tokamak, because the effective ion charge is not higher than 2
for a small amount of heavy impurities coming from the chamber wall to the plasma.
For the deuterium–tritium fuel cycle the radiation of electrons at the cyclotron
frequencies may be neglected. The particle energy loss is determined by turbulent
mechanisms and the characteristics of particle trajectories in the toroidal magnetic
field in the neoclassical approximation. Observed in tokamaks was the formation of
transport barriers, in which the heat transfer coefficients exhibit a sharp decrease and
attain classical values. A possible cause of barriers formation is the velocity gradient
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Fig. 7.7 Comparison of the thermal plasma energy confinement time � exp
E in the H-mode for

14 tokamaks indicated in the drawing with empirical scaling �H98(y,2)
E [21]

of azimuthal plasma rotation about the torus axis, which suppresses the development
of local instabilities. Of special importance for the reactor mode is the transport
barrier which emerges at the plasma boundary. The mode with a transport barrier
at the plasma boundary is referred to as the H-mode. It is characterized by a strong
temperature gradient at the plasma boundary and an improved energy confinement.
The scaling depicted in Fig. 7.7 corresponds to the H-mode. A transition to the H-
mode occurs when the power of additional heating exceeds some threshold value,
for which scalings have also been obtained. Also known are modes with internal-
barrier formation. Internal barriers are expected to significantly increase the fusion
reaction intensity and the reactor power. The attractiveness of the H-mode is clouded
by the development of localized mode instabilities at the plasma boundary. The
periodically emerging plasma ejections to the surface of the first wall of the tokamak
chamber result in a pulsed damage and the inflow of impurities to the discharge
plasma. As a result, damages of the first wall and receiving divertor plates will limit
the reactor service life.

At the stage of development of the methods for combatting localized mode
instability, in the course of ITER construction the main line of the quest is an
increase in plasma ejection frequency and the consequential lowering of the energy
of a pulsed ejection. Considered among the ways of controlling the instability
development is the chaotization of magnetic lines of force near the boundary
by high-frequency fields, the periodic injection of tiny solid granules, and other
measures. Even at the construction stage of the first experimental reactor it became
evident that the future of reactor tokamaks depends on the solution of the problem
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of the first wall of reactor chamber. The first wall is within a few centimeters from
the plasma surface. That is why the ejection of wall material has a strong effect on
the plasma composition, although in some modes the transport of impurities to the
plasma center, which leads to its radiative cooling, is limited. For a wall material
it is therefore reasonable to select low-Z materials like carbon or beryllium. Their
drawback is a low resistance to pulsed plasma energy ejections. An alternative is a
tungsten wall, but the issue of tungsten ion penetration to the plasma center has not
been adequately studied. It has been suggested to cover the walls with a layer of
liquid lithium. The results obtained on small tokamaks give grounds for optimism,
but the engineering and physical aspects of the applicability of a lithium wall coating
of a reactor tokamak have not been studied. A serious disadvantage of lithium
coatings is that the admissible wall temperature is limited to the lithium vaporization
temperature (1350 ıC), which lowers the thermodynamic reactor efficiency.

Another operating-capacity problem of an energy reactor tokamak is the forma-
tion of dust from the products of wall erosion. Although the dust density in the
surface plasma layer is not high, of the order of 10�5 cm�3, and it has no direct
effect on the plasma dynamics, the hazard of dust formations consists in the capture
of tritium and its emission when the chamber is opened. According to estimates, in
the reactor operation the amount of deposited tritium promptly reaches its limiting
value. So far the techniques of deposited tritium removal are still in the development
stage.

The problems of making a thermonuclear reactor tokamak mentioned above
are only a part of the major problem of changing over to thermonuclear power
engineering. A start-up of the experimental ITER reactor will be a decisive step.
The ITER project (Table 7.2) is designed to produce a DT plasma with Pfus D
400–500MW and Q � 10 in the induction mode with a pulse duration of about
500 s. The feasibility of achieving the “controllable DT-plasma burn”, i.e. the modes
with Q > 30, should also be investigated. It is supposed that the ITER will be the
last physical facility, at which it will be possible to demonstrate the tokamak plasma
confinement modes for an intense fusion reaction (thermonuclear plasma burn).
It is expected that the emergence of a significant alpha-particle population in the
tokamak plasma will give rise to the build-up of new instabilities, so-called Alfven
modes, because of the nonequilibrium character of the ion distribution function.
It will be necessary to study the effect of these instabilities, in particular, on the
plasma and alpha-particle confinement. An enhanced loss of the alpha-particles,
which heat the plasma, will not permit lowering the power of additional heating
sources in the stationary mode of reactor operation. The existing theories do not
predict a catastrophic effect of the Alfven modes on the plasma stability and alpha-
particle loss. However, an experimental confirmation will be required. Therefore,
the main physical task of the ITER is to study the physics of thermonuclear plasma
burning in a reactor tokamak.

Another ITER mission is to demonstrate the operating capacity of the cru-
cial technologies of a tokamak thermonuclear reactor: control over the mode of
operation and over additional heating and instability suppression, tritium handling,
superconducting magnetic system operation.
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Table 7.2 Comparison of ITER design parameters and one of DEMO versions (Stationary mode
(�106 s)) [21]

ITER
Parameter Inductive mode Stationary mode DEMO

Plasma current I (MA) 15 9 15

Magnetic field on plasma axis Bt (T) 5.3 5.18 6.8

Maximum field on superconductor
Bmax (T)

11.8 11.8 14.6

Minor plasma radius a (m) 2 1.85 2.1
Major plasma radius R (m) 6.2 6.35 6.5
Ion temperature on plasma axis Ti.0/ (keV) 2.3 25 45

MHD stability margin q95 at radius
r D 0:95a

3.0 5.3 5.3

Ratio of hnei to Greenwald limit, hnei=nG 0.85 0.75 1.0

Confinement improvement factor HH98(y,2) 1.0 1.4 1.3

ˇN D ˇ.100aB=I/ 1.8 3.0 3.9

Bootstrap current fraction fBS 0.15 0.5 0.79

Noninductive current fraction fNI 0.21 1 1

Fusion power Pfus (MW) 400 350 3000

Plasma heating power Pheat D P˛ C Paux

(MW)
120 140 654

Thermal plasma energy Wth (MJ) 320 290 1215

Fraction of radiative energy loss
frad D Prad=Pheat

0.5 0.57 0.86

Q D Pfus=Paux 10 5 54

Disruption rate fdisruption �0:1 (per pulse) �0:1 (per pulse) �1 (per year)

For a 400-s long pulse and an inductive plasma current drive the thermonuclear
power is expected to be ten times higher than the power consumed by the tokamak.
In the stationary mode of duration 3000 s, an attempt will be made to teach the
gain Q D 5. Works on ITER construction are jointly performed by seven countries:
Europe, India, China, Korea, Russia, USA, and Japan. Attaining modes with Q D
10 is planned for the late 1920s. Plans to change over to experimental-industrial
reactor tokamaks are discussed in the project member countries. Today, the projects
of demonstration reactors under discussion exceed or match the ITER in size. The
electric power of an industrial reactor should be higher than 1 GW.

Apart from tokamaks, other facilities with magnetic confinement are also
investigated in the world’s laboratories. Most significant is a stellarator (Figs. 7.8
and 7.9), which offers several advantages over tokamaks. The main virtue of the
stellarator is that the rotational transformation of magnetic lines of force is achieved
by selecting magnetic field coils with a complex three-dimensional geometry. That
is why there is no need to excite the current for confining the stellarator plasma and,
hence, there are no MHD instabilities arising from the current flow. The stellarator
is free from the most hazardous tokamak instability—the disruption instability. The
physics and technology of stellarators has been less elaborated in comparison with
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Fig. 7.8 Conceptual sketch of a stellarator [69]

Fig. 7.9 Wendelstein 7-X stellarator assembly in the Max Planck Institute of Plasma Physics,
Germany [69]

tokamaks, while the structure of its magnetic system is highly complicated and is
poorly suited for the accommodation of a blanket intended for absorbing the neutron
flux. The stellarator divertor intended for removing alpha particles and impurities
from the plasma is radically different from a tokamak divertor and is technically
more sophisticated. The accommodation of the thermal insulator intended to protect
the cryogenic superconducting magnetic system from the neutron flux is also a
major problem. As a consequence, in conceptual projects of a reactor stellarator
the major chamber radius is long, of the order of 15 m, and the output electric power
amounts to several gigawatts, which is too high for an industrial power plant.
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The parameters of a version of a demonstration thermonuclear power plant
(DEMO) for Pfus D 3GW are collected in Table 7.2, where they are compared
with the ITER parameters in inductive and stationary modes. Another important
task of the ITER is to carry out nuclear-technological tests required for designing
the DEMO and producing tritium.

7.2 Laser Inertial Confinement Fusion

7.2.1 Direct-Drive Laser Fusion

Two lines of thermonuclear research are presently under development: controlled
thermonuclear fusion with magnetic (Fig. 7.10) and inertial confinement. In the
case of magnetic confinement the thermonuclear plasma heated to T � 10 keV
is confined by magnetic fields under quasistationary conditions. The current status
and prospects of this line are shown in Fig. 7.2.

Controlled thermonuclear fusion with inertial confinement relies on the feasi-
bility of obtaining positive thermonuclear energy release in the form of microex-
plosions initiated by laser, X-ray, or heavy-ion radiation with an energy of several
megajoules and duration of about 1 ns. This line of research is the most significant
pragmatic motivation for research in high-energy-density physics [19, 43, 129,
153, 164, 189, 213]. To this end, the world’s largest NIF laser facility (Livermore,
USA) [162] was put in operation; its pulse energy amounted to 1.8 MJ in March
2012. Another megajoule laser facility, MJL (Bordeaux, France) [39] (Fig. 7.11) is
being constructed. Different new schemes of high-current Z pinches [53, 222] are
under investigation. Planned for the future, in the framework of the FAIR project [1],
is the commissioning of a new-generation relativistic heavy-ion accelerator. These
facilities will be used (along with the thermonuclear program) for simulating the
physical processes in thermonuclear weapons and studying nuclear physics.

The temperature dependence of the thermonuclear reaction rates (Fig. 4.8) makes
deuterium–tritium fusion the reaction of choice; a temperature of �2–10 keV

Fig. 7.10 Experimental thermonuclear ITER reactor
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Fig. 7.11 Laser facilities for inertial confinement fusion

is required to make this reaction highly efficient. For a thermonuclear plasma
expansion velocity of 108 cm/s, this leads to a characteristic time of �10�9 s in
the case of a spherical target � 10�1 cm in diameter. The energy balance condition
for this thermonuclear reaction (the Lawson criterion [19, 129, 153, 164]) is of the
form

n� � �r=4csmi � 2 � 1014 s/cm3;

which corresponds to �r � 0:1–3 g/cm2 and requires the thermonuclear fuel to be
compressed to densities of hundreds of grams per cubic centimeter. At a temperature
of 10 keV this corresponds to tremendous pressures of 100–200 Gbar. In particular,
to release a thermonuclear energy equivalent to 0.1 tons of trinitrotoluene or 500 MJ
requires 3 mg of the deuterium–tritium fuel, which corresponds to a microtarget
� 300�m in diameter. As a result of laser irradiation, the fuel density at the target
center amounts to 90 g/cm3 for a compression energy of 30 kJ and a pressure of
13.5 Gbar, which may be achieved for an implosion rate of 1:4 � 107 cm/s. These
parameters may vary significantly, depending on the specific target design and the
“driver” selected.

The attainment of so high a compression is hindered by the high plasma
temperature, which is lowered by way of “soft” quasi-adiabatic compression. To
achieve this requires a special profiling of the laser radiation, which has to build up
in time by the end of compression [19, 29, 41, 104, 153, 164].

By and large, despite the relative simplicity of the initial idea and its practical
realization in nuclear weapons 60 years ago, the technical problems encountered in
the implementation of pulsed controlled thermonuclear fusion have turned out to be
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extremely complicated. The main problem consists in the efficient delivery of long-
wavelength laser radiation energy to the dense thermonuclear plasma. In particular,
the 1-�m long-wavelength laser radiation is efficiently absorbed by the plasma with
a critical density of �1021 cm�3, which is more than one order of magnitude lower
than the density of liquid hydrogen phase. This circumstance seriously hinders the
direct laser heating of thermonuclear plasmas, making preferable the use of short-
wavelength (X-ray) radiation. In addition, the thermonuclear reaction rate, which
is proportional to n2, will be low at low densities, requiring additional means for
confinement.

Therefore, all schemes of pulsed thermonuclear fusion proposed to date involve
compression of microtargets by irradiation of their external surface with intense
directional energy fluxes (Figs. 7.12 and 7.13), which leads to the heating and
expansion of the outer part of a target and gives rise to ablation pressure responsible
for the compression of the target towards its center (Fig. 7.14). This approach is
favored by the circumstance that the requisite irradiation energy decreases (�1=n2)
with increasing compression. At the same time, the coefficient of energy transfer
to the target is small in the ablation scheme and does not exceed 10 %, and the
dynamic compression itself is hindered by the development of Rayleigh–Taylor
instability, which disturbs the symmetry of compression and is responsible for the
mixing of target layers. Furthermore, increasing the thermonuclear plasma density
shortens the range of alpha particles, which “get stuck” in the dense target to form
the thermonuclear burn wave traveling from the center of the microsphere to its
periphery (Fig. 7.12).

At the instant of peak compression, at the target center there occurs a thermonu-
clear burn, which propagates from the target center to the periphery in the form

Fig. 7.12 Thermonuclear
target operating
scheme [129]. (a) Absorption.
(b) Acceleration. (c)
Compression. (d)
Thermonuclear burn
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Fig. 7.13 Variation of parameters in a thermonuclear target [129]

of a wave (Fig. 7.12). The parameter distribution in such a target is depicted in
Fig. 7.13. This scheme of controlled thermonuclear fusion with inertial confinement
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Fig. 7.14 Dependence of the ablation pressure on the intensity and wavelength of the electromag-
netic radiation of a driver [129]

is referred to as direct-drive laser fusion, because the target is compressed and
heated under ablation plasma pressure (P � 100Mbar, T � 106 K) (Fig. 7.14)
produced at its outer surface by focused laser radiation. A large number of direct-
drive thermonuclear target designs have been put forward (Figs. 7.12 and 7.15),
where the energy density is as high as 1016–1017 J/cm3, which is comparable with
astrophysical conditions. The dependence of the ablation pressure on the intensity of
electromagnetic radiation of different wavelengths is depicted in Fig. 7.14. One can
see that the short-wavelength radiation is the radiation of choice in the production
of high energy densities in controlled nuclear fusion (CNF) plasmas [19, 153, 164].

Several specific thermonuclear targets with their corresponding temporal irradi-
ation intensity profiles are given in Fig. 7.15.

An important problem in the practical implementation of pulsed controlled
thermonuclear fusion is, apart from the development of a high-power driver,
the attainment of a high irradiation symmetry and accordingly the symmetry of
dynamic plasma compression. To reduce the distortion effect of the Rayleigh–Taylor
instability in the course of laser-driven compression, the so-called indirect-drive
scheme [19, 43, 129, 153, 164] has been developed (Fig. 7.16), whereby the
compression of the spherical target (Fig. 7.16b) is effected by the thermal soft X-
rays from the side walls of a cylindrical capsule (Fig. 7.16) heated by laser radiation.

In the scheme (Fig. 7.16) and photograph (Figs. 7.17 and 7.18) of the ther-
monuclear NIF target, the spherical deuterium–tritium (DT) target (Fig. 7.16b) is
accommodated in a gold cylinder irradiated from two sides by 192 laser beams.
Upon incidence on the inner cylinder surface (Fig. 7.16a) (intensity of order
1015 W/cm2) they vaporize it to produce high-intensity soft X-rays in the cylindrical
cavity. These X-rays in turn cause highly symmetric spherical compression of the
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Fig. 7.15 Structures of the thermonuclear targets for the CNF with inertial plasma confinement
and the corresponding temporal profiles of laser irradiation [129]
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Fig. 7.16 Scheme of an indirect-drive thermonuclear target (a) for the NIF laser system and cross
section (b) of the thermonuclear sphere inside the target irradiated by X-rays
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Fig. 7.17 Photograph of an indirect-drive target and scheme of its irradiation by 192 laser beams
of the NIF facility [189]

Fig. 7.18 Photo of the thermonuclear target [185]

thermonuclear target (Fig. 7.16b). To obviate the distortion effect of the edge of
the plasma on the compression symmetry, the cylinder interior is filled with a low-
density (n � 1021 cm�3) plasma produced by the ionization of aerogels. Similar
schemes for the thermonuclear targets for heavy ions are described in [82, 213].
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Fig. 7.19 Capabilities of lasers for controlled thermonuclear fusion with inertial plasma confine-
ment [129]

The operation of these thermonuclear targets is attended with complex nonlinear
processes—beam filamentation and focusing, incoherent scattering, the generation
of plasma waves (stimulated Raman and Brillouin scattering), nonthermal electrons
and ions, two-plasmon decay, and many other phenomena, some of which have been
adequately studied on smaller facilities and with the use of sophisticated computer
codes.

The capabilities of the existing laser systems for inertial thermonuclear fusion
and of those under construction are illustrated by Table 3.3 and Fig. 7.19, which
show that the commissioning of the NIF and LMJ megajoule-level lasers will afford
thermonuclear ignition conditions and energy-positive CNF conditions.

At the same time, the vigorous progress of laser technology permanently
engenders new technical solutions and physical ideas, which strongly affect the
development of the laser fusion program. In particular, the realization of crystal and
glass laser pumping by semiconductor laser diodes raises the total system efficiency
to 30–35 %.

The results of experiments on the NIF laser are depicted in Fig. 7.20 [100]. One
can see that a record-high soft X-ray radiation temperature (�300 eV) was achieved
and a highly symmetric DT-target compression was realized with a neutron yield of
�2 � 1014. Experiments on the NIF laser are considered in more detail in the next
section.

As discussed in Chap. 5, the invention of the chirping technique has enabled
relativistic plasmas to be generated, when the electrons in the electric field of the
light wave are accelerated to velocities that approach the velocity of light. This
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Fig. 7.20 Experimental and theoretical temperatures of the radiation in thermodynamic equi-
librium with the capsule walls plotted versus absorbed laser energy. The measured values
were obtained using a broadband X-ray DANTE spectrometer; the simulations were made
in the framework of a radiative-hydrodynamics model using LASNEX codes with a detailed
configuration inclusion. Marshak scaling establishes correspondence between the absorbed laser
energy converted to X-rays with a 90 % efficiency and the radiative loss. The data suggest that the
ignition temperature in the capsule TRAD � 300 eV for an absorbed laser energy of � 1:1MJ [100]

lowers the critical frequency of plasma oscillations due to the relativistic increase
in electron mass and therefore shifts the plasma transparency bound towards higher
densities to improve the conditions for thermonuclear ignition.

Nonlinear effects in the plasma, which are induced by the high intensities of laser
radiation, are responsible for its conversion to high-order harmonics, which is also
advantageous from the viewpoint of energy transport efficiency in dense plasmas.
In any case, the transition to short-duration and high-intensity laser radiation is
obviously expedient from the standpoint of laser fusion efficiency. Yet another idea
for harnessing these short-pulse lasers in thermonuclear fusion is related to the
notion of “fast ignition” [228], which will be considered in Sect. 7.2.3.

7.2.2 Towards Thermonuclear Ignition: NIF Experiments

The author of this book hopes that this section will be of merely historical
significance by the instant of publication of this book, because the laser-driven
ignition of a thermonuclear reaction with a positive energy yield will have been
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accomplished by that time—the endeavors to implement the physical demonstration
of laser fusion concept will meet with success. So far, NIF experts make impressive
efforts to ignite the thermonuclear fusion reaction, overcome severe difficulties
encountered on this path, demonstrate incredible resourcefulness, and harness
unique experiment instrumentation, which is at the forefront of modern high energy
density physics.

In March 2009, the NIF reached an energy level of �1:1MJ, thereby exceeding
the level of previous lasers by a factor of 30. Now it operates at full power
(�411TW) and energy (�1:875MJ at target) in 192 beams, which should produce
extremely high energy densities: a plasma temperature of �100million K, a density
of �1000 g/cm3, and a pressure of �140Gbar.

A fusion target for the NIF laser is schematized in Figs. 7.16 and 7.17; a detailed
description of its structure and the physics of its operation are given in [115]. The
precision of layer assembly is at a level of 0.1–1�m and its surface roughness is at
a level of �1 nm. A DT-ice layering should proceed 1.5 K below the triple point and
the curvature of this inner layer should be accurate to within 1�m. A photograph of
the fusion target with the cryogenic system is shown in Fig. 7.21.

The NIF is equipped with 35 diagnostic complexes: measurement of X-ray and
neutron radiation parameters as well as of the energy and spectral parameters of
the radiating emanating from the external capsule, interferometric measurements of
shock wave parameters, X- and gamma-ray spectral measurements of thermonuclear
radiation (for more details, see [165]). The scientific areas of fusion research at
the NIF are outlined in Fig. 7.22 [49, 97, 185]. They deal with investigations of
the adiabaticity and symmetry of target compression, target layer velocities, the
UV-laser-to-soft-X-ray radiation conversion efficiency (81–91 %) [100, 147], and
the instability characteristics of all that is required for successful target ignition.
Investigated at the first stage are the characteristics of laser-generated soft X-
ray radiation. The next (tuning) phase is concerned with the study of spherical
target compression: the study of target layer dynamics, shock waves and other
hydrodynamic characteristics required for the ignition of thermonuclear reaction

Fig. 7.21 Photo of the thermonuclear target for the NIF laser [102]
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Fig. 7.22 Scientific lines of research on thermonuclear fusion at the NIF [49, 97, 185]

at the target center. The third phase involves the laser-driven compression of a
74/24/2 % mixture of tritium, hydrogen, and deuterium for the purpose of obtaining
moderate neutron yields and testing the diagnostic tools. The objective of the fourth
phase is the implementation of ignition of the fusion reaction with an energy yield
of 10–20.

In experiments with an energy of 1.6 MJ, the temperature of radiation in the
capsule was measured at>300 eV, the plasma pressure was estimated at>100Gbar;
the control of compression pulse and a DT-reaction neutron yield of �8 � 1014 were
demonstrated. The data on the radiation temperature for energies of up to 655 kJ are
given in Fig. 7.23 [147].

The record high energy densities presented in Fig. 7.24 [97] were obtained
using neutron and X-ray diagnostics [97]. Figure 7.25 shows the corresponding
experiment setup, where the record values of the density and pressure were recorded.

As shown in [36], changing the hohlraum shell material from gold to uranium
resulted in an increase in implosion velocity of 18 ˙ 5�m/ns. The instability of
mixing processes was spectroscopically studied in [98, 117, 198, 237]. Measure-
ments of the hard (>100 keV) bremsstrahlung emanating from the fusion target
made it possible to estimate the change in adiabatic exponent caused by plasma
degeneracy. An in-depth comparison of simulations and laser experiments was made
in a detailed study [47]. Numerical simulations showed the emergence of jets and
strong mixing of the shells of laser targets. The data of experiments are given in
Figs. 7.26 [117] and 7.27. The fine tuning of laser radiation parameters and fusion
target characteristics in an effort to achieve ignition is the concern of [156].
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Fig. 7.23 Measured X-ray flux and temperature versus laser energy. The curves stand for
simulations. The conversion coefficient is �88% [147]

Fig. 7.24 Thermonuclear plasma parameters measured from X-ray and neutron radiations [97]

The experiments made to date have yielded the highest Lawson-criterion values
for all controlled fusion facilities: P� � 10 atm s (see Chap. 3 and Fig. 7.28). The
reached plasma parameters (�R � 1 g/cm2, Ti � 3 keV) are quite close to ignition
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Fig. 7.25 Schematic representation of the experiment on laser-driven compression of fusion
targets [97]

Fig. 7.26 Data on instability development in the laser-driven compression of fusion targets [117]
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Fig. 7.27 Numerical
simulation of the fuel–ablator
interface [47]

Fig. 7.28 Ignition criterion
for the NIF [29]

conditions, which is confirmed by the data of HYDRA code simulations [29] with
an energy liberation above and below 1 MJ.

Experiments performed on the NIF are described in greater detail in [49, 61, 85,
96–99, 101, 102, 125, 138, 147, 155, 165, 168, 178, 183, 185, 199, 201, 219, 219].
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7.2.3 Fast Ignition

The advent of ultrahigh-power short-pulse lasers opens up new fascinating possi-
bilities for laser fusion, making it possible to separate the processes of adiabatic
compression and heating of the thermonuclear plasma [19, 145]. In this scheme, the
thermonuclear target is compressed to high densities, but is heated to a temperature
well below thermonuclear temperatures by a laser pulse of nanosecond duration.
Then, the inner part of the compressed fuel is additionally heated by intense fluxes
of megaelectronvolt electrons or ions arising from femtosecond laser irradiation to
initiate the thermonuclear burn of the entire target [19, 130, 164, 190, 196, 227, 228]
(Figs. 7.29 and 7.30). Furthermore, at extremely high intensities of laser irradiation
one would expect effects promoting a deeper penetration of the light energy into
the supercritical-density plasma. Owing to the action of the ponderomotive forces
of the light wave on electrons, electrons and ions will be forced out of the laser
beam region, resulting (owing to this self-focusing) in the formation of a low-
density plasma channel. Via this channel the light energy will be delivered beyond
the critical surface into the interior of the precompressed target and initiate its
thermonuclear ignition (Fig. 7.30). This scheme, which is referred to as “fast
ignition” [228], exhibits a higher thermonuclear yield and, what is highly important,
a higher immunity to instabilities and mixing, because the stages of compression
and heating are separated in time in this case. The requirement of optimal target
operation leads to the conclusion that the duration of the laser pulse that compresses
the thermonuclear fuel to 200–300 g/cm3 should be equal to �10–20ns.

The main problems of this scheme are associated with the efficient generation
and transfer of ultrahigh-intensity energy fluxes into the interior of the compressed
dense plasma. Estimates show [189] that it is necessary to heat a plasma volume
of the order of the electron or ˛-particle range (�r � 0:5 g/cm2) to 10 keV. For a
plasma density of �300 g/cm3 this amounts to �10�m in a time � 10–20 ps [19,

Fig. 7.29 Fast ignition scheme. Red arrows indicate the petawatt laser radiation to heat the
compressed target and the blue ones stand for the nanosecond laser radiation for target compression
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PW laser guide cone

Fig. 7.30 Scheme of “fast” thermonuclear target ignition. Electron current > 500MA
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Fig. 7.31 Thermonuclear gain coefficient versus laser energy [181]

150, 164]. The corresponding energy is equal to �3 kJ for a power of 4 � 1014 W
and an intensity of �1020 W/cm2. In a different version of this scheme, use can be
made of electrons or protons with an energy of 1–5 MeV, which are comparable to
˛-particles in range.

Modern short-pulse lasers furnish the requisite intensities of �1015–1020 W/cm2

and generate a wide spectrum of effects useful for fast ignition in 1021–1026 cm�3
density plasmas—relativistic self-focusing and filamentation, quantum and sausage-
type instabilities, as well as formation of vacuum channels and a set of new diverse
particle acceleration mechanisms. Also possible is the generation of magnetic fields
of superhigh intensity (�109 G) and multimegaelectronvolt-energy ions [180, 197].

An important role in the study of these effects is played by computer sim-
ulations [92, 196], which predict, in particular, a highly efficient (up to 30 %)
energy transfer from laser radiation to megavolt-range electrons (Fig. 7.31). In this
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Fig. 7.32 Comparison of “direct-drive” and “fast-ignition” thermonuclear schemes [181]

case there emerge several new acceleration mechanisms—heating by oscillating
ponderomotive forces, transverse-to-longitudinal electric field transformation in
superdense plasma layers, acceleration of electrons in the betatron resonance in
relativistic laser channels [186, 196]. The rich variety of these effects is currently
the subject of careful studies. In particular, about 20 % of the energy of a short-
pulse laser was transferred to the compressed thermonuclear target in experiments
conducted at Osaka University [149].

The authors of [34, 130, 190, 203] came up with the idea of igniting the
compressed fuel by the fast ions of laser plasma rather than electrons.

Kodama et al. [34, 203] came up with the idea of igniting compressed fuel not by
electrons, but by the fast ions of the laser plasma. A comparison of “direct-drive”
and “fast-ignition” thermonuclear schemes is shown in Fig. 7.32.

The action of high-power laser radiation on clusters has come under vigorous
scrutiny [44, 48, 57–60, 70, 88, 89, 92, 121, 141, 144, 154, 157, 166, 186, 187,
191, 200, 212, 217, 251, 252, 256, 257], because it permits the production of
extremely high plasma temperatures, the investigation of strongly nonequilibrium
effects, and the generation of neutron fluxes. The fact is that direct photoionization
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takes the place of thermal collisional ionization beginning with intensities of 1021–
1022 W/cm2. In this case, the photoelectrons escape from a cluster to violate the
fundamental condition of plasma electroneutrality [79], resulting in the generation
of intense electric fields. A “Coulomb explosion” occurs, with the effect that the
ions are accelerated to high (�1MeV) energies [70, 157, 191] and fusion neutrons
are generated [59]. This opens up interesting new possibilities for the development
of compact laser-driven neutron generators for numerous technical and medical
applications [146].

Another manifestation of “Coulomb explosion” was recorded in the experiments
of Okihara et al. [194], which involved the laser irradiation of a plastic (C5H10) foam
with a density of �10mg/cm3 at q � 1018 W/cm2. Ions with an energy of 200 keV
were obtained, their parameters corresponding to the “Coulomb explosion” model.

7.3 Heavy-Ion Beam Fusion

The initiation of controlled thermonuclear reactions by heavy-ion (A > 80)
beams [213] offers several potential advantages, for example the high efficiency and
reliability of accelerators and that the ion accelerators developed for experiments
in high-energy physics are ready for operation. Considered for this purpose is the
multigigaelectronvolt level of ion energies for a total beam energy ranging into the
megajoules; these beams should be squeezed to 10 ns and focused onto millimeter-
sized targets. To meet these conditions requires going beyond the limits defined by
the space charge, which calls for the suppression of diverse instabilities and the
study of collective effects in high-current beams as well as of several other complex
processes. In particular, the rise in beam emittance (the rise of beam temperature)
may be caused by collective processes (up to beam “crystallization” [205, 208]),
the imperfection of magnetic field systems for the “reflection” from conducting
surfaces, and inter-ion forces.

The beam propagation in the reactor chamber also invites careful analysis [189]
of background plasma dynamics and reverse currents (stream and filamentation
instabilities), “peeling” of the beam by the background plasma, its photoionization,
etc. [189].

Research into ion beam generation and high-energy-density physics involving
ion beams is being vigorously pursued in several research centers: GSI, Germany
(Fig. 6.9); Berkeley, USA; ITEF, Russia; IPKhF, ITES OIVT RAN, Russia [80,
82, 127, 213], where a wealth of interesting new data was obtained concerning
the absorption of heavy ions by plasmas, shock-wave dynamics, isochoric target
heating, plasma spectra, etc. [30, 68, 82, 128, 172, 182, 202, 204, 229, 230].

Of special interest is the project [229] to use the GSI heavy-ion accelerator
(SIS 100) in combination with the petawatt PHELIX laser (Fig. 6.10).

Work on the use of heavy ions in high-energy-density physics is described in
greater detail in reviews [82, 127].
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7.4 Laser-Plasma Acceleration of Charged Particles

Currently, many laboratories in the world have high-power short-pulse lasers (with
a pulse duration �L shorter than a picosecond, �L < 10�12 s) (see Table 3.3), which
are employed in studies of different processes and the development of numerous
applications. One of these applications involves the elaboration of compact laser-
plasma high-energy electron and ion accelerators on the basis of new-generation
femtosecond lasers.

The dimensions of modern electron accelerators are determined by the intensity
of the accelerating field, which is equal to 107–108 V m�1 and is limited by
the breakdown in the acceleration system. That is why the problem of particle
acceleration in plasmas rather than in vacuum has long been under discussion. On
the one hand, in this case there is no breakdown-defined limitation and on the other
the electric intensity in a relativistic charge-density wave (whose phase velocity
is close to the velocity of light) may achieve huge magnitudes. Indeed, a simple
estimate made with the aid of the Poisson equation permits this intensity to be
related to the electron plasma density ne:

E Š ˛.ne Œcm�3�/1=2 ŒV cm�1�;

where ˛ D ın=ne is the dimensionless amplitude of the plasma wave (ın is
the amplitude of electron density oscillations). For an electron density ne D
1017 cm�3 and ˛ D 0:3, the accelerating field intensity in the plasma wave
amounts to 108 V cm�1, which is two or three orders of magnitude higher than the
acceleration rate in traditional radio-frequency accelerators. Figures 7.33 and 7.34
depict schematically one stage of a laser-plasma wakefield accelerator [6].

We consider several aspects of laser-driven acceleration following Belyaev et
al. [26]. As shown in Chap. 5, the advent of new-generation solid-state lasers has

Fig. 7.33 Schematic of one stage of a laser-plasma wakefield accelerator [6]
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Fig. 7.34 A wakefield acceleration scheme [139]. The leading laser pulse expels electrons (shown
in white) to produce a positively charged domain (green). The accelerating electric field propagates
along the axis (bottom right)

led to unique conditions of laser target irradiation by 20–1000 fs long light pulses
with radiation intensities in the 1017–1021 W/cm2 range.

At these intensities previously unattainable superhigh electric fields are produced
in a laser pulse, which far exceed the atomic electric field Eat � 5:14 � 109 V/cm.
These conditions give rise to fascinating dynamics of laser radiation interaction
with the plasma produced when the leading pulse edge or the prepulse interacts
with a solid-state target. Laser radiation is rather efficiently transformed [26] to
streams of fast charged particles—electrons and atomic ions. Their interaction with
the surrounding target material leads to hard X-ray generation in the ionization of
inner atomic shells and to different nuclear and photonuclear reactions.

The relativistic nature of laser radiation intensity I is realized when ˛ > 1, where
˛ is the dimensionless momentum of an electron oscillating in the electric field of
linearly polarized laser radiation expressed by the formula [26]

˛ D eE

mc!
D 0:85�

�
I

1018

�1=2

E D 27:7 I1=2

Here, e and m are the electron charge and mass, E is the electric amplitude of laser
radiation field (V/cm), � is the radiation wavelength (�m)! is the frequency of laser
radiation, c is the speed of light (cm/s), and I is the radiation intensity (W/cm2).
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Terawatt-power laser systems of modest size enable intensities with ˛ > 1 to
be attained, which corresponds to electric intensities above 1010 V/cm. Under these
fields there occurs above-barrier ionization of atoms in atomic times on the order
of 10�17 s, while the resultant electrons are accelerated to relativistic energies in the
MeV range in the course of the laser pulse.

The authors of [56] proposed the use of electrons accelerated in a laser plasma
(1018–1019 W/cm2) for generating terahertz electromagnetic radiation. To this end,
use was made of the geometry of a “virtual cathode” (vircator), in the field of which
the high-frequency oscillations of the electron beam take place (see Sect. 5.2).

The acceleration of atomic ions in femto- and picosecond laser plasmas is a
secondary process: it is caused by the emergence of high quasi-static electric fields
arising from spatial charge separation (Fig. 7.35), which in turn is due to the motion
of a fast electron bunch. At laser radiation intensities exceeding I � 1018 W/cm2 it is
possible to obtain directional beams of high-energy ions with an energy Ei > 1MeV.

In [119, 243], a petawatt laser [90] was employed for generating protons of
energy � 67MeV in a plane geometry. Using a different coherent acceleration
scheme, by irradiating (1–2 J, 45 fs) a thin diamond target by a laser pulse of
intensity 1019–1020 W/cm2 it was possible to obtain protons with an energy of
113 MeV and carbon ions with an energy of 71 MeV [226]. A 40-J 700-fs long
laser pulse [123] produced 35-MeV protons and 185-MeV carbon ions. With more
modest laser pulses (40 fs, 0.5 TW), protons with an energy E � 5:5–7:5MeV were
obtained using ice nanotargets [255].

At present, the generation of high-energy proton and ion beams in a laser plasma
under ultrashort-pulse irradiation is a rapidly advancing area of research. This is due,
in particular, to their practically important applications in the areas such as proton
acceleration, structural material studies, proton radiography, short-lived radioiso-

electrons
protons

Electric field

Electric field

thin foil target

electrons

protons

few microns

laser

Fig. 7.35 Scheme of electron and ion generation in a laser-produced plasma [142]
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tope production for medical applications, and controlled laser thermonuclear fusion.
Laser radiation with intensities I � 1018 W/cm2 also makes possible the initiation
of a number of nuclear reactions that were previously realizable only with the use
of elementary particle accelerators.

Several mechanisms [26] of fast electron generation are presently under dis-
cussion that involve the action of a laser pulse on a plasma with a density much
higher than the critical one. When a laser pulse does not have a prepulse (a high
contrast ratio), the laser radiation interacts with a solid-state-density plasma with
a sharp boundary. In this case the mechanism of “vacuum heating” is realized,
as well as the so-called v � B mechanism (B is the amplitude of the magnetic
induction of the laser wave) caused by the longitudinal (along the direction of laser
pulse propagation) ponderomotive force. The v� B mechanism becomes significant
at relativistic intensities, when the electron oscillation energy is comparable to or
higher than the electron rest energy mc2 D 511 keV.

There also is a mechanism of fast electron generation at the plasma resonance on
the critical plasma surface when the electric vector of laser radiation has a projection
on the density gradient (normally at oblique incidence of laser radiation on a target),
and the laser frequency coincides with the plasma frequency.

Unlike the ponderomotive v � B mechanism, the “vacuum heating” and the
resonance absorption mechanism emerge for nonrelativistic (substantially lower,
˛ < 1) intensities as well.

Another mechanism of fast electron generation in the subcritical plasma region in
front of the target is considered [26], which operates due to betatron resonance in the
emerging magnetic field. In this regime, electrons are accelerated by the transverse
ultrarelativistic electric field of the laser wave in the direction of wave polarization,
while the azimuthal magnetic field induced by fast electron current produces the
magnetic part of the Lorentz force. This force turns the electrons in such a way that
they gradually reverse their direction of motion. For an exact betatron resonance,
their reflection takes place at the moment the transverse electric field changes its
direction, so that the electrons are permanently in the acceleration regime.

There also exist other electron acceleration mechanisms, which require specific
experimental conditions; among them is acceleration in the wake wave, which we
consider in greater detail below. In the case of resonance absorption, the field near
the critical plasma surface is substantially higher than the field of incident laser
radiation.

We do not set ourselves the task of describing numerous laser acceleration
mechanisms at length (see the review [26]) but list the different mechanisms of
electron heating in Table 7.3.

The feasibility of harnessing lasers to excite relativistic charge-density waves in
tenuous plasmas was first discussed by Tajima and Dawson [233], who, however,
placed emphasis on the resonance method of excitation using two-frequency laser
irradiation of moderate intensity. The possibility of employing high-intensity short
pulses generated by modern lasers for the excitation of charge-density waves (so-
called wake plasma waves) attracted considerable attention and provoked lively
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Table 7.3 Comparison of
different mechanisms of
electron heating in dense
media [26]

Heating mechanism When it applies

Stimulated inverse
bremsstrahlung in the
scattering of electrons from
ions

Intensities below 1015 W/cm2

Longitudinal
ponderomotive electron
acceleration in the skin
layer

Relativistic intensities above
1019 W/cm2

Vacuum heating High contrast ratio, moderate
intensities, short pulses

Resonance absorption of
laser radiation

Low contrast ratio, long
pulses

Electron acceleration by a
laser wake wave

Gas targets, substantial
subcritical plasma region,
ultrashort pulses

Cyclotron mechanism The presence of external
constant magnetic field

Betatron mechanism Vortical electric field
produced by a varying
magnetic flux penetrating the
orbit of electrons

discussion after the publication of [111, 223] (see also [27, 31], the reviews [6, 71,
112], and references therein).

The charge separation field, which occurs when the ponderomotive force expels
electrons from the region occupied by the laser pulse, gives rise to a charge-density
wave behind the laser pulse, the phase velocity of the wave being equal to the group
velocity of the laser pulse. In a tenuous plasma, the latter is quite close to the velocity
of light, and therefore the phase velocity of the wake plasma wave is also close to the
velocity of light, just right to efficiently accelerate relativistic electrons (Figs. 7.36
and 7.37). Even the first experiments [6] showed that such a wake wave is indeed
excited by a short (subpicosecond) laser pulse quite efficiently and may accelerate
electron bunches to high energies ranging into the tens and hundreds of MeV.

Recent successful experiments performed practically simultaneously in different
laboratories in Europe and the USA had the effect that even skeptics turned their
attention to the possibility of harnessing laser-plasma acceleration techniques in
high-energy physics (Fig. 7.38). In particular, the year 2004 saw the demonstration
of the possibility of producing quasi-monoenergetic electron bunches (Fig. 7.39)
accelerated to an energy of about 100 MeV over a length of several millimeters and
possessing a small emittance [76, 93], which is of significance for the use of such
bunches in hard radiation sources and for multistage acceleration for high-energy
physics.

A new confirmation of the theoretical predictions about the significance of
channeled propagation of a laser pulse for producing electron bunches of the
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Fig. 7.36 Laser wakefield accelerator scheme [139]

Fig. 7.37 Direct (at the left) and wakefield laser acceleration

gigaelectronvolt (109 eV) energy range was obtained in the National Berkeley
Laboratory [161] (Fig. 7.40).

An experiment on the two-stage laser acceleration of electrons [195] is schema-
tized in Fig. 7.41. This scheme makes use of two-stage acceleration technique,
whereby the first stage produces an electron flux of energy � 100MeV with a
relatively high spread in energy. This flux is delivered to the second acceleration
stage, which produces a �0:5GeV beam with a small energy spread (less than 5 %
FWHM). The parameters of the thus accelerated electrons are shown in Fig. 7.42.

The wake plasma wave is most efficiently generated by a laser pulse under
resonance conditions when the pulse duration �e is close to a half-period of the
wave, i.e., provided

c�e � �p=2 Š � c=!p D �=kp;
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Fig. 7.38 Progress in laser-driven electron acceleration
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Fig. 7.39 Energy spectrum and angular divergence of an accelerated bunch containing 2 �
109 electrons [93]

where !p D .4�e2ne=m/1=2 is the electron plasma frequency, kp is the wave vector
of the plasma wave, and c is the velocity of light. These expressions show that
the accelerating field intensity increases with plasma density and, accordingly, with
shortening of the laser pulse that excites the wake wave. In this case, however, it is
well to bear in mind that increasing the plasma density lowers the group velocity
of the pulse and, accordingly, the phase velocity of the wake plasma wave, which
shortens the possible acceleration length (and decreases the maximum energy gain)
of a relativistic electron due to its earlier escape from the accelerating phase of
the wave. For instance, for laser radiation with a wavelength �e � 1�m and a
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Fig. 7.40 Energy spectrum and dimension of the accelerated electron bunch in the channeled
propagation of a laser pulse through a capillary [161]

Fig. 7.41 Schematic of experiments in two-stage laser acceleration [195]

plasma density ne � 1017 cm�3, the maximum acceleration length is 1 m. For an
acceleration rate E � 10GV/m (for ˛ � 0:3) this corresponds to the maximum
gain�"max � 6GeV in accelerated-electron energy. In this case, the duration of the
laser pulse intended for the resonance excitation of the wake wave should be of the
order of 100 fs.

The main difficulty encountered in attaining these parameters is the requirement
that the high intensity of the laser pulse, which should be of the order of 1018 W/cm2

in the example given above, be maintained throughout the entire propagation
length (�1m). In the absence of any optical channeling mechanisms for the laser
radiation, the propagation length for the high-intensity laser pulse (and, accordingly,
the efficient acceleration length) is limited by the diffraction length. For realistic
parameters of the lasers of the terawatt power range (bearing in mind the necessity
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Fig. 7.42 Electron beam parameters after a two-stage acceleration [195]

of attaining the high radiation intensity), the diffraction length turns out to be much
shorter than the maximum acceleration length. This is why attaining �1–10GeV
electron energies without channeling of the laser pulse requires its focal spot to be
increased in order to increase its diffraction length, which calls for petawatt (1015 W)
laser power level to maintain the high intensity [113, 114, 163]. When advantage is
taken of channeled laser pulse propagation, the required power level may be lowered
by more than an order of magnitude [161].

The optical channeling of a laser pulse as a way to overcome its diffraction
spreading is possible owing to its self-focusing or when a plasma channel with
an on-axis density minimum is produced to afford waveguided radiation propa-
gation [45, 65]. A highly promising technique for propagating high-intensity laser
pulses for tens and hundreds of Rayleigh lengths is the use of dielectric gas-filled
capillaries, in which the plasma is produced either by a discharge [131, 221, 254],
or by the optical ionization of the gas by the wake-wave-generating laser pulse
itself [51, 52]. That is why much attention is presently being paid to studies of
different ways of producing plasma channels and the propagation of short laser
pulses through them [28, 50, 134, 144, 188], as well as to investigations into the
generation mechanisms and structure of wake waves in gas-filled capillaries [10, 12–
14, 81, 218].

The simple laws indicated above, which define the resonance excitation of the
wake wave, are valid under the conditions of weak nonlinear dynamics of a laser
pulse (under the conditions of weak relativity, when the oscillation energy of the
electron in the laser field does not exceed its rest energy). The inclusion of the
nonlinearity of laser pulse propagation has led to the discovery of new regimes
of generation of high-intensity plasma fields when the linear resonance condition
c�e � �p=2 is not fulfilled. In particular, when the laser pulse length is far greater
than the plasma wavelength, the mechanism of high-intensity wake-wave generation
is due to the self-modulation of the laser pulse, with the result that the pulse intensity
turns out to be longitudinally modulated with a scale length close to the plasma
wavelength [7–9, 11, 16, 17, 54, 112, 122, 151, 184, 224]. The self-modulation stems
from the development of a laser-pulse instability. Depending on the plasma and laser
radiation parameters, this self-modulation may be related to either the self-focusing
of the laser pulse or its forward stimulated Raman scattering, and is accompanied by
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Fig. 7.43 Parameters of laser ion accelerators

the stimulated generation of a wake wave. As a consequence, the amplitude of the
plasma wave may far exceed the magnitude generated by a short laser pulse under
linear resonance conditions.

A strongly nonlinear regime of generation of the accelerating charge-separation
field was recently discovered in the opposite limiting case of an ultrashort laser
pulse (c�e < �p=2) of ultrarelativistic intensity. Under these conditions, all plasma
electrons immediately behind the laser pulse are expelled by the ponderomotive
force (the so-called bubble regime, Fig. 5.10) [46, 169, 196], and the wake wave in
the wave-breaking regime entrains the small fraction of background electrons and
accelerates them with record acceleration rates [15, 72, 116, 132, 153, 171, 175,
192].

When a relativistically intense laser pulse irradiates a thin foil, the laser energy
may be efficiently converted to a well-collimated beam of accelerated ions [20, 24,
25, 32, 33, 67, 74, 75, 78, 84, 91, 95, 124, 133, 158, 170, 193, 244, 246, 250].

Among the applications of the laser-plasma ion acceleration that are being
actively developed, mention should be made of the “fast ignition” in inertial
thermonuclear fusion (Sect. 7.2.3) and the proton therapy of malignant tumors [20,
25, 83, 84, 149, 232] (Fig. 7.43). The employment of protons in radiation therapy
and oncology offers several significant advantages over other kinds of radiation.
This is primarily due to the fact that the deceleration of prescribed-energy protons
in a substance takes place in a localized region in the vicinity of the Bragg peak
(for carbon, see Fig. 7.44 [25, 82, 127, 167, 213]), where the bulk of beam energy is
deposited, thereby reducing the irradiation of healthy body tissue (Fig. 7.45).
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Fig. 7.44 Energy deposition profile for a beam of 250 MeV/nucleon C6C nuclei in a copper
target [22, 82]

Fig. 7.45 Proton and hadron therapy [142]

We emphasize that the necessary condition for the successful use of accelerated
ions for the above purposes is their high energy monochromaticity. In particular,
the energy-spread in the proton beam intended for hadron therapy may not exceed
2 %. Esirkepov et al. [73] proposed two-layer targets for the production of quasi-
monoenergetic beams of accelerated protons and analyzed them in a realistic three-
dimensional geometry to demonstrate the feasibility of generating well-localized
high-energy proton bunches with an energy-spread�E=E � 3% (see Fig. 7.46).
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Fig. 7.46 Spectra of accelerated protons and heavy ions [73]

7.5 Synchrotron Sources, Free-Electron Lasers
and High-Intensity Sources of Terahertz Radiation Pulses

At present, free-electron lasers [2, 3, 38, 40, 42, 63, 64, 66, 77, 94, 120, 126, 135–
137, 143, 152, 173, 174, 179, 207, 210, 235, 236, 238, 248] permit extremely intense
radiation fluxes of femtosecond duration to be obtained in a broad (from the far-
ultraviolet to soft X-ray) wavelength range (Table 7.4, Fig. 7.47).

These circumstances make free-electron lasers a promising tool for studying
ultrafast chemical and biochemical processes with atomic-scale spatial resolution,
for analyzing biological structures, for studying in real time the kinetics of physic-
ochemical transformations, for investigating strongly nonideal and astrophysical
plasmas, and for many other applications requiring atomic-scale spatial resolution
and high temporal resolution. Figure 7.48 is a diagrammatic sketch of the FLASH
free-electron laser at DESY, Germany [2, 3].

Today this facility is the champion in radiation brightness, and the brightness of
this device will exceed that of the majority of facilities of this kind by 6–9 orders
of magnitude. In this case, the pulse duration will shorten from 50 to 10 fs for
a total pulse energy of 10–50 mJ and a wavelength of 6.5–60 nm. Recall that in
10 fs the light traverses a distance of only �3�m. The 260 m long FLASH facility
with a power of 5 GW consists of a superconducting linear electron accelerator
with a current of 1–2 kA, which imparts to the electrons a kinetic energy of 440–
700 MeV and an energy-spread of �0:1%. This electron flux is applied to a 27 m
long undulator section, in which there forms X-ray electromagnetic radiation in the
form of sequences of 800 pulses with an energy up to 50�J each, with a repetition
rate of �5–10Hz, an average radiation power of 100 mW, and a peak brightness of
1029–1030 photons/(s mrad mm2 0.1 %BW) [2].
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Fig. 7.47 Peak brilliance
(BW: bandwidth) of the
experimental facilities
FLASH and XFEL
(Germany), LCLS, APS
(USA), SPring-8 (Japan),
ESRF (France), and SLS
(Switzerland). The DESY
facilities are indicated in red.
Blue circles stand for the
measured values. PETRA III
began working in 2009 and
the European XFEL will be
commissioned in
2013 [2, 3, 55]

With their unique radiation parameters, free-electron lasers permit a broad
spectrum of investigations in different areas of science and technology that are quite
frequently inaccessible by other means of generation and diagnostics.

Owing to its short wavelength (comparable to atomic dimensions), this radiation
is suitable for studying the structure of individual atoms and molecules, while its
short duration makes it possible to follow the kinetics and mechanism of chemical
and biological reactions by effecting the selective excitation of the selected degrees
of freedom (Fig. 7.49) [42, 64, 66, 77, 126, 137, 152, 173, 174, 179, 210, 236,
238, 248]. This will enable, in particular, studies of three-dimensional biological
structures as well as determination of the location and role of its specific constituent
structural elements, which is of great importance in developing new-generation
medicines and polymers, as well as in constructing complex spatial molecular
structures.

In the more distant future, the application of this technique is expected to enable
researchers to trace the variation of the electronic spectrum, magnetic properties,
reactivity, and other physicochemical properties of clusters under continuous num-
ber variation of their constituent atoms from several atoms to solid-state values,
�1023 atoms.
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Fig. 7.48 Diagrammatic sketch of the FLASH free-electron laser facility [2, 3]

The physics of shortwave electromagnetic radiation–plasma interactions exhibits
significant special features and shows great promise from the standpoint of studies in
high energy densities in laser plasma [2, 64, 77, 179, 236, 248]. As we saw in Chap. 5
and Fig. 7.14, the passage to short-wavelength radiation is highly advantageous for
this purpose, shifting the critical density, where !e � !p, to the higher-density
domain—from nec � 1021 cm�3 for infrared to nec � 1024 cm�3 for ultraviolet
radiation. This substantially improves the efficiency of laser energy delivery to
the plasma and simplifies the laser interaction physics by shifting the instability
thresholds, reducing the importance of nonthermal electrons, surface effects, etc.
Owing to the short duration of the laser pulse it heats only the electron component,
leaving the ions cool and thereby avoiding hydrodynamic motion at the initial stage
of the process and effecting a uniform spatial energy deposition in the substance.

Estimates show [2] that the use of free-electron lasers will enable (by way
of bulk heating and the generation of shock and radiation waves) extremely
high energy densities to be obtained and investigations of the equation of state,
ionic composition, transient dynamics, and optical properties of the plasma under
astrophysical conditions to be carried out.

Owing to the high photon energy of the X-ray laser radiation, it is especially
well suited for studying multiphoton ionization and producing highly charged
ions in laser plasmas. Furthermore, highly ionized states (such as FeC23) may by
produced by means of electron ionization of ions in traps [2]. The electric fields
in the vicinity of the nuclei of these ions are tremendous in magnitude, enabling
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Fig. 7.49 Spatiotemporal characteristics of atomic and nuclear objects [142]

the use of the corresponding spectra (including those occurring in the interaction
of the ions with the high-intensity laser field) for a high-precision verification of
quantum electrodynamics, which describes electromagnetic forces and is a part of
the Standard Model of elementary particles.

The free-electron laser at the Jefferson Laboratory, USA, was used to advantage
for the simultaneous generation of high-power femtosecond X-ray radiation (by the
interaction of Thomson scattering and the infrared radiation of the electron beam
in the wiggler), infrared free-electron laser radiation, and terahertz radiation in the
linear accelerator [37, 38, 63, 71].

Several schemes for producing high-intensity electromagnetic radiation with the
use of lasers are presently under development. Considered in this connection are the
above laser accelerators of femtosecond-long electron beams for the generation of
electromagnetic radiation from the gigahertz range to X-rays. This radiation may
emerge, for instance, as diffraction or transition radiation of a short particle beam.
X-ray radiation may result from the interaction of a relativistic electron beam with
a fraction of its parent laser radiation.

A particular lasing scheme is considered as applied to free-electron lasers.
According to this scheme, the propagation of a high-intensity electron beam through
a plasma with a low (in comparison with the beam density) density leads to
the formation of a positively charged plasma cylinder owing to the ejection of
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plasma electrons in the radial direction by the leading edge of the laser beam.
The relativistic electrons of the beam execute radial betatron oscillations in this ion
channel to radiate electromagnetic energy in the X-ray range. This X-ray generation
mechanism was proposed and realized in [242]. Similar betatron oscillations are
also executed by the electrons captured by the wakefield of a short laser pulse (see
Sect. 7.4) [5, 87, 140, 148, 206, 211, 234, 253]. Hard X-ray radiation is also observed
in this case.

Of considerable interest is electromagnetic radiation in the terahertz range,
which may be employed to carry out diagnostics and spectroscopy of materials in
which the transition energy between quantum states is quite low, about 0.01 eV,
corresponding to photons with a frequency of the order of a teraherz and a radiation
wavelength of 100 �m. These materials include, in particular, practically all organic
materials, including biological and medical objects, many semiconductors, and
high-temperature superconductors. Not only will the development of high-power
terahertz radiation sources open up new vistas for medical diagnostics, but they may
also become a reliable tool in the sphere of security (detection of drugs, explosives,
etc.).

The terahertz-frequency range extends from far infrared radiation to microwave
submillimeter radiation. The methods presently employed for the generation of
both optical and microwave radiation are ineffective for the generation of this
radiation. The output power of available semiconductor sources, which operate at
low temperatures, is at a level of 0.1–0.01 W. With the aid of a free-electron laser
it is possible to attain an output power of about 20 W. This power is insufficient for
broad application of the terahertz radiation. This is precisely why attention is being
paid to a different, new laser-plasma terahertz radiation source, which may exceed
a megawatt in power.

The recording of low-frequency electromagnetic radiation of the terahertz range
in the irradiation of gaseous and solid-state targets by high-intensity short laser
pulses of femtosecond duration was first reported by Hamster et al. [118]. The
authors attributed the observed effect to the conversion of terahertz-frequency
plasma oscillations, which are excited in the plasma by a laser pulse, to electro-
magnetic radiation.

The work reported in [118] attracted the attention of researchers primarily from
the standpoint of the physical mechanisms underlying the transformation of plasma
oscillation energy to electromagnetic radiation and their efficiency, as well as from
the standpoint of the properties and power of the electromagnetic radiation that may
be obtained in the interaction of high-power short laser pulses with the plasma. The
transformation of longitudinal plasma waves to transverse electromagnetic waves
is possible, for instance, in the presence of plasma density nonuniformity or under
imposition of an external magnetic field.

The generation of low-frequency (terahertz) electromagnetic radiation in the
propagation of a short laser through a periodically nonuniform (stratified) plasma
was studied in [105] (see also [18, 106, 225]). The effect is related to the
transformation of wake plasma fields of the laser pulse to transverse electromagnetic
waves by plasma density modulations. This problem, as applied to a plasma with
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random nonuniformities, when the laser pulse propagates through the plasma with
density fluctuations, was considered in [106].

In a plasma with a regular nonuniformity, the low-frequency terahertz radiation
of the laser pulse was investigated both numerically [214] and analytically [215,
216]. The excitation of terahertz radiation by the laser pulse in the plasma is also
possible in the presence of an external magnetic field. In this case, the generation of
terahertz wave fields is related to the Vavilov–Cherenkov effect, because the velocity
of the laser pulse exceeds the phase velocity of the slow extraordinary wave excited
by the pulse. This problem was investigated in the cases of transverse propagation
of laser pulse relative to the external magnetic field [23, 62, 220, 247, 249] and
longitudinal (along the magnetic field) propagation of the laser pulse [109].

The generation of terahertz-frequency electromagnetic waves at the intersection
of a plasma boundary by an electric bunch accelerated and formed in the wake wave
of the laser pulse was investigated in [159, 160, 209, 240, 241] and is due to the
transition Ginzburg–Frank radiation. The low-frequency transition radiation of the
laser pulse at its intersection with a tenuous plasma boundary is discussed in [108,
110]. The excitation of terahertz waves traveling from the boundary into vacuum
and into the plasma interior is related in this case to the ponderomotive action of
the laser pulse and the emergence of an eddy current at the plasma boundary. Along
with the generation of bulk electromagnetic waves there also occurs the transition
radiation of terahertz surface waves, which travel along the plasma boundary [86].

Terahertz radiation may be generated in a tenuous plasma in the interaction
of two counterpropagating short laser pulses [107]. In this case a small-scale
standing plasma wave is excited in the interaction region, which produces radiation
at double the plasma frequency. The process under discussion is based on the
elementary process of two-plasmon coalescence with the production of a photon.
The generation of terahertz radiation also occurs in the optical breakdown of a
gas when the laser pulse is focused with an axicon. When an external permanent
electric field [103] or a microwave field [35] is applied, the ionization wave excites a
plasma wave traveling at a supraluminal speed, which is radiated due to the Vavilov–
Cherenkov effect.

The phenomenon of terahertz and subterahertz radiation generation in the
propagation of a low-intensity laser pulse through the atmosphere has been observed
in many experiments (see, for instance, [239]). The authors of [18, 225] attribute the
occurrence of this radiation to density modulations in the plasma filament produced
in the ionization of the air.

It is pertinent to note that other laser-assisted methods of terahertz radiation
production are also discussed in the literature, which rely on nonlinear (four-wave)
wave interactions [245].
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7.6 Plasma in Accelerators

Charged-particle beams in modern high-energy accelerators are yet another typical
example of high-energy density physics [189]. Although the density of these
accelerated bunches is not high, their acceleration and the collective interaction
between themselves and the accelerating fields corresponds to substantial energy
densities. Moreover, slight variation of relative particle velocities after laser or
electron cooling results in high values of the nonideality parameter of such beam-
produced plasma.

A demonstration example is “crystalline” beams [205, 208], which emerge under
the laser cooling of ions accelerated in a synchrotron. When the relative ion velocity
corresponds to a temperature on the order of millikelvins, the Coulomb interaction
effects become significant and give rise to the “crystallization” of this plasma
(Fig. 7.50).

Other mechanisms of plasma generation in accelerators are also possible [189].
The plasma may emerge under the action of the cyclotron radiation of accelerated
particles, in the ionization of the residual gas, or when the beam finds itself at
the wall. In the last-mentioned case, for the GSI and CERN LHC accelerators the
energy releases involved stretch into the megajoule range [82, 231]. In this case,
the emergent electrons with a density of 105–107 cm�3 arrive at the center of the
acceleration channel to give rise to a two-stream “beam–plasma” instability, cause
a loss of the particles under acceleration, and impair the beam emittance. In many
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respects these processes are similar to the effects occurring in laser plasmas and may
be analyzed by the methods of high-energy-density physics.

A broad spectrum of plasma states with high energy densities emerges in the
operation of pulsed high-current accelerators and high-power microwave gener-
ators [176, 177]. The application of a high (megaelectronvolt) pulsed voltage to
the vacuum gap in these devices results in the electric microexplosion of cathodic
micropoints and the explosive emission of high-current electron beams. The energy
densities attainable in this case amount to �1–10MJ/cm3 for pressures ranging into
megabars. The accelerators and microwave generators designed on this principle
find wide industrial application and are a demonstration of the practical use of basic
research in high-energy-density physics.

The next generation of high-power lasers will make it possible to achieve power
densities >1023 W/cm2, whereby the longitudinal electric field will be >1 TV/cm.
Particles in these fields may be accelerated to relativistic energies over short
distances, which lengthens their lifetime.

Calculations [196] show that the irradiation of a metallic target at an intensity
of 1023 W/cm2 may produce 5 GeV protons, which in turn may give rise to pions
with a lifetime of �20 ns, the laser irradiation lasting for �10 fs. By employing the
laser acceleration mechanism it is possible to rapidly (in several picoseconds) raise
the energy and lifetime of the pions by a factor of 100 to 15 GeV and 2�s. This
lengthened lifetime basically makes it possible to take advantage of conventional
acceleration techniques to accelerate pions to the gigaelectronvolt range, where
pions will decay into muon and neutrino beams.

A pion source would be of interest for the development of accelerators of pions
as particles without quark structure and producing a weaker synchrotron radiation.
Devices for studying gamma–gamma collisions might become another elegant
direction of combined use of accelerators [189] and lasers.
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Chapter 8
Nuclear Transformations Under Strong
Compression

Figure 7.49 shows the characteristic dimensions and times of the motion of
molecular, atomic and nuclear objects [45], and Fig. 8.1 shows the characteristic
dimensions of different structural substance states. Because atomic and nuclear
dimensions differ by 5–6 orders of magnitude away from nuclear densities � �
�0 � 2:8 � 1014 g/cm3, these processes may be treated independently. Despite the
fact that they are, of course, rigidly bound for any �, since the nuclear structure and
charge directly define the electron structure of an atom or ion as well as its chemical
properties and the aggregate substance state.

Proceeding from this fact, in the preceding chapters we focused out attention on
the electron and ion substance components and the description of their thermody-
namic properties in different parts of the phase diagram. In this case, the processes
in nuclei were not considered owing to the insufficiently high (� . 1010 g/cm3)
plasma density, so that the nuclear properties were assumed to be the same as under
normal laboratory conditions.

Ascending the pressure and temperature scales and approaching the nuclear
range of interparticle distances (the neutrino size is �0.16 fm [2]) and densities
� � �0, we ought to account for nuclear transformations, which correspond to
the emergence of new forms of nuclear matter under ultraextreme conditions [26,
28, 34] (Fig. 8.2 [28]). The possibilities that appear in this case are shown on the
phase diagram of nuclear matter (Fig. 6.20), where the experimental capabilities
of modern accelerators: RHIC, LHC (high temperatures and moderate densities of
nuclear matter), as well as FAIR SIS 300 (a high baryon density). Also given in the
diagram are the parameters of neutron stars [34, 79] emerging in the gravitational
collapse of massive (M > Mˇ, Mˇ is the solar mass) [26, 34] stars at the final stages
of their evolution.
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Fig. 8.1 Typical dimensions of the structural elements of substances

Fig. 8.2 Schematic diagram of heavily compressed substance. The temperature is in MeV, the
density in fractions of the nuclear density �0 With increasing pressure and density there emerges
quark-gluon plasma with a phase transition of the Ist kind. The drawing borrowed from [28]

8.1 Extreme States of Neutron Stars

Depending on the initial mass of a star of solar chemical composition, three types
of compact remnants may emerge upon completion of the thermonuclear evolution
in the stellar interior: white dwarfs, neutron stars, as well as black holes [47, 105]
and heretofore undiscovered quark stars [34, 79].
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A neutron star is a possible final product of the evolution of a main-sequence star
(a “normal” star) [79]. They come into being in IInd-type supernovae explosions.
This explosion occurs when the predecessor star of a supernova exhausts its nuclear
“fuel”: from hydrogen to oxygen and magnesium. The final product of subsequent
nuclear fusion transformations are the isotopes of iron group elements, which
accumulate at the stellar center (see Chap. 4). The pressure of degenerate electron
Fermi gas prevents this iron-nickel stellar core from collapsing under the force
of gravity. But even within several days after oxygen burning the iron core mass
exceeds the Chandrasekar limit 1:44Mˇ—the greatest mass whose gravitational
contraction can be withstood by the pressure of degenerate electrons. Then there
sets in a gravitational collapse—the catastrophic contraction of the stellar core
with the liberation of huge gravitational energy (>1053 erg) and the emergence of
a shock wave, which throws off the outer shells of the giant star with a velocity
which ranges up to 10 % of the velocity of light. The stellar interior continues to
contract with a velocity of the same order of magnitude. As this takes place, atomic
nuclei merge in essence into one gigantic nucleus. If its mass exceeds the maximum
mass (�2–3Mˇ) which the pressure of degenerate neutrons is able to keep from
gravitational contraction, nothing can stop this contraction and eventually there
forms a black hole.

It is believed that the collapse with the formation of a black hole may result
in a hypernova outburst, which is hundreds of times brighter than a supernova
one, which may be a source of mysterious cosmic gamma-ray bursts seen from
distant galaxies (see Sect. 10.3). For smaller masses there forms a neutron star
kept from gravitational contraction by the pressure of nuclear matter. In this case,
about 1 % of liberated energy converts to the kinetic energy of expanding shells,
which subsequently form a nebula—a supernova remnant—and only about 0.01 %
(�1049 erg) transforms to electromagnetic radiation, which is nevertheless capable
of outshining the emission of a whole galaxy and is observed as a supernova.

Not every star can terminate its evolution as a supernova (all the more as a
hypernova): this is the destiny of only sufficiently massive stars with M > 8Mˇ.
On going through the stage of a giant, a less massive star at the end of its lifetime
gradually sheds its outer shells, while the remaining central part contracts to become
a white dwarf.

A neutron star is born with a temperature of over 1010–1011 K and then cools—
initially rapidly but later on slower and slower—liberating energy by way of
neutrino radiation from its interior and electromagnetic radiation from its surface.

Neutron stars are perhaps the most exotic astronomical objects, in which there
is a wide spectrum of superextreme states of matter [33, 34, 79, 104] practically
inaccessible to laboratory investigation. That is why neutron stars in a sense play the
role of a “cosmic laboratory”, when their observable manifestations permit judging
about the behavior of substance under superextreme conditions—at supernuclear
densities, superhigh magnetic fields, the superfluidity of the baryon component and
high-intensity nuclear transformations of ultracompressed substance.
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Naturally, the observable manifestations of these processes are also highly
diversified: radio and X-ray pulsars, flaring X-ray sources, � -ray sources, X-ray
transients and magnetars, etc. [91, 104, 105].

Neutron stars are not the only objects in whose interior the substance is
compressed to densities unattainable in a laboratory [79]. Other representatives
of the class of compact stars are white dwarfs and hypothetical quark stars [79].
While the size of a neutron star is defined primarily by the balance of gravitational
forces and the pressure of degenerate neutrons, in white dwarfs the gravitational
contraction is opposed by the pressure of degenerate electrons and in quark or
strange stars by the pressure of quark-gluon plasma.

Neutron stars are much smaller than white dwarfs. For a mass M � Mˇ the
white dwarfs have a radius R � 104 km comparable to the terrestrial radius and
approximately a thousand times greater than the radius of a neutron star [34, 79].
That is why the substance density in their interior does not range up to even one
thousandth fraction of the nuclear density �0. According to theoretical models, the
quark stars with M � Mˇ may be even more compact than the neutron ones. Quark
stars have not been observed so far, and the very possibility of their existence has
not been amply borne out.

Neutron stars are the smallest observable stars in the Galaxy [34, 41, 79]. Their
radii are of the order of 10 km, which is 105 times smaller than the dimensions
of ordinary stars. However, the neutron star masses M are of the order of the
solar mass Mˇ and group about a value 1:4Mˇ. The average substance density
� D 3M=4�R3 D 7 � 1014 g/cm3 of neutron stars is several times higher than the
ordinary nuclear density �0 D 2:8 � 1014 g/cm3. Therefore a neutron star may be
conventionally represented as a huge atomic nucleus of size �10 km. At the center
of the star the density may range up to 10–20 time the nuclear density. Possible
at these densities at the neutron star center is the condensation of pions, hyperons,
and kaons. In this case we are dealing with strange or quark stars [42, 79]. The
possibility of the formation of strange quarks is also under discussion.

For neutron stars [79], unlike the ordinary ones, a prominent role is played by the
effects of general relativity. On the other hand, neutron star observations may yield
valuable information about the manifestation of the effects of this theory.

A neutron star consists of a crust—inner and outer—in which there occurs
substance neutronization, and a core—also inner and outer. The number of protons
and electrons in the inner crust and outer core amounts to several percent of the
number of neutrons. The gravitational energy of a neutron star is equal to an
appreciable fraction (0:2Mc2) of its rest energy.

The existence of neutron stars was predicted by Baade and Zwicky [3] in
1934, 2 years after the discovery of neutrons. Despite their small size, neutron
stars are among the most active stars: they emit energy in the entire range
of electromagnetic waves—from radiowaves to superhigh-energy photons above
1 TeV. Rapidly revolving neutron stars experience high energy losses. In particular,
the pulsar in Crab Nebula radiates an energy of 1038 erg/s, which is many orders
of magnitude greater than the energy of solar radiation. The energy emanated in
the radio frequency band accounts for only small fraction, 10�5–10�6 of the energy
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loss. The highest-power radio pulsars also radiate in other ranges: optical, X-ray,
and � -ray ranges.

Neutron stars, which are associated with short-period radiation sources—pulsars,
which were discovered in 1967–1969—are the final stage of evolution of the
ordinary stars with M > 8Mˇ, when gravitational forces compress substance to
nuclear densities to give rise to neutron substance [47, 48, 105], which was predicted
by L.D. Landau back in 1932. Neutron stars exist owing to the mutual repulsion—
between neutrons and protons rather than electrons—which emerges due to the Pauli
principle.

Apart from being radio pulsars, neutron stars are also sources [41, 79] of
high-power X-ray radiation (X-ray pulsars), � - and X-ray flares (magnetars), and
permanent X-ray radiation emanating from the centers of supernova remnants, very
weak optical stars. The radiation of neutron stars permits solving several basic
physical problems. First and foremost, the case in point is the investigation of the
equation of state of superdense substance, � > �0.

The thermonuclear burn of silicon 32Si with the production of the 56Fe, 58Fe, 60Fe,
62Ni, etc. isotopes closes the chain of thermonuclear reactions in the nondegenerate
core of a massive star, because the subsequent thermonuclear fusion is possible only
with energy absorption (see Chap. 4). The density at the stellar center amounts to
�3 �109 g/cm3, T � 8 �109 K for a core mass 1:5–2Mˇ [105]. An important process
which stimulates gravitational collapse is the photodissociation of iron nuclei into
13 alpha particles: � C 56

23Fe ! 13 24He C 4n, and substance neutronization.
Following [48], according to L.D. Landau’s predictions, the particles which

make up nuclei (protons and neutrons) are capable of forming, apart from atomic
nucleus, one more stable system—neutron substance [47, 48]. It consists primarily
of neutrons, with a small admixture of protons and electrons. On the strength of the
Pauli principle, the neutron substance is immune to neutron decay by the scheme
n ! p C e� C N	, because the energy level of the electron that might be emitted
in the decay is already occupied by other electrons which enter into the substance
composition.

Neutron substance is produced under the superheavy compression of ordinary
substance consisting of electrons and nuclei, which emerges in the gravitational
collapse of a star that goes through the stage of supernova explosion. Under this
compression, when the substance density ranges up to about 1011 g/cm3, it and,
hence, the electron energy become high enough to initiate the inverse ˇ decay: p C
e� ! n C N	—the electron energy suffices to overcome the neutron-proton mass
difference. As a result, with increasing pressure there occurs an accelerating process
of electron capture by nuclei with the transformation of protons to neutrons. The
neutron levels inside a nucleus turn out to be occupied and the next neutrons pass
into the continuum to form a neutron Fermi liquid. And so, for a density which is not
much lower than the nuclear one there emerges the neutron substance state, which
fills the inner part of neutron stars.

A characteristic property of neutron stars is their superhigh (nuclear) density,
� � 2:8 � 1014 g/cm3 or 0:17 baryon/fm3. However, unlike atomic nuclei in which
nucleons are confined by the strong interaction, in a neutron star the nucleons are
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confined by gravitational forces and the neutron ˇ decay is suppressed by the strong
electron degeneracy of compressed substance.

In the neutronization the elastic modulus of the degenerate substance becomes
lower [105], because the electron density decreases with retention of the baryon den-
sity and the substance becomes “softer”. The growth of pressure with density mod-
erates and the effective adiabatic exponent of the substance, � D d log P=d log �,
decreases from 5/3 to 4/3 and leads, in accordance with the virial theorem, to a
violation of mechanical stability of the object [105]. That is why the substance
neutronization is one of the main physical processes which results in the collapse of
massive stars at the late stages of their evolution.

The substance neutronization is extremely difficult to model in laboratories
even with the use of superheavy compression in laser thermonuclear targets or in
relativistic nuclear collisions; however, perhaps it will be possible to employ its
equivalent process of the absorption of electron antineutrinos from, for instance,
high-power sources with reactor strontium [39].

An additional cause for the loss of hydrostatic stellar stability is due to the effects
of general relativity, when the substance pressure makes a contribution to attractive
force and thereby increases the force which tends to compress the substance [47, 48].
In this case, the collapse of the core of a massive star is accompanied with a type II
or Ib/c supernova outburst (see Chap. 9).

In the substance neutronization a star rapidly loses stability: the loss of elasticity
results in compression and heating, but the negative heat capacity of ordinary
stars no longer works in this case, because the degenerate gas pressure, which
opposes compression, depends only slightly on the temperature. Furthermore, the
bulk of energy released in the gravitational compression is carried away by neutrinos
produced in the neutronization. And even if the temperature growth in the collapse
removes degeneracy and increases the electron gas pressure, the energy removal
persists due to antineutrinos in the course of beta decays of neutron-excess nuclei.

The main mechanism of neutrino energy loss in the outer core of a neutron star
involves so-called modified URCA processes [79], which consist of the sequence of
reactions n C N ! p C N C e C ve and p C N C e ! n C N C ve, where N D n
or N D p is an intermediary nucleon. The participation of an intermediary nucleon
distinguishes the modified URCA processes from the ordinary beta decay and beta
capture processes, which are referred to as direct URCA processes.

The term “URCA process” was introduced by G.A. Gamow and M. Schoen-
berg [79]. Gamow reminisced: “We termed it an Urca process, partly to mention
the casino in which we first met and partly because this process is as efficient in
sucking energy out of the star as the Casino de Urca is in sucking money out of the
pockets of the gamblers. When submitting our paper on the URCA process to the
Physical Review for publication I feared that the publishers may ask why we termed
this process “urca”. On giving some thought to this question I decided to say that
this was an abbreviation of “unrecordable cooling agent”, but they never asked the
question”.

The collapse of a star terminates at densities of the order of atomic nuclear
density, whereby neutron degeneracy effects become significant and the substance
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compressibility becomes capable of opposing the action of gravitational forces. The
freely falling outer stellar layers strike against the solid surface of the compressed
core and bounce off, which is believed to be the cause of shell shedding and the
observable effect of a supernova outburst. But numerical simulations suggest that
this mechanism is insufficient for the explosion of a supernova shell. Today it
is commonly assumed that the cause of explosion is some non-one-dimensional
effects: magnetic field, supersonic convection, stellar core rotation, etc. [24, 38, 40,
46].

The transformation of stars from dense white dwarfs to superdense neutron
and quark stars shows (Fig. 8.3) that in the process there emerges an instability
stage. Eventually there forms a compact star with M � Mˇ, a size of only about
10 km (Fig. 8.4), an initial temperature of the order of 1011 K, and a core density of
�1:5–15�0, which possesses intense magnetic (B � 1011–1016 Gs) and gravitational
(acceleration of gravity of �.2–3/ � 1014 cm/s2) fields, which calls for invoking
general relativity for its description. Neutron stars (radio pulsars), which rotate with
a period of 0.0016–1 s, are the only astrophysical objects in which the revolution
slowing-down (and hence the evolution) is determined by electrodynamic forces.
The neutron stars that are parts of binary systems manifest themselves as compact
X-ray sources [105].

Despite the small size, the spectrum of substance states (Fig. 8.5) and the
physical processes (Figs. 8.5 and 8.6) in a neutron star are extremely diversified.
The atmosphere of a neutron star has a thickness ranging from tens of centimeters to
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Fig. 8.4 Density distribution in neutron stars of different mass M (in units of solar mass M
ˇ

) [9]

several millimeters and a density of 0.1–100 g/cm3; it consists of a nonideal plasma
with T � 106 K and possesses a huge magnetic field.

The atmosphere of a neutron star may consist of the elements of the iron group
formed at the stage of star production or of light elements like hydrogen and helium
due to their accretion. Owing to a strong gravity, the atmosphere of a neutron
star is quite thin (0.1–10 cm) and dense (0.1–100 g/cm3), so that its substance
is strongly nonideal from the standpoint of interparticle interaction. When the
stellar temperature is not too high, the crust may see the formation of light atoms,
molecules, metals droplets and clusters. In the case of a high magnetic field the crust
may be condensed, with a small amount of gas above it. Superhigh magnetic fields
may result in quantum electrodynamic effects (like vacuum polarization) significant
for radiative processes. All these problems are a strong hindrance to the calculation
of the composition and optical properties of the atmosphere and, consequently,
of the radiative properties of the star itself and are therefore of major interest for
theoretical astrophysics, nonideal plasma physics, and nuclear physics [91, 104].

The outer crust several hundred meters in thickness [104] consists of a dense
plasma, in which the electron state undergoes a Boltzmann-to-degenerate state
transition with depth and then (for � � 106 g/cm3) a transition to the degenerate
relativistic gas. For � � 104 g/cm3 there occurs a pressure-induced complete
plasma ionization. On further compression there occurs ˇ capture and substance
neutronization.

At the boundary of the core of a neutron star (2�0 < � < 20�0) atomic nuclei
vanish, and neutrons in the inner core may be superfluidic, has an effect on the
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Fig. 8.5 Schematic sectional
view of a neutron star of mass
1:4M

ˇ

. The parameters of
the star depend heavily on the
equation of state of its layers
[104, 105];
�0 D 2:8 � 1014 g/cm3

cooling dynamics and neutrino luminosity of the object. The superfluidity of neutron
substance may be observed in the sudden rotation failure of some pulsars in the
course of slowing down, which is caused by the interaction of normal and superfluid
substance components in the inner core. In some cases the failure dynamics is
attributable to the superfluid vortex separation from the stellar crust. The evolution
of magnetic field “frozen” into the star permits drawing conclusions about the
superconductivity of the stellar core. Since the inner stellar temperature depends
heavily on the critical temperature of nucleons’ transition to the superfluid state, it
has been suggested [72] to employ a neutron star as a “thermometer” for measuring
the critical temperatures of nucleons in asymmetric nuclear matter, which would
yield indirect information about the equation of state of nuclear substance.

Superfluidity also affects oscillation damping. The existence of a gap in the
dispersion relation of superfluid particles may sharply decrease the volume viscosity
and moderate the damping of oscillations [103]. On the other hand, mutual friction
is equivalent to a high effective viscosity. The appearance of superfluidity in a
cooling neutron star depends on the cooling mode and the values of Tc. Perhaps,
superfluidity has no time to emerge in a young neutron star and has no effect on the
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Fig. 8.6 Physical processes
in a neutron star
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oscillation modes. However, it may strongly damp the oscillations of older neutron
stars [103].

The lowering of surface temperature with time in a cooling neutron star is
controlled, in particular, by the neutrino luminosity and heat capacity of the star.
The existence of a gap in the dispersion relation of superfluid particles changes the
heat capacity and lowers the rate of neutrino reactions with participation of these
particles, which may also be employed for determining Tc � 3 � 108 K.

The cooling of neutron stars may be highly sensitive to the superfluidity of
neutrons and protons in their cores. The temperatures of the emergence of nucleonic
superfluidity are in turn sensitive to the equation of state of superdense substance.
This furnishes the possibility in principle to investigate the nucleonic superfluidity
and after that the equation of state of neutron stellar cores.

The composition of the inner core of a neutron star is inexactly known,
because the physics of strong interactions in superdense substance is insufficiently
known [47, 105]. The core perhaps consists of nucleon-hyperon matter, pion
condensate, quark-gluon plasma, or some other exotic states. According to [104],
if the properties of the crust (� < 0:5�0) of a neutron star are described by nonideal
plasma models, the description of the properties of supernuclear density matter (for
� � �0) is extremely difficult because of the incompleteness of laboratory data and
the absence of a closed theory of supernuclear density matter [69].

Many neutron stars that are parts of binary systems manifest themselves as X-ray
pulsars in the flow of substance to the star with a high (>1010 Gs) magnetic field.
For a lower magnetic field the substance accumulates on the stellar surface and
there occurs a thermonuclear explosion on the attainment of some critical value,
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which shows up as regular X-ray bursts. Unlike explosions on the surface of a white
dwarf, the powerful gravitational field of a neutron star does not permit the explosion
products to separate from the star and returns them back.

According to [54], the mechanism of generating extreme magnetic fields boils
down to the following. All stars possess a weak magnetic field, and it may strengthen
as a result of star compression. During the collapse of the core of a massive star,
which ends with the production of a neutron star, its dimensions decrease by a factor
of 105, and the magnetic field must therefore rise by a factor of 1010. The neutron
stars possessing a powerful magnetic field are termed magnetars [54].

Also considered is a different convective mechanism of magnetic fields [54].
The gas in a star may circulate due to convection. The hotter portions of the ionized
gas come to the surface and the cooler ones sink. Since the ionized gas is a good
conductor of electric current, the magnetic field lines that run through the gas are
entrained by the flow of substance (the effect of “freezing-in” of magnetic field
lines). The field may therefore build up.

This effect, which has come to be known as the dynamo mechanism [54], may be
responsible for the emergence of stellar and planetary magnetic fields. The dynamo
mechanism may operate at any stage of life of a massive star if its turbulent nucleus
rotates fast enough. Furthermore, convection is especially strong during precisely
the short period after the core transformation to a neutron star [54].

In the course of evolution the magnetic field changes its shape and generates
electric currents flowing along the magnetic field lines outside of the star, which
in turn generate X-ray radiation. The magnetic field simultaneously travels through
the hard crust to generate flexural and tensile stress in it. This heats the inner stellar
layers and sometimes leads to crust breaking, which it accompanied with powerful
star shaking. The electromagnetic energy released in this case produces dense clouds
of electrons and positrons as well as sudden soft gamma-ray flares (Fig. 9.53).

The substance structure under high magnetic fields (B > 1012 Gs) inherent
in neutron stars is quite unusual [41] (Fig. 8.7). Under such fields the cyclotron
radius of atomic electrons is shorter than the Bohr radius, an atom is strongly
compressed in the direction perpendicular to the magnetic field and is needle-
shaped. The properties of the substance formed by suchlike atoms may be judged
by the interaction of the surface of a neutron star, at which the substance density
amounts to 105 g/cm3, and its magnetosphere.

As discussed in Chap. 6, quark-gluon plasma is an exotic superdense matter
state. This plasma was recently discovered in a laboratory; it consists of quarks,
antiquarks, and gluons [30, 36, 66, 84]. Quark-gluon plasmas possess maximum
densities and may emerge at the center of a neutron star or in the collapse of an
ordinary star (Fig. 9.54). In this case, we are dealing with quark stars and hybrid
stars, which consist of the quark-gluon matter at the center and a hadronic shell [89].
In this case, quark stars must be smaller in size than neutron stars because of a higher
compressibility of the quark-gluon plasma (Fig. 9.55). Considered as a candidate for
a quark-gluon or hybrid star is, for instance, the RXL1856 star with a radius of more
than 16 km, which was detected in the X-ray range by the Newton and Chandra
space telescopes.
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Fig. 8.7 Effect of magnetic field on the radiation and the substance [54]

8.2 Compression: Nuclear Structures

As we move to the right along the nuclear density scale in Fig. 7.49, for � &
1010 g/cm3 [34, 49] nuclei become unstable relative to ˇ decay with a maximum
neutron excess ı � N�Z

A � 0:3, where N; Z, and A—are the respective numbers
of neutrons, protons, and nucleons. With increasing compression the neutron excess
ıincreases and for ı > 3 the neutron energy levels cease to be bound. The nuclei
turn out to be immersed in the medium of free neutrons and cannot exist under these
conditions, decaying with the emission of neutrons in a time of �10�20 s.

Our knowledge about this matter for 1011 g/cm3 . � . 1014 g/cm3 and 0:3 .
ı . 0:8 relies only on theoretical constructions partly confirmed by astronomical
observations of neutron stars—exotic and, as we saw in the foregoing, the most
extreme astronomical objects emerging in the gravitational collapse of a variety
of stars at the final stages of their evolution. However, the capabilities of the
theory of multiparticle nuclear systems are quite limited in this area, like are the
capabilities of experiments, especially in the � > �0 D 2:5 � 1014 g/cm3 density
domain characteristic of symmetric nuclear matter. These substance neutronization
processes are the basis for the calculation of the structure and dynamics of neutron
stars [34]; to describe their thermodynamics, highly sophisticated models have been
developed, which are generalized in monograph [34]. In the subsequent discussion
we follow this work.

In the density range under consideration the characteristic distance between the
nuclei is comparable to their size, which corresponds to “nuclear” plasma densities
of �1014 g/cm3. To describe these supercompressed situations, use is made of
three models [34]. These are Hartree-Fock calculations with an effective nucleon
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interaction potential [14], calculations by means of the Thomas–Fermi method at
finite temperatures [59, 67], calculations by liquid drop model [56], etc.

The thermodynamic of nuclear matter under the conditions close to the onset
on neutronization is described in [10]. This permitted calculating the properties of
neutron-excess nuclei at different temperatures. In particular, the highest density
whereby the 84Se nucleus (with Z

A � 0:405) exists was estimated at �8:2�109 g/cm3.
Many neutron-excess nuclei and several new nuclear structures stable at a heavy
compression have been discovered to date [34].

Using the theoretical methods developed to date it has been possible to calculate
the composition and energy of several nuclear structures; those of which that are
equilibrium are referred to as “cold catalytic matter”.

Calculations show [34] that the minimal value of E equal to 930:4MeV is
realized for a bcc lattice of 56Fe. This corresponds to � � 7:86 g/cm3 and nb D
4:73 � 1024 cm�3. We note that 56Fe is not the weakest-bound free nucleus. The
highest binding energy per nucleon

b D Œ.A 	 Z/mnc2 C Zmpc2 	 M.A;Z/c2�=A

is reached for 62Ni: b.62Ni/ D 8:7945MeV, for 56Fe this quantity b.56Fe/ D
8:7902MeV, and b.58Fe/ D 8:7921MeV. The energy of the bcc lattice of 56Fe
remains the main state of the cold substance up to 1030 dyne/cm2 and � �
106 g/cm3 [86]. Under these conditions the substance is a plasma, to which a one-
component plasma model may be applied.

For � � 109 g/cm3 the electrons become ultrarelativistic and 
e � P1=4. As P
increases, replacement of (.A;Z/) by (.A0;Z0/) with a higher nuclear energy WN but
lower A0

Z0

becomes energy-advantageous, because the increase in WN
A is greater than

the decrease in Z
e
A . This accounts for the effect of substance neutronization under

its heavy compression [34, 49].
The density jump in the neutronization [49] obeys the relation [34]

��

�
� �nb

nb
� Z

A

A0

Z0 	 1:

The equilibrium parameters of nuclei in cold dense matter are collected in
Table 8.1 borrowed from [32], which shows the highest densities at which these
nuclei still persist; 
e is the chemical potential at this density.

The transformation of a nucleus to the next nucleus brings about the phase
transition of the Ist kind with a density jump ��

�
given in the last column in

Table 8.1 [32].
The line above the horizontal bar in Table 8.1 corresponds to the highest density

whereby the ground state of the matter contains nuclei with laboratory-measured
masses. The last line in Table 8.1 corresponds to the density at the boundary of
neutron stability (neutron drip), which is estimated [34] at �ND � 2:2 � 1011 g/cm3.

As already noted, to describe the neutron matter for � . 1014 g/cm3 use is
made of the methods for calculating the properties of atomic nuclei under ordinary
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Table 8.1 Nuclei in the ground state in cold dense matter [32]

Element Z N Z=A �max (g/cm3/ 
e (MeV) ��=� (%)
56Fe 26 30 0.4643 7:96 � 106 0.95 2.9
62Ni 28 34 0.4516 2:71 � 108 2.61 3.1
64Ni 28 36 0.4375 1:30 � 109 4.31 3.1
66Ni 28 38 0.4242 1:48 � 109 4.45 2.0
86Kr 36 50 0.4186 3:12 � 109 5.66 3.3
84Se 34 50 0.4048 1:10 � 1010 8.49 3.6
82Ge 32 50 0.3902 2:80 � 1010 11.4 3.9
80Zn 30 50 0.3750 5:44 � 1010 14.1 4.3
78Ni 28 50 0.3590 9:64 � 1010 16.8 4.0
126Ru 44 82 0.3492 1:29 � 1011 18.3 3.0
124Mo 42 82 0.3387 1:88 � 1011 20.6 3.2
122Zr 40 82 0.3279 2:67 � 1011 22.9 3.4
120Sr 38 82 0.3167 3:79 � 1011 25.4 3.6
118Kr 36 82 0.3051 (4:32 � 1011) (26.2)

The upper part was obtained with experimentally measured nuclear masses and the lower part was
obtained from the mass Moeller formula. The last line corresponds to neutron stability boundary.
The table was borrowed from [34]

(laboratory) conditions. These are the Hartree–Fock method for a given neutron–
neutron interaction potential, the quasiclassical Thomas–Fermi approximation, and
the compressible liquid drop model.

According to these calculations, the number of neutrons outside of the atomic
nucleus increases and the number of protons inside of it decreases with increasing
compression.

The results of these calculations were generalized [34, 65] in the form of
analytical formulas convenient for calculating the equation of state of the inner crust
of neutron holes.

8.3 Thomas–Fermi Model

According to [34], in the vicinity of neutron stability boundary the number of
nucleons in an elementary cell increases rapidly with compression and may range
up to Acell � 1000 for � � 1013 g/cm3 [65]. This seriously complicates the
application of the Hartree-Fock method by increasing sharply the amount of
requisite calculations (see the problem of Kon’s “exponential” barrier [50]. On the
other hand, the increase in the number of nucleons in an elementary cell justifies the
application of a simpler quasiclassical approximation (see Sect. 3.6).

Numerous calculations by this model (for more details, see [34]) yielded a
neutron evaporation (neutron drip) density �ND � 4 � 1011 g/cm3. According to [15],
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Z remains practically invariable (Z � 30) for 1011 g/cm3 � � � 5 � 1013 g/cm3 and
then drops to Z � 20 for � � 1017 g/cm3.

The liquid-drop model [34] proceeds from separating out the bulk En,bulk and
surface En,surf parts of the total energy:

Ecell D En,bulk C En,surf C Ecoul C Ee;

where the first three terms depend on the size and shape of a nucleus. The nucleons
are then divided into three subsystems: the neutron bulk liquid “i”, the lower-density
liquid “o”, and the surface liquid at the “i–o” interface denoted by “s”. The entire
system is in mechanical and “chemical” equilibrium. Inside the nucleus in phase
f f the nucleon densities np;i, nn;i are constant, while nn;0 and np;0 D 0 in phase
“o”. The nucleus size itself can be defined in terms of the proton radius rp so that
.4�r3pnp/=3 D Z.

The equilibrium parameter values are found by minimizing " D Ecell
Vc

for a given
nb. In doing this, account is taken of the conditions for chemical and mechanical
equilibrium (for more details, see [34]), which yield five additional minimization
conditions.

Calculations by one of the most modern versions of the liquid-drop model [22]
as applied to the conditions of the lower crust of a pulsar suggest that the number
of nucleons in a nucleus A increases with density and ranges up to �300 for
� � 1014 g/cm3 and Acell � 1000. In this case, the number of protons varies quite
slowly, Z � 40. For � � 1014 g/cm3 the nuclei turn out to be quite heavy and
neutron-excessive, which brings up the question about their stability with respect to
deformations and fission.

According to the calculations of [34], for � < 1013:5 g/cm3 the ground state
of nuclear matter consists of spherical nuclei, which are stable with respect to
decay into differently shaped structures, fragments, or npe-gas. The nuclear shape
sphericity in this domain follows, for instance, from the liquid-drop model, which
minimizes the spherical shape owing to the contribution En,surf C Ecoul for rp � rc.
It is likely that the situation changes for � > 1013:5 g/cm3, where rp > rc & 0:5.

Exotic nuclear shapes emerge [34] when the nuclear volume comes to exceed
�50 % of the total volume of the system, and the nuclear matter with a spherical
neutron “bubble” becomes energy-prominent.

To determine non-spherical structures requires minimizing the " functional with
the inclusion of surface effects [34].

The historically first works of this kind were performed in the calculation of
the gravitational collapses of massive stars. As shown in [34], for T & 1010 K and
an entropy of (1–2) kB per nucleon, prior to transition to the homogeneous plasma
state there occurs a series of phase transitions involving changes in nuclear shapes.
Spherical nuclei in a nucleon gas (3N) as well as spherical “bubbles” (3B) in dense
nuclear matter were considered. In the two-dimensional case a study was made of
nuclear cylinders (2N) and hollow cylinders (2B) in a nuclear gas. In one case,
parallel layers of nuclear matter separated by the nuclear gas 1N were analyzed. It
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was determined that with increasing density there occurs a 3N ! 2N ! 1N !
2B ! 3B transformation with the subsequent transition to homogeneous matter.
These transitions go in the direction of increasing fraction of the higher density
(nuclear) phase.

In the analysis of the situation for � & 1014 g/cm3, in [58] it was shown that the
very position and existence of exotic nuclear structures depends on the form of the
N–N interaction potential. The 3N ! 2N ! 1N ! 2B ! 3B transitions begin for
ncc � 0:064 fm�3 � 1

3
n0.1:1 � 1014 g/cm3/ and terminate with the transition of 3B

to a homogeneous npe-substance for ncc � 0:096 fm�3; �cc � 1:6 � 1014 g/cm3. The
energy between the exotic phases is quite low, . keV fm�3.

As shown in [71], in the relativistic Thomas–Fermi (RTF) model the existence
domain of exotic phases is quite narrow: .1:0–1:5/ � 1014 g/cm3. In [95], an even
more narrow range, 0:050–0:058 fm�3, was obtained for the structural transitions.

Outside of the domain of experimentally studied nuclei, the equation of state of
the nuclear substance has been poorly studied. For � > �ND the nuclear properties
depend progressively heavier on the ambient neutron gas, whose pressure increases
with increasing total pressure. The equation of state of nuclear matter consists of
nucleon Hamiltonian, which describes the nucleon interaction for � � 2�0. Non-
nucleon degrees of freedom will be significant at higher densities. An effective
nuclear Hamiltonian is introduced is introduced for the description in the 1011 <
� � �0 g/cm3 domain. In this case, the effective interactions are defined in such a
way as to describe the properties of the ordinary (laboratory) nuclei, because the
main contribution to the pressure for � � 1013 g/cm3 is made by neutrons and
the effective nuclear forces provide an adequate description of the neutron gas of
subnuclear density. Although we have no direct experimental information about the
neutron substance, there are reasonably reliable numerical data about its properties
for nn . n0[75, 76].

A comparison of two equations of state of the neutron substance is shown in
Fig. 8.8 [34]. One can see that the transition to the npe-liquid appreciably increases
the slope of the curves: there occurs an increase in substance “rigidity”.

The slope of the curve is described by the adiabatic exponent

� �
�
�

p

��
ıp

ı�

�

(see Fig. 8.9).

For � < �ND the adiabatic exponent � � �

p

�
@p
@�

�
is close to 4=3[34], because in

this domain the ultrarelativistic gas Pe and lattice Pi pressures are proportional to
�4=3. The pressure above the density jump is defined by the “soft” equation of state
of the liquid-drop model, which lowers � . After the domain of “stability curve” the
equation of state becomes much more rigid, with an appreciable increase in � in
the �cc domain. The subsequent growth of � is associated with the disappearance of
nuclei and the emergence of the liquid of neutrons, protons, and electrons.
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Fig. 8.8 Comparison of SLy
and FPS equations of
state [34]

Here we shall not describe the strength properties of a nuclear crystal for � < �cc,
which were analyzed for the relativistic case in [17] and for the nonrelativistic case
in [34]. These properties are significant in the description of the crust of a neutron
star for � . 1014 g/cm3. Considered in this case are bcc lattices and polycrystalline
structures. Data on the shear moduli of the Coulomb one-component bcc lattice
plasma with neglect of screening by degenerate electrons are given in [68]. The
following expression was obtained for the shear modulus:


 D 1

5
.2b11 C 3c44/ D 0:1194

nN.Ze/2

rc
:

In an isotropic medium this expression is of the form:


 D 0:0159.Z=26/2=3Pe;

where Pe is the pressure of ultrarelativistic electron gas. Therefore,


=K D 0:016.Z=26/2=3.Pe=�P/ � 1:

For this crystal the Poisson coefficient is � ' 1=2 and the Young modulus is E '
3
.

The plasma in magnetic field has been the object of numerous investigations
in connection with research on controlled thermonuclear fusion [26, 27] and
magnetohydrodynamic generators, as well as in connection with astrophysical
applications [34].
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Fig. 8.9 Adiabatic exponent
� for the ground state of the
substance of a neutron star for
the HP model up to the
neutron evaporation point and
for the CLDM model [22, 23]
for higher �[34]

In the latter case, as we saw above, emphasis is placed on neutron stars, where
typical fields range up to �1012 Gs or �1015 Gs for magnetars [26, 27]. Under such
fields the electron and ion motion transverse to the magnetic field is quantized into

Landau orbitals of length am �
�

„c
eB

�1=2
. The ratio between the Bohr radius a0 and

this length is the field intensity parameter � D
�

a0
am

�
. For large � the Lorentzian

force acting on the valence atomic electrons exceeds the Coulomb nuclear forces.
Relativistic effects affect the Landau electron energy levels when the magnitude of
the field (in relativistic units)

b D „!c=.mec
2/ D B=Br & 1:

Here, !c D eB
.mec2/

is the electron cyclotron frequency and Br D m2
ec3=.e„/ �

4:4 � 1013 Gs is the relativistic magnetic field.
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In this notation the magnetic field is called strong for � � 1 (radio pulsars) and
superstrong for b � 1 (magnetars).

The thermodynamic functions of ideal electron gas in magnetic field are given
in [34].

The effect of magnetic fields on the thermodynamics and structure of substance
(see Fig. 8.7) is set forth at length in [34], which presents an exhaustive literature
list and convenient approximation formulas.

When the density becomes higher than � > �0 � 2:8 � 1014 g/cm3, the nuclear
substance transforms to new forms, which are different from the well-known nuclear
structures at normal conditions �0 and are therefore referred to as “exotic” [34]. The
existence of these states is caused by the properties of strong (hadronic) interaction
(pion and kaon condensations) as well as by the quark structure of baryons.

8.4 Meson, Pion, and Kaon Condensations

In the exposition of this section we shall follow monograph [34].
Pions are the lightest mesons; they may be present in a system as free particles

and replace electrons in a condensate for � > �0[4]. The idea of pion condensate
formation due to �N attraction was developed in [61, 62, 87, 88], where a change in
symmetry was noted and an important role of nuclear correlations for the existence
of such a condensate was emphasized. The formation of a pion condensate,
according to [34], “softens” the equation of state of nuclear substance.

Kaons are the lightest strange mesons and, according to [44], must form a
condensate for� > 3�0 on the strength of K�N attraction. Kaon condensation,
according to [34], sharply “softens” the equation of state as well.

Since quarks are the main building elements of hadrons, for sufficiently high
densities they may “dissociate” to form quark substance, or quark-gluon plasma
(see Sect. 6.3). The equation of state of quark-gluon plasma was calculated in the
framework of the lattice model [20] developed for quantum chromodynamics. The
properties and models of the quark-gluon plasma were considered in Chap. 6.

Like in a gas, the strong NN interaction may be represented as the sum of a short-
range repulsion and a long-range attraction, and therefore crystallization is possible
in the system. In this case, possible in the neutron matter is the formation of complex
structures like alternating layers of liquid crystals, quasione-dimensional filaments,
etc. As this takes place, each of the coexisting phases may be electrically charged.
It is evident that the formation of crystalline structures may lead to strength effects.

A large uncertainty in the equation of state of nuclear matter permitted advanc-
ing [102] a heuristic hypothesis that the exotic structures emerging under heavy
compression which are in ˇ equilibrium will also be stable under normal conditions,
forming hypothetical “self-bounded” states [57] or Q matter [5]. Suchlike hypothe-
ses underlie the construction of modern models of “strange” stars [26, 27, 34].

Exchange of virtual pions is responsible for the long-range component of N–N
interaction. The energy !n and momentum K of a pion do not satisfy the ordinary
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formulas !2n D m2
�c2 C k2c2. The virtuality of pions consists in that they live for a

time � „
m�c2

� 5 � 10�24 s and travel a characteristic length � „
m� c � 1:4 fm.

Owing to a strong pion–nucleon interaction, the ground state of dense nuclear
matter must comprise the Bose–Einstein condensate of pions [61, 62, 87, 88]. This
condensation may be described on the basis of the theory of a nuclear Fermi liquid
[64] or in terms of a Lagrangian [87, 88].

The former approach involves a stability analysis of the spatially homogeneous
state of npe
 substance in ˇ equilibrium. It turns out [34, 61, 62] that the system
for � > �0 loses stability with respect to periodic structures—density waves. In
the consideration of stability for � > �0 it was possible to determine different
perturbation branches and their stability.

Pion condensation plays an important role in the calculation of neutrino emission,
because it opens the URCA process with momentum conservation in the normal
npe
 substance.

Calculations of the equation of state of the npe
 substance under the conditions
of ˇ equilibrium between hadrons and leptons proceed [34] from minimization of
the total energy density:

".nb; n
.h/
q ; ne; n
/ D ".nb; n

.h/
q /C "e.ne/C "
.n
/;

for a fixed baryon density and under the electroneutrality condition:

nn C np D nb; np C n
�

C

s
D n�� C ne C n
:

The possibilities that open up in this case are depicted in Fig. 8.10 [34]. One can see
a strong “softening” of the equation of state due to pion condensation, which has
the effect that �2s < 0 (in the CB portion in Fig. 8.10).

Figure 8.10c deserves special mention, for it predicts [62, 63] the formation of
anomalous nuclei of significantly higher density than the ordinary ones.

In astrophysics this leads to the possibility of existence of anomalous stars of size
of about a golf ball [34, 37].

In the case of finite temperatures the peak of pion condensation remains
invariable. This is a strong ��n attraction, which is opposed by an increase in
kinetic energy due to the ordering of condensate state. An increase in T shifts the
condensation towards higher densities [55]. At the same time, for kBT & 30MeV
the thermal pion gas also makes a contribution to the thermodynamics of the system.

The critical temperature T�crit of pion condensation [52, 55] is equal to kBT�crit &
60MeV.

Kaon condensation was long considered as a process of little significance due to
the large kaon mass mKc2 D 493:6MeV. The stability condition for kaons K� in
the medium:


K� D mKc2 D 
e:
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Fig. 8.10 Three qualitatively different equations of state of pion-condensed media. Bold solid
lines show pion-condensed phases, while thin solid lines refer to the normal phase: (a) phase
transition of the second kind with a moderate softening; (b) a strong softening, which implies
a phase transition of the first kind for P D P0; (c) a very strong softening, which leads to stably
“anomalous” superdense self-bounded states for P D 0 and c D cs[34]

A kaon may occupy the lower energy state only at high densities

nb >
1

3�2

�mKc

„
�3 � 33n0 � xe

0:1
;

where xe D ne=nb.
Due to a strong kaon–baryon interaction, kaons form a condensate at densities

several times higher than the nuclear one �0[34, 81].
In the npe
 substance K� may be produced by way of the reactions

e C N ! K� C N C 	e; n C N ! p C K� C N;

whereby its energy !K < 
e. Nuclear experiments under normal conditions testify
to a strong attraction of K� with an energy ranging from 	80 to 	120MeV, and the
potential depth is known for nb � .2–3/n0. Like in the pion case, kaon condensation
strongly increases the emission of neutrinos, resulting in enhanced stellar cooling.

Calculations of the effect of kaon condensate on the equation of state of nuclear
substance are performed in the framework of an average field model [34]. To
construct the corresponding potentials and parameters of the average field model,
advantage is taken of the experimental data on kaon-nucleon collisions as well as
of the data of the quark model of hadrons and equilibrium nuclear properties [81].
Depending on the intensity of kaon-nucleon attraction, kaon condensation may be
a phase transition of the first (for UK� . 	90MeV) or second (UK� & 80MeV)
kind.
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Estimates of the bounds of kaon condensation yield a value n & .3–5/n0 [53, 73]
and predict a twofold density jump in the transition and a strong “softening” of the
equation of state.

The effect of temperature on kaon condensation was investigated in [77, 78],
where it was shown that the effect is small for T . 60MeV and consists in the
shift of the condensation bound �k

c.T/ > �k
c.0/. The data on the parameters of the

corresponding critical points are supposedly absent [34].
For a collision energy Eeab � 100MeV/nucleon of heavy nuclei the temperatures

are not high enough for appreciable hadronization. Possible in this case is the effect
of pressure decrease below the normal nuclear density, which is called the “liquid–
gas” transition in the nuclear substance [92].

The critical point of this nuclear phase transition corresponds to T � 18MeV,
� � 0:4�e. The occurrence of this transition may manifest itself in the features of
fragment distributions in relativistic nuclear collisions. The details of this effect are
described in [21].

8.5 Nucleons and Hyperons Under Supercompression

As we saw above, nuclei cannot exist at a density � > .1:5–2/ � 1014 g/cm3, and the
system passes into a quasi-homogeneous plasma of neutrons, protons, and electrons.
This state of matter is rather reliably described by the methods of many-body theory,
which is validly employed for describing the nuclear structure. In this state, baryons
are in ˇ equilibrium with electrons (and with muons if the electron Fermi energy
is higher than m
c2 � 105:7MeV). Such states of neutron stars are referred to as
“npe
 matter”; it is found in the outer core of neutron stars [34].

Under higher densities the substance passes into a so-called hyperon state [34].
Since we are dealing with densities higher than the ordinary nuclear density,

our knowledge about such states are quite scarce, which opens the way to various
qualitative assumptions. For instance, here the substance may lose homogeneity
with the formation of pion and kaon condensates; the deconfinement of quarks with
the production of quark-gluon plasma may also take place (see Sect. 6.3).

The Bose condensation of pions (the lightest of mesons) in nuclear matter
is ordinarily hindered by strong pion-nucleon repulsion. However, in superdense
matter there may occur collective excitations—quasiparticles with the properties
of pions, which may condense with the loss of translation invariance [79]. Further
research revealed the possibility of formation of different pion condensate phases.
It became clear [79] that short-range correlations and the formation of ordered
structures in dense matter impede pion condensation.

Kaons (K mesons)—the lightest strange mesons—are produced in compressed
nuclear substance due to the reactions e C N ! K� C N C 	e and n C N !
p C K� C N, where N is a nucleon, whose participation provides momentum
conservation along with energy conservation. The possibility of Bose condensation
of kaons for � & 3�0 has been studied by many authors [81]. Similarly to the case of
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pion condensation, in a neutron star we have to do with K�-like quasiparticles. They
have a smaller mass than an isolated K meson, which makes their Bose condensation
possible. The formation of kaon condensate depends on the presence of hyperons
and has a strong effect on the properties of the nucleon constituent of the substance.
Like in the case of pion condensate, in the condensation of pions the translation
invariance is lost. The condensate may be formed by way of a phase transition
of the first or second kind, depending on the force of attraction between kaons
and nucleons [31]. Both pion and kaon condensations make the equation of state
significantly softer.

The calculation of the equation of state for � & 1014–1015 g/cm3 involves
determination of the ground state of the system of hadrons and leptons and is made
by minimizing the free energy for given electric and baryon charges.

This is an extremely intricate physical problem solved for an almost complete
absence of experimental information—there are observational data only on neutron
stars [34], supernova explosions [26, 27], and relativistic nuclear collisions.

Before setting out to discuss the equation of state of nuclear matter, we emphasize
once again that the case in point is the description of a homogeneous isotropic
nuclear medium characteristic of astrophysical objects. In experiments on nuclear
collisions (see Chap. 6) we are dealing with a finite system of nucleons, for
which the conditions of homogeneity and thermodynamic equilibrium should be
separately verified (see [26, 27]). Also at issue in this case is local thermodynamic
equilibrium—an approximation which underlies transient gas dynamics.

In the subsequent discussion we adhere to [34].
For � � �0, nuclei contain no more than 10 % of protons and electrons, and

so they may be neglected and the system may be treated as consisting purely of
neutrons. A large number of calculations of the equation of state have been made
for this matter (see [34, 100] and references therein), which suffer from large
uncertainty for � � 3�0, because about half of the nucleon energy is determined
by the poorly known potentials of nucleon interactions.

The next step—calculation of the equation of state for the npe
 substance
in ˇ equilibrium—is made proceeding from the data on asymmetric nuclear
matter [34]—a homogeneous mixture of nucleons [1]—as well as the methods of
Brueckner–Bethe–Goldstone (BBG) expansions [8].

To describe the contribution made by nucleons and hyperons to the equation of
state of matter requires knowledge of the corresponding interaction potentials [96]
with the subsequent calculation of their thermodynamic potentials using, for
instance, the Hartree–Fock technique. In the calculations [96] account was taken
of nucleons, ˙ , �, � hyperons and � resonances, which turned out to be present
in the system for � & 1:2 � 1015 g/cm3. The results were found to depend heavily on
the form of interparticle interaction.

Calculations of the equation of state by the Green function [98, 99] and BBG
techniques demonstrated a “softening” of the equation of state of substance on
including the hyperon subsystem.

The models of nuclear matter are developed for calculating the equation of state
of homogeneous and infinite nuclear substance as well as for describing heavy
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Fig. 8.11 Energy per nucleon as a function of baryon number density for symmetric nuclear
matter (ı D 0), for asymmetric nuclear matter with ı D 0:4 (this asymmetry corresponds to
the neutron evaporation point in crust of a neutron star and in the central core of a newly born
protoneutron star), and purely neutron matter (ı D 1). The minima of the E(E.nb/) curves are
marked with points. The dashed segments correspond to negative pressure. These calculations
were performed for the SLy4 model of the effective nuclear Hamiltonian, which was employed for
calculating the SLy equation of state [23]. This gives n0 D 0:16 fm�3 and E0 D �16:0MeV [34]

multinucleon nuclei. In the former case the Coulomb energy for an infinite system
may be eliminated. In the equation of state for the fluid nuclear model discussed
above (Chap. 4) this is effected by the passage Ecoul D 0 and A ! 1. In this
limit the energy per nucleon E depends only on the neutron and proton densities.
The properties of this system are conveniently expressed in terms of the nucleon
number density nb and the asymmetry parameter ı D .nn 	 np/=nb. The case ı D 0

corresponds to symmetric nuclear matter and ı D 1 to the neutron matter. The
former case is most simple: owing to the charge symmetry it is possible to consider
only one type of particles—nucleons. The symmetric matter and the neutron matter
are good approximations for describing the bulk properties of heavy nuclei and
neutron stars, respectively. In the former case, for ordinary nuclei under terrestrial
conditions ı2 . 0:04.

Calculations of nuclear matter properties serve as a material for comparison
with multiparticle nuclear models (see [8]). E and ne at the minima of the curves
(Fig. 8.11) are denoted by E0 and n0, so that B0 D 	E0 is the greatest binding energy
per nucleon in nuclear matter. A comparison of short-range repulsion and long-range
attraction determines the “saturation” in the nucleon-nucleon interaction. B0 D 	E0
is the binding energy at saturation and n0 is the saturation density.
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Let us consider the case of small ı typical for nuclei at normal conditions:

E.nb; ı/ ' E0 C S0ı
2 C K0

9

�
nb 	 n0

n0

�2
;

where S0 and K0 are the symmetry and compressibility energies:

S0 D 1

2

�
@2E

@ı2

�
nbDn0;ıD0

; K0 D 9

�
n2b
@2E

@n2b

�
nbDn0;ıD0

:

S0 defines the increase in energy due to a small asymmetry; K0 defines the E.nb/

curve at a point nb D n0 and describes the increase in energy with increasing
pressure.

The numerical values of the quantities in equilibrium are determined from
experimental data on the nuclear properties at normal conditions and are as follows
(with different degrees of accuracy): n0 D 0:16˙0:01 fm�3, B0 D 16:0˙1:0MeV,
S0 D 32˙ 6MeV, K0 D 231˙ 5MeV [34].

The Hamiltonian of the system must comprise the contributions from particles or
interactions. These contributions or usually determined by the methods of quantum
chromodynamics (QCD). In this case, the Coulomb term in the Hamiltonian
is negligible and the weak interaction is implicitly present in channels for the
attainment of equilibrium.

Unfortunately, the practical realization of this formalism runs into serious
difficulties, and therefore use is made of simplified models in which quarks
are treated as being bound in hadrons (baryons and mesons) rather than treated
separately. Next introduced into the Hamiltonian is a phenomenological model
of strong (hadronic) interaction reliant on mesoscopic theories, where the strong
hadronic interaction is described by a meson exchange model and the corresponding
pseudopotentials are introduced. The parameters of these pseudopotentials are found
on the basis of numerous experiments on nucleon scattering and experimental data
on the properties of deuterium 2H. Experimental data on NH and HH interactions
are confined to low-mass � and ˙ hyperons. For other hyperons, experimental
information is even more scarce.

Apart from pair interactions, for � � 1015 g/cm3 a significant contribution is
made three- and multiparticle interactions, the data on them being quite scarce.

At first we consider a simplified minimalistic model [34] based on extension of
the npe
 model to the domain � � 2�0.

Historically, the main task of nuclear physics was to find the forces binding
nucleons into a nucleus. Modern phenomenological potentials are constructed on
the basis of a huge number of experiments on nucleon-nucleon scattering at energies
of up to 350 MeV, above which there set in inelastic pion production processes.

The effective nucleon-nucleon interaction potential is a complex and quite
frequently cumbersome tensor function of spatial, spin, and isospin variables:

O�ij D
18X

uD1
�u.rij/ OOu

ij;
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where the first 14 operators are charge-independent, i.e. are invariant with respect to
time in the isotopic space:

OOuD1;:::;14
ij D 1; �i � �j; �i � �j; .�i � �j/.�i � �j/; OSij; OSij.�i � �j/; OL � OS; OL � OS.�i � �j/;

OL2; OL2.�i � �j/; OL2.�i � �j/; OL2.�i � �j/.�i � �j/; . OL � OS/2; . OL � OS/2.�i � �j/:

Even this complex representation has a limitation: it is local and depends on rij,
and does not describe nonlocal terms—for instance, meson exchange.

Three-particle interactions begin to play a part with increasing � and are required
for describing the binding energy between 3H and 4He. One way to take them into
account [80, 90] consists in modifying the medium-range potential and the single-
pion exchange.

The relativistic corrections caused by the passage from the co-moving frame of
reference to the laboratory one decrease the repulsive part of the potential and make
a contribution to the equation of state at high densities [1].

At the hadronic level, strong nucleon-nucleon interaction is the result of meson
exchange between the nucleons. In field terms this is a result of the interaction
between nucleon and meson fields.

The complete modern theory of strong interaction is the theory of quantum
chromodynamics (QCD), where the main fields are those of quarks and gluons.
Quarks and gluons do not arise directly in the meson exchange model for the strong
interaction under consideration, and the substance consists of mesons, nucleons,
and their resonances. The meson exchange model successfully describes nucleon-
nucleon interactions at energies .350 MeV, the properties of 2H and diluted nuclear
systems, and operates on nuclear and meson fields  and '. In this case, mesons
have a mass .1 GeV/c2, which does not permit describing short-range interactions
for .0.2 fm.

Meson-nucleon interaction is described by the corresponding term in the
Lagrangian, which depends on the properties of meson field symmetry under
rotation and reflection.

As regards symmetry, considered are the following types of mesons: pseu-
doscalar (the field 'ps, the mass mps), scalar (the field '.s/, the mass ms) and vectorial

(the field '.v/
 , 
 D 0; : : : 3, the mass mv).
Experiment gives [34]: m�c2 D 138MeV, m�c2 D 548MeV, m�c2 D 769MeV,

m!c2 D 783MeV, and mıc2 D 983MeV. The terms in the corresponding
Hamiltonian describe the prescribed types of interactions and field symmetries, and
contain pure adjustable parameters for describing experimental data [34].

The contribution from single-particle exchange by �- and !–mesons reflects
two important properties of nucleon-nucleon interaction. The � exchange results
in long-range ( „

.m�c/ � 1:4 fm) forces, while the ! exchange is responsible for the

short-range ( „
.m!c/ � 0:25 fm) repulsion and for the reasonable magnitude of the

spin-orbit term.
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The two-pion exchange is responsible for the medium-range ( „
.2m�c/ � 0:7 fm)

attraction, in which excited resonance states also make their contribution. Summing
the corresponding Feynman diagrams gives the scattering matrices, the calculations
which may be compared with 2HH collision experiment data.

To perform multiparticle calculations requires interaction pseudopotentials,
which are constructed proceeding from the field-theory meson-exchange methods
described above. This is usually done in the framework of a single-boson exchange
(SBE) model, when the multipion exchange is described by the scalar � meson
(m�c2 � 550MeV) exchange with the corresponding �-nucleonic coupling
constant.

The interaction term depends not only on the distance between the particles, but
also on their neighbors and their wave functions.

The single-component exchange model permits describing with a good accuracy
�4300 results of pp- and np collisional experiments at energies .350 MeV.

Detailed data on the potentials may be found in [93, 101].
Data on nucleon-hyperon and hyperon-hyperon interactions are quite scarce.

There are only a few points on nucleon-hyperon interactions and no points on
hyperon-hyperon interactions. Available are data on hypernuclei with A D 3 and
A D 4. Under these conditions, considerations about the types of interaction
symmetries are invoked for constructing the corresponding potentials (for more
details, see [34]).

The energy of nuclear matter is calculated in the following formulation [34]: a
system of Ab nucleons (N neutrons and Z protons) is considered in the limit V ! 1,
Z=Ab D const. In homogeneous nuclear matter nn D N

V , np D Z
V , and nb D Ab

V D
nn C np. The Coulomb energy and proton–neutron mass difference are neglected.

To calculate the equation of state of nuclear matter, use is made of the method
of Green function, which is basically a version of the perturbation method, or
variational methods, which involve minimizing the Hamiltonian in the space of
multiparticle wave functions f varg[1].

It is well known that the main properties of atomic nuclei may be described by
two, on the face of it, different models: the shell model and the liquid-drop model.
In the former model the multiparticle problem reduces to the problem of the motion
of a single particle in some average field of other particles. In the liquid-drop model
the nucleons interact with each other so strongly that their motion is completely
collective, so that the nucleus resembles a droplet of strongly coupled nucleons. An
analysis of the features of these models from the standpoint of field theory is given
in [43], where the interaction of nucleons is effected by scalar and vector mesons.
In this case, the scalar meson determines long- and medium-range attraction, which
explains the formation of nuclei out of nucleons and the magnitude of potential
minimum, while the vector meson defines repulsion and thereby the nuclear binding
energy. Analogous models [25, 43] were developed by introducing similar meson
fields and including relativistic effects.

An average field model with the introduction of electroneutral field of �- and
! mesons, where m�c2 � 600MeV, was proposed in [43]. The contribution of
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! mesons to the interparticle potential is negative in character and increases with
density. As a result, the potential has a minimum, which determines the nuclear
binding energy.

The relativistic generalization of the model of [43] was set forth in [25], where
the average field of the system is calculated in the Hartree approximation. The
relativistic average field model has many attractive features. It is simple from
the computational viewpoint even for multicomponent baryon matter consisting
of nucleons and hyperons. Its Lorentzian invariance ensures that the perturbation
propagation velocities are always lower than the velocity of light.

However, this model also has disadvantages. The meson approach implies that
the average internucleon distance rNN is much shorter than the virtual meson path
r� D „

m�c , which is fulfilled for nb � 100n0. There where the model corresponds to
experiment, rNN � r� . There are other drawbacks as well (see [34]).

According to density functional method (DFM) [51], the energy of a multiparti-
cle system is a functional of the single-particle density. The ground state energy
is determined by minimizing this functional of the single-particle density. The
model of the density functional method is significantly simplified in the case of
a homogeneous spin-nonpolarized nuclear matter, where everything depends on
np and nn. The parametric form of the dependence "n.nn; np/ is selected so as to
satisfy experimental data or is inferred from more exact models [18, 19]. Several
functionals for the equation of state may be found in [34, 83].

With increasing density, hyperons begin to replace high-energy neutrons [34].
Introduced in lieu of the nucleon energy density "N.nn; np/ is a more general baryon
functional "B.nB/, where nB is the set of densities of baryon particles B:

X
nB D nb:

For nb . 10n0 it would suffice to consider six light baryons: the nuclear charge
doublet N, the charge singlet�, the charge triplet˙ , and the charge doublet� . The
parameters of these baryons are collected in Table 8.2. The baryon field possesses
well-defined properties in an isospin space, nucleons and hyperon� are represented
by an isospin field, � by an isoscalar field, and ˙ by an isovector field.

To calculate the equation of state [34] we consider a scheme consisting of
nucleons, electrons, and muons. The nucleons are a strongly interacting Fermi
liquid; the electrons and muons are a quasi-ideal Fermi gas:

".nn; np; ne; n
/ D "N.nn; np/C "e.ne/C "
.n
/:

The equilibrium conditions


n D 
p C 
e; 

 D 
e
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Table 8.2 Masses, electric
charges, strangenesses, and
average measured lifetime of
a baryon octet

Baryon mc2 (MeV) Q.e/ S �.s/

p 938:27 1 0 >1032

n 939:56 0 0 886

�0 1115:7 0 �1 2:6 � 10�10

˙C 1189:4 1 1 0:80 � 10�10

˙0 1192:6 0 �1 7:4 � 10�20

˙� 1197:4 �1 �1 1:5 � 10�10

�0 1314:8 0 �2 2:9 � 10�10

�� 1321:3 �1 �2 1:6 � 10�10

The baryon number, spin, and parameter ratio of all
these baryons are 1, 1/2 and C1 respectively

are reflective of the weak interaction processes

n ! p C e C 	e; p C e ! n C 	e;

n ! p C 
C 	
; p C 
 ! n C 	
:

The substance is usually transparent to neutrinos, and they make no contribution to
the thermodynamics.

For ultrarelativistic electrons


e D „cpFe � 122:1

�
ne

0:05n0

�1=3
MeV:

For medium-relativistic muons



 D m
c2

s
1C

�„pF


m
c

�2
:

Muons are present when 
e > m
c2 D 105:65MeV.
The pressure

P D n2b

�
d."=nb/

dne

�
:

Figure 8.12 shows the equations of state of the nuclear matter [34] calculated
using five models. The BBB1 and BBB2 models are the Brueckner–Bethe–
Goldstone models calculated with different nucleon-nucleon potentials and triple
interaction models. The APR and APR	 models are based on the variational
method with the same nucleon-nucleon interaction potentials but with a new triple
interaction potential improved using experimental data. The UIX	 repulsive part of
triple nucleon interactions is stronger than in UIX forces of the APR equation of
state. However, this has a weak effect on the equation of state. Finally, the SLy
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Fig. 8.12 Pressure in relation to the baryon number density for several equations of state
(Table 8.3) of npe
 matter in ˇ equilibrium [34]

equation of state is based on the density functional method and is close to the
APR model. As we have already seen, the fraction of protons has a strong (cubic)
dependence on the symmetry energy.

An assumption that the substance has the same composition for � & 2�0 as
under lower compressions form the basis for the so-called “minimal” model [34],
which underlies several models (Table 8.3 [34]). The results of calculations by
the APR and APRb	 equations of state are compared in Fig. 8.12 [34]. One can
see that the inclusion of relativistic calculations and improvement of the triple
nucleon interaction potential has only a weak effect on the equation of state even
for nb ' 1:2 fm�3. The APR and APR* models are “softer” than the models with
older versions of the potential.

Figure 8.13 gives the density dependence of the adiabatic exponent

� D nb

P

dP

dnb
D P C "

P

dP

d"
:

The oscillations of �.nb/ are reflective of the physical processes in compressed
npe
 substance described above.

With increasing compression, for � & 2�0, as noted above, in the system there
sets in the production of hyperons. Their condensation is calculated by conventional
thermodynamic methods [34] and is depicted in Figs. 8.14 and 8.15. The appearance
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Table 8.3 Selected equations of state (EOS) of the cores of neutron stars [34]

EOS Model Reference

BPAL12 npe
 energy density functional [13]

BGN1H1 np��e
 energy density functional [6]

FPS npe
 energy density functional [74]

BGN2H1 np��e
 energy density functional [6]

BGN1 npe
 energy density functional [6]

BBB2 npe
 Brueckner theory, NN Paris potential C UVII NNN Urbana
potential

[7]

BBB1 npe
 Brueckner theory, A14 NN Argonne potential C UVII NNN
Urbana potential

[7]

SLy npe
 energy density functional [23]

APR npe
 variational theory, A18 NN Argonne potential C UVII NNN
Urbana potential

[1]

APRb� npe
 variational theory, A18 NN Argonne potential with stress
correction C UVII NNN Urbana potential

[1]

BGN2 npe
 effective nucleon energy functional [6]

Fig. 8.13 Adiabatic exponent of npe
 matter in the inner core of a neutron star in relation to the
baryon density for several equations of state. All the equations, excepting three equations of state,
were borrowed from Table 8.3 and the remaining ones from [100]

of hyperons in the system is easily seen in the composition curves (Figs. 8.14
and 8.15). For instance, n� ' nn for nb D 8n0. According to calculations [34], with
increase in compression there initially emerge˙� hyperons. The hyperonization of
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Fig. 8.14 Particle fractions xj D nj=nb as functions of the baryon number density nb (in units of
n0 D 0:16 fm�3) are calculated by a formula from [35] for two relativistic baryon interaction
models. At the left: effective chiral model [35]. At the right: relativistic average field model
TM1 [94]

substance results in its deleptonization: the negatively charged particles e and 
 are
replaced by ˙� and other negative hyperons, and eventually there persist only ˙C
hyperons. The so-called “baryon soup” emerges for nb ' 1 fm�3.

The emergence of baryons “softens” the equation of state, because high-energy
neutrons are replaced by massive low-energy baryons (which produce a lower
pressure). Figure 8.16 serves to illustrate this “softening” of the equation of state.
The change of adiabatic exponent � is shown in Fig. 8.17.

We note that the equation of state depends heavily on the model for nb � 5n0. In
particular, little is known about three-particle interactions including hyperons.

General constraints on the equation of state are required in the domain � > �0,
where our knowledge about the behavior of nuclear substance are especially limited.
The main requirements of general nature on the equation of state are causality and
Lorentz invariance. They may be formulated in different ways. For instance, by
introducing the requirements of ultrabaricity p > " and causality dp

d" > 1.
The circumstances of the violation vs > c for several equations of state are

marked by points in Fig. 8.18.
The problem of interrelation between the constraint vs < c, Lorentzian invari-

ance, and causality was analyzed in [11, 12, 16, 70, 85]. Two questions are raised:

(a) does Lorentzian invariance impose constraints on the equations of state?
(b) is the condition dp

d" > 1 sufficient for the fulfillment of causality condition?

How is the equation of state under discussion related to the principle of causality?
The condition vs > c may be indicative of the violation of causality, because a
signal propagates faster than light in this case. However, vs > c may result from the
interference of several special components of sound waves, when high-frequency
components are amplified and low-frequency ones attenuate.
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Fig. 8.15 Particle fractions xj D nj=nb as functions of nb calculated by a formula from [97] in the
BHF approximation for two baryon interaction models. The upper panel: Nijmegen model E[82],
only ˙� hyperon is present in the cores of neutron stars. The lower panel: the APR model for the
nucleon sector (Table 8.3 [1]) and Nijmegen model E [82] for the NH and HH interactions. Unlike
the upper panel, � is present in the dense matter. Solid lines in both panels: all baryon-baryon
(NN, NH, HH) interactions are included. Dashed lines in the lower panel: HH interactions are
(artificially) disengaged [34]

To summarize, it is valid to say that Lorentzian invariance and causality do not
rule out the possibility that vs > c. However, the corresponding disconfirmative
example pertains to ultrahigh densities, which are higher than the characteristic
quark deconfinement densities.

In summary of this section, we emphasize the following. As discussed above,
our experimental data about the properties of nuclear matter are quite scarce when
we are dealing with temperatures and densities exceeding the ground state with
�0 ' 0:15 fm�3 [92]. In this domain the hadronic matter may exhibit a great variety
of properties and structures, quite often of a highly exotic nature. Possible for T <

20MeV and � < �0 is nuclear evaporation [92] and for high densities � > 3�0 the
emergence of hadronic nuclear substance (pion condensate and isomers).

The pionization of nuclear matter is predicted to take place for T > 50MeV.
The phase transition caused by the deconfinement of quarks and transition of
nuclear matter to the state of quark-gluon plasma takes place for � > 5–10�0
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Fig. 8.16 “Softening” of the equation of state by the presence of hyperons. Each panel shows the
equation of state with (bold line) and without hyperons (thin line). At the left: equation-of-state
model of [29]. At the right: BGN1 and BGN1H1 equations of state from [6] (see Table 8.3) [34]

Fig. 8.17 Adiabatic exponent � as a function of nb in the core of a neutron star. The calculations
were performed for a model equation of state [29]. Solid line (�hyp): hyperonic substance (vertical
dotted lines indicate the thresholds of the emergence of muons and hyperons); the dash-dotted line
(�nuc) corresponds to the case when the appearance of hyperons is artificially forbidden

and T � 150–250MeV. These exotic states of matter supposedly emerged in the
first milliseconds after the Big Bang (see Sect. 10.4) and emerge in the course of
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Fig. 8.18 Model equations of state of the core of a neutron star (see Table 8.3). Black points
correspond to the highest densities in stable neutron stars, while asterisks indicate the densities
above which the equations of state are superluminal (vs > c)

supernova explosions [26, 27] and neutron star production [34] as well as in the
relativistic collisions of heavy nuclei [92].

Of special interest are the works on the prediction of heavy compressions in
nuclear collisions performed by the “Frankfurt” school of physics headed by W.
Greiner and H. Stöcker [92]. Not only was a beautiful hydrodynamic theory of heavy
nuclear collisions constructed in these elegant works, but they also were concerned
with the development of a method for obtaining equations of state proceeding from
observable collisional data (fragments, pions, etc.).
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Chapter 9
High Energy Densities in Planets and Stars

High-energy-density physics underlies the contemporary understanding of the
structure of astrophysical objects and their evolution, which takes place under the
action of gravitational forces and thermonuclear energy release [54].

It is hard to imagine a domain of intellectual activity that underwent greater
changes over the past century than cosmology. Scientists have radically revised their
viewpoint on the structure of surrounding world.

The scale and diversity of these phenomena are astounding, and comprehending
them calls for the latest ideas and data from the cutting edge of modern physics.
In this case, the observations of astrophysical objects are carried out over a broad
range of the electromagnetic spectrum, from hard � -rays to waves with meter-long
wavelength (Figs. 9.1 and 9.2), providing unique information about the physical
processes at ultrahigh energies unattainable by modern accelerators. According to
Academician Ya.B. Zel’dovich’s figurative statement, the universe is “an accelerator
for the poor”, which does not demand from them multibillion expenses for the
construction of experimental facilities.

The Universe consists of the ordinary substance, photons, relict radiation, hidden
mass, and “vacuum-like” matter which manifests itself as a nonzero cosmological
constant [17, 39]. By an ordinary substance are meant primarily protons, electrons,
and neutrons. Hydrogen is the dominant element. There also are helium and a
small amount of lithium. Heavy atoms are present in a very small amount in the
Universe. The number of protons in our Universe of size 1028 cm is of the order
of the Eddington–Dirac number N D 1080. The substance density in the Universe
�sub D 10�31 g/cm3. This substance exists in the form of stars, comets, interstellar
gas, meteorites, and cosmic rays.

According to modern views [104], about 74 % of the energy-mass is due to
the antigravitating “dark energy”. The gravitating mass (“dark”, or hidden mass)
accounts for about a quarter of the average density of the Universe, about 22 % is
due to the “dark” matter; the ordinary baryon substance presented in the periodic
Mendeleev table accounts for only about 4 %. These 4 % of the matter are contained
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Fig. 9.1 Spectral regions of observations of astrophysical objects (L.M. Zelenyi, 2007, Private
communication)

in stars, planets, and the interstellar medium. The interstellar medium accounts
for 4/5 of the mass of baryon matter, and only 0.5 % of the average density of
the Universe is concentrated in the stars. They occupy only 10�25 of the volume
of the Universe. Despite these modest “average” figures, the stars truly play an
outstanding role in our Universe, because their bright radiation reaches us through
great distances and is the main source of information about diverse transformations
of mass and energy in the Universe. It is precisely in the stars that there take place
irreversible thermonuclear transformations, production of heavy elements, and the
generation of exotic forms of matter inaccessible to us—neutron substance, quark-
gluon plasma, etc. And while the information about the first hundreds of thousands
of years of the evolution of the Universe is provided by relict radiation, we judge
the history of the next billions of years by stellar observations.

The range of matter parameter variations in the universe is extremely
broad [36, 107]: from empty space1 and the tenuous intergalactic gas with a
density of 10�30 g/cm3 to extremely high neutron star densities of 1014–1017 g/cm3

1This figure follows from the measurements of gravitational effects in empty space and is consistent
with the notion of the upper bound, which follows from the lower limit of the curvature of
space [15].
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Lx ~ 1041 erg/s

CARTWHEEL GALAXY

Fig. 9.2 Cartwheel Galaxy images in different spectral regions (L.M. Zelenyi, 2007, Private
communication)

(Table 9.1). The temperature of the intergalactic gas with a density n � 10�4–
10�3 cm�3 amounts to 107–108 K, but may range up to a billion degrees when
heated by shock waves (arising from the shedding of stellar shells, stellar collisions
and explosions, the collisions of gas clouds, etc.). Inside neutron stars (see Chap. 8)
it is equal to 108–1011 K [54]. 99 % of visible matter is heated to temperatures
exceeding 105 K.

While the magnetic field amounts to �10�9 Gs in intergalactic space and 10�6 Gs
near the galactic plane, at the surface of neutron stars it is 22 orders of magnitude
higher. The record is held by the recently discovered magnetars—neutron stars
produced in supernovae bursts. The magnetars exhibit a tremendous magnetic
field—up to 1015 Gs, which corresponds to densities of �108 g/cm3, approaching
the density of nuclear matter [64].

Gigantic black holes entirely absorb stellar systems and hot galactic nuclei.
It is not unlikely that the magnetic tunnels (“wormholes”) [51], which have
recently come under discussion, connect our and other universes. The gravitational
accretion of matter gives rise to highly collimated jets, beams of charged particles
accelerated to ultrahigh energies. Supernovae explosions generate shock waves,
plasma ejections, turbulent plasma, and dust clouds, producing the material for the
formation of stars [36, 71, 107, 115]. Neutron stars measuring several kilometers
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Table 9.1 Characteristic parameters of matter in nature and in the laboratory

Object T (K) � (g/cm3) P (bar)

Intergalactic gas 107–108 10�30–10�3 10�17–10�7

Earth, center 5� 103 10–20 3:6� 106

Jupiter, center (1.5–3/ � 104 5–30 (3–6/ � 107

Exoplanets 103–105 1–30 107–108

Diamond anvils 4� 103 5–20 5� 106

Shock waves 107 13–50 5� 109

Controlled thermonuclear fusion,
magnetic confinement

108 3� 10�9 50

Controlled thermonuclear fusion,
inertial confinement

108 150–200 2� 1011

Sun 1:5� 107 150 1011

Red giant (2–3/ � 107 103–104 5� 1012

White dwarf 107 106–109 1016–1022

Relativistic collision of gold nuclei,
100 GeV/nucleon, Brookhaven

2� 107–7 � 1013 1015 1030

Neutron star, black hole, gamma
bursts

108–1011 1014–5� 1015 1025–1027

Early universe 1032 1094 10106

(Planck conditions)

rotate at kilohertz frequencies and act on the plasma with their gigantic magnetic
fields to generate high-intensity X-ray radiation.

Detailed astronomical observations testify to the predominance of new forms of
matter such as dark matter and dark energy. As this proceeds, we recognize that
the structure of even the closest planets of the Solar System is as yet imperfectly
understood.

There constantly emerge new efficient methods for the investigation of
stars [104]. Optical interferometry permits measuring the size and even the shape of
the stars. High-precision cosmic photometers have offered outstanding possibilities
in astroseismology: acoustic waves which come from the stellar interior to the
surface provide information about the structure of the photosphere and thereby
make it possible to obtain data about the stellar interior with the use of optical
telescopes.

It is desired to reproduce to some extent these exotic states and the transforma-
tions of matter in laboratory conditions by way of relativistic nuclear collisions, at
the focus of ultrahigh-power lasers, in imploding plasma pinches, or in supercom-
puter simulations [71]. In this case, the difference in laboratory and astrophysical
scales amounts to many (up to 25) orders of magnitude, calling for the selection of
adequate dimensionless variables and a careful analysis of similarity criteria [19,
89]. The existing and fundamentally possible technical capabilities along with the
prospects of high energy density cumulation were described in the previous chapters
and constitute the technical basis for laboratory astrophysics [19, 89, 105], a rapidly



9 High Energy Densities in Planets and Stars 509

developing area of high-energy-density physics. Laboratory astrophysics has to
do with the experimental study of the equation of state, intense shock, radiative,
and magnetohydrodynamic waves, the hydrodynamics of mixing, supersonic and
relativistic jets, radiating streams, the optical properties of photoionized plasmas, the
transport and kinetic properties of strongly compressed hot matter, and relativistic
plasmas. These processes are intimately related to a wide class of astrophysical
objects and phenomena, such as supernovae (Figs. 9.3 and 9.4), neutron stars,
astrophysical jets (Fig. 9.5) accelerated by radiation, molecular and dust clouds,
black holes, “wormholes”, � -ray bursts, planets, and exoplanets.

The central element for constructing the structure and evolution of astrophysical
objects is the physical properties of strongly compressed and heated matter [54].
These are the equations of state, the composition of plasma, its optical properties,
and its transfer coefficients—viscosity, thermal conductivity, diffusion, electrical
conductivity, stopping power for particles, etc. These data are required in a wide
range of the parameters of state, with only narrow bands of these parameters
attainable by laboratory measurements today. At the same time, theoretical models
developed for hot plasmas or cold dense matter operate in rather broad ranges [28,
32, 54, 71].

Fig. 9.3 Kepler supernova remnant (in X-ray and infrared radiation) [70]
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Fig. 9.4 Gas ring heated by an intense shock wave around the supernova 1987A (SN1987A) [70]

Fig. 9.5 Sketch of the binary object SS433 [107]. At the left is a massive star, whose matter flows
to a compact object at the right (a neutron star or a black hole), which give rise to two relativistic
jets with velocities of �1=4 the speed of light
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Let us briefly consider examples of astrophysical objects; in doing this we shall
primarily follow [71] and view them only from the standpoint of high-energy-
density physics.

9.1 Planets and Exoplanets

The comprehensive information about the giant planets of the Solar System obtained
by unmanned stations as well as the discovery of hundreds of planets outside of the
Solar System (exoplanets) has lent strong impetus to planetary research [10, 82].
The evolutional and structural models elaborated in this area rely on qualitative
information about the physical properties of compressed hot matter in the megabar
and ultramegabar pressure ranges (Figs. 2.2 and 3.36, Table 9.1).

9.1.1 Planets of the Solar System

Figure 9.6 [84] shows the dimensions and the average distance to the Sun for the
planets of the solar system, and Figs. 9.7 and 9.8 their masses and composition. The
data points in Fig. 9.7 are located near the average density of �3 g/cm3, although
they fall within the range between 0.5 g/cm3 for cometary nuclei and 7.7 g/cm3

for metal asteroids and meteorites. The biggest planet—Jupiter—is ten times
smaller in size than the Sun, but it has a density close to the solar one (1.33 and
1.41 g/cm3, respectively). Saturn is close to Jupiter in size, but its density is about
half—0.70 g/cm3. The densities of Uranus and Neptune are 1.27 and 1.64 g/cm3;
together with Jupiter and Saturn they make up the group of giant planets of the
Solar System. The Earth (5.52 g/cm3), Venus (5.24 g/cm3), Mars (3.94 g/cm3), and
Mercury (5.43 g/cm3) constitute the terrestrial group of planets with a high average
matter density. This circumsolar matter in its turn accounts for 0.134 % of the mass
of the Solar System, the overwhelming amount of which (99.866 %) is accounted
for by the Sun—a star, a yellow dwarf.

The solar mass is about 2 � 1030 kg, the Sun is 333,000 more massive than the
Earth and 1000 times more massive than Jupiter.

The most massive stars of the known ones are approximately 100 times more
massive than the Sun. These massive stars are only 1500 times “heavier” than the
lowest-mass stars. In this case, the stars vary trillion-fold in luminosity [104].

The stars vary not so greatly in size, but also significantly—by nearly a billion
times (not counting neutron stars). In this case, the largest stars are not necessarily
the most massive ones. There are stars which exceed our Sun approximately 1500-
fold in diameter, and some of them are not much different from the Sun in mass and
their average density is millions of times lower than the solar one. This is despite the
fact that the average solar density amounts to 1.4 g/cm3, which only slightly higher
than the water density [104].



512 9 High Energy Densities in Planets and Stars

F
ig

.9
.6

M
as

se
s

of
pl

an
et

s
(i

n
un

it
s

of
te

rr
es

tr
ia

lm
as

s)
an

d
th

ei
r

av
er

ag
e

di
st

an
ce

s
to

th
e

Su
n

[8
4]



9.1 Planets and Exoplanets 513

Fig. 9.7 Masses and dimensions of the objects of the Solar System. All of them are located almost
in one line, corresponding to an average density of about 3 g/cm3 [99]
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Fig. 9.8 Relative content of different types of matter in the objects of the Solar System [99]
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Fig. 9.9 Diagram of the internal structure of the giant planets as compared with terrestrial
structure [84]

Figures 9.9 and 9.10 show the structure and characteristic parameters of several
giant planets of the Solar System, which account for 99.5 % of the mass of
circumsolar matter. One can see that complex structures and diverse physical
processes are involved, which researchers should learn to reproduce in laboratories
and describe by theoretical models of dense plasmas at megabar pressures.
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Fig. 9.10 Structure and physical conditions of the giant planets of the Solar System [35]

Figure 9.11 shows the location of planetary matter on the phase diagram and
the conditions accessible to dynamic experiments. Figure 9.12 presents the phase
diagram of iron, where the terrestrial states and Fe Hugoniot curves are shown. The
internal structure of the Earth is shown in Fig. 9.13.

9.1.2 Exoplanets

Much less observational information has been gained about the planets that are
outside of the Solar System. To date, several hundreds of such objects have been
discovered since 1992. Astronomers detect these objects from the lowering of stellar
brightness at the instant the planet crosses in front of the stellar disc, between the
star and the terrestrial observer (“shadowing” method, Fig. 9.14 [91]). Figure 9.15
shows a rare picture of the exoplanet-satellite of the star Gliese 229 made by the
Hubble space telescope. The bright halo at the right is the optical exposure of the
photodetector. The mass of this exoplanet is 20–60 times the mass of Jupiter.
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Fig. 9.11 Location of substances in the phase diagram

Fig. 9.12 Phase diagram of iron with indication of terrestrial states and the Hugoniot adiabatic
curve
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Fig. 9.13 Internal structure of the Earth

Only one of the planets discovered—Gliese 581, which is at a distance of
20.5 light years from the Earth—only vaguely resembles our planet (temperature
of 15–55 ıC). The NASA’s Kepler space mission, launched in March 2009, is
engaged in the search for Earth-like exoplanets. The exoplanets discovered to date
are primarily classed as quite massive objects (see Fig. 9.16 [10, 35, 82]) with a
broad spectrum of orbit dimensions, which is responsible for the wide diversity of
the physical conditions of their matter.

In particular, the exoplanet DH2094586, which was discovered in 1998, resem-
bles Jupiter in structure and by parameters (somewhat exceeding it in temperature),
with a domain of a plasma phase transition and the phase layering of hydrogen
and helium plasmas. Researchers predict [35], in the majority of instances, the
occurrence of a massive core containing heavy elements (with a mass up to 100
terrestrial masses). Figures 9.16 and 9.17 show the dimensions and masses of a
number of giant planets and exoplanets as well as their chemical composition in
comparison with several planets of the Solar System.
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Fig. 9.14 V376 Pegasi was the first variable star in our galaxy that was found to vary in brightness
owing to a transit of a planet across its disk [91]. The star is dimmed in the transit of the planet by
several percent in all spectral ranges (B, V, R, I, Z)

Figure 9.18 shows the element abundance according to [10]; the circles indicate
the compounds significant for giant planets and exoplanets.

A continuation of active investigations of giant planets and exoplanets with
spacecraft is planned for the near future. The Cassini space probe will measure
the gravitational field of Saturn with high precision; the CoRoT probe and Kepler
(launched in December 2006 and March 2009, respectively) should discover tens
of new exoplanets; the Juno spacecraft (launched in 2011) will measure the
gravitational and magnetic fields of Jupiter with high precision; and Kronos (launch
after 2015) is intended to measure the parameters of Saturn.
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Fig. 9.15 Photograph of a satellite of the star Gliese 229. The image was obtained by the Hubble
Space Telescope [98]

Fig. 9.16 Characteristics of exoplanets [35]
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Fig. 9.17 Characteristics and chemical composition of exoplanets compared with several planets
of the Solar System [35]

Fig. 9.18 Abundance of chemical elements according to [10]
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To interpret the data of terrestrial and space measurements as well as to construct,
on their basis, models of evolution, structure, and energetics of these objects requires
reliable data about the physical properties of nonideal plasmas in the megabar
pressure range (Figs. 9.9 and 9.10). At issue is a dense multicomponent plasma with
a strong collective interparticle interaction, where pressure-induced ionization—so-
called “cold” ionization—is of paramount importance along with thermal ionization
effects. The pressures at the center of Jupiter (Figs. 9.9, 9.17, and 9.22) amount to
�40–60 Mbar for a temperature of (15–20/�103K, while the pressure at the center
of the brown dwarf GL 229 is equal to �105 Mbar [115].

Experiments on the multiple (quasi-adiabatic) shock compression of hydrogen,
helium, and their mixtures performed with pneumatic guns [73] and explosive
loading devices (Fig. 9.19) [30, 32, 33] yield the required information about
pressure-induced ionization (Fig. 9.20) [26, 30, 32] and about the phase transition
(Fig. 9.21) [33] in this plasma. The measurements suggest that the plasma phase
transition takes place on the deuterium isentropic curve at P � 1:2Mbar and the
pressure-induced ionization occurs in a similar pressure range for a plasma density
of �0.5–1.0 g/cm3. This permitted the radius in Jupiter at which metallization
occurs to be measured, shifting it towards greater radii (Fig. 9.22) [28, 72].

Fig. 9.19 Explosion generator for the shock-wave compression of plasmas [30]. 1: explosive
charge, 2: steel plate, 3: bottom of experimental plate, 4: substance under investigation, 5: leuco-
sapphire window, 6: indium electrodes, 7: shunt resistance, quartz-quartz optical fiber, 9: coaxial
electric cables, 10: gas supply lines
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Fig. 9.20 Pressure-induced ionization of nonideal hydrogen plasmas [30, 42, 73, 78]. The area of
a thermodynamic phase transition [33] is marked in yellow; asterisks indicate the data of density
measurements by pulsed X-ray radiography [33]. QMC Calculations by a quantum Monte Carlo
technique [8, 23, 24]

The magnitude of “cold”-ionization pressure is of consequence in estimating
the convective effects and the generation of Jupiter’s high (10–15 Gs) magnetic
field. The occurrence of a plasma phase transition is of interest in estimating
the energy (including gravitational energy) liberation in the phase separation of
helium and heavy elements (Fig. 9.23), as well as in estimating thermal fluxes.
Therefore, the phase diagrams of hydrogen, helium, and hydrogen–helium mixture
plasmas, plasma phase transitions, metallization boundaries, the mutual solubility
of chemical elements and nonideal plasmas of different composition, as well
as the possibility of “helium rain” occurring at high P and T invite further
investigation [71].

9.1.3 Low-Mass Stars and Substars

Close to planetary objects in dimensions are brown dwarfs, low-mass stars, and
substars, in the interior of which nuclear reactions have died out [6] owing to the
insufficiency of mass (commonly this is 0.07–0.09 of the solar mass and a size
comparable to that of Jupiter). These “unsuccessful stars” range from Jupiter to
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Fig. 9.21 Recording of the adiabatic compressibility of a deuterium plasma [33]. The domain of
the plasma phase transition is marked in yellow. Top: D2-density-scaled electric conductivity data
(Fig. 9.20)

the Sun in mass and consist of a hydrogen–helium degenerate or partly degenerate
nonideal plasma with a pressure of about 105 atmospheres at the center, while the
plasma in white dwarfs is completely degenerate [2, 11, 57, 82].

As in the case of planets, studying and constructing atmospheric models of
brown dwarfs and other substellar objects is an extremely intricate task, which
calls for comprehensive thermodynamic and spectral calculations of molecular
multicomponent plasmas (millions of spectral lines and bands). Account should
also be taken of the occurrence of a condensate, the shift and broadening of spectral
lines, as well as the presence of metals and their compounds. All of this is required,
in particular, for calculating the luminosity of these scarcely observable objects and
determining their contribution to the hidden galactic mass.

By and large, the optical properties of stellar plasmas are one of the central areas
of application of high-energy-density physics to astrophysics [83], because radiation
determines the energy transfer inside the stars, their evolution, and observable
luminosity, yielding the bulk of observational information about these objects.
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Fig. 9.22 Schematic of Jupiter’s structure before (a) and after (b) measurements of electric
conductivity in shock-compressed hydrogen [72]. The zone of the metallic core has shifted from
0.75 to �0.9 of Jupiter’s radius (b)
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Fig. 9.23 Detailed structure of Jupiter

Sophisticated computer programs, spectroscopic databases, and high-level
radiation-transfer programs combined with hydrodynamic motion codes have been
developed for this purpose. In particular, [66] contains a list of 6 million lines of
H2O and [77] 300 million lines. But even they do not provide a complete description
of water vapor bands for late-type stars and brown dwarfs. An adequate inclusion
of nonideality effects in compressed plasmas and condensate formation in the form
of clusters and dust constitute a special problem in this case [2].
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Fig. 9.24 Brightness curves recorded by the Galileo spacecraft for the impacts of comet
Shoemaker–Levy 9. The observations were carried out at a wavelength � D 945 nm. The dashed
curve is an analytical solution [29, 55]

Fig. 9.25 Result of the impacts of fragments of comet Shoemaker–Levy 9 on Jupiter. Below the
red spot in the lower part one can see white vortices, the impact marks [29, 55]

As an example of calculations of this kind, we give an analysis of optical
phenomena on the impact of the comet Shoemaker–Levy 9 on Jupiter [29, 55],
which enabled the composition and structure of Jupiter’s atmosphere to be deter-
mined more precisely, revealing the effect of shock acceleration in an exponential
atmosphere, and explaining the optical signals (Fig. 9.24) recorded on the Earth and
by space probes (Figs. 9.25 and 9.26).
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Fig. 9.26 Photographs showing the evolution of vortices at the point of impact of the fragments
of comet Shoemaker–Levy 9 on Jupiter: (a) July 18, 1994 (approximately 1 h after the impact);
(b) July 23, 1994; (c) July 30, 1994; (d) August 24, 1994

Not only do the optical plasma properties determine the brightness, spectra, and
structure of stellar objects, but they may also lead to large-scale pulsations [115]
with a loss of stellar stability, like the long-period (11 month) oscillations of the star
Mira (Omicron Ceti) discovered in 1596 (Fig. 9.27). In such stars (Cepheids) there
develop oscillations of the radius and radiation temperature due to an increase in
optical opacity coefficient �.T; �;Z/ of the plasma, which is a complex function of
the plasma composition, temperature, and density [25]. An increase in �.T; �;Z/
blocks the thermal flux from the center to the outer layers of the star to give rise
to a pressure growth, which in turn generates a compression wave, leading to the
expansion of the shell, its cooling, and a decrease in density. If �.T; �;Z/ decreases
on expansion, this increases the energy flux, which gives rise to radial stellar
oscillations and pulsations of the observable temperature. Clearly the dynamics of
this process is determined by the plasma composition and the ionization of helium
and hydrogen for 4 � 103 K and 1:5 � 104 K.

Radiative processes are of great importance in the description of the origin,
evolution, and structure of interstellar objects. Figure 9.28 shows the positions of
stars in a luminosity–spectral class diagram.

These pulsations manifest themselves in observations as Cepheid variability.
The radial pulsations are such that the substance moves only along the stellar
radius and the stellar shape remains invariable and approximately spherical. Only
atmospheres pulsate: pulsations do not penetrate deep into the stellar interior. The
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Fig. 9.27 Mira (Omicron Ceti) brightness variations over 60 years, according to the information
of the American Association of Variable Star Observers. Indicated is the visual stellar magnitude
averaged over 10 days [91]

Fig. 9.28 Schematic form of Hertzsprung–Russell diagram in its modern form. The domains
occupied by main stellar sequences (groups) are indicated. Shown on the right of a sequence name
is its luminosity class, which is usually given along with the spectral class of a star [104]
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stellar atmosphere heats up under compression and cools under expansion. The
Cepheid luminosity peaks when the surface temperature is close to its maximum
and the star begins to expand upon contraction to the smallest diameter.

Radiative processes are of great importance in the description of the origin,
evolution, and structure of interstellar objects. Figure 9.28 shows the positions of
stars in a luminosity–spectral class diagram.

9.2 Production and Evolution of Single Stars

At first let us consider the dynamics of stellar production and heating [104], which
proceeds by way of gravitational collapse of the substance of interstellar gas clouds.

9.2.1 Origin of Stars

Qualitatively, the density perturbation growth mechanism is as follows [38]. A
domain of enhanced matter density produces gravitational field around itself. It
attracts the ambient matter, which finds its way into this domain to produce an
even stronger density gradient. When the substance contracts to the center, its
pressure increases to give rise to sound waves, which travel to the periphery. When
their velocity is lower than the velocity of the falling gas, the cloud continues to
collapse. The process continues until the density difference ı�=� becomes of the
order of unity. After that the dynamics enters a nonlinear stage—the enhanced-
density domain collapses to give rise to a compact gravitationally coupled object.

An analysis of gravitational instability growth by the example of Newtonian
gravitational theory and classical hydrodynamics in the framework of plane space–
time leads [38] to perturbation instability in a gravitating liquid: the perturbations
with a small initial amplitude of wavelength � > �J, where

�J � 2�

qJ
D
s

u2s�

G�
;

grow exponentially, the density contrast ratio becomes large with time, ı� � �, and
a nonlinear mode sets in. The characteristic time of the process is

tJ D 1

˝J
D 1p

4�G�
:

After the onset of the nonlinear mode there occurs a rapid collapse and a compact
object is formed. The critical wavelength �J has come to be known as the Jeans
wavelength and the instability itself as the Jeans instability [38]. Worthy of mention
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is the universal character of the Jeans instability: the critical wavelength �J exists
for every medium and is defined only by the density � of the medium and the sound
velocity us in it. We also mention that the Jeans time coincides, by the order of
magnitude, with the free-fall time for a uniform ball of density �.

The mass of a ball equal in diameter to the Jeans wavelength is referred to as
the Jeans mass; by the order of magnitude, this is the minimal mass of an object
resulting from the Jeans instability. Taking into account the dark matter, it is equal
to �1000Mˇ.

The time of the emergence of the first stars from the clouds of baryon and dark
matter of mass 105–106 Mˇ amounts to 30–100 million years after the Big Bang.
The first stars were intense sources of hard ultraviolet radiation, which impeded
the production of other stars [63]. Their radiation constantly heated the ambient
space. That is why the cosmic gas gradually heated up to temperatures at which the
role of atomic hydrogen increased in importance and the process of star formation
quickened, because atomic hydrogen at temperatures above 10,000 K radiates more
energy than molecular hydrogen [63].

The masses of first-generation stars were in the range 30–100 Mˇ.
Not only have the suitable clouds of such gas been discovered using infrared

and radio telescopes [104], but it has also been determined how these clouds lose
stability and contract under the force of gravity, commencing their conversion to
stars.

The structure observed by astronomers is typical [63] for the development of
gravitational instability in nonrelativistic collisionless matter. In the initial quasi-
isotropic expansion of the medium there develops anisotropy. In enhanced-density
domains the expansion of gravitating substance moderates, terminates, and is
replaced with a collapse. Initially of the collapse takes place in one of the three
dimensions, leading to self-intersections (caustics) and the formation of oppositely
directed one-dimensional flows. Subsequently the domains of gravitationally self-
trapped matter relax and next spherize to form numerous multiflux gravitationally
coupled systems—dark matter haloes. These well-understood and much-studied
processes are borne out by numerical experiments with participation of billions
collisionless gravitating particles and are consistent with observations for the greater
part [63].

It has been possible to analyze these processes using sophisticated codes for
supercomputers. Such an analysis is exemplified in Fig. 9.29 [1], which depicts a
computer-simulated picture of the origin of two protostars 200 million years after
the Big Bang.

Figure 9.30 [1] shows how the light emitted by a bright massive star (at the
center) ejects the circumstellar substance to distances of thousands of light years.

It was determined that immediately prior to the onset of compression the gas
temperature at the depth of such clouds amounts to only 10–30 K and sometimes
even to 3–5 K. They consist primarily of hydrogen molecules and helium atoms.
The rest chemical elements are scarce and are mostly concentrated in dust particles
of size about 0.1�m. Although these clouds are regarded as being quite dense
according to “interstellar standards”, they are extremely tenuous according to
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Fig. 9.29 Computer simulation of the origin of two protostars. The color brightness corresponds
to the magnitude of the density. The drawing was borrowed from [1]

Fig. 9.30 Mathematical simulation [1] of the expulsion of interstellar medium by the radiation of
a bright massive star

terrestrial ones: the average distance between the particles is about several meters,
with about 2 billion molecules present in 1 m3 of the gas, which is 1016 times lower
than in the air at normal conditions. The gas-and-dust nebula which made up our
Sun 5 billion years ago was therefore approximately 10 million times larger in size
than our present-day Sun.

Although the regions of interstellar gas concentration are referred to as “clouds”
from force of our earthly habit, they differ from atmospheric clouds by the
significance of the role of gravity. Small interstellar clouds are capable to withstand
the force of gravity. However, they collide accidentally with one another and merge
to increase their mass and with it the role of gravity.
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Once a cloud begins to contract under intrinsic gravity, it cannot stop. The matter
is that with decreasing cloud size (R) the force of gravity (GM=R2) increases much
faster than the counteracting force of gas pressure (P). This takes place due to
the high efficiency of substance cooling: all the heat released during compression
escapes from the cloud in the form of infrared radiation of the dust. The cloud
temperature remains almost invariable at a very low level of only several degrees,
until the cloud density becomes so high that infrared photons can hardly escape
from the cloud. That is why the pressure gradient (the expulsive force) grows rather
slowly (P=R � �T=R � �4=3) and the weight of a cloud volume element rises
significantly faster (�M=R2 � �5=3).

As the cloud contracts and its density increases, the force of gravity predominates
over the force of gas pressure to a progressively greater degree. This is the reason
why the rate of cloud compression progressively increases, and the cloud size
decreases 1000-fold in about half a million years. As this takes place, the cloud
volume becomes one billion times smaller and the average gas density by the same
degree.

The density grows fastest in the central regions, so that the substance becomes
opaque to infrared radiation at precisely the cloud center. This effect sharply
decreases the efficiency of cooling. The central regions begin to heat up rapidly,
the gas pressure in these regions begins to grow faster and moderates contraction.
Before long the pressure becomes so high that the contraction terminates and a
hydrostatically equilibrium core forms inside the cloud. Outside of the core the gas
is transparent to infrared radiation as before and continues to fall towards the center
almost freely.

The shell gas falling at a velocity of several kilometers per second runs into the
immobile substance of the core, and slows down abruptly to stop completely. In
this case, its kinetic energy converts to heat, about 50 % of it going to heat the gas
and the being radiated outside. Initially this radiation consists of infrared photons,
but then there appears a progressively increasing number of visible-light photons
in the emission spectrum. However, the thick outer shell is opaque to visible light,
which is absorbed by dust particles and reradiated in the infrared region. That is
why a protostar appears to an external observer as a bright but rather cold source of
infrared radiation; the dust cocoon hides the stellar germ from optical telescopes.

After the shell precipitates on the core almost completely and becomes trans-
parent, the core as if hatches out of the cocoon—a protostar transforms to a young
star.

For definiteness we consider [102] the mass of an interstellar cloud of one
solar mass (1 Mˇ) that transforms into a star owing to gravitational instability.
For a temperature of 5–10 K and a density n � 105 cm�3 its radius is R �
3 � 106 AU �109Rsun. Initially on the collapse of the cloud the gravitational
force increases the kinetic energy of the particles moving towards the center, while
the temperature remains constant, because collisions play only a minor role and
the thermal energy is removed by infrared radiation, for which the cloud is still
transparent. During this isothermal compression, the gravity is � R�2 and the
matter-expelling Archimedean force is � R�1. So, while early in the collapse these
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forces are of the same order of magnitude, the role of the latter drops sharply with
decreasing radius. The isothermal compression, which corresponds to free fall, lasts
for �105 years, following which the protostar loses transmittance in the IR range,
its radiative cooling is hindered, and the compression passes into the adiabatic
regime accompanied by a rise in temperature. The increase of temperature and
pressure in this regime slows down the compression of the cloud, in which there
occur dissociation and ionization reactions at temperatures of �103 K and 104 K to
additionally moderate the increase of matter temperature. However, on completion
of the dissociation and ionization, the process becomes adiabatic once again. The
protostar goes over to a quasi-equilibrium state, whereby the force of gravity is
balanced by the plasma pressure and the radiative losses are compensated by a slow
compression, which leads to the release of gravitational energy. In a characteristic
time of �5�107 years, the gravitational compression heats the core of the protostar
to thermonuclear temperatures, so that the star becomes a main-sequence star
(Figs. 9.28 and 9.31).

The stages of temporal solar evolution are shown in Table 9.2 borrowed
from [104].

Fig. 9.31 Relative dimensions of stellar objects [60]

Table 9.2 Stages of solar evolution [104]

Time �c

Evolution stage (years)a Teff (K) L=L
ˇ

R=R
ˇ

Tc (K) (g/cm3)

1. Onset of protostar contraction 0 10 10�4 2 � 106 10 10�19

2. Emergence of stellar core 3 � 105 10 10�4 2 � 106 2 � 104 2 � 10�2

3. The core contains half-mass 7 � 104 300 26 2 � 103 8 � 105 0.25

4. Beginning of slow contraction 8 � 105 4400 1.6 2.1 4 � 106 1.5

5. Minimal L at convection stage 8 � 106 4400 0.5 1.6 6 � 106 11

6. Minimal L before the main sequence 1:6 � 107 5900 1.1 1.0 1:3 � 107 83

7. Zero-age main sequence 1:0 � 107 5700 0.7 0.87 1:4 � 107 90

8. Present-day sun 4:6 � 109 5800 1.0 1.0 1:5 � 107 156
aIndicated is the time elapsed after the previous stage
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Nowadays, this qualitative model has been replaced by sophisticated two- and
three-dimensional models of the evolution of protostars with the inclusion of
rotation, convection, thermal and density-induced ionization, and a comprehensive
description of the optical properties of multicomponent plasmas [85].

In the transformation of a gravitationally unstable cloud into a star there occur
titanic changes in the physical conditions of the matter: the density rises by 20
and the temperature by 6 orders of magnitude. The matter undergoes a series of
transformations from molecular and solid states to superdense relativistic plasma
states.

Under stationary conditions a star is in the state of hydrostatic equilibrium—
the plasma pressure increases with depth, the weight of every spherical layer being
precisely compensated by the difference of the pressure forces at its inner and outer
boundaries [104]. When the pressure at some point becomes higher (or lower) than
the weight of the overlying layers, the star will slightly expand or, respectively,
contract and the equilibrium will be restored. Since the information about gas
pressure changes is transferred by acoustic waves, the star restores mechanical
equilibrium in a time taken for the sound waves to travel a distance equal to the
stellar diameter. This time is rather short: about one hour for the Sun. As a rule,
the characteristic times of the thermal processes occurring in a star (the core-to-
surface energy transfer time or the thermonuclear fuel burn time, etc.) are much
longer—hundreds of thousands, millions, or even billions of years. That is why in
the restructuring of the star in the course of its evolution the gas pressure always
manages to change in such a way that the star remains in the state of equilibrium.

The principal energy source in the subsequent stellar evolution is thermonuclear
burn (see Chap. 4), which is responsible for the production of heavy elements
and takes place in strongly compressed matter at extremely high temperatures
(Fig. 9.32 [50]). As we saw in Chap. 4, to realize thermonuclear fusion reactions
the nuclei must be brought to an internuclear distance r � 10�15 cm (the range of
nuclear forces) by overcoming the Coulomb electromagnetic repulsion energy. The
energy released in the hydrogen-helium fusion reaction is 103 times higher than the
energy spent to overcome the Coulomb repulsion.

High plasma temperatures—tens or hundreds of keV—are required to implement
thermonuclear reactions. The fuel for thermonuclear reactions is the chemical
elements lighter than iron; their abundance in the interstellar medium and outer
stellar layers is shown in Fig. 9.33 [104]. In the central stellar layers the fraction
of the elements heavier than hydrogen (especially He, C, N, and O) is significantly
higher.

In the course of this burning (Table 9.3 [87]), hydrogen transforms into helium
(10 million K), which passes into carbon and oxygen (100–200 million K). Carbon
at �800 million K yields neon, sodium, and magnesium, and oxygen at 2 billion K
gives silicon and sulfur. A temperature of � 4 billion K is required to transform
silicon into iron and the neighboring elements. Here the thermonuclear burn
terminates, because expenditures of energy are required to produce heavier elements
(see Fig. 4.3, the peak of binding energy for 56Fe and 60Ni).
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Fig. 9.32 Energy liberation in the sequential burning of hydrogen, helium, carbon, oxygen,
and neon. The upper curve represents the transformation of oxygen and the lower curve the
transformation of carbon. The same takes place at other stages. It is not unlikely that the energy
variation in real stars corresponds to the dashed curve [50]

Fig. 9.33 Relative abundance of chemical elements in the interstellar medium and outer stellar
layers [104]

One can see from Fig. 4.3 that the fusion of atomic nuclei is attended with
binding-energy liberation only up to the production of 56

26Fe iron nuclei and that
the fusion of heavier elements, on the contrary, required expenditures of heavier
elements. That is why nuclear reactions can supply stars with thermal energy until
all nuclei of light elements transform to iron nuclei. Elements heavier than iron are
synthesized in stellar interior only during explosive processes [104], for instance in
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Table 9.3 Main stages of thermonuclear stellar burn [87]

Main component of a Central stellar Central density

nuclear reaction temperature (K) (kg/m3/ Stage duration

Hydrogen 4� 107 5� 103 7� 106 years

Helium 2� 108 7� 105 5� 105 years

Carbon 6� 108 2� 108 600 years

Neon 1:2 � 109 4� 109 1 year

Oxygen 1:5 � 109 1010 6 months

Silicon 2:7 � 109 3� 1010 1 day

Core collapse 0.2 s

Core explosion

supernova explosions, when a fast stellar contraction is attended with the liberation
of a huge amount of energy. Among heavy nuclei, only nuclei with the number of
protons Z < 83, i.e. up to bismuth inclusive, man be perfectly stable. And though
some nuclei with Z > 83may persist for a rather long time (for instance, the lifetime
of 23892 U uranium nuclei is about 5 billion years), they all are subject to decay into
two or several nuclei of lower charge.

These elements (Cu, Sn, Ag, Pb, Th, U) are synthesized by neutron capture in
the explosions of type II supernovae and red giants.

In the strongly compressed plasma of astrophysical objects the static and
dynamic charge screening lowers the repulsive potential barrier between ions (see
Sect. 4.1), which increases the rate of thermonuclear plasma burn [45, 90, 111]. In
the solar plasma this reaction acceleration amounts to several percent, while for a
supernova the reaction rate may increase by a factor of several million.

This is the reason why the study of thermonuclear burn in stationary and transient
modes under physical conditions close to the astrophysical ones might become one
of the most important research lines in the area of laboratory astrophysical plasma
(see Fig. 2.1). Because in nearly 99 % of the stars observed in the sky, hydrogen
and/or helium is burning for parameters attainable for OMEGA, NIF, and MJL laser
systems as well as petawatt lasers (Chap. 5).

9.2.2 Evolution of Single Stars

Following [115], we now outline a brief picture of the evolution of single stars
(Fig. 9.34).

The mass of low-mass stars M < 0:08Mˇ is too small for the onset of
thermonuclear burning of hydrogen. Of significance at the center of such stars are
the effects of electron degeneracy and Coulomb nonideality, and the object is an
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Fig. 9.34 Diagram of stellar evolution [59]

intermediate case between planets and stars. They are referred to as unsuccessful or
“fusion-free” stars.

Stars of mass 0:08Mˇ < M < 0:5 Mˇ are entirely convective, which averts
the subsequent ignition of the layer part upon hydrogen burnout in the core. Such
stars do not become red giants, which heat up with time. In the dynamics of these
objects [104] the high elasticity of degenerate gas terminates the compression of
the stellar core, and the intensity of thermonuclear reactions does not become high
enough to maintain the luminosity of the star. Nor can the layer source provide heat
for a long time: as it recedes from the stellar center the shell progressively expands,
and finally its outer part escapes from the star. Nuclear reactions gradually decay,
and of the star there remains a hot helium core surrounded by a light but rather
lengthy shell of nondegenerate hot gas. As the gas becomes cooler, it settles on the
surface of the helium core, which is comparable to the Earth in size but is thousands
of times more massive.

Therefore, the final products of the evolution of stars with M < 0:5Mˇ are
very dense (�1 t/cm3) compact objects—helium white dwarfs. The degenerate gas
pressure is hardly dependent on the temperature, and therefore white dwarfs, unlike
ordinary stars, are hardly compressible despite the permanent loss of heat, and their
evolution consists in slow cooling. However, since the hydrogen burn time for single
stars of mass smaller than 0.9 Mˇ exceeds the age of the Universe, the helium white
dwarfs have no time to form from the single stars. Having no time to evolve during
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the cosmological time, small-mass stars once produced in the Galaxy serve as a
material for reconstructing the history of star formation. However, if a small-mass
star is a component of a binary system, a part of its mass may flow to the accretion
center and the exposed helium core of about a half the solar mass may turn into a
white dwarf during cooling.

For stars of mass 0:5Mˇ < M < 2:5Mˇ, after hydrogen burning there forms
a degenerate helium core of mass about 0:5Mˇ. For stars with M > 0:5 Mˇ, the
degeneracy of electron gas does not set in by the point in time when the temperature
rises to 150 million K, and the helium-to-carbon transformation begins. The stellar
interior ceases to contract, because a nuclear energy source turns on there; a similar
situation took place when the young star was becoming a main sequence star. The
star now has two nuclear energy sources: the central source, in which helium burns,
and a layerwise one, in which helium is produced from hydrogen. The stellar shell
adjusts itself to the changes of conditions, decreases in size, and slightly warms up.
The effective stellar temperature increases. During this period a part of the shell
substance weakly coupled to the main stellar mass escapes to the ambient.

Then the star enters a rather long period of its life, during which carbon
is accumulated in its interior. When its density increases, a fraction of carbon
transforms to oxygen in the course of the reaction He C C ! O.

At this stage of stellar evolution there emerge radial pulsations, which arise
from the combination of gravitational forces, pressure, and the characteristics of
the optical properties of hot plasma [104].

At the stage of a red-giant there occurs thermonuclear burn of the hydrogen
layer source. The onset of helium burn and its transformation to carbon proceeds
under conditions of plasma degeneracy and is attended with a short-duration energy
liberation (a helium flare). The stellar shell expands and gradually disperses in
space. The final product of evolution is a carbon-oxygen white dwarf of mass of
about 0:5Mˇ, which cools down.

Since our Sun is in precisely this stellar mass range, directly related to it are
the hydrogen (Fig. 4.6) and carbon-nitrogen (Fig. 4.7) energy cycles considered at
length in Sect. 4.1.

In accordance with Einstein’s formula, in the radiation of energy E the solar mass
decreases each second by a value E

c2
� 4million t [104]. This is several times greater

than the mass which the solar wind carries away from the Sun.
In accordance with the proton-proton scheme (Fig. 4.6), helium is produced in the

fusion of four protons, each of which will have a mass defect of �1 % on becoming a
part of helium. If all hydrogen burns out by this scheme, the solar mass will become
lower by 0:01Mˇ and the energy liberation will be E � 0:01Mˇ. For a luminosity
L0 D const this gives a solar lifetime of �100 billion years; considering that only
the central part (�10 % of the solar mass) is burning in reality, this lifetime will
amount to �10 billion years [104].
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The temporal evolution of the Sun is represented in Fig. 9.35 [7], which provides
the answer to the question of how long the Sun will shine: for about 5 billion more
years. Following [7], we assume a crude estimate for the average lifetime is

t D 10 billion years

�
M

Mˇ

��3
;

which shows how rapidly the stellar lifetime decreases with the stellar mass. Since
the brightness of the most massive stars L � M, with an increase in stellar mass the
stellar lifetime ceases to shorten and tends to the value �3.5 million years, which is
extremely short on the space scale. If a massive star were born only 10 million years
ago, today it is no longer in the main sequence, yet low-mass stars born even at the
dawn of the evolution of the universe (which is approximately 14 billion years old)
will live for a long time.

At the main-sequence stage there occurs a gradual, very slow increase of the
stellar temperature, radius, and brightness. In the case of the Sun (Fig. 9.36), for
instance, during the nearly 5 billion years of its life the surface temperature has

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Billions of years

Birth Our era Brightness growth Red 
giant

Planetary 
nebula

White dwarf

Fig. 9.35 Solar evolution. Dimensions are not shown to scale [7]

Fig. 9.36 Relative dimensions of stellar objects [61]
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increased by only 2 %, the radius by 10 %, and the brightness by about 30 %.
During the next 4 billion years its temperature will hardly change, the radius will
increase by a factor of 1.5, and the brightness will rise twofold. Stars pass through all
other evolution stages—both the periods of stellar formation and those of decline—
relatively quickly.

Estimates given in [104] suggest that the burn of hydrogen proceeds quite slowly
in stars. By dividing the solar luminosity (4 � 1026 W) by the mass (0:1Mˇ D
2 � 1029 kg) of its central region involved in nuclear reactions, we obtain the
average power of heat release per unit mass of the “burning” solar substance:
q D 0:002W/kg. This low energy release has no analogues among household
electric appliances. For instance, for an ordinary lamp this parameter is equal to
3000 W/kg and for an electric iron to 1000 W/kg; a notebook with an internal energy
source dissipates a power of about 10 W/kg and far exceeds the Sun in specific
energy liberation. Even a human in a tranquil state liberates heat in the amount of
about 10 W/kg, like a giant star, and does not shine only because his mass is far
below the stellar mass.

The Sun produces the amount of heat per unit of its active mass equal to the heat
released in the rotting of fallen wet leaves, while the specific solar power amounts to
tenths of the specific power of a human heart. So that the nuclear solar fuel “glows”
or even “rots” rather than “burns”. The nuclear burn of hydrogen in low-mass stars
is still slower: for instance, a red dwarf of mass 0:1Mˇ exhibits a luminosity tens of
thousands of times lower than the solar one, and therefore its q figure is thousands
of times still lower than that of the Sun.

Despite the small changes in appearance, a star radically changes its internal
structure during its lifetime: while initially it is a uniform sphere of hydrogen with
an admixture of helium, by the end of its life the star has a core of practically pure
helium surrounded by a shell of the initial hydrogen–helium mixture. In this case, a
solar-type star burns about 10 % of its initial mass during its lifetime.

Upon complete hydrogen burn-up in the core, if the conditions are insufficient
for the ignition of helium (108 K, 105 g/cm3), nuclear reactions subside and the
central stellar part begins to shrink dramatically and thereby heat up. When the
temperature at the surface of the core in contact with hydrogen becomes as high as
107 K, hydrogen begins to burn in the source layer around the core. As this takes
place, more energy is released than in the burning of the hydrogen core before, and
the star becomes brighter. The stellar radius increases, the temperature decreases,
and the surface reddens. In this case, the star abandons the main sequence and finds
itself in the branch of subgiants and then red giants. The source of energy at this
stage is the burning of hydrogen in the constantly increasing source layer, which
gives more and more energy to the star. The stellar radius and brightness continue
to increase and the temperature remains almost invariable. for a solar-type star this
process will take about 100 million years.

In the branch of giants, the helium core, which increases in mass, continues to
contract. The layer heat source—the domain of hydrogen burning around the core—
becomes progressively thicker and more powerful, while the stellar shell expands
and becomes cooler. The zone of the shell entrained in convection becomes more
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Fig. 9.37 Structure of a red
giant [7]. At the center is a
degenerate, gradually
contracting core of helium
produced in the course of
hydrogen burn; it is void of
nuclear reactions. Around the
core is a progressively
expanding layer energy
source, where hydrogen
burns. The extensive
convective hydrogen-helium
stellar shell expands

and more lengthy. Finally the lower boundary of the convective zone descends to the
hydrogen burn layer. The burn products (primarily carbon and nitrogen) are carried
out to the surface and change the composition of the stellar atmosphere. The star
continues to increase in radius and brightness, the temperature remaining moderate.

At the red giant stage, a star is unstable: its isothermal helium core continues
to contract, the hydrogen-burn layer broadens, and its convective shell becomes
progressively larger (Fig. 9.37). The radius of a red giant with a solar mass amounts
to 200Rˇ at the phase of greatest extent. At this point in time, the solar surface
will touch the orbit of the Earth. And though the solar surface temperature will
decrease to 3100 K during this period, the luminosity of this giant red ball will
rise to 2400 times the present-day luminosity of the Sun. The evolution of life on
Earth will terminate. However, in the vicinity of Pluto’s orbit the conditions for life
will become favorable. An analysis shows that life on the Earth may exist provided
the solar mass is in the 1:6 � 1030–2:4 � 1030 kg range. Outside of this range the
terrestrial climate would be colder than the Martian or hotter than the Venusian
one. Measurements of the solar mass yielded a value of 2 � 1030 kg. The red giant
stage is relatively short, and therefore only a relatively small fraction of the stars are
observed at this stage—several percent of the total number.

For more massive (2:5Mˇ < M < 8Mˇ) objects, the helium core is
nondegenerate upon hydrogen burn, and after the red giant stage there occurs the
nondegenerate burning of helium with the production of carbon and oxygen. The
inner stellar region ceases to contract, because a nuclear energy source is turned on
there. The star has two nuclear energy sources: the central one, where helium burns,
and the layerwise source, in which helium is produced from hydrogen. The stellar
shell adjusts itself to the changes of conditions, decreases in size, and slightly warms
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up. During this period a part of the shell substance weakly coupled to the main stellar
mass escapes to the ambient [104].

After that the star enters a rather long period of its life during which carbon
is accumulated in its interior. When its density increases, a fraction of carbon
transforms to oxygen in the course of the reaction He C C ! O. As a result,
inside the red giant there forms a degenerate (C–O) core of mass 1:2Mˇ. Due to
development of thermal instabilities the shell is shed off with the formation of a
planetary nebula, which shines due to the ultraviolet radiation of the hot (T � 105 K)
core; the core gradually cools down and turns into a relatively cool (C–O) white
dwarf.

When helium in the central region runs out, the stellar core devoid of energy
sources begins to contract, and it is not long before the temperature and density at
its outer boundary rise to the extent that helium begins to burn there [104]. Since
then the core is surrounded by two layerwise sources: hydrogen burns in the outer
source and helium burns in the inner one. As this takes place, the density in the core
itself becomes so high that the electron gas becomes degenerate and its pressure
terminates the contraction of the central region. The emergence of two layerwise
sources is attended with an increase in stellar size and a lowering in effective
stellar temperature: in the diagram the star shifts upwards and to the right, into the
domain of red supergiants ranging from 100 to 1000Rˇ in radius. The star becomes
structurally nonuniform: the degenerate supergiant’s core is only two–three times
greater than the Earth in size, while the radius of the entire star exceeds the radius
of the terrestrial orbit!

Calculations suggest that the nuclear fuel of the layerwise sources burns not
steadily but in a pulse-like manner, in the form of short (several years long) high-
intensity flares spaced at intervals thousands of years long. Each flare generates a
shock wave, which propagates outside and expels a part of the shell to the ambient
to significantly decrease the solar mass. Owing to its huge size, the shell of a red
supergiant is relatively weakly coupled to the core, and therefore such stars also
lose mass intensely in the intervals between the flares: their outer layers contract
and expand with a characteristic time of about a hundred days, which also generates
shock waves and the matter outflow to the ambient with a velocity of about 10 km/s.

These stars pulsate for the same reason as cepheids. As a rule, the pulsations of
red giants are not strictly periodic, but in return their amplitude is very high: during
one cycle, the stellar radius changes by a factor of several tens and the luminosity
changes by thousands of times!

The model of a one-component plasma of C and O ions against the neutralizing
degenerate electron background applies to these objects quite well. The charac-
teristic parameters of white dwarfs are � � 106 g/cm3 and T � 106 	 108 K,
which leads to a strong plasma nonideality � � 5–500. This plasma is liable to
Coulomb crystallization. According to astroseismological observations, about 90 %
(5 � 1032 g) of the star BMP 37093 is in the crystalline state (“diamond” core;
Fig. 9.38).

In the narrow mass range (8Mˇ < M < 10–12Mˇ) the thermonuclear burn
proceeds to give a mixture of oxygen, neon, and magnesium. Further reactions are
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Fig. 9.38 White dwarf BMP 37093 with a plasma crystal core

Fig. 9.39 New star explosion dynamics [59, 70]

not realized because the stellar shell disperses in the form of a planetary nebula.
The result of evolution after the shell shedding is an (O–Ne–Mg) white dwarf with
a mass close to the Chandrasekhar limit (�1.2 Mˇ).

Figure 9.39 shows the explosion dynamics of a new star [59, 70], when the
Chandrasekhar limit is not reached by way of accretion, resulting in a weaker
explosion than in the case of a supernova.
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Fig. 9.40 Evolution of the supernova SN 1987A in comparison with human evolution

The thermonuclear evolution in the core of a massive star (10–12 Mˇ < M <

30–40Mˇ) proceeds under nondegenerate conditions to produce the elements Fe,
Co, and Ni (Figs. 9.40 and 9.41).

Massive supergiants (M > 8Mˇ) that are at the latest stages of their evolution
have a complex structure. In the stellar core new elements are synthesized, their
complexity increasing with depth, up to iron. Such a supergiant has an inert iron
core surrounded by burning shells of silicon, neon, oxygen, helium, and hydrogen.

According to [104], the heat transfer in the shells of red supergiants is effected
by convection, which embraces the domain from layerwise sources of helium and
hydrogen burn to the photosphere. As a result, the products of thermonuclear
reactions find their way to the lower part of the shell. As the outer shell layers,
which consist primarily of hydrogen and helium, escape to the ambient, the stellar
atmosphere is progressively enriched in nuclear fusion products arriving from the
interior. This is precisely the way there emerge single carbon stars—supergiants,
whose spectra exhibit strong lines of CN, C2, SiC2 and some other molecules; this
testifies to a high content of carbon in the outer stellar layers. The gas flowing out of
the atmospheres of these stars gradually cools down. When its temperature becomes
lower than 1500 K, carbon atoms begin to condense into dust particles.



544 9 High Energy Densities in Planets and Stars

Fig. 9.41 Structure of a red supergiant [7]

By the end of the supergiant stage, which lasts for several hundred thousand
years, almost all of the stellar shell is shed to expose the hot degenerate carbon-
oxygen core. As it turns out, the greater the mass of a star, the greater part of its
mass it loses in the course of its evolution. The mass of a white dwarf cannot exceed
the Chandrasekhar limit, which is approximately equal to 1:4Mˇ (otherwise the
dwarf will collapse). It is precisely these two circumstances which determine the
upper bound of the mass range considered in this section (8–10Mˇ): this is the
initial mass of those stars for which the degenerate carbon-oxygen core does not
exceed the Chandrasekhar limit by the end of evolution.

All compact stars whose equilibrium is maintained by degenerate electron gas
are usually termed white dwarfs [104], although their color may vary greatly: from
white-blue to red. Furthermore, approximately 10 billion years after birth these stars
cool down to the extent that they cease to radiate in the optical range.

The reason why the lower bound of the stars that leave behind a white dwarf is
precisely defined (0:5Mˇ) and the upper bound is approximately determined (8–
10Mˇ) is quite simple. Low-mass stars are conservative: they hardly lose substance
in the course of evolution, and therefore their models are highly reliable. But the
evolution of a massive star depends on many factors difficult to account for: rotation,
magnetic field, convection characteristics, stellar wind intensity, etc. Therefore the
upper bound of the initial mass of the ancestors of white dwarfs so far has not been
determined precisely. In any case, experts believe that it certainly lies in the range
between 8 and 10Mˇ.



9.2 Production and Evolution of Single Stars 545

In the stars of mass above 10Mˇ the electron gas degeneracy does not inhibit
the heating of inner layers to a temperature of �109 K, at which carbon and oxygen
can participate in diverse nuclear reactions with the production of heavier elements.
Examples of such nuclear reactions:

12
6 CC12

6 C !24
12 Mg; 126 CC12

6 C !20
10 NeC4

2He; 126 CC4
2He !16

8 O; 168 CC16
8 O !32

16 S; : : :

The subsequent stellar evolution comes to the burnup of successively heavier
elements [104], the core compression, and the formation of new layerwise sources
at the outer core boundary.

After the onset of nuclear reactions with participation of carbon and oxygen the
main part of liberated energy is carried away by neutrinos and antineutrinos: at a
temperature of 109 K, there take place a lot of processes that result in the production
of these particles, which are free to escape from the star [104]. In particular, the
nucleus of silicon 28

14Si may capture a free electron, emit a neutrino, and transform to
a nucleus of aluminum 28

13Al, which is unstable and before long turns into the initial
nucleus 2814Si and in doing this generates an electron and an antineutrino. As a result,
neither a silicon nucleus nor an electron vanish but a neutrino and an antineutrino
make their appearance, with a part of the kinetic energy of the free electron, i.e. of
the thermal gas energy, spent to produce them.

At the late stages of evolution, neutrinos carry away the stellar thermal energy
quite efficiently, making the stellar nuclear reactor work at full power so as not to
let the substance cool down. A change over to a new kind of nuclear fuel requires an
increase in gas temperature, which in turn results in an increase in neutrino radiation
intensity. This is the reason why each new kind of nuclear fuel burns up faster and
faster: carbon and oxygen take several hundred years to transform to elements of
the silicon group, while their subsequent transformation to iron takes several tens of
years.

The hotter is the gas, the higher is the average energy of photons generated
in it [104]. When the temperature rises to a billion Kelvin and silicon begins to
burn, there emerge � -ray photons in appreciable amount, their energy being so high
that in the collisions with nuclei they split them into several nuclear fragments,
thereby causing photodissociation. The fragments enter in fusion reactions, so that
the “burning” of silicon is in reality a large set of reactions.

Most often, � -ray photons detach ˛ particles from nuclei; ˛ particles actively
enter in fusion reactions, and therefore the main result of silicon “burning” is the
chain of transformations: 2814Si !32

16 S !36
18 Ar !40

20 Ca !44
22 Ti !48

24 Cr !52
26

Fe !56
28 Ni ! etc. The nickel nucleus is unstable and lives for about 6 days, after

which it absorbs an electron to turn into a cobalt isotope: 5628Ni C e� !56
27 Co C 	.

This nucleus is also unstable and turns, with a decay period of about 77 days, into a
stable iron nucleus: 5627Co C e� !56

26 Fe C 	.
For a while the liberated energy exceeds the energy spent to split nuclei, but

only until an iron-nickel stellar core is formed. The synthesis of elements heavier
than 56

26Fe is attended, as we saw (Fig. 4.3), with energy absorption rather than
liberation. In this case, spent on photodissociation is the thermal energy released
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in the contraction of inner stellar regions. Because of this, the gas temperature and
pressure grow too slowly to counterbalance the force of gravity, which increases
during contraction. As a result, the hydrostatic equilibrium is disturbed and the
stellar core begins to collapse rapidly. The gas heats up to 1010–1011 K, which leads
to a high-intensity burst of neutrino radiation.

The further development of events and the destiny of a star depend on many
factors. The most important of them is the stellar mass at the instant its iron-nickel
core begins to collapse. At the final stage of evolution it may be two to three
times smaller than the mass with which the star once entered the main sequence
(Fig. 9.28). This is because massive stars permanently lose their substance. The
gas flows off their surface with a velocity ranging from several hundred to several
thousand kilometers per second [104]. For stars with M > 10Mˇ, at all evolution
stages the luminosity is so high that the radiation pressure in the outer layers exceeds
the force of gravity and makes the shell substance escape from the star. The stars
lose up to 3 � 10�6 Mˇ of substance annually; late in the evolution the mass loss rate
rises by a factor of 10–30. The higher is the stellar mass, the higher is its luminosity
and, hence, the stronger is the stellar wind emanating from the star. As a result,
more massive stars lose the greater part of their initial mass by the instant an iron
core forms at their center and begins to collapse.

The core of a Fe–Co–Ni star of mass 1.5–2Mˇ is subject to several instabilities
and collapses with the formation of a neutron star (see Sect. 8.1).

Let us revert to the final stages of the evolution of massive stars. We paused at
a point that, at some instant, an iron stellar core is formed, which loses stability
and begins to contract rapidly. For stars of mass below �40Mˇ while in the main
sequence, the collapsing nucleus turns into a neutron star—an object of mass 1.5–
3:0Mˇ, about 10 km in radius, and with an average density of hundreds of millions
of tons per cubic centimeter. Under these conditions the substance consists primarily
of neutrons, whose degenerate gas pressure counterbalances the tremendous force
of gravity compressing these compact bodies [104]. The physics of neutron stars
will be considered at length in the next section; now we shall discuss the destiny of
the outer part of a massive star.

As a result of iron core collapse in about 0.1 s in the central stellar region
there forms [104] a space approximately 1000 km in size with a neutron star at
its center. The substance which had not managed to turn into iron prior to the onset
of the collapse rushes to this cavity. According to one hypothesis, on accelerating
to 100,000 km/s and striking against the surface of the neutron, star this substance
of the outer layers heats up and generates an intense shock wave, which rushes
outwards and not only stops the downfall of gas but also makes it expand. When
traveling through the nuclear fuel-rich substance, the shock wave “ignites” it, so
that nuclear energy feeds this detonation wave and maintains its high velocity.
It is precisely this process which is responsible for the expansion of the bulk of
stellar mass to the ambient with a velocity of thousands of kilometers per second,
thereby explaining the phenomenon of supernova explosion at the instant of the
death of a massive star. Of fundamental importance in this scenario supposedly
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is the asymmetry of collapse, which in turn may be associated with rotation and
magnetic field [104].

This final stage of the life of a massive star is associated with a strong burst of
neutrino radiation, and the shock wave that recedes from the neutron core explodes
the star from within. The process is attended with a supernova explosion of type II
(when an extended hydrogen shell has survived) or Ib/c. In this case, the brightness
of such a supernova is extremely high and may exceed the total brightness of all
the remaining stars of the Galaxy. Subsequently, for several tens of thousands of
years the shed shell remnants exist in the form of a luminous nebula—a supernova
remnant.

Nowadays it is generally agreed [104] that a supernova outburst signifies the
last catastrophic stage of stellar evolution. Having used up all thermonuclear energy
sources, a massive star cannot resist the force of gravity and collapses swiftly. White
dwarfs may not have a mass exceeding the solar mass by more than one-and-a-half
times. A more massive collapsing star does not stop at the stage of a white dwarf
and contracts to a neutron star or a black hole. Released in this case is gravitational
energy—there occurs a supernova outburst. The neutron star or black hole remaining
at the site of explosion is surrounded by a gradually dispersing nebula—the gaseous
supernova remnant. As we see, supernovae like new stars are also very old. The
phenomenon of a supernova signifies stellar death, and therefore, unlike new stars,
supernovae cannot burst again.

9.2.3 Supernova Stars

These objects (Fig. 9.42 [21]) are among the most interesting and striking astro-
nomical phenomena (the scheme of production is shown in Fig. 9.43). The brightest
of supernovae was recorded on May 1, 1006; Chinese chronicles also note less
bright outbursts in 185, 386, and 393 AD. Having existed for several years, SN 1006
exceeded Venus and competed with the Moon in brightness, because it was not far
from the Solar System, approximately 7000 light years away. The Crab Nebula is the
well-known and thoroughly studied remnant of the supernova discovered on July 4,
1054, according to observation chronicles in Japan, China, and Korea. According
to modern views, supernova explosions occur with a frequency of about once in a
100 years.

Significant progress in the observation of supernovae was achieved [104] due
to the use of automated telescopes. For instance [104], the modest Katzman
Automatic Imaging Telescope (KAIT) only 0.76 m in diameter, which is located
at Lick Observatory (California), now discovers about 80 supernovae annually;
this is much more than was only recently discovered by all observatories of the
world. Each bright night KAIT automatically photographs selected portions of the
sky to obtain about 7000 galactic images every week. A fresh portrait of each
galaxy is automatically compared with its previous images to reveal candidates for
supernovae.
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Fig. 9.42 The supernova that flared up in the Galaxy NGC 4526 in 1994. The image was obtained
by the Hubble Space Telescope [21]

The apparent brightness–time curves (the so-called light curves) for type-Ia
supernovae are quite similar. During the first 10–20 days the stellar brightness
rises several-fold to attain its peak and then decreases at the same rate during the
same period of time. Later on, the brightness decreases exponentially and the star
vanishes in 1–3 years. Type-Ia supernovae exhibit a small spread in absolute peak
brightness, which permits their use as “cosmic or standard candles”—sources of
light for measuring distances in space. Type-II supernova brightness curves differ
from those of type-Ia supernovae in that they exhibit a several-fold lower peak
intensity, a longer decay time, and a different spectral composition of the radiation.

Anomalous optical effects observed in remote supernova bursts underpin a
radical revision of the existing notions of the physical properties of empty space and
of the structure and evolution of the universe [16, 71]. Owing to their extremely high
brightness, supernovae are observed at great, truly cosmological distances, making
it possible to estimate the apparent brightness of these sources as a function of their
distance from the Earth. The brightness was shown to decrease faster than would be
expected from cosmological models. This corresponds to the situation whereby the
cosmological expansion proceeds with acceleration rather than with moderation, as
was considered before, which leads to models of “dark” energy (see Sect. 10.1.5).
This discovery radically changes our understanding of the modern stage of the
cosmological evolution of the universe and calls for a search for other manifestations
of this effect, perhaps in the area of high-energy-density experimental physics.
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Fig. 9.43 Scheme of stellar evolution that gives rise to supernovae. Low-mass stars transform to
white dwarfs (WDs). A planetary nebula may emerge in this case. When a white dwarf is part of a
close binary system, it may gain enough mass to explode as a type-Ia supernova (SN). The matter
could disperse completely, but a neutron star may be formed (NS). Higher-mass stars transform
to neutron stars upon supernova explosion. This compact object may also increase its mass in
a close binary system and collapse (most likely without an explosion) into a black hole (BH).
Most massive stars form black holes. It is still unknown whether this process is accompanied by a
supernova explosion

Supernovae are subdivided into two types according to the nature of their spectra.
Those with bright hydrogen lines are labeled type-II supernovae and those with a
deficit of hydrogen, type I. As a rule, type-I supernovae are brighter. They are in turn
subdivided into subtypes Ia and Ib: the spectra of the former exhibit clear absorption
lines of silicon, while the spectra of the latter exhibit those of helium. Most likely,
type-Ia supernovae emerge in the catastrophic thermonuclear explosion of a carbon-
oxygen white dwarf. Other supernova types are associated with the gravitational
collapse of the cores of supermassive stars.

In cosmological investigations, advantage is taken of type-Ia supernovae, because
they are thought to be suited to cosmological observations better than other
supernovae. First, type-Ia supernovae are very bright (their stellar brightness is 	19)
and rank below only the biggest galaxies (	22) and quasars (	25) in this respect.
Second, their own luminosity at maximum light may be reconstructed from the slope
of its observed light curve (i.e. the temporal dependence of stellar brightness). Third,
there are grounds to believe that the bursts occurring at different cosmological times
should not be much different (i.e. the cosmological evolution of the population of
these objects should not be highly significant). Lastly, supernovae of this type have
been theoretically studied rather well. This all permits observers to employ type-Ia
supernovae as bright radiation standards in deep space.
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In supernovae, owing to their high temperature T � 30MeV, there exists an
ultrarelativistic (kT � mc2) plasma of massless particles. For T � 10MeV, the
energy density of this plasma is �4 � 1023 J/cm3; photons account for one third of
this energy density; the plasma frequency!pl � 1:5�1021 Hz and the Debye radius
�D � 10�11 cm.

9.2.4 Collapse of Supermassive Stars (M > 30–40Mˇ)

It is not unlikely that supermassive stars (M > 30–40Mˇ) collapse to form black
holes with a mass of about 10Mˇ. So far, reliable models of this process have not
been introduced, although the data of astronomical observations about the existence
of black holes of stellar masses appear to be rather convincing.

Ejected into the ambient after supernova explosions is the substance which
underwent transformations in the thermonuclear reactors of stellar interior [104]
and was efficiently enriched in elements heavier than helium. The substance ejected
by supernovae can participate in the formation of next-generation stars or go to form
planets. It is hard to imagine life without carbon and oxygen. It may be suggested
that life would not have appeared in the Universe if there were no supernovae [104].

As we shall see below, neutron stars may not have a mass greater than 2–3Mˇ.
An analysis suggests [104] that in stars whose mass at origin exceeds 40Mˇ there
forms an iron core of mass greater than 3Mˇ. The collapse of such cores should give
rise to black holes rather than neutron stars. It is believed [104] that intense gamma-
ray bursts lasting more than 2 s (the so-called long bursts), which are observed by
orbital observatories approximately once a day, emerge in the collapse of the cores
of rapidly rotating massive stars with their transformation to black holes. In this
case, around the newborn star a part of the substance of collapsing core forms a
massive accretion disk, which is absorbed by the hole within several seconds. The
further disk substance accretion onto the hole is attended with the ejection of two
gas jets with relativistic velocities in the directions perpendicular to the disk plane
(see Sect. 10.1). This all takes place under the stellar shell which has not managed to
respond to core rearrangement. The powerful jets break through the stellar shell and
generate bursts of gamma-ray radiation directed along the disk axis. Simultaneously
generated in the disk plane is a shock wave, which travels outwards and sheds the
stellar shell. We take this for a supernova outburst, which is sometimes referred to
as a hypenova, because in this case the energy radiated in the explosion is greater by
an order of magnitude than for “ordinary” supernovae. According to [104], the burst
GRB080319B corresponded to the total radiation of 10 millions of galaxies like our
own. According to experts’ estimates, by this firework the Nature marked the death
of a star of mass of about 50Mˇ.

Depending on the stellar mass (dimension), in stars there operate different
mechanisms of energy transfer (Fig. 9.44) from the thermonuclear burn domain in
the compressed plasma of the central region to the stellar periphery with subsequent
energy radiation into open space [7].
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Fig. 9.44 Mechanisms of energy transfer in main-sequence stars [7]

In stars sufficiently large in size the energy released in thermonuclear reactions
is transferred by radiation. In the solar core the energy is transferred by radiation
and in a rather opaque shell the energy is transferred by convection. However, when
many plasma particles capable of absorbing a photon occur in its path, the photon
will be absorbed on traversing some distance, thereby transferring energy from one
part of the star to another. This process termed radiative heat transfer is one of the
main mechanisms of transferring heat from central stellar regions to the outer layers.

The substance inside stars is, as a rule, quite opaque. The photon mean free path
in the solar interior is equal to 1 mm. In the solar core a photon traverses on average
only about 0.1 mm from the instant of its production to its end. The absorbed photon
is almost immediately superseded with a new one, and this continues until the distant
descendants of the first photon produced in a nuclear reaction reach the stellar edge.
Only there, in the stellar atmosphere, where the density is low and the gas is almost
transparent, the photons escape from the star and carry away the energy produced
in nuclear reactions.

The distribution of plasma parameters in the Sun is given in Fig. 9.45.
Substantially lower-mass stars (red dwarfs, 0:1Mˇ) are entirely convective. In

stars much more massive than the Sun, in the hot and rather transparent shell the
energy is transferred by radiation, but in the core the radiation does not cope with
this task and convection develops there.

To conclude this discussion, we give Table 9.4, from [7], which summarizes the
schemes of single-star evolution.

There is much in common between the processes in the stars and thermonuclear
weapon (see Chap. 4): a similar type of fuel, similar thermonuclear fusion reactions,
the decisive role of radiative heat transfer, etc. But there also is a tremendous
difference: a thermonuclear explosion lasts for tens of nanoseconds, while the stars
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Fig. 9.45 Distribution of solar plasma parameters [104]: X—hydrogen mass fraction; P—
pressure; �—opacity coefficient; "—specific (per unit mass) energy production rate

shine for billions of years. The reason lies with the stability of the processes due to
the enormous difference in scale and the role of gravitation.

Following [104] we assume that the central temperature becomes slightly higher
than the equilibrium one due to random fluctuations. And so the rate of nuclear
reactions will increase with the consequential rise in heat liberation intensity. As a
result, the gas will heat up even higher, the rate of nuclear reactions has to rise, and
so on. An avalanche-like burn of hydrogen must therefore occur with the liberation
of a huge amount energy, which might result in stellar explosion, as is the case in
the explosion of a hydrogen bomb, but not inside of the star, and here is why.

An increase in temperature of the stellar interior rises the gas temperature, which
disrupts the hydrostatic stellar equilibrium. The gas expands and in doing so does
work against the force of gravity. The internal energy of the gas is expended for this,
and therefore its temperature becomes lower. What matters is the process kinetics,
what occurs faster: the increase in nuclear reaction rates which leads to an explosion,
or the star manages to cool down by way of expansion and reach a new stable
state. Therefore, a star, if it is able to promptly react to variations in thermonuclear
reaction rates, will be a self-regulated thermonuclear reactor.

The response time of a star is determined by the characteristic time of its
hydrodynamic expansion and compression. If mechanical equilibrium is maintained
in the star, this time coincides with the characteristic time of stellar compression
under the force of gravity (the free-fall time). This time depends only on the average
stellar density and is equal to about an hour for solar type stars.



9.2 Production and Evolution of Single Stars 553

T
ab

le
9.

4
E

vo
lu

ti
on

of
a

si
ng

le
st

ar
[7

]

In
te

rm
ed

ia
te

m
as

s
(0

.5
–8

M
ˇ

)
H

ig
h

m
as

s
(8

–1
00

M
ˇ

)

L
ow

m
as

s
(0

.0
8–

0.
5M

ˇ

)
0.

5–
3M

ˇ

3–
8M

ˇ

8–
10

M
ˇ

>
1
0
M

ˇ

B
ur

ni
ng

of
hy

dr
og

en
in

th
e

co
re

H
el

iu
m

w
hi

te
dw

ar
f

B
ur

ni
ng

of
hy

dr
og

en
in

th
e

co
re

D
eg

en
er

at
e

he
li

um
co

re

H
el

iu
m

fla
re

N
on

de
ge

ne
ra

te
he

li
um

co
re

Q
ui

et
bu

rn
in

g
of

he
li

um
in

th
e

co
re

B
ur

ni
ng

of
hy

dr
og

en
an

d
he

li
um

in
la

ye
r

so
ur

ce
s

P
la

ne
ta

ry
ne

bu
la

D
eg

en
er

at
e

ca
rb

on
-o

xy
ge

n
co

re

C
ar

bo
n-

ox
yg

en
w

hi
te

dw
ar

f
C

ar
bo

n
de

to
na

ti
on

N
on

de
ge

ne
ra

te
ca

rb
on

-o
xy

ge
n

co
re

B
ur

ni
ng

of
ca

rb
on

an
d

su
bs

eq
ue

nt
el

em
en

ts
(O

,N
e,

Si
,F

e,
N

i.
..

)i
n

th
e

co
re

.

B
ur

ni
ng

of
ca

rb
on

an
d

su
bs

eq
ue

nt
el

em
en

ts
(O

,N
e,

Si
,F

e,
N

i.
..

)i
n

la
ye

r
so

ur
ce

s

P
la

ne
ta

ry
ne

bu
la

Ty
pe

-I
I

su
pe

rn
ov

a
ex

pl
os

io
n

O
,N

e,
M

g.
..

w
hi

te
dw

ar
f

or
ne

ut
ro

n
st

ar
B

la
ck

ho
le



554 9 High Energy Densities in Planets and Stars

Now we will estimate the characteristic time of nuclear reactions. Let us have a
glance at the main pp-chain reactions (Fig. 4.6):

p C p ! 2H C eC C 	 tens of billions of years;

2H C p ! 3He C � several seconds;

3He C 3He ! 4He C 2p several million years:

Give here are the characteristic time intervals during which hydrogen, deuterium,
and helium nuclei search for a reaction partner under the conditions typical for the
solar core. The first reaction in this chain goes much slower than the remaining
ones, because it requires a proton-to-neutron transformation controlled by the weak
interaction. This goes 1018 times slower than the fusion of deuterium with the
next proton, which is controlled by the strong interaction. However, since the
transmission capacity of any line is determined by its bottleneck, it is precisely
the tens-of-billions-of-years that are the characteristic time of nuclear fusion
rearrangement in the solar interior. As we see, this is overwhelmingly longer than
the time of mechanical stellar response [104].

The self-control of a star is possible, because its expansion and cooling occurs
in a time much shorter than the characteristic time of temperature growth in the
course of hydrogen burn. In the explosion of a hydrogen bomb the self-control of
this kind in nonexistent: its fuel burns up much faster than the increased pressure
manages to scatter it. To achieve this, the bomb designers had to employ special,
“fast-burning” hydrogen isotopes—deuterium and tritium, whose thermonuclear
reactions go without participation of the slow-operating weak interaction [104].

So, for the burn of stellar nuclear fuel to be stable, an increase in temperature
must lead to an increase in gas pressure. But the degenerate gas pressure is hardly
dependent on the temperature, and so the way of self-adjustment described above
does not work when thermonuclear reactions go in a strongly degenerate gas, and a
thermonuclear explosion must occur at the stellar center. However, in stars of mass
below 0:5Mˇ the degeneracy is so strong that compression terminates before the
temperature rises significantly, and therefore helium does not ignite at all. In stars
of mass greater than 2:3Mˇ the ignition of helium occurs in a nondegenerate gas.
But in stars of mass ranging from 0.5 to 2:3Mˇ the burning of helium commences
precisely at a strong degeneracy of electron gas. As a result, in the twinkling of
an eye the core luminosity rises to a value �1010Lˇ, which is close to the total
luminosity of all stars of our Galaxy—this effect is termed a helium flare. So
monstrous an energy release lasts for only a few seconds: when the temperature
rises by about 30 % the gas becomes nondegenerate and the self-control mechanism
immediately springs into operation to transfer the nuclear reactions to the mode of
stationary “burning”.

During the flare, only about 1 % of helium manages to burn, the stellar luminosity
remaining almost invariable in this case: virtually all thermal energy of the
thermonuclear explosion is expended to do work against the force of gravity in the
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core expansion. This episode in the stellar life may be called an internal explosion.
It passes almost unnoticeably for observers, but this is an important stage of stellar
evolution.

What is the greatest mass of stellar objects? From the observations of components
of binary systems it has been possible to determine the existence of stars in the
mass range from 0.05–0.1 Mˇ to 80–90 Mˇ [102]. With increase in stellar mass the
stellar temperature rises steeply, as does the radiation pressure on the outer layers.
This results in the excitation of radial oscillations, loss of stability, and shedding of
the stellar shell. This mechanism imposed a mass limit (the Ledoux-Schwarzschild-
Harm limit) at a level of 60 Mˇ. For a more detailed consideration of the scattering
of oscillation energy in shock waves and several other dissipative effects the stellar
mass limit rose to 100 Mˇ. The majority of stars satisfy this criterion, although there
are likely to exist objects of greater mass: the hot supergiant � Car in the nebula
NGC 3372 with a luminosity of 5 � 106 solar luminosities must have a mass of about
200Mˇ, while the intense supernova SN 1961v in the galaxy NGC 1058 supposedly
has a mass of the order of 2000Mˇ [102].

The R136a1 superstar is only 160,000 light years away from the Earth and has a
mass of 260Mˇ (320Mˇ at birth). It ejects substance intensively and has reduces
its mass by 17 % over a million year period.

After [104], the cause of death of stars with an initial mass of around 100Mˇ is
the transformation of the highest-energy photons to electrons and positrons (� !
eC C e�) rather than the photodissociation of iron nuclei. A � -ray photon may
decay only in the vicinity of an atomic nucleus, to which is transferred a fraction
of the momentum and kinetic energy of the photon. This process plays a significant
part when the temperature T > 109 K, but the efficiency of electron-positron pair
production lowers at high densities, with the onset of electron gas degeneracy. To
produce a pair in a nondegenerate gas it would suffice to have a photon energy
only slightly higher than 2mec2, but this is insufficient in a degenerate gas: all lower
energy levels are already occupied, and the new born electron must therefore have
a sufficiently high kinetic energy. Here the considerations are the same as in matter
neutronization.

When the temperature in the central regions of the most massive stars is as high
as 109 K, the electron gas is not yet degenerate, and therefore the electron-positron
pair production plays an important role in precisely suchlike stars. Thermal energy
is expended on pair production, and so, like in the case of iron photodissociation,
the gas elasticity becomes lower and the gas pressure ceases to compensate the
force of gravity. The central stellar regions begin to contract rapidly and their
temperature rises steeply. By the instant of stability loss, hydrogen in the central
stellar regions has been converted to helium and helium in its turn initially to carbon
and then to oxygen. The sharp increase in temperature “ignites” oxygen and there
occurs a thermonuclear explosion, which destroys the star completely and scatters
its substance in the ambient without survival of its dense core.

However, the picture of supermassive star destruction may turn out to be more
complicated. Considered in recently published papers is the possibility that at first
the thermonuclear explosion at the stellar center does not completely destroy the star
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but merely sheds a small part of its shell—about 10 % of the total stellar mass. After
this the hydrostatic stellar equilibrium is regained, but in about a thousand years it is
disrupted once again, there occurs a new explosion, and this may be repeated several
times until the star is completely destroyed.

The reason why the number of massive star observations is small may lie with
the fact that such stars are infrequently born and their lifetime is short. There simply
are no such stars in the Galaxy in our time. However, it is not improbable that stars
with M > 150Mˇ are not formed at all: as the mass of a protostar increases, its
luminosity rises so high that the radiation pressure terminates the accretion of shell’s
substance onto the stellar nucleus after it reaches some maximal mass value [104].
The accretion may be suppressed not only by light pressure, but also by the wind
coming from the surface of accretion disk; according to observations, its intensity
increases progressively with the protostar’s mass.

9.2.5 Brown and White Dwarfs

The lower stellar-mass bounds are quite diffuse, because small stars are hard to
observe owing to their weak glow: a red dwarf of mass 0.06 Mˇ has a temperature
of only 2000 K. Examples of light stellar objects are provided by the binary
system Ross 614 with components of mass 0.059 and 0.051 Mˇ, and the system
LHS 1047 with the lowest-mass component with a weight of only 0.055 Mˇ [102].
Calculations suggest that in stars with a mass below 0.07–0.1 Mˇ the temperature
is low and insufficient for thermonuclear burning, and gravitational compression
is their energy source. The term “star” is scarcely applicable to low-mass objects
without a thermonuclear energy source. Adjacent to this limit are objects of mass
0.02–0.04 Mˇ, referred to as “brown” dwarfs, which is indicative of their infrared
radiation. By indirect techniques, astronomers have succeeded in detecting even
lower-mass objects such as satellites of mass 0.009 Mˇ in the system BD 68˚946,
which are transition objects intermediate in mass between stars and planets [102].

Inside of themselves brown dwarfs are a completely ionized hydrogen-helium
plasma [11]. The degeneracy parameter  D kT=kTF, where TF is the Fermi
temperature, ranges from 2 to 0.05 for very-low-mass stars and brown dwarfs,
and therefore the thermodynamic properties of the partially degenerate electron gas
are to be taken into account when describing the internal state. Figure 9.46 serves
to illustrate the central characteristics of low-mass stars and substellar objects in
the mass range from Jupiter to the Sun [11]. Below �0.35 Mˇ, the stellar interior
becomes completely convective and, since the gas still remains in the classic mode
( � 1), the mass increases in proportion to the stellar radius R and the central
density �c decreases with increasing mass as M�2. Below the limit of hydrogen
burn, electron degeneracy begins to dominate, and therefore M � R�3 and the
density increases with mass again. The mass dependence of the radius R � M�1=3,
like for white dwarfs, takes place under complete degeneracy; however, for a partial
degeneracy the dependence is more gently sloping—the radius of a brown dwarf
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Fig. 9.46 Degeneracy
parameter  , central density
�c and the central temperature
Tc for low-mass stars and
brown dwarfs with the solar
content of heavy elements
and a 5 billion year age [6]

depends only slightly on the mass. For a solar age and metallicity the radius of a
brown dwarf is like that of Jupiter (0:1Rˇ).

The temporal variation of the temperature at the center of a low-mass object is
depicted in Fig. 9.47.

Constructing the model of a brown dwarf atmosphere is an intricate task, because
it is required to calculate molecular absorption (millions of spectral lines), take
into account the presence of condensates, etc. Also, an important point is that
the luminosity of brown dwarfs is only 10�2–10�5 of the solar luminosity. This
seriously complicates the quest of these low-luminous objects [6].

Therefore, in nature there exist and constantly come into being stellar objects
in the �(100–0.05) Mˇ mass range admissible by contemporary physical models,
although a small number of objects lying outside of this range are also observed.

We have ascertained that the lifetime of a star is determined by its mass [87].
The greater the mass, the higher the temperature, density, and pressure inside and
the higher the efficiency of the nuclear burn of the main fuel—hydrogen. So, large
stars live for a shorter time, but shine brighter (Table 9.5).

One can see that small stars, which use energy economically, live much longer.
Were our Sun only 1.5 times more massive, it would have ceased to exist long ago
and the human mind would not have had time to come into existence.
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Fig. 9.47 Central
temperature Tc as a function
of age for different masses.
TH, TLi and TD denote the
hydrogen, lithium and
deuterium burn
temperatures [11]

Table 9.5 Dependence of
the stellar lifetime on the
stellar mass [87]

Stellar mass (M
ˇ

) Lifetime (years)

50 3–5 million

10 30 million

1.5 3 billion

1.0 10 billion

0.1 1 trillion

The chemical composition of stars and the interstellar medium is of paramount
importance to the physics of these objects. In particular, the oxygen-group elements
(C, N, O) are catalysts of nuclear reactions and the iron-group elements determine
the optical thickness and luminosity of stars. The commonly accepted atomic
composition of the interstellar medium and the Sun is as follows: for every
1000 hydrogen atoms there are 100 helium atoms and two or three atoms of heavier
elements. In this case, half of the atoms of the interstellar medium are combined in
molecules and many atoms of heavy elements are in dust particles or molecules. Of
course, these are only approximate values of the composition. In a number of stars,
the content of heavy components may be 3–4 orders of magnitude below the value
specified above [102].

White dwarfs [57], whose accretion may lead to type-Ia supernovae, are quite
interesting astrophysical objects from the standpoint of realization of extreme states.
In the evolution of stars of mass 8–10 Mˇ, thermonuclear burning terminates at the
stage of a helium or carbon-oxygen degenerate core. This thermonuclear burning
in the degenerate core is inherently explosive, and the increased temperature may
partly remove the degeneracy and moderate energy liberation. That is why the outer
shell of a red giant may come off: a thermal instability may develop at the interface
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between the layer source and the degenerate core, with the subsequent formation of
a planetary nebula. Interestingly, positive ions here form a crystal lattice [115]—a
kind of a phase transition in a nonideal plasma [8, 20, 23, 24, 26, 31, 33, 68, 79, 88,
92, 94, 96].

A different kind of stellar activity will emerge [115] when a white dwarf is part
of a binary system, in which matter flows from the neighboring star to the white
dwarf under the action of gravitational forces, thereby increasing its mass. As the
Chandrasekhar limit [115] is approached, thermonuclear burning that is explosive
in character (type-Ia supernova model) develops at the center of the white dwarf. A
highly important problem arises in the development of models of this explosion: a
deflagration burn wave mode is realized early in the explosion. Eventually it passes
to the detonation mode of C-O burning with a transition to the iron-group elements
with prevalence of the famous 56Ni nucleus, which furnishes, in its radioactive
decay to 56Co and then to 56Fe, the entire energetics of the light curve of a type-
Ia supernova [47]. However, as in the case of O–Ne–Mg white dwarfs, this does not
necessarily occur, because the neutronization of matter may commence prior to the
thermonuclear burning, and a collapse to a neutron star may then occur.

The presence of white dwarfs in binary stellar systems manifests itself in a broad
class of variable stars, which are referred to as explosive variables [115]. Their main
distinguishing feature consists in the occurrence of periodic or irregular flares of
different amplitude, and the typical dimension of such a systems falls within the
range between a fraction of the solar radius to several solar radii.

Stars in which the explosions are relatively small and take place in near-surface
layers are termed nova-like stars. Also known are stars with higher-power flares,
when explosions involve deeper layers of the stellar interior (several percent of the
radius) as well. These stars are referred to as novae. Lastly, when the explosion
encompasses a substantial part of a star, we are dealing with a so-called supernova.

The energy parameters of explosions also vary greatly. For the “weakest”
astronomical explosions—solar flares—the time scale is about 103 s and about
1032 erg is released in this case. For novae, t � 108 s and the corresponding energy
E � 1045 erg. For supernovae, t � 1010 s and E � 1050 erg. In galactic nuclei, it is
likely that t � 1015 s and E � 1065 erg, etc.

The physical reasons for the flares in different kinds of explosive variables are
different. Single high-power flares, which are typical for nova stars, are caused
by the thermonuclear explosion of the matter accumulated on the surface of a
white dwarf in the accretion from the neighboring main-sequence star or from
a subgiant of approximately solar mass that had undergone a minor evolution.
Calculations suggest that single flares are possible only in a specific range of masses
of white dwarfs and of rates of matter accretion on their surface. For very low
flow rates, the matter gradually degenerates and joins the white dwarf. For very
high rates, the matter remains nondegenerate and the burning may proceed in a
slack quasi-stationary mode. For the new star to be stable, degeneracy should take
place in the matter incident on the surface and the temperature growth should
not be accompanied by a pressure increase and a shell expansion, resulting in a
thermonuclear explosion. Since the gravitational energy of the matter under these
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conditions is almost a hundred times lower than the caloricity of thermonuclear
energy liberation, under an explosive thermonuclear burn the particles acquire a far
greater velocity than the “escape velocity” on the surface of the white dwarf, and
the exploded shell disperses in the interstellar medium.

The kinetics of white-dwarf evolution involves comprehensive data about the
equation of state of the plasma, about its optical and transport properties, and
is employed for the temporal analysis of the corresponding galactic domains.
Unfortunately, only the outer regions of these objects are presently accessible to
our experimental observations.

At the same time, modern computer codes make it possible to carry out
conceptual numerical modeling of supernova explosions [19]. Figure 9.48 [19, 53]
shows the data of the two-dimensional simulation of a type-II supernova explosion,
which clearly shows the development of hydrodynamic instabilities in the course of
plasma expansion.

In several scenarios of stellar evolution (a supernova, a nova), thermonuclear
burning emerges in the inner degenerate plasma domains and is then transferred
to the outer regions by way of convection. In this case, there develop convective
instabilities, resulting in the explosion of the object [65]. Similar convective
processes, though without local thermonuclear energy liberation, are thought to take
place in the outer regions of white dwarfs as well.

Unfortunately, convective effects in degenerate plasmas have not been adequately
studied [71], which invites appropriate laboratory experiments.

Fig. 9.48 Two-dimensional numerical simulation of the SN1987A supernova explosion [19, 53]
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The available high-pressure techniques—diamond anvils, intense shock waves
driven by light-gas guns, electrodynamic facilities, chemical and nuclear explosives,
lasers, and high-current pinches—enable (see Chap. 3) studies of the equations of
state and the optical and transport properties of strongly compressed plasmas up to
a record high pressure of 4 Gbar [4, 5, 106, 110], as well as pressures up to 10 Gbar
to be attained inside laser microtargets, so far without quantitative measurements
of the plasma properties. In several cases [30, 33, 56, 73] it is possible to effect
quasi-adiabatic compression and strongly suppress the effects of material heating.

It is hoped that the future NIF and LMJ facilities will radically broaden the
attainable parameter range and enable conditions to be reached that are typical for
terrestrial group planets, exoplanets, giant planets, brown dwarfs, and intermediate-
mass stars, as well as for the outer layers of white dwarfs.

9.3 Superextreme States in the Cosmos

Depending on the initial mass of a star of solar chemical composition, three
types of compact remnants may emerge in the stellar interior upon completion of
thermonuclear evolution: white dwarfs, neutron stars, and black holes [54, 115].

As we saw above, massive stars end their life with a tremendous explosion; after
this, of a giant which was many times greater than the Sun there remains a neutron
star—a small (the size of a small asteroid), extremely dense (denser than an atomic
nucleus) rapidly rotating ball with a high magnetic field. The enormous force of
gravity at the surface of the neutron star prevents its destruction even when it rotates
like some radio pulsars, at a frequency of about 1000 rotations per second (in this
case, the surface velocity amounts to about 20 % of the velocity of light) [104].

9.3.1 Neutron and Quark Stars

Physicists consider a neutron star as one of the most interesting astronomical
objects in view of the set of its amazing properties. Despite its high temperature,
its substance is superfluid and superconductive: the conditions required for these
“supereffects” arise because of the enormous density in the interior of the neutron
star. Of keen interest from the standpoint of plasma physics is the atmosphere of
such a star, where charged particles interact with a superhigh magnetic field (up to
1014 Gs and even higher), which will never be obtained in terrestrial laboratories.

Furthermore, neutron stars are the most important objects for verifying the
Einstein gravitation theory—the general theory of relativity. Its difference from the
Newtonian theory manifests itself clearly under strong gravitational fields, which
are inherent in precisely the neutron stars. Moreover, those of them that manifest
themselves as radio pulsars may serve as magnificent clocks, which permit revealing
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subtle relativistic effects in stellar motion and in the course of time. We will revert
to this later on.

More than 2000 neutron stars have been discovered in our Galaxy and several
tens of them outside its confines. Most of them are radio pulsars, while the remaining
ones are X-ray or gamma-ray sources. Astronomers believe that there are at least
100 million of old neutron stars, which are hard to discover, because their surface
has cooled down and the rotation has slowed down. The falling gas is accelerated
to nearly 100,000 km/s by the attraction of a neutron star and, striking against the
surface, heats up to millions of degrees. Astronomers record the X-ray radiation
emerging in this case with the use of cosmic observatories.

In Sect. 8.1, the structure, dynamics, and other characteristics of neutron stars
were minutely considered from the standpoint of realization therein of the states of
matter with a high energy density. Here we continue this consideration.

Neutron stars are perhaps the most exotic astronomical objects, in which a
broad spectrum of superextreme states of matter occur [40, 114] that are virtually
unattainable for laboratory research. That is why neutron stars in a sense fulfill the
function of a “cosmic laboratory”, as their observable manifestations permit one
to judge the behavior of matter under superextreme conditions: at supernuclear
densities, in superstrong magnetic fields, with regard to the superfluidity of the
baryonic component and intensive nuclear transformations of ultracompressed
matter. It is reasonable that the observable manifestations of these processes are also
highly diversified: these are radio and X-ray pulsars, X-ray flare sources, � -sources,
X-ray transients, etc. [95, 114, 115].

Neutron stars are the smallest observable stars in the galaxy [46]. Their radii R
are of the order of 10 km, which is 10�5 times the size of an ordinary star. However,
the neutron star masses M are of the order of the solar mass Mˇ and group about
the value 1:4Mˇ. The average matter density � D 3M=4nR3 D 7 � 1014 g/cm3

of neutron stars is several times higher than the conventional nuclear density �0 D
2:8 � 1014 g/cm3. For convenience a neutron star may therefore be seen as a huge
atomic nucleus 10 km in size. At the center of the star, the density may exceed the
nuclear density by a factor of 10–20. At these densities, the condensation of pions,
hyperons, and kaons is possible at the center of a neutron star. The possibility that
strange quarks are produced is also under discussion.

The superfluidity of the baryon constituent of the matter of neutron stars is one
of their most interesting features. According to modern models, the superfluidity is
caused by the Cooper pairing of baryons with opposite momenta under the action
of the attractive component of strong interaction of the particles. The superfluidity
appears when T is below the critical temperature Tc and gives rise to a gap� in the
baryon dispersion relation near the Fermi level.

Predicted [113] for the inner crust of a neutron star was the superfluidity of
free neutrons as well as of nucleons in atomic nuclei. Neutrons, protons, and other
particles may be superfluidic in the core of neutron star. The superfluidity of charged
particles, for instance protons, signifies superconductivity.
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Fig. 9.49 Structure of a hybrid or strange star based on the theory of nuclear matter. Borrowed
from [34]

Possible in hyperonic matter is the pairing of hyperons and in quark matter the
pairing of quarks.

In these cases, calculations yield critical temperatures Tc . 1010 K and lower.
A new type of quark superfluidity was predicted, which consists in the pairing of
different quarks (ud, us, ds). In this case, for a characteristic quark Fermi energy of
�500 MeV one might expect a critical temperature Tc � 50MeV � 5 � 1011 K.

The further compression of neutron stars may result in quark deconfinement (see
Sect. 6.5) and quark-gluon plasma production. The structure of such a hypothetical
quark star is depicted in Fig. 9.49 [34].

9.3.2 Radio Pulsars

A very important achievement which follows from observations of neutron stars
that manifest themselves as radio pulsars is the verification of the general theory
of relativity, i.e. the measurement of post-Newtonian corrections to the dynamics of
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motion of two neutron stars that make up a close binary. In particular, the shortening
of the orbital period arising from the lowering of the binding energy of the stars due
to their emission of gravitational waves was measured for the pulsar B1913C16.
The parameters of interstellar medium—electron density, magnetic field, parameter
nonuniformity—are determined from the delay of the arrival of the radio signal
and its polarization. The timing of radio pulsars permits the cosmic background of
gravitational waves to be studied.

Finally, studying active neutron stars makes it possible to investigate the electro-
dynamic processes occurring in superhigh magnetic fields, B > 1012 Gs, inherent in
neutron stars.

When the magnetic field of a neutron star in a close binary system is extremely
high (1012–1014 Gs), a special kind of accretion on the neutron star may occur,
whereby the matter of the normal star together with the magnetic field frozen in
it are incident along the induction lines in the regions of the magnetic poles. In this
case, the excess angular momentum is transferred to the star by magnetic field rather
than hydrodynamic motion. The velocities of falling on the surface of the neutron
star can reach up to several hundred thousand kilometers per second, and small
(hundreds of square meters) polar regions of the surface experience tremendous
fluxes of matter and energy, which generate a plasma temperature of �109–1010 K.
The released energy is radiated in the form of hard photons emanating from two hot
“X-ray” spots (Fig. 9.50). The strong magnetic field makes the radiation of these
spots anisotropic.

Fig. 9.50 Neutron star with a
magnetosphere. Shown are
the magnetic lines of force of
the neutron star, with the
magnetic dipole axis inclined
to the axis of stellar rotation.
The pulsar radiation in one of
the models emanates from
two cones (the conic beams in
the drawing) coaxial with the
magnetic dipole [80]
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Fig. 9.51 Two types of neutron stars [58]

Since the magnetic axis in the general case does not coincide with the axis
of mechanical rotation, an observer will record one or two X-ray radiation pulses
during one revolution of the neutron star about its axis. Such sources are referred
to as X-ray pulsars [115] (Fig. 9.50). In the case of gamma radiation we talk about
� -ray bursts. When the magnetic field is captured in the course of evolution, the
neutron star shows up as a magnetar [58], a star possessing a superhigh magnetic
field (Fig. 9.51 [58]).

A magnetic intensity on the order of 1018 Gs, where the energy of the magnetic
field is comparable to the gravitational energy Es, is believed to be the limiting
magnitude of the magnetic field of a neutron star [46].

Observations suggest [46] that the energy lost by a gyrating neutron star (radio
pulsar) goes primarily to form a relativistic particle stream, which is referred to as
the pulsar wind. This particle flux amounts to 1040 particles per second.
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9.3.3 Magnetars

As mentioned above, there are neutron stars which make up a non-numerous (10 %
of all neutron stars) class of highly active stars; they produce bright gamma- and
X-ray flares, and the magnetic field of some of them is much higher than that of
pulsars.

Such stars—magnetars (Fig. 9.52)—rotate relatively slowly with a period P �
5–10 s, but decelerate much faster than pulsars, dP=dt � 10�10–10�12 s/s. The X-
ray radiation flux generated by such a star, Wx � 1035–1036 erg/s, is far greater than
the rotation energy lost by the star. The energy stored in its magnetic field is also
higher than the stellar rotation energy. This is indication that the source of stellar
activity is the magnetic field rather than the stellar rotation, as with radio pulsars.
Such stars are therefore referred to as magnetars.

Fig. 9.52 Magnetar is a neutron star whose activity is associated with the liberation of energy
stored in its magnetic field. The known candidates for magnetars possess a magnetic field of up to
1015 Gs, its energy density corresponding to a substance with a density of tens of tons per cubic
centimeter. This field may give rise to new interesting physical effects, which are impossible to
investigate in a laboratory [104]
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The high magnetic field in the magnetosphere of a neutron star furnishes
conditions for plasma production and the formation of wind—the flux of relativistic
electrons and positrons emitted by active stars.

Effective particle production begins when the magnetic induction Bc D
m2c3=e„ D 4:4 � 1013 Gs, whereby the spacing of the neighboring Landau levels
is equal to the electron rest energy, „!c D mc2. Under this field the vacuum
becomes unstable relative to the production of electron-positron pairs, which make
a significant contribution to the radiation dynamics of these exotic objects.

An important feature inherent in relativistic astrophysical objects is the existence
of gigantic magnetic fields, which determine to a large measure the dynamics of
their motion and radiative characteristics.

The recorded radiation of a neutron star is primarily soft X-rays; this radiation
becomes accessible 105–106 years after the stellar birth. Recently recorded was
a new class of neutron stars—magnetars [64, 75]—which possess an ultraintense
magnetic field up to 1015 Gs; this field affects their gamma-ray radiation formed
together with the thermal radiation of the surface [64, 115].

An example of such an object is provided by the brightest gamma-ray burst
recorded in our galaxy to date; its source is the neutron star SGR-1806-20, which
belongs to the class of magnetars and is at a distance of �50,000 light years from
the Earth. The burst lasted for only �0.1 s, and the amount of energy released within
several seconds after the burst was greater than the energy radiated by our Sun in
250,000 years.

For the SGR 1806-20 magnetar—the highest-power magnet in the universe—
the measured magnetic field turned out to be the record breaking �1015 Gs, which
corresponds to a density of �1013 g/cm3, approaching the density of nuclear matter.
For comparison, the induction of the solar magnetic field varies from 1 to 5 Gs,
while the terrestrial magnetic field amounts to only 0.31–0.62 Gs. If SGR 1806-20
were in the place of the Moon, its magnetic field would change the arrangement of
molecules in all living organisms. However, fortunately there are no such extreme
stellar objects in the solar neighborhood (the nearest magnetar is �13,000 light
years distant). The magnetic field of SGR 1806-20 is several hundred times that
of ordinary radio pulsars. In this case, the stellar surface temperature is as high as
�106 K. Due to this superintense magnetic field alone, a piece of iron at the surface
of SGR 1806-20 would experience a force 150 million times stronger than terrestrial
gravity.

The extremely short duration of the burst testifies [64] to the fact that the source
of its energy is the dissipation of magnetic field stored in the magnetosphere and not
in the core of the neutron star. The resultant expansion of the “magnetic cloud” with
a small fraction of the baryon component (with M < E=c2) is determined by the
magnetic field. It is strongly relativistic and anisotropic, and retains these properties
for several weeks after the burst.
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Fig. 9.53 Magnetar burst formation [58]

In magnetars there occur extremely strong magnetic bursts. In this case, the
stellar surface cracks under the action of the Lorentz force and protons escape from
these cracks, which interact with the magnetic field and radiate energy. The stellar
magnetic field is determined from the amount of this energy [64, 75]. Zasov and
Surdin [116] came up with the following model of magnetic magnetar bursts.

A magnetar is calm most of the time, but the stress induced by the magnetic field
in its solid crust gradually increases (phase 1 in Fig. 9.53). At some point in time, the
stress in the crust exceeds its ultimate strength, and the crust breaks into a multitude
of small fragments (phase 2). This “starquake” gives rise to a pulsating electric
current, which rapidly decays to leave an incandescent plasma ball (phase 3). The
plasma ball radiates X-rays from its surface, cools down, and vaporizes within a few
seconds (phase 4).

Only 14 magnetars have been discovered to date, although it is assumed that our
galaxy should contain at least several million of them.

It is pertinent to note that the existence of magnetars is sometimes associated [44]
with the hypothetic possibility of traveling in time and space with a transition to a
different domain of the universe via a “wormhole”, provided the development of
instabilities does not make this process unfeasible.

In the analysis of observational data it is very important to have ideas about the
physical properties of the partially ionized dense plasma of the outer layers of a
neutron star in the presence of intense (B � 1011–1016 Gs) magnetic fields [40, 95].

It is common knowledge that strong magnetic fields radically change the
properties of matter. In particular, for H � 150 MOe the equation of state becomes
four times more rigid. For B � 1012 Gs, the pressure of the magnetic field at the
surface of a neutron star amounts to about 40 Pbar (petabars). For

B � B0 D m2
e e3 c="2¯3 � 2:35 � 109 Gs

(" is the permittivity), the cyclotron electron energy,

¯!e D ¯ .eB=mec/ D 11:58B=1012 keV;
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is much higher than the electron–nucleus Coulomb interaction energy. Under the
conditions of a neutron star, the Coulomb force is a weak perturbation with respect
to the magnetic one, and for typical stellar temperatures the electrons are in the
Landau level [36, 40]. Since the motion is limited in the direction perpendicular
to the magnetic field, atoms and ions assume a cylindrical shape and have high
binding energies [52, 81]. Such ovoid atoms make up thread-like molecular chains
with covalent bonds, which in turn may form a three-dimensional condensate.
Furthermore, when an atom moves in a constant magnetic field, in its frame of
reference, due to the Lorentz transformation, there emerges an electric field, which
may ionize the system [52, 81]. Much is still unclear about the structure as well
as the electronic and mechanical properties of such an exotic state of strongly
magnetized matter [40, 71].

The central element in the understanding of the structure and evolution of
stellar objects (especially of the structure of neutron stars), the collapse of stars,
supernova explosions, etc. is the equation of state as well as the composition
and optical properties of the nonideal plasmas of stellar matter [25, 32, 40, 54].
Their equation of state includes the important condition for nuclear statistical
equilibrium, but it is applicable only for extremely high temperatures (�5�1010 K).
The corresponding equations of state are formulated for an arbitrary collection of
atomic nuclei (including unstable ones) with the inclusion of the strong Coulomb
nonideality effects of the matter, which is sometimes referred to as a Coulomb
liquid [69]. Apart from the great complexities of describing strongly nonideal
plasmas, there are additional complications arising from the inclusion of a magnetic
field, which hinders the correct description of the relation between the nuclear
center-of-mass motion and the electronic structure. Only the first steps have been
made along this path. A phase transition of a nondegenerate gas to the state
of a macroscopic condensate is predicted to occur at relatively moderate fields
and temperatures [26, 32, 33]. With increasing field and falling temperature, the
saturation vapor density of this condensate will become lower, lengthening the
optical free paths and thereby making it easier for the thermal radiation to escape
from the stellar center occupied by the condensate of metallic liquid [71].

Describing the radiation transfer in ionized plasmas with T > 106 K and
magnetic fields B > 1014 Gs involves certain difficulties. One of them is related
to the ion cyclotron resonance at a proton energy 0:63 .Z=A/ B=1014 keV.

Another problem is related to the polarization of the vacuum and virtual electron–
positron pair production at ultrahigh magnetic fields,

B > Bcr D m2
e c3=e¯ D 4:4 � 1013 Gs;

which change the dielectric properties of the medium, polarize the proton motion,
and thereby change the radiative plasma properties. In these fields, the orbitals
of bound electrons are strongly perturbed by the magnetic field: h!c=Ec > 1,
where ¯!c is the electron energy at the cyclotron frequency and Ec is the Coulomb
energy [49].
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Poorly studied is the effect of “vacuum resonance”, whereby the influence of
plasma and vacuum on the linear polarization becomes weaker, giving rise to
resonance effects in absorption and scattering [71]. This effect manifests itself at
proton energies

Ev .�/ � 1:0 .Ye�/
1=2
�
B=1014

��1
f .B/ keV;

where � is the density in g/cm3, Ye D Z=A, and f .B/ is a weakly varying function
of the field induction B.

Already today, new-generation superhigh-power short-pulse lasers generate
fields of �109 Gs in laser-produced plasmas (see [18, 67] and Chap. 5). The
advancement of this line of research may provide new information about the
radiation capacity and spectra of astrophysical plasmas in intense magnetic fields.

An ingenious way of studying physical effects in superhigh magnetic fields is
discussed in [48]. For an electron–hole plasma (liquid) in semiconductors, the fields
lowered by a factor ."m0=m/2 � 104–103 (where m0 is the proton mass and m is
the hole mass) compared to an electron-proton plasma will still be “superhigh”.
The electron–hole plasma is therefore a unique condensed object accessible for
laboratory research in superhigh magnetic fields.

9.3.4 Strange Stars

As we saw in Sect. 6.3, the quark–gluon plasma (QGP) is an exotic superdense
state of matter. Such a plasma has been recently produced in the laboratory: it
consists of quarks, antiquarks, and gluons [37, 41, 74, 86]. The QGP possesses the
highest density and may emerge at the center of a neutron star or in the collapse
of an ordinary star (Fig. 9.54). In this instance they are referred to as quark stars
or hybrid stars and consist of quark–gluon matter at the center and a hadronic
shell [93]. In this case, quark stars should be smaller than neutron ones owing to
the higher compressibility of the QGP (Fig. 9.55). A candidate for a quark-gluon
star or a hybrid star is the star RXJ1856 with a radius of more than 16 km, which
was detected by the Newton and Chandra Space Telescopes in the X-ray range.

In this connection we mention the hypothesis [112] that the plasma of almost-
free quarks is an absolutely stable state of matter not only at high pressures, but also
at zero pressure. If so, possible in lieu of a neutron star are so-called strange stars,
which consist almost entirely of quark matter of density & �0.

The superdense states of matter and, in particular, quark-gluon plasmas may
also manifest themselves in black holes—the objects predicted by the general
relativity, in which the gravitational field is so high that the escape velocity is
equal to the velocity of light [12, 107]. However, the idea of “black holes” was first
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Fig. 9.54 Neutron and quark stars

Fig. 9.55 Dimensions of quark and hybrid stars [93]
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proposed by the Cambridge lecturer J. Michell supposedly in 1783 and somewhat
later by Laplace proceeding from the corpuscular theory of light [44]. A black
hole is a domain of space–time surrounded by an event horizon—a surface of
size rbh D 2GM=c2 � 3M=Mˇ km—from which no information can escape to
become accessible to an external observer. The surface of a black hole acts as a
valve of a kind, which transmits matter only in one direction—inside the object—
and even light cannot escape from it. This unique property of black holes leads
to an interesting fact: to an external observer it appears as a hot body, which is
a source of thermal radiation. According to Schwarzschild, any sufficiently heavy
nonrotating star, upon exhausting its nuclear fuel, inevitably collapses and turns
into a black hole. The critical mass is defined by the condition that the stellar mass
exceeds, at the stage of termination of all nuclear reactions in it, three solar masses.
A star of mass greater than the critical one begins to contract due to gravitational
forces, and no physical interaction can stop this process. This phenomenon is called
the gravitational stellar collapse. The condition for the emergence of a black hole
necessitates a superdense compression of substance: for the Sun rbh � 3 km, for the
Earth rbh � 1 cm, for the Moon rbh � 0:12mm.

9.3.5 Black Holes

Realized in black holes are the most “extreme” states of matter comparable, perhaps,
with the most initial stages of the Big Bang.

The conditions for the emergence of black holes correspond to the compression
of matter to some critical density �c D 2 � 1016.Mˇ=M/2 g/cm3, which is inversely
proportional to the object mass. For a typical black hole of stellar mass (M D
10Mˇ), the gravitational radius is equal to 30 km, and the critical density is equal
to 2 � 1014 g/cm3, which is equal to the density of atomic nucleus.

For a black hole in the galactic nucleus (M D 1010 Mˇ), the gravitational radius
is equal to 3 � 1015 cm = 200 AU, which is five times the Sun–Pluto distance. The
critical density in this case is 0:2 � 10�3 g/cm3, which is several times lower than
the density of the air (1:3 � 10�3g/cm3).

For the Earth (M D 3�10�6Mˇ), the critical density is extremely high and equal
to 2�1027 g/cm3, which is higher than the density of an atomic nucleus by 13 orders
of magnitude.

Black holes are divided into three types:

– A black hole of stellar mass M D .3–50/Mˇ. At the end of stellar evolution there
forms a white dwarf (if the mass of the stellar core Mc � 1:2Mˇ), a neutron star
(if Mc � 3Mˇ), or a black hole (if Mc � 3Mˇ).

– Supermassive black holes in galactic nuclei (M D 106–1010Mˇ).
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– Primary black holes formed at the early stages of evolution of the Universe, the
so-called “eternal” black holes. Observationally, so far little is known about them.
In total, 10 million black holes are believed to exist in the Galaxy.

According to the presently existing notions [39], our Galaxy (which we observe
as a Milky Way) may contain at its center a black hole with a mass of about 3 �
106 Mˇ measuring about 0.05 astronomical units. The Galaxy �80,000 light years
in diameter and �6000 light years in thickness has a spherical halo of radius of the
order of 105 light years. The Sun and the Earth are 26,000 light years away from
the Galaxy center and rotate about the Galactic center with a period of 230 million
years, having described only 22 rotations over the 5 billion years of its existence.

It is possible to indirectly infer the presence of these objects from their gravi-
tational action (Fig. 9.56) on neighboring objects: in our galaxy there are about 20
candidates for black holes of stellar mass, while supermassive black holes (millions
of times more massive than the Sun) are probably present in 300 galaxies [103].
However, there are even more of these objects. During their long history, many stars
should collapse on using up their fuel, so that the number of black holes may be
comparable to the number of visible stars and, according to Hawking [44], their
mass may explain the high rates of galactic rotation (see Figs. 10.33 and 10.34).

Einstein’s general theory of relativity endows black holes with surprising
properties. According to Cherepashchuk [13], on the event horizon the course of
time terminates in the view of an external observer. A spacecraft sent to a black hole
would never intercept the event horizon from the standpoint of a distant observer
but would continuously slow down as the horizon is approached. An astronaut in
his spacecraft is in principle capable of penetrating beyond the event horizon, but

Fig. 9.56 Black hole against the stellar sky background. At a distance of 1000 rbh its presence
is hard to discern (the left drawing); at a distance of 10 rbh (the right drawing) it distorts the
appearance of the stellar sky [80]
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he will be unable to transmit any information to the external observer. In this case,
the astronaut falling freely below the event horizon would probably see a different
universe and even his own future. This is due to the fact that the spatial and time
coordinates change places inside the black hole and travel in space is replaced here
by travel in time [13].

The properties of rotating black holes are even more extraordinary. Their event
horizon is smaller in radius and is embedded in an ergosphere—a space-time domain
in which bodies are bound to move continuously, being entrained by the vertical
gravitational field of the rotating black hole [13].

It is very difficult to detect black holes, and all the more, to measure their
parameters. Anyway, a Nobel Prize has not yet been awarded for their discovery.

Astronomically, to discover a black hole one has to measure the object’s mass,
demonstrate that its radius does not exceed rbh, as well as to obtain observational
evidence that the object does “practically” have an event horizon. The masses of
black holes are safely measured from the motion of the nearby gas and stars. In this
case, since r � rbh, in the majority of cases it would suffice to use the Newtonian
law of gravitation.

The radii of black holes are extremely hard to measure. So far use is made of
coarse (r < 10rbh) indirect estimates: studies of high-power X-ray emission in the
accretion of substance onto a black hole, an analysis of fast variability, studies of
spectral line profiles, etc.

Among the special features of the dynamics of black holes is the mode whereby
under the radiation pressure from the central regions of accretion disk there occurs
a high-power quasispherical substance flow at velocities of thousands of kilometers
per second. A new and unexpected feature of this disk substance accretion onto
a relativistic object is the formation of well-collimated (the divergence angle is
below 1ı) relativistic (with a velocity of �0.26 c) substance ejections. It is pertinent
to note that collimated relativistic jets with a plasma velocity of �0.9 c have been
discovered.

Black holes of stellar mass may be produced either in the accretion-induced
collapse of neutron stars in binary systems or in the collapse of the nuclei of massive
single stars [115]. The necessary conditions for the production of black holes emerge
at the final stage of evolution of stars with masses greater than approximately
3Mˇ (Fig. 9.57 [14]). The uncontrollable compression of such a star—its collapse—
eventually leads to the fulfillment of the condition R < rbh and the production of a
black hole of mass between 3 and 100 Mˇ.

Recent years have seen the discovery of gigantic black holes with masses as
great as millions of solar masses. A part of them existed even 13 billion years ago.
The formation mechanism of these giants is still not perfectly understood. They
either arose from the coalescence of black holes of smaller size or resulted from
gravitational accretion.
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Fig. 9.57 The binary system GRO J1655-40 in the Scorpio constellation consists of a normal
star of mass 2M

ˇ

(at the right) and a black hole of mass 7M
ˇ

. The drawing was made using
the data of the Chandra X-ray Observatory (by M. Weiss; the image is taken from the site http://
chandra.harvard.edu). The matter of the normal star flows to the black hole. “Wind” blows from
the accretion disk of the black hole under the action of magnetic forces, while magnetic forces in
the inner region force the matter to approach the black hole [14]

9.3.6 Quasars

Heavier, massive and supermassive, black holes with masses up to 109Mˇ emerge
due to the collapse of huge masses of gas at the centers of globular star clusters, in
galactic nuclei, and in quasars. Light black holes with masses below 3Mˇ might be
formed due to the growth of density fluctuations of the supercompressed matter of
the early universe (primary black holes). Predicted for these primary, or “eternal”,
black holes, which existed from the Universe’s inception and did not result from
stellar collapse, is the existence of a “bridge” at their center—the passage to another
Universe with a different space.

Astrophysicists relate black holes to compact X-ray sources in our galaxy and
the nearest one. Most of them are X-ray binary systems, in which the optical star—
the donor—delivers matter to the neighboring relativistic object: a neutron star or a
black hole (Fig. 9.58 [14]).

http://chandra.harvard.edu
http://chandra.harvard.edu
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Fig. 9.58 Schematic of the occurrence of a black hole compared to the evolution of stars of
different mass [14]

The accretion of this matter is accompanied by tremendous energy liberation in
the X-ray range with a luminosity of �1036–1039 erg/s, which is millions of times
higher than the bolometric luminosity of the Sun. This means that the optical star
plays the role of a probing body in the gravitational field of a relativistic object. In
this case, the black hole candidates differ from neutron stars not only in their greater
mass (by more than a factor of three) and the absence of a magnetic field, but also
in observable manifestations—these high-power X-ray radiators are neither X-ray
pulsars nor type I X-ray bursters [12, 36, 37]. The radiation intensity of these objects
ranges up to gigantic values of 1027 W/cm2, which exceeds the record intensities for
focused laser radiation by six orders of magnitude (Sect. 3.2, Tables 3.2 and 3.3).
For a typical black hole with a mass M D 10Mˇ and a supernuclear density
� � 1016 g/cm3, available models suggest that the pressure is at a level of 2–
3 � 1024 Mbar.

Quantum mechanics introduces some corrections to the models of black holes:
with retention of the event horizon, a black hole ceases to be “black” but becomes
a radiation source [44]. The nature of this radiation is the same as for electron–
positron pairs produced by a strong electric field, which increases the energy of
virtual (short-lived) pairs in vacuum, making them real. The pairs in the strong
gravitational field of a black hole are produced in a similar way. These pairs emerge
in the “empty” space domain located in front of the event horizon. One of the
components of this pair becomes a real particle outside of the event horizon and,
having a positive energy, may escape to infinity; the other particle emerges inside
the horizon and falls, with a negative energy, into the black hole. Eventually the
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black hole becomes a source of a continuous stream of particles going to infinity. No
particle intersects the event horizon in the formation of this radiation. In the analysis
of this picture, Hawking discovered [44] that the properties of this radiation are the
same as for the radiation of a hot black body of radius rbh heated to a temperature
(in kelvin)

T � ¯c3

8�kGM
� 0:5 � 10�7Mˇ=M:

In this case it was shown [44] that the smaller the black hole, the higher its
brightness temperature, and the easier the black hole is to notice. Like all hot bodies,
for the description of which the second law of thermodynamics was formulated,
black holes possess a large amount of entropy and may emit particles (vaporize). A
single black hole with a mass equal to about one million solar masses (like the one
that is thought to be located at the center of our galaxy) possesses an entropy that
exceeds 100-fold the entropy of all the particles in the observable universe.

In the course of radiation, the mass of the black hole decreases and its
temperature rises, which enhances the emission and thereby speeds up the mass
loss. That is why the black hole “flares up” with time, its temperature rising rapidly,
and the black hole ceases to exist within a finite time on exhausting its mass.

One scenario of the universe’s evolution (see Sect. 10.4) implies that it will
eternally expand. Distant galaxies will vanish from our view. Those which remain
close to us will transform into black holes, which will vaporize into the surrounding
medium. It is not unlikely that billions of years later the universe would be empty.
Then and only then would it possess the maximum possible entropy. The universe
would come to a state of equilibrium, and from then on nothing would ever happen
in it.

It is significant that the last moments prior to the disappearance of a black hole
will occur in the regime of a high-power explosion with an energy liberation of
1030 erg in a time of about 0.1 s. Such explosions might be observable at a long
distance from the Earth. This does not apply to stellar objects and even more so
to massive and supermassive black holes: even for a mass equal to the solar one,
the temperature is equal to an insignificant fraction of a degree and the lifetime is
much longer than the life of the universe. Only primary black holes with a mass of
about 1015 g are therefore capable of exploding in our epoch. Unfortunately, such
explosions have never been observed.

An interesting radiation-induced change of accretion dynamics is related to the
so-called Eddington luminosity limit [115], above which the light pressure exceeds
the gravitational attraction. A classical example of a binary system in which a
supercritical accretion to a compact object is realized is SS433 (Fig. 9.5 [27]), a
massive binary star, which emanates directed matter jets traveling at a velocity of
�0.26 c, where c is the velocity of light. Binary systems with relativistic jets have
come to be known as galactic microquasars. In most of them, the compact objects
are greater than 3Mˇ in mass and are reliable black hole candidates. It is likely that
the near-critical accretion to a black hole is always accompanied by the production
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of relativistic jets; however, the mechanism of their formation is as yet imperfectly
understood.

It is likely [115] that supermassive (with M > 105–1010Mˇ) black holes are the
central elements of a number of galaxies. The matter falling freely on a black hole
is accelerated to velocities close to the speed of light, and near the black hole this
stream spins into a dense and extremely hot accretion disk due to the existence of the
initial angular momentum. The energy of this “spinning top” is the principal energy
reservoir of the active galactic nucleus. It is there and not in the black hole itself that
high-power short-wavelength radiation fluxes are generated, and due to its magnetic
field there occurs acceleration of protons and electrons to very high energies; these
protons and electrons are ejected in the form of well-collimated jets perpendicular
to the accretion disk plane. In some cases, the jets emanating from galactic centers
measure hundreds of kiloparsecs in length and end in huge clouds [103].

By and large, this picture resembles that which is realized in the matter accretion
to a black hole or a neutron star, but the scale of energy in this case is many
orders of magnitude greater. The bulk of the energy of the active nucleus is the
energy of matter released in its fall into a deep gravitational well produced by a
supermassive black hole. As in the case of accretion onto compact stellar remnants,
in the accretion disk around this object the energy of the falling gas is partly
converted into thermal energy and partly into disk rotation energy. Integrally, the
released energy turns out to be tens of times higher than the nuclear energy contained
in the nuclei of the falling matter due to its acceleration to velocities close to the
speed of light in the gravitational field of the black hole.

It is not unlikely that at the centers of quasars there are black holes with masses
of �108Mˇ, which accounts for the high-power radiation emanating from the polar
regions of these objects [44].

The gravitational accretion of matter is the principal source of mass and energy
for many astrophysical objects, for example binary stars, binary X-ray sources,
quasars, active galactic nuclei, and jet ejections [115]. Although accretion theory
has long been known, it gained a new impetus with the discovery of the first X-ray
sources. As noted above, the accretion of matter onto stars (including neutron stars)
may take place on their inner surface or on the outer surface of the magnetosphere
of a strongly magnetized star. In this case, the gravitational energy of the falling
matter is converted to heat and is reradiated into open space.

A different situation arises in the accretion to black holes (Fig. 9.59), which are
possibly present in the binary X-ray sources of our galaxy or in active galactic
nuclei. In this case, as discussed earlier, the matter transits the “event horizon” of a
black hole, while the corresponding radiation cannot come out. Unlike the accretion
onto stars, the radiation capacity of accretion to black holes is a priori unknown and
depends on several factors, such as the angular momentum of the falling matter and
the matter-entrained magnetic field. For the spherical accretion of nonmagnetized
gas, the efficiency of energy conversion to radiation may amount to 10�8, while
the presence of a magnetic field increases its magnitude to 10 % [71, 74, 86, 95].
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Fig. 9.59 Accretion of matter onto a black hole [19] in the galaxy Cygnus A. One can see cosmic
jets responsible for high-power X-ray and radio radiation. Under deceleration due to the ambient
medium, they produce “hot spots” and gigantic cavities. The radio emission power of the object
Cygnus A is �1045 erg/s, which is approximately 10 million times the emission power of the
Andromeda Galaxy

The small value of this quantity is of significance in explaining the extremely low
luminosity of the neighborhood of black holes at the center of our galaxy. Both
jets and emanating plasma streams make a contribution of their own to the low
luminosity (Fig. 9.60).

Viscosity is a special problem in the theory of matter accretion [71]. Normally
viscosity lowers the effect of the angular momentum to enhance the accretion. For
a laminar viscous flow, molecular viscosity is low and a stationary accretion disk
should be massive and thick, and the accretion rate should be low in this case. This
does not correspond to the observations of high accretion rates for binary X-ray
sources.

The discrepancy may be explained [71, 117] by assuming that the real viscosity
coefficient far exceeds the “molecular-kinetic” value, for instance, by assuming the
accretion disk to be turbulent and introducing the corresponding turbulent viscosity.

Explaining the accretion disk turbulence [101, 108, 109] calls for special
consideration [71]. In the linear approximation, a Keplerian disk is stable (after
Rayleigh [22]) against axially symmetric perturbations, which conserve the angular
momentum. For a very high Reynolds number, Re D �V`=� � 1010, the amplitude
of nonlinear perturbations will be small, so that the development of turbulence from
nonlinear perturbations is possible even when linear perturbations are stable.
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Fig. 9.60 Jet formation in the accretion of matter onto a massive object [19] at the center of the
galaxy M87. The jet consists of high-velocity particles and exhibits a structure of inhomogeneities
(clusters) measuring �10 light years

At the present time, magnetohydrodynamic instabilities as the cause of accretion
disk turbulization are being studied intensively. The linear (magnetorotational)
instability of differentially rotating disks (the Alfvén velocity is below the velocity
of sound) may develop into a turbulent regime, which it has been possible to model
employing sophisticated three-dimensional magnetohydrodynamic (MHD) codes.

Laboratory experiments in this area involve rotating liquid metals, though
for lower-than-required values of the magnetic Reynolds number Rem owing to
the substantial magnetic diffusion in metals [101]. Another type of laboratory
experiment might involve laser-produced plasma, in which it is possible to generate
�100 kT fields and high accelerations.

Apart from the magnetorotational instability [108, 109], Rossby wave instabil-
ity [22, 71] may be significant in accretion problems involving an unmagnetized
flow with a nonmonotonic profile of the density, pressure, or entropy [22]. Two-
dimensional simulations of such situations revealed the emergence of three to
five long-lived vortices, appreciably changing the accretion dynamics, which is of
importance in studying the formation of planets around young stars.
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Fig. 9.61 Laser-assisted production of a QGP and a mini black hole [3, 9]

At present, as we see, considerable attention is being given to binary systems
in which one of the objects is a collapsing object such as a neutron star, a black
hole, or a white dwarf. Active galactic nuclei and quasars are at the other extreme.
Their anomalous luminosity results from falling-matter energy conversion to a
massive black hole located at the galactic center. The corresponding high-intensity
X-ray radiation from these objects ionizes the matter in the falling accretion disk
and transforms it to the plasma state, making significant the effects of magnetic
field, radiation, and Coulomb interaction on the dynamics of motion. To study the
physics of these processes, advantage is taken of the high-energy X-ray cosmic
observatories Chandra and XMM. In this case, many questions [71] concerning
plasma photoionization in equilibrium and kinetic modes remain to be answered.

High-current Z-pinches, lasers, and relativistic heavy-ion accelerators (see
Chaps. 3 and 5) can to a certain extent sufficiently reproduce the photoionization
effects in plasmas, providing a clearer insight into the dynamics of matter accretion
to black holes.

Arkani-Hamed et al. [3] and Bleicher [9] came up with the interesting idea of
producing mini black holes in terrestrial conditions (Fig. 9.61). In this formulation,
two exawatt lasers generate colliding ion streams with energies &1 TeV by irradiat-
ing gold targets, which should give rise to a black hole with a radius of �10�4 fm.

9.3.7 “Wormholes”

More recently, one more mechanism of the origination of black holes related to the
collapse of so-called “magnetic tunnels” or “wormholes” [62, 100] has come under
discussion [51].

A “wormhole” [97] is a hypothetical object described by the nonsingular solution
of Einstein’s equation with two large (or infinite) space-time domains connected
by a throat. The two large space-time domains may lie in the same Universe or
even belong to different universes in a Multiuniverse model. In the latter case,
“traversable” tunnels furnish a unique possibility to investigate other universes.

These highly exotic objects supposedly emerged at early stages after the Big
Bang and have persisted for various reasons until the present time. According to the
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Fig. 9.62 Wormhole connecting two spaces (two universes) [87]

Fig. 9.63 Wormhole connecting two local regions of the same space. The path between them in
ordinary space may be far longer than the path through the wormhole. For obviousness, our space
is curved [87]

chaotic inflation model, which underlies modern cosmology [51], apart from our
universe there may exist an infinite number of other universes, which originate in
a scalar field in different spatial domains and at different points in time to make
up a “spatio-temporal foam” [62, 100]. Some parts of our and other universes
may be connected by traversable spatio-temporal tunnels—“wormholes” (Figs. 9.62
and 9.63 [87])—which existed in the initial scalar field and persisted after inflation.
There emerges an intriguing possibility of studying the multielement universe and
searching for specific manifestations of extraordinary-type astrophysical objects—
entrances to the tunnels.
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Kardashev et al. [51] considered different models of a “wormhole” sustained by
the electromagnetic field penetrating through these holes and by the combination
of magnetic field and “phantom” energy, magnetic field and “phantom” matter,
which was introduced to account for the accelerated universe expansion discovered
recently [74, 86]. In this case, the “phantom” energy and “phantom” matter should
possess extraordinary equations of state close to the vacuum one, P=E < 	1, and be
isotropic or anisotropic. Shatskii et al. [97] investigated the dynamics of a spherical
model of a wormhole filled with matter consisting of magnetic field and dust with a
negative mass density.

The entrance to such a magnetic tunnel, which is a magnetic monopole of
macroscopic dimensions, turns out to be amenable to observation, and the accretion
of the ordinary matter onto it may give rise to a black hole with a radial magnetic
field. Kardashev et al. [51] discuss the likelihood that some active galactic nuclei
and other objects of the galaxy are or were entrances to these magnetic holes, which
range in mass from 2 kg to 2 billion solar masses. The long cosmological lifetime
of these objects is attributable to the circumstance that the Hawking evaporation
effect [43] is not operable for them, because they lack the event visibility horizon.
This is the difference between wormholes and primary black holes, which have a
lower mass bound of 1015 g. A wormhole may manifest itself as a binary system
formed by the entrance to a spatial throat, which produces multiply connected
topology, emitting nonthermal radiation and gamma-ray bursts.

Table 9.6, taken from [51], shows the throat parameters (	G is the oscilla-
tion frequency of a probe particle and 	H is the gyrofrequency) of a magnetic
“wormhole” estimated for a quasar nucleus, objects with the critical field for
electron–positron pair production, objects of terrestrial and solar mass, objects
with the critical magnetic field for monopole–antimonopole pair production, and
an object of Planck’s mass.

One can see that “wormhole” parameters correspond to ultrahigh energy den-
sities, which may be comparable to those in the immediate vicinity of the Big
Bang. Attention is drawn to the extremely high magnetic fields of these objects. For
fields B D m2

e c3=e¯ � 4:4 � 1013 Gs a level’s Landau excitation energy exceeds
the rest energy of the electron. Positronium atoms acquire stability at fields above
1024 Gs; they are spontaneously produced in the vacuum to fill the entire medium.
The breakdown of the vacuum and monopole pair production take place at fields
of �2:6 � 1049 Gs, which leads to a “wormhole” mass of only 1.8 kg, which is
supposedly the lower bound for these objects.

Also discussed is the feasibility of observing—against the background of cosmic
objects—entrances to magnetic tunnels or black holes produced by way of accretion
from relict black holes [51]. The difference in structure and rate of spatial decay of
these objects from the structure of ordinary black holes may serve as an indication.
Furthermore, the rotation of a monopole excites a dipole electric field, resulting
in relativistic particle acceleration. In this case, electrons are accelerated toward
one pole and protons toward the other. Such unidirectional jets are observed to
emanate from some sources, for instance, the 3C273 quasar [51]. A black hole
may be distinguished from the entrance to a “wormhole” by the absence of an
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event horizon in the latter: a luminous object incident on the “wormhole” would
be continuously observed with an alternating red or blue shift. Observations of
the gravitationally lensed quasar Q09577+561 supposedly lend credence to this
model [51]. A distinctive feature of the “wormhole” as a strongly relativistic object
without an event horizon is the possibility of occurrence of periodic oscillations
of the stellar mass relative to the throat (see Table 9.6) accompanied by the
corresponding variation of the recorded red shift. In the motion of radiating sources
along circular orbits around the entrance to the tunnel, a compact source will also
change its flux and red shift. Lastly, an external observer may discover radiation at
the gyrofrequencies and observe effects related to e˙ and 
˙ pair production [51].

Binary systems involving entrances to magnetic tunnels as well as the approach
of two entrances to the same magnetic tunnel may also be accompanied by
observable radiative effects. In particular, the second of these processes ends with
the transformation to a black hole without magnetic field and with the radiation of
an external magnetic field. The electromagnetic pulse accelerates electron–positron
pairs, which may explain the observed gamma-ray bursts.

Kardashev et al. [51] also considered other possibilities for the observable
manifestations of new types of primary cosmological objects—entrances to “worm-
holes” and specific black holes resulting from them. In any case, the discovery of
“wormholes” opens up intriguing possibilities for investigating the multielement
universe and even paves the way to semifantastic ideas of traveling via “wormholes”
into the past by a “time machine” in violation of the causality principle and to other
universes before these tunnels collapse to black holes [62, 100].

Figure 9.64 [76] depicts the Hillas diagram with the characteristic magnitudes of
magnetic fields and dimensions of astrophysical objects. It also demonstrates their
capabilities as particle accelerators. Solid lines represent estimates of dimensions

Fig. 9.64 Hillas diagram
showing the characteristic
magnitudes of magnetic fields
and dimensions of
astrophysical objects [76]
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(in parsecs) and magnitudes of magnetic field (in gauss) of the objects capable of
accelerating protons to energies of 1020 and 1021 eV for a shock wave velocity 1/300
the speed of light. The dotted line represents the same for iron nuclei. Dark spots
indicate the observed dimensions and magnetic fields of different astrophysical
objects. It seems that in the universe known to us there are no, under the assumptions
made about the particle acceleration mechanism (Fermi) itself, obvious candidates
for the role of a zevatron accelerator—an accelerator of observable-energy cosmic
particles. Also shown for comparison here are the characteristics of the Tevatron
accelerator and the LHC operating on the Earth.
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Chapter 10
High Energy Densities Outside of Compact
Astrophysical Objects

In the previous chapter we considered the processes and effects inside of the cosmic
objects compressed by gravitational forces to a compact size: planets, stars, etc. We
now turn our attention to the discussion of high-energy objects in the remaining part
of the Universe.

10.1 Cosmic Jets, Radiative Shock Waves and Molecular
Clouds

At a certain stage of the evolution of a protostar, the excess parent gas flows off
the protostar (Fig. 10.1 [150]). Massive protostars are typically characterized by a
spherically symmetric outflow, because any unidirectional structures are destroyed
here by radiation and the stellar wind. Typical for low-mass protostars and young
stars are unidirectional gas flows, which are evidently due to the conversion
of rotational energy to the kinetic energy of a jet [149]. The reason for the
collimation of these jets and flows as well as one of their energy sources probably
is circumstellar disks, which are about 1 pc in diameter and up to hundreds of Mˇ
in mass.

Axially symmetric flows [177] have long been discussed in connection with
numerous astrophysical problems [109, 163, 177, 181]. Among the flows of this
class are the accretion to ordinary stars and black holes [22, 143, 181], axially
symmetric stellar (solar) wind [20, 101, 116, 154], jet ejections from young stellar
objects [82], and the ejection of particles from the magnetospheres of rotating
neutron stars [19, 100]. Magnetohydrodynamic (MHD) models are actively being
developed also in connection with the theory of the structure of the magnetospheres
of supermassive black holes, which are believed to be the “central engine” of active
galactic nuclei and quasars [16, 120].

The interrelation [163] of different cosmic objects is illustrated in Fig. 10.2.
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Fig. 10.1 Planetary nebula NGC 6751 in the Aquila constellation. One can see the streams of gas
escaping from the central star. Photo from the Hubble Space Telescope [150]

10.1.1 Cosmic Jets

High-power (�1039 W), long (0.01–2 pc long), and well-collimated (with diver-
gence angles of 5–20ı and even less than 1ı) differently directed molecular and
plasma relativistic jets (with velocities up to 0:9c) are observed in many active
galaxies, quasars, and old compact stars [46, 109, 163, 177] (Figs. 9.5, 9.60, 10.3,
and 10.4). In the case of the most active quasars, these jets are often accompa-
nied by electromagnetic radiation with a wide spectrum—from radio-frequency
emission �108 Hz to superhard gamma-ray radiation with a frequency of 1027 Hz.
Well-collimated jets with velocities of 100–300 km/s are also observed for many
young stars.

Observations and theoretical analysis suggest that the acceleration and focusing
of these plasma jets is effected by the magnetic fields rotating together with
accretion disks, the fields taking the energy from the accretion masses or from the
rotating black holes.
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Fig. 10.2 Schematic of the interrelation between different cosmic objects [163]

Fig. 10.3 Active elliptical galaxy NGC 4261 in the Virgo constellation is the high-power radio
source 3C 270. Left panel: General view (at the frame center) with the image of elongated radio
emission regions superimposed on it. Each of the radio emission streams has moved away from
the galactic center by 20 kpc. Right panel: Photo of the central galactic region obtained from the
Hubble Space Telescope. The galactic nucleus is surrounded by a massive gas-dust disk about
300 kpc in diameter [178]
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Fig. 10.4 Radio image of the jets from the black-hole candidate SS4333, which is part of a binary
system with an ordinary star M � 10M

ˇ

, which emanates a strong stellar wind [163]

For many stellar objects the hydrodynamic [18, 44, 46] jet dynamics mode
is realized, where the jet energy and angular momentum are generated by the
electromagnetic field and kinetic energy of the ambient matter [109].

The hydrodynamic approach is underlain by the unipolar inductor model, i.e. the
model of a constant current source [18]. All compact objects are really assumed
to have a rapidly rotating central body (a black hole, a neutron or young star) and
a regular magnetic field, which gives rise to strong induction electric fields. The
electric fields in turn give rise to longitudinal electric currents and efficient particle
acceleration. The collimation mechanism in this model is associated with the well-
known property of attraction of parallel currents.

Following [18] we outline the basic propositions of the dynamic model of jet
ejections. The center of a parent galaxy is assumed to accommodate a supermassive
black hole (its mass ranges up to 106–109 Mˇ), onto which there occurs accretion
of the surrounding substance. In this case, the energy source of activity of galactic
nuclei may be the energy of black hole rotation

Etot D Jr˝
2

2
� 1062

�
M

109Mˇ

��
˝rg

c

�
erg;

as well as the energy of accretion matter. Here, rg D 2GM=c2 is the black hole
radius, Jr is the moment of inertia, ˝ is the angular velocity of the black hole, M is
its mass, and c is the velocity of light. The case for a supermassive object is favored
by the fact that the Eddington luminosity

LEdd � 1047
�

M

109 Mˇ

�
erg cm�1

(i.e. the luminosity at which the force of radiation pressure is equal to the
gravitational force acting on the accretion matter) is close to the typical luminosity
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of active galactic nuclei [181]. Furthermore, the active phase duration td D Etot=LEdd

estimated by the previous formulas is of the order of 107 years, which also is in good
agreement with observations.

Next, it is commonly assumed that the substance accretion is inherently disk-
like. In this connection, there appears a preferred direction in space—the axis of
rotation—along which jet elections are formed. Since a black hole itself cannot
have an intrinsic magnetic field, the large-scale magnetic field in the neighborhood
of a black hole is believed to be generated in the accretion disk.

According to modern views, massive central objects are present in the majority
of galaxies and remain active until substance in sufficient amount is falling onto
them. This limits the duration of their active life.

It will be recalled that the diffuse regions of radio emission near active galaxies,
which are tens or sometimes hundreds of kiloparsecs away from their nuclei, were
associated—almost immediately after their discovery in the early 1960s—with jet
plasma ejections (jets) streaming from their nuclei. It is precisely the jets that deliver
matter and energy to these domains, which the jets derive from the active nucleus
(Fig. 10.5). Observations show that jets can be accelerated and collimated quite close
to the galactic nucleus like, for instance, in the case of the nearest active galaxy
(Fig. 10.6).

Fig. 10.5 Radio image (5 GHz) of the active regions and jets flowing from the nucleus of the
galaxy Cygnus [18]. The distance between the bright regions is approximately equal to 80 kpc,
which is 9–10 orders of magnitude longer than the size of the central black hole

Fig. 10.6 Radio image of the jet ejection from the galaxy M87 near the central black hole. The
transverse jet dimension is about 1 pc [18]
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Fig. 10.7 Unipolar
inductor—a direct current
source. In a magnetized
sphere the electric current
flows in opposition to the
electric field [18]

The matter of jets emanating from active galactic nuclei is of high energy: the
Lorentz factor of a jet as a whole amounts to at least several units. In the galaxy M97,
for instance, this motion is directly observed, the Lorentz factor of the emanating
matter being � � 6. In many cases, the matter retains its relativistic velocities up to
huge distances from the nucleus before it appreciably slows down in the interaction
with intergalactic matter. Another amazing property of the jets is their high degree
of collimation: the divergence angle amounts to only several degrees.

The main MHD theory of compact objects is schematized in Fig. 10.7. In this
unipolar induction model [18], as shown in Fig. 10.7, a rotating magnetized sphere
can play the part of a battery which defines the energy release of the central
engine. Under the assumption of a high conductivity of the sphere, the condition
for magnetic field line freezing-in

Ein C ˝xr

c
xBin D 0

leads to the emergence of a potential difference ıU between points A and B. By the
order of magnitude, this potential difference may be estimated as

ıU � ER0 � ˝R20
c

B;

where R0 is the transverse dimension of the work region. As a result the total energy
release Wtot on the external resistor is

Wtot D IıU:
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It is noteworthy [18] that the energy source in a unipolar inductor is the kinetic
energy of rotation. As is clear from Fig. 10.7, the charges inside the sphere move
in the opposite direction to the electric field. This becomes possible due to the
force with which the lattice acts on the charges transferred along the conductor and
therefore breaking the freezing-in condition inside the sphere. And, conversely, the
Ampere force exerted by the surface electric current on the substance of the sphere
results in its deceleration. So, the operation of the unipolar inductor (or, as it is
sometimes called, the unipolar Faraday generator) is based not on the Faraday effect
as such (when the EMF induced in a frame is due to the variation of magnetic flux),
because the magnetic flux in the circuit remains invariable. The reverse situation
is also possible: when a potential difference is applied to a magnetized sphere, the
sphere begins to rotate.

The operation of the central engine necessitates:

• a rotating body,
• a regular magnetic field,
• a good conductor.

In this case, the current and hence the energy loss will be defined by the
magnitude of the external resistance.

Transference of this model to real astrophysical objects is outlined in [18] and
calls for a highly sophisticated analysis.

For extragalactic, microquasar, and gamma-burst jets, a different (Poynting)
mechanism is thought to operate, in which the electromagnetic field is the main
source. In any case, the jet velocities exceed the “escape velocity” sufficiently for
the jets to leave the accretion disk.

The occurrence of bipolar streams in the evolution of a protostar appears to
somewhat paradoxical: there occur simultaneously both accretion and jet efflux of
matter. However, this is considered to be the principal mechanism by which the
protostar can rid itself of the excess angular momentum and magnetic flux during
collapse.

Of significant interest are recently discovered structures in the radio continuum
and 21 cm line, which tower above the accretion disk, are referred to as “worms”,
and measure 100–300 pc. It is likely that they owe their origin to hot plasma streams
emanating from star formation regions [149].

Laboratory experiments on plasma jets in collisional and collisionless regimes
may be carried out in high-current Z-pinch facilities (Sect. 3.8). The energy
exchange and the generation of radiation and shock waves may be studied in the
collisional regime. By lowering the density of targets it is possible to model the
penetration of the jets into the targets, their dynamics, and thermalization.

A comparison of radiative hydrodynamic processes in the laboratory and in
astrophysics was made by Falize et al. [47], who found similarity criteria for the
reproducibility conditions of radiative hydrodynamic phenomena.
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In any case, the use of Z-pinches and lasers [38] has made it possible to obtain
hydrodynamic plasma jets with Mach number M � 5–10, where M D v=cs and cs

is the velocity of sound, and strongly radiating jets with M � 50–60 [109, 172]
in laboratory conditions. A new class of high-energy, electroneutral, and well-
collimated proton jets with an energy up to 100 MeV was produced employing
picosecond terawatt lasers [34, 74, 78, 89, 90, 105, 125].

The Poynting acceleration mechanism is close in geometry to the geometry of
a magnetically shielded diode system with a potential mec2=e applied to it, which
leads to the generation of intense charged-particle streams. The same pulsed high-
current accelerators with an operating voltage of �106 V [97, 162] are employed for
the simulation of plasma jets from the accretion regions.

10.1.2 Radiative Shock Waves

Gigantic pulsed energy releases in astrophysical objects are inseparably linked with
the generation of intense shock waves, solitons, and contact surfaces in cosmic
plasmas [38, 109, 163, 177] (Fig. 10.8), which may be caused by a supernova
explosion, stellar wind, a galactic spiral wave, or the mutual collision of clouds
and stars, among others.

Fig. 10.8 Cat’s Eye Nebula (NGC 6543) [107] located 1 kpc away from the Sun. Seen at the center
is the remnant of the star that shed its plasma shells. Photo from the Hubble Space Telescope
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When an explosion wave leaves a dense medium, its radiative cooling time
becomes shorter than its hydrodynamic time. Such radiative explosion waves may
emerge at the final stages of supernovae evolution, at the stage of the afterglow of
gamma-ray bursts and supernovae.

In dense molecular clouds [109, 163, 177], the temperatures of shock-compressed
plasmas range up to tens of millions of degrees. These waves are subject to radial
oscillations if the cooling time increases slowly with temperature. Furthermore,
dense cooled domains are sometimes longitudinally unstable. Extensive computer
calculations have shown that the propagation rate of such radiative waves in the
interstellar medium is n D .d ln R=d ln t/ � 1=3, where R is the radius of the
radiation waves .R.t/ � tn/, t, is time and n the propagation rate, which is below
the Sedov–Taylor rate of 2/5, but is higher than the simple self-similar limit of
2/7 [44]. That is why the study of radiative explosion waves in astrophysics is of
significance, connecting complex hydrodynamic and radiative processes in plasmas
(Fig. 10.9) [99, 165].

The study of radiative explosion waves (Fig. 10.10) in a laboratory requires the
production of a strongly radiating, but optically thin domain of shock-compressed
gas [38, 110]. Experiments at Lawrence Livermore National Laboratory with the
Falcon short-pulse laser irradiating a xenon jet made it possible to produce and
investigate radiative waves and to analyze their attenuation rate [173].

Nicolai et al. [110] investigated the structure, dynamics, and main parameters
of laser-produced jets. By varying the gas parameters and its chemical composition
they studied regimes ranging from the adiabatic to strongly radiating. It was possible
to reproduce the basic features of astrophysical jets, such as the formation of
detached shock waves, the region of shock-compressed plasma, a contact surface,
and the Mach disk.

Fig. 10.9 Schematic of
experiment [165] on laser
generation of plasma jets.
Two lasers irradiate thin foils
of thickness 3–5�m each,
with the effect that the
intersection of two backside
jets produces a
longitudinal jet
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Interstellar space is not empty or uniform (Figs. 10.11 and 10.12). It is filled
with low-density matter, radiation, and a magnetic field with the corresponding
characteristic energy density of �1 eV/cm3. On average, 1 cm3 of interstellar space
contains no more than one hydrogen atom and far fewer other chemical elements. In
1 km3 of this space there are no more than ten dust particles, measuring 1�m each.
The matter temperature varies over a wide range—from �10 K to 106 K. Dense
gas and dust domains have come to be known as clouds (or nebulae), Figs. 10.13
and 10.14, of size 100–300 pc, up to 107Mˇ in mass, and are classed as diffuse
(T � 102–103 K, n � 1–102 cm�3), dark (10–102 K, 102–104 cm�3), molecular (5–
50 K, 4�102–106 cm�3), or globular (10–30 K, 103–106 cm�3). It is likely that some
of them came into being in the regions of active star formation, and the emergence
of molecules in turn is an indication that the medium has cooled down, become
denser, and is ready for star formation [149]. A wide spectrum of molecules has been
discovered, up to structures containing 13 atoms (cyano-decapeptide), which are
produced in gas-phase ion reactions and on the surface of dust particles possessing
catalytic properties. Surdin [149] showed that the simplest molecules are formed
in 104–105 years, while it takes tens of millions of years to form a 10–13 atom
molecule.
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Fig. 10.12 Gas-dust cloud B 68 measuring 0.2 pc in the Ophiuchus constellation located 150 pc
away from the Earth. No stars are seen behind it in the visible range (the first photo). However,
infrared rays experience weaker absorption by the interstellar dust, and the cloud becomes
progressively more transparent with increasing wavelength (indicated in micrometers). Photo from
the ESO VLT Telescope [43, 150]

Dust particles ranging from 0.01�m to 0.2–0.3�m in size are present in
the interstellar medium and participate in the catalytic synthesis of molecules,
entrap stellar radiation and transfer its momentum to the interstellar gas, thereby
participating in the radiation balance, and are, of course, an important factor in star
and planet formation. Although the dust mass is only 0.03 % of the total mass of
the galaxy, its luminosity amounts to 30 % of stellar luminosity and completely
determines the IR radiation of the galaxy (see Fig. 9.1). The radiation-induced
expulsion of dust from the atmospheres of red giants as well as nova and supernova
explosions are the main dust generators in space [(3–4/� 10�3Mˇ per year].

According to estimates, in our Galaxy the number of planetary nebulae located
within tens of parsecs away from us lies in a range from 8000 to 40,000 [151].

10.1.3 Molecular Clouds

The equilibrium in giant molecular clouds is maintained by gravitational forces
and the dynamic pressure of large-scale matter streams, such as collimated jets
up to 1037 erg/s in power, shock waves, collisions with other clouds, and star
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Fig. 10.13 Cone Nebula (NGC 2264) [107]

Fig. 10.14 Omega/Swan Nebula (M17) [107]
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formation [149]. The last-named process eventually ruins the molecular clouds,
which last up to 107–108 years on the average. On the other hand, massive
interstellar clouds themselves may exert a destructive effect on stellar clusters (for
more details, see [149]).

The precursors of planetary nebulae are classed with intermediate-mass stars:
from 0.8 to 8Mˇ [151]. The stars of initial mass >8Mˇ in the main sequence do
not go through the stage of a planetary nebula but experience a core collapse, flare
up in this case as supernovae and shed their massive shell, and their core turns into a
neutron star or a black hole. The stars of mass smaller than 0:8Mˇ cannot produce
a planetary nebula: they turn into carbon-oxygen white dwarfs.

Several models are discussed in the analysis of interstellar cloud formation:
agglomeration in accidental collisions, the Parker (or magnetic Rayleigh–Taylor)
instability, the gravitational (Jeans) instability, and gas densification by the expand-
ing gas shells around star formation domains.

The amount of interstellar gas in galaxies depends on many factors [177]—star
formation, gas shedding by post-evolution stars (Figs. 10.8 and 10.15), accretion
onto a galaxy, etc. Atomic and molecular gas accounts for the bulk of gas mass
in disk galaxies (Fig. 10.16 [168]). About 97 % of the mass is accounted for

Fig. 10.15 Image of the result of the Tycho (SN 1572) supernova explosion [38]
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Fig. 10.17 Collision of a white dwarf with an inflated red giant [144]. The dwarf remains intact
on collision and entrains a part of the gas of the giant. The giant itself disintegrates, although its
nucleus remains intact, and transforms into another white dwarf

by hydrogen (70–75 %) and helium (20–25 %). The interstellar gas medium is
nonuniform (Fig. 10.16 [168]) on many scales due to density waves, shock waves,
solitons, and hot or, conversely, cold giant clouds. The hot, or coronal, gas has
a temperature of �105–106 K and dimensions of hundreds of parsecs. It owes its
origin to the activity of young stars: stellar wind, star formation, supernova bursts,
etc. The hot gas in giant galaxies results from the ejection of the gas shell by red
giants in the course of their evolution or collision (for instance, with a white dwarf,
Fig. 10.17 [144]). Since a substantial energy fraction of a supernova explosion is
transferred to the ambient medium, there emerge expanding regions of hot gas
(Fig. 10.18 [178]) and shock waves propagating through the interstellar gas. They
foster star formation by compressing dense gas regions, speeding up their cooling
and further compression, thereby giving impetus to star formation (Fig. 10.19). The
same role is played by the shock waves generated by strong tidal interactions in
compact galactic systems. That is why cool and dense molecular clouds illuminated
by bright and young nearby massive stars fulfill the role of a “stellar incubator” in
the universe (Figs. 10.13, 10.14, 10.20, 10.21, and 10.22).

The high-intensity stellar radiation incident on the clouds produces ablation
pressure, which is supplemented by the pressure of the stellar wind (Fig. 10.23 [1]).
As a result, the cloud is compressed by shock waves and set in motion away
from the radiating object. The Cone (Fig. 10.13), Omega (Fig. 10.14), Rosette, and
NGC 3603 nebulae are good cases in point. The interest in dense molecular clouds
located near bright stars arises from the hypothesis that they are the birthplace of
new stars [177]. Great interest is aroused by the shape of extraordinary columns
in nebulae (Fig. 10.13), which might have resulted from Rayleigh–Taylor type [44]
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Fig. 10.18 Galaxies M81 (bottom) and M82 (top) viewed in the ultraviolet spectral range. The
explosive nature of star formation in M82 is demonstrated by the ejection of gas heated by the
stars of the central part of the galaxy [178]

instabilities of the ablation front. An alternative explanation relies on the “cometary”
model, whereby the matter under irradiation is carried out from the dense regions to
the clouds, as is the case in cometary tails.

Observations made with the Hubble Space Telescope [107] and the ground-based
BIMA millimeter interferometer yielded valuable information about the velocity
distribution and the matter dynamics inside the clouds, making it possible to verify
many hypotheses for the radiative matter dynamics, the role of the cloud matter in
the formation of stars, etc. (Figs. 10.24 and 10.25).

Molecular gas is observed not only in the CO line but also in OH, H2, NH3,
HCN, and HCOC lines. This is indication that molecules persist for a long time
after nebula ionization. Dust protects them from the hard radiation of the core and,
in doing this, heats up to become a source of IR radiation.

In many astrophysical objects, along with the charged component, there is a
significant admixture of neutral atoms and molecules [28]. In the galactic disk, apart
from hot, rarefied, and completely ionized caverns with a temperature T � 106 K
and a density n � 2 � 10�3 ions/cm3, there is a “warm” phase (T � 104 K,
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Fig. 10.19 The interacting Antennae Galaxies (NGC4038/9). At the right: A photo from the
Hubble Space Telescope shows active star formation in the central regions of the merging
galaxies [178], including shock wave fronts

Fig. 10.20 The Red Rectangle Nebula, which surrounds the star HD 44179. One can see the
ejected gas jets [14]
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Fig. 10.21 Newborn stellar cluster (region N90) surrounded by the residual gas of which it was
formed [150]

n � 0:2 particles/cm3), in which the degree of ionization is about 0.1 and which
occupies tens of percent of the volume. In cool neutral clouds, which are the main
sources of star formation and frequently contain rapidly evolving young active stars,
the matter density is 2–3 orders of magnitude higher but the temperature and the
degree of ionization lower. Also quite low is the degree of matter ionization in the
photospheres of the Sun and many stars. In the solar photosphere it is only about
10�3. In all of the mentioned and many other objects, apart from the partly ionized
background plasma, there also are suprathermal particles, relativistic (cosmic rays)
and nonrelativistic, whose sources may be located in the object under consideration
as well as far beyond it. It goes without saying that similar conditions are also
possible in the objects of terrestrial origin (the ionosphere) [28].

10.1.4 Planetary Nebulae

A planetary nebula is, to a first approximation, an ionized gas shell surrounding a
hot star (core) at its center. Outer shell regions may contain neutral gas [151].
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Fig. 10.22 At the top right of the photo is the central star of the planetary nebula NGC 6302—one
of the hottest—surrounded by a dense, dusty, and carbon-saturated torus [14]

Not only are dust particles present in the interstellar medium and molecular
clouds, but they can also form dust clouds of their own, which are detected by
excess infrared radiation. Today more than 100 young planets are known with gas-
dust disks that contain the matter of a planetary system under formation [149]. An
analysis of the IR spectra of the dust disks suggests that the particle dimensions are
rather large—from 0.5�m to several centimeters.

The jet dynamics of dust clouds and dust disks is affected by the fact that the
dust particles may be charged (owing to photoionization) and form a so-called dust
plasma [51], which possesses unusual properties in many respects and, as evidenced
by experiments, increased viscosity (for more details, see [50, 51]).

Planetary nebulae play an important role in the evolution of the interstellar
galactic medium. They deliver matter to this medium for the formation of next-
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Fig. 10.23 Mathematical simulation [1] of the origination of galaxies

Fig. 10.24 Photo of the galaxy NGC 3079 obtained from the Hubble Space Telescope, which
demonstrates the high activity of the nucleus. Hot gas ejections into intergalactic space provide the
material for the production of young stars [163]

generation stars; as this takes place, the medium is enriched in the products of
nucleosynthesis from the interior of the star that generated this nebula [151].
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Fig. 10.25 Huge gas and dust clouds from the supermassive star Eta Carinae are the material for
new stellar objects [107, 163]

In our Galaxy a new planetary nebula is formed approximately once a year. The
mass which the stars return to the interstellar medium in the form of a solar wind
and a dispersing planetary nebula amounts to 3:3Mˇ per year.

Approximately 95 % of all stars in the Galaxy end their evolution in the form
of a white dwarf. Approximately 60 % of them go through this stage rather quickly
to ionize their shells and form planetary nebulae. Data about these nebulae yield
estimates of stellar dying in the Galaxy in the modern era and permit judging about
the history of star formation in it [151].

Although planetary nebulae are visually bright objects due to their emission lines,
they do not make a significant contribution to the optical brightness of galaxies,
because they are small in number due to their short lifetime. However, since low-
mass stars in the post-asymptotic stage evolve too slowly to ionize their shed
nebulae, the stars may be a source of significant ultraviolet galactic luminosity.

To describe the initial phase of spontaneous star formation, different models [1,
149] are taken advantage of: the gravitational (Jeans) model generalized to the
case of general relativity theory by Lifshits [85], the magnetohydrodynamic model,
thermal instability, as well as the model of shock-wave compression of interstellar
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matter. Along with spontaneous star formation, also considered is induced formation
stimulated by the explosion in the birth of a neighboring star, which gives rise to
compression waves and a “chain” reaction of star formation [85]. In support of this
stimulated mechanism we mention the domain around the emission nebula Omega
(M17). On one side of this nebula there is a gas-free space with a group of young
stars (in the emission nebula itself there are even younger stars), and on the other
side there is a molecular cloud with indications of star formation.

Imshennik and coworkers [73] also provide other examples of stimulated star for-
mation waves traveling along one molecular cloud on a �100 pc scale. Conceivably,
in this case an analogy with the propagation of combustion and detonation waves
through chemically active media is appropriate. The more so as Öpik [114] came up
with the idea that the shock wave from a supernova explosion triggers star formation.
The mechanisms of interstellar cloud compression by external radiation pressure
and the idea of the instability of the gas shells compressed by the stellar wind
stream were considered as the mechanism for the triggering of the self-propagating
or epidemic wave of star formation. At the same time, the birth of a star and a
stellar system in the parent cloud frequently leads to its disintegration and may lend
impetus to the formation of new interstellar clouds.

The exchange of matter between stars and the interstellar medium is schematized
in Fig. 10.26 [149]. The interstellar medium is constantly replenished with the
material of stars in their explosion, while the stars themselves are produced from
the interstellar medium (Fig. 10.27 [136], Fig. 10.28 [69]). In this case, from this
turnover there steadily drop out the indestructible remnants of evolution: white
dwarfs, neutron stars, black holes, and planets. By and large the stars of mass 1Mˇ
return 40 % of their matter to the interstellar medium and a star of mass 9Mˇ more
than 90 % [149]. The total stellar mass flux into the interstellar medium is �1Mˇper
year, while the gas inside the interstellar medium passes from the diffuse medium
to molecular clouds and back with a rate of 102Mˇ per year, the expenditure of
material for star formation amounting to only �1–3 % of the latter figure.

However, by no means all of this baryon matter is as easily observable as the
matter that finds its way into bright stars, nebulae, and other visible objects [54].
The matter is that, should we collect all the matter visible in telescopes, the result
will account for only tenths of the total amount of matter which resulted from the
Big Bang. This deficit of substance is not related to “dark” energy and “dark”
matter (96 % of observable Universe) and relates to the remaining 4 % of baryon
matter [54].

The initial amount of baryon density after the Big Bang is estimated [54] from
the relict microwave radiation and is done independently in the content of helium,
lithium, and deuterium. This gives 4 % of the total mass of the Universe. Entering in
the composition of galaxies [54], baryons are omnipresent: in stars, stellar remnants,
neutral gases (atomic as well as molecular), ionized gases, dust, planets, and finally
in human beings.
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Fig. 10.26 Matter exchange between the stars and the intergalactic medium [149]

With the use of electromagnetic spectra, the amount of observable baryons is
estimated at only 10 % of the initial amount of baryons which were present in the
early Universe. The missing baryons are perhaps in the elusive state of warm-hot
intergalactic medium (WHIM) [54]. If attempts to confirm the existence of this
matter and precisely determine its localization meet with success, then may be, it
will suffice to account for the fate of the missing baryons [54].

The existence of WHIM may explain the low efficiency of galaxy production.
The evolution of a large-scale structure has the effect that the intergalactic gas
becomes too tenuous and hot (ions are heated by their acceleration in gravitational
fields) to assemble in dense cool clouds required for the formation of galaxies.
However, a part of the baryons did form galaxies—otherwise neither stars, nor
planets, nor you and I would have come into existence [54].
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Fig. 10.27 Matter turnover in galaxies. A typical young star comes into being in a gas cloud, is in
a quasi-stationary state for a long time, as our Sun is now, and passes into the stage of a red giant
upon exhaustion of hydrogen. A red giant explodes to deliver heavy elements into ambient space
and replenish the gas clouds with the nuclei of heavy chemical elements [136]

In earlier eras, the galaxy formation was more efficient. About 8 billion years ago
the average rate of star formation was 10–20 times higher than today. The majority
of galaxies which we now observe were formed at precisely that period.

The baryon exchange between galaxies and their surrounding space is of
importance not only for the investigation of galactic evolution, but also for the
verification of the WHIM [54]. Due to the continuous processes of cooling and
heating, baryons circulate between the intergalactic space, stars, and galactic gas.
Constantly fought is the “battle” for baryons: galaxies grow by winning them from
the ambient space. Estimates suggest that about half of the baryons that now are
present in one or other galaxy observed by astronomers have visited the intergalactic
space at least once. Most likely, this cycle took place many times. The baryons
which your body consists of would have participated in this cycle with a periodicity
of about once in 14 billion years.

This baryon conception [54] shows that the evolution of galaxies is merely a
small part of the large-scale evolution of the intergalactic medium. Galaxies are no
more than one of the many cyclic baryon transformation processes most of which
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Fig. 10.28 Dynamics of the formation of cosmic structures [69]

occur outside of the galaxies. According to the anthropic principle (see Sect. 10.4.6),
we fortunately appeared at the place and time where baryons were in a stable state.
In other places of our Universe or in other epochs this is not nearly so. On dying 5
in billion years (see Sect. 9.2.2), the Sun would incinerate the inner planets of our
system, the outer ones will be vaporized, and heavy elements will find their way into
the interstellar space, but certainly without us.

10.1.5 “Dark” Matter and “Dark” Energy

While on the subject of matter transformation in the universe, we cannot help
mentioning the problem of “dark” matter and “dark” energy, which has intrigued
researchers since 1998–1999. According to contemporary notions [134], about 70–
75 % of the mass–energy in the universe is accounted for by the so-called “dark”
energy, Fig. 10.29 and Table 10.1, which manifests itself only via gravitational
effects and is not directly related to known particles. It might be represented by
Einstein’s cosmological constant [33].
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Fig. 10.29 Energy balance in
the modern universe [134]

Dark 
energy

ordinary matter

stars

neutrinos

Dark matter

While on the subject of matter transformation in the Universe, there is no
escape from mentioning the problem of “dark” matter and “dark” energy, which has
fascinated researchers since 1998–1999. According to modern views [61, 134], the
so-called “dark” energy (Fig. 10.29, Table 10.1) comprises approximately 70–75 %
of the mass-energy of the Universe, manifests itself only via gravitational effects,
and is not related directly to the known particles. It may be represented by Einstein’s
cosmological constant [33].

The advent [88] of the notion that in nature there exists dark energy—a weakly
interacting physical substance which runs through the entire space of the visible
Universe—was the number one sensation in the physics of the end of the twentieth
century and came as a surprise to the majority of researchers, especially to those
working at the junction of cosmology and elementary particle physics. The matter
is that the known energy scales typical for fundamental interactions are of the order
of 1 GeV (strong interactions), 100 GeV (electroweak interactions), and 1019 GeV
(gravitational interactions), and there were no grounds to believe that in nature there
exist one more, much lower energy scale. However, it turned out that dark energy is
characterized by a scale Ev � 10�3 eV determined by the fact that the dark energy
density �v D Ev.

Furthermore, in the modern Universe there holds, to within one order of
magnitude, an approximate equality

�v � �D � �B;

where �D and �B are the dark matter and baryon mass densities. For this equality
there are no and have never been any evident a priori grounds of any value [88].
We emphasize that the approximate equality �D � �B is true at any instant of
cosmological evolution after the formation of baryon asymmetry and the generation
of dark matter, because �D and �B decrease in a similar way—and rather rapidly—in
the expansion of the Universe. On the other hand, �v depends only slightly or not at
all on time, so that the equality �v � �D is true in precisely the modern epoch, after
the emergence of the structure of the Universe and the appearance of stars.
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One of independent arguments is as follows. An analysis of the data of galactic
catalogues on spatial matter distribution and the use of several different methods
for determining the mass of clusterized (“aggregated”) matter in combination with
measurements of relict radiation anisotropy and the Hubble parameter have led to
recognition [88] that the total mass density of nonrelativistic matter, which makes up
the nonuniform structure of our Universe—galaxies and their formations (groups,
clusters, chains, walls, superclusters, voids)—does not exceed 30 % of the critical
density �c:

˝M � �M

�c
. 0:3;

where

�M D �D C �B; �c D 3H2
0

8�G
' 10�29 g/cm3;

and H0 ' 70 km/(s Mpc) is the Hubble constant. This is one of the most important
results in modern cosmology. Its interpretation, which prevailed for a rather long
time, was that the Universe possessed a nonzero spatial curvature.

However, this interpretation encountered difficulties. First, from the theoretical
viewpoint an appreciable spatial curvature is extremely hard to reconcile with the
idea of the inflating Universe: without special fitting of parameters, inflation models
lead to extremely low values of the spatial curvature R�2

c . Second, the present-day
age of the open Universe void of dark energy amounts to about 11 billion years,
while estimates of the age of the oldest objects in the Universe (for instance, globular
star clusters) yielded and now yield higher figures of 12–14 billion years. There also
were several other arguments against the open Universe model with a strong spatial
curvature.

If the spatial curvature is nonexistent, the density data ˝M . 0:3 suggest that
at least 70 % of the energy density in the present-day Universe are due to the
existence of a matter such that may not be perturbed by the fields of structures and
remains “nonaggregated” (nonclusterized) in the course of cosmological evolution.
The latter requirement signifies that the effective pressure of this matter is negative
and sufficiently high in magnitude, i.e. p � 	�. This is the dark energy.

The main indication of the existence of this kind of energy is the acceleration
of the universe’s expansion, which follows from observations showing that distant
supernovae turn out to be systematically weaker than would be expected from the
linear Hubble law (Fig. 10.30). Consequently, in the past it expanded more slowly
than today.

The first group of observers [119, 130], who reported their results in 1998,
possessed data on only several supernovae of the necessary type. However, even
that was sufficient [32] to notice the cosmological effect in the law describing
the decrease of apparent brightness with distance. It turned out that the bright-
ness decreased, on average, appreciably faster than would be expected from the
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Fig. 10.30 Stellar magnitude at the peak of brightness for type-Ia supernovae as a function
of redshift Z (data from [118]). The upward deviation, towards lower brightness of the farther
supernovae, from the straight line (the linear Hubble law) is indicative of an accelerated expansion
of the universe

cosmological theory, which at that time was considered standard. This additional
blinding signifies that to a given red shift there corresponds some effective addition
in distance. But this is possible when the cosmological expansion accelerates, i.e.
when the velocity with which a source recedes from us increases with time and not
decreases.

The hidden mass, or dark matter, as it is termed in recent years, is only slightly
below vacuum in density:

˝D D �D

�c
D 0:3˙ 0:1:

Dark matter radiates neither light nor other electromagnetic waves and practically
does not interact with electromagnetic radiation whatsoever [32]. In our Galaxy, the
amount of dark matter is approximately ten times greater than that of the luminous
stellar substance. It makes up a vast invisible corona, or halo, around the stellar
disk of the Milky Way and, supposedly, all sufficiently massive isolated galaxies
and the largest cosmic systems—galactic clusters and superclusters. Like in our
Galaxy, dark matter amounts to 90 %, and sometimes more, of the total mass of
these systems. It manifests itself only due to the gravitation it produces; it was
precisely due to its gravitational effect that it was first discovered in the 1930s by
F. Zwicky, who studied the kinematics and dynamics of a rich galactic cluster in
the constellation Coma Berenices. In this constellation, galaxies move at velocities
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of about a thousand kilometers per second, and for these velocities it is possible to
retain them in the observed constellation volume only provided the total mass of
the constellation is approximately ten times greater than the mass of its constituent
galaxies. The physical nature of dark matter carriers is still unknown. A very broad
range of possibilities is under discussion: from elementary particles with a low mass
(below the electron mass) to dwarf stars, massive (greater than the solar mass) black
holes, etc.

Next to the dark matter is [32] the luminous substance of stars and galaxies. Its
cosmic density is an order of magnitude lower than the density of dark matter:

˝B D �B

�c
D 0:02˙ 0:01:

Finally, the fourth component of the cosmological medium is radiation, or an
ultrarelativistic medium, of density [32]

˝R D �R

�c
D 0:8 � 10�5˛;

where the constant factor 1 < ˛ < 10–30 takes into account the contribution
of neutrinos, gravitons, and other possible ultrarelativistic particles and fields of
cosmologic origin, which is additional to the very well-measured contribution of
relict radiation.

This effect is associated [33] with antigravity—a new physical effect discovered
at distances of 5–8 billion light years, at the edge of the expanding universe.
Antigravity shows up as the cosmic repulsion of distant galaxies, which exceeds
gravitational attraction. This antigravity is produced not by galaxies or other bodies
but by the previously unknown form of energy–mass referred to as “dark” energy,
which accounts for 70–80 % of the entire energy–mass of the observable universe.
This “dark” energy manifests itself only due to its property of producing antigravity.
Otherwise it is invisible and imperceptible: it does not emit, absorb, or scatter light.
It possesses negative pressure and its density is constant; its pressure–density ratio
w D P=�� D 	0:97 ˙ 0:09. The problem is that the dark energy density value ��
is very small:

�� � 0:75�c � 4 � 10�6 GeV cm�3:

The value of the “dark” energy density is many orders of magnitude smaller
than the magnitudes arising from dimensionality considerations for the fundamental
interactions, i.e., strong, electroweak, and gravitational [135]:

�� � 10�46�QCD � 10�54�EW � 10�123�grav;
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while the energy scale itself (M� D �
1=4
� � 10�3 eV) is much smaller than the

energy scales of the known interactions �QCD � 200MeV, MW � 80GeV, and
MPl � 1019 GeV (Pl stands for Planck).

In the mid-1960s, a “material” interpretation [60] of the cosmological constant
was proposed, which supposes the existence in the Universe of a perfectly uniform
macroscopic medium of density

�v D �

8�G
;

where G is the Newtonian gravitational constant; hereinafter the velocity of light is
assumed to be equal to unity, c D 1. This density is invariable in time and space and
remains the same in all frames of reference.

The medium of density �v possesses negative pressure pv and its equation of state
(i.e. the pressure–density relationship) is as follows:

pv D 	�v:

The medium with so unusual an equation of state is unlike any “normal” liquids
or gases. Following [33] we enumerate its most important special properties.

1. This medium cannot serve as a frame of reference [33]. When there are two
frames of reference moving relative to each other at some nonzero velocity, the
medium with the proposed equation of state will be comoving with both of them.
Herein lies the main mechanical property of the vacuum. So that the medium
described by this equation of state is the vacuum

2. The medium with such equation of state is invariable and “eternal”. Its energy is
the absolute and temporally constant minimum of energy contained in the world
space. This is another indispensable property of the vacuum.

3. The medium with the pressure defined by the given equation produced anti-
gravitation rather than gravitation. The matter is that, according to the general
relativity, gravitation is defined not only by the density of a medium (as is
assumed by the Newtonian theory), but also by its pressure. In this case, the
“effective gravitating density” in the general case is expressed as the sum of two
terms [33]:

�eff D �C 3p:

Note that the factor 1 by the density and the factor 3 by the pressure in the right
side of this formula emerge because time is one-dimensional and space is three-
dimensional.

When we are dealing with the equation of state of the vacuum, the sum in the
right side of the equation for �eff turns out to be negative:

�eff D �v C 3pv D 	2�v < 0:
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A negative effective density signifies “negative” gravitation. Unlike the universal
gravitation, the universal antigravitation tends not to draw bodies together but,
on the contrary, move them away from each other. When two probe particles are
placed in the vacuum, which are initially immobile relative to each other, the
vacuum will next make them mutually recede.

4. In terms of Newtonian physics, the vacuum produces a force but does not
experience (as a macroscopic medium) the action of either the external grav-
itational forces or of its own antigravitation [33]. As is well known, three
masses are recognized in physics: active gravitational mass, i.e. the mass which
produces gravitation; passive gravitational mass, i.e. the mass which experiences
gravitation, “senses” it; and the inert mass, which enters the left side of the
Newtonian equation of motion. These three kinds of mass are inherent in all
objects of the nature, all bodies and energies, including the vacuum. The effective
gravitating density, which has just been mentioned, is the density of active
gravitational mass. For any uniform medium the density of passive gravitational
mass is given by the relation �pass D � C p. For the vacuum, this quantity
vanishes: �pass D �v C pv D 0. This is the reason why the vacuum experiences
neither the external nor its own gravitation. In accordance with the equivalence
principle, which the general relativity relies on, the inert mass (its density is given
by the formula �in D �C p) of the vacuum is also equal to zero.

5. Since the dark energy density is a constant value, the vacuum may be thought
of as a medium which evenly fills the space on all scales—from cosmological
to arbitrarily small [33]. To be more precise, in the small scale domain we may
legitimately speak only about fractions of a millimeter but not smaller, because
the gravitational theory itself with its inverse square law has been experimentally
verified only to submillimeter distances. With a good safety margin, the vacuum
may be assumed to exist and be strictly uniform, at least down to a small scale
of about a centimeter. The bodies embedded in dark energy (at least, the bodies
of macroscopic size) do not force it out of the volumes they occupy—the dark
energy density is the same inside and outside of the bodies.

Unlike Newtonian gravity, the force of antigravity increases linearly with
distance [33], which has serious implications for the dynamics of the universe’s
motion after the Big Bang [33]. It turns out that zero acceleration occurred when
the universe was 7–8 billion years old. Since that time the universe has begun to
expand by an exponential law. The value of the cosmological constant is close
to the critical density at that time and is equal to �10�56 cm�2. Since the age of
the modern universe is about 14 billion years, it turns out that the history of the
universe is divided into two nearly equal parts: during its first part there prevailed
the gravitation of dark matter, baryons, and radiation, while the second part was
dominated by the antigravity of dark energy.

Another manifestation of dark energy is afforded by the WMAP (Wilkinson
Microwave Anisotropy Probe) spacecraft, which observed nonuniformities of the
temperature distribution of the relic radiation background—“imprints” of the
primary pregalactic structure of the universe, whose development later led to the
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emergence of galaxies. The evolution of these variations and their observable
quantitative characteristics depend on the physical parameters of the universe as
a whole and, in particular, on its geometry.

The most significant (and supposedly the most reliable) finding of WMAP
is that the total world’s energy density �0 is close to the critical density �c D
.3=8�G/H2

0 D .1 ˙ 0:1/ � 10�29 g/cm3, where H0 D 72 ˙ 0:4 km/(s Mpc) is the
Hubble constant. In this case, the strict equality of these densities is not ruled out.
These data are indicative of the high density of the universe, which exceeds the
density of ordinary and dark matter.

According to the WMAP data, the matter density in the universe is equal to the
critical value with a high degree of accuracy. This signifies that dark energy should
account for 70–80 % of the total density. The point is that the contribution of other
energies (baryons, dark matter, and radiation) is severely bounded above to about
30–20 % of the critical density, which is known in advance from a set of other
independent cosmological requirements. Today it is agreed that 26 % of matter is
due to hidden mass and only 4 % due to visible matter.

Such overestimation of the mass of the universe follows from nonuniformity of
the distribution of galaxies and the analysis of mass evolution in accumulations of
galaxies.

We now give [33] the WMAP data about the energy composition and age of the
Universe. The dark energy (the corresponding index is V), dark matter (index D),
baryon (index B), and radiation (index R) densities are given in terms of the critical
density:

˝V D �V

�c
D 0:75˙ 0:05;

˝D D �D

�c
D 0:23˙ 0:07;

˝Bh2 D �B

�c
D 0:022˙ 0:001;

˝Rh2 D �R

�c
D 7 � 10�5:

Here, h is the Hubble constant measured in units of 100 km/(s Mpc): h D H=100 D
0:72˙ 0:04.

These data relate to the modern state of the Universe, which, according to the
WMAP data, is

t0 D 13:7˙ 3 billion years.

The dark energy density was estimated even in the first experiments and turned
out to be quite low: �0:7 � 10�29 g/cm3 [33]. In a cubic meter of space, this dark
energy mass is equal to the mass of three hydrogen atoms. For a medium with such
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a density, the force of antigravity is also vanishingly small: it is balanced by the
gravitational attraction of two hydrogen atoms spaced 50 cm apart [33].

Also associated with dark matter are the hypothetical Weakly Interacting Massive
Particles (WIMPs), which emerged at the early stages of formation of the universe
(Fig. 10.31). This class comprises neutrinos, neutralinos, photinos, gravitinos,
axions, etc. It is significant that the fraction of the average density of the baryon
matter component relative to the average density of the nonbaryon one (WIMPs)
amounts to only �0.07. At the same time, the fraction of the average density of
visible matter relative to the total average density of the universe amounts to only
�0.003–0.007.

Galaxies and galactic clusters are supposedly [157] surrounded by giant halos of
dark matter. To be consistent with the data of direct astronomical observations, such
huge masses must consist of particles which interact only slightly with ordinary
matter or contact primarily with each other. They manifest themselves only in that
they use gravitational interaction with luminous matter.

As astronomers believe [157], formed first in the galactic production history was
the dark matter halo, which next drew the ordinary matter into the resultant potential
well. The ordinary matter, being flexible with respect to various changes, gradually
developed and generated the rich family of presently observable galaxies, while
the inert dark mass persisted in its initial form and configuration. As for the dark
energy, its only role known from observations is the motive force of the accelerated
expansion of the modern Universe. Available observations testify to the fact that the
dark energy has hardly changed throughout the life of the Universe.

The predicted hypothetical particles responsible for dark matter received the
name weakly interacting massive particles (WIMPs). They derive their name from

Fig. 10.31 WIMP production after the Big Bang [157]
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Fig. 10.32 Dark energy and matter [157]

the fact that they interact, apart from gravitation, only via weak nuclear interactions.
Being insensitive to electromagnetic interactions, which prevail in our everyday life,
WIMPs are completely invisible, and any their direct action on the ordinary particles
is weak. Therefore, these hypothetical particles are good candidates for the role
of cosmological dark matter. The capacity of WIMPs to account for the nature of
dark matter depends on the amount of such particles. Therefore, the solution of the
cosmological problem comes to depend on elementary particle physics. Like other
particles, WIMPs might have been produced in the Big Bang (Fig. 10.32).



10.1 Cosmic Jets, Radiative Shock Waves and Molecular Clouds 627

In the hot, dense early Universe, the production and annihilation of dark matter
particles—WIMPs—were in the state of dynamic equilibrium. As the Universe
expanded, its temperature became lower, and so there was no longer enough energy
for producing new dark-energy particles. Therefore, the decay of these particles
came to be the dominant process. The theory yields adequate predictions of the
amount of WIMPs, which are comparable with observations.

Among this list of candidates for “dark” mass carriers are more or less preferable
objects; however, the final answer to the question as to what hidden mass consists
of has to be provided by observations, probably the LHC-based ones.

An additional point in favor of the existence of “dark” energy is the solution
of the so-called Hubble–Sandage paradox [33]. This consists in the following:
for a strong nonuniformity and obvious randomness of matter distribution at
a distance of up to 20 Mpc, there exists a regular matter expansion flow with
direct proportionality between velocity and distance, which is valid for a uniform
distribution. Indeed [33], in the range from several to several tens of megaparsecs
cosmic matter is distributed quite nonuniformly. It conglomerated in separate
bunches—galaxies, galactic groups and clusters, which are randomly strewn over
space. Under these conditions the Friedman model is inapplicable: the assumption
of matter distribution uniformity is not fulfilled.

However, detailed observations showed [140] that a regular expansion flow
obeying the Hubble law v D HsR is traced with confidence in a broad spatial range
from 4 to 200 Mpc. It turns out that the regular galactic kinematics is in no way
impeded by the strong nonuniformity of their distribution inside a uniformity cell.
In this case, the Hubble constant Hs measured inside the uniformity cell is close to
the value of the global quantity H0 furnished by the WMAP observations.

It seems that the existence of dark energy resolves this paradox. The dark energy
has a perfectly uniform density and dominates everywhere beyond heavy crowdings
of matter, making almost the whole universe nearly uniform. The contradiction
between the regularity of galactic motion and the irregularity of their spatial
distribution inside a uniformity cell is thereby removed: in the presence of the
dominant dark energy background, the total mass/energy distribution also turns out
to be nearly regular [33].

Lukash and Rubakov [88] consider the measurement of peculiar galactic veloc-
ities in clusters and superclusters, gravitational cluster lensing, the measurement
of galactic rotation curves, the determination of luminosity–mass relationships,
the temperature measurement of X-ray clusters, etc. as arguments for existence of
“dark” energy.

The theoretical models of “dark” energy effects are analyzed by Rubakov and
Tinyakov [135]: the cause of accelerated expansion might be associated with new
low-energy physics (the quintessence model [32]).

The equation of state of such energy is of the form p D !�, where � is the dark
energy density [87]. A value ! < 	1=3 corresponds to cosmic expansion, ! D 	1
to the cosmological constant, and ! < 	1 to phantom energy. In the latter case, the
system possesses negative entropy and temperature, and the energy is not conserved
in such a system [87].
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Another model of gravity modification at long range proceeds from the brane-
world theory and the idea of high and infinite additional dimensions [133]. In such
theories, ordinary matter is localized on a three-dimensional hypersurface (brane)
embedded in a higher-dimensional space. Rubakov’s idea [133] is that gravitons
may propagate over “our” brane for a finite (though long) time to subsequently go
to additional dimensions.

Light transits through this invisible matter like through the vacuum. The amount
of this invisible substance increases in the “voids” between galaxies. In our Galaxy,
the amount of “hidden mass” (dark energy) is by an order of magnitude equal to the
amount of ordinary mass, while in the “voids” it is ten times greater. In the solar
system itself there is no “hidden matter”. It is confined in the neighborhood of the
Galaxy—its halo.

The discovery of dark energy explained much in observational cosmology. For
the first time in the development of science, there appeared a Standard cosmological
model which satisfied the entire set of observational data and which has no serious
competitors today. The Standard model describes nicely both the evolution of the
Universe as a whole and the formation of its structure. Despite the influence of dark
energy, the structure generation is still going on in the modern Universe and will
continue for about 10 billion years [88].

One of the problems of multidimensional theories is the quest for a mechanism
for hiding the additional dimensions, so that the space-time appears effectively
as the usual four-dimensional one when studying ordinary physical effects. The
proposed modes [133] introduce and analyze the “compactness” of additional
dimensions, which provides the effective four-dimensionality of the space-time
over distances exceeding the scale of compactification (the size of additional
dimensions). In this case, the extra dimensions must be of microscopic size.
According to the prevailing opinion, the compactification scale must be of the order
of the Planckian length. It seems to be hopeless to directly discover the additional
dimensions on the Planckian scale (a distance lPl � 10�33 cm, the corresponding
energy MPl � 1019 GeV).

The remaining 30 % of the mass–energy of the universe exists in the form
of matter—particles possessing mass. The most common of them are protons,
neutrons, and electrons, which account for one sixth of matter, i.e., for 4–5 % of
the entire universe. The major part of this mass is due to the energy of motion
of quarks and gluons, which are parts of protons and neutrons. A smaller amount
(0.3–1.0 %) of the universe’s mass is accounted for by three neutrino families. Yet
another part—the fourth, cosmic energy, component—is “radiation”, which is taken
to mean relic photons (as well as perhaps gravitons); radiation accounts for no more
than several hundredths of one percent of the total density. The remaining 20–25 %
of the universe’s mass–energy is constituted by “dark” matter invisible to us, whose
existence is evidenced by its gravitational effect on observed cosmic objects. It is
thought to consist of massive particles of mass 10 GeV–1 TeV, which are not among
the particles of the Standard model, for it makes up galaxy-sized clusters. Their
lifetime should be comparable to the age of the modern universe of �14 billion
years.
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The particles of “dark” matter possess ordinary properties relative to gravitational
interactions: they are capable of assembling in clusters, forming gravitational fields,
etc., which is of consequence for the formation of structures in the universe—
galaxies and their clusters. Studying these structures and the polarization of
microwave relic radiation suggests that the “dark” matter particles were nonrela-
tivistic even at the very early stages of the evolution of the universe. At the same
time, the “dark” matter particles are void of electric charge and interact only weakly
with matter, which hinders their detection.

The particles of “dark” matter possess ordinary properties relative to gravitational
interactions: they are capable of gathering in clusters, forming gravitational fields
etc., which is of significance in the formation of structures in the Universe—galaxies
and their clusters. Studying these structures and the polarization of microwave relict
radiation suggests that the particles of “dark” matter were nonrelativistic even at
the early stages of the evolution of the Universe. At the same time, the particles of
“dark” matter have no electric charge and interact extremely weakly with substance,
which hiders their detection.

Back in 1933, the Swiss astrophysicist Fritz Zwicky [26] was operating a small
telescope in the USA and realized that the galactic cluster Coma Berenices cannot
be gravitationally coupled without the presence of an additional mass, which was
later called the hidden mass. In the last decades, it became clear that the abundance
of dark matter in the Universe is much higher than the abundance of visible
matter and baryon matter. A new avenue of investigation made its appearance—
MD cosmology, whose task is to elucidate what particles the dark matter consists
of. Formally, this component of the Universe may even be baryonic in nature.
Estimates [26] suggest that more than a half of the dark substance may be baryonic
in nature. Furthermore, in the Universe there may exist the nonradiating remnants of
black holes of Planckian mass (10�5 g) and perhaps preon stars with M � 102M˚
(the Earth’s mass M˚ � 6 � 1027 g).

To describe the remaining part of dark matter, weakly interacting heavy
particles—a neutralino and an axion of mass 10�5–10�6 eV [26]—are introduced.
Also considered [26] are other versions of dark-matter particles. These are sterile
(supersymmetric) neutrinos, gravitinos, axinos, light scalar particles, light Higgses,
Kaluza–Klein dark matter, superheavy dark matter, nontopological solitons, charged
massive particles (CHAMPs), superweakly interacting massive particles (SWIMPs),
the dark matter of the membrane world, fourth-generation heavy neutrinos, mirror
particles, etc.

One of the early observable manifestations of “dark” matter is presented in
Fig. 10.33.

According to Newtonian mechanics, the rotational velocity of gravitationally
bound masses should be inversely proportional to the square root of the distance to
the center of rotation. Data measurements presented in Fig. 10.33 [137, 138] show,
however, that the remote galactic parts rotate with the same velocity as the parts
nearest to the center and in doing so do not fly away due to the centrifugal force.
This is an indication that the galactic mass increases linearly with radius, so that the
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Fig. 10.34 Summary curve of galaxy rotation (1) and its constituent rotation curves for individual
galaxy constituents: the badge (2), the stellar disk (3), the neutron hydrogen layer (4), the molecular
hydrogen layer (5), and the halo of unobservable dark matter (6), whose contribution determines
the rotation curve at long distances from the center. From [113]

greater part of the gravitating though invisible mass is located far beyond the limits
of the visible galactic image [45].

A similar example of anomalous rotation of our Galaxy, which comprises
1011 stars, is given in Fig. 10.34 [41], which shows the rotational velocity as a
function of the distance from the Galaxy center. In the innermost regions, the
rotation is close to the solid-state one in character; then the velocity decreases
slightly, but still farther, up to the most distant objects with measurable velocities,
the rotational velocity remains constant or slowly increases. By the 1970s, this was
borne out by neutral hydrogen observations in our Galaxy and in the majority of
other ones. The almost generally accepted explanation of this fact is that the Galaxy
is surrounded by a vast cloud of gravitating, though not observable baryon matter
located at distances from 10�5 to several parsecs from the Galaxy center [175, 176].

In this case, the intense � -ray radiation and neutrino fluxes observed from
galactic centers and halos are caused by the annihilation of dark matter [175, 176].

To date, a considerable amount of other observational data of various nature
has also been obtained, which testify to the existence of “dark” mass in the
Universe [156]. Apart from cosmological data, the data of infrared astronomical
observations [175, 176] and gravitational field measurements in galaxies and their
clusters also point to the existence of large quantities of “dark” matter.
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Fig. 10.35 Gravitational lensing of a remote galaxy. Photographs in the direction of the galactic
cluster 0024C1654 obtained with the Hubble Space Telescope [107]

Figure 10.35 shows the gravitational “probing” data, when the gravitational field
of a cluster curves the light rays emanating from the galaxy located behind the
cluster. The gravitational field therefore acts as an optical lens. Several images of
this remote galaxy are sometimes observed in this case. In the left half of Fig. 10.35
they are in blue. The curvature of light rays depends on the mass distribution in
the cluster. When the lensing effect is taken into account, there results the image
of the radiating galaxy shown in blue in the right half of Fig. 10.35. One can see
that it is very different from the luminous (“visible”) matter. The masses of galactic
clusters determined in this way suggest that the “dark” mass accounts for about 25 %
of the total energy density in the universe. This corresponds to the estimates that
follow from a comparison between observations and the theories of the formation
of galaxies and clusters of galaxies.

These are estimates of the virial or dynamic masses of galactic clusters, which are
several times greater than the visible cluster masses obtained by direct summation of
observable galactic masses that are estimated from the mass–brightness dependence.
Galaxies in the clusters move much faster (V � 1000 km/s) than follows from the
estimate of the visible matter mass.

Figure 10.36 [136] shows a photo of the UGC 10214 galaxy: a stream of matter
flows from this galaxy towards an invisible gravitating center, which supposedly
consists of dark matter.

The presence of hidden mass is also attested by the discovery of hot (T D .3–
10/� 107 K, ne > 0:001 cm�3) gas in galactic clusters and other observational data.
To solve several theoretical problems (the problem of the formation of large-scale
structure in the universe, cosmological problems involving the explanation of the
recently discovered spatial fluctuations of the relic microwave background, etc.) it
is also necessary to invoke the hidden mass.

According to [26], the present-day value of dark energy density

�DE D �� � 10�47 GeV4 � 0:7 � 10�29 g/cm3;
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Fig. 10.36 Tadpole galaxy (UGC 10214). According to one hypothesis, the matter “tail” was
formed due to the attraction of an invisible “dark” galaxy [136]

is exceeded by 123 orders of magnitude by the density in the Planckian era

�� � 2 � 1076 GeV4.� 0:5 � 1094 g/cm3/ for MPl D 1:2 � 1019 GeV:

A large number of papers (see reviews [23, 25, 26, 53, 117, 171]) are concerned
with the explanation of this huge difference of 123 orders of magnitude. Over
the first 10�5 s after the Big Bang, the Universe lost 78 orders of magnitude due
to a series of phase transitions [26], the last being a quark-chromodynamic one.
During the subsequent period of expansion, the rate of vacuum energy variation was
1057 times lower than its variation rate in the quantum period of evolution.

As it turns out [26], with an energy decrease from 1019 GeV to 150 MeV over
the period of early evolution of the Universe, the condensates of quantum fields
compensated 78 orders of magnitude of vacuum energy density in only 10�5 s. Next,
in 14 billion years (�4 � 1017 s) the vacuum component lost 45 orders of magnitude
more due to production of new quantum states in the expansion of the Universe.
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That is, 123 orders of magnitude of the vacuum energy are lost in ordinary physical
processes.

The study of molecular and dust clouds in laboratory conditions may be carried
out with the use of high-power lasers and high-current devices, which model
the ablation dynamics of clouds, the stability of interfaces, and the effect of
radiation on the structure and development of radiative hydrodynamic instabilities.
Furthermore, the generation of shock waves in such media may give rise to
substantial nonuniformities and turbulent processes. Research into the generation
of laser-driven shock waves and of compression waves with Z-pinches is now
in progress [36, 38, 62, 127, 145] and may yield much new information for the
understanding of molecular clouds in space. The imposition of a magnetic field on
the experimental volume makes the clouds “stiffer” and substantially alters their
dynamics and structure.

The interstellar medium exhibits one more activity of a specific kind by
generating maser radiation at the lines of the water hydroxyl molecule (OH), silicon
dioxide, and methanol (CH3OH). The maser effect consists in the fact that the
linewidths correspond to a temperature of only 102 K for a brightness temperature
of 1016 K [149]. This laser radiation is highly variable: its polarization, intensity,
lineshapes, etc. sometimes change radically over a day or even several minutes,
which corresponds to the masing regions of size of order 1 AU. These sources range
in luminosity from 1 to 103 solar luminosities. They are located in the domains of
active star formation, which are rich in gas and massive stars, as well as in galaxies
with active nuclei. Chemical reactions, IR radiation, or supersonic gas expansion
into vacuum may be the sources of population inversion of the cosmic masers, which
is thought to be realized in the atmospheres of protostars and old supergiants.

Magnetic fields exist throughout cosmic space, including the interior of the Earth
and the interstellar and intergalactic media. The origin and structure of these fields
are only partly understood, and this applies specifically to the fields of neutron
stars and giant planets [109]. Most thoroughly elaborated is the model of terrestrial
field generation (the “dynamo” model), which relies on detailed measurements and
extensive magnetohydrodynamic calculations [13, 146].

Transient magnetodynamic phenomena, which determine stellar activity, present
a special problem. For the Sun they are well known as the cycles of its magne-
toactivity, coronal plasma ejections, sunspots, and other long-observed phenomena
(Figs. 10.37 and 10.38), which result from the complex nonlinear interaction of
magnetic fields and the solar plasma.

Magnetohydrodynamic phenomena on the Sun have been studied, of course,
most thoroughly [7]. Continuous observations are made of magnetic instabilities
and the interconnection topology of magnetic field lines on the solar surface. The
dynamics of motion and compression of magnetic flux tubes is quite often transient,
explosive in character, and the magnetic field strength amounts to 3000–4000Gs
in sunspots for an average magnetic induction of �1 Gs. The temperatures in solar
flares amount to 108–109 K, while the plasma parameters in the solar interior are
T � 1:5 � 107 K, � � 150 g/cm3, and P � 0:2Tbar; the time of photon diffusion
from the core to the solar surface is �105 years.
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Fig. 10.37 Solar flare; the flare temperature reaches 10 million K

Fig. 10.38 Plasma ejection on the Sun [7]. The plasma follows the magnetic flux lines
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Laboratory experiments supplemented with three-dimensional mathematical
simulations [111, 184] provide a basis for the explanation of complex field self-
organization effects in the magnetoactive plasma.

It is significant that such effects of local energy cumulation give rise to global
solar oscillations, which are recorded with a very high degree of accuracy. The
characteristics of these oscillations depend on the composition and thermodynamic
properties of the solar plasma, which yields a unique high-precision experimental
material for verifying multicomponent plasma models and defining more precisely
the elemental composition of the solar plasma [12]. The results of such a comparison
are presented in Fig. 10.39, where the adiabatic exponent of the solar plasma
obtained by helioseismology techniques is compared with the adiabatic exponents of
several theoretical models. As in the case of neutron stars, the Sun fulfils the function
of a “cosmic laboratory” for experiments in the area of high energy densities.

More often than not, magnetic Reynolds numbers for astrophysical plasmas
prove to be quite high, making the magnetic energy dissipation insignificant in the
majority in cases [109]. But, as in aerodynamics, several important cases make
an exception. These are the solar corona heating and the injection of the solar
wind [111, 184], the circulation of planetary magnetospheres, and the emission
from accretion disks. The rearrangement of magnetic lines of force is a special
problem [111, 184]. These effects are most likely to manifest themselves in
magnetospheres, double layers, and plasma jets, which are intimately related to
occurrence of instabilities. In this case, kinetic processes and scale factors are as
yet imperfectly understood.

Fig. 10.39 Solar “seismology”. Comparison of experimental data on the adiabatic compressibility
coefficient of the solar plasma with several theoretical plasma models [12, 49, 52]. The inset (a) is
a photograph of the Sun with solar prominences and bright regions of local energy release, which
generate global oscillations and acoustic waves in the solar plasma
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The structure of magnetohydrodynamic turbulence of interplanetary and inter-
stellar plasmas is studied from the origin of radio waves [109, 142, 177]. Measure-
ments testify to its anisotropy. Theoretical models suggest that in the incompressible
fluid limit, when passing (via a cascade) from large vortices to small ones, there
occurs strengthening of the gradient of the field directed perpendicular to the
background magnetic field. In this case, it is not clear if an inertial range of vortex
scales forms and if the inverse passage of cascades towards large scales occurs, or
if Alfv’en waves are generated, which escape from the turbulence region [109].

Laboratory and computer-assisted numerical experiments in this area would be
highly interesting and informative.

10.2 Cosmic Rays

As far back as the beginning of the last century, it was reliably determined [106] that
a stream of charged particle is incident on the Earth from space, the particle energies
spanning a wide range from kiloelectronvolts to 1020 eV (Figs. 10.40 and 10.41).

Fig. 10.40 Observed energy
spectrum of cosmic
rays [106, 177]
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Fig. 10.41 Differential spectra of galactic cosmic rays (CRs): protons H, helium He, carbon C,
and iron Fe nuclei [147]

Cosmic rays with a huge energy of �3 � 1020 eV (which corresponds to the
energy of a tennis ball, 50 J) were first recorded in 1991. Since then, tens of
events with an energy of �1020 eV were detected at different facilities [106]. The
events were detected by recording the fluorescence of atmospheric cascades in the
atmosphere or in specifically constructed detector arrays at the Earth’s surface.
The spatial distribution of the incident particles was observed to be surprisingly
isotropic. When protons are involved, the effect of a magnetic field on them is small,
and most likely they are of extragalactic origin.

Cosmic rays are inherently a strongly rarefied relativistic gas, whose molecules
only slightly interact with each other, with a power-law energy spectrum (Fig. 10.40)
rather than the Maxwellian one. At the same time, cosmic rays experience collisions
with the particles of the interstellar medium and interact with the interstellar mag-
netic field. Although the cosmic ray flux near the Earth is low, �1 particle/(cm2 s),
its energy density, �1 eV/cm3, is comparable to the density of electromagnetic
radiation from all galactic stars or to the energy density of the thermal motion of
the interstellar gas and the kinetic energy of the turbulent motion, as well as to the
energy density of the galactic magnetic field [63]. The flux of superhigh-energy
particles is extremely low, about 1 particle/km2 in 100 years, but it is the origin and
propagation of precisely these particles that arouses the greatest interest.
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The model developed in [58] is based on the following assumptions [124]: the
bulk of cosmic rays are of galactic origin, and they diffuse in interstellar magnetic
fields. The sources of cosmic rays are supernova explosions. The highest-energy
particles (above 1018–1019 eV) are of extragalactic origin.

The energy limit [63, 179] arising from the ionization proton energy losses due to
the scattering from relic radiation photons at an energy of �5�1019 eV was revealed
for protons that had traversed a distance of more than 50 Mpc. The superhigh-energy
particles beyond this limit [7, 12, 63, 70, 103, 106, 111, 152, 153, 164, 179, 184]
are being most actively studied in the search for their sources and mechanisms of
acceleration [112].

According to the “proton–neutrino–proton” model [170], it is neutrinos that
propagate through large distances in space and not protons, which should have
ultrahigh energies at the place of production so as to eliminate attenuation arising
from the scattering by relic radiation photons. This model admits the existence of
superhigh-energy particle sources located at cosmological distances outside of our
galaxy, which is most likely.

Unfortunately, available data do not permit an unambiguous determination of the
sources of superhigh energy cosmic rays, but it is clear that the physical conditions
in these sources should be extreme. By their energy characteristics, supernovae and
their remnants are best suited for the sources of cosmic rays in the Galaxy [58]. It
takes to convert approximately 10–20 % of the kinetic energy of supernova ejection
to the energy of relativistic particles to provide the observed cosmic ray energy
density of �1.5 eV/cm3. Direct evidence for the presence of relativistic particles in
supernova remnants follows from the observations of nonthermal radiation in radio-,
X-, and gamma-ray regions.

Data on synchrotron radio-frequency radiation point to the presence of 50 MeV–
30 GeV energy electrons in supernova remnants [124]. In the case of Cas A,
this synchrotron radiation was recorded in the infrared range, which testifies to
the presence of electrons with energies up to about 200 GeV. The discovery of
nonthermal X-ray radiation with a characteristic power law spectrum and energies
of up to several tens of keV in approximately ten young galactic supernova remnants
is explained by the synchrotron radiation of the electrons of very high energy,
up to 10–100 TeV. The inverse Compton scattering of background photons by the
electrons with so high an energy and the generation of gamma-ray radiation in the
interaction of protons and nuclei of energy up to �100 TeV with the nuclei of gas
explain the TeV-gamma rays detected from several young supernova remnants. The
spatial distribution of nonthermal radiation in all ranges testifies that the particle
acceleration in the shell remnants of supernovae occurs directly at the shock waves
generated by supernova explosions.

A natural condition which the sources must satisfy is geometrical: a particle
should not leave the accelerator before it gains the requisite energy. It is commonly
assumed that the particle is accelerated by the electric field and confined by the
magnetic one; then, the geometrical criterion is that the Larmor particle radius
should not exceed the linear size of the accelerator [123].
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The criteria which ultrahigh-energy particle accelerators must satisfy are outlined
in [123]:

• the particle under acceleration must remain inside the accelerator in the course
of acceleration (the geometrical criterion);

• every source must have a sufficient store of energy for transferring to particles
(individual power);

• the radiative loss must not exceed the energy gain;
• the losses by interactions must not exceed the energy gain;
• the total number and overall power of the sources must be high enough to provide

the observed cosmic ray flux;
• the accompanying photon, neutrino, and lower-energy cosmic ray radiation must

not exceed the observational limitations for an individual source as well as for a
diffuse flux.

According to these criteria, only some of the galaxies are suited for the
acceleration of particles of observed energies, while the majority are not.

It is obvious that cosmic rays should be accelerated by some nonthermal
mechanism, because the temperature at the center of the most massive stars does not
exceed several tens of keV. And so to study these particles both the classical Fermi
mechanism [48] (Fig. 10.42 [115]) and stochastic mechanisms [2, 3] are invoked,
whereby the particles are accelerated in their stochastic interaction with magnetic
domains or collisionless shock waves generated by supernova explosions or matter
ejections from active galactic nuclei, whose turbulent zone is the site of development
of diverse instabilities. However, at high energies there occur significant radiation
energy losses here, even at energies below the Zatsepin–Kuz’min limit [63, 179].

Data on the composition of cosmic rays also suggest [124] that particle accel-
eration occurs at the shock wave propagating through the interstellar medium or in
the wind of a presupernova star. According to [159], account should also be taken
of the plasma-pinch acceleration mechanism. It turns out, in particular, that after
taking account of such atomic properties as the first atomic potential or volatility,
the chemical composition of cosmic ray sources is found to be close to the normal
composition of local interstellar medium and solar photosphere. Perhaps, ions and
dust particles are accelerated in the partially ionized interstellar gas and/or in the hot
interstellar gas “bubbles” with a high supernova outburst frequency.

The mechanism of cosmic ray acceleration in supernova remnants is a version
of the Fermi acceleration mechanism of the Ist kind [124]. The fast particle
acceleration takes place in a gas flow compressed by a shock wave due to multiple
crossing of the shock front by diffusing fast particles. The diffusion of the particles
is due to their scattering by magnetic field nonuniformities.

The mechanism of acceleration in the field of a wake wave (see Sect. 7.4) driven
by magnetohydrodynamic shock waves of a gamma-ray burst was proposed in [30].
Consideration yields high (of the order of 1019 V/cm), close to Schwingerian, wake
fields in a relativistic moving plasma, which are also invoked to describe the gamma
spectra of these relativistic sources.
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Fig. 10.42 SN 1987 supernova explosion remnants. The picture shows the qualitative illustration
of the Fermi particle acceleration mechanism of the first kind at the shock wave. The photo is from
the X-ray telescope of the Chandra satellite [115]

The wake acceleration mechanism may be realized in the acceleration of
electrons in the jets of massive black holes [59, 143], which emit high-power X-
ray radiation. It is produced by the bremsstrahlung and synchrotron mechanisms in
relativistic jets from the streams of well-collimated electrons (or positrons) with an
energy of �1 GeV. The role of Alfv’en waves in wake wave generation and their
capabilities for particle acceleration are discussed in [30, 105].

Supernova remnants are the main [124], but certainly not the only, sources
of relativistic particles in the interstellar medium. In particular, pulsars, which
generate high-energy electron-positron pairs, may be responsible for the presence
of positrons in the observed cosmic rays. The measured flux of positrons with
energies above 10 GeV turned out to be higher than the expected flux of secondary
positrons produced in the interaction of cosmic rays with the atoms of the interstellar
gas, and the contribution of pulsars explains, in principle, this disagreement. The
final elucidation of the nature of the high positron flux in cosmic rays is of critical
importance, because the alternative explanation implies that these positrons are the
products of dark matter decay.
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The central problem of cosmic ray astrophysics is the question of the origin
of the highest-energy particles, E > 1019 eV. A sharp decrease in particle flux
observed at energies higher than approximately 5 � 1019 eV testifies that these
particles have experienced interactions with the photons of the background radiation
of the Universe for more than 3�109 years and are of extragalactic origin. In this case,
ultrahigh-energy protons lose energy for the production of electron-positron pairs
and pions (the Greisen-Zatsepin-Kuz’min effect), and nuclei additionally undergo
photodisintegration. The cosmic rays with energies below 1017 eV are of Galactic
origin and are accelerated in supernova remnants.

The electromagnetic acceleration mechanism is associated with the generation of
transient electric fields, for instance in the magnetospheres of pulsars, neutron stars,
and magnetars, where magnetic fields at the surface range up to 1012 Gs and for
magnetars up to 1014 Gs on a scale of several kilometers. For a rotation frequency
of only 10�3 s�1, this would suffice for accelerating particles up to 1019 eV. We
note that the direct (though not generally accepted) method of measuring induction
B in neutron stars is based on cyclotron lines. However, the observed radiation by
ultrahigh-energy particles is isotropic and clearly does not correlate with the position
of the radiating object.

Particle acceleration may occur both in the central regions of active galaxies (in
the immediate vicinity of a black hole and accretion disk) and in lengthy structures
(jets, radio “ears”, hot spots, and knots) [123].

According to simple estimates [124], from the standpoint of energy charac-
teristics the jets of galaxies with active nuclei may be the sources of observed
ultrahigh-energy cosmic rays. To maintain in the intergalactic medium the cosmic-
ray intensity observed at energies above 1019 eV requires a sources power of the
order of 3 � 1036 erg/(s Mpc3). At the same time, the jets of galaxies with active
nuclei liberate kinetic energy at a level of 1040 erg/(s Mpc3).

It is pertinent to note that the term “active galactic nuclei” is usually employed for
describing a domain which occupies a considerably larger size than a black hole with
accretion disk and which often comprises inner jets (and sometimes more massive
structures).

The results of specific measurements of magnetic fields in the central regions of
galactic nuclei are shown in Fig. 10.43 [123].

As we saw in Sect. 10.1, the nuclei of active galaxies feed large-scale (from sub-
parsec to megaparsec), more or less rectilinear jets (see Sects. 10.1.1)—relativistic
(in high-power radio galaxies, blazers and quasars) or nonrelativistic (in Seyfert
galaxies). It is assumed that all jets are fed from the central black hole. On scales
shorter than 1 pc, the main contribution to the energy flux is determined by magnetic
field, but on scales of the order of 1 pc the energy of relativistic particles begins
to prevail. Internal shock waves (knots) and terminal shock waves (hot spots),
lengthy jet-fed regions of intergalactic space, may be observed in relativistic jets.
Magnetic fields in such objects of size 10�2–102 kpc are estimated at 10�6–10�3 Gs.
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Fig. 10.43 Diagram in size R–magnetic field B coordinates for the central regions of active
galaxies: Seyfert galaxies (square and arrows), FRI radio galaxies (error bars marked “I”), FRII
radio galaxies and quasars (error bars marked “II”). Arrows stand for the upper bounds determined
from Zeeman splitting in megamasers (dashed [167], grey [104], black [95]). The black (I) vertical
error bar—Faraday splitting [180]. The square [94], grey (I) vertical [6], black (II) vertical [161]
and inclined (I, II) [31] error bars relate to estimates reliant on the method of synchrotron self-
absorption. The parameter domain admissible for proton acceleration up to 1020 eV is located
between lines H and S (line H represents Hillas’s limit, Line S is the limit due to synchrotron
losses for inductive acceleration) [123]

According to [123], cosmic gamma-ray bursts produce magnetic fields of 10�2–
108 Gs on a scale of 10�13–10�3 kpc. A comparison of observations in radio and
X-ray regions confidently testifies that the radiation of several jets is associated
with accelerated particles and that the acceleration of these particles takes place not
only in a finite number of shock waves, but also with the help of some distributed
mechanism. Proved in some cases was the existence of ordered fields in jets, which
leaves room for inductive acceleration [123].

High energy density plasmas play a significant role in the understanding of
such phenomena, and cosmic showers may be studied in plasma and accelerator
laboratories. Here, the leading part is played by shock waves driven by numerous
galactic sources like active galactic nuclei and jets, gamma-ray bursts, collisions,
galactic clusters, etc. The magnetic reconnection mechanism, which is alternative to
the shock-wave one, has been elaborated in less detail to date.

The highest-energy particles may be produced due to magnetohydrodynamic
“wind”, which is induced about a rapidly rotating magnetized neutron star [109, 143,
174]. These powerful magnets accelerate heavy nuclei in galaxies or their clusters
of size 3 million light years. The unipolar inductors of this kind may exist in the
accretion disks of massive black holes. Presently underway are intensive numerical
investigations of such accelerator effects and their partial physical modeling.
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It remains a problem to explain the propagation of accelerated particles through
the huge galactic-sized distances in the Universe. In this case, the magnitude and
structure of the intergalactic fields themselves has not been adequately studied.

To summarize this section, we give the R–B (domain size–magnetic field) Hillas
diagram (Figs 10.44 and 10.45 [123]) with the indication of the corresponding
astrophysical objects and the limits of different acceleration mechanisms.

Fig. 10.44 R–B diagram with limitations following from geometry and radiative loss for inductive
acceleration in the mode whereby the main loss is due to synchrotron radiation. Indicated are
the parameter domains corresponding to the objects in which this mechanism may be realized:
the central parsecs (AD) of active galaxies—from low-power Seyfert (Sy) ones to high-power
radio galaxies (RG) and blazers (BL)—and the relativistic jets (Jets) of powerful active galaxies.
The shaded domain corresponds to the parameter domain in which protons may be accelerated
to energies of 1020 eV. Grey lines bound the allowed parameter domain for the acceleration of
iron nuclei to an energy of 1020 eV. The lower boundaries of the allowed domains are defined by
the Hillas limit and the upper (horizontal) ones indicate the limitations arising from the radiative
loss. All quantities are given in rest frame of the accelerator; in going to the laboratory frame,
for a relativistic jet the highest energy must be multiplied by the Lorentz factor of the jet (the
characteristic values range from �10 for leptonic jets to �100 for hadronic ones) [123]
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Fig. 10.45 R–B diagram with limitations following from geometry and radiative loss for diffusive
acceleration (the main loss is due to synchrotron radiation). Indicated are the parameter domains
corresponding to the objects in which this mechanism may be realized: the central parsecs (AD) of
active galaxies from low-power Seyfert (Sy) ones to high-power radio galaxies (RG) and blazers
(BL); relativistic jets (Jets), knots (K), hot spots (HS), and the radio ears (L) of powerful active
galaxies (RG and BL); the nonrelativistic ejections of low-power active galaxies (Sy); SB galaxies;
gamma-ray bursts (GRB); galactic clusters (Clusters) and large-scale voids (Voids). The shaded
domain corresponds to the parameter domain in which protons may be accelerated to energies of
1020 eV. Grey lines bound the allowed parameter domain for the acceleration of iron nuclei to an
energy of 1020 eV. The lower boundaries of the allowed domains are defined by the Hillas limit and
the upper ones indicate the limitations arising from the radiative loss. All quantities are given in
rest frame of the accelerator; in going to the laboratory frame, for a relativistic jet and a GRB shell
the highest energy must be multiplied by the Lorentz factor of the jet (the characteristic values
range from �10 for leptonic jets to �100 for hadronic ones and GRBs) [123]

10.3 Gamma-Ray Bursts

In modern astrophysics, gamma-ray bursts are the most mysterious objects [56, 109,
177] with record energy release—excluding the Big Bang. They were accidentally
discovered by the American satellites Vela 5A and B intended for monitoring
nuclear explosions in the atmosphere. The bursts are detected with a frequency of
more than one per day in randomly regions of the sky (Figs. 10.46, 10.47, 10.48,
and 10.49), and their duration ranges from milliseconds to seconds in the 0.1–
100 MeV energy range. Some of them, being compact objects, are billions of light
years distant and radiate an energy of 1051–1053 erg per burst. The recorded spectra
suggest that these radiators are optically thin with respect to the outgoing radiation.
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Fig. 10.46 Gamma-ray burst GRB970508 [163]. The photograph shows the variation of the
optical radiation of the GRB970508 burst when its brightness increased

Fig. 10.47 Explosions of stars in the galaxy ESO 184-G82. The inset shows the star formation
region of size �300 light years with a gamma-ray burst [163]
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Fig. 10.48 Temporal variation of gamma-ray burst intensity (taken from [163])

Fig. 10.49 Gamma-ray burst GRB010222. It was observed in the gamma-ray range for only
several seconds, but the explosion aftereffects in the X-ray, visible, infrared, and radio ranges were
observed for several days as the expansion of a “fireball” [163]
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Fig. 10.50 Gamma-ray bursts may arise from either the coalescence of two neutron stars or the
collapse of a supermassive star, in either case giving rise to a black hole and a disk of matter
surrounding it. This system next ejects a matter jet with shocks inside of it [55]

The relativistic “fireball” model proposed for gamma-ray bursts in [98, 122]
reduces to the following: as a result of the collision (coalescence) of two neutron
stars [21] or the gravitational collapse of a supermassive star (Fig. 10.50) there
occurs a �1052 erg energy release in a small domain filled with relativistic photons
and leptons with a small admixture of baryons. This “fireball” with an initial
temperature of 1–10 MeV expands with relativistic velocities and generates, by
way of the synchrotron or inverse Compton mechanism, gamma-ray radiation by
electrons accelerated by the Fermi mechanism in optically thin shock waves. A
small number of baryons are also accelerated to relativistic energies and transport
part of the energy away from the “fireball”, generating outside of it outward
and backward shock waves, whose X-ray radiation is recorded as a gamma-ray
burst (Figs. 10.49 and 10.51). A substantially longer X-ray afterglow results from
diverging shock waves. The ordinary duration of this radiation is �2 s.

It is generally agreed [5, 57, 98, 122, 177] that the predecessors of such
objects are massive collapsing stars [122]. The shock waves generating gamma-
ray radiation [40] emerge after the detachment of a “fireball” from the surface of a
star, and the rotation of the star may transform the “fireball” into a powerful jet.
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Fig. 10.51 Gamma-ray burst GRB030329 in the spiral galaxy NGC 3184 is related to a supernova
explosion [163]

Neutron star

Relativistic stream

300
e– acceleration
in collisionless shocks

e– synchrotron MeV,
L 1052 erg/s

Neutron star

Fig. 10.52 Gamma-ray burst scenario with “fireball” formation [169]

The second class of short-duration bursts with a duration t � 2 s is related to the
mutual absorption of binary neutron stars (Figs. 10.52 and 10.53) or a neutron star
and a black hole. Also probable in this case is the emergence of one or two jets along
the axis of rotation [40]. This mutual absorption may be a source of gravitational
waves; research into the detection of gravitational waves has been pursued in recent
decades [66, 67].

The typical density of matter in accretion disks and jets is � � 1014 g/cm3,
which corresponds to the density of nuclear matter or neutron stars. As the “fireball”
expands, inelastic nuclear collisions increase in importance and the relative velocity
of neutrons and protons becomes comparable to the velocity of light. Inelastic
n- and p-collisions produce charged pions, gigaelectronvolt muons, and electronic



650 10 High Energy Densities Outside of Compact Astrophysical Objects

Fig. 10.53 Development of the gamma-ray burst GRB 970228. Left: Photo made on 28.02.1997.
Right: Photo made 4 days later [163]

neutrinos, which should be detected by spacecraft [109]. Powerful relativistic jets
from gamma-ray bursts correspond to Lorentz factors � � 100 and extremely high
energy fluxes (1050–1052 erg/s or 1043–1045 W). The energy density in the jet core,
of the order of 1030 erg/cm3, is sufficient for the spontaneous production of electron–
positron pairs or nuclear reactions [56, 76, 109].

Further, at distances of �1011 cm, the electron mean (collision-)free path exceeds
the characteristic jet dimension, and collisionless internal and external shocks
accelerate electrons by the Fermi mechanism [48] with a relativistic distribution
spectrum. Their interaction with the turbulent magnetic field generates nonthermal
gamma-ray radiation, X-ray and optical radiation, which is recorded by recording
instruments.

Furthermore, superimposed on the power-law continuum is the characteristic X-
ray radiation arising from the interaction of the heated plasma regions with the
disintegrating jets emanating from stellar surfaces.

The nonthermal spectrum in the shock-wave model of a “fireball” described
above stems from the assumption that the Fermi acceleration model obeys the power
law N. je/ � ��p

e , with p � 2–2:5. This is quite consistent with observations [109].
To attain reasonable efficiency, the ratio between the accelerated electron energy and
the accelerating energy should not be too small, Ee � 1, while the ratio between the
magnetic energy and the total energy Ee � 1 depends on whether the synchrotron
or inverse Compton spectral peak corresponds to the observed knee in the spectrum
in the megaelectronvolt energy range.
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In addition to that, the plasma wake acceleration mechanism [105] may also
be of significance in gamma-ray bursts, because in the collision of neutron stars
or the collapse of a star there emerge strong Alfvén shock or soliton waves as
well as relativistic plasma ejections. In this case, to explain the gamma-ray signal
shape requires taking into account the conditions of its transmission through the
plasma atmosphere. Interestingly, the Alfvén (MHD) shock waves may carry an
appreciable (�10�2) fraction of the “fireball” energy, i.e., up to �1050 erg. When
propagating from the center, they may have a narrow front with a giant magnetic
field of �1010 Gs behind it, which may compete with the Fermi particle acceleration
mechanism [17].

The same mechanisms that are responsible for electron acceleration may also be
applied to the acceleration of protons up to 1020 MeV.

Terawatt to petawatt short-pulse lasers (see Chap. 5, Sect. 3.5), which produce
intensities of �1020 W/cm2, are best suited to the laboratory modeling (at least,
partial) of these processes. Impressive results have already been obtained in this
area: well-collimated MeV-proton beams [34, 42, 89–92], electron and positron
beams with energies of 100 MeV [15, 24, 27, 126], thermally relativistic plasma
with Te > mec2, which corresponds to “fireball” conditions, as well as superhigh
(>100 MT) magnetic fields [37, 93, 102, 105, 125, 155]. These ultraextreme plasma
conditions are already approaching the parameters of gamma-ray bursts.

As noted in Chap. 7, the advent of petawatt lasers opens up new avenues for
the production of relativistic and electron–positron plasma in the laboratory. At
intensities above �2 � 1018 W/cm2 these lasers generate electrons with an energy
kT > mec2 in laser plasmas [9, 79, 81, 86, 105, 126, 182]. Electron–positron
pairs [15, 27, 35, 84] emerge in the interaction of these electron streams with heavy
targets by the Bethe–Heitler mechanism.

Experiments performed with a high-power laser have shown [68, 96, 128, 129]
that the yield of the pairs even exceeded the theoretical estimates. In this case,
two-sided irradiation simulations suggest that the expansion of the pairs proceeds
faster than the expansion of gold ions. Here, the collision of two “fireballs” may
be realized for the purpose of simulating the shock-wave gamma-ray burst model
and studying the “fireball” energy conversion to the internal energy and gamma-ray
radiation.

The laser-produced electron–positron plasma may also be employed for mod-
eling episodical annihilation effects in the neighborhood of black holes. In the
two-sided irradiation of a gold target, 2 MJ 0.1 PW lasers with a pulse duration
of �10 ns are capable [109] of producing a pair density that is several hundred
times the electron background density. This would allow the theoretical limitations,
kT � 20mc2, given by Sunyaev, Zel’dovich, and Levich [148, 183] to be verified.

Observations of the SN1987 supernova explosion in the Large Magellanic
Cloud yielded [72] a wealth of new and unexpected information and gave strong
impetus to laboratory astrophysics [38, 96, 128, 129, 139]. In particular, cal-
culations and experiments exposed the important role [4, 39, 96, 129, 163] of
hydrodynamic instabilities and mixing in the hydrodynamics of stellar explosions,
much as this is critical for laser thermonuclear fusion. At the present time, the
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corresponding experiments aimed at studying the Rayleigh–Taylor and Richtmyer–
Meshkov instabilities in laser targets are being actively conducted in many plasma
laboratories [38, 96, 105, 129, 139] and are yielding a wealth of data helpful for
understanding transient astrophysical phenomena.

A significant part in the description of supernova explosions is assigned to one-,
two-, and three-dimensional numerical simulations [4, 38, 39]. These calculations
are based on the following assumption: as a result of gravitational stratification,
the initial supernova structure (prior to the explosion) consists of an outer layer of
hydrogen, next a helium layer, and so on up to the iron inner core. The gravitational
collapse of this inner core gives rise to a radially diverging intense shock wave,
which has high parameters at the helium–hydrogen interface, � � 2:3 g/cm3,
T � 6 keV, P � 75Gbar, and leads to the development of the Richtmyer–Meshkov
instability [4, 39, 44, 96, 129].

Remington et al. [128] employed the Nova laser to model a supernova explosion
in the laser-to-soft-X-ray radiation conversion scheme. X-ray radiographic measure-
ments enabled them to trace the nonlinear development stages of instabilities and to
compare them with the data of numerical simulations.

It is likely that ultrarelativistic ultrahigh-energy-density plasma conditions are
most amply reproduced in relativistic heavy-ion collisions. Figure 10.54 serves to
illustrate the analogy between the expansion of the universe after the Big Bang and a
“mini explosion” occurring in a laboratory in relativistic ion collisions in the RHIC
accelerator in the domain of space �0.01–1 fm and time �10�23 s.

Fig. 10.54 Analogy between the Big Bang and a “mini explosion” in relativistic nuclear collisions
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However, the experimental implications of ultrarelativistic effects may suppos-
edly be recorded under presently attainable laboratory conditions, for instance, in
studies of spontaneous proton decay. The point is that one of the three constituent
quarks may, owing to quantum fluctuations, gain sufficiently high energy to result in
proton decay. Despite the negligible probability of this process (�1033 years), for a
large number of neutrons this process might be detectable in massive specimens. In
a salt mine of Ohio State, eight thousand tons of water were used for this purpose.
The absence of experimental detection of spontaneous proton decay yielded a lower
bound for the proton lifetime, which is of consequence in constructing Grand
Unification models [69].

10.4 Matter Transformation After the Big Bang

Figures 10.55 and 2.2 give a comparison of the capabilities of modern accelerators
that reproduce in terrestrial laboratories the most “extreme” conditions occurring in
nature—those of the “Big Bang”. We see that elementary particle cosmology makes
it possible to advance a long way in the measurement of the interaction of high-
energy particles, which were of primary importance at the first instants of the life
of the universe and defined its evolution for billions of years to come. Studying the
evolution of the early universe furnishes a unique opportunity to investigate high-
energy phenomena that it is impossible to reproduce in a laboratory.
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Fig. 10.55 Cosmic time scale. Universe expansion after the Big Bang [131]
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According to modern notions [136, 141], the temporal evolution of the universe
proceeded highly nonuniformly—whereas it is relatively slow nowadays, at the
early stages it was strikingly fast, so that major qualitative changes of the state
of the universe occurred in a split second. The universe we now observe emerged
about 13.7–15 billion years ago from some initial singular state with infinitely high
temperature and density, and since then it has uninterruptedly expanded and cooled
down to present-day dimensions, of the order of 1028 cm, and average temperatures
of the order of 2:7K. According to the Big Bang theory (see Fig. 10.56, which gives
the orders of magnitude of the quantities corresponding to the events occurring),
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the subsequent evolution will depend on the present-day expansion velocity of the
universe and the average matter density in the modern universe. If � is lower than
some critical value �cr, which is known from the theory and is expends on the
expansion velocity, the universe will eternally expand; if � > �cr, some day the
expansion will be terminated by gravitational forces and the reverse compression
phase will commence, the universe reverting to its initial singular state.

The lifetime of our Galaxy is determined in different ways. One of them involves
monitoring of the glow of white dwarfs [83]. The compact and initially very hot
celestial bodies are the final life stage of virtually all stars, with the exception of
the most massive ones. To turn into a white dwarf, a star has to completely burn its
thermonuclear fuel and experience several cataclysms—for instance, to become a
red giant for some time.

A typical white dwarf consists almost entirely of carbon and oxygen ions
embedded in degenerate electron gas and has a thin atmosphere made up primarily
of hydrogen or helium. Its surface temperature lies in the range between 8000
and 40,000 K, while its central zone is heated to millions or even tens of millions
of degrees. Suchlike stars are quite numerous, but they burn hydrogen extremely
slowly and therefore live for many tens and hundreds of millions of years. They
have simply had not enough time to exhaust their hydrogen fuel so far.

Now that a white dwarf cannot maintain thermonuclear fusion reactions, it shines
at the expense of the stored energy and therefore cools down slowly. It is possible
to calculate the rate of this cooling and determine on this basis the time taken for
the surface temperature to decrease from the initial temperature to the observed
one. Since we are dealing with the age of the Galaxy, it is required to search for
the longest-living, and therefore coolest, white dwarfs. Modern telescopes permit
discovering intragalactic dwarfs with a surface temperature below 4000 K, whose
luminosity is 30,000 time lower than the solar one. So far they have not been found:
they are either nonexistent at all or they are very few. Hence it follows that our
Galaxy cannot be older than 15 billion years; otherwise they would be present in
appreciable numbers [83].

The coolest of the presently known white dwarfs were detected by Hubble Space
Telescope in 2002 and 2007 [83]. Calculations showed that they age amounts to
11.5–12 billion years. To this must be added the age of predecessor stars (from half
a billion to billion years). Hence it follows that the Milky Way is by no means
younger than 13 billion years. So that the final estimate of its age derived from
white dwarf observations is approximately 13–15 billion years.

Estimates based on the analysis of relict radiation spectrum (the study of acoustic
modes) yield a figure of 13.5–14 billion years for the age of the Universe. Estimates
made by other methods yield close figures for the age of our Universe.

From the measurement data it follows that our universe expands by 5–10 % every
billion years. However, the uncertainty in universe density estimates is substantially
higher. The total mass of all visible stars in galaxies is less than one hundredth of
�cr. The inclusion of the mass of dark matter yields an average density of �0:1�cr.
It is therefore most likely that our universe will eternally expand, unless some new
mass sources are discovered. However, if the compression stage does set in, in any
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case this will happen no earlier than in �10 billion years, when the Sun has gone
out and terrestrial life has terminated.

But even if sapient life survives epidemics, mutations, and wars, manages to
make provision for energy, and conserves or makes acceptable a human environ-
ment, before the eyes of our distant descendants there will appear, according to the
model in [80], the unattractive view of the surrounding universe—the view of a dark
abyss with scarce inclusions of rare stars amidst invariable emptiness. According
to Krauss and Scherrer [80], this will result from the increasingly fast expansion,
which with the lapse of time will make our galaxies recede from us with a seemingly
supraluminal velocity and make them completely vanish from an observer’s view.
This process rules out the existence of reference objects for measuring the degree
of expansion and also “washes out” all characteristic features remaining after the
Big Bang. In other words, all observable manifestations of the Big Bang that have
ever existed, and which are so plentiful in the universe surrounding us today, will be
smoothed out.

In the model in [80], the accelerated expansion of the universe may lead to the
formation of a fixed “event horizon”—an imaginary sphere from outside of which
neither matter nor radiation will ever reach the observer inside. In such a model
the universe becomes something like an “external black hole”, when matter and
radiation turn out to locked outside of the event horizon and not inside it. In this
case, our “local group” of galaxies (including our galaxy, the Andromeda Nebula,
and several dwarf companion galaxies) will merge into a single stellar supercluster.
All other galaxies will vanish from an observer’s view. This process will take about
100 billion years.

The relic radiation will virtually vanish as well; its maximum will shift to a
wavelength in the meter range, while its intensity will decrease by many orders
of magnitude. Furthermore, the electron component of the interstellar matter will
not let this radiation into our galaxy.

The amounts of hydrogen and helium, which were produced during the first
three minutes after the Big Bang, will considerably decrease due to thermonuclear
reactions in stars, which, according to [80], will wipe out one more important
consequence of the Big Bang. It is anticipated that the observable universe will
collapse into a black hole in the distant future, which will happen before that to our
galaxy as well.

Figure 10.57 shows the prospects for the course of events in the future as distant
as 100 trillion years. The night sky of the Earth will radically change when our
galaxy, the Milky Way, merges with its closest neighbors and distant galaxies vanish
from our sight. In 5 billion years the Andromeda Nebula will fill the sky almost
completely. The Sun will transform to a red giant and subsequently burn out. In
100 billion years, the Milky Way, the Andromeda Nebula, and other small galaxies
will make up a giant ball-shaped galaxy. In 100 trillion years, the last star goes
out and black holes shine dimly, along with artificial sources (if any) contrived by
supercivilizations. The supergalaxy contracts to a black hole.
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Fig. 10.57 Evolution of the observable part of the universe [80]

Table 10.2 Main epochs of the evolution of the early universe [141]

Name of epoch corresponding Time elapsed after

to its physical processes the Big Bang (s) Temperature (K)

Emergence of classical space-time 10�43 1032

Inflation stage �10�42–10�36 Varies over very wide limits

Production of matter 10�36 �1029
Production of a baryon excess 10�35 �1029
Electroweak phase transition 10�10 �1016–1017
Quark confinement 10�4 �1012–1013
Primary nucleosynthesis 1–200 �109–1010

The main stages of the temporal evolution of the early Universe are represented
in Table 10.2 [141] and in Fig. 10.58. Over the period of its existence, the Universe
expanded from the Planckian length of 10�33 cm to the modern scale of �1028 cm.
In the physics of elementary particles we have experimentally advanced to only
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Fig. 10.59 Hierarchy of interaction energy scales [158]

10�15 cm. The new LHC accelerator-collider will permit us to advance an order of
magnitude further.

The interaction energy scales are given in Fig. 10.59 [158].
Following [136, 141] in the subsequent discussion, let us consider these evolution

stages.

10.4.1 Inception of the Universe

The very early time ranging from 10�43 s to 2–3 min is the most interesting and
hard-to-describe period of the history of the universe, which saw the formation of its
most essential properties. These properties now manifest themselves as the Hubble
expansion, the large-scale structure of the universe, and the physical laws operating
in the part of the universe observable to us.

The fundamental difficulties are aggravated in attempts to approach the “origin
of the universe”, more closely, i.e., to peer into the first hundredth of a second. To do
this requires a profound knowledge of elementary particle physics in the superhigh-
energy domain, which we do not have now, for the reason that these energies are
unattainable with terrestrial accelerators. In the further advancement towards the
origin of the universe there emerges the even more difficult problem of “quantization
of gravity”, which has no solution so far, not even a basically satisfactory one.
That is why all attempts to investigate the earliest moments of the existence of our
universe are in essence purely theoretical constructs.

The instant of universe’s origin is the epoch of the birth of classical space-
time. Generally accepted at the present time is the theory of the Big Bang, i.e.,
the origination of the universe from a singularity (from spatio-temporal foam, as
is sometimes said) [141]. At the instant of the birth of the universe, the matter
density � and temperature T amounted to Planck’s values: �Pl � 1093 g/cm3, TPl �
1:3�1032 K; under these conditions, the gravitational interaction is comparable with
the others (strong, weak, electromagnetic) in strength and should be considered with
the inclusion of quantization.
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The enormous energies afforded by present-day accelerators are clearly insuf-
ficient for reproducing in laboratory experiments the conditions corresponding to
the “Grand Unification” parameter domain �1015 GeV. To do this would require a
Solar-System-sized accelerator.

Since the instant of the Big Bang, the universe has been continuously expanding,
the matter temperature has been lowering, and the volume increasing. In the
description of the birth of the universe, advantage is taken of the most general
ideas of the quantum evolution of the universe as a whole. One of them asserts
that the total mass of the closed universe is equal to zero. This signifies that the
entire universe may come into being without energy expenses and with the initial
geometrical dimension of the order of the Planck one.

As the universe expands, it borrows energy from the gravitational field to produce
more matter. The positive energy of the matter is exactly balanced by the negative
gravitational energy, so that the total energy balance is equal to zero.

10.4.2 Inflation

10�43–10�42 s after the origin of the classical space-time, an inflation stage in
the universe sets in [136, 141] (Fig. 10.60 [71]), which lasts until the stage of
Grand Unification at �10�35 s, when the relic radiation emerges. Analyzing the
inflation stage calls for the extrapolation of the known physical laws by 30 orders
of magnitude on the spatial scale. Beyond that stage is thought to lie the limit of
human philosophizing [65] and, as noted even by Tertullian—the great Christian
philosopher of antiquity—this limit is precisely the boundary with the realm of
theology.

To a high degree of accuracy the observable Universe is uniform and isotropic.
In the framework of the Big Bang theory, these evident, on the face of it, properties
have no satisfactory explanation, which is a serious problem or, to be more exact,
a set interrelated problems. A successful solution of these problems is proposed
by the inflation theory [61]. Furthermore, the inflation theory provides an elegant
mechanism for generating primary nonuniformities in the Universe, which also is a
problem for the theory of a hot Big Bang. This is precisely why the inflation theory
is quite convincing.

According to the inflation theory, the stage of a hot Big Bang was preceded by the
stage of a fast (close to exponential) expansion of the Universe—the inflation stage.
At this stage, the equation of state of matter was close to the vacuum one, p �
	�c2, the energy density varied slowly with time, the Universe expanded rapidly to
become uniform on a large scale and spatially planar with to a high accuracy. Upon
cessation of inflation, a more or less long stage of post-inflation heating set in, with
the result that vacuum-like energy eventually converted to heat. Only then did the
stage of the hot Big Bang come. This all supposedly went on for an extremely short
time.
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Fig. 10.60 Temporal scale of the universe. During inflation the universe expanded rapidly and
the plasma, which consisted of photons and charged particles, propagated far beyond the horizon
limiting the domain within the sight of a hypothetical observer. The onset of recombination
occurred 380 thousand years later: the first atoms and the relic radiation emerged. 300 million
years later, the light of the first stars ionized the major part of the hydrogen and helium [71]

Although the inflation theory has not been amply borne out by observations,
several of its versions lead to predictions which may be verified in a relatively near
future. It is remarkable that studying the properties of the Universe on the present-
day cosmological scale is able to elucidate the properties of the Universe and its
filling matter at the very first instants of evolution. This is one of the most glowing
manifestations of the close interrelation between micro- and macrophysics existing
in nature.

The first inflation model elaborated by Starobinskii (for more details, see [61])
is based on the gravitation theory with a Lagrangian containing both the first and
higher powers of the curvature scalar. In this theory the Friedman equation is
modified for high values of the Hubble parameter, resulting in the cosmological
solution with a scale factor which grows exponentially during the long period of
evolution. This model also contains the mechanism of post-inflation heating, which
has the effect that the evolution of the Universe enters the hot stage. The Starobinskii
model is quite successful from this viewpoint.
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Recent times have seen the introduction of models [61] in which gravitation
is described by the general relativity and the inflation mode emerges due to the
presence of specific matter in the Universe. In actual truth, the Starobinskii model
also falls into this category.

In order for the accelerated expansion to take place, the matter filling the
Universe must have negative pressure:

p < 	1
3
�c2:

The inflation stage is characterized by an ultimately high negative pressure
p � 	�c2, whereby the very laws of ordinary gravitational physics are different.
The matter in this state is the source of repulsion rather than attraction. It is not
unlikely that the very early universe was filled not only with particles, but also with
a temporal form of dark energy (with the inflaton field) with a very high density. This
energy brought about the expansion of the universe with a very high acceleration,
following which it decayed to form high-temperature plasma, which later divided
into the usual matter and radiation. There only remained a weak trace of dark matter,
which became significant only in the modern epoch. During the inflation stage, the
volume of the universe increased by many orders of magnitude (by a factor of 101000

in some models), so that the entire universe found itself in one causally connected
domain, the kinetic expansion energy of the universe and its potential energy were
equalized. During that stage there emerged the physical conditions which later led
to the universe’s expansion by the Hubble law.

Since the interparticle distance variation rate is proportional to the distance itself
and the rate of expansion R � ebt, this stage is termed inflatory: in the case of
inflation, the growth of monetary aggregate obeys the same law of exponential
growth.

Unlike the explosion of chemical explosives, where the expansion of the
detonation products is related to the pressure gradient, the expansion in the case
of the Big Bang springs from the negative pressure in a homogeneous medium—
antigravity—which existed early in the existence of the universe.

During the inflation, gravitational repulsive forces accelerate particles, so that
subsequently they move under their own inertia and form the Hubble expansion
law.

Estimates show [61] that the minimal inflation duration is�tmin
infl � 10�42–10�9 s

for T D MPl—1 TeV. During this short time the Universe manages to expand to a
degree that the domains of initially Planckian size become cosmologically large. In
this case, it is assumed that [61] the instant of the onset of inflation is the Planckian
moment tPl, although some point in time ti � tPl may act as the instant of the onset
of inflation.

In the proposed models, a high temperature sets in the Universe upon comple-
tion of inflation and post-inflation heating, which automatically signifies that the
requisite entropy is present at the hot stage. At the same time, the mechanisms
responsible for the inflation do not require that a large entropy should be in the
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Universe early in the inflation stage; far from it. Entropy is generated during the
post-inflation heating, when the energy of vacuum-like matter, which does not carry
a high entropy, is converted to heat. To state it in different terms, the post-inflation
heating process is strongly nonequilibrium from the standpoint of thermodynamics;
it results in the production of entropy in the Universe.

At the inflation stage there occurred yet another important process [136, 141]:
the production of small density perturbations from vacuum quantum fluctuations
of a scalar field and of gravitational waves from quantum metric fluctuations.
The vacuum quantum fluctuations, which normally manifest themselves only on
a microscopic scale, rapidly increased in the exponentially expanding universe to
become cosmologically significant. Therefore, the clustering of galaxies, which
emerged at a later time, and the galaxies themselves are macroscopic manifestations
of quantum fluctuations in the infancy of the universe.

From the observations of relic radiation anisotropy (10�5–10�6) (Fig. 10.61) it
is therefore possible to reconstruct the spectrum of primary perturbations. From the
primary perturbation spectrum and the gravitational wave spectrum it is possible
to reconstruct the physical laws of the inflation stage, i.e., in the 1016 GeV energy
domain. This is the aim of the experiments RELICT, COBE (Cosmic Background
Explorer), and of the ground-based experiments Tenerife, Saskatoon, and CAT
(Cosmic Anisotropy Telescope).

The difference in temperature between the domains of the early universe were
sufficiently large that the extra gravity in higher-density domains terminated their
infinite expansion and caused their contraction under self-gravity, with the resultant
production of stars and galaxies, so that the map of Fig. 10.61 basically contains the
prehistory of all structures of the universe.

Fig. 10.61 Structure and angular distribution of the relic radiation reflect the state of the early
universe. The primary nonuniformities of matter are equal to 10�5–10�6 (L.M. Zelenyi, 2007,
Private communication)
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Monograph [61] contains an analysis of how modern galaxies and stars, which
exceed the average density by a factor of 105–106, are formed from the initially
small perturbations ıT

T � 10�4–10�5. It analyzes in detail how the uniformities
of substance density and metric develop in the expanding Universe. From the
standpoint of observations, several interrelated aspects are here of special interest.
The first is the density perturbation growth, which is eventually responsible for
the formation of structures (galaxies, galactic clusters, etc.). The second is related
to the observed relict radiation anisotropy and polarization; these are caused, one
way or another, by density nonuniformities and, independent of them, perturbations
of another type—gravitational waves (to be more precise, tensor perturbations).
A comparison of theory and observations permits receiving answers to the two
cosmologically critical questions:

• what was the spectrum of cosmological perturbations that existed at the early
stage of hot Big Bang;

• what are the main properties of the Universe’s medium—the ordinary substance,
dark matter, and dark energy.

The primary perturbation spectrum defines the initial data for their evolution; had
there been no primary perturbations at all, the Universe would have remained strictly
uniform and isotropic and its structures would have never made their appearance.

It was shown [61] that relatively small-scale perturbations grow to the values
ı�

�
� 1, while large-scale perturbations remain small (linear) up to the modern

epoch.
The question of what was the mechanism for the emergence of the primary

density and metric perturbations themselves is not solved in the framework of the
hot Big Bang theory, which is a problem of this theory. Inflation theory provides an
elegant answer to this question.

Following [61], we give the characteristic values of the astrophysical objects
resulting from instability development. A compact object formed due to a collapse
is of mass

M.R/ ' 4�

3
R3�M,0;

where �M,0 is the modern average mass density of dark matter and baryons. For
a critical density �c D 1:5 � 1011Mˇ=Mpc3, ˝M D 0:24 (ı� � exp.˝t/), to a
galaxy size R D 1Mpc there corresponds an object of mass M ' 1:5 � 1011Mˇ.
This mass scale is typical for ordinary (non-dwarf) galaxies. We emphasize that we
are dealing with the total mass, including the dark matter halo mass. So, the scales
corresponding to galaxies:

R � .1–3/Mpc , .1011–4 � 1012/Mˇ:
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Our Galaxy is large: its mass amounts to about 1012Mˇ. The specified size is the
modern size of domains from which matter accumulates in galaxies. The dimensions
of galaxies themselves are considerably smaller, they amount to 10–100 kpc, so that
the matter density in central galactic regions exceeds the average density by factors
of 105–106.

Galactic clusters are characterized by appreciably higher values of R and M:

R � .10–30/Mpc , .1014–4 � 1015/Mˇ:

These are the largest gravitationally coupled objects in the Universe. Their dimen-
sions amount to 1–10 Mpc and the matter density in their central regions is
100–1000 times higher than the average one.

Perhaps, the smallest stellar formations embedded in dark matter halos are dwarf
galaxies. For them, the corresponding estimates are of the form:

R � .40–400/ kpc , .107–1010/Mˇ:

Baryons are “blown out” from halos of smaller mass by the radiation of the first
stars and by substance fluxes resulting from the explosions of these stars. The mass
scale M � 105Mˇ is nevertheless of interest: the first stars are produced in the halos
of such mass. For these halos

R � 10 kpc , 105Mˇ:

From the standpoint of structure formation, of greatest significance are dark
matter perturbations. They generate gravitational potentials in which ordinary
substance finds its way upon recombinations.

As we saw above [61], for the inflation to be realized. the equation of state of the
vacuum must have negative pressure:

p D 	�c2:

With this equation of state the scale factor changes by the law

a.t/ D const � eHvact;

where Hvac is independent on time and equal to

Hvac D
s
8�

3

�vac

M2
Pl

:

When the ordinary substance is also present in the Universe with a nonzero
vacuum energy, the expansion with time will nevertheless be described by the expo-
nential law, because the vacuum energy density remains constant in the expansion
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of the Universe and the substance energy density becomes lower. Therefore, the
assumption that the vacuum possesses positive energy leads naturally to inflationary
expansion. However, also needed is a mechanism which terminates inflation and has
the effect that the Universe heats up and passes into the hot stage. This mechanism
may be the decay of scalar field [61].

Following [61], we describe in detail the solution of entropy problem proposed
by the inflation. During the inflation, the matter in the Universe has no entropy
but in return possesses substantial energy density, which slowly decreases with
expansion. At the end of the inflation this energy converts to the thermal energy
in a very large volume formed in the course of inflationary expansion, which results
in a tremendous increase in entropy.

Therefore, the outlined scenario of chaotic inflation yields the following cos-
mological picture. The Universe is initially filled with the substance of Planckian
density and, generally speaking, is poorly described by the laws of classical physics,
so that even the ordinary notions about the classical space–time are inapplicable in
this case. Some clusters of this quantum Universe, which were initially of nearly
Planckian size, “inflated” due to inflation. The presently observable domain of the
Universe occupies a part of one of these “inflated” clusters.

In this case, a microscopic (of Planckian size) region of the Universe extends
during the inflation time to a domain of size R � 1010

13
and 1010

7
.

The theory of inflation and post-inflation heating successfully solves [61]—no
difference whether on a Planckian or gigantic size—the problems relating to the
initial data of the hot Big Bang era. Nevertheless, quite legitimate is the formulation
of the question of whether the hot stage might have been preceded by some other,
not inflationary, stage of the evolution of the Universe. One of logical possibilities
is that the expansion of the Universe was preceded by its collapse, with a “rebound”
upon the attainment of a rather high energy density, when contraction gave way to
expansion.

In the framework of the classical general relativity, the change from contraction
to expansion necessitates the existence of matter with highly unusual properties.

In the era when contraction gives way to expansion the Hubble parameter
increases from negative values to positive ones, so that H > 0. This is possible
only when p < 	�c2, with � > 0 on the strength of the Friedman equation.

The forms of matter known to us, including scalar and vector fields with standard
Lagrangians, do not satisfy this equation of state. The hypothetic matter with this
property is termed phantom (also used is the term phantom energy). Constructing
self-consistent field-theoretic models with phantom properties is a highly nontrivial
task.

Another possibility is that the rebound is caused by purely quantum processes
not amenable to description in the framework of the classical general relativity. This
possibility is discussed, for instance, in the framework of the pre-Bang scenario.
Here, the difficulty is that the quantum theory of gravitation or a substitute theory
(for instance, the superstring theory) are not elaborated to the extent to answer the
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question of whether the rebound is possible in the quantum mode, and if yes, what
is the state of the Universe upon reaching the mode of classical expansion.

Still more attractive is the concept of pulsating (cyclic) Universe. This scenario
implies that the Universe or its part repeatedly passes through the periods of expan-
sion replaced with contraction, subsequent rebound, and re-expansion. According
to this picture, we are in one of these cycles. The uniformity and spatial planeness
of the observable Universe may then be with dark energy dominance late in the
cycles—the beginning of such a stage is taking place now.

The state of matter with a negative pressure is unstable; the substance must transit
to a state with positive pressure. That is why the inflationary phase of Universe’s
development terminates rather quickly to give way to the stage of ordinary matter
production (Fig. 10.62, Table 10.3) [136].

Fig. 10.62 Expansion of the universe with the distinguished initial stage (L.M. Zelenyi, 2007,
Private communication)
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Table 10.3 History of the universe: main stages [136]

Time Radiation temperature (K) Comments

10�43–10�37 s Above 1026 Inflation.

10�6 s Above 1012 Plasma of quarks, gluons, electrons, and
their antiparticles.

3�10�5 s 1012–109 Quarks and gluons form protons and
neutrons.

10�4 s–3 min 1012–109 Production of deuterium, helium, and
lithium nuclei.

15 thousand years 104 Equality of matter and radiation energy
densities.

300 thousand years 4000 Formation of atoms from light nuclei and
electrons. The universe becomes
transparent for photons.

15 million years 300 Nothing particularly notable, except that
the temperature of space was equal to room
temperature and comfortable to human
beings.

1–3 billion years 20 Formation of the first stars and galaxies.

3 billion years 10 Production of heavy nuclei in the explosion
of the first stars; emergence of
next-generation stars.

3–15 billion years 3 Emergence of planets and sapient life.

1014 years Subsequently very cold New stars have ceased to emerge.

1037 years All low-luminosity objects have exhausted
their energy. Black holes and elementary
particles have persisted.

10100 years All black holes have evaporated. Tenuous
gas of stable elementary
particles—electrons, three kinds of
neutrinos, and possibly protons.

10.4.3 Post-Inflationary period

According to Kirzhnits [77], from this point on, �10�37 s after the Big Bang, the
universe underwent, after Friedman, a relatively slow expansion, and its temperature
and density lowered with time. The starting temperature was about 1029 K, i.e.,
�1016 GeV, which exceeds the X- and Y-boson masses. The condensate of Higgs
particles, which is responsible for the emergence of this mass, is absent under these
conditions; the X- and Y-bosons are massless, and the state of matter is realized that
corresponds to complete symmetry between the strong, weak, and electromagnetic
interactions. The matter itself is a hot dense plasma made up of massless particles
(quarks, leptons, photons, gluons, W-, Z-, X-, and Y-particles) and massive Higgs
particles. In this case, quarks and gluons transform freely into each other, and their
relative densities are defined only by the temperature.
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At the point in time, �10�33 s, when the temperature had lowered to 1014 GeV
= 1027 K (the X- and Y-boson mass), there occurred a phase transition with the
emergence of a condensate of the corresponding Higgs particles. Production of pairs
of X-mesons with a mass of the order of 1015 GeV occurred, which decayed into
quarks and leptons. According to A.D. Sakharov’s idea, the baryon charge was not
conserved at that time and particle–antiparticle CP symmetry violation occurred.
This is how today’s matter was produced with the number of protons �1080, which
is close to the current value (the Eddington–Dirac number). That epoch is termed
the epoch of Grand Unification of electromagnetic, weak, and strong interactions.

From that point on, the symmetry between the strong and electroweak inter-
actions broke down, the mutual transformations of quarks and leptons strongly
moderated, and a start was made on the formation of baryon matter asymmetry in
the universe with the extraordinary predominance of matter over antimatter. Modern
theories are able to explain (see, for instance, [136]) how this asymmetry emerges
naturally in the course of evolution of the primary state in which the particle and
antiparticle densities were equal.

An interesting implication of the possible formation of high-amplitude field
fluctuations at the stage of post-inflationary heating is the generation of gravitational
waves [61]. At this stage the field fluctuations may be long in wavelength; in
essence, the only model-independent limitation is that these lengths may not exceed
the current Hubble size. The parameters of these waves are estimated in [61]:
W0 � 20Hz, � � 105 km.

At the point in time �10�12 s, when the temperature had lowered to 102 GeV–
1015 K (the W- and Z-boson mass), there occurred the second (electroweak) phase
transition, with the emergence of the second condensate of those Higgs particles
that are responsible for W- and Z-boson masses. From that point on their masses
became nonzero, the symmetry between the electromagnetic and weak interactions
broke down, and the matter itself was a plasma made up of massive leptons, quarks,
gluons, and massless photons.

The next phase transition is thought to have taken place at �10�5 s, when the
temperature had lowered to a value of �100MeV, 1011–1012 K (the characteristic
scale of quark–gluon interaction when quark confinement occurs). As a result of this
transition, the quark–gluon plasma transformed into a system of hadrons by way
of quarks and antiquarks merging with the production of baryons and mesons of
the corresponding resonances. At a temperature of 1011–1012 K there occurs quark
confinement (“no escape”). Quarks may exist in the free state only in a very hot
plasma with a temperature T > 1011 K. In the early universe, when the temperature
far exceeded this value, there were no protons and neutrons and there existed a
“quark soup”. Due to the expansion of the universe the temperature lowered, quarks
begin to combine to form protons and neutrons, and are no longer encountered in
nature as separate particles (there is “no escape”).

The technology of modern acceleration experiments enables the states in the
temporal neighborhood only tenths–hundredths of a second after the Big Bang to
be reproduced (Fig. 10.55); it is expected that commissioning of the LHC, RHIC,
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FAIR, etc. accelerators will permit advances into the milli- to microsecond range.
The subsequent epochs are characterized by the absence of quarks and gluons in
the free state, and leptons, hadrons, and photons are the structural constituents of
the matter. In this case, with decreasing temperature there occurs decay of unstable
particles and the annihilation of pairs of baryons and heavy leptons.

Cosmological limitations correspond to a possible neutrino mass of �0.3 eV. The
neutrino decoupling from baryon-electron-photon plasma occurs at temperatures
of the order of 2–3 MeV. Neutrinos make an appreciable contribution to the total
energy density at all stages of the hot Big Bang era. That is why they have a
significant effect on the evolution of cosmological perturbations.

Prior to the annihilation of eCe� pairs, the neutrino temperature T	 coincides
with the photon temperature but becomes lower after it; under the approximation
of instantaneous neutrino decoupling, it related to the photon temperature by the
expression [61]

T	.t/ D
�
4

11

�1=3
T.t/:

In this case, the homogeneous part of the neutrino distribution function coincides
nicely with the Fermi–Dirac distribution. The neutrino number density decreases as
˛�3 and in the modern era is n	;0 D 112 cm�3 for each of the three active neutrino
types.

After the epoch of proton and neutron production, the subsequent evolution
of the universe led to the epoch of nucleosynthesis �1–100 s (a temperature of
�0.1–1 MeV�109–1011 K—the characteristic nuclear scale), during which primary
nucleosynthesis occurred and the lightest matter constituents with atomic weight
A < 5 were formed. The time interval between t � 1 and t � 200 s is
of considerable importance in the life of the universe. The primary light nuclei
were formed during this period: 4He (25 %), deuterium 2H (3 � 10�5 %), 3He
(2 � 10�5 %), 7Li (10�9 %), i.e., a start wa made on the origination of the matter
we are accustomed to. The rest of the isotopes, although they were produced during
this epoch, were finally formed as matter components much later.

Approximately 1 s after the Big Bang, the primary plasma temperature lowered
to 1010 K, which corresponds to an energy of �1 MeV.

With a decrease in temperature to T D 0:7MeV, these weak-interaction reactions
practically terminated and the neutron-to-proton number ratio became constant and
equal to the number ratio at the close of the process. At that stage of the universe,
protons and neutrons existed in the free form, not combined into nuclei. Later, when
the temperature lowered to 100 keV, the majority of neutrons (with the exception of
those which had managed to decay) were bound in the production of deuterium in
the course of the reaction p C n !2H + � .

Deuterium, in its turn, efficiently captured primary plasma baryons to produce
3He and tritium (3H). On capturing one more proton or neutron there emerged 4He,
in which practically all undecayed neutrons ended up. The absence of suitable nuclei



10.4 Matter Transformation After the Big Bang 671

with a mass number A D 5 impeded subsequent reactions, making the production of
heavier elements (3He + 4He !7Be, 34He !12C, etc.) a highly improbable event.

On further temperature lowering, the substance consisted of H and He nuclei,
electrons, photons (their density n� is 109 times higher than the nuclear density),
and neutrinos, which hardly interact with the rest of the substance. This era is
spoken of as “radiation-dominated” epoch due to the prevalence of the contribution
of electromagnetic radiation to the substance energy.

In this era (the “fireball” era), relict radiation was the main form of matter. The
closer are we to the inception of the Universe, the higher is the frequency of this
radiation.

With expansion of the Universe, the plasma and radiation temperatures would
become lower. The radiation frequency also had to decrease, with the effect that
the initially visible light became invisible and shifted to the radio-frequency band.
Today it is recorded as the radio-frequency radiation with a temperature T � 2:4K
and is called the relict radiation. Unlike the ordinary light, the relict radiation has no
source: the entire Universe as if shines or “floats” in the ocean of light [64].

The relict radiation density �rad D 10�34 g/cm3, and today it is lower than the
ordinary substance density. But this has not always been so. The point is that the
substance density is inversely proportional to the volume, which signifies �sub �
R�3 in terms of the length scale. The expansion of the Universe changes the spacing
of electromagnetic radiation wave crests to increase the wavelength. That is why the
relict radiation photon energy is inversely proportional to R and the relict radiation
density �rad � R�4. When we move into the past with R ! 0, the density �rad rises
faster than �sub.

We note, however, that the ratio between the photon number (not energy) density
and the proton number density remains invariable: n�=nb D 109. This quantity is
called specific entropy.

The time determined from the condition for the onset of hydrogen transparency,
which for some coincidence is the time when �sub D �rad, is called the recombi-
nation time. Before this point in time �sub < �rad, and the corresponding epoch is
called the “fireball era” [64]. The temperature of relict radiation depends on the scale
factor, T � R�1. The recombination era is characterized by temperatures of the order
of several thousand degrees. At higher temperatures, atoms cannot exist, because
electrons would be immediately torn away from their shells. The relict radiation
was seen in the visible region; in this epoch the sky was not dark, it was glittering,
gradually becoming red and then invisible with expansion!

A significant property of the relict radiation is its isotropy: its properties are the
same in all directions, which is an important confirmation of Friedman’s isotropic
model of the Universe.

For a high frequency there occurred particle–antiparticle production by photons.
That is why the relic radiation in the very early universe [65] is more often used in
reference to the plasma of particles and antiparticles rather than a photon gas. Such
a plasma is termed an ambiplasma. For kT D mec2, we are dealing with the leptonic
era; for a higher temperature kT � mpc2, we are dealing with the hadronic era.
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In the fireball epoch, protons, neutrons, and electrons, as well as the light
elements deuterium, tritium, helium, and lithium, which were produced during the
first three minutes of the universe, played only an insignificant role. The light
pressure was so high that massive particles were uniformly scattered about the
universe and could not form any structures such as galaxies, stars, and planets
by gravitational attraction. However, dark matter, which did not interact with
relic electromagnetic radiation, was something else again. Due to gravitational
interaction, that dark energy was able to curl long before similar processes involved
visible matter.

During the epochs under discussion, the primary plasma obeyed the radiation-
dominated equation of state p D �c2=3. In this epoch there occurred annihilation of
electron–positron pairs with their transformation to photons. Experiments involving
underground nuclear explosions [10, 11, 160, 166] yielded a plasma and photon
temperature of �107 K and an energy density of 109 J/cm3, corresponding to the
states several minutes distant from the Big Bang, which are close to the lower bound
of the radiation-dominated regime. This predominance is no longer manifested
during the epoch 108–1010 s (other estimates suggest a figure of �1012 s) (the
temperature �104–105 K corresponds to �1–10 eV, the characteristic atomic energy
scale), when the energies of electrons and nuclei are insufficient to overcome their
electromagnetic attraction and electrons recombine with nuclei to give rise to neutral
atomic matter transparent to photons.

Until that time, in the “fireball” era the universe expanded by the law R � p
t;

later, when matter came to play a leading part, the expansion law approximately
assumed the form R � t2=3.

10.4.4 Recombination Era

In the recombination epoch the light pressure lowered to the extent that particles
were attracted to one another. Since all that took place gradually and the relic
radiation did not cease at once to interact with visible matter by passing to the
radio frequency band, there existed some period when the universe heard the “first
sound” [65]! This sound is also referred to as the “Sakharov acoustic oscillations”
after A.D. Sakharov, who hypothesized that they existed in the early universe. The
situation is that, as noted above, between the particles of visible matter there were
counteracting forces of gravitational attraction and repulsion due to electromagnetic
pressure. That is why the particles alternately approached each other and moved
away, and as the pressure lowered there emerged decaying oscillations of particle
density similar to sound oscillations. That sound was a “whisper”—an infrasound
with a wavelength of the order of the horizon in the recombination era. However,
where it was heard, there emerged density perturbations, which subsequently turned
into galaxies.
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The curling of particles and hence higher-density domains emerged where
there already existed nonuniformities caused by dark matter. Without dark matter
galaxies would not have been formed by the present time. The visible matter
nonuniformities caused nonuniformities in the temperature distribution of the relic
radiation (Fig. 10.61), which are the reflection of the first sound and the nuclei of
future galaxies.

The recombination epoch coincided with the universe “transparentization”
epoch: the plasma disappeared and the matter became transparent. The temperature
of this epoch is quite well known from laboratory physics: T � 4500–3000K.

After recombination, photons reach the observer virtually without interacting
with matter and make up the relic radiation. Nowadays its energy spectrum
corresponds to the spectrum of a blackbody heated to a temperature of 2.75 K. The
difference between the temperatures �3000 and �3 K arises from the fact that the
universe has expanded by about a factor of 1000 since the transparentization epoch.

The medium of the modern Universe consists of several components: baryons,
photons, neutrinos, and dark matter. At relatively late stages of cosmological
evolution, individual components experienced no interaction between each other.
Prior to recombination these components were the baryon-electron-photon plasma,
dark matter, and neutrinos; after recombination, photons also decouple.

After recombination, which went on in the early Universe at a temperature T '
0:25 eV, the Universe became transparent or, to be more exact, almost transparent to
the primary plasma photons. These photons have persisted in the Universe until the
present time and are observed in the form of relict radiation. Measurements of relict
radiation characteristics permits obtaining extremely valuable information about
the Universe in the era of recombination and estimating the age of the Universe.
Furthermore, the post-recombination propagation of relict photons was affected by
the expansion of the Universe and the processes related to structure formation. That
is why the relict radiation carries valuable information also about more recent stages
of Universe development.

The energy spectrum shape of relict radiation coincides with a high degree of
accuracy with the shape of the Planckian spectrum. This statement results from
the data analysis of numerous relict radiation observations at different frequencies.
Small variations of radiation intensity in relation to the arrival direction are
variations of the temperature—the only characteristic of the Planckian spectrum.
The average temperature of relict photons (they number approximately 400 in
1 cm3) is T0 D 2:725˙ 0:001K.

A small angular temperature variation ıT=T � 10�3 exhibits a clearly defined
dipole nature and is attributable to terrestrial motion. A smaller variation structure
has an amplitude ıT=T � 10�5, and it is precisely this structure that is underlain by
a highly nontrivial physics. Apart from the angular dependence of the temperature
of relict radiation, of major interest is its polarization, which also depends on the
arrival direction of relict photons.
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It is significant that the prerequisites for the production of future galaxies
are found even in the “fireball” era, in which weak nonuniformities (density
fluctuations) were produced, which disturb the general uniformity and isotropy
of the uniform and isotropic plasma. These are the “nuclei” of future galaxies.
After the recombination era, when the temperature of the universe became lower
and the radiation ceased to strongly interact with matter particles and to “scatter”
them in space, these “nuclei” attracted particles due to gravitation. In 1993, the first
experimental data were obtained from the COBE satellite. The temperature of some
regions (“spots”) of the sky is slightly (10�5–10�6, Fig. 10.61) different from that
of other areas.

After the recombination era, the “dark ages” [65] set in: the relic radiation had
decoupled from matter, and the stars in galaxies had not started shining. In that
era there emerged protogalaxies as gas clouds. They collided with each other to
form black holes. These black holes admitted visible matter, which shone, and there
emerged quasars. The relic radiation manifested itself only weakly, the dominant
role being played by dark and visible matter.

Approximately 5 billion years ago there occurred yet another important event in
the history of the expansion of the universe. The cosmological constant came into
play [65]. Earlier it had counted for very little: being a constant small quantity, it
was below the matter density of the relic radiation. The universe started expanding
exponentially. Due to relative acceleration, galaxies experienced stronger repulsion
from each other, which hindered their mutual collisions; this circumstance turned
out to be of consequence for the possibility of the emergence of the Sun, the Solar
System, the Earth, and life on it.

One more major milestone is located between the recombination epoch and our
time—the formation of the large-scale structure of the universe, or the formation of
galaxies. This epoch falls in the time when the temperature of relic plasma photons
was T � 30K. In the intervening period there lies the epoch of nonlinear evolution
of extragalactic objects, i.e., the epoch of ordinary galaxies, quasars, and clusters
and superclusters of galaxies.

At that time, the universe as a whole continued to expand and cool down. In
domains with a somewhat higher density than the average, however, the matter
expansion moderated due to the additional gravitational attraction and entered the
phase of gravitational compression with a slow rotation. The increase of the angular
velocity of this rotation in the compression of the matter has the effect that the
centrifugal force comes to be of the order of the gravitational one. Here is how
rotating galaxies came into being [69].

Hydrogen and helium in these galaxies were compressed by gravitational forces
and heated up, fostering thermonuclear fusion reactions. The corresponding tem-
perature growth stopped the gravitational compression, resulting in solar-type stars.
Because of stronger gravity, more massive stars heated up to higher temperatures
and burned up their hydrogen in a shorter time (in several hundred million years);
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thermonuclear transformation of helium to heavier elements such as carbon and
oxygen began. After that, the central regions compressed to a superdense state like
a black hole or a neutron star, while the outer regions, which contained heavy
elements, were carried into interstellar space as a result of a supernova explosion
to provide the material for the next generation of planets and stars. In particular,
our Sun is a second- or third-generation star. The evolution of stellar objects is
considered in greater detail in Sect. 9.2.

We emphasize once again that the atoms of our body were produced inside the
stars, and atomic nuclei were produced even during the first three minutes of the
life of the universe. Figuratively speaking, when we peer into huge distances, it is
as if we are looking into the distant past because of the finiteness of the speed of
light: very far away is the “place” where the atomic nuclei of our body were born
and, still earlier, the elementary particles themselves [65]. In this sense the universe
appears like an enormous “house”, in which, according to the anthropic principle
(see below), everything was prepared for the advent of human beings and which
retains “photographs” from their first steps to our days.

We give the formula [177] that describes the temperature variation during the
early expansion stage, down to T � 1012 K:

T D 1:3

�1=4
p

t
MeV:

By inverting this formula we obtain the point in time after the onset of expansion at
which the temperature of relativistic particles was equal to T:

t D 1:7

.T [MeV]/2 �1=2
s:

10.4.5 Nucleosynthesis

Beginning from the atomic epoch, the photon gas has cooled independently of the
rest of matter, nowadays manifesting itself as the relic radiation.

The nucleosynthesis stage is the final stage relating to the early universe. It
terminated three minutes after the Big Bang.

The nucleosynthesis epoch is followed by the hidden-mass domination stage,
which set in at about a temperature of T � 106 K, depending on the type of hidden
matter carrier. Beginning with this epoch, small perturbations of matter density
developed, which built up to the extent that there emerged galaxies (5–10 billion
years after Big Bang), stars, and planets (10–11.5 billion years).
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At this point, the cosmological stage, i.e., that relating to the universe as a
whole, of matter formation of our surrounding universe may be thought of as being
complete. The subsequent stages are inherently local and involve the formation of
the structure of the universe—the large-scale structure (clusters and superclusters),
galaxies, stars, and planets. The prevalent form of visible matter at these stages
is the plasma state (cosmic plasmas: circumplanetary, interplanetary, intraplanetary
plasmas, the plasma of stars and stellar atmospheres, the plasma of quasars and
galactic nuclei, interstellar and intergalactic plasmas, quark–gluon plasma).

Of special significance from the standpoint of matter composition formation is
the hot stellar plasma, in which there occurs the synthesis of the nuclei of light
elements up to carbon (the stars of the main sequence and red giants). Heavier
elements are produced in the explosion of supernovae—the catastrophic late stages
of stellar evolution—by way of neutron capture with subsequent ˇ-decay. This
picture of element production allowed Carl Sagan to consider that we are all made
of stellar matter.

Also produced in supernova explosions are cosmic rays—a strongly nonequilib-
rium component of matter. At the last stages of their evolution, stars move to the
state of either a white dwarf, whose matter is an ideal, “simple” metal (a crystal
lattice of nuclei surrounded by a nearly free electron gas), or a black hole, or a
neutron star. The latter, as discussed above, contains a liquid (superfluid) core, made
up of neutrons with a small admixture of protons and electrons (neutron matter); the
inner crust, consisting of a crystal lattice of neutron-excessive nuclei, an electron
gas, and a neutron liquid; and the outer crust, which is structurally similar to the
matter of a white dwarf.

Following [151], we outline a more detailed picture of the production of chemical
elements in the Universe. We start from that evolution stage wherein the Universe
consisted of a mixture of quarks, gluons, leptons, neutrinos, and photons at the first
instants after the Big Bang. As our Universe expanded, the substance density and
temperature became lower, which permitted quarks to combine to form neutrons
and protons (nucleons). Nucleon-nucleon collisions would produce the first simplest
atomic nuclei; however, because of collisions with photons and other particles of
tremendous energy, these nuclei immediately decayed to separate nucleons. With
expansion of the Universe, the substance density and temperature decreased, which
raised the survival probability of the nuclei. The thermonuclear reactions (Sect. 4.1)

n C p ! 2D;

2D C 2D ! 3He C n;

2D C 2D ! 3T C p;

3T C 2D ! 4He C n

gave rise to deuterium 2D and tritium 3T nuclei and the helium isotopes 3He and
4He. But, since there are no stable nuclei of atomic mass 5, it was impossible
to synthesize the nuclei heavier than 4He by sequential attachment of protons or



10.4 Matter Transformation After the Big Bang 677

neutrons to helium isotopes. Furthermore, by the instant there formed an appreciable
amount of helium, the substance temperature lowered to the extent that the reactions

3He C 4He ! 7Be;

4He C 4He ! 8Be;

8Be C 4He ! 12C

were inefficient owing to a stronger Coulomb repulsion in comparison with protons.
That is why in about 3 min after the inception of the Universe the primary synthesis
of the elements terminated. Calculations and observations suggest that by this
moment the substance of the Universe consisted of hydrogen by 75 % and of the 4He
isotope by 25 %. There were also small amounts of deuterium (�0.003 %) and the
light helium isotope 3He (�0.002 %); the heavier-than-helium elements had been
synthesized in negligible amounts. As for free neutrons and tritium, which were
present in appreciable amounts during nucleosynthesis, they soon vanished, being
unstable particles:

n ! p C e� C Q	;
3T ! 2D C e� C Q	:

In the modern era, i.e. approximately 13.5–14.5 billion years after the inception
of the Universe, the abundance of hydrogen and helium remains almost the same
as at the instant of completion of the primary nucleosynthesis. However, the
abundance of heavier elements became considerably higher. The mass fraction
of these elements in the interstellar gas of our Galaxy amounts to 2–3 %. Most
abundant in the interstellar medium are oxygen atoms, the number of carbon atoms
is two times smaller, and further, in the order of decreasing number of atoms, are
nitrogen, neon, iron, silicon, etc.

All elements heavier than helium were synthesized in stars [151]. Although
thermonuclear reactions take place deep in the interior of a star, the products of
these reactions may well find their way into its ambient space. The first possibility
consists in the convective transfer of nuclear transformation products to the outer
stellar layers and from there into the interstellar medium together with the stellar
wind. Such processes are most efficient at the late stages of stellar evolution.

As we saw, the second possibility of enriching the interstellar medium in heavy
elements is supernova explosions, when a shock wave ejects the stellar substance
in all directions to turn it to the interstellar gas. Not only does the shock wave
entrain the gas when propagating from the stellar center to the surface, but it also
heats the gas to an enormous temperature. As a result, thermonuclear reactions
commence behind the shock front. In the course of these reactions, the substance
transforms from hydrogen to nickel almost instantly; the heat released in this case
feeds the shock wave and forms a thermonuclear detonation wave, not letting it
die down. And though the synthesis of heavier-than-iron elements (Fig. 4.3) goes
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with energy absorption rather than energy liberation, the amount of energy released
in a supernova explosion is so enormous that there appears a possibility to spend
a certain part of it for the synthesis of even very heavy elements like uranium.
Generally speaking, the heavier is the element, the lower is the probability of its
synthesis, although there are exceptions to this rule caused by the special features
of different atomic nuclei and the occurrence probabilities of one or other fusion
reaction. As for nickel, like in the “quite” burning in the central regions of massive
stars, produced in largest amount is its unstable isotope 56

28Ni, which beta decays to
cobalt, which in its turn decays to the stable iron isotope 56

26Fe.
As discussed above, the greater is the mass of a star at inception, the greater is

the part of its mass it sheds to the interstellar medium by the instant of its death,
and the most massive stars (100–150 Mˇ) are completely destroyed. Furthermore,
the lifetime of a star shortens with increase in its mass. These two circumstances
make massive stars into the main suppliers of heavy elements. The first stars in
the Universe consisted only of hydrogen and helium. Several million years later,
the most massive of them perished and ejected the first portions of heavy elements
into the interstellar medium. The gas enriched in this substance mixed with the
hydrogen-helium gas of the interstellar medium. Some time later, this mixture
gave rise to a new generation of stars; the most massive of them died soon to
further increase the density of heavier-than-helium elements. During the lifetime of
the Universe, thousands of massive star generations managed to come into being
and perish, each time raising the fraction of heavy elements in the interstellar
medium. Also born, of course, were low-mass stars, which have persisted to our
days and retained in their outer layers the chemical composition corresponding to
the interstellar medium they were formed of. In globular star clusters older than
10 billion years, astronomers discovered stars which contained heavy elements in
amounts 100 times smaller than in the surface solar layers. Recently, it has been
possible to discover stars in whose substance the amount of heavy elements is tens
of thousands of times lower than in the Sun. These are presumably the oldest stars
of our Galaxy.

The outlined scenario is of major consequence for our life [151]. It exists thanks
to organic molecules, which are hydrogen compounds with virtually all elements of
the periodic table and, above all, with carbon. This signifies that all living things
consist of matter which formerly, and more than once, was in the stellar interior and
went through thermonuclear stellar reactors.

Therefore, we see that our universe has gone through an extremely stormy youth
full of extraordinarily bright events. The “Planck temperature” T D 1032 K was
reached in 10�43 s after the beginning of the universe, T D 1013 K was reached in
10�6 s, T D 1011 K in 0.01 s, T D 1010 K in 1 s, T D 109 K in 1 min, T D 104 K
(change of epochs) in 100,000 years, and T D 103 K in 1 million years. Therefore,
primary nucleosynthesis was completed within several minutes of the “birth of the
universe” and the formation of atoms within 1 million years. After this rather stormy
period, the initial evolution stage was completed and the routine senile expansion
phase is reached, which we now observe approximately 15 billion years after the
“birth of the universe”.
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The evolution stages of the Earth and the Sun in the close-to-modern times are
reasonably well known [83]. Modern helioseismology permits determining the solar
age directly, which is equal to 4.56–4.58 billion years, according to the latest data.
Since the duration of gravitational condensation of the protosolar cloud continued
for only billions of years, it is valid to say that no more than 4.6 billion years have
passed since the onset of this process to our days. This being so, the solar substance
contains a lot of heavier-than-helium elements, which were produced due to nuclear
reactions in the interior of previous-generation massive stars burned and exploded
in the form of supernovae. This signifies that the life span of the Universe is far
greater than the age of the solar system.

According to radiometric dating, the oldest rock on the Earth is the grey gneiss
of northwestern Canada—its age is estimated at 4.03 billion years [83]. Crystallized
even earlier (4.4 billion years) were the tiny grains of the mineral zircon, natural
zirconium silicate, found in the gneiss in Western Australia. Since the terrestrial
crust already existed at that time, our planet must be somewhat older. As for mete-
orites, the most precise information is provided by the dating of calcium-aluminum
inclusions in the substance of carbonaceous chondrite meteorites, which has hardly
changes after its formation from the gas-dust cloud which surrounded the newborn
Sun [83]. The radiometric age of suchlike structures in the Efremovka meteorite
found in the Pavlodar region of Kazakhstan is equal to 4 billion 567 million years.

As we saw above, the human life on the Earth will decease in about 5 billion
years owing to the burnout of solar thermonuclear fuel. Of course, in the event that
the Lord in His kindness would continue to bear the mankind on the Earth until that
time.

10.4.6 Our Time

Figure 10.63 shows the scenario of the universe’s evolution discussed in [29].
According to Carroll [29], the universe sprang into existence as a highly uniform
plasma and will go out of existence on turning into almost empty space, i.e., the
universe evolves from a low-entropy state to a high-entropy state—the final state
being termed “heat death”.

The vigorous epochs of biological progress, of the origination of life and
civilization that we witness nowadays fall precisely in this routine development
process of the universe (Fig. 10.64). In particular, the planet Earth was formed about
5 billion years ago, elementary organic life about 4 billion years ago, and DNA and
the genetic code about 3.5 billion years ago. Plants and animals emerged about
1.2 billion years ago. Early human ancestors came into existence about one million
years ago and the Homo sapiens species about 200,000 years ago. This species
began to speak only �50,000 years B.C. and write 6000–8000 years ago. Modern
civilization is believed to have appeared at the end of the last glacial period—about
10 thousand years B.C., when the Earth’s temperature approached the modern level
of �15 ıC. The last mammoth vanished from Taimyr and the Wrangel island only
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Fig. 10.63 Evolution of the universe [29]. Initially space is almost empty; quantum fields fluctuate
in some domains. Next the space expands exponentially (inflation) and fills everywhere with the
nearly uniform primary plasma. Aggregates of matter give rise to stars and galaxies, which fly
apart due to accelerated expansion. Giant black holes contained at the centers of some galaxies
take up everything around them and in turn slowly evaporate. The space becomes empty once
again. . .

�4 thousand years ago. The first towns emerged 6000–7000 years ago, the Christian
civilization 2000 years ago, and the technical one only 200 years ago.

Since then, humans have so developed that they have become capable of
posing questions about the physics of extreme states of matter. By the order of
magnitude, the time of the rise of civilization corresponds to an estimate (about
5 thousand years ago) given by St. Augustine (Fig. 10.65) in his writing The City
of God [69]. Answering the question as to what God was occupied with before
creating the universe, he said that God was preparing hell for those who put such
questions [69]. The possibility of the emergence of living and sapient subjects who
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ask such questions and dare cognize the universe is one of the most challenging and
interesting questions of the natural sciences.

The question of the origin of life is the most interesting and most difficult among
the fundamental problems of the universe [132].

The discovery of numerous remnants of fossil bacteria in the most ancient
terrestrial sedimentary rock of age up to 3.5 billion years was one of the most
amazing discoveries made by geologists and paleontologists at the end of the past
century [8, 132].
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Fig. 10.65 Earliest portrait of St. Augustine (sixth century)

Bacteria are the most ancient and plural form of life on our planet. They
have most fully mastered the Earth’s space for habitation and have far surpassed
more complex organisms in this aspect. In modern conditions, bacterial life exists
virtually everywhere: on land, in water, which they can inhabit at temperatures from
	10 to C120 ıC, deep under the ice in Antarctica and in high atmospheric layers.
At temperatures below 	10 and above C120 ıC bacteria can pass into a dormant
state, in which they retain a higher tolerance to unfavorable temperature conditions,
dehydration, and increased irradiation doses. Dormant cells may be in a viable state
for a long time (up to 2 million years and over); in particular, when extracted from
permafrost, they germinate under suitable conditions.
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Fig. 10.66 Increase in water amount at the early stages of Earth’s existence, 1.3–1.0 billion years
is the period of possible stabilization of the salt composition and water volume on terrestrial
surface [132]

Fig. 10.67 Schematic of geological events in Precambrian Era [132]

The advent of life is related to the presence of water on the Earth (Fig. 10.66),
which had not existed on the Earth earlier and which began to accumulate on it
after the cessation of the period of intense meteorite bombardment (Fig. 10.67).
About 4 billion years ago, sediments began to form in shallow water basins and life
blossomed out on our planet. Apart from bacteria, including cyanobacteriae (see
their photographs in Fig. 10.68), it is not improbable that the Earth was inhabited
by green algae and, perhaps, even fungi. The surface of land was inhabited by
microorganisms even in the Archean time [132].
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Fig. 10.68 Modern and fossil (Cambrian and Ordovician) cyanobacteriae �2.8 billion years of
age. Of special interest is the excellent integrity of the fibers and films 10–20�m in thickness [132]

The volume of water comparable to the present one was formed about 1.3 billion
years ago, and since then we see a vast expansion of various organisms. The RNA
world as a separate state, if at all, existed until 4.0 billion years ago and may be
prior to Earth’s formation. The likelihood of the origin of life on precisely the Earth
is extremely low. Conceivably life appeared on a planet of “terrestrial type” long
before Earth’s formation and was brought to the Earth by meteorites [132].

Life on Earth came into existence at least 3.5–4 billion years ago, but during the
first billions of years it was rather primitive, without significant diversity. The late
Precambrian, approximately 650 million years ago, saw the advent of metazoans,
which evolved into organisms with a hard skeleton; its existence enables geologists
to rather safely determine the changes in fauna in the distant past. The sharp
broadening of species diversity in the Cambrian—the first geological period of
the eon of visible life, which began �545 million year back—is referred to as the
Cambrian explosion. Since that time, the general evolution trend has led towards
progressively greater biological diversity.

Against this background, however, catastrophic events of planetary scale
occurred more than once, which led to drastic life reductions and received the
name of mass extinctions. One of such mass extinctions is well known owing to
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Fig. 10.69 Animal numbers
of different species of the
Earth in relation to their
mass [75]

the disappearance of dinosaurs on the verge of the Cretaceous and Palaeogene
(�65 million years ago). Since the 1980s of the past century, the dominant
hypothesis to explain this event is the fall of a large meteorite, whose crater 180 km
in diameter is located on the Yucatan peninsula in Latin America. Attempts to
apply the meteorite hypothesis to other events of mass extinction have not met with
success. For them, the dominant hypothesis is quantitatively anomalous volcanism
and its attendant discharge of toxic gases into the atmosphere. Furthermore, the
volcanic hypothesis may also be invoked for explaining the Cretaceous-Palaeogene
mass extinctions.

Of special significance for our surrounding world is, of course, the advent of a
human endowed with mind, language, and culture. This is precisely the difference
between us and animals, and this is the reason why we are a hundred thousand
times (a huge number) greater in number than creatures comparable to us—bears,
wolves, big monkeys (Fig. 10.69) [75]. Recent research of molecular biologists
suggests that the crucial event supposedly was the mutation of one or two genes
HAR1 F, which determine the organization of brain during the 5th–9th weeks of
embryo development. This research is outlined by the supervisor of an international
project Katherine Pollard in her article “What makes us human?” [121]. According
to this model, at present there are grounds to believe that such a sudden point-like
change in the genome of our distant ancestors, which occurred 5–4 million years
ago, could lead to a qualitative leap in brain organization. This became the reason for
the development of social consciousness and culture, which led to an extraordinary
growth in human population. As a consequence of this mutation, after a long epoch
of anthropogenesis there appeared speech and language, and humans mastered fire
and stone tools. Since then, the biological nature of humans has little changed
despite our rapid social progress. Understanding this is of significance today, when
it became clear that the nonlinear dynamics of human population growth, which
is based on the informational collective growth mechanism and obeys its intrinsic
forces, determines not only our explosive development, but also its limit [75].

A characteristic feature of this anomalously rapid growth is that it is described
not by the exponential law

N � N0e
�T=TE ;
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but by a stronger dependence—hyperbolic [75]:

N D 21011

2025	 T
D C

T1 	 T
:

The main property of hyperbolic (explosive) development is that the growth rate
is proportional not to the first power of the population, as in an exponential
growth reflecting the human capacity for reproduction, but to the second power—
the squared world’s population. This points to an important law, which may be
interpreted as a cooperative growth described by quadratic interaction, which is
proportional to N2 [75].

This growth rate underlies all developed notions about collective interactions and
the ensuing conclusions [75]. According to the aforesaid, the human population
growth results from the cooperative population growth mechanism; as shown
in [75], the collective mechanism makes this model an effective tool in the
description of the growth on the scale of mankind.

Therefore, according to the model of [75], the growth proportional to the squared
human population is determined not by the development of independent units but
depends on the collective interaction of the entire mankind.

Curiously enough, but one of the early interpretations of this explosive human
population growth observed on the Earth sometimes boils down to the statement that
the marital interaction of man and woman (the number of pairs �N) is less efficient
than extramarital interaction (�N2). Supposedly, this was intuitively understood as
far back as by W. Shakespeare (1564–1816), who wrote (“King Lear”):

Why bastard? wherefore base?
When my dimensions are as well compact,
My mind as generous, and my shape as true,
As honest madam’s issue? Why brand they us
With base? with baseness? bastardy? base, base?
Who, in the lusty stealth of nature, take
More composition and fierce quality
Than doth, within a dull, stale, tired bed,
Go to the creating a whole tribe of fops,
Got ’tween asleep and wake?
In any case, as the year of 2050 is approached, growth deceleration mechanisms

will emerge, and by that time the Earth’s population will reach a permanent limit of
9–11 billion people [75].

With the use of these models, the total number of persons who have ever lived on
Earth is estimated at �98 billion people [75].

In the description of the history of mankind, the nonlinear dynamics of world’s
population growth leads us to conclude that the development itself transforms the
rate of time flow [75]. This is clear, first of all, from the exponential shortening
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Fig. 10.70 World population
from 2000 B.C. to 3000 [75]

of historical periods; this shortening is a manifestation of the relativity of time
in history, which is significant for understanding the growth (Fig. 10.70). To be
specific, the Ancient World lasted for about three thousand years, the Middle Ages
for one thousand years, Modern Times for three hundred years, and the Modern
History for slightly more than one hundred years.

According to [75], the growth acceleration has the effect that, after every cycle,
the remaining development takes the time equal to about a half of the preceding
stage. For instance, after the Lower Paleolithic, which lasted for one million years,
there remains half a million years to our time, and 500 years have passed after
the millennium of the Middle Ages. By this moment the historical process has
been accelerated a thousand times. This transformation of the duration of historical
process also manifests itself in that the history of Ancient Egypt and China lasted
for thousands of years and is numbered in dynasties, while the tread of European
history was determined by separate reigns. The Roman Empire was breaking up for
a millennium and a half—from the fall of Rome in 500 to the fall of Constantinople
in 1500. Modern empires, for instance the British Empire, broke up in a decade, and
the Soviet one even faster. Therefore, in a nonequilibrium self-similar growth the
development experiences compression, when the rate of a historical process rises as
a demographic transition is approached, which inevitably leads to a growth crisis.

Supposedly, this was well understood by anthropologists: when representing the
entire range of time in the lithic age, from the million years of Lower Palaeolithic
to ten thousand years of the Neolithic, they traditionally address themselves to the
logarithmic (and not linear) time scale. According to [75], the history of mankind is
depicted on a logarithmic scale in Table 10.4.

Therefore, an analysis [75] leads to the conclusion that the cause of global
demographic transition is related to the attainment of the limit of world population
growth rate and not to the Malthusian population principle, whereby resources are
the limiting factor [75]. However, in the epoch of fast changes, when their time
becomes comparable with a human lifetime, the question arises about the stability
of growth and development.
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Table 10.4 History of mankind on a logarithmic time scale [75]
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The World Wars of the twentieth century were the most terrible global catastro-
phes in the history of mankind, when the population became smaller by 8–10 % in
the lifetime of two generations. Then, on the eve of the war in 1913, the economies
of Russia and Germany were growing by 10 % per year and the population of Russia
was annually increasing by 2 %, and the loss of political and economical stability of
Europe may be attributed to these high growth rates.

We see that in the course of evolution our universe undergoes several changes as
it transforms to increasingly complex and diverse structures [65]. After the origin
of classical space-time there emerge the first elementary particles, the first nuclei
(3 min), atoms (recombination era) of light elements, galaxies and stars; carbon and
heavy elements are synthesized inside stars and ejected into space in explosions;
planets are formed and, finally, there emerges organic life and the most complex
object in the universe: the human brain, consisting of 1011 neurons (of the order of
the number of stars in the galaxy), each of which is much more complex than a star.
This took an extremely long time (about 15 billion years), during which the universe
came a long way, increasing by a factor of 1061. Were the atoms of our body capable
of telling their story from their birth from vacuum onwards, they would have spoken
about all the eras that we analyzed in the foregoing. . . .

How is the existence of human beings related to the basic properties of the
universe? Over what range may these properties vary for our life to take place?
It turns out that this range is extremely narrow.

We shall adduce several examples. As noted by Stephen Hawking [69], had the
expansion velocity of the first-second universe differed by 1 millionth from the
critical value, human beings would not have come into being in it. In one case the
universe would have turned out to be too hot and would have rapidly contracted, and
in the other case it would have been too cold for us, and the galaxies would not have
been formed. Only some “middle” path leads to humans.

A hydrogen atom is an absolutely stable element. The reaction

p C e� ! n C 	;

where p, e�, n, 	 are the proton, electron, neutron, and neutrino, respectively, is
strictly forbidden at low energies (temperatures), because

me � 0:511MeV < �mN D mn 	 mp � 1:3MeV:

However, should the mass me be (ideally) increased, this reaction would be possible,
which would lead to catastrophic consequences: the impossibility of galaxies and,
hence, stars being formed, because the existence of neutral hydrogen is required for
the formation of galaxies.

Another example is the “resonance” in the nuclear reaction involving the
production of carbon from helium and beryllium accompanied by the emission of
� -ray photons:

2He4 ! Be8; He4 C Be8 ! C12 C 2�:
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The probability of this nuclear reaction rises when the energy of 4He and 8Be is
equal to 7.65 MeV, which may occur in stars at high temperatures. Were it not for
this resonance, carbon would not have been produced in quantities sufficient for the
origin of life [65]. Furthermore, the resultant carbon might immediately transform to
oxygen by the reaction 4He C 12C ! 16O, and carbon-based organic life would not
have been able to emerge. In this case, however, by sheer luck the figures diverged
slightly and the resonance in the reaction involving the production of oxygen and the
disappearance of carbon turned out to be forbidden. Indeed, the energy of 4HeC 12C
is 7.166 MeV, while the energy of 16O is 7.118 MeV, and this reaction is impossible
in the rest frame of 16O. So, an energy difference of 0.05 MeV inside a star resolved
the problem of the future advent of human beings.

The biproton 2He is an unstable particle. This instability arises from the Coulomb
repulsion of protons (its potential energy is �2 MeV). However, estimates show
that were the potential energy of nuclear attraction only 50 keV higher, the nucleus
2He would be stable, which would lead to the reaction p C p ! 2He C � with
the consequence that all protons would have burned up in the course of primary
(cosmological) nucleosynthesis.

The list of such examples can be easily extended. Peculiar coincidences are
encountered when comparing the magnitudes of the fundamental constants [65]:

– electromagnetic interaction constant (fine structure constant) ˛ � 10�2;
– gravitational constant (dimensionless) ˛G � 10�38 	 10�40;
– Fermi constant of weak interaction ˛W � 10�5;
– strong interaction constant ˛S � 10;
– number of protons in the universe Np � 1080 � ˛�2

G ;
– mass of the universe M � ˛�2

G mp, where mp is the proton mass;
– galactic mass M � ˛4˛�2

G mp;

– stellar mass Mstar � ˛
�3=2
G mp;

– planetary mass Mpl � ˛
3=2
G Mstar (Jupiter’s mass);

– mass of a human Mhomo D p
Mplmp.

Are these coincidences accidental? What is most amazing, small variations of
the fundamental constants lead to the conclusion that man (like every living thing
on the basis of carbon), for one reason or another, could not come into being. And
the galaxies themselves would be entirely different, e.g., without hydrogen. That
is why one of the formulations of the anthropic principle reduces to the statement
that the metagalaxy is unstable relative to variations of the value of the fundamental
constants. Of course, the coincidence of figures mentioned above tell not so much
about human beings as about a creature of carbon, and a human being is not much
different from animals in this case.

The so-called convective stars, in which heat is transferred by way of convection
(as in the Sun) and which have planets, exist because [65] ˛G D ˛20. Supernovae
explode because ˛G D .˛W/

8. Atoms exist as systems of nuclei, which are
confined by the strong interaction, and electrons, which are confined in orbits due
to electromagnetic interactions, because ˛ D .˛S/

�3.
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Lastly, the universe’s expansion in the contemporary epoch is determined by
the cosmological constants, which has the significance that our era commenced at
about the instant the Sun came into existence. Owing to the accelerated repulsion
of other galaxies from us, our galaxy is protected against collisions with them,
which underlies the stability of the emerging Solar planetary system and biological
evolution on the Earth.

However, an insignificant change of these constants radically changes the entire
universe! The universe is like a finely tuned musical instrument! All these coinci-
dences and tunings are reflected in the so-called anthropic principle in cosmology,
which is also referred to as the reasonability principle. Here, we are dealing with
an investigation of the metagalaxy structure stability relative to variations of the
numerical values of the fundamental constants ˛ of the four interactions, the masses
mp and me, and the dimensionality of space.

In its weak form it holds that the observable properties of the universe depend
on man as the observer [65]. The point is that we as observers may exist at the
time when we observe all visible objects and when all the relations we have
established are fulfilled; at a different time there is “no one” to observe all this.
Some coincidences are due to the properties of our observation in space and time.

The strong anthropic principle holds that the universe is so constructed that man
was bound to come into being in it, which is close to the biblical anthropocentric
idea regarding man as the goal of creation. The universe evolves in such a way
that there emerges a creature, man, capable of unraveling the mathematical laws of
evolution and seeing their hidden significance.

Of course, the coincidences of the figures given above simply concern a creature
made of carbon, rather than specifically a human being—who is little different
from animals in this case. However, there exists a formulation of the strong
anthropic principle that implies the creation of an observer. If the universe is quantal,
according to one of the versions of interpretation of quantum mechanics, the human
observer defines its wave function, so that the Big Bang itself and the evolution
of the universe proceed in such a way that the observer is bound to emerge. It is
assumed that there exist, in addition to our universe, infinitely many—1010—other
universes in which the fundamental constants do not obey the relations inherent
in our world. The fundamental constants assume other values there. However, the
point is that there are no humans in those worlds! We therefore see these relations
not because we are the pinnacle of creation but because we cannot exist in other
worlds!

In the further discussion of these difficult world-view problems we descend into
the realms of philosophy or even theology, which is clearly beyond the scope of this
book.

In the general form, this principle holds that the physical laws in the metagalaxy
are not only sufficient for the main stable states (atomic nuclei, atoms, stars,
galaxies), but are necessary as well.
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Chapter 11
Conclusion

The science of the structure of matter at high energy densities and cosmic physics
are closely related and interwoven [1]. On the one hand, the solution of almost
any cosmophysical problem is impossible without invoking information about
the structure of matter of the corresponding celestial object. On the other hand,
cosmic physics furnishes nuclear and subnuclear physical information, which will
substantially supplement the data obtainable in terrestrial laboratories. This applies,
for instance, to the characteristics of nuclear forces (pulsar data) and to the number
of neutrino species (cosmological data).

The role of cosmos (especially, of the Universe as a whole) as a source of
fundamental data would be expected to rise in importance in the future as well. This
is so because the limits of the potential of accelerator physics are already in sight. At
the same time, the permanently emerging new opportunities in experimental high-
energy-density physics give hope that the ultraextreme states of matter that are so
typical of the Universe around us can be reproduced under laboratory conditions.

And though the limiting pressures in laboratory plasmas so far differ from the
highest astrophysical values by 20–30 orders of magnitude, this gap is rapidly
shrinking. The physical processes in a laboratory and in space quite frequently
exhibit an amazing diversity and, at the same time, striking similarities, thereby
testifying, at the least, to the uniformity of the physical principles of the behavior
of matter over an extremely broad range of pressures (42 order of magnitude) and
temperatures (up to 1013 K).

This all defies the most vivid imagination, and, as pointed out by Voltaire, “. . . in
nature this phenomenon is perfectly natural and commonplace. The domains of
some rulers in Germany and Italy, which can be circled in about a half hour, when
compared with the empires of Turkey, Moscow, or China, give only a faint idea of
the remarkable contrasts that are hidden in all of nature” (Voltaire, Le Micromegas,
Paris 1752).
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