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Preface

The present monograph as well as the next one (Dorman, M2005) is a result of more
than 50 years working in cosmic ray (CR) research. After graduation in December 1950
Moscow Lomonosov State University (Nuclear and Elementary Particle Physics
Division, the Team of Theoretical Physics), my supervisor Professor D.I. Blokhintsev
planned for me, as a winner of a Red Diploma, to continue my education as an aspirant
(a graduate student) to prepare for Ph.D. in his very secret Object in the framework of
what was in those time called the Atomic Problem. To my regret the KGB withheld
permission, and I, together with other Jewish students who had graduated Nuclear
Divisions of Moscow and Leningrad Universities and Institutes, were faced with a real
prospect of being without any work. It was our good fortune that at that time there was
being brought into being the new Cosmic Ray Project (what at that time was also very
secret, but not as secret as the Atomic Problem), and after some time we were directed to
work on this Project. It was organized and headed by Prof. S.N. Vernov (President of
All-Union Section of Cosmic Rays) and Prof. N.V. Pushkov (Director of IZMIRAN);
Prof. E.L. Feinberg headed the theoretical part of the Project. Within the framework of
this Project there was organized in former Soviet Union in 1951-1952 a wide network of
CR stations equipped with a Compton type of large ASC-1 and ASC-2 ionization
chambers developed in USSR (see Sections 1.2.7 and 4.2).

At that time many experimental results on CR time variations were obtained, but
they were very considerably affected by meteorological effects and by meson-nuclear
cascade in the atmosphere. Therefore it was not possible to make reasonable
transformation from observed CR time variations in the atmosphere and underground to
the variations expected in space. To solve this problem, it became necessary to develop a
full theory of cosmic ray meteorological effects and a special method of coupling
functions between primary and secondary CR variations (this work was finished at the
end of 1951 and was described in the IZMIRAN’s Instructions on CR Data Processing,
see References to Chapter 1: Dorman, 1951a,b). Only from 1954 it becomes possible for
our work on CR variations to appear in the open scientific literature, and from 1955 — to
take part (by presentation of papers) in International Cosmic Ray Conferences. Mainly
our results of that time were described in my first book (Dorman, M1957, which was
translated very soon into English in the USA, thanks to the help of Professor John
Simpson, President of International CR Commission). Soon after this under the auspices
of the International CR Commission the Committee of CR Meteorological Effects was
organized, and I became its Chairman. Under the auspices of this Committee a special
Instruction for CR Data Processing was developed which took into account
meteorological effects.

In 1957 1 was invited to work on special problems in Magnetic Laboratory of the
Academy of Sciences of USSR as a Head of Department (in 1962 this Laboratory was
taken into the I.V. Kurchatov Institute of Atomic Energy). In parallel I also worked at
Moscow State University as Professor in the CR and Space Research Team (I also gave
lectures in Irkutsk, Alma-Ata, Nalchik, Tbilisi, Erevan, Samarkand, and others places;
over about 40 years of teaching under my supervision more than hundred graduate
students and scientists who became experts in CR research in many countries gained
their Ph.D.). As my hobby I continued to work in CR research, and as Vice-President of
All-Union Section of Cosmic Rays and Radiation Belts, took an active part in preparing
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the Soviet net of CR stations to the IGY (International Geophysical Year, 1957-1958):
we equipped all soviet stations in USSR and in Antarctica with standard cubic and semi-
cubic muon telescopes and with neutron monitors of IGY (or Simpson’s) type. In 1957
regular CR measurements in troposphere and stratosphere by radio-balloons at several
sites of USSR and in Antarctica, were organized by Professors S.N. Vernov and A.N.
Charakhchyan as well as several latitude surveys on ships along the route Leningrad —
Antarctica — Leningrad (see Sections 2.13 and 4.6). In connection with preparing for the
IQSY (the International Quiet Sun Year, 1964-1965), the soviet net of CR stations was
extended about two fold and they were equipped with neutron super-monitors of IQSY
type (with an effective surface about 10 times bigger than the previous monitor of IGY
type).

In 1965 I returned to IZMIRAN, and founded the Cosmic Ray Department (thanks to
help of Professor N.V. Pushkov and Academicians M.D. Millionshchikov, L.A.
Artsimovich, and V.I. Veksler). For the next 30 years, I was a Head of this Department,
which became the center in the Soviet Union of scientific CR research in geophysical
and astrophysical aspects. Our Department supported the work of all Soviet CR stations
in the USSR and undertook the entire work of Soviet CR stations in Antarctica. We
organized many CR expeditions inside USSR and in the Arctic Ocean, as well as in
Pacific, Atlantic, Indian, and Southern Oceans on the ships “Academician Kurchatov”,
“Kislovodsk” and others (expeditions were equipped with a neutron super-monitor of
IQSY type, with a multi-directional muon telescope, with radio-balloon CR
measurements in the troposphere and stratosphere). Much very important data were
obtained about coupling functions, integral multiplicities, and on the planetary
distribution of cut-off rigidities.

At the end of the 1960s, in cooperation with V. Yanke, the theory of CR
meteorological effects was generalized to take into account the spectrum and angular
distribution of muons at the decay of charged pions, and Coulomb scattering of muons
during their propagation in the atmosphere (see review in Dorman, M1972). We
proposed and developed the spectrographic method of separation of observed CR
variations (corrected on meteorological effects) in variations of geomagnetic and extra-
terrestrial origin (see Chapter 3). It became possible based on CR data determine the
change of cut-off rigidity and from this the structure of magnetospheric currents and
their time variation during large geomagnetic storms (these results will be reviewed in
detail in Dorman, M2005). Simultaneously it became possible, based on CR data, to
investigate in detail the variation of the CR spectrum in space outside the Earth’s
magnetosphere. This method was then generalized and developed in two directions. The
first - by also considering CR meteorological effects as being unknown (the so called
generalized spectrographic method), allowed, based only on CR data, to determine
simultaneously and separately of each class of CR variations: atmospheric, geomagnetic,
and extra-terrestrial. The second, by taking into account CR anisotropy (the so called
global spectrographic method), allowed, based only on the CR data of many CR stations
(about 40-50) corrected for meteorological effects, to determine simultaneously of the
change of cut-off rigidities on our planet and the CR distribution function in space.
These methods we consider in details in Chapter 3, and their applications to CR data will
be considered in the next book (Dorman, M2005).

From 1955 I took part in all International Cosmic Ray Conferences by presenting of
original papers, as well as Invited Papers (in 1959 and 1965), Rapporteur Papers (in
1969 and 1987), Highlight Paper (in 1999), but I was able to go abroad only in 1966-



xxvii

1969 (thanks to N.V. Pushkov and M.D. Millionshchikov) and then from 1988, after
“perestroika”. The first country I traveled to was Bulgaria (the International School on
Space Physics, 1966), then Yugoslavia (the International Symposium on Solar-
Terrestrial Relations). In 1967-1968 I headed the CR expedition to South America on the
ship “Kislovodsk”, went to Czechoslovakia in 1968, and to the International CR
Conference in Budapest in 1969. After ‘perestroika’, thanks to invitations, from K.
Nagashima I went to Japan, from C.J. Cesarsky to France, from A.W. Wolfendale and
J.J. Quenby to England, from K. Otaola and J.F. Valdes-Galicia to Mexico, from D.
Venkatesan to Canada, from J.A. Simpson and H. Ahluwalia to the USA, from W.L
Axford and H.J. V6lk to Germany, from A. Bishara to Egypt, from L.O’C. Drury to
Ireland, from N. Iucci, G. Villoresi, and M. Parisi to Italy, from P.J. Tanskanen to
Finland, from M. Duldig to Australia.

In 1991 I was invited by the Israeli Minister of Science, Professor Yuval Ne’eman,
to visit Israel (the Institute of Advance Study at Tel Aviv University) to give lectures and
organize a Cosmic Ray Research Center. Step by step, thanks to great help of Prof.
Yuval Ne’eman, Dr. Abraham Sternlieb, Mr. Abi Har-Even, and of three Italian
colleagues, N. Iucci, G. Villoresi, and M. Parisi, there was founded the Israel Cosmic
Ray Center with National Space Weather Center and Israel-Italian Emilio Segre’
Observatory on Mt. Hermon (2200 m, cut-off rigidity 10.8 GV; see description in
Section 4.8), and I became a Head of this Center and Observatory (to this day I continue
also to work as a volunteer at IZMIRAN as Chief Scientist of the Cosmic Ray
Department, which has been headed since 1995 by Dr. V.G. Yanke).

About two years ago I was invited by Dr. Harry Blom to prepare monographs on
geophysical and space aspects of CR research and possible applications of them. As a
result of our discussions it was decided to prepare two books: Cosmic Rays in the
Earth’s Atmosphere and Underground, and Cosmic Rays in the Magnetosphere and in
Space. The first book is now ready, and the second will be in about a year’s time, in
2004. The present book consists of four Parts, and each Part of four or five Chapters. To
each Part we have given a short Preface, explaining the main aims of the Part and of the
Chapters in it. Here we will give only very short survey of the book’s structure (it is
described in detail in the Contents).

In Part 1 (Chapters 1-4) we consider CR as an object of research and as a research
tool. The main notions and the nature on CR, a short historical survey of the discovery of
CR and the development of research, and the main properties of primary CR we consider
in Chapter 1; in Chapter 2 the properties of secondary CR; in Chapter 3 how, from
ground CR observations, to obtain information about the situation in the magnetosphere
and in space; and in Chapter 4 the experimental basis of CR research. So, in Chapters 1
and 2 we consider CR mainly as a subject of research, and in Chapters 3 and 4 mainly as
a research tool.

Part 2 (Chapters 5-9) is devoted to the problem of the influence of changes in the
atmosphere on the intensity of primary and different secondary components of CR in
atmosphere and underground, so called meteorological effects of CR: barometric
(containing negative absorption and decay effects, and the positive generation effect);
temperature and humidity (contains positive pion and negative muon effects); snow,
wind, gravitational, and atmospheric electric field effects. In Chapter 5 we consider the
full theory of CR meteorological effects in the one-dimensional approximation; in
Chapter 6 data on CR snow, wind, and barometric effects, in Chapter 7 data on CR
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temperature and humidity effects; in Chapter 8 — data and detail theory of CR
atmospheric electric field effects on muon and neutron components, and in different
multiplicities; and in Chapter 9 the development of the full theory of CR meteorological
effects with account experimental data described in Chapters 6—8 and results of their
comparison with theory in the one-dimensional approximation (Chapter 5).

In the Part 3 (Chapters 10—14) we consider the inverse problem, that of how CR
influences the atmosphere and atmosphere processes: through nuclear reactions of
primary and secondary CR with air and aerosol matter accompanied by the formation of
many unstable and stable cosmogenic nuclides (Chapter 10); through the generation in
the atmosphere of secondary relativistic electrons and EAS (Extensive Atmospheric
Showers) playing a crucial role in atmospheric electric field phenomena (Chapter 11);
through air ionization influences on the low ionosphere and radio wave propagation
(Chapter 12); through induced chemical reactions, influences on the chemistry of the
atmosphere and the ozone layer (Chapter 13) as well as on the formation of clouds and
influence on long-term global climate change (Chapter 14).

In the last Part 4 (Chapters 15-18) we consider realized and potential applications
of CR research for many different branches of Science and Technology. Chapters 15-17
described the applications in detail: the solution of the inverse problem of determining
from CR data the vertical distribution of air temperature, applications to CR latitude data
processing, and applications of the radiocarbon method, respectively. In Chapter 18 we
consider many possible applications of CR research in different branches of Science
(Meteorology, Geology, Atmospheric Electricity, Hydrology, Archaeology, Ecology,
Physics of Magnetosphere, Physics of Heliosphere, CR interactions with the
atmospheres of the Sun and other planets and their satellites, with the Moon, asteroids,
and meteorites) and Technology (the Meteorological Service of Large Airports, for
Geophysical Prospecting, in Agriculture, the Security Service, Environment Monitoring
of Radioactive Clouds, for Space Weather Monitoring and Forecasting by using on-line
data from many CR Observatories, for Large Earthquake Forecasting by using on-line
data on thermal neutrons and participating energetic particles from radiation belts, using
CR research for Medical problems and the problem of road accidents). Many of these
applications we consider in detail, and others — very briefly, we only formulate the
principal meaning of any application (some of them need additional checking and
development, and some, concerned with problems of CR in Magnetosphere and in
Space, will be considered in detail in Dorman, M2005).

At the end of book, in the Conclusion we consider some unsolved problems and
prospect for the development of CR research in the atmosphere and underground. In the
References there are separately references for Monographs and Books as well as for
each Chapter. For the convenience of the reader, at the end of book we also put a
Subject Index and an Author Index.

We shall be grateful for any comments, suggestions, preprints and reprints which
can be useful in our future research, and can make the next Edition of the book better
and clearer; they may be sent directly to me by e-mail (lid@physics.technion.ac.il,
lid1 @post.tau.ac.il), by fax [+972] 4 696 4952, and by surface or air-mail to the address:
Prof. Lev I. Dorman, Head of ICRC and ESO, P.O. Box 2217, QAZRIN 12900, Israel.

Lev I. Dorman
27 June, 2003 — 27 January 2004, Qazrin; Moscow; Princeton
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FREQUENTLY USED ABBREVIATIONS AND NOTATIONS

AEF — Atmospheric Electric Field

ASC-1 and ASC-2 — Ionization Chambers, developed in USSR, volume 950 and 50 /
BMA — Brazilian Magnetic Anomaly

CR — cosmic rays

CRA — cosmic ray activity indices

E — intensity of AEF (in kV/m)

E — energy of CR particles

E, — energy of primary CR particle

EAS — External Atmospheric Showers of CR

EFS-1000 — Electric Field Sensor

e(h) — vertical air humidity distribution

EPE — electron precipitation event

ESA — European Space Agency

ESO — Israel-Italian Emilio Segre” Observatory (Mt. Hermon, Israel)
FEP — Flare Energetic Particles

FIP — First Ionization Potential

g — gravitational acceleration (in cm/sec’ )

GCR — galactic cosmic rays

GLE — Ground Level Enhancement of solar CR increasing
H — altitude

h — atmospheric pressure

h, — pressure on the level of observations

IC — ionization chamber, shielded by 10 cm Pb

ICRC — International Cosmic Ray Conference

ICRC — Israel Cosmic Ray Center (from 1992)

ICR-SWC — Israel Cosmic Ray — Space Weather Center (from 2003)

ICRS — International Cosmic Ray Service (proposed in 1991)

IGY — International Geophysical Year (July 1957-December 1958)

IMF — interplanetary magnetic field

IQSY — International Quiet Sun Year (1964-1965)

ISS — International Space Station

L — transport path for primary CR absorption

[ — transport path for absorption of pions

LDB — Long Duration Balloon

m=1,2,3, ... — neutron multiplicities: number of pulses in NM from one neutron,
proton, pion or muon in dependence of their energy during the time-gate (~ 10° sec)

m w.e. — meters of water equivalent

mi(R, h) — integral multiplicity: number of secondary CR particles of type i on level A
from one primary CR particle with rigidity R on the top of atmosphere

My , M, — rest mass of pions, muons

MT — muon or meson telescope
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N(Rc, h) or I(R¢, h) — CR intensity

NM — neutron monitor or super-monitor

NM-64 or NM-IQSY — neutron super-monitor of IQSY type
NM-IGY — neutron monitor of IGY or Simpson’s type
R = pc/Ze — particle rigidity

R;— geomagnetic cutoff rigidity

R(h) — gas constant of air

R, — gas constant of dry air at normal conditions

SA — solar activity

SCR — solar cosmic rays

SDE — strong destructive earthquakes

SEP — solar energetic particles

SNE — solar neutron events

SNT — solar neutron telescope

SSM — Standard Solar Model

SW — Space Weather

T(h) — vertical air temperature distribution

W(R, h) — coupling function

Wg;(h,h,) — total atmospheric electric field coefficient
W, (h,h,) — total humidity coefficient

Wi (h, ) — total gravitational coefficient

Whi(hy) or B(h,) — total barometric coefficient
Wri(hhy)= W# (h,h,)+ W; (h,h, ) — total temperature coefficient

Wﬁ (h, ho) — muon’s part of total temperature coefficient
W;f (h, ho) — pion’s part of total temperature coefficient
1

Y(R,h,) or Y(E,h,) — yield function (characterized the dependence of CR detector
counting rate per one primary proton from particle rigidity or energy)

Z or 6 — zenith angle

A — latitude

¢ — longitude

y oo’ — positive, negative and neutral pions
1, i~ —positive and negative muons
Ty, T, — life-time of rest pions and muons

QE;i(R, h,h,) — partial atmospheric electric field coefficient
Q,i(R,h,h,) — partial humidity coefficient

Qgj (R, h, ) — partial gravitational coefficient

Qi (R, h, ) — partial barometric coefficient

Q7 (R, h, b, ) — partial temperature coefficient
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COSMIC RAYS
AS AN OBJECT
OF RESEARCH
AND
AS A RESEARCH
INSTRUMENT



2 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

Preface of Part 1

Part 1 contains four Chapters. In Chapter 1 we consider the main information about
CR as a universal phenomenon in the Universe, the development of CR research starting
from its discovery at the beginning of the 20th Century, the main aspects of CR research
and their inter-relations. In this chapter we also consider the main properties of primary
CR (energy spectrum, chemical and isotopic composition, the main properties of protons
and o—particles, electrons, positrons, antiprotons in primary CR, as well as the search for
anti-helium). The main properties of secondary CR generated and propagated in the
atmosphere and underground we consider in Chapter 2. In both Chapters 1 and 2 CR are
considered mainly as an object of research, but in many cases CR are considered as an
effective instrument of research. Namely, CR for a long time had been widely used as a
natural source of high energy particles for discovering new particles (positrons, muons,
pions, kaons, hyperons, and others) as well as for investigations of nuclear interactions
and the formation of meson—nuclear and electromagnetic cascades at high energies (see
Section 1.2 in Chapter 1, and in more detail in I.V. Dorman, M1981, M1989). Up to now
CR continue to be used in this way: the CR particle energies still several orders higher
than can be obtained on accelerators. The first time estimation of space magnetic fields
was made by CR: in the interstellar space (Fermi, 1949), and in the interplanetary space
(Dorman, 1955; Dorman and Feinberg, 1955; Dorman, 1957, 1957M). Namely, before
direct measurements of magnetic fields in the interplanetary space, it was determined by
CR that this field has a significant part as a disordered, turbulent field and roughly
estimated the spectrum of turbulence (Dorman, 1959b). Let us note that CR are also used
widely as a research instrument also for discovering and investigating such an important
phenomenon as particle acceleration by shock waves, for research of modes of particle
propagation and acceleration in magnetized space plasma, for discovering and
investigation of convection—diffusion and drift mechanisms of CR modulation in the
Heliosphere. As will be considered in detail in Dorman (M2005), by investigation of the
CR - solar activity hysteresis phenomenon, it was determined 35 years ago for the first
time that the dimension of the Heliosphere is about 100 AU (Dorman and Dorman,
1967a,b).

For effective use of CR as a research instrument for many phenomena in the
atmosphere and underground, in the magnetosphere, and in space, there were developed
special methods of integral multiplicity and coupling functions, the spectrographic
method, the method of variational coefficients and global—spectrographic method
(acceptance vectors and spherical analyses). These methods described in Chapter 3
allow us to transform CR data observations in atmosphere and underground to the top of
the atmosphere, and then to space (outside the magnetosphere), and to determine the
energy—space distribution function of CR and its time variations caused by many
different phenomena on the Sun, in the Heliosphere, in the Galaxy. So the worldwide
network of CR continue observations underground and in the atmosphere can be
considered as giant multi-directional and energy multi-channel space CR detector rotated
and moved with the Earth.

The experimental basis of this planetary detector (worldwide networks of ionization
chambers, muon ground and underground telescopes, neutron monitors and neutron
telescopes, arrays of EAS) as well as experimental methods of CR direct investigations
on balloons, satellites and space—probes we consider in Chapter 4.



Chapter 1

Cosmic Rays as an Object of Research

1.1. CR as an universal phenomenon in the Universe

1.1.1. What are CR? Internal and external CR; multiple origin of CR

It is natural to define cosmic rays (CR) as particles and photons with energies at least
several orders of magnitude higher than the average energy of thermal particles of
background plasma. There is internal CR, generated inside the background plasma of
object considered, and external CR generated in other objects and propagated to the
object considered. We are now aware of CR of different origin:

Extragalactic CR of very high energy (up to 102! ev ), are generated in radio-

galaxies, quasars, and other powerful objects in the Universe, and come through
intergalactic space to our Galaxy, to the Heliosphere, and into the Earth’s atmosphere.
Therefore, they are external CR relative to our Galaxy.

Galactic CR, with energy at least up to 10"° —10' eV, are generated mainly in

supernova explosions and supernova remnants, in magnetospheres of pulsars and double
stars, by shock waves in interstellar space and other possible objects in the Galaxy.
These CR are internal relative to our Galaxy and external to our Heliosphere and the
Earth’s magnetosphere.

Solar CR, with energy up to 15—-30 GeV, generated in the solar corona in periods
of powerful solar flares, are internal CR for the Sun’s corona and external for
interplanetary space and the Earth’s magnetosphere.

Interplanetary CR, with energy up to 10—100 MeV, are generated by a terminal
shock wave at the boundary of the Heliosphere and by powerful interplanetary shock
waves. They are internal to our Heliosphere and external to the Earth’s magnetosphere.

Magnetospheric (or planetary) CR, with energy up to 10 MeV for Jupiter and
Saturn, and up to 30 keV for the Earth, are generated inside the magnetospheres of
rotating magnetic planets.

1.1.2. Two maxima in particle energy distribution in magnetized space

plasma

Now, we know very well from observations of CR, radio-waves, X-rays, and
gamma-rays that practically any astrophysical object with a magnetized dynamic space
plasma generates and contains CR. Why? What is the main cause of this universal
phenomenon in the Universe?

Let us consider the particle energy distribution in any magnetized dynamic space
plasma. We can see that there are always two maxima in this distribution, with a great
difference in average energies (many orders of magnitude). Examples are numerous: the
magnetospheres of the Earth and other rotating planets with magnetic fields,
interplanetary space and the Heliosphere with outgoing solar wind with frozen-in
magnetic fields and a lot of moving disturbances, solar and stellar hot coronas of rotating
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stars with magnetic field, inter-stellar and inter-galactic space with background plasma
and frozen-in magnetic fields, supernova explosions and supernova remnants from
massive magnetic rotating stars, very fast rotating pulsars with giant magnetic fields and
many other objects in the Galaxy, galaxies of different types, quasars, clusters and super-
clusters of galaxies, and so on; both in the modern stage of the Universe’s evolution and
in the earlier stages. The first maximum is usual; it corresponds to the well known
thermal Maxwell function

Dy (Ey )< Ey exp(— Ey JkT), (1.1.1)

where Ej; is the kinetic energy of electrons or ions of background plasma with
temperature 7 (and with average energy (Ek> M =(3/2)kT =1+100 eV in different

astrophysical objects). The second maximum corresponds to CR of different origin,
containing much smaller numbers of particles, but with much higher energy (a factor of

103 —10° higher than (Ek> M of the background plasma), and is characterized in a

broad energetic interval by the quasi-power spectrum:
DCR(Ek)"‘E/:y(Ek), (1.1.2)

where the power index is function on Ej : at some energy Ejmax, 7(E kmax)=0 and
Dcpr (Ex) reaches its maximum value; for Ej < Ej max » 7(Ex)<0, and Dcr (Ex)
increases with increasing Ej; for Ex > Exmax> YEx)>0 and Dcg(Ej) decreases
with increasing FEj. Let us note that for galactic CR the average energy

(Ek>GCRz1010eV and density NGCRzIO_mcm‘3, so that the energy density

(E k > GcrNGCR 1s about the same order as the energy density of interstellar matter with

(Ek ) y =1V, Ny =1 em™ and interstellar magnetic field with H; = 3x1075Oe :

(Ex)oepNacr = (Ex )y Ny = H} [ =1eV.em™. (1.1.3)

1.1.3. The main cause of the CR phenomenon

What is the main cause of the second maximum in the particle energy distribution? It
is very easy to see that in any magnetized dynamic space plasma there is a macroscopic
motion of magnetic disturbances and magnetic clouds, shock waves and other types of
magneto-hydrodynamics waves, which interact through the magnetic field with charged
particles. The effective temperature of the macroscopic motion is extremely high: for
example, a magnetic cloud (or the shock wave connected with this cloud) in the

interplanetary space with velocity u =500km/s= 5x107 cm/s  with dimension

L=0.1AU=15x10"%2cm and density p=5 em™ (near the Earth’s orbit) has kinetic
energy
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W, =Lpu*12=108erg=10% ev ; (1.1.4)

magnetic clouds in the interstellar space with dimension L =1pc= 3x10"® cm , chaotic

velocities u =10km/s =10° cm/s and density p=1 cm™ have kinetic energy

W, =Lpu®/2=~10Perg=10% eV (1.1.5)
k pu g

This means that charged particles that interact with these magnetic clouds can increase
their energy in thermodynamic equilibrium up to giant energies, much higher than really
observed.

1.1.4. Formation of CR spectrum and upper energy limit

In practice the thermodynamic equilibrium between macroscopic magnetized plasma
motion and CR charged particles can not be reached, since the energy increase is hardly
limited and the formation of energy spectrum is determined by the following three
important factors (Dorman, 1979a,b; in more details see Dorman, M2005):

1. The rate of energy increase during the acceleration process (as determined by the
details of the acceleration mechanism, e.g. according to Fermi, 1949).

2. The energy loss of accelerating particles by ionization and nuclear interactions
(important for small and middle energy), on interactions with magnetic field
(synchrotron radiation; important for electrons), interactions with photons (especially

with relict photons at 2.7°K, important for very high energy particles with
E>10"-10% ev).

3. Particle escape from the acceleration region: for the energy interval in which the
escape probability is proportional to the time of a particle’s acceleration and does not
depend on the energy of particles Ej, the power index ¥ in Eq. 1.1.2 is constant (for

galactic CR, the range is 10'0 —10!° eV); when the probability of escape starts to
increase with increasing particle energy, the power index ¥ starts to increase with
increasing Ej . This gives a gradual upper cut off for the energy spectrum: for galactic

CR generated in supernova remnants it is expected to be about 104 -10" eV and for

CR generated in magnetospheres of pulsars is expected about 1020 eV ; for solar CR
generated in solar flare events it was observed from 100 MeV up to about 20-30 GeV (in
different cases) and for stellar CR generated in much greater stellar flare events upper
energy limit expected to be several order higher. For interplanetary CR generated by
terminal shock wave and interplanetary shock waves the observations give a cut off
energy of about 10-100 MeV, for planetary CR generated in planetary magnetospheres
direct measurements gave for upper energy limit from 30-50 keV for the Earth up to
10-20 MeV for Jupiter and Saturn.
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1.2. Main steps of CR discovery and research development

Detailed description of the history of the discovery of CR and development of many
aspects of CR research up to the middle of the 20th century was given in the monographs
of Irena Dorman (M1981, M1989), and is reflected in a collection of original papers
edited by Sekido and Elliot (M1985). Here we will give a very short description of the
main milestones of the discovery of CR and the development of CR research in many
aspects.

1.2.1. Air conductivity and CR discovery (1900-1912)

Geophysical investigations of air conductivity, which was started by Coulomb (1785)
and continued up to the beginning of 20th century by Elster and Geitel (1900), Wilson
(1900, 1901) and others, led to the discovery of some additional to the radioactive
emanations some unknown source of air ionization. Detailed research of this unknown
source led finally to the discovery of CR. After seven flights on balloons by Victor Hess
in 1911-1912, and especially after the famous seventh flight to the height 5350 m on 7th
August, 1912 (Hess, 1912), it was shown that the intensity of this source does not
decrease with increasing altitude (as was expected if the source is radioactive emanation
from the ground, as was assumed by many scientists before), but increases by several
times on height about 5 km. Kolhorster (1913) continued balloon measurements and
showed that at the height of about 9 km the intensity of air ionization reaches 80

3sec”!, about 40 times higher than the ionization near sea level (only

3

ion.cm

~2ion.cm.sec”'; this value is in good agreement with modern measurements of

Kyker and Liboff (1978) by a 900-liter ionization chamber, who obtained the value

2.15+0.05 jon.cm™.sec™! ). The radiation discovered was called ‘penetrating radiation’
or ‘ultra-gamma radiation’ by V. Hess. For this discovery Victor Hess received the
Nobel Prize in 1936.

1.2.2. Investigations of the origin of ‘penetrating radiation’;
establishment of extra-terrestrial origin of CR (1913—-1926)

Many years after V. Hess seminal observations in 1912 scientists discussed the
problem of the origin of ‘penetrating radiation’: Is it of terrestrial or extra-terrestrial
origin? That is, is it from radioactive emanations in the atmosphere or it is coming from
the space? Only in the middle of the 1920s was the problem of the origin of this
previously unknown radiation solved: the answer to this fundamental problem was
obtained on the basis of many experiments. It was shown finally that this radiation is not
produced by radioactive emanations in the atmosphere but comes from space and,
according to suggestion of Millikan and Cameron (1926), this radiation was named
cosmic rays (CR).

1.2.3. Investigations of the nature of CR: charged particles or gamma
rays (1927-1939)
The second main problem was the nature of CR: at the end of 1920s the common

opinion was that CR are high-energy gamma rays (concepts developed by Millikan and
Cameron, 1928a,b). As became clear later in the 1930s, this opinion was wrong.
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However, it generated a lot of attempts to determine the directions to the sources of CR
and gave the impulse to develop the astrophysical aspect of CR research. The CR
latitude survey of Millikan (1930), obtained a negative result (no latitude effect), which
was considered as an important support of the Millikan and Cameron (1928a,b) concept.
But other direct measurements of CR intensity vs latitude made mostly in connection
with the First Geophysical Year (Clay, 1930, 1932; Compton, 1932, 1933) indicated that
a small latitude geomagnetic effect at sea level exists (about 10—15%), and at least some
part of primary CR are charged particles. The problem of the nature of the CR was a
subject of a great famous public discussion between the Nobel Laureates Robert
Millikan and Arthur Compton in December 1932 in Atlantic City during the winter
meeting of American Physical Society (see Fig. 1.2.1); this discussion prolonged several
years.

Fig. 1.2.1. The page of newspaper The Pasadena Star News of December 30, 1932 on the discussion about the
origin of CR. From [.V. Dorman (M1981).
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To obtain more exact results, latitude CR surveys were continued by Clay (1933),
Compton (1936), Compton and Turner (1937), Johnson and Read (1937). In particular,
Compton and Turner (1937), during their 12 CR latitude surveys throughout the Pacific
Ocean, found that the measured latitude effect changed with the seasons; they came to
the conclusion that about 2/3 of the latitude effect is caused by the influence of the
geomagnetic field on the primary CR, and about 1/3 by CR meteorological effects
(difference in air temperature between the equatorial region and the mid-latitude region).
The common opinion in those times was that primary CR are mostly charged particles.
But experimental evidence of this was obtained only later, when the CR latitude effect
was measured on balloons in the stratosphere by Bowen et al. (1937, 1938), Vernov
(1938, 1939). In particular, Vernov (1939) found that the CR intensity in the stratosphere
is about four times smaller at latitude 5° than at 56°. From this he came to the conclusion
that at least 90% of the primaries CR are charged particles.

1.2.4. Discovery in secondary CR positrons, muons, pions, and other
new elementary particles (1932-1950)

The multitude of observations of secondary CR particles near the ground with a
Wilson chamber in a strong magnetic field carried out at the beginning of the 1930s gave
the possibility of observing not only the tracks of CR particles, but also of determining
their energy and rest mass. Use of some absorber (e.g., Pb or Al plates) inside the
chamber made it possible to determine the direction of the particle’s velocity and the
sign of its charge. The first person who observed by this method the positive electron —
positron, predicted by relativistic quantum electrodynamics developed by Dirac (1930,
1931), — was Anderson (1932, 1933a,b). Fig. 1.2.2 depicts the first famous photograph of
the positron’s track, obtained by Anderson on August 2, 1932 (for the discovery of
positrons in CR C.D. Anderson received the Nobel Prize in 1936, together with V. Hess,
who discovered CR in 1912).

Fig. 1.2.2. The first famous photograph of a positron track, obtained by Anderson (1932).
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It was the first antiparticle predicted by the new relativistic quantum theory and its
discovery was very important for the development of the fundamental basis of
elementary particle theory. After this muons, pions and various strange particles were
discovered in the secondary CR during 1937-1950 (see in detail in 1.V. Dorman,
M1981, M1989).

1.2.5. Investigations of the sign of primary CR charged particles
(1933-1950)

Let us note that as a result of detailed investigations of the CR latitude effect, many
scientists came to the conclusion that primary CR can be high energy electrons or
positrons (positrons were discovered in CR in 1932, see above, Section 1.2.4).
Determination of the sign of the primary CR particles can be achieved using the
azimuthally geomagnetic effect: if the sign of primary CR particles is positive the flux of
particles from the West will be bigger than from the East. The West—East geomagnetic
effect was discovered in 1933 on the basis of measurements by CR telescopes at sea
level and at mountain altitudes. According to Johnson (1933) the CR flux from the West
was bigger than from the East in Peru (near the equator) by about 7% at sea level and
16% at 4200 m above sea level. Johnson (1933) came to the conclusion that about all
primary particles must be positive. In the middle of the 1930s were made a lot of
investigations of geomagnetic effects at different altitudes and latitudes on balloons. In
the review of these results Johnson (1938) came to the preliminary conclusion that
primary CR are very probably mostly protons rather than positrons. But finally this
problem was solved by the experiments carried by Schein et al. (1941) on balloons
which reached the altitudes up to 20,000 m. To the end of the 1940s direct measurements
of primary CR contents at high altitudes by different apparatus (mostly on balloons)
finally established that primary CR are not gamma rays and not electrons or positrons,
but positively charged particles such as protons, alpha—particles, and heavier nuclei (total
about 99%), and only about 1% are high energy primary electrons, positrons, and gamma
rays. Secondary CR are mainly composed of pions, kaons, muons, protons, neutrons,
electrons, positrons, photons, neutrinos, and a lot of very short lived strange particles. At
this time CR were beginning to be widely used as an important natural source of
energetic particles for research in nuclear and elementary particle physics.

1.2.6. The first attempts to measure CR time variations (1923—1935)

As mentioned above, at the beginning of the 1920s the main opinion was that CR are
high energy gamma rays, and many scientists tried to discover the object where CR were
generated, and to determine the direction to this object. If the main source is the Sun, CR
intensity must have a solar-daily variation but if the source is out of the Solar system the
CR intensity should exhibit a daily variation in stellar time (stellar-daily variation). The
first researcher who reported the discovery of big CR stellar-daily variation, was
Kolhorster (1923), relying on observations at altitudes from 2,900 m up to 4,100 m and
in tunnels of railway to Mt. Jungfraujoch in Switzerland. The measurements were made
using 5 different ionization chambers (including measurements under 4.5 m ice to
exclude the influence of radioactivity). Kolhorster (1923) came to the conclusion that
there is no CR solar-daily variation, but rather CR stellar-daily variations with an
amplitude of about 15% with the maximum occurring at time of Milky Way culmination.
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Many scientists tried to repeat and test this result. During the investigations of CR
time variations, Myssowsky and Tuwim (1926) discovered the existence of a CR time
variation connected with the change of air pressure (barometric effect); the existence of
this effect was confirmed with much higher accuracy by Steinke (1929). Moreover,
Steinke (1929), after correcting the observed data for the barometric effect, did not find
any periodic daily CR variations in stellar or solar time above the errors bars. Millikan
and Cameron (1928a) according to measurements on the altitude 4,700 m also did not
find any effect of Milky Way culmination, and they came to the conclusion that CR
sources are distributed approximately homogeneously in the interstellar space. Hoffman
(1932) reviewed all experimental results obtained before 1932 and came to the
conclusion that within the experimental error bars (about 1%) there is no observed
evidence of a CR stellar-daily variation.

The interest in CR stellar-daily variation reappeared in connection with the hypothesis
of Baade and Zwicky (1934a,b) that the main sources of CR are supernovae explosions
with a giant realization of total energy. To test this hypothesis, Kolhdrster (1935)
measured by counter telescope the possible effect on CR of the Nova explosion in 1934
in Hercules: he found this effect to be about 1.7%. Messerschmidt (1935) found for this
Nova explosion 2.5% effect (on the basis of measurements by ionization chamber). But
the observations carried out at the same time with much higher accuracy by Hess and
Steinmaurer (1935), and Barnothy and Forro (1935a,b) showed that within the error bars
there is no significant effect.

The first results on the CR solar-daily variation was obtained with a good accuracy on
the basis of CR measurements using ionization chambers by Lindholm and Hoffmann
(1928): it was found that the amplitude is 0.4—0.5%, and the maximum CR intensity
occurred in few hours after noon, and minimum intensity at mid-night. These results
were confirmed by Compton et al. (1932) on the basis of CR measurements using
ionization chamber on Mt. Evans.

1.2.7. The Ist worldwide network of CR observatories equipped by

ionization chambers; main results on CR variations (1934—1952)

The important step in CR time variation research was made in the 1930s: Compton et
al. (1934) constructed a special precision ionization chamber with compensation,
shielded by 10.7 cm Pb. The spherical main chamber with volume 19.3 liters was filled
with argon at a pressure of 50 atm. Ionization current generated in the main chamber by
CR was mainly compensated by a constant current from a small subsidiary chamber with
an uranium radioactive source. The value of the resulting current was recorded
continuously on a moving tape by Lindemann’s electrometer. As part of the first
worldwide network of CR stations such chambers were installed in Resolute (Canada),
Godhavn (Greenland), Ottawa (Canada), Cheltenham and Climax (U.S.A.), Teoloukan
(Mexico), Huancayo (Peru) and Christchurch (New Zealand). One hour and two hour
data of CR intensity observed on these stations were published by Forbush and Lange
(M1948, M1957). In 1949-1951 this net of ionization chambers was significantly
extended: in former USSR this type of chamber was developed and contained
automatically working chambers with a volume of 950 liters and 50 liters (ASC-1 and
ASC-2). Seven new CR Observatories were equipped with these chambers at Heiss
Island and Cape Schmidt at high North Ilatitudes, in Moscow, Sverdlovsk
(Yekaterinburg), Irkutsk, and Yakutsk at middle latitudes, and in Tbilisi of low latitude.
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One hour data of CR intensity obtained at these stations for many years were published
by Shafer and Shafer (M1985).

The worldwide network of ionization chambers worked continuously for more than
three solar cycles (see description on this network below, in Section 4.2).

On the basis of this continuous record of many types of CR effects and time
variations in the intensity of CR hard (muon) component there were discovered:
temperature effect and effect of CR intensity increase caused by energetic particles from
great solar flares (solar CR ground level effects in February—March 1942, in July 1946,
and in November 1949), effect of CR decrease during great geomagnetic storms
(Forbush effect), solar daily, 27—days, seasonal, and 11—year variations. These data and
others obtained later will be considered in detail in the present book, and in the next one
(Dorman, M2005 ).

On the basis of measurements made by Shonland et al. (1937) in 1933-1935 in
Capetown (35° S) it was found that the amplitude of the solar daily CR variation is not
constant: in summer it is much higher than in winter (as became clear later, it was caused
by the influence of CR solar-daily temperature effect). As a result of detailed analysis of
CR data for the period 1936—1946 on stations of the Carnegie Institute equipped with
ionization chambers of Compton’s type (Compton et al., 1934), Elliot (1952) found (by
averaging data of 11 years) a regular solar-daily CR variation with amplitude 0.15% and
time of maximum at about 3 p.m. in Cheltenham and Christchurch, and at about noon at
Mt. Huancayo.

Analysis of the data from these stations carried out by Monk and Compton (1939) and
Forbush (1940), allowed the observation of systematic changes in CR intensity with a
period of about 27 days that corresponds to the period (relative to the Earth) of the Sun’s
rotation about its axis. The first results on CR 27-day variation were obtained by Hess
and Graziadei (1936) on the basis of CR observations by ionization chamber on Mt.
Hafelekar.

By analysis of the Carnegie Institute stations CR data, Roka (1950) found the
connection between the annual Wolf sunspot numbers and annual average of CR
intensity (11—year variation): with increasing solar activity, CR intensity decreases
(correlation coefficient —0.8). More detailed data on CR 11-year variation was obtained
by Forbush (1957).

At the beginning of 1930s Messerschmidt (1933) reported on CR intensity decrease
during some geomagnetic storms by about 1%, according to Steinmaurer and Graziadei
(1933), the average decrease during 17 storms was 0.3%. These measurements were
made by ionization chambers at one individual station, and it was not clear if this effect
is of local or planetary character. Only after establishing the first network of Carnegie
Institute CR stations did it become possible to investigate this problem. The phenomenon
of planetary CR intensity decrease was first observed by Hess and Demmelmair (1937)
during the great magnetic storm started on April 24, 1937. Later this phenomenon was
investigated in detail by Forbush (1938), and in the 1950s it came to be called the
Forbush—decrease or Forbush—effect. The first attempt to explain CR effects during
geomagnetic storms was made by Chapman (1937): he assumed that the magnetic field
of the equatorial ring current (formed during the main phase of a magnetic storm) shields
the Earth from the approaching CR, so that the CR flux on Earth decreases. But more
detailed calculations of Johnson (1938) and Treiman (1953) showed that the decrease in
CR intensity can be realized only if the radius of the equatorial ring current is smaller
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than 1.3 Re (R is the radius of the Earth). Since the radius of the equatorial ring current
is in fact much larger, it was expected that the influence of the ring current’s magnetic
field will cause the CR intensity to increase, rather than to decrease (after this the effect
of increase of CR intensity during main phase of magnetic storm was first observed by
Yoshida and Wada, 1959; see review in Dorman, M1963a,b, M1974, and in more detail
about main causes of this effect and Forbush decrease — in Dorman, M2005).

The first explanation of the temperature effect was given by Blackett (1938) taking
into account the decay of muons: during the heating and expanding of the atmosphere
(e.g., from winter to summer, or from night to day) the path of muons from the higher
atmospheric level (where they are generated) to the ground becomes longer, and more
muons decay, leading to decreasing of the muon intensity (negative temperature effect).
Later it became clear that this effect is much more complicated: 1) it is necessary to
account for the mass distribution in the atmosphere (Feinberg, 1946), 2) the discovery of
the positive temperature effect led to the explanation of muon generation through decay
of charged pions (Forro, 1947; Duperier, 1949, 1951); and 3) it is necessary to account
for the distribution function of pion generation in the atmosphere and develop an integral
method that includes all these effects (Dorman, 1951, 1952, 1954a,b, M1957; Olbert,
1953; Maeda and Wada, 1954). Much more complicated is also the barometric effect: in
Chapter 2 it will be shown that it actually consists of three effects: absorption, decay and
generation effects (the relative role of these effects depends on the altitude of
observations and the value of total detector shielding (including the underground depth
in the case of underground observations). During the preparations for the IGY, the theory
of meteorological effects for neutron and general components was also developed
(Dorman, 1958a,b; M1957).

Let us note that the discovery of solar CR generation in periods of great solar flares,
and solar-daily CR variation with its maximum near noon, led to the development of a
wrong theory of the origin of CR in the Sun and in the solar system (CR observed up to
very high energies are considered as a local phenomenon, they are to be confined only to
thesolar system): Richtmyer and Teller (1948), Alfven (1949, 1950). But later (Dorman,
M1957) it was shown (by determining the energy spectrum of the solar-daily variation
and taking into account the influence of geomagnetic field on trajectories of CR
particles) that the real maximum of flux caused by solar-daily variation is directed in the
interplanetary space not from the Sun, but from a perpendicular direction. Modern data
in gamma ray astronomy also show that CR observed in the solar system have about the
same intensity as in the Galaxy. The contribution of solar CR is negligible; only during
some short time periods of great GLE the part of solar CR became significant and even
can be much bigger than part from galactic CR.

1.2.8. Construction of neutron monitors and the greatest GLE of

February 23, 1956; the IGY and the 2nd CR wide network (1952-1959)
During the great GLE of November 19, 1949, secondary neutrons were registered by
a detector in Manchester (Adams, 1950). The detector was based on two proportional
counters filled with B'°F; gas, surrounded by thick graphite blocks for braking high
energy CR neutrons to thermal neutrons. This detector registered about 500% increase,
much higher than the increase in the hard component of CR (about 11%). This result
showed that the neutron component is much more sensitive to small energies of primary
CR than the hard component. However, this detector has a big deficiency: it is very
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sensitive to the changes in the surrounding matter, where a sufficient number of
secondary small energy neutrons also are generated by CR neutrons. This deficiency
made it impossible to use Adams’s (1950) detector for registration of the usual time
variations with much smaller amplitudes. To surmount this deficiency, Simpson et al.
(1953), Simpson (M1955) developed this detector to add blocks of lead (Pb) as a
generator of secondary small energy neutrons and replaced graphite by paraffin blocks
with a big content of hydrogen which slows the neutrons much more effectively to
thermal energies. During 1952—1954 Simpson’s detectors equipped CR Observatories in
Chicago, on Mt. Huancayo, Mt. Climax, and Mt. Washington. This detector with an

effective area 2 m’ (consisting of 12 proportional B10F3 counters with 6 cm diameter

and 100 cm length), called a neutron monitor (NM) was recommended in 19541955 to
be used as one of the main detectors during International Geophysical Year (IGY, July
1957-December 1958). This type of neutron monitors is now called NM IGY type (see
detailed description in Simpson, M1955 and in Dorman, M1957; on the worldwide
network of these detectors — below, in Section 4.4).

For measuring the charged CR components (muons and electron-photons) it was
recommended to use telescopes of cubic or semi-cubic geometry as well as multi
directional telescopes on Geiger-Muller gas filled counters and on scintillators based on
the ground at different altitudes and latitudes, and underground at different depths (see
detail description in Dorman, M1957, M1974, M1975a; on the worldwide network of
these detectors — see below, in Section 4.3).

At the beginning of 1956 many CR observatories were equipped by NM and muon
telescopes. This was very important, since the biggest GLE of the last 70 years occurred
on February 23, 1956. A lot of data from continuously operating ionization chambers,
muon telescopes, neutron monitors were obtained for this GLE, as well as results from
balloon measurements. On the basis of these observations acceleration mechanisms in
the solar atmosphere during the dissipation of magnetic energy in a solar flare and the
main characteristics of solar CR propagation in the interplanetary space were developed
(see review and analysis in Dorman, M1957, 1958c, M1963a,b, Dorman and
Miroshnichenko, M1968). At the beginning of the IGY (July 1957) there were more than
50 continuously operating CR observatories equipped with ionization chambers, muon
telescopes, and NM IGY. Creation of a large network of CR observatories made possible
to investigate in detail many types of CR variations. For example, during a great
geomagnetic storm at August 29, 1957 a big Forbush decrease was observed, and, for the
first time, a very clear CR intensity increase before sudden commencement of magnetic
storm. This type of increase was very anisotropic and its detailed analyses brings
forward the discovery of high energy CR acceleration by reflecting from the
interplanetary shock wave moving from the Sun (Blokh et al., 1959). On the basis of
these data a drift mechanism of charged particle acceleration by shock wave was
developed (single acceleration, Dorman, 1959a, Dorman and Freidman, 1959), which
after about 20 years was extended to include multiple acceleration (shock wave diffusion
acceleration, Krymsky, 1977; Axford et al., 1977; Bell, 1978a,b; Blanford and Ostriker,
1978).

This period is characterized by a wide use of airplanes and balloons for CR research.
During this period many important results in investigations of CR meteorological and
geomagnetic effects, solar-daily, semi-solar-daily, stellar-daily, 27-day, seasonal, and
11—year variations were obtained. The main part of the results obtained during IGY was



14  Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

reported at the 6-th International Cosmic Ray Conference (Moscow, 1959). In particular,
before direct measurements of the interplanetary magnetic field (IMF), the strength of
this field in corpuscular streams of the first type (solar wind) was estimated by cosmic

rays: near the Earth’s orbit about several 107 Gs. For corpuscular streams of the second

type responsible for great geomagnetic storms with sudden commencement
(interplanetary shock waves) was obtained the strength of IMF about one order of
magnitude bigger (Dorman, 1957, M1957). Moreover, from analysis of the energy
spectrum of 11-year variation it was shown that in interplanetary space there is a
resonance scattering of CR particles (on magnetic inhomogeneities with dimension of
about the Larmor radius of particles), and that magnetic inhomogeneities have a broad
spectrum (Dorman, 1959b). Also this result was obtained a long time before direct
measurements of the magnetic field in space.

Let us note that in this period the modern theory of CR origin based on radio-
astronomy data was founded, from which direct information on space distribution of
primary CR relativistic electrons can be obtained (Ginzburg, 1953a,b).

1.2.9. Construction of super NM, the IQSY and the 3rd CR network,

wide use satellites and space probes for CR research (1960-1992)
Investigations carried out with the NM IGY show that for many investigations of CR
variations the statistical errors are too big. In order to decrease the statistical errors
significantly, and in connection with preparing for the new International Quiet Sun Year
(IQSY, 1964-1965) project, neutron super-monitors of the same geometry consisting of

18 neutron B10F3 counters with 15 cm diameter and 200 cm length with total effective

area 18 m? (about one order bigger than area of NM IGY) were constructed in Canada
and in USSR. The detector was divided into three independently working sections (each

section with an effective area 2x3 m” with 6 counters). Instead of Pb blocks, Pb rings

were used, and instead of paraffin polyethylene was used. The neutron super-monitor

was recommended to use as one of main detectors during and after IQSY (for some time
they were called NM
IQSY or are shown the
number of counters
used and year of the
starts IQSY: 18NM-64,
6NM-64, 3NM-64, and
so on). In Fig. 1.2.3 are
shown how the total
numbers of NM IGY
and NM IQSY in the
World changed during
the last 50 years.

Fig. 1.2.3. Dynamics of total
number in the World of NM
IGY and NM IQSY. Prepared
by E.A. Eroshenko.
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It can be seen that there is a big increase of the number of NM IGY before 1957 and
then they are replaced by NM IQSY after 1962—-1963. Now only five NM IGY continue
to work in Potchefstrum (South Africa), and on the mountains: Haleakala (Hawaii,
USA), Huancayo (Peru), Climax (USA), and Jungfraujoch (Switzerland). NM IGY on
mountains has about the same statistical errors as NM IQSY at sea level. Most of the CR
observatories are now equipped with NM IQSY (for more details see in Dorman,
M1974, M1975a; the description of the 3rd worldwide network equipped with NM IQSY
— see below, in Section 4.4). The data (one hour values of intensity) of this network of
CR Observatories are collected in the World Data Centers, and can be used freely by any
scientist. On the basis of these data a lot of very important investigations of different
types of CR time variations of meteorological and magnetospheric origin, interplanetary
modulation, and solar origin were made: many results were reflected in books by Parker
(M1963), Dorman (M1963a,b), Kuzmin (M1964, M1968), Dorman and Miroshnichenko
(M1968, translation to English, M1976), Dorman and Kolomeets (M1968), Krymsky
(M1969), Dorman et al. (M1971), Dorman (M1972a,b), Dorman et al. (M1972), Velinov
et al. (M1974), Dorman (M1974, M1975a,b, M1978), Dorman et al. (M1978, M1979),
Alania and Dorman (M1981), Dorman and Kozin (M1983), Alania et al. (M1987).
Results obtained in this period will be considered also below in this book as well as in
the next book (Dorman, M2005 ).

The period considered (1960—1992) is also characterized by a wide use of balloons,
satellites, and space probes for investigations in all aspects of CR research: the Earth’s
radiation belts; CR albedo; measured radial and transverse gradients of CR in the
interplanetary space; and other phenomena were investigated in detail. These results will
be partly considered here, but mostly in the next book (Dorman, M2005). In this period
was developed the modern theory of CR origin mostly reflected in books Ginzburg and
Syrovatsky (M1963), Berezinsky et al. (M1990); it was started to investigate in detail the
chemical and isotopic contents of primary CR which are very important for development
of CR origin theory. In this period gamma ray astronomy was developed by
measurements on balloons and satellites: it was shown that not only relativistic electrons,
but also the nuclear component of primary CR are distributed in the disc and halo of our
Galaxy (in contradiction with the theory of solar origin of CR mentioned in Section
1.2.7).

1.2.10. Development of fundamental and applied CR research: step by
step formation of International Cosmic Ray Service, wide use of
Internet for real time data exchange, combining of ground and satellite

CR data (after 1992)

All hourly CR data from worldwide network of CR Observatories are sent each
month to the World Data Centers (WDC) in Boulder (Colorado, USA), Moscow
(Russia), and Nagoya (Japan), and any scientist can use these data. The problem is that
these data are not in real time scale. In 1991 was prepared the Project (Dorman, M1991)
on the foundation of the Israel Cosmic Ray Center, and on the step by step formation of
International Cosmic Ray Service (ICRS) on the basis of wide Collaboration of all CR
Observatories and on real-time scale exchange of one hour and one minute data. It was
shown by Dorman (1993), Dorman et al. (1993a,b,c), that in this case there could be
realized very important applications of CR research: using CR data for continue
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monitoring space weather and forecasting of space phenomena dangerous for people
health and technology in space near the Earth’s orbit and at different distances from the
Sun (important for space probes and spaceships with astronauts in interplanetary space),

in the magnetosphere (important for satellites and spaceships in different orbits), and in
the atmosphere at different altitudes and at different cut-off rigidities (important for
balloons, commercial jets, and in some periods for people and technology on the
ground). In Fig. 1.2.4 and 1.2.5 is shown the scheme of ICRS working and connection

with other organizations.
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In Fig. 1.2.4 are shown information of the planned input from collaborating CR
Observatories, as well as meteorological, solar activity, geomagnetic field, and other
data. On the basis of these data ICRS will realize continuous monitoring of space
weather and determination of the level of hazards and send alarms to different
organizations if the level is expected to be dangerous (it will be considered in more detail
in our next book Dorman, M2005).

In those times it was a great problem how to realize the real-time exchange of data.
Now it is becoming much easier: many CR Observatories put their observational data in
corresponding websites, updated each one minute (as in our Emilio Segre” Observatory
on Mt. Hermon in Israel; see description in Section 4.8), each 5 min (as Apatity in
Russia, and some other), or each hour (as Moscow, Athens, Kiel, and some other). The
total number of CR Observatories which give their data in real time through the Internet
increases each year, and we hope that in few years it will become large enough (more
than 35—-40; such number of observatories are needed to use the automatic global
spectrographic method, see Section 3.9), that ICRS can start to work continuously
according to the scheme was shown in Fig. 1.2.4 and 1.2.5. As a some steps of
organizing of ICRS can be considered the tendency in the last time to use CR ground
data in combination of many Observatories, as networks (Bieber and Evenson, 1995;
Moraal et al., 2000; Dorman et al., 2004).

This period is characterized also by wide combining of ground and satellite data in
many branches of CR research (see review in Simpson, 1997; McDonald, 2000; and in
more detail in Dorman, M2005).

In this period was investigated in details that the Sun is a source of high energy
particles with energy up to about 15-20 GeV in a periods of great solar flare events, it
was started to investigate many types of CR meteorological effects, CR behavior
underground, influence of solar activity and geomagnetic storms on CR intensity,
founded the basis of modern theory of CR origin, it was started to investigate in detail
the chemical and isotopic contents of primary CR, founded the basis of modern theory of
CR modulation in the Heliosphere, the basis of the theory of CR propagation in the
Earth’s magnetosphere and formation of meson—nucleonic and electron—photon cascades
in the atmosphere, formation of EAS (external atmospheric showers) generated by
primary particles with very high energy up to 10! eV. As a result, now are formatted all
five main aspects of CR research: a very short description of them is given below, in
Section 1.3. Let us classify and number the aspects from ground, atmosphere,
magnetosphere, space (interplanetary space and the Heliosphere), Galaxy and Universe.

1.3. Main aspects of CR research and their interconnections

1.3.1. The first aspect: CR underground and in the atmosphere

The main subjects of this aspect are: CR interaction with the Earth’s ground and
atmosphere, generation of secondary particles (different types of ‘strange’ particles,
pions, kaons, muons, neutrons, neutrinos, gamma rays, positrons and electrons) and
formation of meson—nuclear and electron—photon cascades (reflected in CR integral
multiplicities, coupling and response functions), air ionization and influence on
ionosphere and radio wave propagation (the last is especially important in periods of
great solar CR events), possible influence of CR on chemical processes and formation of
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ozone layer, generation of radioactive and stable cosmogenic isotopes, CR
meteorological effects (influence of variations of air pressure, air temperature and
humidity vertical distribution on CR intensity), Earth’s gravitational effects (influence of
variations of the value of gravitational acceleration on CR intensity), atmospheric
electric field effects (acceleration and deceleration of CR particles by atmospheric
electric field, especially important before and during thunderstorms), using CR data for
continuous determination of air temperature and electric field vertical distributions, for
determination parameters of ring current in the magnetosphere (especially in periods of
great magnetic storms), in problems of long term change of climate, of geomagnetic field
and solar activity, in the problem of elements exchange between atmosphere, biosphere
and ocean, possible applications of CR research in CR Solar and Heliospheric Physics, in
CR Astrophysics, in Meteorology, Archeology, for Police, in Geology and Geophysical
Prospecting, Technology, Agriculture, Communications, Navigations, Ecology, and
others. This subject was partly reflected in Dorman (M1957, M1963a,b, M1972,
M1974); Velinov et al. (M1974); Dorman et al. (M1978, M1979); Dorman and Kozin
(M1983); Grieder (M2001), and will be a matter of the present book.

1.3.2. The second aspect: CR in the magnetosphere and in space

The main subjects of this aspect are: influence of the Earth’s magnetic field (main
field and caused by magnetosphere’s processes) on CR trajectories and formation of CR
penumbra and cut off rigidities; use of the Earth as giant magnetic spectrograph for
investigations of the dependence of different phenomena and processes caused or
connected with CR from the energy of primary particles (in particular, development of
spectrographic and global-spectrographic methods); transport of galactic CR in the
Heliosphere, and modulation by solar wind, CME (coronal mass ejections) and shock
waves; formation of convection—diffusion and drift CR anisotropies and gradients in the
interplanetary space, CR nonlinear effects — influence of CR pressure and kinetic stream
instability on the plasma processes in the Heliosphere. One of the important applications
of this research is the Monitoring of Space Weather by CR and Forecasting of Space
Dangerous Phenomena as Great Radiation and Magnetic Storms. This subject was
reflected in monographs Dorman (M1957, M1963a,b, M1974, M1975a,b), Parker
(M1963), Kuzmin (M1964, M1968), Krymsky (M1969), Dorman et al. (M1971), Alania
and Dorman (M1981), Alania et al. (M1987), and will be a matter of our second book
(Dorman, M2005 ).

1.3.3. The third aspect: CR of solar, planetary, and interplanetary origin

The main subjects of this aspect are: particle acceleration in processes connected with
solar flares (solar charged CR particles with energy up to 15-20 GeV, and secondary
neutrons generated in solar atmosphere with energy up to few GeV), in rotating
magnetospheres of planets (magnetospheric energetic particles with energy up to about
30 keV in the Earth’s magnetosphere, and up to about 10 MeV in the magnetospheres of
Jupiter and Saturn), in interplanetary space connected with interstellar ions acceleration
by terminal shock wave (anomaly CR with an energy up to about 50 MeV/nucleon), and
with ions acceleration by interplanetary shock waves (with an energy up to about 10
MeV); propagation of these particles and their nonlinear effects. This research was partly
reflected in books Dorman (M1957, M1963a,b), Dorman and Miroshnichenko (M1968),
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Dorman (M1972b, M1978), Miroshnichenko (M2001), and will be partly a subject of
our next book Dorman (M2005)

1.3.4. The forth aspect: CR astrophysics

The main subjects of this aspect are: the problem of CR origin in our Galaxy and in
the Universe; primary CR energy spectrum, anisotropy, elemental and isotopic contents;
electrons, positrons and antiprotons in CR; connection with radio astronomy, gamma ray
astronomy and neutrino astronomy; sources of CR in the Galaxy and in the Universe,
acceleration and propagation processes, CR nonlinear effects — influence of CR pressure
and kinetic stream instability on the formation of galactic wind, on acceleration and
propagation processes; this was the subject of monographs Ginzburg and Syrovatsky
(M1963), Berezinsky at al. (M1990), Dorman (M1972b, M1975a), Schlikeizer (M2001).
The history outlook of this research in the first half of 20-th century is given in
monograph of I.V. Dorman (M1981), and is reflected in collection of original papers ed.
by Sekido and Elliot (M1985).

1.3.5. The fifth aspect: CR elementary particles and high energy physics

The main subjects of this aspect are: investigation of high energy particles in CR by
EAS installations and other methods, search for new elementary particles, investigation
of elementary particle interaction at extremely high energy, research on the generation
by CR of high and very high energies meson—nuclear and electromagnetic cascades and
generation of secondary particles (which is especially important also for CR
Geophysics), and determination of energy spectrum, anisotropy and contents at high and
very high energies (which is especially important also for CR Astrophysics). The
historical outlook of development of this research in connection also with experiments
on accelerators can be found in the monograph of I.V. Dorman (M1989). This research
was mainly reflected in books Dobrotin (M1954), Rossi (M1966), Hayakawa (M1969),
Khristiansen (M1975), Murzin (M1988), Gaisser (M1990).

1.3.6. Interconnections between different aspects of CR research

All these five aspects of CR research are closely interconnected. Results of CR
research underground and in the atmosphere (1st aspect) are used in the 2nd aspect
(meteorological corrections for solar-daily variations, annual variations, modulation
effects), in the 3rd aspect (GLE data corrections on meteorological effects, using
coupling coefficients method for determining of solar CR spectrum out of the
atmosphere), in 4th aspect (meteorological corrections for stellar-daily variations), and in
the 5-th aspect (meteorological corrections of EAS data). Results on geomagnetic effects
and cut-off rigidities (2nd aspect) are used in the Ist aspect for determining coupling
functions and integral multiplicities of different secondary CR components, and in other
aspects for determining dependencies from primary particle energy of CR anisotropies
and intensity variations as well as nuclear interactions in atmosphere. Results on
cosmogenic nuclides and nitrates (Ist aspect) are used in the 2nd aspect to obtain
information on very long-term CR modulation by solar activity (on the scale of many
thousand years), in the 3rd aspect for determining great GLE in the past, and in the 4th
aspect for determining possible local Supernova explosion in the past (within about
hundred pc from the Sun). Results of the 2nd aspect on CR modulation in the
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Heliosphere are used in the 4th aspect for determining of CR demodulated energy
spectrum and stellar anisotropy in the Galaxy, and so on.

1.4. Primary CR: energy spectrum, chemical and isotopic
contents, antimatter

1.4.1. Primary CR of extragalactic, galactic, and solar origin

Primary CR observed outside the Earth’s magnetosphere are mostly galactic CR
generated in supernova explosions, in supernova remnants and in other acceleration
processes in our Galaxy; it is not excluded that CR of very high energy up to

10%° -10%! eV are of extragalactic origin (Ginzburg and Syrovatsky, M1964; Dorman,

M1972b; Berezinsky et al., M1990; Schlickeiser, M2001).

In some short periods are also solar CR, generated in acceleration processes in the
solar corona connected with great chromospheric flares (Dorman, M1957, M1963a,b;
Dorman and Miroshnichenko, M1968; Dorman, M1972b, M1978; Miroshnichenko,
M2001). The differential energy spectrum of solar CR is usually softer than galactic CR,
differs very much from one event to another, and is not constant in time (in the
beginning of an event it is very hard, and then became more and more soft owing to
diffusion process in the interplanetary space). The chemical and isotopic contents of
solar CR varied very much from one event to another (see mentioned above monographs
and review papers in Dorman and Venkatesan, 1993; Stoker, 1994).

1.4.2. Energy spectrum and chemical composition of galactic CR; main
sources of CR in the Galaxy

Here we will give some brief information about galactic CR changing with solar
activity. In the Table 1.4.1 are given particle fluxes with total energy
E >2.5GeV/nucleon in the space, outside the Earth’s magnetosphere (this flux varies
by about 30% in the course of a solar cycle, and reaches the maximum value near the
minimum of solar activity). The integral spectrum of galactic CR can be described by

I,>E)=K/E ~(r-1) particles.m ™2 ster |, (14.1)

where the parameters K 4 and y for protons, «— particles and different groups of
nuclei are given in Table 1.4.1. Besides nucleons galactic CR also contain primary
electrons, positrons, and gamma rays (about 1%), and a very small flux of neutrinos
from CR interactions with matter in the Galaxy (see below, Chapter 2).
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Table 1.4.1. Particle fluxes of galactic CR with total energy E = 2.5 GeV/nucleon in the space, out of the

Earth’s magnetosphere near the minimum of solar activity, and parameters K, and y for protons,
o — particles and different groups of nuclei in Eq. 1.4.1.

particles V4 Flux for Y K4 Interval of £
E >2.5 GeV/nucleon, GeV/nucleon
in m~2ster ! sec”!
p 1 1300 2.440.1 4800 4.7-16
a 2 88 2.540.2 360 2.5-2800
L 3-5 1.9
M 6-9 5.6 2.610.1 25+5 24-8
H >10 2.5 2.610.15 12+2 24-8
VH 220 0.7

The observed chemical composition of galactic CR (see Fig. 1.4.1) is determined by
chemical composition of CR sources in the Galaxy, by peculiarities of acceleration
mechanisms, and by nuclear interactions of CR with interstellar matter during the
propagation in the Galaxy.

Fig. 1.4.1. Energy spectra for various components of the cosmic radiation: proton, helium, CNO group,
NeMgSi group and iron. RUNJOB data are denoted by filled symbols. According to Apanasenko et al. (2001).
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Important data on the secondary nuclei generated during CR propagation in the
Galaxy (mainly Li, Be and B, and their isotopes) in the energy interval 30-500
MeV/nucleon were obtained in De Nolfo et al. (2003) by the CR Isotopic Spectrometer
on ACE satellite in operation from 1997.

After CR data correction on nuclear interactions during propagation can be obtained
information on expected CR chemical composition formatted by the acceleration
processes in CR sources (in more details see in Ginzburg and Syrovatsky, M1964;
Dorman, M1972b; Berezinsky et al., M1990; Schlickeiser, M2001). Some recent results
of Waddington (2001) are shown in Fig. 1.4.2; this Figure reflects an important influence
of the first ionization potential (FIP) on particle injection in the acceleration process in
CR sources in the Galaxy.

Fig. 1.4.2. The ratio of the Cosmic Ray Source (CRS) abundance to the Solar System (SS) abundance
organized as a function of the First Ionization Potential (FIP). According to Waddington (2001).

Now it is generally accepted that supernova shocks are the main acceleration source

for CR whose energy per nucleon is less than about 10"-10"° eV. The exact source
materials from which CR are accelerated is still uncertain. Results presented in Fig. 1.4.2
show that the galactic CR abundances are remarkably similar to the abundance of
elements in the solar system with some differences determined with FIP: elements with
FIP less than about 10 eV are more abundant in the CR source. This has led to the idea
that galactic CR may originate in stellar atmospheres in regions with temperatures at
about 10* K; elements with a low FIP are more likely to be ionized and injected into the
acceleration process than elements with high FIP (Meyer, 1985; Binns et al., 1989).
However, it has also been observed that the GCR elemental abundances can be
ordered by their ‘volatility’ (Meyer et al.,, 1997). In this model, the CR source is
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interstellar gas enriched by atoms sputtered off from accelerated interstellar dust grains.
The dust grains will have a higher rigidity at a given velocity than atoms and thus are
more easily accelerated by supernova shocks. The elements that form these grains will
therefore be enriched in CR. According to Link et al. (2003), since most low-FIP
elements are refractory and most high-FIP elements are volatile, it is difficult to
differentiate between these two models. There are a few elements that are both low-FIP
and volatile or semi-volatile that break this degeneracy and can enable to distinguish
between FIP and volatile models: several of these are ultra-heavy galactic CR including
Zn (Z =30), Ga (Z =31), Ge (Z = 32), Rb (Z =37), and some other.

Recently important results are obtained in Link et al. (2003) by the TIGER (Trans-
Iron Galactic Element Recorder, is a balloon borne CR telescope consisting of four
plastic scintillation detectors, two Cherenkov detectors and a scintillating fiber
hodoscope; see description of TIGER in Chapter 4, Section 4.6.4). TIGER was launched
on a long duration balloon (LDB) from McMurdo, Antarctica in December 2001, and the
flight lasted for a record 31.8 days at an average altitude of 118,000 feet; during the
flight approximately 360,000 iron nuclei and 300 nuclei with 30 < Z < 40 were
measured. The abundances of the elements for 30 < Z < 40 were determined using a
maximum likelihood fitting routine and were corrected for interactions in the instrument
and in 5 g/cm2 of residual atmosphere, and are compared in Fig. 1.4.3 with expected
abundances using Solar System source abundances (according to Anders and Grevesse,
1989) fractionated by FIP (according to Binns et al., 1989) and volatility (according to
Meyer et al., 1997). As a mode of CR propagation in the interstellar space was used a
weighted-slab leaky-box model according to Waddington (2000).

Fig. 1.4.3. Comparison of TIGER data to FIP and Volatility models. According to Link et al. (2003).
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From Fig. 1.4.3 can be seen that the measured elemental abundances are in good
agreement with the solar system abundances modified by propagation and by FIP or
volatility. In more detail, we see that the Z=30 and Z=32 abundances measured by
TIGER are in good agreement with the volatility model; Z=31 agrees better with the FIP
model, but is only =1.5 sigma from the volatility model. Overall those elements that
distinguish between FIP and volatility models appear to favor volatility. However
additional data are required to improve the statistical significance of measured
abundances.

1.4.3. Protons and a-particles in primary galactic CR

In Fig. 1.4.4 are shown differential energy spectra of protons and a—particles in the
kinetic energy interval 10-2000 MeV/nucleon in 1965 (near the minimum of solar
activity) and in 1967-1968 (near the maximum of solar activity). At energies smaller
than 20-30 MeV/nucleon it can be seen that the flux increases with decreasing particle
energy; it is caused by an anomaly CR — atoms of interstellar matter penetrating the
Heliosphere and accelerating in it. In Fig. 1.4.5 are shown recent data on proton and He

spectrum in the high energy region up to 10° GeV/nucleon .

Fig. 1.4.4. Differential energy spectra of protons (a) and alpha-particles (b) according to measurements on
space probes OGO-A, IMP-3 and IMP-4, Pioneer-8, and on balloons near minimum of solar activity in 1965
(squares) and near maximum of solar activity in 1967-1968 (circles). Compiled in Dorman (M1975a).
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Fig. 1.4.5. Differential energy spectra of protons and o — particles in the high energy region up to 10%
GeV/nucleon according to measurements in HEAT experiment (DuVernois et al., 2001; interval of energy 16-
250 GeV/nucleon) and JACEE experiment (Asakimori et al., 1998; interval of energy

3x10° +10° GeV/nucleon).

A lot of data on primary protons and He was analyzed by Gaisser et al. (2001).
Results for protons are shown in Fig. 1.4.6.

Fig. 1.4.6. Differential flux of protons compared to fits of Eq. 1.4.2 and Eq. 1.4.3 (in Figure Eq. 1 and Eq. 2,
correspondingly), which are nearly indistinguishable on these plots. Also plotted is the proton spectrum of
Agrawal et al. (1996). According to Gaisser et al. (2001).
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Gaisser et al. (2001) used two forms to fit a differential spectrum in kinetic energy
per nucleon Ej to the data on the various mass groups:

Dy(Ey )= K(Ey +aexpl- 0B )| % (142)

Dy(E)= K(Ek +m pcﬁa exp[— j , (1.4.3)

E+p

where 7is momentum per nucleon, € = 0.25 GeV is a constant and all energy units are
expressed in GeV.

In Fig. 1.4.7 are shown results for o—particles in the broad interval of energies from
0.3 GeV up to 100,000 GeV, obtained in experiments BESS, AMS, RICH, SOKOL and

others on long duration balloons and satellites (see description of these experiments
below, in Chapter 4).

Fig. 1.4.7. Differential flux of helium compared to the ‘high’ and ‘low’ fits of Eq. 1.4.2. According to Gaisser
etal. (2001).



28 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

1.4.4. Isotopic contents of primary galactic CR

Data on the isotopic contents of primary galactic CR are very important, especially
for determining of the mode of CR propagation in the Galaxy.

The isotopes of hydrogen and helium provide a probe that allows propagation
models to be tested and the effects of solar modulation to be investigated. For example,
deuterons are primarily produced in the interactions of CR with the interstellar medium
during propagation, predominantly from the spallation of *He. Deuterons are interesting
because they have an interaction mean free path that is considerably larger than the
escape mean free path for CR from the galaxy. This makes deuterons an effective probe
to test propagation models. In Fig. 1.4.8 are shown results of Lamanna et al. (2001) on a
high statistics measurements of the deuteron spectrum by the Alpha Magnetic
Spectrometer (AMS) experiment during the Shuttle flight STS-91.

Fig. 1.4.8. Measurements of CR deuterons obtained with the AMS instrument aboard STS-91 and comparison
with three models of CR propagation: a — according to Stephens (1989), b — according to Mewaldt (1989), and
¢ — according to Seo and Ptuskin (1994), Seo et al. (1994). According to Lamanna et al. (2001).

Fig. 1.4.8 shows the deuteron/He ratio in the energy range from 90 to 850
MeV/nucleon in comparison with the predictions of several models. The statistics of
these measurements are good enough for some models or sets of parameters for models
to be able to be excluded.

In Fig. 1.4.9 are shown the ratio of deuterium to protons in dependence of particle
energy and the comparison with different propagation models. From Fig. 1.4.9 can be
seen that rather good agreement is found with the Standard Leaky Box Model, while the
Stochastic Reacceleration Model seems to be excluded.
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Fig. 1.4.9. Deuteron to proton ratio as measured from AMS compared with model predictions: a — Standard

Leaky Box Model prediction according to Stephens (1989) and Seo et al. (1994); d - Stochastic
Reacceleration Model prediction according to Seo and Ptuskin. (1994). According to Lamanna et al. (2001).

Results for primary deuterium flux were obtained in CAPRICE98 experiment
(Vannuccini et al., 2003). The balloon-borne CAPRICE98 instrument was flown on 28-
29 May 1998 from Fort Sumner, New Mexico, USA. The detector configuration
included the NMSU-WiZard/CAPRICE magnetic spectrometer equipped with a gas ring
imaging Cherenkov detector, a silicon-tungsten calorimeter and a time-of-flight system
(see description in Section 4.6.4). Obtained results in the interval between 12 GeV/n and
22 GeV/n. for spectrum are shown in Fig. 1.4.10 and on the deuteron to helium ratio in
Fig. 1.4.11 in comparison with other results.

Fig. 1.4.10. Deuterium flux. Symbols: experimental results from CAPRICE98 (filled circles) and from other
experiments. Curves: theoretical prediction (see Fig. 1.4.11). According to Vannuccini et al. (2003).
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Fig. 1.4.11. Results of d/He ratio measurements and comparison with models. Symbols: experimental results
from CAPRICE9S (filled circles) and from other experiments. Curves: theoretical prediction from Mewaldt,
1989 (dot-dashed curve), Stephens, 1989 (dotted curve) and Wang et al., 2002 (solid curve). According to
Vannuccini et al. (2003).

For determining of the amount of matter which CR passed during their propagation
in the Galaxy are very important data on contents of Li, Be and B, and their isotopes
(about fully produced in nuclear interactions of heavier nuclei of galactic CR with
interstellar medium). As an example, in Fig. 1.4.12 are shown different results of

measurements of ratio 10Be/ 9Be in comparison with predictions by different models of
propagation.

Fig. 1.4.12. lOBe/ 9Be ratio according to measurements in experiments: Ulysses (Connell et al., 1998),

Voyager 1 and 2 (Lukasiak et al., 1997), ISEE-3 (Wiedenbeck and Greiner, 1980), IMP 7 and 8 (Garcia-Munoz
et al., 1977, 1981), ACE (Yanasak et al., 1999), ISCMAX (De Nolfo et al., 2001). The solid curve is the
prediction of a Leaky Box model by Yanasak et al. (2001) assuming an average interstellar density of 0.34

atoms.cm > . The dashed-dot curve is the prediction of a Leaky Box model by Molnar and Simon (2001)

assuming an ISM density of 0.23 atomscm™ . The dashed curve represents the predictions of a diffusion
model by Moskalenko and Strong (2000) for a galactic halo size of 4 kpc and takes into account the local
galactic structure and results from other spectroscopic observations. According to De Nolfo et al. (2001).
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From Fig. 1.4.12 it can be seen that the accuracy of experimental data up to now is not
enough to determine the correct theoretical model from different models of CR
propagation in the Galaxy, but there seems to be tendency to a better fit of experimental
data to the Leaky Box model of Yanasak et al. (2001), presented in Fig. 1.4.12 by the
solid curve.

1.4.5. Primary electrons and positrons in galactic CR

In Fig. 1.4.13 are shown differential energy spectra of primary electrons in the
kinetic energy interval 10-10,000 MeV in 1965-1966 (near the minimum of solar
activity) and in 1967—-1968 (near maximum of solar activity).

Fig. 1.4.13. Differential energy spectrum of electrons according to different measurements on space probes and
on balloons near minimum of solar activity in 1965—-1966 and near maximum of solar activity in 1967-1968.
Compiled in Dorman (M1975a).

In Fig. 1.4.14 are shown results of Hams et al. (2003) obtained in the BESS-1999
experiment in comparison with other results on the galactic electron energy spectrum
(the description on the experiment BESS on the long duration balloons see below in the
Chapter 4, Section 4.6.4).
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Fig. 1.4.14. Preliminary BESS-1999 electrons spectra in arbitrary units compared with other magnet
spectrometers data. According to Hams et al. (2003).

Results of the recent measurements of the fraction of positrons are shown in Fig.
1.4.15. It can be seen that the solar modulation of electrons at the same energy as protons
is much smaller in comparison with modulation of nucleons (the main cause of this is
that electrons at few MeV energy have their velocity near the velocity of light and
diffusion coefficient much bigger than for nucleons; see in details in Dorman, M2005 ).

Fig. 1.4.15. Positron fraction as a function of energy measured in 2000 with the HEAT-pbar instrument,
compared to previous HEAT-¢* measurements in 1994-1995 (description of HEAT experiment on long
duration balloons see below in Chapter 4, Section 4.6.4). According to Coutu et al. (2001).
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1.4.6. Antimatter in galactic CR; the problem of asymmetry of the
Galaxy and the Universe

Antiparticles are produced during the propagation phase as secondaries via the
interaction of galactic CR with the interstellar matter. Excesses in the abundances of
these particles over those predicted by propagation models may indicate a non-standard
source, some exotic processes. In their most mundane form antiprotons and positrons
(see Section 1.4.4) serve as a probe of both the propagation phase of galactic CR and the
charge—sign dependence of solar modulation (Stochaj, 2001; see in detail in Dorman,
M2005). Alternatively, they might hold the keys to larger questions such as the nature of
dark matter or the physics that may exist beyond the standard model. To date, all results
are consistent with secondary production, but the energy regime over 50 GeV has just
begun to be explored and better statistics at lower energies are needed to preclude the
existence of structure in the spectra of antiprotons and positrons. Recently very
important results on antiprotons were obtained by Asaoka et al. (2001) on the basis of
BESS experiment (the details on this experiment see in Section 4.6.4) taken in 2000, just
after the general solar field reversal. The BESS collaboration has collected a huge data
base, with balloon flights in 1993, 1995, 1997, 1998, 1999 and 2000. This data base is an
excellent tool for the study of antiproton spectrum and solar modulation. Fig. 1.4.16 and
Fig. 1.4.17 show the collection of BESS antiproton results in comparison with the
prediction of Bieber et al. (1999a,b) on the basis of modern theory of CR modulation in
the Heliosphere.

Fig. 1.4.16. Comparison of the BESS 1993, 1995, 1997, 1998, 1999 and 2000 p/p ratios with the
calculation (Bieber et al., 1999a) taking the charge sign dependence of the solar modulation into account. The
solid and dashed curves represent the calculated p/p ratios at a solar minimum and at a solar maximum in the
positive Sun’s polarity. On the other hand, the dotted curve represents the calculated p/p ratios at a solar
maximum in the negative Sun’s polarity. According to Asaoka et al. (2001).
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Fig. 1.4.17. The tilt angle dependence of ];/p ratio at 0.3 GeV (closed squares), 1.0 GeV (open circles) and 1.9
GeV (closed stars) kinetic energy measured by BESS (1993-2000, from left to right), in comparison with the
variation predicted by Bieber et al. (1999b). According to Asaoka et al. (2001).

The BESS experiment measures the rigidity and velocity of incident particles which,
when combined with charge measurements, allow the identity of the particles to be
determined. Combining a time of flight system with Cherenkov counter, antiprotons can

be distinguished from the background events (e~ and g ) up to a kinetic energy of 4

GeV. The BESS program demonstrates that, given stable long term funding, balloon
instruments can perform world class observations.

The collaborations associated with two other experiments, CAPRICE and HEAT,
made their observations of antiprotons over a much higher energy regime. According to
Boezio et al. (2001), the CAPRICE experiment uses a suite of detectors, most notably a
ring imaging Cherenkov system, to identify antiprotons on an event by event basis
(observations were performed by the balloon borne experiment CAPRICE98 that was
flown on 28-29 May 1998 from Fort Sumner, New Mexico, USA; the experiment used
the NMSU-WIZARD/CAPRICE98 balloon borne magnet spectrometer equipped with a
gas Ring Imaging Cherenkov detector, a time of flight system, a tracking device
consisting of drift chambers and a superconducting magnet and a silicon—tungsten
calorimeter; the short description of this experiment see below, in Chapter 4, Section
4.6.4).

The paper of Boezio et al. (2001) reports the absolute flux of antiprotons over the
energy range from 3.2 GeV to 49.1 GeV. These measurements are consistent with the
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theoretical predictions by Simon et al. (1998) and Bergstréom et al. (1999a,b), which
assume a purely secondary origin for the cosmic ray antiprotons (see Fig. 1.4.18).

Fig. 1.4.18. Results of measurements of the antiproton flux in comparison with the predictions of several
models. The two solid lines show the upper and lower limit of a calculated flux of interstellar antiprotons by
Simon et al. (1998) assuming a pure secondary production during the propagation of cosmic rays in the Galaxy
and using a recently measured proton and helium spectra (Menn et al., 1997). The dashed line shows the
interstellar secondary antiproton flux calculated by Bergstrom et al. (1999a,b). The dotted line shows the
primary antiproton flux by Ullio (1999), which includes a Minimal Supersymmetric Standard Model with a
contribution from an assumed Higgsino-like neutralino, with a mass of 964 GeV. According to Boezio et al.
(2001).

Fig. 1.4.19 shows the antiproton to proton ratio measured by CAPRICE98 along with
other experimental data (Buffington et al., 1981; Golden et al., 1984; Bogomolov et al.,
1987, 1990; Mitchell et al., 1996; Boezio et al., 1997; Basini et al., 1999; Orito et al.,
2000) and with theoretical calculations. The two solid lines show the upper and lower
limit of the calculated fraction of interstellar antiprotons by Simon et al. (1998). The
dashed line shows the similar calculation by Bergstrém et al. (1999a,b).
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Fig. 1.4.19. The p/p ratio at the top of the atmosphere obtained in the CAPRICE98 experiment in comparison
with other experiments and with theoretical calculations (full and dash curves are explained in the text).
According to Boezio et al. (2001).

Up to now there is no evidence that antimatter in the form of antinuclear
(antideuterium D antihelium He and others) exists in CR (Ormes et al., 1997; Saeki et
al., 1998; Alcaraz et al., 1999; Sasaki et al., 2001; Fuke et al., 2003). Th1s is a direct
demonstration that our Galaxy is made of matter and a baryon asymmetry is maximal.
The question is whether this asymmetry is global or local in the Universe. The absence
of annihilation gamma ray peaks shows that little antimatter is to be found within ~ 20
Mpc, however, the possibility of existence of antimatter clusters in the Universe is not
completely precluded. If D or He were observed in CR it would be a strong indication

of the existence of antimatter clusters because the probability to produce D or He in
collisions of CR with the interstellar medium is too small.

Fuke et al. (2003) performed a search for low-energy D with the BESS
superconducting spectrometer on long duration balloons (see description of the BASS
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instrument below in Chapter 4, Section 4.6.4). Results are shown in Fig. 1.4.20 in

comparison with other results and with expected for D as possible product of nuclear
interactions of primary CR with interstellar matter). No candidate was found in the data
obtained from four balloon flights at Lynn Lake, Canada during 1997 to 2000. It was
obtained, for the first time, at the 95% confidence level an upper limit of 1.9x 10 (mzs

st GeV/n)—1 for the differential flux of D in the energy region between 0.17 and 1.15
GeV/n.

Fig. 1.4.20. Obtained upper limit on the differential CR antideuterium D flux according to measurements by
the BESS instrument in 1997-2000 (Fuke et al., 2003) and the expected D sensitivity for BESS-Polar

(according to Yamamoto et al., 2002) in comparison with expected secondary D (according to Chardonnet et
al., 1997). For comparison are shown also results for antiprotons (observed fluxes and expected for secondary
antiprotons). According to Fuke et al. (2003).
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Sasaki et al. (2001) searched for He in CR using also the BESS detector (see
description of this detector in Section 4.6.4) in every summer since 1993 (the last
balloon flights of the BESS magnetic spectrometer were in 1999 and 2000 at Lynn Lake,
Canada). The search was mainly based on track quality selection and rigidity analysis
and on the time of flight and dE/dx measurements of the scintillation counter hodoscope.
Sasaki et al. (2001) re-analyzed all the data collected during 1993—-2000 with a common
analysis procedure. The total number of helium nuclei observed by BESS in 1993-2000

was > 6.6x10% in the rigidity region from 1 GV to 14 GV. No He candidate was found
in the corresponding rigidity region. The resulting 95 % confidence level upper limit on

the -H_e/ He flux ratio at the top of the atmosphere is 7x107 in the rigidity range from

1 to 14 GV with the model dependent assumption that the He energy spectrum
coincides with the He spectrum. This result is shown in Fig. 1.4.21 in comparison with
previous limits: Smoot et al. (1975), Evenson et al. (1972), Aizu et al. (1961), Badhwar
et al. (1978), Golden et al. (1997), Buffington et al. (1981), Ormes et al. (1997), Saeki et
al. (1998), Alcaraz et al. (1999).

Fig. 1.4.21. The upper limit of ﬁg/He obtained by Sasaki et al., 2001 (‘This work® — in Figure) in comparison
with previous BESS results and results of other experiments. According to Sasaki et al. (2001).



Chapter 2

Secondary Cosmic Rays Underground
and in the Atmosphere

2.1. CR interactions with air and ground atoms

Primary CR of galactic and solar origin (mostly protons and nuclei of different Z)
undergo nuclear interactions with air atoms and generate a lot of secondary particles
(secondary CR). As will be shown in Chapter 11, secondary relativistic positrons and
electrons are responsible for lightning between clouds and ground, and between two
clouds, as well as for discharges at great altitudes between clouds and the ionosphere
(sprites). Primary CR (mostly protons, alpha—particles and heavier nuclei) and some part
of secondary CR (nuclear active particles, mostly protons and neutrons) are important for
the generation of stable and unstable cosmogenic nuclides in the atmosphere, in the
oceans and underground (Chapters 10 and 17). Charged secondary particles such as
protons, positive and negative pions, positive and negative muons, positrons and
electrons (including re-entrant and splash albedo particles, see below Section 2.12) are
important for the ionization of air and chemical processes in the atmosphere (particularly,
formation of nitrates and influence on ozone layer — see Chapter 13). Ionization of air by
primary and secondary charged CR particles is responsible for the effects of CR on
ionosphere and radio wave propagation, for disruptions in radio communications during
great solar flare events (Chapter 12). The ionization of air at altitudes higher than a few
km caused by primary and secondary charged CR particles affects cloud formation as
well, leading to long-term variation in global cloudiness, and consequently to global
climate changes (Chapter 14).

2.2. Meson nuclear cascade and generation of pions

The kinetics of the meson nuclear cascade is determined by the generation of
nucleons by nucleons, as well as by the generation of pions by nucleons and by pions
(see, for example, in Murzin, M1988):

o, (E.,x)/ox = -1, (E,x)+ 4V |1, (E', x)D,,, (E", E)dE", (22.1)
E

A, (E,x)fox =AM (Ex)+ L ]I, (E',x)Dp,(E', E)dE'+
E
+ T L (B 2D gy (B, E )~ %1,, (E,x), (2.2.2)
E X

where 1,(E,x) and I,(E ,x) are the differential energy spectra of nucleons and pions at

a depth of x (in g/ em? ); A, and A, are respectively the transport paths for nuclear

39
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interaction of nucleons and pions; D,,, (E ',E) is the spectrum of nucleons generated by
nucleons with energy E'; Dy, (E',E) is the spectrum of pions generated by nucleons
with energy E', and D,,,,(E',E) is the spectrum of pions generated by pions with

energy E'.

2.3. Meson-nuclear and electromagnetic cascades in the

atmosphere; Geant4 simulation Monte Carlo code
The main components of secondary CR, important for the initiation of meson-nuclear

and electromagnetic cascades are secondary neutrons and protons, and z*,7~,7° pions
directly generated in nuclear interactions. Decay of charged pions

7z++,u++vﬂ, T o p vy (23.1)
generates muon (4, 4~ ) secondary component, while decay of neutral pions

7’ s y+ y (2.3.2)

generates the non-equilibrium (relative to muon component) electron—photon component.
Generation of electron—positron pairs by gamma rays from neutral pion decay, as
described by Eq. 1.5.4, leads to the development of an electromagnetic cascade —
electrons and positrons generate gamma rays, which in turn generate electron-positron
pairs and so on). The decay

Ut et vV, uT eV Yy, (2.3.3)

leads to equilibration of the muonic part of the electron—photon component.

In Fig. 2.3.1 are shown vertical fluxes in the atmosphere of protons + neutrons,
pions, muons, electrons and neutrinos with energy more than 1 GeV, calculated from
flux of primary CR. In the first approximation the flux of secondary particles generated
by primary CR on the small values of depth x << 4,, will be

N,(E;)dE; = K,;xE7*%* <10 dE;, em™sr ' sec™!, (2.3.4)

where x is in g/cmz, and coefficient K; =3.27,3.05, and 1.11 correspondingly for
generation gamma rays (i = ¥), neutrino (i =v), and electrons (i =e). Here the energy
E; is measured in GeV. For our Galaxy the expected flux of secondary CR is very
small: the maximum is expected from the center of Galaxy (x=0.1 g/cmz) about

2x107° em 2srlsec™! for gamma-rays and neutrino with energy more than 1 GeV

(significantly lower than the flux generated in the Earth’s atmosphere). For secondary
electrons with £, 21 GeV the generation rate in the halo of our Galaxy (concentration
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0—29 3.S -1

of matter =1072 atoms.cm™ ) is expected to be =2x1 electron.cm " .sec” , smaller

by about two order of magnitude than the flux needed for the explanation of the
observed synchrotron radiation and galactic CR electron fluxes. This means that the
observed electrons in galactic CR are mostly primary; see Ginzburg and Syrovatsky,
M1964; Berezinsky et al., M1990. For the Earth’s atmosphere, where the depth of matter
x is much bigger than in the Galaxy, the role of secondary CR is significant.

Fig. 2.3.1. Vertical fluxes of CR (protons + neutrons, pions, muons, electrons and neutrinos) in the atmosphere
with energy more than 1 GeV vs. the atmospheric depth. The black squares show measurements of negative
muons (Bellotti et al., 1996). According to Gaisser and Stanev (1996).

The precise knowledge of the flux of atmospheric cascade particles induced by
galactic and solar CR is of utmost importance for a large field of applications. Complex
Monte Carlo codes that can simulate the transport of CR through the atmosphere allow
bettering quantifying these fluxes. The Geant4 Monte Carlo toolkit offers all the libraries
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needed to build such codes (Geant4 Collaboration, M2003; see in website: Geant4
collaboration, the Geant4 toolkit, http://geant4.web.cern.ch). This Code allows
simulating the propagation of primary and secondary particles through matter in the
energy range 250 eV-10 TeV. First developed for the accelerator community, it has been
sponsored by European Space Agency for extending its capabilities for the space and
astrophysics community. Desorgher et al. (2003) have developed a Monte Carlo code
based on Geant4 that simulates the interaction of CR with energy < 100 GeV with the
Earth’s atmosphere. The code allows computing the fluxes of secondary particles at
user-defined altitudes. Possible applications include e.g. neutron albedo estimations,
solar particle flux studies, and cosmogenic nuclide production. In this Monte Carlo code
the atmosphere is represented by the superposition of several homogeneous horizontal
layers with the same atmospheric depth. The density, pressure and temperature are taken
as a function of altitude according to the 1976 U.S. standard atmospheric model (see in

Grieder, M2001). The atmosphere is considered as composed by 78.1% of N2 and 21.9%

of O3. The electromagnetic shower is simulated by the standard electromagnetic package
available in Geant4. For the simulation of hadronic interactions, different models of
Geant4 are used, depending on the energy range (Geant4 Collaboration, M2003). For
high energies (more than 10 GeV), a quark gluon string model has been selected. For
nucleons at energies lower than 10 GeV the binary intranuclear cascade model has been
chosen (in this model the cascade phase is followed by a pre-equilibrium phase at
intermediate energy, and then by an evaporation regime at lower energy). For neutrons
with energy lower than 20 MeV the G4NeutronHP model based on the ENDF database
is used. In a first application, Desorgher et al. (2003) have simulated the interaction of a
CR proton population with a geomagnetic cutoff energy 2.7 GeV, and have only
considered primary protons of vertical incidence. The resulting albedo neutron flux at
the top of the atmosphere and the resulting flux of secondary particles at sea level are
plotted in Fig. 2.3.2 and Fig. 2.3.3, respectively. These fluxes were obtained by

simulating 3x10° cascades.

Fig. 2.3.2. Albedo neutron flux at the top of the atmosphere computed by using a vertically incident flux of CR
protons. According to Desorgher et al. (2003).
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Fig. 2.3.3. The same as in Fig. 2.3.2, but for different secondary CR components near the Earth’s surface.
According to Desorgher et al. (2003).

According to Desorgher et al. (2003), a rapid comparison with former Monte Carlo
simulation results and measurements shows that results shown in Fig. 2.3.2 and Fig.
2.3.3 are realistic; however to validate the code, more simulations with varying input
parameters are needed.

2.4. Secondary CR underwater and underground

2.4.1. Origin and nature of CR underwater and underground

Primary CR (mostly protons and nuclei of different Z) are absorbed very quickly in
the atmosphere, so that near sea level their flux is negligible in comparison with a hard
secondary CR component (relativistic muons), secondary soft equilibrium and non-
equilibrium components (soft muons, electrons, positrons, gamma quanta), and even in
comparison with secondary nuclear active particles (mostly neutrons and protons). Most
of our present knowledge on CR underwater and underground was obtained about 50
years ago (see review in George, 1952). Underwater and underground secondary nuclear
active particles very quickly are absorbed in nuclear interactions with atoms of water and
ground. This is also the fate of the non-equilibrium soft secondary CR component
(electrons, positrons, and photons generated by decay of neutral pions on two gamma
quanta). Thus there are only three secondary CR components underground and in the
oceans: 1) hard component (relativistic muons); 2) soft equilibrium component (soft
muons, electrons, positrons, and photons which are in equilibrium with hard
component); 3) secondary neutrinos, generated in the atmosphere, in water, and in the
ground by the decay of charged pions and muons (intensity of these neutrinos is
practically independent of the depth, see Section 2.6 for more details).



44 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

2.4.2. CR measurements underwater and underground

The first attempts to measure CR intensity by electroscopes underwater on depths
4.5-5.0 m at sea level and on mountains on altitude about 3 km were made by
Kolhorster (1923). In the summer of 1925 these investigations were continued by
Myssowsky and Tuwim (1925) using electroscopes at different depths (up to 10 m) in
Lake Onega.

From 1925 a lot of systematical measurements of CR intensity underwater up to 15 m
depth were made in experiments of Millikan (1925) and Millikan and Cameron (1926)
by special water resistant electroscopes in two mountain lakes: Muir at an altitude of
3595 m above sea level and Arrowhead at 1555 m. It was found that the results on CR
intensity obtained underwater in lake Arrowhead are identical to the intensity in lake
Muir, but at depths larger than 1.8 m (corresponding to a depth of 2040 m in air, which
is the difference in altitudes of the two lakes). These measurements were continued by
Millikan and Cameron (1928, 1931) up to an underwater depth 80 m (for these
experiments ionization chambers of high pressure were used).

Regener (1931) extended these measurements up to a depth of 236.5 m. Let us note
that the use of ionization chambers of high pressure and special water resistant
electroscopes at great depths met with a major difficulties, caused by the radioactive
background of the detector materials and the surrounding matter. These difficulties
limited the depth where these instruments can be used to only by few hundred m w. e.
(water equivalent). To overcome this limitation, Regener (1931) used also
Geiger—Muller counters. Later these measurements were continued up to more than 10
km w. e. (Crouch, 1987; Andreev et al., 1987; Berger et al., 1989; Aglietta et al., 1995,
Ambrosio et al., 1995)

2.4.3. The CR intensity dependence on depth of water and ground

Use of a vertical telescope from two Geiger—Muller counters connected by an
electronic scheme for coincidences
reduces significantly the influence of
radioactivity. This type of a detector
was first used by Kolhorster for
underwater measurements (1933) at
different depths down to 1000 m w.
e.. During 1937-1939 many CR
intensity measurements with high
accuracy were carried out down to
depths of 1,400 m w. e. by Ehmert
(1937), Clay et al. (1937), Wilson
(1938a,b) and Clay and Ehmert
(1939). These measurements were
later extended to depths of about
3,000 m w. e. (see review in George,
1952 and Fig. 2.4.1 below).

Fig. 2.4.1. CR intensity change underwater
and underground, measured in different
experiments.
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To the beginning of 1960s the maximum depth where CR intensity was measured was
6,400 m w. e. (Menon et al.,, 1963). The measurements were made by telescope of

scintillation counters with an effective surface of 1.5 m? with 5 cm lead between
counters (so that only the hard muon component was detected). The vertical CR intensity
at this depth was found to be

1,(6,400mw.e.)=(1.92 % 0.47)x 107" particles.cm 2.sec ™! ster . (24.1)

As we mentioned above, now the underground CR measurements are continued up to
depths much more than 10 km w. e. (see Fig. 2.4.2; the flat portion of the curve is owed
to muons produced locally by charged—current interactions of v, ).

Fig. 2.4.2. Vertical muon intensity vs. depth (1 km w. e. = 10° g.cm'2 of standard rock). The experimental data
are from: light thombs — the compilations of Crouch (1987); light squares — from Baksan experiment (Andreev
et al., 1987); light circles — from LVD experiment (Aglietta et al., 1995); black circles — from MACRO
experiment (Ambrosio et al., 1995), and black squares — from Frejus experiment (Berger et al., 1987). The
shaded area at large depths represents neutrino induced muons of energy above 2 GeV (the upper line is for
horizontal neutrino-induced muons, the lower one for vertically upward muons). According to Gaisser and
Stanev (1996).
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2.4.4. Energy dependence of muon absorption path
From the dependence of CR muon intensity on underwater or underground depth one can
derive the dependence of the absorption path of muons on their energy. The latter is shown in Fig.

2.43.

104

Range (m.w.e.)
[ b
= =

[ w
[

[y
o

10°

10'°
Muon energy (eV)

1012

1013

Fig. 2.4.3. The dependence of muon absorption path underwater and underground (in m w. e., vertical axes) on
muon energy. According to George (1952).

The muon absorption path underwater and underground is determined by the energy
losses owed to the following processes: ionization, bremsstrahlung, generation of
electron-positron pairs, generation of Cherenkov radiation, formation of ‘stars’ and
generation of secondary light absorbing particles (including neutrinos):

where the coefficients a(E P ) , b; (E M ), >b; (E #) are shown in Table 2.4.1.

—dEﬂ/dx=a(E/,)+Zbi(Ep)E/l >

(2.4.2)

Table 2.4.1. Average muon range R, and energy loss parameters in Eq. 2.4.2 calculated for standard rock

(A=22,Z =11, p=2.65gcm™ ). According to Gaisser and Stanev (1996).

E,u ’ R,u > a(Ey) B bpair(E,u), bbrcms(E/l) bnucl(E,u) Zbi(E,u)
GeV kmw.e. MeV.g_lcm2 10_6g_lcm2 10_6g_lcm2 10_6g_lcm2 1076 g_lcm2
10 0.05 2.15 0.73 0.74 0.45 1.91
100 0.41 2.40 1.15 1.56 0.41 3.12
1000 242 2.58 1.47 2.10 0.44 4.01
10000 6.30 2.76 1.64 2.27 0.50 4.40
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From Fig. 2.4.3 it can be seen thatat £, < 10''eV the absorption path increases linearly
with the muon energy, since at these energies the main losses are caused by ionization

processes that are about constant per lg.cm_z. At higher muon energies the energy

losses per 1 g.cm_2 increase with muon energy due to the other processes mentioned
above. The dependence of the absorption path on muon energy becomes non-linear with
visible signs of saturation at absorption path about 10 km w. e. The dependence of R,
from E, for E,>100GeV can be approximated with high accuracy (correlation

coefficient 0.999) as

R

(E,)=0.9025(1g(£,, /GeV )P - 2.4095x1g(E,, /GeV)+1.5725 kmw.e. (2.4.3)

The dependences of a(Eﬂ) and Zbi(E#) from E, for E,>10GeV can be

approximated with high accuracy (correlation coefficients 0.996 and 0.999) as

a(E,)=0.201x1g(E,, /GeV)+1.97 MeV.g " .em?, (2.4.4)
56(E,)=|-0205x(1g(E, /GeV )P +1.861x1g(E, /Gev)+ 0245 |k 106 g Tem? . (2.4.5)

2.4.5. Angular distribution of muons underwater and underground
According to Cousins et al. (1957) the angular distribution of muon intensity
underwater and underground can be described by

1(Z,h)= 1, (1)x(cos Z)1P), (2.4.6)

where Z is the angle from the zenith, % is the depth in m w. e., / ﬂv(h) is the muon

intensity in vertical direction, and (k) = 2.0 at 60 m w. e. (Follet and Crawskaw, 1936),
y(h) =1.9210.08 at 103 m w. e. (Sreekantan et al. 1956), y(h) =2.8+0.1 at 850 m w. e.
(Randell and Hazen, 1951), and »(#) = 3.0 at 1,700 m w. e. (Bollinger, 1950). So, as the

depth 7 increases, the secondary CR (mostly muons) becomes more concentrated near
the vertical direction.

2.5. Negative and positive muons in the atmosphere

CR muons in the atmosphere and at ground level have recently been measured in
several experiments: BESS (Motoki et al.,, 2001; Sanuki et al., 2001), CAPRICE
(Hansen et al., 2001; Tsuji et al., 2001), MASS, HEAT and others (see description of
these experiments below, in Chapter 4, Section 4.6.4). In order to select muons with a
high purity, these experiments comprised a variety of particle identification techniques.

For example, Fig. 2.5.1 shows the results of measurements of u* and u~ fluxes on
balloons in BESS-98 and CAPRICE-98 experiments, compared with the theoretical
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calculations made by Honda et al. (2001) and Engel et al. (2001) for muons with
momentums of 1.0, 1.5, 2.5, 3.9 and 6.3 GeV/c.

Fig. 2.5.1. Measured muon fluxes during the ascend of balloon experiments. Blank and black squares show
data from BESS-98 and CAPRICE-98 experiments, respectively. Dotted and solid lines show predictions by
Honda et al. (2001) and Engel et al. (2001), respectively. The mean momentums are 1.0, 1.5, 2.5, 3.9 and 6.3
GeV/c from the top to the bottom. According to Kajita (2001).

The measurements x#* and g~ fluxes at very high altitudes are difficult owing to

higher proton flux. Especially in the high momentum range, the separation of muons and
protons is very difficult. Only recently have these fluxes been separately measured in the
CAPRICE experiment in the atmosphere up to 18 GeV/c (Hansen et al., 2001).
However, the high altitude muon data are still limited in statistics and in the momentum

range, as seen in Figs. 2.5.1 and 2.5.2. The latter figure also shows results of #* and

/4~ momentum spectra measurements of at depths of 3 —5 g/cm’, in comparison with
the theoretical results obtained by Honda et al. (1995).

Momentum spectra of total muon fluxes (4" + 4~ ) at different altitudes and at

different cutoff rigidities are shown in Fig. 2.5.3. From Fig. 2.5.3 it can be seen that the
data from BESS and CAPRICE experiments taken at Lynn Lake in Canada agree within
5%. Altitude and geomagnetic cut off dependences of the measured fluxes are also
clearly seen.
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Fig. 2.5.2. Measured muon fluxes at 3 — 5 g/cm” altitude. Also shown are the calculated muon fluxes by Honda
et al. (1995). According to Kajita (2001).

Fig. 2.5.3. Momentum spectra of total muon fluxes ( ,u+ + ) at different altitudes and at different cut off
rigidities. According to Kajita (2001).



50 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

Results shown in Fig. 2.5.4 are in good agreement with calculations of Hebbeker

and Timmermans (2001) for the ratio u* / A in the momentum range 10 to 300 GeV/c:

1t/ =1.268+(0.008+0.0002p), 2.5.1)

where p is the muon momentum in GeV/c.

Fig. 2.5.4. Results of recent measurements of 4" / M ratio in the BESS experiment near Lynn Lake in
Canada at R.=0.5GV and near Tsukuba in Japan at R.=11.5GV in comparison with previous

measurements in different experiments: Appleton et al. (1971), Baxendale et al. (1975), Nandi and Sinha
(1972), Rastin (1984). According to Motoki et al. (2001).

Let us note that in the GeV energy range, most of the muons decay before reaching
to the ground, may accelerate and decelerate by atmospheric electric field. Therefore the
comparison of the measured data and calculations of the ground muon flux is sensitive to
experimental conditions such as the vertical temperature distribution over the point of
observations, humidity, atmospheric pressure, gravitational acceleration, atmospheric
electric field (meteorological effects of muon component, see below, Part 2).

2.6. Secondary neutrino fluxes in the atmosphere and
underground
The flux (in units of cm2.sec”! .sr_].GeV_l) of muon neutrinos (Vﬂ, Vﬂ) at the

bottom of the atmosphere and underground, generated by the decay of charged pions
(Eq. 2.3.1) is approximately given by (Murzin, M1988):
_1.85x1072(0.08 + E, ) >%, if 1 GeV < E, <10 GeV

= (2.6.1)
4 -2 32 .
6.65x107°(L.1+ E, )%, if 10 GeV < E,, <100 GeV
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Neutrino flux (v, Vy, Ve, Ve ) from the decay of muons (Eq. 2.3.2) in the atmosphere
is approximately (Murzin, M1988):

L) 7.65x1072(0.37+E, ) >, if 1GeV<E, <10 GeV, 262
JE,)= 6.
AT | 148x1072(3.5+ B, 745, if 10 GeV < E, <100 GeV.

This flux of CR secondary neutrino generated in the atmosphere is several orders of
magnitude higher than the flux generated in the Galaxy. It can be seen from Fig. 2.6.1
that the flux of muon neutrinos is higher than that of electron neutrinos, and this
difference increases with increasing neutrino energy E,, .

Fig. 2.6.1. Calculated ratio of muon neutrinos to electron neutrinos as a function of neutrino energy, integrated
over the solid angle. Results from one-dimensional calculations are shown by a dotted line (Agrawal et al.,
1996) and a thin-solid line (Honda et al., 1995). Results from three-dimensional calculations are shown by a
dashed line (Battistoni, 2000; Battistoni et al., 2001) and a thick-solid line (Honda et al., 2001). According to
Kajita (2001).

Differential energy spectra (multiplied by Eg ) expected for muon and electron

neutrino in the range from 0.1 to 10> GeV are depicted in Fig. 2.6.2..
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Fig. 2.6.2. Calculated differential energy spectra (multiplied by E‘% ), of muon and electron neutrinos in the

E, range from 0.1 to 10> GeV. Calculations made using one-dimensional approximation are shown by the

dotted line (Agrawal et al., 1996), and the thin-solid line (Honda et al., 1995). Recent calculations using a
three-dimensional approximation are given by the dashed line (Battistoni, 2000; Battistoni et al., 2001) and the
thick solid line (Honda et al., 2001). From Kajita (2001).

Calculations of secondary neutrino fluxes generated by galactic CR in the
atmosphere are widely used in underground neutrino experiments: Kamiokande and

Super-Kamiokande (with water as the target), Homestake (37Cl as target), SAGE and
Gallex+GNO (71Ga as target), and SNO (heavy water D,O as target).

2.7. Underground measurements of solar and cosmic neutrinos

2.7.1. Importance of solar and cosmic neutrinos measurements for
Astrophysics and Elementary Particle Physics

Underground measurements of solar and cosmic neutrinos are very important not only
for Astrophysics (thermonuclear reactions inside the Sun and inside stars, physics of the
Sun interior, physics of Supernova explosions, and so on) but also for Elementary
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Particle Physics (neutrino propagation, neutrino non-zero mass and oscillations, possible
magnetic moment and spin-flavor precession). Let us note, that for “pioneering
contributions to neutrino astrophysics, in particular for the detection of solar and cosmic
neutrinos” (was detected from Supernova explosion in Magellan Clouds at February 23,
1987 in Kamiokande experiment, see Section 2.7.4 below) Prof. Raymond Davis, Jr.
(USA) and Prof. Masatoshi Koshiba (Japan) received Nobel Prize in Physics for 2002.

2.7.2. Solar neutrinos deficit and oscillations; non zero neutrino mass
The problem of solar neutrinos generated in thermonuclear reactions in the center of
the Sun at a temperature of about 1.5x107°C, is very closely related to the field
covered by CR research underground (see review in Bahcall, M1990). These
experiments were stimulated by the first results of Prof. Raymond Davis and his group
on the solar neutrino deficit obtained in Homestake (37C1) experiment (using the

reaction v, 7 Cl> e+ Ar) many years ago (see review and short historical outline

in Davis, 2002). Fig. 2.7.1 shows the ratio of the measured solar neutrino flux relative to
the flux expected from the Standard Solar Model (SSM), as obtained in Kamiokande and

Super-Kamiokande (used water as a target), Homestake (37 Cl), SAGE and Gallex +
GNO ("'Ga ), and SNO (heavy water D,0 ) experiments.

Fig. 2.7.1. Summary of the observed solar neutrino flux by various experiments (before SNO). The
uncertainties in the SSM prediction are also shown. From Kajita (2001).

The result shown in Fig. 2.7.1 can be explained by neutrino oscillations in the Sun or on
the way from the Sun to the Earth (Mikheyev and Smirnov, 1985, 1986; Wolfenstein,
1978; see also review in Berezinsky, 1997); i.e., transformation of the electron neutrinos
generated inside the Sun to muon and tau neutrinos, which can not be detected with the
abovementioned underground neutrino detectors. This means that in contradiction to the
standard elementary particles theory, neutrinos must have a non-zero mass, and that the
masses of tau, muon, and electron neutrinos must be different.
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On the other hand, the recent measurements of the solar neutrino flux (v, from 8B

decay) made in SNO (using heavy water as target so that other types of neutrinos can
also be detected) show that total flux of all types of neutrino is

1,(SNO)=(5.44+0.99)x10% cm™2.sec”! | (2.7.1)
in good agreement with the SMM prediction (Bahcall et al., 2001):
1,(SMM)=5.05%10°% cm ™ sec™! . (272)

The last available results on observed solar neutrino fluxes to the end of 2002
(including very important results of SNO) are shown in Fig. 2.7.2.

Fig. 2.7.2. The same as in Fig. 2.7.1, but to the end of 2002 and including data of SNO. According to
Davis (2002).

2.7.3. Possible anomalous magnetic moment and spin- flavor neutrino

precession

If the neutrino has a non-zero mass it is not excluded that it can have an anomalous
magnetic moment. In this case, on the way from the central region of the Sun where
neutrinos are generated (with a radius about 0.05 of the Sun’s radius) to the Sun’s
surface, neutrinos will interact with the strong interior solar magnetic field, leading to
spin-flavor neutrino precession (Akhmedov and Bychuk, 1989) with the changing of
neutrino type (from electron neutrino to electron or muon anti-neutrino). This change
will be in addition to the change caused by oscillations (from the difference in neutrino
masses and discussed above in Section 2.7.1). The oscillation effect does not depend on
solar interior magnetic field and its possible variations during solar cycle. In contrast,
spin-flavor neutrino precession effects are totally determined by interactions with the
strong solar interior magnetic field, which can vary with the solar cycle.
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On the basis of the Homestake experimental data many authors investigated the
solar neutrino time variability connected with solar activity and galactic CR intensity
variations (Bazilevskaya et al., 1984; Davis et al., 1989; Bahcall, M1989; Akhmedov
and Bychuk, 1989; Dorman and Wolfendale, 1991a,b,c; Bahcall and Press, 1991;
Gavryusev et al., 1991; Dorman et al., 1993, 1995; Rivin, 1993; Rivin and Obridko,
1997; Massetti, 1995; Massetti et al., 1995; Oakley et al., 1994; Oakley and Snodgrass,
1995, 1996, 1997; Bykov et al., 1998, Sturrock et al., 1998; Snodgrass and Oakley,
1999). Let us note that up to now, not many scientists have believed in the reliability of
solar neutrino time variations. A possible cause can be found in the large fluctuations of
Homestake data which decrease the reliability of the obtained correlation coefficients. A
second cause is that, in contradiction with the Homestake experiment, Kamiokande data
do not show any significant time variations (Raychaudhuri, 1991). Recently the
reliability of solar neutrino flux time variations and their connection with solar activity
appeared to be even lower after obtaining the Homestake data for the period 1990-1994,
during which the correlation with solar activity changed its sign (became positive) and
the total correlation for 1970-1994 became very weak (Walther, 1999).

To make the analysis more reliable, Dorman (2000a) used the weight—time function

by taking into account 37 Ar decay, and determined for each solar neutrino run » the
following parameters: the effective heliolatitude of the Earth Leff(n), the effective

Zurich sunspots number Zg (1) , the effective latitude of sunspots distribution A (n),

and the effective surfaces of sunspots in different intervals of heliolatitudes XS0
(covered from +52.5° to —52.5°), and so on. Then it was considered the correlation of
solar electron neutrino fluxes F(7T.) determined on the basis of all Homestake
experimental data (Cleveland et al., 1998) with these parameters for different periods of
solar activity. Results are shown in Table 2.7.1 and Table 2.7.2.

Table 2.7.1. Correlation coefficients of solar neutrino flux F(T.¢f) with solar activity parameters in different
time periods.

Period Zot Zoi/ A 50, 2044 TS 104 55,0
1970-1994 | -0.11£0.06 | -0.06+0.06 | -0.05£0.06 [ -0.03£0.06 [ -0.05£0.06 | 008006 | 0.12%0.06
1970 1979 | 0142010 | ~0.18 £0.10 | ~0.18 £0.10 | 0.23£0.10 | -0.29+0.10 [ -0.18£0.10 | -0.03 £0.11
19801989 | =0.33£0.09 | =0.26 £0.09 | ~0.22£0.09 | ~0.15£0.10 | <0.16£0.10 | 0.01 £0.10 | ~0.02 £0.10
1970 1974 | 023%0.17 | 026016 | 0.15£0.17 | 0.16£0.17 | 0.13+0.18 | 0.12+0.18 | 0.06£0.18
19751979 | -0.23+0.12 | -0.25+0.12 | 02740.12 | -030£0.12 | 038 0.11 | -0.20%£0.13 | -0.02£0.13
19801984 | —0.21+0.13 0.05+0.13 0.01 £0.13 0.1920.13 0.24+£0.12 0.30£0.12 0.15£0.13
19851989 | -0.41£0.13 | ~043+0.13 | -035+0.13 | -034£0.14 | 04820.12 | 0294014 | 0.160.15
19901994 | 024+0.13 | 0.18+0.13 | 025£0.13 | 020£0.13 | 0.14£0.14 | 021£0.13 | 029£0.13

Table 2.7.2. Correlation coefficients of 3-run moving averages of neutrino flux F3(7.¢3) and corresponding 3-
run averages of effective solar activity parameters

Period ) Za3 A3 30,3 $20,3 T153 21043 I

1970-1994 | ~0.16£0.06 | ~0.15£0.06 | ~0.10 £0.06 | ~0.10£0.06 | ~0.10£0.06 | 0.04£0.06 | 0.06%0.06
19701979 | 018 £0.10 | ~0.29£0.09 | -0.21£0.10 | 0322009 | -0.4420.08 | ~0.38£0.09 | -0.34£0.09
19801989 0512007 | ~049 £ 0.08 048+£0.08 | -042£0.08 | -0.372£0.09 | ~0.15£0.10 | -0.13£0.10
19701974 | 0.08£0.18 | 0.08+0.18 | 0.02+0.18 | 0012018 | 0.05£0.18 | 0.00+0.18 | ~0.18 £0.17
19751979 | 026 £0.12 | ~032£0.12 | ~0.29£0.12 | -035£0.11 | ~049£0.10 | -0.41 £0.11 | -0.34+0.12
1980-1984 | 047 £0.10 | -02320.12 | -043£0.11 | 0.14£0.13 | 0042013 | 034£0.12| 027+0.12
19851989 | 0492 0.12 | 051 £0.11 | 048+ 0.12 | ~048+0.12 | ~048£0.12 | -038+0.13 | 0.12%£0.15
1990-1994 | 0.39£0.12 | 028+0.13 | 045+0.011 | 037012 | 034+0.12 | 042£0.11 | 044+0.11
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From Tables 2.7.1 and 2.7.2 it can be seen that the connection between solar activity
parameters and solar neutrino flux, according to Homestake measurements in 1980-
1989, was more evident than in 1970-1979. This difference can be understood if we
consider the correlations separately for 1970-1974, 1975-1979, 1980-1984, and 1985
1989. Correlation in 1970-1974 was positive, but in 1975-1979 it was negative;
therefore, in the total period 1970-1979 correlation became very weak. In both periods
1980-1984 and 1985-1989 correlation was negative; as a result this gives in 1980-
1989, much better negative correlation than in 1970-1979. It is important to note that in
1990-1994 (after about two solar cycles) correlation again becomes positive. These two
periods with positive correlation (1970-1974 and 1990-1994) decrease very much the
total negative correlation coefficient for 1970-1994 and make it very small. This could
be the reason why many people do not believe in the reality of the existence of solar
neutrino time variations and in their connection with solar activity. In both parts of the
odd solar cycle 21 we have a negative correlation of solar activity with solar electron
neutrino flux. This means that in the odd cycle the correlation between the magnetic
field in convection zone (in which a fraction of the electron neutrinos are transformed in
other types of neutrinos, an effect that was not detected in the Homestake experiment,
leading to a decrease in the observed neutrino counting rate) and the solar activity is
positive: increase of solar activity reflects an increase of internal magnetic field in the
convection zone and a decrease of electron neutrino flux. A more complicated situation
is observed in the even solar cycles 20 and 22: in periods of increasing solar activity the
character of correlation between solar activity and electron neutrino flux is the same as
in the odd cycle (negative correlation), but in periods of decreasing solar activity the
character of this correlation is opposite to that of the odd cycle (positive correlation). It
means that in even solar cycles there is positive correlation between magnetic field in
convection zone and solar activity on the Sun’s surface in periods of increasing solar
activity and negative correlation in periods of decreasing solar activity: solar activity
decreases after reaching the maximum, but the magnetic field in the convection zone
continues to increase in the region around the equatorial plane where neutrinos, detected
on the Earth, cross the convection zone. The results obtained can be considered as a
peculiar feature of 22-year variations in convection zone, which can be connected to 22-
year variations of solar activity on the Sun’s surface, as well as to the observed time lag
between changes of magnetic fields in the convection zone and solar activity variations.
On the other hand, the connection of solar neutrino time variations with solar activity
and variable magnetic fields in the convection zone can be considered as a manifestation
of non zero neutrino mass and nonzero magnetic moment in the frame of the theory of
magnetic neutrino resonant spin-flavor precession (Akhmedov and Bychuk, 1989;

Bykov et al., 1998).

This analysis was continued
by Dorman (2000b), where all
data are separated on three groups
NORTH, EQUATOR and
SOUTH, corresponding to the
effective heliolatitude for each
run (see Fig. 2.7.3).

Fig. 2.7.3. L¢sr vs the run’s number n.
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The data were also separated in three groups in dependence of the level of solar
activity (SA): Low SA, Medium SA and High SA. Results are shown in Table 2.7.3.

Table 2.7.3. Average values of solar neutrino flux (F ) , effective helio-latitude (Leff> , and effective sunspots

number (Z.¢f ) in different latitudinal zones and different groups of solar activity (SA) levels.
eff

Zone Parameter Low SA Medium SA High SA
SOUTH (F). SNU 29+04 24£03 25+0.6
(Le). deg ~55+£03 ~49+03 -5.5+0.2
(Zod 239+33 67.8+3.6 138.6+6.1
EQUATOR (F), SNU 3.6%0.5 25+04 2104
(Lo, deg 0.2+0.7 0.0+0.5 0.6%+0.5
(Zet) 21.7+35 80.8+8.5 156.3+3.5
NORTH (F). SNU 2.1£0.6 28+0.5 27£0.6
(Lo deg 50+£04 54+03 55£03
(Z.p) 29.4+£3.7 91.7+£75 1547 £3.1

From Table 2.7.3 it follows that: 1. In the SOUTH zone there is a tendency of
decreasing solar-neutrino flux with increasing solar activity, but in the NORTH zone the
tendency is opposite. 2. The biggest decrease of solar neutrino flux with increasing solar
activity from LOW (Zegr = 22) to HIGH (Zeg = 156) is observed in the EQUATOR zone:
from 3.6 = 0.5 SNU to 2.1 + 0.4 SNU. 3. The biggest NEAR-FAR effect (the difference
between NEAR = EQUATOR zone and FAR zone = (SOUTH + NORTH)/2) is
observed in periods of LOW solar activity: 3.6 £ 0.5 SNU in NEAR zone and 2.5 £ 0.5
SNU in FAR zone; this effect decreases with increasing solar activity and disappears in
periods of MEDIUM and HIGH solar activity. 4. The biggest NORTH-SOUTH
asymmetry also is observed in periods of LOW solar activity: 2.1 £ 0.6 SNU in NORTH
zone and 2.9 + 0.4 SNU in SOUTH zone.

The connection between F(Teff) and Zesr (Tefr) for SOUTH zone is characterized by
correlation coefficient Rg = —0.14 £ 0.11, for EQUATOR zone by Rg = —0.35 £ 0.10,

and for NORTH zone by Ry = +0.12 + 0.11. Therefore, in correlation coefficients there
are a significant NEAR-FAR effect and a great NORTH-SOUTH asymmetry (with
opposite signs in the correlation coefficients). For EQUATOR zone, characterized by the
highest correlation coefficient, the regression equation will be

F(Zog¢)=3.52-0.0094Z ¢ (SNU), (2.7.3)

what gives for Z, — 0 an expected flux Fp,, = 3.52 SNU, in good agreement with

Table 2.7.3.

The main results that characterize the latitudinal dependences of solar-neutrino
fluxes and their correlation with parameters of solar activity, can be summarized as
follows:

1. Homestake experimental data of solar-neutrino fluxes for about 24 years show the
existence of NEAR-FAR effect; this effect increases significantly in periods of LOW
solar activity, when a significant NORTH-SOUTH asymmetry is also observed.

2. The biggest decrease of solar-neutrino flux with increasing solar activity was
observed in EQUATOR zone; in this zone the maximum solar-neutrino flux at zero solar
activity is expected to be 3.5 SNU.



58 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

3. Correlation coefficients of solar-neutrino flux with solar activity for SOUTH and
NORTH zones have opposite signs for sunspots numbers, as well as for sunspots
surfaces, taken in symmetrical latitudinal belts.

4. We show that there are reliable NORTH — SOUTH asymmetry in fluxes and
correlation coefficients and that neutrino flux in SOUTH zone Fs better correlates with
sunspots surfaces XS than with XN, and neutrino flux in NORTH zone FN better
correlates with sunspots surfaces N than with £S. Neutrino fluxes in SOUTH zone are
controlled mainly by solar activity in south latitude belts (correlation coefficients for
south latitude belts are in 2—4 times bigger than for north latitude belts), and fluxes in
NORTH zone are controlled by solar activity in north latitude belts.

5. Neutrino fluxes in EQUATOR zone are controlled mainly by solar activity in
symmetrical latitudinal belts.

6. In our opinion, the much smaller 11-year solar cycle variation in Kamiokande and
Super-Kamiokande experiments in comparison with Homestake experiment can be
understood if we take into account that this variation really has only EQUATOR zone,
and that about 1/3 part of transformed neutrino will be detected in Kamiokande
experiment and not detected in Homestake experiment. This problem is very important
and let us consider it in more detail. From Table 2.7.3 and mentioned above values on
the correlation coefficients between F(Tefr) and Zefr (Tefr) for SOUTH, EQUATOR, and
NORTH zones (by Rs = —0.14 = 0.11, Rg = -0.35 £ 0.10, and Ry = +0.12 + 0.11,
correspondingly) follows that solar activity influenced mostly only on the electron
neutrino flux passed the Sun’s surface in the EQUATOR zone. In this zone the expected
11-year variation according to Eq. 2.7.3 will have amplitude about 30%. For SOUTH
and NORTH zones we have very small correlation coefficients with opposite signs so
expected 11-year variation for SOUTH + NORTH is about zero. Because each zone
contained the same number of runs (27 runs), the expected 11—year variation for all runs
will be about 10%. Let us suppose that neutrino flux detected in Kamiokande experiment
has the same amplitude for 11—year variation — about 10%. But because about 1/3 part of
transformed neutrino will be detected in Kamiokande experiment, that this amplitude
will be reduced to about 7% what is in the frame of statistical errors (if it will be possible
in the near future to separate Kamiokande data on the 3 zones mentioned above, the
expected 11—year variation for EQUATOR zone will be about 20%).

Dependences of solar neutrino fluxes and of correlation coefficients on the position
of the region where neutrino crosses the solar surface give additional arguments to
support the conclusion made above: the interpretation of obtained results can be based
on the standard solar model of electron neutrino generation in thermonuclear processes,
their propagation through 22—year variable strong magnetic fields in the convection zone
(connected with solar activity magnetic cycle) — in the frame of the theory of magnetic
neutrino resonant spin-flavor precession (Akhmedov and Bychuk, 1989; Bykov et al.,
1998). It gives additional argument that neutrino must have non-zero mass and anomaly
magnetic moment. From this follows that by an underground solar neutrino experiment
important information can be obtained not only on the thermonuclear processes in the
central region of the Sun, but also on the variable strong magnetic fields in the solar
interior caused the solar activity phenomenon: the intensity of these fields can be
measured if in some independent experiment the value of neutrino anomaly magnetic
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moment will be measured (which is hoped to be done in the near future by using a large

flux of very small energy neutrinos from ‘H decay).

Let us note that described above results of Dorman (2000a,b) are in good accordance
with  obtained by
Snodgrass and Oakley
(1999) on the basis of
Homestake neutrino
data and solar
photospheric magnetic
flux data (Fig. 2.7.4).

Fig. 2.7.4. Regression of
neutrino flux vs photospheric
magnetic flux, in arbitrary
units. The lines show xz best
linear fits to 2—year mean
values. Zero slope indicates
no correlation and a negative
slope indicates anti-
correlation.  According to
Snodgrass  and  Oakley
(1999).

From Fig. 2.7.4 can be seen that for a zone outside of the equatorial zone there are
no significant connections, but for the equatorial zone it may be that, and with
decreasing of central equatorial zone (panel ¢), the connection looks more reliable.

2.7.4. Main results obtained in KamiokaNDE and Super-KamiokaNDE;
detection of solar, atmospheric, and cosmic neutrinos from Supernova;

neutrino oscillations, the problem of proton decay

According to Koshiba (1992, 2002), the first KamiokaNDE, which might be called
an Imaging Water Cherenkov detector had a surface coverage of 20% by
photomultipliers and the total mass of the water inside this detector is 3,000 tons (it costs
about 3 million U.S. dollars). The second experiment called Super-KamiokaNDE, is the
same type of detector but with 40% of the entire surface covered by photomultipliers and
the total mass of the water 50,000 tons (it costs about 100 million U.S. dollars). Both
experiments are situated about 1,000 meters underground in Kamioka Mine (Japan). The
capital letters NDE at the end of the two experiments means originally ‘Nucleon Decay

Experiment’ (the search of reaction p —e' +7°). However, now NDE more often

means as ‘Neutrino Detection Experiment’. According to Koshiba (2002), in
KamiokaNDE and Super-KamiokaNDE where obtained following main results.

The first main result is the observation of solar neutrinos by electron neutrino
scattering on electrons in the water (v, + e — v, '+e'); it was first independent support of

famous Davis’s result on solar electron neutrino deficit (Hirata et al., 1989; see in more
detail Section 3.7.2 above).
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The second main result is the first observation of anti-electron neutrino from
SN1987A explosion in Magellan Clouds at February 23, 1987 (Hirata et al., 1987) by
anti-electron neutrino

interactions in  water

(V,+p—e"+n). The

result is shown in Fig.
2.7.5.

Fig. 2.7.5. The famous result
on the detection of SN1987A
neutrino ‘signal’ at February
23, 1987 in the computer print-
out. According to Koshiba
(2002).

From Fig. 2.7.5 can
be clearly seen the
supernova neutrino
signal above the
background level. This
observation gave the

confirmation of
theoretical ideas on the
supernova explosion

triggered by a

gravitational collapse

(not only the average

energy and the total

number of detected

neutrinos agreed with the

theoretical expectations,

but also the time

duration of about ten

seconds implies that those neutrinos are emitted from a very dense matter, like in a
nucleus, probably a neutron star is responsible).

The third result is the discovery of what is called ‘Atmospheric Neutrino

Anomaly’(Hirata et al., 1988): when CR particles enter the atmosphere, they interact

with the N and O nuclei of air to produce 7* -mesons and K-mesons; these mesons
decay into ,ulL -mesons and v,,, and then ,ui -mesons decay on v, +V, +et (so it is
expected that v . Will be two times more than v, , but really with increasing of energy it
was observed bigger ratio N (vﬂ )/ N (Ve) because some part of muons are not decayed

and v, are not formatted).

The forth result is the neutrino oscillations problem: transformation of neutrino
during propagation and interaction with matter from one type to another; the existent of
the neutrino oscillations was confirmed by observations of solar and atmospheric
neutrino as well as neutrino from distant nuclear reactors.



Chapter 2. Secondary CR Underground and in Atmosphere 61

The fifth main result obtained in KamiokaNDE regards to the problem of proton
decay (p — e +7°): Hirata et al (1989), Koshiba (2002) came to conclusion that the

non-observation of proton decay by the KamiokaNDE is a serious argument against of
the well known Grand Unified Theory based on SU.

2.8. Secondary neutrons and protons in the atmosphere

Secondary neutrons and protons are very important for generation cosmogenic
nuclides in the Earth’s atmosphere (see Chapters 10 and 17), and secondary protons — for
ionization and chemical processes (see Chapters 11 — 14). Lingenfelter (1963) calculated
the expected altitude-latitude distribution of neutron production rate from galactic CR in
minimum and maximum of solar activity. Results are shown in Fig. 2.8.1 for the
minimum of solar activity, and in Fig. 2.8.2 for the maximum of solar activity.

Fig. 2.8.1. Production rate of neutrons in the atmosphere by primary and secondary CR (in units of
neutron.g_l.sec_] ), as a function of altitude in g/cm2 and geomagnetic latitude in the period of solar
minimum activity. According to Lingenfelter (1963).
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Fig. 2.8.2. The same as in Fig. 2.8.1, but for the period of solar maximum activity. According to Lingenfelter
(1963).

More detailed results on the generation of neutrons and protons were obtained
recently by Masarik and Beer (1999). To simulate in detail the development of the CR
cascade and to calculate the expected production rates of cosmogenic nuclides in the
atmosphere, Masarik and Beer (1999) used the GEANT (Brun et al., 1987) and MCNP
(Briesmeister, 1993) code systems.

The solid Earth in the calculations of Masarik and Beer (1999) was considered as a
sphere with a radius 6,378 km, a surface density of g.cm—3 with an average chemical

composition as shown in Table 2.8.1. The Earth’s atmosphere was modeled as a
spherical shell with inner radius of 6,378 km and a thickness of 100 km; it was divided

into 34 concentric sub-shells of equal thickness (in g.cm_z) with an average chemical
composition as shown also in Table 2.8.1.
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Table 2.8.1. Chemical composition (in weight fractions) adopted for calculations in Masarik and Beer
(1999).

region elements
H N 6] Na Mg Al Si Ar Ca Fe
soil 0.002 0.473 [ 0.025 | 0.040 | 0.060 [ 0.290 0.050 | 0.060
atmosphere 0.755 | 0.232 0.013

The Earth and atmospheric shells were divided into 9 latitudinal sections
corresponding to steps of 10° in magnetic latitude. The atmospheric density was
approximated by

1.27x107 exp(—0.1091H ) g/cm® if H <9.73 km,
H)= . (@8]

2.03%10 7 exp(— 0.1573H ) g/em’ if H >9.73 km,

where H is the altitude above sea level in km.
To take into account the change of galactic CR with solar activity, an analytical
approximation of Castagnoli and Lal (1980) was used:

Ep(Ep +mp02XEp +x+<IZ°)>2~5

D(Ep’q)): ¢ (Ep +<I>XEP +2mpc2 +d>)

p

, (2.8.2)

where x =780 exp(— 2.5x107*E » ), E, is the proton kinetic energy (in MeV), @ is the
modulation parameter (varying from 0 to 1,000 MeV), mp02 =938 MeV is the proton

rest energy, and normalization factor C, =1.244x10% cm™sec”'MeV™! . From the

fitting of lunar experimental data (Reedy and Masarik, 1994), the average flux of protons

with energy above 10 MeV was determined to be 4.56 proton.cm'2 sec—l,

corresponding to Eq. 2.8.2 with ®=550MeV, which is about the same as the

long—term average value (Reedy, 1987).

For each latitudinal section interaction of 5,000,000 primary protons in the energy
range from 10 MeV up to 1000 GeV was simulated; the expected statistical errors for
neutron flux near the Earth’s surface are 4-5%, and in the upper atmosphere 3—-4% (for
proton flux statistical errors in stratosphere are 4-5%, and near sea level about 10%).
Big errors for proton fluxes in the low atmosphere are not important because the proton
flux here is about one to two orders of magnitude smaller than neutron flux. For
production of cosmogenic nuclides the most important quantities are the neutron and
proton fluxes and the energy spectrum in different latitudinal zones at different depths in
the atmosphere. Results of the expected integral fluxes of neutrons and protons with

energy E;, =1 MeV in dependence from depth (in the interval from 0 to 1033 g/cmz) in
near equatorial (0—10°) and polar (80—90°) latitudinal zones are shown in Fig. 2.8.3.
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Fig. 2.8.3. Integral fluxes of neutrons and protons with energy E; 21 MeV in the Earth’s atmosphere as
a function of the depth (in the interval from 0 to 1033 g/cmz) in near equatorial (0-10°) and polar (80-90°)
latitudinal zones for the average modulation parameter @ =550 MeV . According to Masarik and Beer
(1999).

Fig. 2.8.4 shows the expected differential energy spectra of neutrons and protons (in
kinetic energy range from 1 MeV up to 1000 GeV) on the depths in the atmosphere 30,

150, 420, and 990 g/cm2 in 0—10° and 80-90° latitudinal zones.

Fig. 2.8.4. Differential energy spectrums of neutrons and protons (in kinetic energy range from 1 MeV up
to 1000 GeV) on the depths in the atmosphere 30, 150, 420 and 990 g/cm2 in 0-10° (a) and 80-90° (b)
latitudinal zones for the average modulation parameter ® =550 MeV . According to Masarik and

Beer (1999).

The calculated fluxes of neutrons are compared with observations made by neutron

monitors on depths 1033 g/cm2 (sea level), 843 g/cm2 (1.68 km) and 680 g/cm2 (3.4 km)
at different cut off rigidities from 1 to 14 GV. The differences obtained are within a few
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percent, which are about the same as the accuracy of the calculations. The changes of the
modulation parameter during the period 1953-1995, determined in Masarik and Beer
(1999) from comparison with Deep River NM, are shown in Fig. 2.8.5.

Fig. 2.8.5. The changes of modulation parameter during the period 1953-1995, determined in Masarik and
Beer (1999) from comparison with Deep River NM counting rate long-term variations.

In Vannuccini et al. (2003) by analyzing the available experimental data on light
fragments produced in nucleus-nucleus collisions, a new parameterization has been
developed for the energy and angular distributions of these fragments from 10 MeV/n to
1 GeV/n; using this parameterization, it was determined the energy spectra of secondary
protons from 100 MeV to 100 GeV, as a function of the depth and zenith angle in the
upper atmosphere (at the level about 5 g/cmz).

A lot of measurements of secondary neutrons at different altitudes and latitudes
were made by Zanini et al (2003): on Mt. Matterhorn (46 °N, 3480 m above sea level),
Mt. Chacaltaya (16 °S, 5230 m), on airplanes of Alitalia Flights at altitude about
10500m, on Trans-Mediterranean balloon flights at altitudes 15000, 28000, and 30000
m. These measurements were made in energy ranges 100 keV-100 GeV and 10 keV-20
MeV. For the energy range 100 keV-100 GeV were used following experimental
systems: Bubble Dosimeter BD100R (100keV-20MeV), Polycarbonate detector foils
(1MeV-150MeV), Polycarbonate detector bottles (IMeV-150MeV), and Fission
detector 209Bi layers (100MeV—-hundreds of GeV). For the energy range 10 keV-20
MeV an adapted version of the BUNTO unfolding code was used like limited energy
range detector system; it is constituted by six types of bubble detectors, which differ in
energy thresholds and responses. Two Monte Carlo codes (GEANT 3.2 and FLUKA)
have been used to simulate the hadronic cascade and the interaction between primary
protons and atmosphere at various altitudes and latitudes. Obtained results on the
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neutron energy spectrum at Mt. Mattethorn (46 °N, 3480 m above sea level) in
comparison with obtained at other mountains are shown in Fig. 2.8.6.

Fig. 2.8.6. Measured neutron energy spectrum at different mountains. According to Zanini et al. (2003).

Results of determining of vertical profile of integral neutron flux by measurements
on high mountains, intercontinental airplane flights, and on balloons in comparison with
results of Monte Carlo simulation on the basis of GEANT code are shown in Fig. 2.8.7.

Fig. 2.8.7. Vertical profile of integral neutron flux: comparison of measurements with simulation. According to
Zanini et al. (2003).
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Secondary neutrons gave important contribution in the radiation doze, especially on
altitudes of transcontinental airplane flights. In Fig. 2.8.8 are shown calculated vertical
profiles of radiation dozes caused by different secondary particles (y, |, n, p, €) as well
as total doze (from sea level up to altitude of 60 km).

Fig. 2.8.8. Vertical profiles of radiation dozes caused by neutrons and other secondary particles (y, W, p, €) as
well as profile of total doze. According to Zanini et al. (2003).

The radiation dozes shown in Fig. 2.8.8 are calculated as generated by galactic CR
near minimum of solar activity (interplanetary modulation potential ® = 465 MV) for
the point on the Earth characterized by cutoff rigidity R, = 6.1 GV (these dozes decrease

with increasing of solar activity and increasing R;). Let us note that in periods of great
solar flares the radiation dozes may increase many times and it became dangerous for
people health and apparatus (see in more details below, in Chapter 18, Section 18.12,
and in Dorman, M2005).

2.9. Secondary gamma rays in the atmosphere from galactic and
solar CR

Share et al. (1999) investigated atmospheric gamma ray lines produced by galactic
and solar CR. The Earth’s atmosphere is the most intense source of gamma radiation
observed by satellite—borne spectrometers. Energetic protons in the galactic and solar
CR interact with nuclei in the atmosphere to directly excite nuclear states, create
spallation products in excited states, and produce secondary neutrons. These neutrons
also excite nuclear states and produce spallation products. Letaw et al. (1989) listed the
most intense gamma ray lines from these processes based on earlier compilations by
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Ling (1975), Ramaty et al. (1979), and nuclear data tables. Comprehensive nuclear—line
observations of atmospheric gamma rays produced by CR interactions have been
conducted using NASA’s HEAO 3 high resolution (Mahoney et al., 1981; Willett and
Mahoney, 1992) and SMM moderate resolution (Letaw et al. 1989; Share et al., 1999)
spectrometer experiments. The spectrum of atmospheric gamma rays was derived by

using data accumulated in 10.4x10° sec over a 9-year period with the SMM
instrument’s axis pointed to within 72° of the center of the Earth (see Fig. 2.9.1).

Fig. 2.9.1. Comparison of the atmospheric gamma ray spectrum, produced by galactic CR observed by SMM
over 9 years, with the spectrum excited by the 1989 October solar energetic particle event. According to Share
etal. (1999)

In Fig. 2.9.1 is also shown the spectrum observed from 15.50.52 to 16.05.04 UT on
October 20, 1989 during the period of high geomagnetic disturbance that followed an
intense class X13 X-ray flare and coronal mass ejection on the previous day. The
atmospheric gamma-ray emission increased by more than a hundred times during this
period and was dominated by annihilation and nuclear gamma ray lines emission. It can
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be seen from Fig. 2.9.1, that the positron annihilation line at 0.511 MeV and its
atmospherically scattered Compton continuum dominate the spectrum between 0.3 and
0.55 MeV. A bremsstrahlung continuum and various nuclear line features dominate the
spectrum at higher energies. Table 2.9.1 gives a comparison between SMM and HEAO-
3 measurements of atmospheric gamma ray lines generated by galactic CR.

Table 2.9.1. Comparison between SMM and HEAO-3 measurements of atmospheric gamma ray lines
generated by galactic CR. According to Share et al. (1999)

Energy, keV Width, keV Flux, 10~ *y/cm?-s-sr
Lab SMM HEAO-3 SMM HEAO-3 SMM HEAO-3

511 513.4+£3.0 511.07+0.1 13.0+73 229403 87.3+£0.5 110.6+2.2

1635 1636.1+3.5 16348+14 349+16.7 202457 28402 34408

2313 2311.2+3.5 2309.4+19 402+205 24.04+54 53+05 5.4+0.8

3684 3688.8+22.6 3673.0+4.7 196.2481.7 70+ 15 12.7+6.7 4.0+1.0

4444  4451.2+3.0 44285+7.5 163.3+74 135+12 22.8+0.1 19.6%2.1
5105,5180 5134.7+4.3 5090.2+10.4 253.4%+9.2 95+26 5.3+£0.1 34+1.2
6129, 6170  6150.9+ 3.8 6137.2+10.2  96.6 +£22.0 98 +27 4.0+0.1 54+ 1.5

2.10. Secondary gamma rays from precipitating radiation belts

electrons
Bucik et al. (1999) analyzed data received by the SONG instrument in the experiment
onboard CORONAS-I satellite (nearly circular polar orbit with height about 500 km).

Fig. 2.10.1. Planetary distribution of gamma ray flux of 0.12—0.32 MeV. According to Bucik et al. (1999).
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Gamma rays with energies 0.12=0.32MeV, 0.32-1 MeV, 1=3 MeV and 3-8.3 MeV
were detected by a CsI(Tl) crystal with a diameter of 200 mm and a height of 100 mm in
active 4m anti-coincidence shielding of plastic scintillator with thickness 20 mm.
CORONAS-I satellite was oriented with its longitudinal axis directed toward the Sun.
The SONG instrument observed the Sun in the day side of the orbit and the Earth on the
night side. Results are shown in Fig. 2.10.1 and Fig. 2.10.2, which display geographical
maps of 0.12=0.32MeV and 3.0=8.3 MeV gamma ray fluxes, correspondingly. In both
figures data from 5 March to 14 June 1994 were used. The values of gamma ray fluxes
obtained from measurements have been corrected for the induced background caused by
decay of the long living radioisotopes induced due to the interactions of CR and protons
of inner radiation belt with the detector material. The correction of gamma ray fluxes on
time dependence of primary CR was done by using data of NM on Mt. Haleakala.

Fig. 2.10.2. Planetary distribution of gamma ray flux of 3.0-8.3 MeV. According to Bucik et al. (1999).

Fig. 2.10.3 shows the dependence of 3.0-8.3 MeV gamma-ray fluxes for local day
(10.00—-14.00) and local night (22.00-02.00) on vertical cut off rigidity

R.=149L72 GV, (2.10.1)

where L is the Mcllwain’s parameter (according to Shea et al, 1987). The data shown in
Fig. 2.10.1 can be fitted to the power law

1,3.0-83MeV)e< R, (2.10.2)



Chapter 2. Secondary CR Underground and in Atmosphere 71

in the cut off rigidity interval 2—15 GV, where for the local night the spectral index f§ =

0.936 + 0.001 and for the local day B=0.924+0.001 (for equal cut off rigidities measured
gamma ray flux on the night side is larger than on the day side).

Fig. 2.10.3. Dependences of gamma ray 3.0-8.3 MeV fluxes for local night (22.00-02.00) and local day
(10.00—-14.00) from vertical cut off rigidity. According to Bucik et al. (1999).

2.11. Secondary electrons, positrons, and photons generated by
CR in the atmosphere

Secondary electrons and positrons generated by CR in the atmosphere play an
important role in the following phenomena:

— formation of thunderstorms, with relativistic secondary electrons playing a key

role in discharges, see Chapter 11;

— air ionization, which is important for formation and developing of atmospheric

electric fields, see also Chapter 11;

— 1ionosphere and radio wave propagation (Chapter 12);
— many chemical processes in the atmosphere, formation of nitrates, and effects in

the ozone layer (Chapter 13);

— cloud formation, mainly by affecting global cloudiness, and consequently global

climate change (Chapter 14).

Extended review on observations and calculations of fluxes and energy spectrum of
secondary electrons, positrons, and photons generated by CR in the atmosphere was
given by Daniel and Stephens (1974). Figs. 2.11.1-2.11.6 show results of their
calculations for energies from 1 MeV up to 10 GeV. These theoretical results were
checked against a great number of observations. In Figs. 2.11.1-2.11.6 differential

atmospheric growth curves from 0.1 g.cm_2 up to 1000 g.cm_2 for electrons (solid

curves), positrons (dot—dashed curves), and gamma rays (dashed curves) are shown. All

fluxes (in units m~2.sec”! .sr_l.GeV_l) are calculated for different vertical cut-off

rigidities: 0, 2, 4.5, 10 and 17 GV for the period of minimum solar activity (only for cut
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off rigidity of 0 GV, the expected fluxes for the period of maximum solar activity were
also calculated).

Fig. 2.11.1. Expected differential atmospheric growth curves of secondary electrons (solid curves), positrons
(dot—dashed curves), and gamma rays (dashed curves) with energy 1 MeV for cut off rigidities: 0, 2, 4.5, 10
and 17 GV. According to Daniel and Stephens (1974).

Fig. 2.11.2. The same as in Fig. 2.11.1, but for energies 2 and 5 MeV (Daniel and Stephens, 1974).



Chapter 2. Secondary CR Underground and in Atmosphere

Fig. 2.11.3. The same as in Fig. 2.11.1, but for energies 10 and 20 MeV (Daniel and Stephens, 1974).

Fig. 2.11.4. The same as in Fig. 2.11.1, but for energies 30 and 70 MeV (Daniel and Stephens, 1974).

Fig. 2.11.5. The same as in Fig. 2.11.1, but for energies 200 MeV (Daniel and Stephens, 1974).

73
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Fig. 2.11.6. The same as in Fig. 2.11.1, but for energies 1 and 10 GeV. According to Daniel and Stephens
(1974).

In Fig. 2.11.7 are shown integral atmospheric growth curves for energies > 10 MeV and
> 100 MeV for minimum and maximum of solar activity at different cut off rigidities.

Fig. 2.11.7. Integral atmospheric growth curves for electrons (solid curves) and gamma-rays (dashed curves)
for energies > 10 MeV (left) and > 100 MeV (right) at cut off rigidities 0 GV (curves /a for minimum of solar
activity and curves /b for maximum of solar activity), 4.5 GV (curves 3 for minimum of solar activity), 10 GV
(curves 4 for minimum of solar activity), and 17 GV (curves 5 for minimum of solar activity). According to
Daniel and Stephens (1974).
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2.12. CR albedo radiation directed down and up

Primary protons and heavy nuclei interact in the atmosphere to produce short-lived
pions and kaons. Electrons (both positrons and electrons) are among the decay products
of the short-lived species. Secondary electrons and positrons are produced in roughly
equal numbers through decay chains such as the reactions:

o ut et 2.12.1)

Below local geomagnetic cutoff, the electrons at balloon altitudes include an upward-
going particle population (the splash albedo) and a downward-traveling particle
population (the re-entrant albedo). The splash electron albedo particles are produced
largely by incident protons at large zenith angles. The re-entrant electron albedo then
consists of the splash albedo population after propagation back to the top of the
atmosphere and along the trapping magnetic field lines to the field-conjugate location on
the opposite side of the Earth. Simulations and balloon measurements have both been
performed to track the production and propagation processes of the albedo populations.

CR albedo radiation is significant for ionization and chemical processes in the upper
atmosphere (see below, Chapters 11-14). Here we shall briefly describe only some
recent results. Important measurements of electron-positron albedo were made in De
Nolfo et al. (1997; on long duration balloons which was flown from Fort Sumner, New
Mexico, in 1994 at the atmosphere depth between 3.8 and 7.4 g/cmz) and DuVernois et
al. (2001a,b; the same but were flown in 1999 and 2000) by the High Energy Antimatter
Telescope (HEAT). The HEAT was designed to measure antiprotons up to 50 GeV.
Although the instrument was optimized for antiprotons, a significant sample of albedo
electrons and positrons was also measured (see the short description of HEAT in Chapter
4, Section 4.6.4). The splash albedo, in contrast to the re-entrant albedo, is
straightforward to measure with no significant backgrounds. All upward-moving
electrons are included in splash electron albedo measurement.

The results of measurements of re-entrant albedo flux of electrons (e'+¢”) in De

Nolfo et al. (1997) between 1.0-2.4 GV in dependence of atmospheric depth are shown
in Table 2.12.1.

Table 2.12.1. HEAT growth curve for electron re-entrant albedo in 1.0-2.4 GV range. According to De Nolfo
etal. (1997)

Mean depth (g/cm?) Number of Number of Live-time Integral Flux
electrons positrons (seconds) (m’s sr)’

3.98 131+11 128 +11 7841 4.59+0.22
4.18 50+7 40+6 2671 4.69 +0.38
4.30 124 +11 91 +£10 5726 522+0.28
4.78 143+ 12 106 + 10 7110 4.87+0.24
5.50 173+ 13 114+11 7441 5.36 +£0.25
6.80 319+£18 315+ 18 12000 7.35+0.24
7.22 242 £ 16 188 + 14 7848 7.62 +£0.30

De Nolfo et al. (1997) come to conclusion that between 1.0-2.4 GV re-entrant albedo
component amounts to 40% of total electron flux. In Fig. 2.12.1 is shown energy
spectrum of re-entrant albedo flux.
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Fig. 2.12.1. Energy spectrum of re-entrant electron albedo flux measured by HEAT in 1994 in comparison with
other measurements. According to De Nolfo et al. (1997).

The results of DuVernois et al. (2001a,b) in comparison with other measurements
are shown in Fig. 2.12.2.

Fig. 2.12.2. Re-entrant electron albedo fluxes from a variety of different experiments from the mid 1960s

through the HEAT experiment (black circles — this work is DuVemois et al., 2001a,b). The E 16 spectrum is
theoretical modeling for the re-entrant electron albedo flux. According to DuVernois et al. (2001a,b).
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The HEAT instrument is symmetric from top to bottom with paddles of time of flight
scintillators at the extremes, 140 layers of multiple 8E—~8E wire chambers split equally
above and below the 1 Tesla superconducting magnets with a 479 channel
drift—tube—hodoscope for tracking in the central field. During the 2000 New Mexico
flight analyzed in DuVernois et al. (2001a,b), the instrument flew at a nearly constant 4.2
GV vertical geomagnetic cut off rigidity, allowing measurements significantly below cut
off. The secondary nature of both albedo populations is clear in Fig. 2.12.3, with the
combined splash and re-entrant electron albedo population being approximately half
positrons. Both splash and re-entrant albedo populations individually are consistent with
a positron fraction of 0.5. Secondary production processes in the atmosphere give a
positron fraction also of close to 0.5. Propagation through the magnetosphere and
corresponding energy losses should not change this.

Fig. 2.12.3. Positron fraction e* / (e+ + e—) in the splash + re-entrant albedo (DuVernois et al., 2001a).

The number of splash electrons at all atmospheric depths (see Fig. 2.12.4) is greater
than the number of re-entrant electrons at the same depth. In essence this is owing to the
relatively local origin of the splash population and the much more significant
propagation losses for the re-entrant particles.

Fig. 2.12.4. The ratio of splash to reentrant albedo as a function of depth in the atmosphere. Splash albedo
particles are expected to outnumber the downward-going counterparts simply because of propagation losses for
the reentrant albedo. According to DuVernois et al. (2001a).
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2.13. Secondary CR in the troposphere and stratosphere
according to routine measurements on radio balloons

2.13.1. Regular radio balloon CR measurements and comparison with
ground measurements by NM and MT

As we mentioned in Chapter 1 in connection with the IGY in 1957, regular (daily or
several times per week) measurements of CR intensity in the troposphere and
stratosphere by radio balloons were organized under supervision of Prof. S. N Vernov
and Prof. A. N. Charakhchyan in former USSR. The count rates of single counter and of
telescope from two counters were monitored (see the description of the detector in
Section 4.6.3). These measurements were organized at several sites with different cutoff
rigidities and during many latitude survey expeditions (see Table 2.13.1).

Table 2.13.1. The sites and periods of CR regular measurements in the troposphere and stratosphere by radio
balloons. According to Stozhkov et al. (2001).

The CR measurements in the troposphere and stratosphere by radio balloons are
very important because they are sensitive to primary CR with energy about 10 times
smaller than ground neutron monitors
(NM), and about 100 times smaller
than ground muon telescopes (MT) and
ionization chambers shielded by 10 cm

Pb (IC): see illustration in Fig. 2.13.1.

Fig. 2.13.1. Schematic view of galactic and solar
CR spectra (GCR, SCR, thick and thin curves
accordingly). The dotted vertical lines show the
minimal energy of primary particles, which are
detected by radio balloons in the atmosphere (E
>108 eV, upper arrow labeled atm) and by
neutron monitors on the ground level (E >
1.5x10% eV, arrow  with NM). The
ground—based ionization chambers and meson
telescopes record the primary particles with E >
9 107 eV (arrow with MT). According to
Stozhkov et al. (2001).
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2.13.2. Altitude and angular distributions of secondary CR intensity at
different cut off rigidities

Since 1957 more than 70,000 balloon flights have been performed from the sites
listed in Table 2.13.1 and during many expeditions to Antarctica. In Fig. 2.13.2 and
2.13.3 are shown the samples of data obtained at the northern and southern latitudes with

the different values of R during the Antarctic sea expedition of 1986—1987.

Fig. 2.13.2. The CR fluxes vs. atmospheric pressure /# measured at different latitudes of the Northern

hemisphere during the sea expedition of 1986—1987. The values of R; in GV are shown for each curve. The
vertical bars show standard errors. According to Golenkov et al. (1990).

Fig. 2.13.3. The same as in Fig. 2.13.2, but for the Southern hemisphere.
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The angular distribution of CR intensity in the Earth’s atmosphere was determined
according to Bazilevskaya et al. (1997) on the basis of routine CR measurements on
radio-balloons with the standard device (see description in Chapter 4, Section 4.6.3) in
combination with measurements by rotated special multidirectional telescopes
characterized by 5 zenith angles 0°, 22.5°, 45°, 67.5°, and 90° (near the minimum of
solar activity in 1975-1976 where made 22 successful flights at different cutoff rigidities
R.). The measured galactic CR intensity by each telescope can be considered as a sum of
spherical harmonics:

m=22% 0
N(8,x,R.)= zo [ 2" (x,R. Yo (8,0)do, (2.13.1)
m=0 0

where 6 and @ are zenith and azimuthally angles, x is the atmosphere depth in g/crnz, and
Y are spherical harmonics (in Eq. 2.13.1 is taken into account the rotation of telescopes
around vertical axis with period much smaller than the data collecting time). The results
of determining coefficients J 2m (x,R,) for m =0, 1 and 2 in four regions of cutoff

rigidities (0.4-0.6, 2.35, 8.8-9.5, and 12.6—14.1 GV) by the method of the least square
fit are shown in Fig. 2.13.4 for telescopes with filter about 2 g/cm2 Al, and without filter.

Fig. 2.13.4. Results of determining coefficients J 2m(x, R(,) for galactic CR in Eq. 2.13.1 for four regions of

cutoff rigidities for telescopes with filter about 2 g/cm’ Al, and without filter (open and filled squares,
respectively). According to Bazilevskaya et al. (1997).
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On the basis of obtained results was determined the effective geometrical factor of
standard device used in routine radio-balloon flights. Results are shown in Fig. 2.13.5.

Fig. 2.13.5. The effective geometrical factor of standard device used in routine radio-balloon flights: a — for

single counter, b — for double coincidence telescope (data for all cutoff rigidity regions are superposed).
According to Bazilevskaya et al. (1997).

From Fig. 2.13.5 can be seen that for single counter the geometrical factor is about const
in the interval of depths 10-1000 g/cmz, but for the double coincidence telescope
geometrical factor is about const in the interval 10-100 g/cmz, and then with increasing
the atmosphere depth up to 1000 g/cm2, decreases about two times. The latter can be
understand if the fact that angle distribution of secondary galactic CR in the atmosphere
became more sharp with increasing of the atmosphere depth will be taken into account.
For solar CR events, characterized by a spectral index Y in the solar CR energy

spectrum ( Dg (Ek)oc E,:" ), the depth-angular CR distribution according to Bazilevskaya
(1985), Bazilevskaya et al. (1997) can be presented in the form

N(x,0,R,)~ Ax PTR) (cosg)P7-Re) 2.13.2)

where index ﬁ(y, R c) depends also from the cutoff rigidity R, .

2.13.3. Time variations of secondary CR intensity at different depths in

troposphere and stratosphere

The examples of the time dependences of charged particle fluxes (monthly averaged
values) measured at the polar (northern and southern) and middle latitudes in the
stratosphere and troposphere are given in Fig. 2.13.6 and 2.13.7. The period of
observations covers 19-23 solar activity cycles. It is important that the amplitude of
these variations, as well as variations in periods of great solar CR events are much bigger
than observed by muon detectors on the ground and underground, and even sufficiently
bigger than observed by neutron monitors (in more details see in Dorman, M2005).
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Fig. 2.13.6. Time dependence of monthly averaged CR fluxes in the stratosphere at // = 31 km (2 = 10 g/cm?)
measured at the northern and southern polar latitudes (R, = 0.6 and 0.04 GV, upper solid and dotted curves,
accordingly) and at the middle latitude (bottom gray curve, R, = 2.4 GV). According to Stozhkov et al. (2001).

Fig. 2.13.7. Time dependence of CR fluxes averaged per month in the troposphere at H = 10.5 km (h = 250
g/cm’) measured at the northern polar latitudes (R, = 0.6 GV, solid curve) and at the middle latitude (dotted
curve, R, = 2.4 GV). According to Stozhkov et al. (2001).

2.13.4. The atmospheric cut off energy for radio balloon measurements
vs. atmospheric depth

At each atmospheric pressure level 4, only particles with energy E > E, (or rigidity
R > R,), where E, is the atmospheric cut off energy, can contribute to the counting rate
of CR detectors on radio balloons. The atmospheric cut off E, and R, are defined by the
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characteristics of nuclear interactions of the primary CR with air atoms. From the
latitude expedition radio balloon measurements at different # and at different

geomagnetic cut off rigidities R., Stozhkov et al. (2001) determined experimentally

values of R, as a function of 4. Results are shown in Fig. 2.13.8. The experimentally
observed dependence can be approximated by the function

R, =0.041n°8 GV, (2.13.3)

where 4 is in g/cmz.

Fig. 2.13.8. Results of determination the atmospheric cut off R, vs. atmospheric pressure / (in g/cmz)A Open

points were obtained from the sea expedition data and black points — from the long term data obtained at the
stationary sites (see Table 2.13.1). The solid curve is the approximation described by Eq. 2.13.1. According to
Stozhkov et al. (2001).

2.13.5. Precipitation of high-energy electrons from the Earth’s

radiation belts

In Section 2.10 we considered satellite data on precipitation of high energy electrons
from the Earth’s radiation belts (with generation of gamma rays). This phenomenon can
be investigated also by radio balloon measurements. During the geomagnetic disturbed
periods in the polar atmosphere near Murmansk at high altitudes relativistic electron
precipitation events are detected by radio balloons (Makhmutov et al., 1995;
Bazilevskaya and Makhmutov, 1999; Makhmutov et al., 2001a,b). In Fig. 2.13.9 an
example of precipitation phenomenon detected in May 2000 is shown.
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Fig. 2.13.9. Precipitation of relativistic electrons into the northern polar atmosphere near Murmansk recorded
by a single counter on 5 the March, 2000 (left panel, black points). The background from galactic CR is shown
by open points. The telescope recorded galactic CR background only (right panel). The inserts show the dates
of radio balloon flights and launching times. According to Makhmutov et al. (2001a).

From Fig. 2.13.9 can be scen that the single counter records secondary y-rays
produced by precipitating electrons in the atmosphere (at the same time the telescope
records only the background from galactic CR; it allows to separate precipitation
phenomena from solar proton events). It is significant that gamma rays recorded in the
atmosphere at H of about 25-35 km are produced by the precipitating electrons with
energy more than several MeV. The time dependence of yearly precipitation number and
sunspot number are given in Fig. 2.13.10.

Fig. 2.13.10. The time variations of the yearly number of precipitation (black points) and sunspot number
(open points). The observations were made on radio-balloons at the northern polar station in Murmansk region
(see Table 2.13.1) during the time interval of (6—12) UT. According to Stozhkov et al. (2001).
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The data in Fig. 2.13.10 show that precipitations take place most often during the
descending phase of solar activity, supporting the results obtained by Reeves (1998). The
total number of precipitations recorded by radio-balloons in Murmansk region during
1957-2000 equals 549 events. In Table 2.13.2 the yearly precipitation numbers during 20
— 23 solar cycles are given.

Table 2.13.2. The number of precipitations in different solar cycles. According to Stozhkov et al. (2001)

Solar Period Average Total Number of
cycle sunspot number of precipitations
number | precipitations per year
20 1964-1975 58.8 144 12
21 1976-1985 82.9 140 14
22 1986-1995 78.5 118 12
23 from 1996 46.9 85 (for 5 years) 17

2.13.6. Bremsstrahlung photons from precipitating high energy

electrons

As we mentioned above, the regular radio balloon measurements were carried out
with a standard detector consisting of two Geiger counters and an Al filter inserted
between the counters (see for details Section 4.6.3). A single counter records the omni-
directional flux of charged particles: electrons with energy E, > 0.2 MeV, protons with

energy Ep> 5 MeV, and is also sensitive to X-rays (Ep; > 20 keV). During precipitation
events omni-directional counter records the penetrated into the atmosphere
bremsstrahlung photons, generated by the precipitating electrons at atmospheric altitudes
70-100 km. In Fig. 2.13.9 are given examples of observations of bremsstrahlung
photons in the atmosphere at Olenya on 28 and 29 September, 1999, and 5 May 2000.

Fig. 2.13.11. The bremsstrahlung photon absorption spectra: counting rate of the omni-directional counter vs.
atmospheric depth x during the electron precipitation events. 1 - on 28 September (08.14 — 08.32 UT) 1999; 2 -
29 September (08.19 — 09.10 UT) 1999; and 3 - 5 May (08.32 — 09.29 UT) 2000 as observed in Murmansk
region, at Olenya (68°57° N, 33°03” E). The pre-precipitation event quiet time background counting rate is
eliminated. According to Makhmutov et al. (2001b).
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Fig. 2.13.11 displays the bremsstrahlung photon absorption spectra, i.e., the
counting rates of the omni-directional counter owed to the X—rays, vs. atmospheric depth
x. To evaluate these spectra a pre-precipitation event quiet time background caused by
galactic CR is eliminated. The enhanced counting rate up to a few thousand per minute
at atmospheric depths x below 10 g.cm'2 corresponds to the electron flux at the top of the
atmosphere of J(E. > 300 keV) above 104 em™ssrl. For each bremsstrahlung
photons event the dependence of roentgen flux D(x) was approximated as

D(x)=ax™ (2.13.4)

For each individual event, the parameters a and m, as well as the maximum atmospheric
depth (Xmax, in g/cmz) down to which the X-rays were observed, were determined. The
results for all events during 1965-2000 are shown in Fig. 2.13.12.

Fig. 2.13.12. Yearly sunspot numbers (Rz, solid line, both panels), Xy (panel @) and absolute values of

individual indexes |m-ind| (panel b), characterizing bremsstrahlung photon events from precipitating electrons
observed by regular radio balloon measurements during solar cycles 20-23. According to Makhmutov et al.
(2001b).
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The data presented in Fig. 2.13.12 are characterized according to Makhmutov et al.
(2001b) by the following features:

(A) A very wide distributions of Xmax and |m-ind| values during the descending phases
and years close to the minimum of solar activity during cycles 20 to 22. It means that
primary energy of incident electrons from radiation belts varied from a few tens of keV
up to (or more) 6—10 MeV during these precipitation events at L=5.6; it was suggested
that these events were mainly originated from geomagnetic disturbances caused by
interaction of the high speed solar wind streams from solar coronal holes with the
Earth’s magnetosphere;

(B) an extended distribution of Xmax is a peculiarity of the solar cycle 20 in comparison
with that in cycles 21 and 22. This fact is in accordance with the distributions of
geomagnetic storms with Dst more than 50 #7 in solar cycles 20 and 21 (Gonzales et al.,
1996).

Mean values of Xyax and m-indices for each solar cycle are given in Table 2.13.3.

Table 2.13.3. Mean values (Mean) and standard deviations (STD) of interplanetary medium parameters,
geomagnetic indices and characteristics of bremsstrahlung photon events from precipitating electrons observed
in the atmosphere for each of the solar cycles 20-23 (N: number of selected events). According to Makhmutov
et al. (2001b).

Solar Cycle | Parameter Mean STD
SC20 B. nT 6.6 2.2
Bz.nT -1.6 3.1
N=89 V. kim/s 559 124
Dst, nT -33 21
AE. nT 510 201
Xmax, g cm” 18.4 10.2
m-ind. -2.6 1.5
SC21 B. nT 8.9 3.5
Bz.nT -1.5 4.8
N=68 V. km/s 508 97
Dst. nT -44 29
AE. nT 518 222
Xmax, g e~ 14.1 8.2
m-ind. -2.4 1.1
SC22 B, nT 6.6 2.6
Bz, nT -1.2 2.4
N=47 V. km/s 564 130
Dst. nT -46 26
Xmax, g e~ 15.4 7.8
m-ind. -2.4 1.6
SC23 B. nT 8.6 4.1
(incl. 2000) | Bz. nT -1.6 5.2
N=36 V. km/s 472 84
Dst. nT -39 24
Xmax. g cm” 17.4 8.0
m-ind. -3.6 2.2
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Makhmutov et al. (2001b) come to following conclusions:
(1) there is a very wide distribution of bremsstrahlung photons from precipitating
electrons events parameters (Xmax = 10-60 g.cm'2 and |m-ind] = 1.5-8) during the
descending phases and years close to the minimum of solar activity cycles 20-22;
(2) there is no a simple correlation between the sets of the considered parameters:
interplanetary/geomagnetic and characteristics of the electron precipitation events
observed in the atmosphere;
(3) the events with Xpmax = 10-30 g.cm'2 were observed during small, moderate and
intense geomagnetic storms (Dst up to 200 n7);
(4) bremsstrahlung photons penetrate down to atmospheric depth Xax = 40—60 g.cm’2
only during moderate and small storms (Ds? up to 100 nT). Such photons could be
generated by precipitating electrons with energy more than 6—10 MeV (during these
events the hard photons absorption spectra characterized by <m> = — 2 were recorded in
the atmosphere).

2.14. Perspectives of secondary CR research development

In the last years the interest in more detailed investigations of secondary CR
generated in the atmosphere, underwater and underground increased sufficiently and a
lot of very important results were obtained. In this Chapter we have tried to reflect this
progress. In our opinion this progress is caused by the understanding of the important
role played by secondary CR in many large underground neutrino experiments, and in
existing and planned experiments for investigations of CR very high energies (up to

10%° —10%'ev ). From this point of view it is very important to investigate the influence

of atmospheric change on the contents and intensity of secondary CR (see Part 2 of the
present book), as well as the influence of the Earth’s magnetic field changes on
secondary CR, the influence of solar activity and other space processes on the intensity
of secondary CR (these problems will be considered in the next book Dorman, M2005).
On other hand, as it will be shown below, in Part 3, secondary CR play a key role in
many atmospheric processes such as thunderstorms and lightnings, sprites, air ionization,
formation of the lower ionosphere, generation of cosmogenic nuclides, all of which play
an important role in some atmospheric chemical processes (formation of nitrates and
ozone layer). There are evidences of secondary CR influence on cloudiness, and through
cloudiness on long—term climate change. Secondary CR are also very important for
many CR research applications in Meteorology, Archeology, Geology and Geophysical
Prospecting, in Space Weather monitoring and forecasting, in Environment monitoring,
and many others (see below, Part 4). There is no doubt that the effects mentioned above
will further stimulate secondary CR research.
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Coupling Functions, Integral Multiplicities,
and Inverse Transformations

3.1. Integral multiplicities, coupling functions, and CR time

variations

The intensity of any CR component of type i (e.g. total neutron counting rate and
different neutron multiplicities, muon component on the ground and underground at
different depths and different directions, electron-photon component, frequency of
External Atmospheric Showers (EAS), and others), observed at cut off rigidity R, (t) at

the level A, (t) in the atmosphere at some moment of time ¢ can be determined from

oo

N;i(R(t),h,(t),t) = (D)(R,t)mi(R,hO(t), g(t).T(h,t),E(h,t))dR . (3.1.1)
R.(t

Here D(R,t) is the primary CR spectrum out of the atmosphere, and
m;(R, h, (t),T(h,t),E(h,1)) is the integral multiplicity (number of total secondary CR
particles of type i generated from one primary particle with rigidity R), which depends on
the mass of air 4, () in the vertical column under the point of observations. (Note that
atmospheric pressure is usually used instead of vertical column mass. This is correct only
if the velocity of the wind is zero or very small. Otherwise it is necessary to take into
account the Bernoulli effect; see Chapter 6 for details). The integral multiplicity depends
also on the value g(r) of gravitational acceleration which is a function of the latitude and

varies with time because of the gravitational influence of the Moon and the Sun, and on
the vertical distribution of air temperature 7'(h, t) and atmospheric electric field £ (h, t).

Possible time variation of observed CR intensity can be caused by any of three
variables on the right hand side of Eq. 3.1.1:

=)

(Rt (0)t) = 1D, (R)Sm;(R. 1y (¢). g (t).T (1), E(h.1))dR ~ &R (1), (R, )

><m,-o(Rco,ho,go,To(h),Eo(h))+RIc?D(R,t)mio(R,ho,go,To(h),Eo(h))dR, (3.12)
co

where we denote by the index o values at =0 (it can be some average values or
choused at special conditions, e.g. at minimum of solar activity and considered as
standard). It is assumed that the relative variations are very small, so that we can neglect
the interference of different CR variation classes. For the relative CR time variation we
obtain (by dividing Eq. 3.1.2 on N, ):

89



90 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

Ry Oy, = T FRAL LT EG | gy

R, My,

= 0D(R,1)
_&ec(t)pVi(Rco’Rco)-" .[ (—VVi(Rco’R)dR’ (3'1'3)
R Do (R)
where
VI/i(RCO’R) = Do (R)mi (R’hoo’go’To (h)sEo (h))/NI (3'1'4)
is the coupling function between secondary CR of type i and primary CR. Coupling
functions were introduced by Dorman, M1957. (The difference coupling functions for
couple detectors with different cut off rigidities were introduced in Dorman, 1976a,b,c
and Dorman 1977a,b; see below Sections 3.9 and 3.10). It is easy to see on the basis of
Eq. 3.1.1 that

Wi(Rep,R)AR =1. (3.1.5)
RCO

The first term on the right hand side of Eq. 3.1.3 reflects CR time variations of
atmospheric origin (meteorological effects). The second term is of geomagnetic origin,
caused by secular variations of the main geomagnetic field connected with processes in
the earth’s core, as well as with changes of great electric currents in the Earth’s
magnetosphere, especially in periods of geomagnetic storms. The third term reflects CR
variations of extra-terrestrial origin, such as the generation of CR in the Sun,
interplanetary modulation of galactic CR, and interstellar CR variations. The
atmospheric CR variations are considered in detail below, in Part 2 (Chapters 5-9).
Geomagnetic and extra-terrestrial CR variations are considered in detail in Dorman
(M2005).

Let us consider the coupling function at R., =0, the so called polar coupling

function (Dorman, M1957):

Wi(OaR) =D, (R)mio (RahooagOaTo (h)an (h))/Nio(O’hoo) (3.1.6)

The coupling function at any value of R., >0 can be determined through polar coupling
function:

0 if R<R,

-1
W,(R.,.R)= o
H(ReosR) W,-(o,R)[ jWi(O,R)dRJ if R>R,, (3.1.7)
R

O
where R, is the effective cut off rigidity for some chosen moment of time # =0 (note

that the effective cut off rigidity varies with time due to the changes in the main Earth’s
magnetic field and changes of the magnetosphere).
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3.2. The interference between different CR variation classes

In Section 3.1 was assumed that variations of the three parameters which determine
the observed change of CR intensity are very small. But in reality in many cases these
variations can be relatively big (great GLE — Ground Level Events — caused by solar CR
increases, great Forbush decreases, 11 year CR variations, and so on). In these cases Eq.
3.1.2 will be transformed to the following:

AN; = Am = AD(R)) AD(R)
W—RL - —Lw,( CO,R){H(S(R RCO)ARCO(H DO(R)J+ DO(R)}dR
~ AD{Rco )| = (R)
AR, W, (RCO,RCO{H D e } ‘j . (7)" Wiy (R0, R)dR, (3.2.1)

where R, < Reo < R, +AR,, , 8(x) is the —function, and we denote

AN; = N;(R.(t) 1y (¢)1)= Nig, ARy =R (t)=Rep, AD(R)=D(R,1)=D,(R)

Am; =m;(R, hy (¢),8(¢). T (1, ),E(h,t))—

From Eq. 3.2.1 it can be seen that the more complicated term is the first one, denoted as
the meteorological effect: it is influenced by both the geomagnetic and extra-terrestrial
effects (i.e., the change of cut off rigidity and the change of primary CR rigidity
spectrum). The geomagnetic variations (the second term in the right hand side of Eq.
3.2.1) is influenced only by CR variations of extra-terrestrial origin (the change of
primary CR rigidity spectrum that will be consider in detail in Dorman, M2005 ). The
variations of extra-terrestrial origin (the third term on the right hand side of Eq. 3.2.1) are
not affected by the other CR variation classes.

© . (322)

3.3. CR in the geomagnetic field: asymptotic directions,

penumbra and cut off rigidities

In the first approximation the magnetic field of the Earth can be considered as a

025 3

dipole field of with a moment 8.1x10°” Gs.cm” and inclined to the Earth’s axis of

rotation at the angle 11.5°. All primary CR charged particles with rigidity
R < R((A,Z,0), where

Ri(4,Z,9)=59.6cos* /1[1 + (1 —sin Z cospcos /1)1/2]>2 GV, 331

cannot arrive at the Earth’s surface (here A is the geomagnetic latitude of the point of
observations, Z and ¢ are the zenith and azimuth angles of the incident particle. Eq. 3.3.1
describes in the dipole approximation latitude and East—~West geomagnetic CR effects.
All particles with R > Ry(4,Z,¢) will reach the Earth’s surface, but in the region of

penumbra
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R(A.Z,0)<R<Ry(A,Z,9) (3.3.2)

only part of the particles can arrive the Earth’s surface. Fig. 3.3.1 shows examples of
penumbra function fAR) = 0 (trajectories are forbidden) or fR) = 1 (trajectories are
allowed) for vertical arrival in the dipole approximation for geomagnetic latitudes A =

30, 40, and 50°.
f A=30°
1
oL A% AFA_
R/ 85 90 95R. 100 R/ 105 R GV
n A= 40°
o A8 | | O
52*R1 83 54R‘55 56R, 57 58R GV
11 A=50
ol V4 //////t’////////
Ry26 R:27 28 29R,30 31 R,GV

Fig. 3.3.1. Penumbra in the dipole approximation at the Earth’s surface.

The effective cut off rigidity R,;(1,Z,¢,H) for the CR component of type i can be
determined from the following equation:

11420, DR (R 1y g, THLER) = [D(RY (R, By, 2, T(H) E(R)). (3.33)

0 R.i(A.Z.0.H)

The penumbra is much more complicated in the actual geomagnetic field; trajectory
calculations of the penumbra function f in the real geomagnetic field for many CR
Observatories were made in the monograph Dorman et al. (M1972), where results of
calculations of effective cut off rigidities as a function of the solar activity for different
types of primary CR variations are also given (see in detail in Dorman, M2005 ).

In order to use CR data from the worldwide network of CR Observatories it is very
important to perform trajectory calculations of incident CR particles with a given
rigidity, zenith and azimuthally angles. For CR Observatories of the former USSR these
calculations were made by Dorman and Smirnov (1967), and for many Observatories in
the World — by McCracken et al. (1965). Let us note that the asymptotic directions are
not constant; they are changed sufficiently with time caused by changing of main
magnetic field and magnetosphere (see in detail in Dorman et al., M1971, and in
Dorman, M2005).
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3.4. Determination of coupling functions and integral
multiplicities by geomagnetic effects; extrapolation to higher
energies and estimations for underground detectors and EAS
installations

3.4.1. Using geomagnetic effects for determining coupling functions
and integral multiplicities
Let us rewrite Eq. 3.1.1 for 1 =0:

Nio(Rco’hoo)= D, (R)mio(Rshoo’gOsTo(h)s Eo(h))dR . (3.4.1)
Reo

By differentiating Eq. 3.4.1 with respect to R, , we obtain

dNi, (Rco shoo )/d Reo =—D, (Rco )mio (Rco’ ho0>80:To (h)’ E, (h)) . (3.4.2)
By comparing Eq. 3.4.2 with Eq. 3.1.4 we obtain

W(Rco’R) D (R) (R o080 o( ) ( ))/ ( co> oo)

= _(dN ( cosh )/d Reo )/ (Rco’hoo ) (343)

From Eq. 3.4.3 it follows that
Mjg (R’ ho0s80-10 (h)’ E, (h)) == (dNio (Rco shoo )/d Reo )/Do (R) . (3.4.4)

Let us note that in Eq. 3.4.3 and 3.4.4 it is supposed that all CR latitude survey data
are corrected by extra-terrestrial CR time variations as well as by meteorological effects
and by possible time-variations of cut off rigidities (if a big geomagnetic storm occurred
during the survey). The methods of CR latitude survey data correction were developed in
Villoresi et al. (2000), Tucci et al (2000), Dorman et al. (2000), and are described in
detail below, in Chapter 16. Eq. 3.4.3 and Eq. 3.4.4 are the basis for the determination of
coupling functions and integral multiplicities for different CR components using data
from latitude surveys and from measurements of the East—-West effect (in detail this
problem will be considered in Dorman, M2005).

3.4.2. Extrapolation to higher energies or rigidities
Let us assume that coupling functions are determined on the basis of data on
geomagnetic effects up to R, ax Or E.pax > and near these values

W(RC’R)R—-)Rcm (R cmax) s (3-4-5)

where m =W (R,,R, max ) - Let us take into account that primary spectrum of galactic CR
in high energy region is power function from energy or rigidity with little changing of
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the slope ¥ (D,(R)e R™7 or D,(E)o E7); integral multiplicity is also power function
from energy or rigidity with possible small changing of slope (according to EAS data,
see review in Khristiansen, M1975; Murzin, M1988). Because the coupling function is
proportional to the product of differential primary CR spectrum and integral multiplicity,
it must be also power function from energy or rigidity with possible small changing of
the slope; so we assume that

W(R,.R) = K(R/ Ry gy )/ Reman), (3.4.6)

R>R max
where coefficients &, a, and b can be determined from condition of normalization (see
Eq. 3.1.5) as well as conditions of equality in the point R =R, .« Vvalues coupling

function and their first derivatives:

A Rcmax
k=m, I=-a+b, [W(R.,RMr=1— [W(R, ,RHR=1-B(R..x),  (3.4.7)
0

R(‘ max

where
R(‘ max
B(Rcmax)= IW(RC,RVR . (3.4.8)
0

is the observed value of the total CR geomagnetic effect (i.e. the ratio of observed CR
intensity at R, = R.,.x to the polar CR intensity at R. =0). By introducing Eq. 3.4.6 in

the third equation of Eq. 3.4.7 and using substitution R/R, . =exp(z) we obtain

m | (R R ) F e )aR = mR o Texple(l— @)+ thexp(— 1))dt = mR. g
R 0

¢max

= brexp(—1) (brexp(~1)f ® b"
1-a)) 1 |t =mR, . (349
xgeXp(( a)){ LTI 2! ’ " Cmax;go (@+n-1y" (349

and then by using £ =m and b=/+a, we obtain equation for determining parameter a:

oo g —
n=0 (a +n— 1)}’1 ch max
Eq. 3.4.10 can be very easy solved by iteration method:
—1 -1
al=1+[1—B(RcmaX)J ;02:1+ I—B(Rcmax)_l'l‘zal : (3411)
ch max ch max aj

-1

2

a3=1+ I_B(Rcmax)_l"'zaZ_(l"‘aZ) ; (3412)
MR max a, (a2 + 1)3
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and so on. As example, in Fig. 3.4.1 are shown results of determining coupling functions
for different CR components on the basis of geomagnetic effects and by described above
extrapolation to higher energies.

Fig. 3.4.1. Coupling functions W;(R.,R,h,) in %/GV near geomagnetic equator A = 0° (R, ~15GV ), A =
30° (R, =10GV), A =50° (R, =25GV ), and A = 80° (R. =0 GV ). Full lines — derived from latitude

surveys, dashed — obtained by extrapolation to higher energies. Curves: 1 and 2 for total charged CR
component near boundary of atmosphere and on altitude 4300 m; 3, 4, and 5 for neutron component at sea

level, on mountains (A, =700 g.cm_2 ), and at altitude 10 km (4, =300 g.cm_2 ); 6 and 7 for muon

component at sea level corrected and not corrected on temperature effect; and 8 for total charged CR
component at altitude 10 km. According to Dorman (M1957).
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In Fig. 3.4.2 are shown coupling functions for muon telescopes in Ahmadabad (India)
directed to West and East at zenith angle 45° (obtained by the same way: from
geomagnetic effects and by described above extrapolation).

Fig. 3.4.2. Coupling functions for muon component in Ahmadabad near sea level for CR particles arriving
from West (dashed curve) and East (full curve) at zenith angle 45°. Calculated by Rao and Sarabhai (1961)
accordon the basis of latitude survey data of Johnson and Read (1937), and extrapolated by described above
method to higher energies. According to Rao and Sarabhai (1961).
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In Fig. 3.4.3 are shown found by Webber and Quenby (1959) on the basis of
geomagnetic  effects  differential ~ sensitivities  dN;(R.,h,)/dR, at R, — R (are
proportional to coupling functions but not normalized) and yield functions S;(R,%,)

(have the same meaning as integral multiplicities) for primary protons, and secondary
neutron and muon components at different altitudes.

Fig. 3.4.3. Differential sensitivities dN; (Rc,ho )/ dR. at R. — R (are proportional to coupling functions but
not normalized, see left panel @) and yield functions S,-(R,h,,) (have the same meaning as integral
multiplicities, right panel b) for primary protons (denote as p), secondary neutrons (n) and muons (W) at

different altitudes (numbers near curves denote atmospheric depth in g.cm_2 ). According to Webber and
Quenby (1959).

3.4.3. Coupling functions for underground CR measurements

For underground CR measurements at different depths it is not possible to apply
described above method of the using of geomagnetic effects because the minimal
detected energy is higher than geomagnetic cutoff energy. For determining the coupling
functions W(E,aefAE ﬂ) for underground observations of muon intensity in vertical

direction with muon energy more than AE u (including atmospheric depth), we assume
that they are generated by primary CR particles with energy E 2 o fAE,, , Where Qep =
10. The choose of the factor ¢ is very important for this problem. Let us note that the
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choice of the value a¢ = 10 is to some extent justified by the results of a paper Vernov
et al. (1955) in which it was shown that, in the region of primary particle energies
E<10? eV just as in the region of relatively low energies ( E = 1019 eV, see Grigorov

and Murzin, 1953), in the primary event of interaction with the nucleus of any atom of
air, on the average about 10% of the energy of the primary particle is expended on the
formation of a pion, and at the maximum about 15% (Grigorov, 1955). If we take into
account the fact that the energy of a decay muon amounts to about two thirds of the
energy of a pion, we get the result a.¢ = 10). The coupling functions W(E,aefAE ﬂ) for

underground observations we will estimate in the first approximation through
multiplicity for the muon component at sea level in the high energy region £ > o fAE e

It means that

0 if E<aAE,,

3.4.13
PW,(E,h,) if E20uAE,, ( )

W (E, g #)z{

where W, (E,h,) is the coupling function for the muon component at sea level, and

constant f3 is determined by the condition of coupling function normalization:

[W(E,aeAE, AE = [ BW,(E,h, )dE =1. (3.4.14)
Qe AE, e AE,

The coupling functions for any desired depth may be calculated by means of Eq. (3.4.13)
and (3.4.14). As an example, we give, in Fig. 3.4.4, W (E,aefAE ﬂ) for four values of

a.fAE,, corresponding at ¢ = 10 to depths of penetration of 30, 60, 100, and 1000 m
of water equivalent (the relation between the minimum muon energy o fAE . and the

depth of their penetration see in Fig. 2.4.3 in Section 2.4.4, Chapter 2).

Let us note that the coupling functions for underground observations are defined
very approximately by Eq. 3.4.13 and 3.4.14. This is primarily due to the following
facts: a) the coupling function for muons W, f (R,ho) is used in the field of extrapolation,

where its values are not sufficiently reliable; b) it is considered that muons of energy
AE,, may be formed only by primary particles of energy over afAE,, but this

boundary in reality it is somewhat blurred; c) the value of ¢ is not known exactly.

Another method of finding coupling functions for CR underground research
(discussed in Dorman, M1957), is based on the using data of underground CR intensity
measurements (described in Chapter 2, Section 2.4) and the fact that in the expressions
for both coupling functions at sea level and underground are used the same primary
differential rigidity spectrum and the same integral multiplicity function, and the
difference is determined only by the difference of muon intensities at sea level and at
different depths underground. As it was shown in Dorman (M1957) this method give
about the same results which obtained by using s = 10 and presented in Fig. 3.4.4.
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Fig. 3.4.4. The approximate coupling functions W(E’aefAE/l) for underground measurements in vertical
direction at different depths: 1 for afAE, 1 =90 GeV (about 30 m w.e.), 2 for a fAE ' =150 GeV (about 60

m w.e.), 3 for efAE, =300 GeV (about 100 m w.e.), 4 for QefAE,, = 4000 GeV (about 1000 m w.e.).
According to Dorman (M1957).

The next approximation was made in Dorman (M1963b). On the basis of scaling
theorem for high energy particle interactions it was assumed that

AE, (AE
w(RAE,, )= AE’“ W(AE—/‘ZxR,AEm], (3.4.15)

U2 ul

where AE,; and AE,, are minimal energies of muon detection with accounting the
atmospheric depth. It is easy to see that if for some AFE 1 coupling function W (R,AE ;11)
is normalized, that for any other AE,, coupling function W(R,AE /[2) will be also
normalized. Let us use as a basis coupling function W(R,AE #1) for sea level (AE | =

2.3 GeV) which was presented in Fig. 3.4.1 by curve 6. The obtained results on the basis
of Eq. 3.4.15 and curve 6 of Fig. 3.4.1 are shown in Fig. 3.4.5.
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Fig. 3.4.5. Expected coupling functions for underground measurements in the vertical direction derived by
scaling from curve 1 by Eq. 3.4.15. Curve 1 for sea level ( AE,, =2.3 GeV) is the same as curve 6 in Fig. 3.4.1;

curve 2 for the depth | mw.e. (AE,, =2.5 GeV), 3 for 3 mw.e. (AE,, =3.0 GeV), 4 for T mw.e. (AE;, = 4.0
GeV), § for 20 m w.e. (AE,, = 8.5 GeV), 6 for 40 m w.e. (AE,, =13 GeV), 7 for 60 m w.e. (AE,, = 18 GeV),
8 for 100 m w.e. (AE,, =32 GeV), 9 for 200 m w.e. (AE, =70 GeV), 10 for 500 m w.e. (AE, = 160 GeV),
11 for 1000 m w.e. (AE, = 400 GeV), 12 for the depth 2000 m w.e. (AE, = 1300 GeV). According to
Dorman (M1963b).

The considered above coupling functions are for underground vertical muon
intensity. Underground muon telescope inclined to the some zenith angle 0 at the depth
characterized by minimal detected muon energy AE, in vertical direction (including

atmospheric absorption) will have the coupling function W (R,AE ﬂ,a) which can be

approximately derived from coupling function for vertical direction:

W(R,AE,,0)=W (R, AE,, [cos6). (3.4.16)
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3.4.4. Coupling functions for EAS

The method considered in Sections 3.4.1 and 3.4.2 is inapplicable in this case, since
extensive air showers (EAS) are due to primary particies of such high energies that the
Earth’s magnetic field exerts no substantial influence on them. We must find, in essence,
the probability of recording, by a given EAS installation, of showers formed by primary
particles of energy E, and its dependence on E. The wanted coupling functions will then
be given by the normalization of this probability.

Here we will consider two cases, detectors located close together (the distance
between them being d < 10 m) and detectors spaced at considerable distances D (some
tens, or hundreds, or thousands of meters). In the former case, we may neglect the
dependence of the probability of recording of the shower on the value of d, but in the
latter case the dependence on the distance between the detectors D will be substantial.
Closely spaced detectors (d < 10 m). If the spatial divergence of the electrons of
one pair in the electron-nuclear cascade is much more than the mean distance between
the particles in the shower (which is always the case, except for showers of very low
density), then we may consider that the trajectories of the particles are distributed
independently in space. In this case, on passage of a shower of density p (mean number
of particles per m2) the probability that not a single particle will pass through detector
with effective surface o (in m2) will be exp(— po). The probability of at least one

particle impinging will be
a(r,N,h,,0)=1-exp(- p(r,N,h,)o), (3.4.17)

where r is the distance from the EAS axis, N is the total number of particles in EAS, and
h, is the level of

observations.

Consider a  local
installation consisting of,
e.g., three detectors 1 at
point 4, 2 at point B, and 3
at point C with the equal
effective surfaces G on the
equal distances d one from
other (Fig. 3.4.6).

Fig. 3.4.6. Local elementary
installation for recording EAS: A,
B and C — detectors. By point P is
shown some axis of EAS.
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Let the axis of the shower pass through the point P (characterized by the polar
coordinates » and @; for center of the system of coordinates we choose the center of
triangle ABC and ¢ is calculated from the line parallel AB in counterclockwise
direction). It is easy to see that the point P of the EAS axis will be located at the
following distances from the respective detectors:

- 1/2

d\ d Y
n=PA=||rcosp+—| +|rsingp——— S 34.18
1 ( 4 2) [ @ 2\/5) ( )

- 1/2
ry=PB= (i—rcos¢J2+(rsin¢—i ’ (3.4.19)
2 5 N , 4.
A 1/2
rn=PC=|{rcos 2 4| rsin@+—— . 3.4.20
3 (rcos ) [ 9 \B] (3.4.20)

The density at points 4, B, and C will be p(rl,N,ho ), p(rz,N,ho), and p(r3,N,ho),
respectively. According to Dobrotin (M1954), Zatsepin (1954), Khristiansen (M1975),
Murzin (M1988), p(r, N, ho) may be represented in the form

o(r,N,h,)=u(r,h,)N , (3.421)

where N is the total number of particles in the shower at a given level, and the function
ulr, h, ) , satisfying the normalization condition

)

27 [ulr,hy )rdr =1, (3.4.22)
0

has the form

)_{a(h,,)r_leXp(— rfro(y)) if v <r,(hy), (3.4.23)

ulr,hy)=
bl )2 if rzryh,).

Here r,(h,) is the effective radius of the shower, depending on the pressure at the level
of observation. Thus, at the level of the mountains ( /4, = 700 mb), r, =~ 80 m while at sea
level ( &, = 1000 mb), r, =~ 55 m. The coefficients a(k,) and b(h,) are determined from
the condition of normalizing Eq. 3.4.22 and of tie-in of the function u(r, ho) at the point

F=r,:
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a(h,)=e(2r(e-1+1/0.6))(r, (n,)) " = 0.1278x(r, (1, )"
(3.4.24)
b(h,) = (27(e—1+1/0.6))" (r, (h, )*® = 0.04702x (1, (1, ))°°.

From Eq. 3.4.24 for the level of the mountains (%, =700 mb, r, = 80 m) we obtain
a(ho)=l.60><10_3 m™!, b(h,)=0.652 m®% | and for sea level (h, =1000 mb, 7, =55

m) a(h,)=2.32x10" m™", b(h,)=0.521 m"S.

The probability that all three detectors 4, B and C will be actuated by such a shower
with axis at point r,¢, taking Eq. 3.4.17-3.4.24 will be (it is here assumed that the
efficiency of the detectors is equal to 1, i.e., that detector is actuated on the passage of as
little as one particle through it),

Q(r,¢,N,h,,0)=an,N,h,,0)wlr,N,h,,&)wlrs,N,h,0)

=(1-exp(~ u(1,h, )N )1 - exp(~ u(ry, b, )N )1 — exp(~ u(ry, b, )NG)), (3.4.25)

where 7, rp, ry are determined by Eq. 3.4.18-3.4.20, and u(r,4,) is determined by Eq.
3.4.23-3.4.24. The integral multiplicity m.(N,4,,0) for the EAS installation shown in

Fig. 3.4.6 will be determined by the probability that the installation will record a shower
with a number of particles N, whose axis may pass in any point of the plane. It will be
found by integration of Eq. 3.4.24 over the entire plane:

oo 27 oo
oo (N, 6)= jd(p 100r.9.. 1y Y = [ 110 exp(—ulr b, e )relr
0 0i=1
= [dp []‘[(l exp(~u(r;, hy NG ))rdr + 270 [(1—exp(—u(r,h, )No) rdr, (3.4.26)
0 0 i=l 10d

where we take into account that for » > 104 with a good accuracy n=r =r =r.

The differential particle-number spectrum of the showers may be represented in the
form:

D(N)oe N~ (3.4.27)

where K'is a constant varying extremely little with variations in E (as E varies from 10°

GeV to 10° GeV, xvaries only from 1.4 to 2.1). Taking into account of Eq. 3.4.26 and
Eq. 3.4.27 we obtain the following expression for the coupling function of EAS local
installation (in dependence on x = No ):
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VVIOC (x H ho ) = Bx_(’(“)mloc (x, ho ) = Bx_(x +1)

x{ [do | H(l—exp(—u(ri,ho)x))rdr+27r j(l—exp(—u(r,ho)x))3rdr}, (3.4.28)
0 0 i=l 10d

where B is a certain coefficient determined from the normalizing condition:

Wby e =1 (3.4.29)
0

The function W,.(Na,h,), found by numerical integration according Eq. (3.4.28) with
counting Eq. 3.4.29 for a distances between detectors d =3 m, is shown in Fig. 3.4.7.

Fig. 3.4.7. Coupling function W,.(Na,h,) for observations at sea level at k= 1.4.



Chapter 3. Coupling Functions and Acceptance Vectors 105

The dependence of the integral multiplicity mo.(N,#,,0) on N may be easily

converted into its dependence on primary particle energy E, if we bear in mind that,
according to Dobrotin (M1954), Zatsepin (1954), Khristiansen (M1975), Murzin
(M1988),

N=AE*, (3.4.30)

where the quantity 4 = 0.3 (if E is measured in GeV) is a constant coefficient, and s is a
weakly varying parameter characterizing the degree of development of the shower (up to
maximum of the shower s < 1, at the maximum s = 1, after the maximum s > 1; at sea
level s = 1.2). By means of Eq. (3.4.30), the coupling function ,,.(Na,#,)can easily
be converted into a dependence on primary particle energy E. Figure 3.4.8 represents the
coupling function W,.(Ec,h,)for the same EAS installation at sea level, which was

shown in Fig. 3.4.6.

Fig.3.4.8. The coupling function W, (EO', h(,) for sea level at x = 1.4 and s = 1.2; primary particle energy £

in GeV (in the abscissa axis values £ must be multiplied on factor 0.3), effective surface of each detector ¢ in
m’. According to Dorman (M1957).
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Installation with detectors spaced at considerable distances. The coupling functions
for any desired geometry of the installation can be found in an entirely analogous way.
In particular, for the installation shown in Fig.3.4.9, coincidences were selected between
two local installations, separated from each other by a distance of D meters
(D >>r, >>d ), where d is the distance between detectors in each local installation.

Fig.3.4.9. Installation with detectors spaced at considerable distances. Point P shows the axis of EAS.
In this case instead of Eq. 3.4.28 we obtain
o0 2
Wias(D,Na b, )= 27B(No ) &) [T1(1 - exp( u(r;, b, N & )Prdr , (3.431)
0i=1

where x=No, r and r, are distances from the EAS axis P to the centers of local

installations 1 and 2 (see Fig. 3.4.9); constant B is determined by normalization
condition

o.?WEAS(D’x’ho)dle - (3.4.32)
0

where x=No . The dependence of the integral multiplicity Wgag(D,No,h,) on No
may be easily converted into its dependence on Eo by using Eq. 3.4.30. The coupling
functions Wgag(D,Ea,h,) for various values of D are given in Fig. 3.4.10.
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Fig. 3.4.10. Coupling functions Wgag(D,Ec,h,) for observations at sea level by installation shown in Fig.

3.4.9 at different values of D (primary particle energy in GeV, effective surface of detectors G in m?).
According to Dorman (M1957).

3.5. Analytical calculations of integral multiplicities and
coupling functions for CR total neutron component

3.5.1. Calculations of integral multiplicities and coupling functions for
neutron component using the method of discontinuous Markov
processes

The great difficulties encountered in the determination of the integral multiplicity
for the neutron component by directly solving the equations of the hadronic cascade in
the Earth’s atmosphere stimulated searches for another method that leads to the final
result without having to go through the intermediate details of cascade development.
This can be realized by using the formalism of discontinuous Markov processes
including non-ordinariness of random events in the hadronic cascades. In this case the
numerical integral characteristics of the process are determined from the comparison
with the data on the altitude dependence, latitudinal distribution, energy spectrum, and
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other integral effects of the neutron component. A portion of the results obtained which
can be compared with available experimental data shows a good agreement with
experiment. It is well known that the data on the spatial and energy distributions of
secondary neutrons can be obtained from solving the transport equation. This equation
may be accurately solved only in a few simple cases, sometimes involving considerable
mathematical difficulties. In weakly absorbing media neutron transport can be described
by the diffusion approximation (Hess et al., 1961; Newkirk, 1963; Lingenfelter,
1963a,b). This theory gives accurate results in the extreme case when o,/0; -0,

where o, is the absorption cross section, and oy is the total interaction cross-section.

For the atmospheric neutrons this relation is invalid, and therefore various
approximations are usually used when solving the transfer equation (Bekurz and Wirtz,
M1968).

To solve the problem of neutrons transfer in the atmosphere the work of Dorman
and Rishe (1973) employs the ideas about the collective behavior of multiple neutrons in
the generalized state determined by the energy range (EO,AE ) where E,, is the kinetic

energy of a primary proton, and AE is the lower energy limit of secondary neutrons.
Introduction of the generalized states including the neutron component energy portion
permits multiple neutrons to be considered as a single ensemble irrespective of the
generation number, the number of multiple neutrons (generated in an elementary
interaction event) and their angular distribution. This significantly simplifies the solution
of the problem as a whole. The problems associated with the random character of the
neutron distribution over the generalized state range determined by its limits and
atmospheric depth are solved in terms of the non-ordinary Markov processes of the type
of production (for the system state continuum).

The equation for the intensity of neutrons with energies >AE (in GeV) at an

atmospheric depth 4 (g/cmz) at the observation point with the geomagnetic cut off
energy for primary protons E, was derived on the assumption that: (1) the primary CR

are isotropic over the upper hemisphere; (2) the upper atmospheric surface is flat; and (3)
the geomagnetic threshold gradient is zero within the nucleon cascade section by a plane
parallel to the atmospheric boundary. The last assumption is equivalent to the statement
that within the above mentioned limits the primary CR flux is homogeneous and
isotropic throughout the radiating surface located at the upper atmospheric boundary. In
this case we get for the particle flux of the i type with energy >AE  at altitude / with
geomagnetic threshold E, produced by the j type of primaries:

oo

h o h
N;(E,,AE,h)= E{ D(E, {exp[-— mﬂdEo + %j E{. D, (E, exp{— m]

h h h h h
’ L;(E,,AE) Ei[_ LZ»(EO,AE)]_exp[_ lj(Eo)J_ lj(Eo)E{_ lj(Eo)H
h Si(hE,) n;

ek, 3 o
X[Li(AEj C}Xelj(Eo)xlﬂni/nj)xnjdEo}’ (3.5.0)
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Examined below will be the secondary neutrons associated genetically with the primary
CR protons. Therefore the Eq. 3.5.1 for a single primary component is to be rewritten in
the form

N(EC,AE,h)=x°f SpEo) j [Li(%

5 1+0p) ez, )—C}XP(E"’AE”')D(Eo)dEo 3.52)

where

h h h
P(EwAE”’):e"‘{‘ L*(EO,AEJ*L*(E,,,AE)E{_ L*(EO,AEJ

p( z(§o>]‘z(ZO>Ef[“ z(Zo)j 33

determines the probability that at a depth 4 the energies of the multiple neutrons will be
within the range (E,,AE). In Eq. 3.5.3 I(E,) is the pre-interaction mean path of a

primary proton in air, the value L (E,,AE) is the mean path of a generalized-state
proton in the direction of the primary proton motion:

* E E
L\E,,AE)=1 9 _In—<]|, 354
(Eq, AE)=1, EO—AEH(AE) (3.5.4)

where /, =1 (AE ) determines the mean free path of a neutron with energy AE in air:

g, =—"m4 (3.5.5)

lr, + 1)2
A is the mean atomic weight of air ( 4 =14.4) , m is the neutron rest mass,

r, = 13747 +0.5 )1 - expl-0.49.4/2x10713 cm (3.5.6)
is the radius of the light atom nuclei according to Mukhin (M1963), and
A=45x10"2AEY? em (3.5.7)

is the Broglie length of neutron wave (in Eq. 3.5.7 AE is in MeV). Inclusion of
ionization loss of primary protons is of significance at E <10 GeV. For direct
calculations of Dorman and Rishe (1973), a graphical representation of the specific
ionization loss of protons in the air calculated by the Bethe formula was used. The
function n/p determines the neutron to proton number ratio:
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1+ p, +(p, —l)exp(— 2h <nﬂy'l>]

n(Eyh) _ 1(E,) , (3.5.8)
P{Eo:h) 1+ 0, = (o —l)exp(— I(Z)<nﬁy“l>J

where p, =n/p for the primary CR (in quiet conditions p, =0, but during large solar
flares when solar neutrons can be generated, p, >0), v is the exponent of the primary
differential energy spectrum, /(E,) is the nucleon interaction path, B is the coefficient of

elasticity, 1 is the charge exchange coefficient. The primary proton energy portion lost
for the nuclear-active component is determined by the function S, (h,E,) according to

Grigorov et al. (1959).

The latitudinal effect, altitude dependence, and neutron spectrum at the various
altitudes were preliminarily calculated. Then the constants forming part of Eq. 3.5.2
were determined by comparing with the experimental data. After that Eq. 3.5.2 was used
to calculate the integral multiplicities and the coupling coefficients for the neutron
component. The results are shown in Fig. 3.5.1 and Fig. 3.5.2.

Fig. 3.5.1. Integral multiplicities for neutron component at sea level for the various AE (in GeV). According
to Dorman and Rishe (1973).
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Fig.3.5.2. Coupling coefficients for the neutron component at sea level for various values of AE (in GeV).
According to Dorman and Rishe (1973).

Comparison between the coupling coefficients thus obtained and those found on the
basis of latitudinal effects has shown a good agreement, substantiating the reliability of
the results presented in Fig. 3.5.1 and Fig. 3.5.2.
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3.5.2. Calculations of integral multiplicity, coupling and response
functions for total neutron component by consideration of hadronic
cascade in the atmosphere

According to Dorman and Yanke (1981), the differential spectrum of the neutron
component N (EO,E,h,Ho) at altitude /# from one primary particle with energy E o
arriving at the atmosphere boundary at zenith angle 6, will be determined by ‘high-

energy nucleons’ N, (E,,E,h,6,) and by 8-nucleons N;(E,,E,h,6,) in elementary act:

N(E,.Eh.8,)=N,(EyEh6,)+Ns(EyEhG,), (3.5.9)

where N, (E,,Eh6,) and Ns(E,Eh6,) can be determined by the system of

equations:

= - +_
dh A,(E)cosd,  IE

E, N,(E, Eh6
(0,—0)fnn (E"E)dE’, (3.5.10)
i A,(E')cosb,

JIN,\E EhG N,\E, Eh0
( 0 o) ( 0 o) J (ﬁ(lz) N,,(EO,E,h,HO)]
cosf,

= +—
ah A5(E)cost,  IE

E, N,(E,,E h0
—(—o,—f—)fms(E’,E) dE’. (3.5.11)
E A,,(E )cos 6,

IN;(EnEhD,)  Ns(E,Eh6,) BE) (5.5h0,)
cosd, oo

Here f,, (E’E) is the secondary nucleon spectrum resultant from nuclear—atom

interaction of nucleon with energy E’(in accordance with Gaisser (1976), the inelastic
coefficient is about 0.5), f,s (E',E ) is the same for 8—nucleons, and ,B(E ) is the energy

loss. After determining N(EO,E,h,OO) according to Eq. 3.5.9 it is easy to calculate
integral multiplicity for neutron monitor according to expression:

M, (E,.0,h)= [N(E, EB,h)P(E)E , (3.5.12)

where P(E ) is the differential sensitivity of the detector (the probability of detecting
neutron of energy E ). The results of calculations of M, (EO,HO,h) with P(E) according

to Dorman et al., 1981 (see below, Section 3.6), are shown in Figure 3.5.3 for levels of
observation 1030, 760, 490 and 40 g/cm2 and for zenith angle 6, = 0° as a function of

the primary particle energy of E_ from 1 GeV up to 10* GeV. For sea level ‘high
primary p Y 0
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energy nucleons’ N,(E,,Eh0,) and 8-nucleons Ng(E, Eh6,) are also separately

shown.

Fig. 3.5.3. Results of calculations of integral multiplicities for NM-IQSY total neutron component for levels of
observation 1030, 760, 490 and 40 g/cm2 for vertical arrival primary CR as a function of primary particle
energy E, from 1 GeV up to 10* GeV at inelastic coefficient 0.5 dashed curves correspond to results at
inelastic coefficient 0.45). For sea level ‘high energy nucleons’ and &-nucleons are shown separately: the
curves with N and 3, respectively. According to Dorman and Yanke (1981).

Fig. 3.5.4 shows the dependence of M, (EO,HO,h) on 4 in the interval from 0 (boundary
of the atmosphere) up to sea level 1030 g.cm'2 for different primary particle energy E,
from E,=1GeVupto E,= 10* GeV; for E =10 GeV are shown also the ‘high
energy nucleons’ N, (E,Eh6,) and &-nucleons Ng(E, Eh6,) components

separately.
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Fig. 3.5.4. The dependence of integral multiplicities for NM-IQSY total neutron component from /4 in the
interval from 0 (boundary of the atmosphere) up to the sea level 1030 g/cm2 for different primary energy E,
from E, = 1 GeV up to E, = 10* GeV. For E, = 10 GeV are shown also ‘high energy nucleons’
N, (E, Eh0,) and &nucleons N;(E, Eh0,)separately: curves N and &, respectively. According to

Dorman and Yanke (1981).

In Fig. 3.5.5 are shown values M, (EO,BO,h) for sea level in dependence of zenith

angle ¢, for different primary energy E, from E,=1GeVupto E = 10* GeV.
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Fig. 3.5.5. The dependence of integral multiplicities for NM-IQSY total neutron component for sea level from
zenith angle 6, for different primary energy E, from E, = 1 GeV up to E, = 10* Gev. According to Dorman
and Yanke (1981).

From the calculated integral multiplicities we can determine the expected NM
counting rate I,(h,R.), the coupling function W(h R,R.), the relative response

function F(h,R,R,.), and the zenith distribution of neutron component D,,(6):

I,(nR.)= | dR”jS(e)G(R,0)2MZ(R,h,9)DZ(R)sin9de, (3.5.12)
Rpnin 0 z

Mz(R,m,0)Dz(R) . o (3.5.13)

/2
VR R )= SOGROE=E 0
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R o
F(h,R,R.)= [W(h,R,R.)dR | [W(h,R,R.)dR, (3.5.14)
0 R,

D, (8)= 7S(€)G(R,€)ZMZ(R,h,9)DZ(R)sinﬁdR, (3.5.15)
VA

Ruin

where S(@) is the effective surface of NM in direction 6, G(R,0) is the penumbra
function (see Section 3.3). For differential energy spectra of primary CR it is supposed
that at high rigidities Dz (R)e< R27.

The coupling functions found for different NM-IQSY stations are given in Table
3.5.1 for low latitude stations and in Table 3.5.2 for high and middle latitude stations.

The penumbra function was accounted for (started from Rmin; see above, Section 3.3).
Calculations were made for minimum and maximum solar activity (upper and low lines,
correspondingly).

Table 3.5.1. Coupling functions for low latitude mountain NM (in %/GV) for periods minimum and
maximum of solar activity. According to Dorman and Yanke (1981).

Station h, R R SA R, GV
Cr min»
mb | gy GV 9 10 11 13 15 20 50
M‘t. No- 720 1.4 851 min 0.02 0.86 2.56 4.30 4.12 2.80 0.569
rikura max 0.01 0.74 2.23 3.86 3.82 2.76 0.601
Chacal- min 0.01 0.73 3.25 422 3.38 0.591
taya 341 131 9.54 max 0.01 0.63 2.90 3.86 3.32 0.622
Huan- min 0.26 2.50 3.82 3.34 0.666
5 X
cayo 690 13 977 max 0.22 2.23 3.50 3.26 0.656

Table 3.5.2. Coupling functions for high and middle latitude NM (in %/GV) for periods minimum and
maximum of solar activity. In the second row are shown results of calculation polar coupling function for
observations at sea level. According to Dorman and Yanke (1981).

Station h, R R SA R, GV
C» min>

mb GV GV 1 2 3 4 5 7 10
Polar 1030 0 0 min 1.42 3.96 4.73 5.12 4.90 3.89 3.04
coup. f. max 0.87 2.88 3.55 4.00 4.06 344 2.89
Vostok 620 0 0 min 4.14 8.12 8.42 8.13 7.05 4.88 332
max 2.73 6.32 6.73 6.79 6.35 4.63 3.39
South min 3.55 7.44 7.90 7.79 6.86 4.86 3.38
Pole 680 0.1 0 max 2.32 5.75 6.28 6.45 6.04 4.57 343
Calgary min 5.16 5.90 6.17 5.73 4.36 3.26
g 1.09 1.03 max 3.81 4.49 4.09 4.82 3.91 3.15
Climax min 3.82 9.11 8.02 5.69 3.95
672 3.03 278 max 291 7.24 6.77 5.13 3.85
Jung- min 0.09 | 9.02 6.55 4.48
fraujoch 642 4.48 382 max 0.07 7.38 5.72 423
Zug- min 1.31 8.39 6.02 4.23
spitze 706 | 424 1 371 o 101 | 686 | 526 | 3.99
Pic-du- min 1.30 6.78 4.77
Midi 720 5.36 448 max 1.04 5.78 438
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Fig. 3.5.6 shows the coupling and response functions (calculated according to Eq.
3.5.13 and Eq. 3.5.14, respectively) for observations by NM-IQSY at sea level in
comparison with the functions obtained from latitude surveys.

Fig. 3.5.6. The expected coupling functions (the top panel) and the response functions (bottom panel) for NM-
IQSY total neutron component at sea level for minimum and maximum of solar activity (full and dash curves,
respectively). Also shown are coupling functions determined from latitude surveys in 1967 and 1968 according
to Aleksanyan et al. (1979). The bottom panel demonstrates the determination of median rigidities. The

coupling and response functions are shown for high latitude NM (R¢ = 0.55 GV) and near equatorial NM (R¢ =
14.98 GV). According to Dorman and Yanke (1981).



118 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

Results of calculations of the zenith angle sensitivity of NM-IQSY according to Eq.
3.5.15 in comparison with the zenith sensitivity of muon telescopes that are vertical
cubic, semi-cubic, and inclined at 45° are shown in Fig. 3.5.7.

Fig. 3.5.7. Zenith angle sensitivity diagram of a sea level NM-IQSY (dotted curve) in comparison with the
zenith directivity diagrams of muon telescopes (full curves: 4 — vertical cubic, B — vertical semi-cubic, C -
inclined at 45°). According to Dorman and Yanke (1981).

Dorman and Yanke (1981) estimated the accuracy of the results obtained for
integral multiplicities by the calculation accuracy (about 1%) and by the errors owed to
uncertainties in some parameters (6—8%); the errors may also be owed to the choice of
the energy sensitivity function P(E) and to the selection of the particular model of CR

interactions and propagation in the atmosphere. Therefore in order to check the results,
Dorman and Yanke (1981) calculated the expected partial and total barometric
coefficients: Chapter 9 describes the partial barometric coefficient as well as total
barometric coefficients for minimum and maximum of solar activity as a function of the
cut off rigidity, on the basis of results described here. It is shown that they are in good
agreement with obtained from observations (see Section 9.10.3 for details). Let us note
that the inclusion of the chemical composition of primary CR in calculations gives rise to
a 18% shift of the coupling function maximum towards higher rigidities in comparison
with calculations including only primary protons.
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3.6. Calculations of integral multiplicities and coupling

functions for multiple neutrons in NM-IQSY
According to Dorman et al. (1981) the integral multiplicity M,,, (EO,HO,h) for m

multiple neutrons in the NM-IQSY will be determined by the same Eq. 3.5.12, but
instead of the function P(E), one has to use P, (E), which denotes the probability that

the incident neutron with energy E will be detected as m multiple neutron:
Myum(E.0,h)= [N(E,,E.0,,h)P,,(E)E (3.6.1)

where N (EO,E,h, 00) was determined in Dorman and Yanke (1981) and is the same as in
Section 3.5.2, Eq. 3.5.9-3.5.11. The function F,, (E) according to Dorman et al. (1981)

is determined by the expression:

w E E
P (E)= % [dE' |deH (E')D(E'e)G(E.E")B} (¢) . (3.6.2)
k=m0 0

Here E' is the excitation energy of the residual nucleus in NM from interaction with
incident neutron with energy E; the distribution of E’ vs E is described according to
Metropolis et al. (1958) and Hayakawa (M1973) by the function

2
G(EE)=(2z)V*E'(E)exp _%{E:'E(:E—)AJ : (3.6.3)

where

E'(E)=algE-b. (3.6.4)

InEq. 3.64 F(E ) and E are in MeV, coefficients a and b are as following:

69 MeV for E <350 MeV 61 MeV for E <350 MeV
a=14350 MeV for 350 < E <1000 MeV; b=1770 MeV for 350 < E <1000 MeV .(3.6.5)
580 MeV for E 21000 MeV 1460 MeV for E 21000 MeV

The function H (E’) determines the probability that k neutrons will evaporate from

the residual nucleus excited to the energy E'. According to Dostrovsky et al. (1958) and
Hayakawa (M1973), H, (E ’) can be approximated by the expression (£’ in MeV):

k2

10 koY) -
Hy(E")= exp| — 50 ;—1 ; k=06E' forPb. (3.6.6)
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The function D(E’,a) determines the differential energy spectrum of evaporated
neutrons with energy £ as a function of the nucleus excitation energy E’. According to

Dostrovsky et al. (1958) and Hayakawa (M1973) the spectrum of evaporated neutrons is
sufficiently close to the Maxwellian form:

D(E¢) = 23(¢/ E')expl-5¢/VE') . (3.6.7)

The last function in Eq. 3.6.2 B,T (¢) determines the probability that m neutrons will

be detected from k evaporated neutrons with energy & . If the neutron deceleration in
neutron monitor between evaporation and detection is disregarded, then according to
Dorman et al. (1981) this function will be:

BI'(e)=CM@(e))" (1-b(e)F ™, (3.6.8)

where ®(¢) determines the effectiveness of NM-IQSY to detect an evaporated neutron

with energy & (in MeV). According to Pearce and Fowler (1964), this can be
approximated by expression:

@(e) = 0.079-0.031x1ge —0.01x(Ige)? . (3.6.9)

On the basis of the evaluated Pm(E) for multiple neutrons it is possible to

determine also P(E ) for the total neutron component:

P(E)= 3 4,,P,(E) , (3.6.10)
m=1

where 4, depends on the relation between dead time T of NM electronic scheme and
the lifetime 7; of neutrons in the monitor: 4, =m for very small dead time T and
4, =1 for large 7. According to Carmichael (1964), for the standard NM-IQSY t =10
mks and 7; =329 mks. For these parameters 4,,= 1.0,197,291and 3.83 form=1,2,3
and 4, respectively (Dorman et al, 1981). If, for example, T = 100 mks, then Am= 1.0,
1.74,2.35 and 2.84 form =1, 2, 3 and 4. Results for P, (E) and P(E) are shown in Fig.

3.6.1 in comparison with the results of Pakhomov and Sdobnov (1977), where the
process of neutron deceleration in the monitor was taken into account. Fig. 3.6.1 shows
that the neutron deceleration in the monitor is especially important at calculations of
differential sensitivity P(E ) for small energy neutrons arriving at the monitor.

Eq. 3.6.1, together with Eq. 3.6.2-3.6.10 and N(EO,E,h,HO) from Dorman and
Yanke (1981) (see Section 3.5) determines the integral multiplicity M, (Eo,eo,h) for
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m-multiple neutrons in the NM-IQSY as well as M, (EO,HO,h) for total neutron

intensity. Fig. 3.6.2 shows the results of calculations of Mnm(Eo,Go,h) as well as
M, (Eo,eo,h) for observations at sea level, comparison with Mnm(Eo,Go,h)

determined by Debrunner and Fluckiger (1971) for multiple neutrons and with
M, (EO,HO,h) for total neutron component determined in Pakhomov and Sdobnov

(1977). In Fig. 3.6.3 are shown obtained results for observations at level 541 mb. In
bottoms of Figs. 3.6.2 and 3.6.3 are shown also corresponding polar coupling functions
for multiple neutrons #,,,(k,R) calculated on the basis of M,,, (EO,Go,h) atm=1, 2,

3,4 by Eq. 3.1.4 at R, =0 as well as polar coupling functions for total neutron intensity
W, (h,R) calculated on the basis of M, (EO,QO,h) .

Fig. 3.6.1. Sensitivity functions P, (E) for multiplicities m = 1, 2, 3, and 4, and P(E) for total neutron

intensity: curves X for very small dead time (T = 0) and very large dead time (T = ). Full curves — calculated
in Dorman et al. (1981); dashed curve shows the P(E ) according to Pakhomov and Sdobnov (1977), where
the process of neutron deceleration in the monitor was taken into account.
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Fig. 3.6.2. Results of calculations of M, (Eoﬂo,h) as well as M, (Eo,é’o,h) for sea level. At the bottom are

also shown the corresponding polar coupling functions. For comparison the results of calculations of
M, (E e Go,h) by Debrunner and Fliickiger (1971) are also shown : full circles for m = 1, quadrants for m =2,

rhombs for m = 3, and triangles for m = 4. According to Dorman et al. (1981).
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Fig. 3.6.3. Results of calculations of M,,,,,(EO,GO,h) as well as M, (Eo,Bo,h) for level 541 mb. At the

bottom are shown also corresponding polar coupling functions. According to Dorman et al. (1981).

The evaluated polar coupling functions W, (h,R) for multiple neutrons are presented in

Table 3.6.1 for observations at sea level (A = 1013 mb), and in Table 3.6.2 for
observations at level # = 541 mb.
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Table 3.6.1. The polar coupling functions (at R, = 0) for multiple neutrons Wom(h,R) in %/GV for

observations at sea level (A = 1013 mb) in periods of minimum and maximum solar activity. According to
Dorman et al. (1981).

" Solar R, GV
activity 1 2 3 4 5 6 7 10 20 50 100
1 min 1.82 445 | 517 | 548 | 5.18 | 453 | 405 | 3.12 | 1.38 | 0.348 | 0.108
max 1.12 325 | 390 | 432 | 433 | 392 | 3.61 | 299 | 1.52 | 0.408 | 0.128
5 min 0.145 | 234 | 385 | 493 | 484 | 432 | 392 | 3.14 | 146 | 0.388 | 0.134
max 0.091 173 | 296 | 382 | 393 | 3.66 | 3.42 | 294 | 1.66 | 0.442 | 0.154
3 min 0.125 | 1.69 | 320 | 4.13 | 426 | 3.89 | 3.61 | 3.04 | 1.50 | 0424 | 0.139
max 0077 | 1.43 | 242 | 3.18 | 3.47 | 328 | 3.12 | 282 | 1.59 | 0476 | 0.157
4 min 0.037 | 0.569 | 1.38 | 2.55 | 3.87 | 3.59 | 344 | 340 | 1.64 | 0457 | 0.149
max 0.011 | 0464 | 1.05 | 2.05 | 3.26 | 3.08 | 3.07 | 3.06 | 1.68 | 0.500 | 0.165

Table 3.6.2. The polar coupling functions (at R, = 0) for multiple neutrons Wom(h,R) in %/GV for

observations at level 4 = 541 mb in periods of minimum and maximum solar activity. According to Dorman et
al. (1981).

m Solar R, GV
activity 1 2 3 4 5 6 7 10 20 50 100
1 min 7.79 | 10.7 | 994 | 882 | 7.22 | 573 | 474 | 3.51 1.16 | 0.154 | 0.0345
max 525 | 847 | 8.14 | 758 | 661 | 544 | 466 | 1.79 | 142 | 0.214 | 0.0461
By min 443 | 8.09 | 850 | 8.07 | 7.45 | 6.10 | 5.17 | 3.34 | 1.17 | 0.195 | 0.044
max 296 | 628 | 687 | 707 | 6.70 | 5.67 | 495 | 3.63 | 1.39 | 0.248 | 0.0572
3 min 574 | 825 | 834 | 796 | 7.08 | 5.84 | 497 | 343 | 1.19 | 0.206 | 0.0476
max 373 1 633 | 670 | 673 | 636 | 542 | 475 | 3.53 | 1.41 | 0.262 | 0.0614
4 min 1.10 | 370 | 532 | 680 | 7.62 | 638 | 559 | 439 | 142 | 0.242 | 0.0555
max 070 | 2.82 | 427 | 574 | 6.80 | 5.80 | 5.17 | 425 | 1.60 | 0.291 | 0.0677

These results for polar coupling functions can be compared with those obtained
from latitude surveys according to Aleksanyan et al. (1979). Table 3.6.3 lists Ry ¢ and

Wmax derived from latitude surveys on the ship ‘Academician Kurchatov’ by the
method described in Section 3.3, and those calculated in Dorman et al. (1981).

Table 3.6.3. Comparison of Ryyay (in GV) and Wy,ay (in %/GV) derived from latitude surveys in 1975-1977 by
Aleksanyan et al (1979) with found in Dorman et al. (1981).

Theory, Dorman et al. (1981) Latitude surveys, Aleksanyan et al. (1979)
minimum solar maximum solar
m activity activity 1975 1976 1977

Rmax VVITIHX Rmax Wmax Rmax VVmax Rmax VVll‘laX Rmax vaax
4.01 5.48 4.53 4.38 3.90 5.21 4.30 4.76 430 5.05
4.43 5.04 4.83 3.96 4.30 5.28 4.80 5.58 4.60 5.00
4.76 4.27 5.09 3.48 4.60 4.34 5.40 4.96 5.30 4.27
4 5.33 3.95 5.37 3.35 4.0 33 6.0 4.1 5.0 3.2
total 4.20 5.12 4.71 4.11 4.27 4.91 4.48 4.86 4.55 4.88

W[t —

From Table 3.6.3 it can be seen that the experimental results obtained on the basis of
CR latitude surveys are within the theoretical values for minimum and maximum solar
activity calculated in Dorman et al. (1981).
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3.7. Monte Carlo simulations of NM sensitivity (integral
multiplicity) to primary protons arriving at different zenith
angles

3.7.1. Calculations of integral multiplicity for primary protons with
energy 3 and 10 GeV.

The integral multiplicities of neutron component at atmosphere depths 710, 806, 965
and 1033 g/cm2 from 3 GeV and 10 GeV protons incident on the atmospheric boundary
at zenith angles 0°, 15°, 30°, 45°, 60° and 75° have been calculated by Dorman and
Pakhomov (1979). To obtain the integral multiplicities, the Monte Carlo method was
used in simulating a pion—nucleon cascade in the atmosphere (the cascade evaporation
model was used as the basis of simulation of inelastic pion—nucleus interactions
according to Barashenkov and Tokayev, M1972). Small energy neutron propagation was
described in terms of transport approximation according to Abagyan et al. (M1964). The
ionization energy loss in propagation of charged particles was calculated by using the
phenomenological expressions from Vzorov (1969). The standard atmospheric model
was used to simulate the conditions in the Earth’s atmosphere. As result of these
calculations, the differential multiplicity N(E,,E,,6,) that describes the differential
energy spectrum of secondary neutrons on the pressure level 4, generated by one primary
particle with energy E, and incident on the atmospheric boundary at zenith angle 6,

was evaluated. The integral multiplicity for NM-IQSY neutron supermonitor
M, (E,.6,,h) will be determined using Eq. 3.5.12 in Section 3.5, but with P(E)

according to Luzov et al. (1971) and Pakhomov and Sdobnov (1977). The results of
calculation M, (E,,.0,.h) according to Eq. 3.5.12 are listed in Table 3.7.1 for E, =3

GeV and in Table 3.7.2 for E =10 GeV. The last column shows the parameter y that

characterizes the zenith dependencies of integral multiplicities (see below, Section
3.7.3).

Table 3.7.1. Integral multiplicity for NM-IQSY neutron supermonitor for E, =3 GeV in dependence of 4 and
8, according to Dorman and Pakhomov (1979).

b, g/cm’ 0° 15° 30° 45° 60° 75° ¥
710 0.095 | 0082 | 0056 | 0.026 0.010 0.0026 2.8
806 0.056 | 0.044 | 0024 | 0011 0.0035 0.00082 34
965 0.023 | 0019 | 00079 | 00019 | 0.0011 0.000054 4.6
1033 0.013 | 0.012_| 0.0052 | 0.0015_| 0.00052 | 0.0000016 5.0

Table 3.7.2. The same as in Table 3.7.1, but for E o= 10 GeV.

h, g/em’ 0° 15° 30° 45° 60° 750 ¥
710 0.27 0.25 0.17 | 0.061 0.017 0.0051 3.2
806 0.16 0.14 | 0084 | 0026 | 0.0080 0.0017 3.7
965 0.068 | 0.058 | 0.025 | 0.0061 | 0.0024 0.00011 4.9
1033 0.049 | 0039 | 0015 | 0.0031 | 00014 | 0.00039 | 5.4
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3.7.2. Dependence of integral multiplicities on atmospheric depth

The dependence of
integral multiplicities on the
atmospheric depth /4 for
primary protons with energy

EO= 3 and 10 GeV and

6, = 0°, 15°, 30°, 45°, 60°
and 75° is shown in Figure
3.7.1.

Fig. 3.7.1. Results of Monte Carlo
simulations for integral
multiplicities of NM-IQSY
M, (Eo,Ho,h) from  incident

primary protons with energies E, =

3 and 10 GeV at different zenith
angles as a function of 4. According
to Dorman and Pakhomov (1979).

From Fig. 3.7.1 it can be
seen that for each 6, and

E, the dependence of
M, (Eo,Ho,h) on 4 in the
interval from 710 to 1033

2. .
g/cm is  approximately
exponential:

M, (Ey,0,.h)< exp(~h/AE,.0,)) . (3.7.1)

where the values of the attenuation coefficient A(E 00 0) for the integral multiplicities

are listed in the Table 3.7.3. In this Table there are four types of A(E 09 ): (1) obtained
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from Eq. 3.7.1 by comparison with values of M, (EO,Ho,h) at levels 710 and 1033
g/cm2 in Tables 3.7.1 and 3.7.2; (2) obtained by multiplying A(EO,HO = 00), determined
in (1), by cosé,; (3) obtained by averaging A(E 0,00) determined from Eq. 3.7.1 by
comparison values of M, (EO,HO,h) at each level of observation (710, 806, 965 and

1033 g/cmz) with all other (on the basis of data listed in Tables 3.7.1 and 3.7.2); (4)
obtained by multiplying A(E 00, = O"), determined in (3), by cosd,,.

Table 3.7.3. The values of attenuation coefficient A(E 0,00) in g/cm2 for E, =3 and 10 GeV in dependence

on 6, .

Eo, GeV Type 0° 15° 30° 45° 60° 75°

(1) 162.4 168.1 135.9 113.2 109.2 43.7

3 2) 162.4 156.9 140.6 114.8 81.2 42.0

(3) 162.8 168.1 138.9 135.7 110.6 51.1

(4) 162.8 157.2 141.0 115.1 81.4 42.1

(1) 189.3 173.9 133.0 108.4 67.3 66.3

10 2) 189.3 182.8 163.9 133.8 94.6 49.0

3) 190.5 173.9 133.1 108.1 89.5 67.3

4) 190.5 184.0 165.0 134.7 95.2 49.3

3.7.3. Dependence of integral multiplicities on the zenith angle
As shown in Dorman and Pakhomov (1979), the dependence of the neutron monitor
integral multiplicities M , (E O,HO,h) on zenith angle 6, for each level of observation 4

and each primary energy £, can be approximated by
M, (Ey0,.h)= My (EO,QO = Oo,h).(cosﬁo )V(Eo’h) : (3.7.2)

The values of y(E O,h) are

listed in the last columns in
Tables 3.7.1 and 3.7.2 for
EO= 3 and 10 GeV. The

dependencies of y(E O,h) on
h are shown in Fig. 3.7.2.

Fig. 3.7.2. The dependences of
WE, k) in Bq. 3.7.2 from h.
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According to Fig. 3.7.2 the dependences of y(E O,h) from 4 can be approximated by a

linear function:

WE,.h)=A(E, )+ B(E,)h (3.7.3)

where for £, =3 GeV:
A(3 GeV)=—-2.15, B(3 GeV) = 0.00690 (g/cm’)”’ (3.7.4)

and for £, =10 GeV:
A(10 GeV) =— 1.93, B(10 GeV) = 0.00717 (g/em’) " . (3.7.5)

3.7.4. Dependence of integral multiplicities on atmospheric depth and

zenith angle
We can combine Eq. 3.7.1-3.7.5 and determine approximately the dependence of
integral multiplicities M, (EO,BO,h) on atmospheric depth 4 and zenith angle 6,

simultaneously:
M, (E,.0,h)=M,(E,.0,=0h=h,)(cosb, )y(EO’h)exp(— (h—hy )/ A(E,.6,)), (3.7.6)

where M, (EO, 6,=0, h=h0) is the integral multiplicity for neutron component

observed at h=h, from vertically arriving primary particles..

3.7.5. Test of Dorman and Pakhomov (1979) calculations of the integral

multiplicities by solar neutron observation data
Efimov et al. (1993) tested the calculations of Dorman and Pakhomov (1979) of the
integral multiplicities M, (E O,HO,h) for primary protons with energies 3 GeV and 10

GeV, using solar neutron data obtained for the events of June 3, 1982 and May 24, 1990.
These events were observed by many ground based neutron monitors, characterized with
different levels of observation /# and different zenith angles 6, at the time of event.

From Table 3.7.1 and Table 3.7.2 as well as from Figure 3.7.2 it is possible to see that
the average y(E O,h) for levels of 700-1030 g/cm2 and for particle energies 3—10 GeV is
about 4. Efimov et al. (1993) showed that the dependence of the observed solar neutron

flux N divided by (cos 0, )V(Eo;h ) (where y(E O,h) = 4) on the zenith angle is described

exactly by Eq. 3.7.1, and that the average A was about = 96 g/cm2 and 111 g/cm2 for the
events of June 3, 1982 and May 24, 1990 respectively. The test made by Efimov et al.
(1993) of Dorman and Pakhomov (1979) calculations showed that in the first
approximation we can use the results on the M, (E 0,00,h) obtained for protons also for

research of high energy solar neutrons detected by neutron monitors and other ground
based detectors.
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3.8. Analytical presentation of coupling functions

3.8.1. The form of analytical approximation for coupling functions
According to Dorman (1969), the polar normalized coupling function for any
secondary component of type i (i=hu—for hard muons, i=su—for soft muons,

i = ep — for electron-photon component, i =# — for total neutron component, i = m— for
neutron multiplicities m=1,2,3,..., and so on) can be approximated by the special
function (in scientific literature it is called as Dorman function):

Woi (R’ ho ) =4 (ho )ki (ho )R_(ki (h(, )+1) exp(_ a; (ho )R_ki (ho )) (3 8. 1)

It is easy to see that for any values of g; (ho ), k; (ho)

(R 1 YR = Jak R expl- a,R )dR =1. (3.8.2)
0 0

The normalized coupling functions at any point on Earth with cut off rigidity R. will be

0 if R<R,

m(Rc,R,ho)z{ (3.8.3)

ak R4 = gm 7 [ expl-ak ™ )it R2R..

The coupling functions in the analytical approximation described by Eq. 3.8.1 and 3.8.3,

have the following important properties: 1) at large values of R, when aiR_ki <<1, we

obtain W;(R,,R) R~(ki+1) , in good agreement with the observed data on the power
law differential rigidity spectrum of primary CR and power law increase of integral
multiplicity with R (let us remember that according to Eq. 3.1.5 the coupling function is
proportional to the product of the primary CR spectrum and integral multiplicity), 2) at
very small values of R, when aiR_ki >>1, we obtain a rapid decrease of W;(R.,R) with

decreasing R, what is in a good agreement with observed data from CR latitude surveys
(plateau at small R ).

3.8.2. Analytical approximation for CR intensity dependence on cut off
rigidity

The expected dependence of CR intensity on the cut off rigidity R, can be
determined from Eqgs. 3.1.1 and 3.8.1:

N;(R,.h,)/N;(0,1,)= [W,;(R,h, AR =1—a;R*i | (3.8.4)
R,
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where N;(0,4,) is the CR intensity on the pole at R, =0. From Eq. 3.8.4 follows that

coefficients a; and k; can be determined by fitting to a linear regression relation

In(l— N;(Re,h, )/ N;(0,4, )= Ina;(h, ) - k; (h, Jn R, , (3.8.5)

3.8.3. Analytical presentation of coupling functions for NM—-IQSY (total
intensity and different multiplicities); their dependencies from solar
activity

The coefficients @; and &; for neutron supermonitors (Eq. 3.8.5) for different
multiplicities m (coefficients a,, and k,,, where m = 1, 2, 3, ...) and total neutron
component (coefficients a, and £k,) were determined from a latitude surveys by

Aleksanyan et al. (1985), Moraal et al., 1989, and they are in good agreement with
theoretical calculations of Dorman and Yanke (1981), Dorman et al. (1981). Improved
coefficients were determined on the basis of recent Italian expedition to Antarctica

(Dorman et al., 2000). The dependence of a,, and k,, on the average station pressure /4

(in atm = 1000 g/cmz) and solar activity level characterized by the logarithm of CR
intensity (we used here monthly averaged of Climax NM ln(NCl), available starting

from 1952) can be approximated by the functions:

a, = (— 2.915h% —2.237h —8.654)ln(NC])+ (24.584h2 +19.460h + 81.230), (3.8.6)
k, = (0.180h2 —0.849h + 0.750)1n(NCl)+ (— 1.440h% +6.403h — 3.698), (3.8.7)

y = [(— 2.915h* —2.237h - 8.638)ln(NCl)+ (24.584h2 +19.46h + 81.23)]><
><(0.987m2 +0.225m+ 6.913)/9.781, (3.8.8)

Ko = (018042 — 08491+ 0.750)n(Ny) + (- 1.4401 + 6,403 - 3.698)
x(0.081m +1.819)/1.940, (3.8.9)

where m =1, 2, 3, .... Instead of Climax NM, one can also use monthly averages of any
other CR Observatory with appropriate recalculation of the coefficients determined by
correlation between monthly data Ny of Climax NM and this Observatory for several

years. For example, the recalculated coefficients for ESO 6NM—64 are

In(N¢;)=2.161xIn(Nggp ) 9.665 (3.8.10)

(the correlation coefficient 0.899 based on comparison of In(N¢y) and In(Nggg) for
about two years). For Rome 17NM-64 these recalculation coefficients are

In(N¢y)=1.767xIn(Nggpme ) — 3.857 (3.8.11)
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with correlation coefficient 0.949 (from comparison of In(N¢y)and In(Nggme) for about

two solar cycles). Substituting Eq. 3.8.10 or 3.8.11 in Eq. 3.8.6-3.8.9, we obtain the
coupling functions as a function of the level of solar activity on the basis of monthly data
of ESO NM or Rome NM, correspondingly.

3.8.4. Analytical representation of polar coupling functions for different
CR secondary components
According to Dorman et al. (M1972), the coefficients a;, k; in the analytical form

described by Eq. 3.8.1 for different CR secondary components will be as following: 1)
for neutron component at 4, =312 mb, a, =8.30, k, =1.45; 2) for neutron component

at h,=680mb, a,=13.62, k,=1.26; 3) for hard muon component at sea level
h, =1030 mb  ay,,, =35.3, ky, =0.95 ; and 4) for hard muon component underground at

the depth 7 m w.e., apy = 58.5, khﬂ =0.94.

3.9. Difference coupling functions for CR observations in the
atmosphere and their analytical representation

3.9.1. The problem of narrowing the energy sensitivity of CR
instruments

The coupling functions for individual instruments considered above reflect a broad
rigidity sensitivity to primary CR (usually they have a broad maximum covering about
tens of GV). To obtain more exact information it will be important to narrow the energy
sensitivity of CR instruments. The polar coupling function for individual instrument
increases relatively rapidly (almost exponentially) from zero at zero rigidity and, after

reaching its maximum, decreases as R/, where y ~1.5-2.0 depending on the type of

secondary components. This kind of dependence of the coupling functions W on R
makes it difficult and somewhat uncertain to determine the primary variations
OD(R)/D,(R) on the basis of the secondary variations dI;(R,)/I;,(R), by solving the

appropriate set of integral equations with kernels W,(R) (see Sections 3.11-3.12 below).

The uncertainty is associated with an appreciable contribution of a broad range of high
rigidities where the coupling functions and the secondary variations are insufficiently
known. The selectivity and effectiveness of the method may be improved pronouncedly
if the range of the energy sensitivity of the instruments is significantly narrowed. It will
be shown below that installation of similar equipments at the worldwide network of
stations makes it possible to successfully solve this problem by introducing some
complex ‘difference instrument” which is a combination of two identical instruments at
different stations with different cut off rigidities (Dorman, 1977a).

3.9.2. The main equation for the difference intensities for the two

identical CR instruments at different cut off rigidities
Let the equipment detecting the secondary component of type i be installed at some
point £ with an effective geomagnetic cut off rigidity Rj (the directional diagram of the
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instrument and the penumbra effect are included when the effective geomagnetic cut off
rigidity Ry is determined). Let us suppose that at the point / with the cut off rigidity R;

there is the same type of equipment (with the same integral multiplicity). Assume
without loss of generality, that Ry < R;. In this case

1) = [DR)my(RMAR,  1(t)= ID(R2)m;(R)R, (3.9.1)

and for the difference of intensities of these two instruments we obtain

R
Lgi(t)= I (0) = I;(1) = RID(R,t)mi(R)dR. (3.9.2)
k
At t=0 it will be
R
111(0)= 145(0)~ 1,(0)= [D(R.0)m;(R)dR. (3.9.3)
Ry

For the time variation of intensity difference we obtain

R
Al;(t)= leD(R,t)mi(R)dR , (3.9.4)
Ry
where
Ali(t)= Lyi(6) = 113;(0),  AD(R,t)=D(R,t)~ D(R,0). (3.9.5)

Dividing both parts of Eq. 3.9.5 by 7;;;(0) we obtain

R
Ali(t)/111:0)= [(AD(R,)/ D(R,0))Q:(R)dR , (3.9.6)
Ry
where
D(R,0)m;(R)/1,;;(0) if R, <R<R,,
lei(R)={0( I (R) T )‘if R"<R R’ (3.9.7)
ks >R],

is the difference coupling function, introduced by Dorman (1977a). This function
determines the relation between the extraterrestrial variations in the primary CR
AD(R,t)/D(R,0) and the variations of the intensity difference between the readings of
two identical (or appropriately calibrated instruments) at different stations
Ali(t)/I11:(0). Tt can easily be seen that the normalization condition for the difference

coupling function is satisfied: in fact, it follows from Eq. 3.9.3 and Eq. 3.9.7 that
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791«11‘ (R)dR=1. (3.9.8)
0

3.9.3. Representation of the differential coupling functions through

polar coupling functions
The polar coupling functions were determined above, in the Section 3.1. For the
component of type i it will be

W,i(R)= D(R,0)m;(R)/1,;(0), (3.9.9)

where 1,; (0) is the intensity of the i-th CR component at a point with zero geomagnetic
cut off rigidity). From comparison Eq. 3.9.7 and Eq. 3.9.9 we obtain

(oi(0)/ 11is O)W,:(R) if R <R<R,

Qui(R)= 3.9.10
uilR) {0 if R<Ry, R>R,. (3.9.10)

Bearing in mind the properties of the polar coupling function, Eq. 3.9.10 may be
rewritten as

R -1
. . i <R<
lei(R):' Wot(R RJ”WOI(R)dR if Ry SR<R, (3.9.11)
0 if R<Rk,R>R1.
Ry
Since in all cases  [W,;(R)dR <1 then Q;(R)> W,;(R). Let us note that if the interval
Ry

(Ri,Ry) is sufficiently narrow, the difference coupling function may be many times
bigger than the coupling function for individual instrument.

3.9.4. Analytical approximation for the difference coupling function

Such an approximation is of importance for the study of the CR variations of
various types and makes it possible to significantly simplify the calculations and the use
of computers in analyzing the experimental data. As was shown in Section 3.8, the
optimal analytical approximation of the polar coupling functions is the form proposed in
Dorman (1969) and described by Eq. 3.8.1. Substituting Eq. 3.8.1 in Eq. 3.9.11 we
obtain

(3.9.12)

0, (R)= (R R)R D expl- a8 it R, <R<R,
' if R<R;, R>R,,

where the normalizing factor
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-1
(R, Ry) = ajky| expl —a;R i | —exp( —a R )| . (3.9.13)
Wi\Rf, I\ ] k

3.9.5. The difference coupling functions for inclined muon telescopes
An extensive network of cubic and crossed muon telescopes is in operation at
present. The method of the difference coupling functions in case of the cubic telescopes
and shielded ionization chambers may be used for the difference in the counting rates at
two stations with different geomagnetic cut off rigidities as was described above. In case
of the inclined telescopes with the same zenith angle 6 and different azimuthally angles
@, and @, with different cut off rigidities R} and R,, this method may be applied to a
single instrument (for the case of so called crossed muon telescopes ffbl —<D2| =r). In
fact, let I;(6,7) and 1,(6,7) be the counting rates of the telescopes with azimuthally
angles @ and ®; with cut off rigidities R; and R, (the latter are determined by the
coordinates of the observation point, the zenith angle 8 and the azimuthally angles @
and @, ). Then applying a procedure similar to that used in Section 3.9.2 we obtain

(assume for the sake of determinacy that Rj < Ry)

R
Al (6.0)/112(6.0) = If(AD(R,t)/D(R,O))Qu(R,e)dR, (3.9.14)
1

where
Alp(6,1)= 115(6,) - 115(6.0), 15(6.1)= 1,(6.1)- 1,(6,2),
1,,(6,0)=1,(8,0) - 1,(6,0), AD(R.t) = D(R,t)— D(R.0), (3.9.15)
and the difference coupling function for the pair of inclined telescopes

D(R,0)m(R,0)/1,(6,0) if Ry<R<R

le(R,9)= ( )m( )/ 12( ) . 1 2 (3.9.16)
0 if R<R;, R>R,.

In Eq. 3.9.16 m(R,6) is the integral multiplicity for zenith angle 6. It can easily be seen

that the normalization condition

[Q2(R,0)dR =1 (3.9.17)
0
is satisfied since
Ry
112(6,0)= [D(R,0)m(R,6)dR . (3.9.18)

Ry
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The difference coupling function Q, (R,6) can be expressed through the polar coupling
function W, (R,8) using the relation (similar to Eq. 3.9.10),

{(Io (0,0)/112(0,0))W0(R,0) if Rl SRs= R2 (39 19)

Q,(R,0)=
12(R.6) 0 if R<R, R>R,,

where 1,(6,0) is the intensity at an zenith angle © on the pole at moment 7 =0, and
W,(R,8)= D(R,0)m(R,8)/1,(6,0) (3.9.20)

is the polar coupling function for the zenith angle 6. Since 10(49,0)/112(9,0)z 10-20,
the difference coupling function for a pair of directed measurements is correspondingly
many times larger than the coupling function for a single instrument. Another important
circumstance should be emphasized, namely, that the meteorological effects are
automatically excluded in the variation of the difference between the readings of two
inclined telescopes Aljo (6,1) for the same zenith angle 8 (if the weak dependence of the

meteorological functions on geomagnetic cut off rigidity is neglected).

3.9.6. Main equation for determination of CR variations of
magnetospheric and extraterrestrial origin using the difference
coupling functions for observations in atmosphere

Assume that the same component of type i is measured at points k£ and / and that the
observation data from the two stations are corrected for meteorological effects. After this
we shall vary the resultant Eq. 3.9.2 for Iy (t) over the possible changes of the

geomagnetic thresholds and extraterrestrial CR rigidity spectrum, and divide the
variation by 1;;(0)

R
Ali (6)/ 111 (0) = OR Qi (Ry ) — SR Qi (R )+ RJI (AD(R,1)/D(R,0))Qu;;(R)dR , (3.9.21)
k

where the difference coupling function Q;(R) is determined by Eq. 3.9.10 or Eq.

3.9.11. The first two terms in Eq. 3.9.21 determine the variations of magnetospheric
origin, the third term define the variations of extraterrestrial origin (modulation,
generation on the Sun, extra-solar variations). Thus Eq. 3.9.21 is the fundamental
equation of CR variations in the difference between the readings at two stations.

A similar equation will be for observations in the one point by azimuthally muon
telescope (denotations see in Section 3.9.5):

Al1(0,1)/112(6.0)= 8R, Q5 (R, 6)— SR Q15 (R, 6)
R
+ Z(AD(R,t)/D(R,O))QIZ(R,H)dR. (3.9.22)
R
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3.10. Difference coupling functions and difference

meteorological coefficients for underground CR observations

The method of difference coupling functions for muon CR component developed in
Dorman (1977a) and considered above in Section 3.9 for inclined muon telescopes, was
generalized by Dorman (1977b) for studies of CR variations on the basis of underground
measurements data at a single point at various depths and at the same depth but at
various zenith angles (Dorman, M1963a,b; Kuzmin, M1964, M1968; Bishara and
Dorman, 1973a-c, 1974a,b, 1975).

3.10.1. The difference coupling functions for underground observations
by identical muon telescopes relevant to the coupling functions for

single instruments
The CR muon intensity detected by muon telescope on the depth d (in m w. e.) can
be described as

La(Rest)= [D(R,t)m g (R)dR, (3.10.1)
R.

where R, is the cut off geomagnetic rigidity at the point of observation, D(R,t) is the
differential energy spectrum of primary CR; and m d (R) is the integral multiplicity of

muon generation. It is assumed that the observationed data are preliminarily corrected
for meteorological effects (see Part 2 of this monograph). The minimal energy of
detected muons E; min (d) is determined by the underground depth d (see Fig. 2.4.2 in

Section 2.4.4). Generated muons with energy E 4/min (d ) will have energy at 5—7 times

bigger (see the discussion of this problem and corresponding references in Chapter 5).
Let us denote by Ry the minimal effective rigidity of primary CR particles that generate

muons with energy Ej min (d). If Ry <R, geomagnetic effects and CR geomagnetic

variations must be accounted for. In the inverse situation, when R; >R., the

underground CR detector will not be influenced by geomagnetic effects and CR
geomagnetic variations; this means that the variations of / ud (Rc,t) in Eq. 3.10.1 are

completely determined by the variations of only the primary spectrum (let us mention
that it was supposed that all corrections on meteorological effects were introduced). Let
us assume that at the same point (with the same R_) there are CR observations on some

other depth ¢ (with the muon cut off energy Ej; min (g) and minimal effective rigidity of
primary CR particles R ). Assume for the sake of definiteness that ¢ > d (it means
Ejmin (¢9) > E L/min (d) and Ry > Rg). The expression for CR intensity underground
at a depth g will be

JM(RC,t)=RjD(R,t)mM(R)dR. (3.10.2)

C



Chapter 3. Coupling Functions and Acceptance Vectors 137

The difference of intensities described by Eq. 3.10.1 and Eq. 3.10.2 will be

R
Ly Rest) = 1a(Rest)= 14 (Rest) = RfD(R,t)[mﬂd(R)—mﬂq(R)]dR . (3.103)
d

The same difference for the moment ¢ = 0 will be

R

Ly (Re:0)= 1,44 (R..0)— 1,4 (R...0)= RfD(R,O)[mﬂd (R)—my, (R)]dR. (3.10.4)
d

Let us very Eq. 3.10.3 on R, (geomagnetic variations) and on D(R,t) (extra-terrestrial
variations), and then let us divide the result by 7,4, (R.,0) (to obtain relative

variations); we obtain:

Al o (Re ) Ry AD(R.1)
2pdg\et) e o L (R.R AD(R,t) . ;.
g Re0) et olFe: C)+R{1 Dr0) S Fer RIAR - (3:10.5)

where
Al g (Rest) =1 g (Rest)—1 1 (R0 AD(R,1)= D(R,£)-D(R,0).  (3.10.6)
In Eq. 3.10.5 the function

ID(R,0)m,44(R)~ m 4y (R))/ 1ty (Re.0) if Ry <R<Ry,
Q4(Re,R)= . (3.10.7)
a 0 if R<max(R.,R;), R>R,.

determines the relationship between the relative variations of the intensity difference at
various levels underground A/ Ludgq (Rc,t)/ 1 1udq (RC,O) and the relative variations of the
differential spectrum of primary CR AD(R,t)/D(R,0), as well as variation of cut off
rigidity AR, . This function was introduced in Dorman (1977b) and was called the

difference coupling function for underground observations. This function can be
calculated through coupling functions for underground individual instruments:

D(R,0)myq (R)/1,4(R,0) if R>max(R,,Ry),
VV,uz,i(Rc’R)= .
0 if R<max(R.,Ry),
(3.10.8)
"R D(ROm,(R)/ 1, (R.0) if R >max(R,,R,)
AT it R<max(R,,R, ).
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From Eq. 3.10.7 and Eq. 3.10.8 follows

I,ud(RcsO)Wyd(Rc’R)_Iyq(Rc’O)W,uq(RcsR)
Qi (Re R)= 1ua(R..0)=1,,(R.0)
0 if R<max(R.,Ry), R>R,.(3.10.9)

if max(R.,R;)<R< R,

It can be easily seen that the normalization condition

TQ,udq(Rc,R)dR=1 (3.10.10)
R

C

for the difference coupling function is automatically satisfied; this follows from Eq.
3.10.9 since coupling functions for individual instruments are normalized:

TWM(RC,R)dR: TWM(RC,R)dR=1. (3.10.11)
R, R

C C

Let us note that if R. > Ry the difference underground CR coupling function may

be used to investigate both geomagnetic and extra-terrestrial CR variations according to
Eq. 3.10.5. Butif R. <Ry we obtain according to Eq. 3.10.9 that €, (R.,R.)=0, and

instead of Eq. 3.10.5, we obtain

Al g (Rest) yi AD(R,?)

T4ag(R:0) ~ g D(R0)

Q g (Re, R)dR . (3.10.12)

This means that at R. < Ry the difference underground CR coupling function may be
used to investigate only extra-terrestrial CR variations according to Eq. 3.10.12.

3.10.2. Difference coupling functions for underground measurements
on the same depth but at different zenith angles

It will be noted that the relations presented above are also valid for CR
measurements at the same level but at different zenith angles 6 and 6,. If / is the
underground depth in the vertical direction (in m w.e.), the effective depths 4 and ¢ for
these two muon telescopes in Eq. 3.10.1-3.10.12 will be

d=1I/cos6, q=1I/cosb, . (3.10.13)

In this case Eq. 3.10.5 and Eq. 3.10.12 will describe CR variations and Eq. 3.10.9 the
difference underground coupling functions for two muon telescopes on the same depth
but at different zenith angles.
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3.10.3. The difference meteorological coefficients for pair of
underground observations and their relation to the meteorological

coefficients for single instruments

In Sections 3.10.1 and 3.10.2 above we have considered underground observation
data corrected for meteorological effects according to procedure described in Part 2 of
this monograph. Let us note that in the difference of CR intensities measured
underground at different depths (or on the same depth in vertical direction, but at
different zenith angles), meteorological effects are mostly compensated. So it will be
more appropriate to introduce meteorological corrections not in data of single detectors
but directly in the difference of CR intensities. But in this case we need to determine the
difference meteorological coefficients for a pair of underground observations.

The atmospheric variations in CR intensity data obtained by underground
observations at the depth d (in m w.e.) will be written in the form (see Chapters 5-9):

hy
(A7 (R 1)/ 14a (Re.0)). = Buathy + [0t (R)AT (h)alh (3.10.14)
0

where 5, is the atmospheric pressure at the observation point, ud is the barometric
coefficient, o,y (h) is the temperature coefficient as function of isobaric level A over
the observation point, and AT(k) is the air temperature variation. For underground

observations at the depth ¢ we obtain similar expression:

(A7 (Rert)/ 1y (Re0)), = By, + hfaﬂq(h)AT(h)dh. (3.10.15)
0

Let us consider atmospheric variations in the difference Al R..t)/1 R.,0) of CR
udg \Fest)[ £ udg e

intensities measured underground at different depths (or on the same depth in the vertical
direction, but at different zenith angles). From Eq. 3.10.14 and Eq. 3.10.15 follows

h,
(A7 ty (Ret) 1y (R.0)).. = Bruag by + gaﬂdq (R)AT (h)dh, (3.10.16)

where

_ 1,ud (Rcao)ﬁ,ud - I,uq (Rc ’O)ﬂ,uq

i} (3.10.17)
Hdg Ly (Re.0)— 1,44 (R, 0)
is the difference barometric coefficient, and
 Lg(Re 00 ()14 (R 0)et 4 ()
g ()= (3.10.18)
Ly (Re.0)—1 44 (R, .0)

is the difference temperature coefficient.
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3.10.4. General equation of the variations for the relative difference in

the CR intensities from underground observations

The general equation of the CR variations for the relative difference in the
intensities at two underground observation levels (or at a single level for telescopes at
different zenith angles) including all three groups of variations will be written in the
form

Al (R ,t) hy
7% = BuutgAhy + [0, (1) AT ()b
pdg\Fes 0
Ry AD(R,1)
—AR Q R.,R ——Q R_..R)dR. 3.10.19
¢ ,qu( c C)+R{1 D(R,O) ,udq( c ) ( )

The first two terms of Eq. 3.10.19 describe the atmospheric variations, with the
difference temperature and barometric coefficients ﬂ,udq and @4, (h) determined by

Eq. 3.10.17 and Eq. 3.10.17. The third term defines the geomagnetic variations, where
Q /ldq(RC’RC) is determined by Eq. 3.10.9 at R=R.. The fourth term describes the

extra-terrestrial variations determined by the relative variations of primary CR rigidity
spectrum in interval (Rd,Rq) out of the magnetosphere and by the difference coupling

function Q 4, (R, R) for the pair of underground measurements on the depths d and g.

3.11. Spectrographic method for determining rigidity spectrum
of primary CR variation on the basis of single Observatory data

3.11.1. Two approximations for rigidity spectrum of primary CR

variation
In the first approximation the spectrum of primary CR variation can be described as

AD(R,1)/D,(R)= ()R, G.11.1)

where AD(R,t)=D(R,t)-D,(R), and D,(R) is the differential spectrum of galactic CR
at ¢t =0 (for which coupling functions are defined). In Eq. 3.11.1 the parameters b(f) and
7(t) depend on ¢. The approximation described by Eq. 3.11.1 can be used for describing
a limited interval of rigidities in the sensitivity range corresponding to different CR
secondary components (determined by coupling function). On the other hand, many
historical GLE (Ground Level Event from solar CR) data show that, in the broad energy
interval, the rigidity spectrum for this type of CR primary variation has a maximum, and
the parameter }/(t) in Eq. 3.11.1 depends also on particle rigidity R (usually 7(t)
increases with increasing R). This dependence can be described by the second
approximation:

AD(R,t)/DO(R)= b(t)R‘}’o(f)—ﬂ (f)I"(R/Ro(f))’ (3.11.2)
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with 4 unknown parameters b(t), , (), (¢), and R, (z). The position of the maximum in
the FEP spectrum will be at

Rinax (£)= R, (e)exp(— 7, )/ 1 (¢)). (3.11.3)

which varies significantly from one event to another and changes very much with time:
in the beginning of the GLE event it is great (many GV), but, with time during the
development of the event, Ry, () decreases very significantly.

3.11.2. Determination of the rigidity spectrum of primary CR variation

in the magnetically quiet period
In this case, for rigidity spectrum described by Eq. 3.11.1, the observed variation
ON;(R,.t)= ANi(RC,t)/NiO(Rc) in some component i can be described in the first

approximation by the function F;(R,,(t)):
N, (R...t)=b(t)F;(Re., y(t)). (3.11.4)

where

F(Re.7) = agki 1 —expl- aR:* )TIZR‘(’W“”) expl-a,R 7 )aR (3.11.5)

C

is a known function. Let us compare the data for two components m and n. According to
Eq. 3.11.5 we obtain

mm(Rc’t)/&vn(Rc,t)=\Pmn(RcJ’(t))’ (3.11.6)

where
¥y (Re,7)=F, (R, 7)/F,(Re,7) (3.11.7)

can be calculated using Eq. 3.11.5. Comparison of experimental results with function
¥,.n(R.,7) according to Eq. 3.11.7 gives the value #(r), and then from Eq. 3.11.4 the
value of the parameter b(¢). Eq. 3.11.7 shows that on the basis of CR observation data in
atmosphere and underground one can determine the parameters b(t) and ¥(t) of the

rigidity spectrum of primary CR variation in the quiet period at the top of atmosphere.
Let us suppose now that from some single CR Observatory at least 4 components
i=k,l,mn with different coupling functions are available. Then for the spectrum

describing by Eq. 3.11.2, we obtain
N (Re.t) = (), (Re, 7, (0).71 (1), R, (1), (3.11.8)

where i=k, [, m, n, and
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q)i(Rc’7o’7l’Ro)
1 0
=kl expl- a,R7H )T [R-k 7o n R R ) eyl pbidar. (3.11.9)

R,

By comparing data for the different components, we obtain three equations from which
one can determine the three unknown parameters %, (¢), ,(¢), and R, (¢):

ZYY\V/I;((II:C:;))_YH( Yo7 ()R, (1)), g;vézvl((RTc’t))=Ylm(Rc,j/o(t),j/](t),Ro(t)),
%CC”—;))=Ymn(Rc,n(t),71(t),Ro(t)), (3.11.10)

where (i, j=k, I, m, n) and
Yij(RmyoaylsR ) Rc’yoayla /q) c’}/o’}/l’Ro) (3.11.11)

can be calculated using Eq. 3.11.9. Solution of the system of Eq. 3.11.10 gives the values
of 7,(¢),7(t),R,(¢), and from these one can determine the parameter b(t) by Eq. 3.11.8:

b(t)= N (Res 1)/ @ (Re. 7, (¢). 71 (). R, (1)) (3.11.12)
for any i=k, I, m, n (and the final result must be the same).

3.11.3. Determination of the rigidity spectrum of primary CR variation

and cut off rigidity change in magnetically disturbed periods
For magnetically disturbed periods the observed CR variation will be described by

Ny (Re.1)=—AR (W (R, R, )+ b(e)Fi (R, 7(1)) (3.11.13)

(instead of Eq. 3.11.4). Here AR, is the change of cut off rigidity owed to the change of
the Earth's magnetic field, and #; (R,,R,) is determined by Eq. 3.8.3at R=R,..

Now for the first approximation of the rigidity spectrum of primary CR variation we
have three unknown variables A¢), ), and AR, (¢), and for their determination we need

data from at least 3 different components k£ = /, m, n in Eq. 3.11.13. In accordance with
the spectrographic method (Dorman, M1975b) let us introduce the function

I/VlFm(Rc’7/)_I/VmFl(Rc’7/)
Wan (Rc’ 7)_WnFm (Rc’y)

\len(Rc’y): (3.11.14)

where
W, =W;(R.,R.), W, =W, (R.,R.), W,=W,(R,..R.). (3.11.15)

cr7C
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Then from

I/Vlé]vm(Rcat)— Wméyvl(Rcat)
Wm&vn (Rc>t)_ Wné]vm(th)

W (Re,7)= (3.11.16)

the value of y(z) can be determined. Using this value of #{t) for time 7, we determine

— F(Rcay(t))é]vm(Rcat)_Fm(Rc,}’(f))&V (Rc,t)
AR (1)= F;(Rc,}’(t))éN,,(Rc,t)—F,,(Rc,;/(t))éN,i,(Rc,t)’ (3.11.17)

C

( )_ I/Vlé]vm(Rcat)_VVmé]vl(Ii’cat)

W R ATy (R A0 G

So in magnetically disturbed periods the rigidity spectrum of primary CR variation at the
top of the atmosphere and cut off rigidity change can be determined.

Let us consider now the rigidity spectrum of primary CR variation described by Eq.
3.11.2. In this case (for magnetically disturbed periods) we need at least 5 different
components, and the observed CR variation will be described by

ON;(R..1)==AR.(e W (R, R )+ b(e)®; (R, 7, (). 71 (e R, (¢)) (3.11.19)

(instead of Eq. 3.11.8), where i = j, k, [, m, n. Here Wi(Rc,Rc) are determined by Eq.
353 at R=R,. and (I)i(Rc,}/O,}/l,Ro) are determined by Eq. 3.11.9. By excluding
from the system of Eq. 3.11.19 the linear unknown variables AR.(¢) and b(), we obtain
three equations for determining the three unknown parameters ,(z), 7;(z), and R, (¢) of
the rigidity spectrum of primary CR variation:

I/Vlé]vm(Rc’t)_' Wm&vl(Rcst)
Wméyvn(Rc’t)_ Wn&vm(Rcat)

=Ylmn(Rc>7o’7laRo)’ (31120)

where

— VVld)m(RC’7/0’y]’RO)_Wm(DI(RC’yO’yl’RO) X (31 121)
qu)n(Rc’ Vo> 71’Ro)_Wnd)m(Rc>}/o’7/l>Ro)

Viun(Res ¥or 11 R,)

In Eq. 3.11.20 the left hand side is known from experimental data for each moment of
time ¢, and the right hand side contains known functions of y,,7,R,, calculated by

taking into account Eq. 3.11.9 and Eq. 3.11.15 (at R=R,.). From the system of three
equations of the type of Eq. 3.11.20 one can determine 7, (z), (¢), R, (¢), and then the
parameters b(¢) and AR, (¢) by:
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( ) I/Vl&vm(Rc’t)_VVm&VI(Rc’t)

W0, (Re, 75 (1) 71 (1) Ry (1)) = W@y (R, 7, (0), 71 (1) R, (1)) (3.11.22)

0 R (LR )N (Rer)~ O Res 10 Ry ()N (Ror)
AR = e AL o 1) R bR i) O

3.11.4. Special program for on-line determination of the energy or
rigidity spectrum of CR primary variation

Let us consider data from a neutron monitor with independent registration of total
neutron intensity and intensities of different multiplicities, as well as intensities of other
CR components as input vector /,,(i) at some moment of time i (here m is the order

number of channel, e.g., m =0 — for total neutron intensity, m=1-7 for intensities of
different neutron multiplicities from 1 to 7, m > 8 for intensities of muons from different
directions, and so on). For estimation of the statistical properties of the input vector
I,,({) we calculate the average values and standard deviations for each channel

<I m (l)) and 0,,(i) on the basis of 60 one-minute values that precede the investigated

time moment i. During the next step we calculate a vector of relative deviations:
31, (i) = (L, 0) = (L, )L, 0)) (3.11.24)

and the corresponding standard deviations 0((51,,,(1’)). On the basis of the deviation

vector o/, (z) we calculate the matrix
Ropn (i) = 81,y i)/ 6, (i) (3.11.25)

of ratios of deviations for different channels of registration 7 and » at the time moment i
and their standard deviations (R, (/). On the basis of Eq. 3.11.6 and Eq. 3.11.7, and

by using Eq. 3.11.24 we calculate the matrix of the spectral slope ¥,,,(i), and then by
Eq. 3.11.4 the matrix by, (l) of the amplitude and estimations of corresponding
standard deviations &(y,,,(i)) and & (b, (i) .

In order to convert the matrix output of estimated spectral slope ¥y, (z) to the
scalar form y(i), we use the estimation of the average values, taking into account the

correspondent weights W of the individual values 7mn(i) determined by the
corresponding standard deviations

-1
W (Yn i) = (0 (m()))‘z( 2(0-(7mn(i)))_2] : (3.11.26)

m,n

and obtain
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Y= YO} P (1)) (3.11.27)
m,n

We do the same for the parameter b(i):

(i) = S by ()XW (B (i))s (3.11.28)

m,n

where

W(b,,,,,<i>>=<a(bm,,<i»>-2( (o6, o-»rz}_ O en

m,n

From the evaluated values of y(i) and (i) we then determine the rigidity spectrum of
the primary CR variation by using Eq. 3.11.4 for each moment of time:

AD(R,i)=b(i)R""x D, (R). (3.11.30)

3.12. Spectrographic method on the basis of two CR
Observatories data

3.12.1. Determination of the rigidity spectrum of primary CR variation

in the magnetically quiet period

For determining the rigidity spectrum of primary CR variation according to Eq.
3.9.1 and 3.9.2, one can use data from pairs of CR Observatories with different cut off
rigidities R,; and R,,. If the same component m is used from both Observatories (e.g.,

total neutron component on about the same level of average air pressure #,, ), the energy
spectrum in the interval R.;—R_., can be determined approximately for any moment of
time ¢ (here W,,,,(R) is determined by Eq. 3.5.1):

-1
%(Rcl - Rc2 ) = [6Nm (Rcl )(1 - anglkm )_ &vm (Rc2 )(1 - ach—zkm ){I:j.iVom (R)dRJ (3 12, 1)

o

More precisely, the rigidity spectrum of primary CR variation can be determined by
the spectrographic method. In this case for determining b(¢) and y(¥) in Eq. 3.9.1 we need
to have data at least of one component on each Observatory. If it is the same component
m at both Observatories, parameter y(7) will be evaluated from the equation

&Vm(Rcl’t)/&vm(Rcb’): \Pmm(Rcl’Rcz’y)’ (3~12'2)

where
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Wom (RCI’RCZ’ 7): F, (Rcl’y)/Fm (Rc2’7)’ (3.12.3)
and then one can determine
b(t)= éNvm (Rcl’t)/Fm (Rcl’ 7(t)): é]Vm (RCZ’t)/Fm (R('2’7(t))' (3-12'4)

If two different components m and » are used, the solution for ¥ will be determined by
equation:

éNvm (Rcl’t)/&vn(RcZ ’t)= \Pmn(Rcl’RcZ’ 7) > (3 12‘5)

where
\Pmn (Rcl > RcZ s 7) = Fm (Rcl s 7)/Fn (RCZ > 7) > (3- 12'6)

and then 5(7) can be determined from:
b(t) = é]\/m (Rcl ’t)/Fm (Rcl > 7(t)) = &Vn (RCZ’t)/Fn (Rc2’ 7(t)) . (3~ 12'7)

In the case of the rigidity spectrum of primary CR variation determined by Eq.
3.9.2, we need at least 4 components: it can be 1 component from one Observatory and 3
components from the other, or 2 components from each observatory with cut off
rigidities R.; and R, . In the former case the parameters y,, 3, R, will be determined

by the solution of the system of following three equations

éNk(Rcl’t): q)k(Rcl’yo’yl’Ro) MI(RCZ’I)
MI(RCZJ) q)l(RCZ’}/o’}/l’Ro) éva(Rc%t)

d"m(RCZ’l‘)
—myc>_y (R,.%,7.R ), 3.12.8
&Vn(Rcz,f) mn( c2:Y0: N o) ( )

=Ylm(Rc2’7o’71’Ro)’

and then we determine
b(t) = é]Vk (Rcl ’t)/(bk (Rcl’ Yo (l), N (t)’ Ro (t)) = 67\7/ (RCZ’t)/q)/ (R027 Yo (t)’ N (t)’ Ro (t))
= 6Nm (RCZ’t)/cDm (RCZ’ Yo (t)’ N (t)’ Ro (t)) = &Vn (R(,’Z’t)/q)n (R027 Yo (t)’ /4| (t)’ Ro (t))(3 12.9)

For the latter case, the system of equations for determining parameters y,,7;,R, will be

é]\fk (Rcl’[)
67\// (Rcl ’t)

éyvl(Rcl’t) — q)l(Rcl’}/o,ylsRo)
éyvm(RCZ’t) cDm(RCZ’}/o’}/I’Ro)

= Ykl(Rclﬁ}/o’}/l’Ro)’

éz"m(RCZ’t)
— ==Y ARH, Y, 71, R, ), 3.12.10
éjvn(Rch) mn( c2:Y0o N o) ( )



Chapter 3. Coupling Functions and Acceptance Vectors 147

and then we determine

b(t) = N Ry, 1)/ @ (Rot, 7o (1) 71 (), Ry (1)) = N (Rt 1)/ @y (Rey 7, (6, 11 (6), R, (2)
=8N,y (Re2, 1)@, (R0, 7, (), 11 (). R, (1)) = 8N, (R 2, £)/ @, (R0, 7, (). 7 (). R, (£)).(3.12.11)

3.12.2. Determination of the rigidity spectrum of primary CR variation
and cut off rigidity change in the magnetically disturbed periods

For the spectrum described by Eq. 3.9.1 we have 4 unknown variables (instead of
two for the quiet period): AR,(t), AR, (t), b(t), ¥(t).

If there are 1 and 3 components in both observatories with cut off rigidities R,
and R, the system of equations for determining AR (t), AR, (z), b(t), ¥(¢) is

Nk (Reys) = ARy (Wi (Rey, Rey ) + B0 )Fy (R 7(0)), (3.12.12)
ON/(Re2,1)= ~AR 2 (W) (Re, Rz )+ 1)y (Re, (1), (3.12.13)
Ny (Res1)==ARe (W, (Re, R )+ b(0)Fy (R, 7(0), (3.12.14)
N, (Re2,1)==AR o ()W, (Rez, Rey )+ B(1)F, (Rea, /1)) (3.12.15)

In this case we determine from Eq. 3.12.13-3.12.15 #(t), b(z), and AR, (t) as follows:

1. We determine the function

WiFy(Reg, ¥)~WiuFi(Re2,7)
Wy (Rep, y) = —Hoc2 e (3.12.16)
e WmF( 2> 7) ( c2> 7)
where
VVI = VVI(RC2’RC2)5 Wm = Wm(RCZ’RCZ)’ Wn = Wn(RCZ’Rd)' (3‘12'17)
2. Then from
Wi ON i (Rest) = WoON) (R, 1)
YR, 7) = — c2:! c2> (3.12.18)
e Wm&vn( 251 ) W&V ( 0251 )
the value of ¥(r) can be determined.
3. Using this value of #(¢), for each time #, we determine
ARcZ(t) F}( CZ’y(t)) ( CZ’t) ( c2> y(t))&vl( 02’ ) (31219)

Fp(Reg (0))ON,,(Reot) = Fy (R, Y(E))ON 1y (R, )
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W;0N, (R.,1)—W,,0N)(R.»,1)
(t)= 1% Ym\ 2> m@YI\2c2> ) (3.12.20)
I/VlFm (RCZ’ 7(’))_ WmF} (RCZ’ 7(t))
4. From Eq. 3.12.12 we then determine
AR, (£)=[6(e)F (Re1, 7(6)) — Ny (Rey )/ W (Rey Ry ) (3.12.21)

If there are 2 and 2 components in both CR Observatories, instead of system Eq.
3.12.12-3.12.15 we will have

Ny (Rep,1) = ~AR (e (Rey, Rey )+ b{0) i (Rey, /(1)) (3.12.22)
&) (Re1t) = ~ARy (W) (Rer, R )+ (0 )Fy (R, (1) (3.12.23)
Ny (Rezs1)= ~ARe (W (R, Rez )+ B(0)Fy (Re2, 7(0), (3.12.24)
N, (Re 1) = ~AR o (t W, (Re2s Rep )+ b(1)F, (R, (1)) (3.12.25)

From the system of Eq. 3.12.22-3.12.25 we exclude the linear unknowns b,
b(r), AR,;(¢), AR, (¢) and finally obtain a non-linear equation for determining 7(t):

Wké?\,l(Rcl’ ) I/Vléva( 15t )
Wmé?\,n(Rcb) Wé]\’ ( 62’)

=W (Re Rea, 1)) (3.12.26)

where the special function for combination of two Observatories is determined by

Wk (Rcl > Rcl )Fl (Rcl > 7)_ VVI (Rcl > Rcl ) ( cl> 7)
Wm (RCZ’RCZ )Fn (Rc2a7/)_Wn (Rc2’Rc2) ( c2> 7)

lPklmn (Rcl Rezs 7) = (3.12.27)

which can be calculated for any pair of Observatories by using the known functions
Fi(Re1,7), Fy(Ret,7), Fu(Re2,7), Fy(Re,7), and  known values W (R.i,R.1),

W,(R.,R.1), W,(R.p,R.2), and W,(R.;,R.,). After determining ¥(tf) we can
determine the other 3 unknown variables:

F( C,}’(t))é]\]( c’) F( cay(t))é]\[( cls)
M T ) (1228

Pl A B A .
AR )= T 1229

()= WidN; (Reyst) = WidNg (Rey,1)  WpuON,(Reg,t) = W,0N ,(Rep.1)

WieFy(Rer, HO) = WiFy (Rets H0)) Wiy (R H0) = W o (R A1)

(3.12.30)
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Let us consider again magnetically disturbed periods, but the rigidity spectrum of
primary CR variations in the form described by Eq. 3.9.2. In this case we have 6
unknown variables AR,(¢), AR, (), b(z), 7, (¢), 7,(¢), R, (¢) , thus from both observatories

we need total at least 6 components (they can be in different combinations). For
example, if there are 1 and 5 components from the two observatories, we first solve the
set of 5 equations for the second observatory as described in Section 3.9.3 for
determining AR, (t), b(t), 7,(¢), %1(¢), R,(¢), and then by using one equation for the first
Observatory determine AR,(z). Let us note that a set from 6 equations for both CR
Observatories can be solved also for any other combination of registered components: 2
and 4, or 3 and 3. In all cases the method is as follows: first we exclude the linear
unknown variables AR,,(t), AR,,(t), b(t), and then, on the basis of the remaining 3

equations, determine 7, (¢), (), R,(¢); after this it is easy to determine
AR,(t), AR5 (¢), b(z). In the solution the functions @ and Y will be used, instead of the
functions F and ¥ that were used above for spectrum described by Eq. 3.9.1.

3.12.3. Spectrographic method for pairs of CR Observatories with about
the same asymptotic directions

If the primary CR variation is isotropic, use of the spectrographic method described
above will give about the same result for the rigidity spectrum of primary CR variation
at the top of atmosphere for any pair of CR Observatories. But for cases in which the
primary CR variation is sufficiently anisotropic it is better to apply the spectrographic
method to pairs of CR Observatories with about the same asymptotic directions.
Comparison of the results from different pairs will then allow determine approximately
the CR primary variation distribution out of the atmosphere and out of the
magnetosphere. Using the International CR Service (ICRS) proposed by Dorman et al.
(1993) and the above technique, the information on the primary CR variation distribution
can be obtained in real time scale.

More detailed information on the primary CR variation distribution function over
the atmosphere and magnetosphere can be obtained by using the method of ring CR
Observatories with about the same asymptotic latitudes (see below, Section 3.13) and
global spectrographic method (acceptance vectors and spherical analyses), as described
in Section 3.14.

3.13. Ring CR Observatories with about the same asymptotic
latitudes (method of variational coefficients).

3.13.1. The basis of the variational coefficients method
McCracken et al. (1962, 1965) developed, for the study of CR anisotropy, the method

of variational coefficients, which is a generalization of the method of coupling
coefficients to the case where an anisotropic CR flux is recorded. Its main point is the
following. Generally CR anisotropy can be characterized by the differential rigidity
spectrum Dy (R) in a small solid angle of asymptotic directions Qj , as a sub-division
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of the entire 47 of the celestial sphere. Then the counting rate AN; of a detector,

recording the secondary component of type i owed to the flux of primary particles from
the solid angle € in the rigidity interval R, R+dR and generating secondary particles in

solid angle dw near zenith angle Z and azimuth ¢, will be:
AN;(Qy,R,Z,9)= Dy (R)F;(R,Z,p)dwdR . (3.13.1)
Let us assume that Fj(R,Z,) can be written as a product
F(R,Z,p)= X;(R)®;(Z,0). (3.13.2)
Then by integrating over Z and ¢ we shall find
AN;(Q4,R)= D (R)X;(R)Y;(Q),R)dR . (3.13.3)

where Yi(Q k ,R) is the result of integrating @ i (Z,9) over all Z and ¢ for primary
particles with rigidity R coming from the solid angle of asymptotic directions Qj, .
For an isotropic flux Qj =4z, Di(R)=D,(R) and

AN;(47,R)= D, (R)X;(R)Y;(47,R)dR . (3.13.4)

On the other hand, from the determination of the coupling coefficients ;(R) in
Section 3.2 (according to Dorman, M1957) it follows that

W;(R)=—dN;/NdR , (3.13.5)

Comparison of Eq. 3.13.4 and Eq. 3.13.5 gives

NW;(R)
X;(R)=——202 3.13.6
i(®) D,(R)Y;(47,R) ( )
and substitution in Eq. 3.13.3 gives
Dy (R) Y;(Q4,R)
AN;(Q;,R)= N, (R) = —L 2%k g 3.13.7
i@ R)= Nt ( )DO(R)Y,-(4ﬂ,R) ( )

In Eq. 3.13.7 D, (R) is a certain average CR energy spectrum, N; and W,(R) are

respectively the mean counting rate for the given instrument and the coupling coefficient
for the given isotropic energy spectrum D,(R). Let Dy (R)=D,(R)+ADj(R). Then

integration with respect to R gives
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AOpR) = ADR) HQWR)
N PR Ry R

dR . (3.13.8)

We assume that
R)/D,(R)=4RP, (3.13.9)

where 4 is, in general, a function of the asymptotic direction, R is measured in GV and B
is the exponent in the anisotropy spectrum. Substitution of Eq. 3.13.9 in Eq. 3.13.8 gives

AN (@4, R)/N; = 4Vi(Q., B) (3.13.10)
where
B Yi(Q,R)
Vi(Q, ﬁ) w;(R)R Vir R)dR. (3.13.11)

is the so called partial variational coefficient of the detector of type i, corresponding to
the solid angle Qj and the exponent [ in the anisotropy spectrum.

3.13.2. Determination of the longitude variational coefficients if the
anisotropy follows a cosine law in latitude
In the coefficients ¥;(Qy, ) the ratio Y;(Qy,R)/Y;(47,R) appears, which in turn
contains the asymptotic directions for various zenith and azimuth angles. Considering
that the main contribution to the counting rate of a neutron monitor is owed to primary
particles reaching the Earth's atmosphere under zenith angles Z < 40°, this ratio was
computed in McCracken et al. (1962, 1965) using the results of trajectory computations
for Z = 0°, 16° and 32° and directions of incidence from north, south, east, and west.
Further it was assumed that the quantity 4 may be written as the product of two
functions of asymptotic longitude ¥ and asymptotic latitude A, the latter being simply
COsA, i.e.,
AW, A)= f(¥)cosA. (3.13.12)

This assumption evidently restricts the possible forms of anisotropy but the actual solar-
daily anisotropy does not differ much from Eq. 3.13.12. Therefore one may write for

each interval of asymptotic longitudes ¥'; + 2.5%:

AN (¥, )/N; = 1,785, B), (3.13.13)
where
V"(\Pj’ﬂ)z%Vi(gjk(\yj’f\k)’ﬁ)COSAk (3.13.14)

are the longitude variational coefficients. We shall distinguish in terminology the
differential variational coefficient ¥;(Qy,/) and the longitude variational coefficient
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V,—(‘P i ﬂ) The first coefficient describes a detailed picture of the anisotropy (valid for

any type of its space distribution), and the second only the longitude dependence of the

anisotropy.
Longitude variational coefficients have been computed by McCracken et al. (1965)

for 79 neutron monitors of the world-wide network of stations for 10 values of B from
+0.6 to —1.5 (with the step 0.2), and values of ¥'; in 5° intervals of longitude. As an

example, Table 3.13.1 shows the results of McCracken et al. (1965) for B equal to 0 and
—1 for four stations: high-latitude (Thule, Greenland), intermediate latitude (Chicago,
USA), low-latitude (Alma-Ata, Kazakhstan) and equatorial (Huancayo, Peru).

Table 3.13.1. Longitude variational coefficients (according to McCracken et al., 1965).

Station Thule Chicago Alma-Ata Huancayo
Coordinates 76" 55N 41°83 N 43720 N 127038
68°.84 W 87°.67 W 76" .94 E 76" B8 W

Spectrum slope B=0 g=~1 B=0 §=-1 p=0 g=-1 g=0 g=-1
Asymptotic
longitude

0750 0.75 0.01 0.75 0.21 0.72 010 1.51 006

5 -10 0.18 0.00 0.38 0.11 (] 0 145 006
10 ~15 0.06 0.00 0 0 0.64 0.10 3.02 0.5
15 20 0.53 0.02 0 0 0 0 1.52 0.06
20 -25 0 0 045 018 0 0 232 012
25 30 0.08 0.00 0.23 0.09 0 0 1.16 0.06
30 -35 0 0 0.69 0.28 [ 4] 2,22 (13
35 40 0.0 0.00 046 0.19 4] 0 116 0.06
40 45 0.29 0.01 0 1] 0.67 0.00 269 0.18
45 - 50 0.09 0.00 0.23 0.09 0.52 0.00 228 0.11
50 -55 0.01 0.00 0 4] 041 0.00 0.74  0.04
55 —60 0.20 0 0 045 0.00 114 0.06
60 —65 0 0.00 ¢ 0 .71 0.01 0 0
65 -70 011 0 0 0 049 000 077 0.05
70 75 0 0.00 0 0 0.27 0.00 0 0
75 -80 0.09 0.00 0 0 091 0.01 205 0.14
80 -85 0.07 0.00 1] 0 281 0.01 112 0.09
85 --90 0.08 0 0 0 232 0.02 0 0
90 ~95 0.15 0 0 0 3.00 0.04 1.81 0.11
95 --100 0 0 0 0 1.88 003 0 0
100 -105 017 0 0 0 213 0.04 0.98 0.07
105 110 0 0 0 0 3.01 0.06 0 0
110 115 012 0 0 0 2.89 0.07 0 ¢l
115 ~120 011 0 0 0 2.34 007 4] 0
120 —128 0 0.00 0 0 3.59 0.10 0 0
125 -130 0.01 0 0 0 4.39 0.15 0 0
130 - 135 0 0.00 0 0 5.33 0.20 0 0
135 140 0.11 .00 0 0 529 024 0 0
140 145 111 0.00 0 0 279 0.1 0 1]
145 150 0 0 0 0 4.28 0.22 0 0
150 —155 0 1] 0 4] 5.00 0.30 0 0
155 —160 [ 0 0 4] 1.17 0.08 0 0
160 165 0 0 1] 0 239 0.23 1.06 0.07
165 170 0 0 0 0 2.55 020 0 0
170 175 0 0 Q 4] 2.18 0.6 0 0
175 180 0 0 0 0 1.92 0.15 1.16 0.06
180 - 185 0.17 0.00 0 0 290 0.26 0 0
185 —190 0 0 4] 2.02 0.18 0 0
190 ~195 0.15 0.00 ] 0 1.94 0.21 0 0
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Table 3.13.1. (continued).

3.13.3. Ways of using the longitude variational coefficients in studying
the anisotropy of primary variations out of the magnetosphere

When the longitude variational coefficients are known, the distribution over the
surface of the Earth of amplitude and phase of the anisotropy can be found. Let the
longitude distribution of the intensity outside the Earth's magnetosphere be characterized
by the function 7(¥), the latitude distribution being taken in the form cosA . Let y be

the angle between the asymptotic direction for the given station and the direction
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towards the Sun (counted to the west from the line Earth-Sun, see Fig. 3.13.1) and 7 the
local time for the given station in hours. Then

7 =Y +15°xT-180° . (3.13.15)

Fig. 3.13.1. Angles employed to specify the asymptotic direction of viewing of an arbitrary CR Observatory.

Let us develop the distribution f(y) in the series

7(0)= Sapcosnly—z,). (3.13.16)

n=l1

where g, is the direction on the maximum of the »-th harmonic, and ¢, its amplitude

(all harmonics are assumed to have the same spectrum). Substituting Eq. 3.13.16 in Eq.
3.13.13 and adding over all intervals of longitudes from 0 to 360° one finds

AN;(T)

71 0
N T 2 V,-(Soj+2.50,,3)20:,,cosn(50j+150T+2.50—1800—,1',,). (3.13.17)
i =0

n=l1

Eq. 3.13.17 can be transformed into
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ANi(T) = Y o,B;, cos[n(lSOT -180° —,t’n)+ }’in], (3.13.18)
i n=l1
where
71 i
B, = { zV,.(s"j+2.50,ﬂ)sinn(5"j+2.5")
Jj=0 J
2112
71
+|:ZI/i(SOj+2.5”,,B)cosn(5°j+2.50) s (3.13.19)
Jj=0 J
and

71
ZV,-(SOj + 2.50,,B)sin n(SOj + 2.50)
j=0
Vin = arctg 71 .
zV,-(s" j+2.5°, ,B)cosn(s" j+ 2.5")
j=0

(3.13.20)

It is easily seen that the local time of maximum for the n-th harmonic Tp,y ;, at a

station with geographic longitude L will be

_ 180°n+ nyy '(7in - nL)

Tmax,in - 159
n

hours. (3.13.21)

This means that the maximum is shifted owing to the influence of the geomagnetic field
by (%n — nL)/ (1 5°n) hours. These shifts and the relative amplitudes B;, for n =1and 2
(i.e. for the first and second harmonics of the CR diurnal variation) were computed by
McCracken et al. (1965) for the same 79 neutron monitors and the same 10 values of B

from +0.6 to —1.5 by the longitudinal variation coefficients. Table 3.13.1 gives in the
bottom lines, again as an example, the values for the four stations mentioned above.

3.13.4. Limitations of the method of variational coefficients

The method of variational coefficients discussed above has played an important role
in investigations of CR anisotropy (see in detail in Dorman, M2005). However, in many
cases it cannot be used on account of the following limitations:

1. Tt is assumed that AD(R)/D,,(R)e< R# in the whole range of R with constant f.

2. 1t is assumed that for all harmonics and all asymptotic directions AD(R)/D,(R)

depends on R in the same way.
3. It is assumed that for all R and all harmonics the amplitude of the anisotropy depends
on the asymptotic latitude A by the same cosA law.



156 Lev Dorman Cosmic Rays in the Earth’s Atmosphere and Underground

3.14. Global spectrographic method (acceptance vectors and

spherical analyses)

Kryrnsky et al. (1966, 1967a,b,c), Chirkov et al. (1967), and Nagashima (1971) have
developed the method of investigating the space distribution of primary CR intensity
variation out of the magnetosphere, in the interplanetary space by means of the
acceptance vectors of detectors. This is a further development of the method of integral
multiplicities and coupling coefficients or functions (Sections 3.2-3.10) and of the
method of variational coefficients (Section 3.11). The simplest version of the global
spectrographic method was developed in Belov et al. (1983).

3.14.1. Representation of primary CR intensity variation distribution

function by spherical harmonics
The CR intensity depends on their direction of motion and may be represented by a
scalar on the celestial sphere. This function I(€,¢)), where 6, are the latitude and

longitude angles, may be developed in a series of spherical harmonic functions as:

o n
16,0)= ¥ z(a,’," cosm@+b) sinm;o)v,;"(sina), (3.14.1)
n=0m=0
where P, (sin ) are the associated Legendre functions. The intensity distribution can

be measured in absolute or in relative units. Since the coefficient aj, determining the

isotropic intensity, is 2—3 orders larger than the other coefficients, it is more convenient
. . -0 .
to use relative units. We subtract from ag the constant part a,, close to the time

average of aJ, and refer all coefficients of the series determined by the Eq. 3.14.1 to

ag . Then the values

-0 -0

16,0)-a0 —o ab—ao —m ay
1'(6.9)= ( ?Z %, do=—2—", an =" (3.142)
do do do

form a new series differing from Eq. 3.14.1 only by the primes. In the following this
series described by Eq. 3.14.1 with variables of Eq. 3.14.2 will be used but the primes
are omitted. The intensity distribution described by Eq. 3.14.1 can be thought of as a
vector A = {a:,” by }, in which the infinite number of components (0 < m < n < o) has

been arranged in a definite order. Then for each point-like instrument the acceptance
vector K, also with an infinite number of dimensions, may be defined so that the
intensity recorded by the instrument is the scalar product

I=AK, (3.14.3)

where
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K= {P,f" (sin@)cosme, P (sin @)sin mgo}. (3.14.4)
The vectors A and K may also be written with complex components:
A={r"Y, WM =alt ikl K={Z["}, ZI =X +iyl = ™MPPM(sing). (3.14.5)

The components of these vectors will be displayed in order of increasing values of the
indices n, m: 10, i, 1, R, .5 28,20, Z), 79, Z1, ... With Eq. 3.14.5 the Eq.
3.14.3 becomes

I=(AK+ A*K*)/2, (3.14.6)

where A* and K* are the conjugate complex vectors of A and K.

3.14.2. The CR space distribution and the diurnal variation
We shall express the CR distribution vector A in an immobile geographic coordinate
system (&',¢'), and the acceptance vector K in the geographic system rotating with the

Earth (8", ¢"). With this choice of coordinates A and K can be taken to be independent

of time.
At the moment 7 in ‘universal’ time (local time at the zero meridian) the instrument
will be directed towards the point 8'= 6, ¢'= ¢'+w¢ and will record the intensity

1(t)= iz a7 cosm(p+@1)+ b sinm(¢"+1)|P" (sin@), (3.14.7)
n=0 m=0

Hence owing to the Earth's rotation a diurnal variation will be recorded, and which can
be expressed in a Fourier series:

oo

1(t)= (A4, cosmwr + By, sinmat), (3.14.8)
m=0
where
Am = Z(ar’,”x,’,” +b,',”y,’,") By = Z(—ay'f’yr’{’ +bI,"x,’,"). (3.14.9)
n=m n=m

Here a), by, xi', y»' are the components of the vectors A and K in the coordinate

systems chosen above and ¢ in Eq. 3.14.8 is local time. The harmonics of the series
described by Eq. 3.13.9 can be represented by vectors with periods of 24, 12, 8, 6, ...
hours. In the complex plane, where the real axis passes through 0 hours, each harmonic
can be expressed by the corresponding complex number
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0= sirlzn]. (3.14.10)

n=m

It is seen from Eq. 3.14.10 that the component 7" of vector A determines the
contribution of the »-th spherical harmonic of the CR distribution to the m-th harmonic
of the diurnal variation. Evidently this contribution is also proportional to the modulus

Z'| . The amplitude of the diurnal variations therefore varies with the angle 8 between

the direction of incidence of the particles and the plane of the geographic equator as the

function Z'(@)= P (sin@) shown in Fig. 3.14.1. Negative values indicate that the

phase of the diurnal variations is reversed. This diagram shows that the variations with
periods of 24 h and 12 h, arising from the first and second spherical harmonics, are
largest at the equator. The second 24 h variation, arising from the presence of the second
spherical harmonic, has its maximum at latitudes +45° and becomes zero at the poles and
at the equator. In the northern and southern hemispheres its phase is the opposite.
Variations with a period of 8 hours must be even more concentrated towards the equator,
and evidently, can hardly be observed at intermediate and high latitudes.

Fig. 3.14.1. Latitude dependence of the function Z ,’ln of low order. The vertical scale is different for each

curve.

3.14.3. Determination of acceptance vectors of actual instruments

The notion acceptance vector, defined above for an ideal point-like instrument can be
generalized to the case of actual instruments. First, the instrument covers a certain region
of the sky defined by its directional diagram
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N(e, B)dw= N(e., B)sin fdedp, (3.14.11)
where @, 8 are the azimuth and zenith angles and N(a, ) is normalized by

2772
[ [N(e, B)sin fdadB=1. (3.14.12)
0 0

Further, as in Eq. 3.14.2, we assume that the isotropic background Io (R) near the

mean intensity level over a sufficiently long period, has been subtracted from the
distribution [/ (0, @,R) and that the intensity distribution itself is measured in relative

units in fractions of the isotropic background Io (R). Moreover, we assume that each
component can be represented in the form:

' (R)=r"(R,)f,(R), (3.14.13)

where R, is a certain constant rigidity. The function f), (R) is the rigidity spectrum of

the n-th spherical harmonic and the restricting assumption is made that it is independent
of m. Each instrument records the integral intensity averaged over the primary rigidities
R with weight determined by the coupling coefficient W(R) (Dorman, M1957)
normalized to

TW(R)dR =1, (3.14.14)
RC

where R, is the geomagnetic cut off rigidity. The coupling coefficients also depend on
the zenith angle of observation B, ie. W(R,A), with the normalizing condition

analogous to Eq. 3.14.14: [W(R,B)dR=1. The coupling coefficients W(R) and
RC
W(R,B) are connected by the directional diagram:

2 7/2
w(R)= [ [W(R,B)N(a,B)sinBdacdf . (3.14.15)
0 0

Hence the integral distribution becomes

oo

1(6,0)= [W(R)I(6,9,R)dR, (3.14.16)
R

C

or
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A= [W(R)A(R)dR . (3.14.17)
RC‘

We define the vector K for the actual instrument so that the Eq. 3.14.3 holds, but now A
is given by Eq. 3.14.17. We remember that in Eq. 3.14.3 A and K must be defined in one
coordinate system; it is convenient to choose for this system the geomagnetic system.
Particles incident under angles ¢, 3 arrive from the direction 6(R, e, B), (p(R,a, p ) . The
angles 0 (asymptotic latitude) and ¢ (offset angle in longitude) take into account the
influence of the geomagnetic field. They also depend on the geographic position of the
instrument. However, if the geomagnetic field is taken to be a dipole the angles 6 and ¢
will not depend on the geomagnetic longitude of the instrument; later a correction will be
applied to take account of the real geomagnetic field.

The intensity owed to particles incident under angles &, (in the interval de,df )

and connected with rigidity R (interval dR) in the primary spectrum is

0 n

A =WR B B, 5[y (RN (R, B) + by (R (R0, )R Al

n=0m=0

=%W(R,ﬁ)sinﬁ 5 Sl (RIZ2 (R 00, )+ 1 (R)Z (R, 2, ) iR, (3.14.18)

n=0m=0

where

ZM(R,e, B)=x"(R,c, B)+ivi (R, ex, B) = exp(imp(R,cx, B)) P (sin O(R, , ). (3.14.19)

The total intensity / is obtained by threefold integration with respect to rigidity R and the
angles &, . The double sum (over # and m) thus contains integrals of the type

oo LT 2
{ ? | ”/IW(R, BIN(a, B)r(R)Z ) (R, cx, B)dRd exsin B . (3.14.20)
R.0 O

[}

With Eq. 3.14.13 we find / in the form described by Eq. 3.14.6, but now the vector A is
determined by Eq. 3.14.17 and the acceptance vector K has components

Tzfﬂjil/(le B)f, (RN (e, )™ P RB)p (i (R, a, 8))dRdlexsin g

R.0 0

zm = .(3.14.21)

0 27 /2
{ g ({W(R,,B) " (R)N (e, B)dRdexsin Bdf

R,

<
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Eq. 3.14.21 represents the averaging of the components of K over the coupling
coefficients and the directional diagram. Here the role of the coupling coefficients for the
anisotropic intensity is performed by the products w(R) n(R). If these functions are

normalized analogously to Eq. 3.14.14 the denominator in Eq. 3.14.21 can be omitted.
The spectra f}, (R) must, in general, be determined. However, since the components of
the acceptance vector depend relatively little on the form of the spectra, they may be
computed from spectra, in zero approximation, say f}, (R) = const. After the vector A
has been found for the different components with different #(R), one can estimate the
functions A(R) by means of Eq. 3.14.17, one can find the spectrum f, (R) in the first
approximation, according to Eq. 3.14.13 and then iterate the procedure.

3.14.4. Acceptance vectors for neutron monitors

Acceptance vectors, computed by Eq. 3.14.21 for 73 neutron monitors of the world-
wide net, are given in Table 3.14.1. In these computations the real magnetic field,
asymptotic directions, and cut off rigidities of McCracken et al. (1965) were used. It was
assumed that the counting rate in the neutron monitor is due only to vertically incident
particles. Estimates Chirkov et al. (1967) based on directional diagrams of a neutron
monitor in the form

h h
N(a’ﬂ)—(1+mje7(p(—m) (3.14.22)

and in the form

N(a, )= cos® Bsin 8 (3.14.23)

showed that numerically the acceptance vectors for n < 2 did not differ from those for
vertically incident particles. Also the variation of the coupling coefficients from
maximum to minimum solar activity was taken into account. The computations were
made for two forms of the anisotropy spectrum:

fu(R)=aR77, (3.14.24)
where Y=0, 0.5, and 1.0, and
0.0065
R)= , 3.14.25
fa(R) TR ( )

where b =10, 30, and 100 GV.
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Table 3.14.1. Acceptance vectors computed for NM of the worldwide net.
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Table 3.14.1. Acceptance vectors computed for NM of the worldwide net (continued).
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Table 3.14.1. Acceptance vectors computed for NM of the worldwide net (continued).
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Table 3.14.1. Acceptance vectors computed for NM of the worldwide net (continued).
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Table 3.14.1. Acceptance vectors computed for NM of the world-wide net (continued).
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Table 3.14.1. Acceptance vectors computed for NM of the worldwide net (continued)

The Fig. 3.14.2 shows the asymptotic latitude @ :arcsinxlo as a function of
longitude and latitude of the point of observation for maximum and minimum solar
activity and for the values y = 0, 0.5 and 1 in the energy spectrum of the anisotropy
described by Eq. 3.14.24. Evidently, the asymptotic latitude ® depends strongly on the
geographic longitude ¢ of the station and varies by as much as 20° for y = 0. The values
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of @ decrease with increasing solar activity and for a steeper variation spectrum. In
diagram (b) of the Fig. 3.14.2 curves are computed for a dipole field, the dots for the real
magnetic field. It is seen that stations at geomagnetic latitudes 45° gather radiation
chiefly from the plane of the geographic equator; and only high latitude stations receive
radiation under considerable angles with the plane of the ecliptic. The values of the

component xIO depend in the same way on latitude as @. The xf) component
characterizes the sensitivity of the detector to the Z component of the anisotropic stream

in the isotropic variations. The component xg has about the same latitude dependence as

xIO only it is still more concentrated to high latitudes. Thus if any anomalies exist in the

latitude run in the isotropic variations, they can be expected at the high latitude stations
only.

Fig. 3.14.2. Dependence of the asymptotic latitude ® at the geomagnetic latitude and longitude of the point of
observation. Full curves solar minimum, dashed curves solar maximum: (a) Fixed geomagnetic latitude 50° vs
longitude @ for different values of v; (b) individual stations in longitudes @ = 40° — 90° (Eastern Europe, upper
curves) and longitudes @ = 230° — 280° (America, lower curves) vs geomagnetic latitude A.

Fig. 3.14.3 gives ‘I’I:arctg(yll/xll) and lZ}‘z((xll)z+(yll)Z]I/2 as functions of

geographic longitude for geomagnetic latitude A = 50° and the dipole representation of
the geomagnetic field. A strong longitude dependence of ‘Pll is seen; for y = 0 it varies

by 23°, for y= 2 by 30°. Hence at the same geomagnetic latitude the times of maximum
of the first harmonic of the diurnal variation may differ by 1 hour and more. With

increasing solar activity the values of ‘I’ll decrease by 3° — 6°, i.e. by 0.2-0.4 hours for y

= 0. The largest values of ‘I’ll are observed at longitudes 30° — 60° (Europe), the
smallest at longitudes 190° — 220° (Western America).
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Fig. 3.14.3. Dependence of ‘l—’ll (a) and Z|l

(b) on longitude ¢ for geomagnetic latitude A = 50° and dipole

representation of the geomagnetic field. Full curves solar minimum, broken curves solar maximum.

The modulus ‘Z 11, shown in Fig. 3.14.3 also depends on longitude and on solar activity.

Evidently in the observations the amplitude of the primary anisotropy will drop for
higher solar activity. The first harmonic of the solar-daily variation will be lowered most
at longitudes 40-70°, and least at longitudes 250 - 280°, for ¥ = 0. For y = -2 this
longitude dependence will be reversed at latitudes < 50°.

1
Z

The latitude dependence of is shown in Fig. 3.14.4 for the dipole geomagnetic

field (full and broken curves) and for the real field (dots). Below 50° latitude a real

difference in |Z 11

between these two approximations of the Earth's magnetic field is

seen. The amplitude of the first harmonic of the diurnal variation is lowered most at high

latitudes, but the run of

le' is not exactly proportional to cos®. At latitudes 50° — 70°

the le

are larger than at intermediate latitudes. This means that the largest observed

amplitudes of the first harmonic of the solar-daily variation must be expected at latitudes
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50°-70°. There should be a longitude difference of the amplitudes of 20% at intermediate
latitudes and 30-40% at high latitudes. The values of

VA 11) depend weakly on 7.

Fig. 3.14.4. Latitude dependence of le for the dipole representation of the geomagnetic field (full curves:

solar minimum, dashed curves: solar maximum) and for the real field (dots).

The argument ‘Pll (offset angle) is shown in Fig. 3.14.5 for different values of y and
b in the variation rigidity spectra and for the dipole and real representations of the

geomagnetic field. The upper curves give ‘Pll at longitudes 0° — 60°, where it is largest
and the lower curves give LI’ll at longitudes 160° — 220°, where it is small. Differences

(up to 15° and more) of the ‘Pll computed for the real and dipole approximation are seen
at nearly all latitudes.
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Fig. 3.14.5. Dependence of offset angle ‘Pll on geomagnetic latitude. Curves refer to the dipole approximation

(full curves: solar minimum; broken curves: solar maximum; upper set: longitudes 0°-60°; lower set:
longitudes 160°-220°). Solid and open dots, marked with the station numbers of Table 3.14.1, refer to the real
field in the two longitude regions. Left side for rigidity spectrum described by Eq. 3.14.24 at y= 0, -0.5, and -
1.0; right side — for spectrum described by Eq. 3.14.25 at b= 10, 30, and 100 GV.
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As it can be seen from Fig. 3.14.5, the maximum ‘I’ll is reached not on the equator,

but at latitudes 40°-50°. This is due to two competing factors: the geomagnetic field and
the variation of CR rigidities with latitude. At the equator the geomagnetic field does not
admit low-energy particles, but the high-energy particles are less subject to the influence
of the geomagnetic field. At intermediate latitudes the contribution of lower-energy
particles, for which the shift in the magnetic field is larger, will be significant. The

largest scatter in ‘I’ll , (and hence in the time of maximum of the first harmonic of the
diurnal variation) is found at latitudes > 80°, where almost any value of ‘l‘ll may be

expected. With increasing exponent v in the variation spectrum the ‘Pll increase at

intermediate and low latitudes but hardly vary at high latitudes. This is very important
for determining the exponent vy in the spectrum of solar-daily variations.
The latitude dependence of the second spherical harmonics is shown in Fig. 3.14.6.

Fig. 3.14.6. Amplitudes Z% (right). The same symbols as in Fig. 3.14.4 are used.

25’ (left) and

The left half of Fig. 3.14.6 shows ‘Z%

, the modulus of the acceptance vector for

contributing to the first harmonic of the diurnal variation. Its contribution is largest at
latitudes 60°-80°, and drops strongly toward other latitudes. It has its maximum in
Europe and its minimum in America. The right side of Fig. 3.14.6 shows the modulus

'Z%‘ of the acceptance vector for the second harmonic of the diurnal variation. The

largest difference in 222 between the real field and the dipole representation is observed

at the equator. Since the observed amplitude of the second harmonic of the diurnal



Chapter 3. Coupling Functions and Acceptance Vectors 173

variation must be proportional to ‘222 , the largest amplitudes of the second harmonic are

to be expected at latitudes 50° — 70°; at the equator it must be one third of this.
The arguments ‘I’% and ‘I‘22 are shown in Fig. 3.14.7, which is arranged as Fig.

3.14.5. At latitudes 0-70° the values of ‘I’% vary by + 2 hours for the actual magnetic

field; for the dipole field the variation reaches, at the equator, 12 hours. The right-hand
figure shows that the Earth's magnetic field shifts the time of maximum of the second
harmonic of the solar-daily variation by 1 — 3 hours for American longitudes (¢ = 170° -

250°) and 2-4 hours for European longitudes (¢ = 40°-80°). The values of ‘P22 computed
for the real and the dipole representation of the geomagnetic field coincide.

Fig. 3.14.7. The arguments ‘{’% (left) and ‘I’ZZ (right) in dependence on geomagnetic latitude; the same
arrangement as in Fig. 3.14.5.

3.14.5. Acceptance vectors for muon detectors

In computing acceptance vectors for muon detectors, differential coupling
coefficients were used for zenith angles § =0, 8, 16, 32, 48, 64° found in Krymsky et al.
(1966b) for instruments placed at levels 0, 7, 20 and 60 m w.e. Directional diagrams for
vertical muon detectors and inclined detectors (angles 30 and 60°) at various azimuths
were calculated by Skripin (1965). Trajectory computations and threshold rigidities from
Krymsky et al. (1966b) were used. The results for several muon detectors of the world-
wide net are given in Table 3.14.2, those for the muon detectors of the Yakutsk complex
(depths 0, 7, 20 and 60 m.w.e.) are in Table 3.14.3.
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Table 3.14.2. Acceptance vectors for vertical muon telescopes.
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Table 3.14.3. Acceptance vectors for muon telescopes of Yakutsk complex (62°01° N, 129°43” E).
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3.14.6. Transformation matrices

The transformations of vectors K and A from one coordinate system to another are
linear. In fact, any linear combination of distributions is maintained if the coordinate
system is rotated and therefore the vector A is transformed linearly. Evidently the same
holds for the vector K. Thus the transformations are expressed by matrices M 4 and
Mg . The scalar product A*K = [ is invariant, and this requirement gives the relation

between the matrices (Krymsky et al. 1966a,b):

M= (MITJI, (3.14.26)

where the upper index T denotes the transposed matrix. Since the Legendre functions in
the expressions for the components of vector K can be normalized arbitrarily, one can
choose the normalization such that M 4 = M , i.e. both vectors are transformed by the

same matrix. For n = 1, 2 the Legendre functions normalized in this way are

P(sin6)=sin6, B (sin6)=cosh, Py (sin8)=+3sin’6-1/3,

(3.14.27)
P21 (sin@)=sin 20, P22 (sing)= cos? 6.

With this normalization the components of vector A have a simple meaning. If A is

determined in the solar geographic coordinate system, ‘rf‘ is the amplitude of the diurnal

variation owed to the first spherical harmonic recorded by an ‘ideal’ instrument at the
equator, and the argument is its phase, rzl gives amplitude and phase of the diurnal

variation at latitude 45° N, and r22 gives amplitude and phase of the semi-diurnal

variation at the equator.

Transformation of Eq. 3.14.1 from one coordinate system to another cannot cause
new spherical harmonics to appear or existing ones to disappear. In other words, when
the coordinate system in Eq. 3.14.1 is rotated no values of the index » can appear or
disappear. Hence the matrix M is quasi-diagonal and falls apart in a number of matrices
corresponding to transformation of the first, second, etc., spherical harmonics. Thus to
each value of n corresponds a transformation matrix M, .

One may pass from one system of spherical coordinates to another by means of three
successive rotations, given by the Euler angles ¢,&, k. The angles ¢ and x correspond
to rotations in longitude, and the angle & to a rotation in latitude. In order to find the

matrix of any transformation it suffices to know two matrixes corresponding to rotation
of coordinates in the equatorial and meridianal planes. Let us restrict ourselves to the
first two harmonics. If the vector K is represented by the first harmonic only (» =1), i.e.
K = {ay9,a1,by,}, it is an ordinary space vector, and therefore the transformation

matrices for the first harmonic are given by the expressions:
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1 0 0 cosé 0 —siné
MI™8(x)=0 cosk sinx| MP(E)=| 0 1 0 |, (3.1427)
0 —sink cosk siné 0 cosé

where the indices long and lat are the rotations of the plane of the equator in longitude
and meridian (latitude) respectively.

In order to find the matrices for the second harmonic it is sufficient to note that the
components of the vector K for » = 2 are expressed in the angles 6, ¢ so, that they are

quadratic forms in the variables xlo ,x,l, y,l

0o_ 2 (o0 1 (1 L (1 2 _ (P 4y
xz—ﬁ(xl)z—f(xl)z_ﬁ(/ﬁ)z’ xZ_(xl)z ((Vl)z’

(3.14.28)
Xy =2x(x1, yy=2x{y, y3=2xy.
From this property and from the above matrices it follows that
1 0 0 0 0
0 cosx sink 0 0
MY™(x)=|0 —sink cosk 0 0 |, (3.14.29)
0 0 0 cos2x sin2kx
0 0 0 —sin2x  cos2k
1-(2)sin2¢ 0 —(3/2kin2e —(V3/2kin2E 0
0 cosé 0 0 —siné
M E)=| (J3/2kin2e 0 c0s2& (1/2)sin 2& 0 | (3.1430)
-3 /z)sin2 E 0 —(1/2)sin2¢ (1 +cos? 5)/2 0
0 sin& 0 0 cosé

1
One easily sees that these matrices have the property M 4 = (M 17;)7 described by

Eq. 3.14.26. Also M _1(§)= M(~£). Therefore they can be used for the transformation
of vector K and of vector A alike. The transformation given by the angles ¢,&, x is
made using the matrix which is the product of the matrices for the respective rotations

M, (9,&,5) = M8 ()M (E)M,°"(p) (3.14.31)

Suppose that a process connected with solar activity gives a CR distribution A(r) in
the solar system, where r is the radius vector of the point in space where the observation
is made. If the process is stationary, the mean of the distribution over the time of one
revolution of the Sun A(r) at each point will be constant. If, moreover, the distribution in
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each point of space is measured in the heliographic system of angular coordinates, the
function A(r) will have axial symmetry with respect to the Sun's axis of rotation. Hence,
neglecting the deviations of the Earth from the plane of the solar equator, we can assume
that the distribution observed on the Earth will be constant in the solar heliographic
coordinate system.

Assuming this distribution to be given we find the annual mean solar daily and
sidereal daily variations. Vector A is split into two vectors:

Al={r10,r11,0} and A, = {o,...., rz‘),rg,rf,o,...} (3.14.32)

corresponding to the first and second harmonics, respectively. For study of the solar-
daily variations vector A must be represented in the solar geographic coordinate system.
The transition to this system is made by three successive rotations: solar heliographic;
sidereal heliographic; sidereal geographic; solar geographic, and is given by the
angles ¢=1,,&=6,-7/2, Kk =—t, , where 8, =64° is the declination of the Sun's
North pole, #; and #, are the longitudes of the point 8 = 0, @ = 1 hour in the solar
heliographic and geographic coordinate systems respectively. The angles # and #,
differ by some degrees at most and one may put # =, = ¢, where in the course of the

year ¢ takes the values from 0 to 27.
Thus, the annual mean vector A;; in the solar geographic system is obtained by
multiplying the vector with the matrix

My, = M3 (- 0)M5(8, - /2)M %2 (1) (3.14.33)

where the horizontal line indicates averaging over ¢ Performing this matrix
multiplication and remembering that the orthogonally of the trigonometric functions

makes cos’ t, cos? 2t, sin? t, sin? 2¢ equal to 1/2 and the other products to zero, we find
that M| and M, are diagonal matrices with the following non-zero elements:
For M;:

M, =sind, =0.899, M,, = M33 = (1/2)1+sind, )= 0.950 ; (3.14.34)

For M, :

My, =(3/2)sin% 8, —1/2=0.712, My, = M3 = (1/2)(sin 8, — cos26, )= 0.758, (3.1435)
My, = Mss = (1/4)1 +sind, )* = 0.902

Thus the annual mean distribution vector differs little from the initial vector. Only the
module of the complex components are changed, but their arguments remain. For finding
the sidereal-daily variations one must pass to the equatorial coordinate system used in
astronomy. This transition is done in the following order: solar heliographic; sidereal
heliographic; sidereal geographic; equatorial. The corresponding Euler angles are:
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p=t,¢(=0, -7[/ 2, k=—1"04™ =-16° . The matrices for finding the annual mean
distribution in the equatorial system are

My = MG (M5 (5, - /2)M 52 (r) (3.14.36)

Evidently in matrices Mllf’zng(t) only one element is non-zero (M;;=1), so

multiplication according to Eq. 3.14.36 gives

0.712
0.899 0.188
My=|0121|, M,=|-0656]. (3.14.37)
0.420 ~0.142
-0.088

This form of the matrices shows that the sidereal daily variations are due only to the
components rlo and r12 of the vector represented in the solar heliographic system. Let

us put rlo =1and r12 = 1. Then in the equatorial system

7’ =0.899, ' =0.437 exp(i286” ) r =0.712,

(3.14.38)
r3 =0.683 exp(i286o), ry = 0.167exp(i212°).

The components rll and r12 give the sidereal-daily variations which are symmetric and
asymmetric relative to the geographic equator. The moment of maximum intensity in
local sidereal time is the argument of these components expressed in hours: 286°/15 =

19", In the southern hemisphere the second component gives the opposite time of

maximum: 7%, The component r22 is responsible for the semi-diurnal variation with

maximum at 212°/30 = 7" local sidereal time. The matrix method can also be employed
to analyze concrete models of CR distribution. It is essential that the matrices can
depend on time and on space coordinates, and that they can be averaged, subtracted, etc.
This makes the method simple and flexible.

3.14.7. Method for determining the momentary anisotropy

Krymsky et al. (1966b) suggested a method for finding the anisotropy at any
moment of time by using the acceptance vectors. The method is based on Eq. 3.14.3.
Instruments with different K record at time ¢ different CR intensities /. Let us assume
that the series described by Eq. 3.14.1 contains no harmonics with n >/, then the vectors

A and K contain (l+1)2 real components. A complete description of the vector A,

therefore, requires data from (l +1)2 instruments with linearly independent K. Thus, for
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finding the isotropic intensity (/ = 0) one instrument is required; for finding the first
spherical harmonic under the condition that the distribution contains no higher
harmonics, four instruments and for the first two harmonics, nine instruments, properly
distributed over the Earth. If the number of instruments is sufficient the vector A(f) at
any moment can be found from a system of linear algebraic equations of the form as Eq.
3.14.3. The data of the worldwide net of neutron monitors can be treated by this method.
However, their distribution over the globe is highly uneven. Therefore study of even the
second spherical harmonic from these data is unreliable. A complication is the possible
presence of zero line drifts. Since the measurements are made with respect to some mean
level of the isotropic background, slow variations of instrumental or other local origin,
different for different stations, are possible. To eliminate these one must provisionally
correct all data by a linear ‘filter’ transmitting fluctuations with periods of the order of a
day and not less. Such a filter can be used as follows:

1()= JF(i—2)(z)iz . (3.14.39)

The nucleus F(z—7) determines the pass band of the filter. In practice the integration

limits are always finite. Since the CR data are discrete time series, the integral described
by Eq. 3.14.39 becomes a sum. The simplest example of a filter is the operation of taking
the difference between observed intensity and the sliding mean. The method described
yields the anisotropy A at any moment (more properly, for each interval). However, at
present its possibilities cannot be fully exploited, because many requirements are not met
by the actual net of CR stations. First, on account of their uneven distribution over the
Earth high spherical harmonics (already the second) cannot be properly studied.
Moreover, owing to the influence of the geomagnetic field neutron monitors both at
moderate latitudes and near the equator, collect radiation from regions close to the
equator. Only few monitors, at geomagnetic latitudes above 60°-70°, are sensitive to
high latitude radiation. This circumstance, and the necessity of correcting for
instrumental variations, limits the possibilities of determining zonal harmonics.

Let us note that many applications of this method will be considered in the next book
Dorman (M2005 ).

3.15. Experimental estimation of the ground detector’s
sensitivity to primary CR on the basis of data on observed CR
variations

3.15.1. On the using of experimental data on CR variations for
estimation of coupling functions and integral multiplicities for the

detectors of secondary CR components
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