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Preface

The goal of this book is to show the most recent findings of newly emerged field of
high-order harmonic generation (HHG) of laser radiation in the extended
laser-produced plasma plumes. Ablation targets for HHG differ from the conven-
tional gas targets used for harmonic generation in a number of ways. They are
usually preformed plasmas with a density distribution that is determined by the
ablation dynamics and subsequent evolution of plasma, which depend on the target
composition and ablation pulse parameters in a complex way. In this connection, I
would like to say a few words about different methods of generation of the coherent
short-wavelength radiation using HHG approach.

The HHG in gases was for the first time observed in the second half of the 1980s
using picosecond Nd:YAG lasers (as well as an excimer laser at 248 nm). The
harmonics from different gases up to the 21st and 33rd orders of 1064 nm radiation
were reported at an intensity of 3 × 1013 W cm−2, which led to an enormous growth
of interest in this area of nonlinear optics. Those studies have demonstrated that the
application of gases as nonlinear media can be used as an advanced method for
generation of coherent extreme ultraviolet (XUV) radiation using picosecond
driving pulses. Those early developments were further transformed in the field of
gas HHG spectroscopy when new, predominantly femtosecond, lasers became
involved in this field of study. Currently, harmonics up to the 5000th orders have
been reported, although most recent studies are related with the development of the
attosecond sources of laser radiation based on the gas HHG. Other applications
include the analysis of the orientational features of some gaseous molecules through
the study of variable harmonic spectra from these species, as well as the applica-
tions of gas harmonics for surface science, biology, medicine, and different bran-
ches of physics and chemistry. The attractiveness of this method is based on the
availability of moderate-level femtosecond lasers in many laboratories worldwide
and the simplicity of handling the gas-jet technique.

Another method, harmonic generation from the surfaces, which is based on
completely different physical principles than HHG in gases, is less popular due to
the sophisticated equipment required for its implementation. However, this method
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is well elaborated and used in advanced laboratories. Very high fluences and
intensities (of the order of 1018 W cm−2 or higher) and, most importantly, very high
contrast ratios between the driving pulse and the prepulse already existing in any
laser system are the main requirements for this technique. Not many laboratories
can afford these conditions for surface HHG. Nevertheless, high cutoffs (up to the
2000th harmonics) and high conversion efficiencies for the lowest orders of har-
monics were reported using this technique. Two distinct generation mechanisms
have been identified to contribute to surface HHG: the coherent wake emission and
the relativistic oscillating mirror process. Both mechanisms emit coherent XUV
radiation in the reflected direction through nonlinear conversion processes at the
plasma front surfaces.

One has to note that there are many good publications showing a whole picture
of developments of the HHG in gases. The mechanisms of odd and even harmonic
generation in the reflection of laser radiation from the surfaces are also frequently
discussed in the literature. These HHG techniques are beyond the scope of this
book. My aim is to familiarize the reader with the most recent approaches of
harmonic generation in the XUV range with the use of the extended plasma plumes,
which have never been used and are different from commonly used gas-jet sources.

Two monographs on the history of harmonic generation in the narrow plasmas
and the achievements using new approaches that emerged between 2005 and 2013
have already been published (R.A. Ganeev, High-Order Harmonic Generation in
Laser Plasma Plumes, Imperial College Press, 2012; R.A. Ganeev, Plasma
Harmonics, Pan Stanford Publishing, 2014). Meanwhile, the developments in this
field have shown new opportunities in further amendments of this technique. I will
discuss some of these new findings appeared during HHG experiments in the
narrow plasma plumes, while mostly concentrate on the studies using the extended
plasmas.

What differs this book from my above-mentioned publications? The main dif-
ference is related to the application of the long plasma medium for HHG, instead of
short one, to demonstrate the attractive properties of extended laser-produced
plasmas from the point of view of the high-order nonlinear optical properties of
various materials. Particularly, the quasi-phase matching in modulated plasmas
demonstrated in a few recent studies has revealed the opportunity to tune the groups
of enhanced harmonics along the XUV by different means. Another interesting
finding is related with the opportunity to analyze the electron density of extended
modulated plasmas. Other developments are related to the new advanced methods
of harmonic generation emerged during recent time. Those methods include the
application of double-pulse scheme for the analysis of the nonlinear optical prop-
erties of extended targets without the preliminary ablation by the picosecond
heating pulses. The application of extended nonmetal targets (semiconductors,
crystals, clustered carbon structures, etc.) allows the analysis of the relation between
the excited ionic species emitting incoherent light and the harmonics coinciding
with these ionic transitions. The studies of resonance enhancement in the nonmetal
ablations reveal new opportunities to move farther toward the shortest wavelengths.
A search of the enhanced response of carbon-contained clusters, study of the
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morphology of nanoparticle deposits from the ablated long targets, applications
of the graphene-wrapped sheets for HHG, amendments of the two-color pump of
plasmas caused by the positive dispersion of the extended medium allowing better
overlap of the fundamental and second-harmonic orthogonal fields, etc., are among
other distinctive moments differing this book from the two previous monographs.

All these amendments of plasma harmonics could not be realized without the
collaboration between various research groups involved in the studies of the non-
linear optical properties of ablated species. Among numerous colleagues, I met and
had the privilege to collaborate, I would like to thank H. Kuroda, M. Suzuki, S.
Yoneya, M. Baba, and F. Mitani (Saitama Medical University, Japan); T. Ozaki, L.
B. Elouga Bom, J. Abdul-Haji, and F. Vidal (Institut National de la Recherche
Scientifique, Canada); P.D. Gupta, P.A. Naik, H. Singhal, J.A. Chakera, R.A. Khan,
U. Chakravarty, M. Raghuramaiah, V. Arora, M. Kumar, and M. Tayyab (Raja
Ramanna Centre for Advanced Technology, India); J.P. Marangos, J.W.G. Tisch,
C. Hutchison, T. Witting, F. Frank, T. Siegel, A. Zaïr, Z. Abdelrahman, and D.Y.
Lei (Imperial College, United Kingdom); M. Castillejo, M. Oujja, M. Sanz, I.
López-Quintás, and M. Martín (Instituto de Química Física Rocasolano, Spain); H.
Zacharias, J. Zheng, M. Wöstmann, and H. Witte (Westfälische Wilhelms-
Universität, Germany); T. Usmanov, G.S. Boltaev, I.A. Kulagin, V.I. Redkorechev,
V.V. Gorbushin, R.I. Tugushev, and N.K. Satlikov (Institute of Ion-Plasma and
Laser Technologies, Uzbekistan); M.B. Danailov (Sincrotrone Trieste, Italy); B.A.
Zon and M.V. Frolov (Voronezh State University, Russia); D.B. Milošević
(University of Sarajevo, Bosnia and Herzegovina); M. Lein and M. Tudorovskaya
(Leibniz Universität Hannover, Germany); E. Fiordilino (Università degli Studi
Palermo, Italy); V. Toşa and K. Kovács (National Institute of R&D Isotropic and
Molecular Technologies, Romania); V.V. Strelkov and M.A. Khokhlova (General
Physics Institute, Russia); M.K. Kodirov and P.V. Redkin (Samarkand State
University, Uzbekistan); A.V. Andreev, S.Y. Stremoukhov and O.A. Shoutova
(Moscow State University, Russia) for their activity in the development of this
relatively new field of nonlinear optics. Among them, I would like to underline the
role of Prof. H. Kuroda who actively pursued the field of plasma harmonics starting
from the very beginning of these studies in 2005. Professor Kuroda has supported
my proposal to initiate the studies of the extended plasma media for the HHG. His
invitation to carry out these studies in Saitama Medical University, Japan, played a
crucial role in the developments of this field.

My wife Lidiya, son Timur, and daughter Dina are the main inspirations of all
my activity. Now, becoming a grandfather, I would like to include Timur’s wife
Anya and our beloved grandson Timofey in the list of most important people, who
help me to overcome various obstacles of the life of scientific tramp.

This book is organized as follows. Theoretical and experimental aspects of HHG
are considered in the Introduction section. In Chap. 2, a review of most important
results of the HHG in narrow plasmas is presented. Here, I also show recent studies
of the small-sized plasma plumes as the emitters of high-order harmonics. In Chap. 3,
various findings during application of extended plasmas for harmonic generation are
analyzed. One of the most important applications of extended plasmas, the
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quasi-phase matching of generated harmonics, is demonstrated in Chap. 4. Here, I
show various approaches in modification of perforated plasma plumes. Chapter 5
depicts the nonlinear optical features of the extended plasmas produced on the sur-
faces of different nonmetal materials. Chapter 6 is dedicated to the analysis of the new
opportunities of extended plasma-induced HHG. The advantages of application
of the long plasma plumes for HHG, such as resonance enhancement and
double-pulse method, are discussed in Chap. 7. Finally, I summarize all these finding
and discuss the perspectives of extended plasma formations for efficient HHG and
nonlinear optical plasma spectroscopy.

Moroyama, Japan Rashid A. Ganeev
January 2016
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Chapter 1
Introduction. Theory and Experiment
of High-Order Harmonic Generation
in Narrow and Extended Media

High-order harmonic generation (HHG) is a technique for producing spatially and
temporally coherent extreme ultraviolet (XUV) light. HHG in isotropic media
occurs when an intense pulsed laser beam is focused into a gas jet or plasma. The
intensity of the laser light is chosen such that its electric field amplitude is com-
parable to the electric field in atoms and ions. Such fields are able to detach
electrons from above species by tunnel ionization, as opposed to photo-ionization
by a weak field with high enough photon energy. The detached electron is accel-
erated in the field and under certain conditions has significant probability to hit the
ion left behind upon return. The “collision” results in the emission of high energy
photons. This description is called three-step model. The details of this process will
be discussed below.

The use of extended media may offer new opportunities in application of XUV
radiation for various needs. In Introduction, we discuss the use of extended gaseous
media for HHG and show the advantages of this approach, which has prompted the
use of long medium for the studies of the high-order nonlinear optical properties of
various materials through the plasma harmonic approach.

1.1 High-Order Harmonic Generation in Isotropic
Medium: Three-Step Model and Macroscopic
Consideration of Frequency Conversion

When a high-intensity laser pulse passes through a gaseous or plasma medium, its
atoms and ions emit odd harmonics. For a laser radiation wavelength λ, a super-
position of the components λ, λ/3, λ/5, λ/7, etc. is observed at the output of the
nonlinear medium. The harmonics of laser radiation result from a three-stage
process [1–3] that comprises the ionization of an atom (or ion), the electron
acceleration in the electromagnetic field, and the subsequent recombination with
parent particle and emission of harmonics. This process is periodically repeated
every half cycle of the electromagnetic wave. The highest-order harmonics are due
to the electron acceleration at the instant of ionization at the peak intensity of the
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laser pulse. Therefore, the generation of highest-order harmonics in isotropic media
results from the interaction of a high-intensity light field with atoms [4–6], atomic
clusters [7, 8], molecules [9, 10], and ions [11–16].

A characteristic feature of the three-stage HHG is a rapid decrease in the
intensity of low-order harmonics followed by a long plateau where the intensities of
high-order harmonics differ only slightly from one another, and an abrupt decrease
in the intensity of the highest-order harmonics generated (the so-called harmonic
cut-off Hc). The position of Hc is determined by the ionization potential Ii of the
particles participating in harmonic generation (of atoms in the case of HHG in gases
and of ions in the case of HHG in a plasma) and by the ponderomotive potential,
which defines the accelerated electron energy and depends on the intensity of
femtosecond radiation and it wavelength (Up ≈ 9.3 × 10−14 Ifp [W cm−2] λ2 [μm2]).
The highest photon energy of the harmonics generated is defined by the relation
Ec ≈ Ii + 3.17Up.

The main HHG properties may be characterized with the aid of a semiclassical
model [1–3], although a more accurate description calls for a consistent quantum
mechanical treatment. In the semiclassical model, an electron detached from an
atom is considered a free particle, and the effect of all bound states, with the
exception of the ground state, is assumed to be negligible. These assumptions are
satisfied in the tunnel ionization regime, which is characterized by the inequality
γ < 1 for the Keldysh parameter γ = ωL(2Ii)

0.5E−1 where ωL is the laser radiation
frequency and E is the magnitude of the electric vector of the electromagnetic wave.
High-power ultrashort laser pulses are best suited for the fulfillment of these
conditions.

Along with the microscopic consideration of the processes occurring in the
interaction of high-power ultrashort laser pulses with atoms and ions, account
should also be taken of macroscopic processes such as the effect of transmission
through a medium and group effects. These effects primarily include dephasing,
absorption, and defocusing. These processes are analyzed in [17].

The cut-off law clarifies that the maximum harmonic frequency achievable from
the HHG process is strongly linked to the ponderomotive potential Up and thus to
the field amplitude and the wavelength of the fundamental laser light. The maxi-
mum applicable field amplitude is limited, because, for very high intensities of the
driving laser well above 1016 W cm−2, the magnetic component of the laser field
becomes strong enough to induce a lateral acceleration, hence deflecting the elec-
tron, reducing the overlap between the electronic and the nuclear wave packets and
thus preventing efficient harmonic generation. However, the cut-off law states that
the maximum harmonic frequency in the HHG spectra will increase for longer
wavelengths of the driving laser field. A shift of the cut-off frequency towards the
water window, or even the keV range of photon energy, by using driving lasers in
the few μm range was demonstrated at experimentally relevant harmonic flux in
[18, 19].

Note that not only the cut-off law, but also some other interesting limits on the
HHG process are explained by the above model. For instance, HHG will only occur
if the driving laser field is linearly polarized. Electrons in an elliptically polarized
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laser field fly in spirals and therefore miss the parent nucleus. In terms of quantum
mechanics, the overlap of the nuclear and the electron wave packets is reduced
upon return. This has been observed in experiments, where the intensity of har-
monics has decreased rapidly with increasing ellipticity [20]. However, it is pos-
sible to generate elliptically polarized harmonics with linearly polarized driving
laser fields by using aligned molecules as non-linear media for harmonic genera-
tion, for example laser aligned N2 molecules as demonstrated in [21].

The conclusions on the coherence properties of the HHG radiation can also be
drawn from the above model. The electron has to be considered as a quantum
mechanical wave packet, which undergoes a transition from a bound state to a
continuum state at a certain time ti, evolves in the laser field and finally descends to
the bound state again under radiation of the kinetic energy gained while propagating
through the continuum. This quantum wave packet oscillates with its own frequency,
however the total phase of the electron at recombination and therefore the phase of
the occurring XUV radiation is strongly linked to the time of ionization and to the
strength of the fundamental laser. Thus the phase of the electronic wave packet at
recombination and therefore the phase of the XUV light are locked to the phase and
amplitude of the fundamental laser beam. This influences the collective behavior in
the spatial domain, since coherence properties of the irradiating laser are transferred
to the harmonic emission, hence forth HHG is a spatially coherent process.

The total emitted field in a macroscopic medium is given by a sum over the
emissions from many atoms. Thus not only the single atom response, but also
collective effects as phase matching or re-absorption of the XUV light determine the
intensity of the generated harmonics. Phase matching is given, if the radiation
generated by different atoms at different positions in the medium interferes con-
structively at the exit of the medium. For a perfect match of phases, this condition
can be presented as

Dk ¼ kq � qk0 ¼ 0; ð1:1Þ

where Δk denotes the mismatch between the wave vectors kq of harmonic q and k0
of the fundamental. Approximate phase matching is achieved for

DkLmed\ p; ð1:2Þ

where Lmed describes length of the medium. The dependence of the harmonic
phase φq on the laser intensity at the position of emission can be written as φq = αqI,
where αq is linked to the qth Fourier component of the atomic polarization and
proportional to the atomic dipole moment and density. An additional wave vector
kI ¼ �ruq enters the phase mismatch, leading to a generalized phase matching
condition for HHG [22, 23]:

Dk ¼ kq � qk0 þ kI: ð1:3Þ

1.1 High-Order Harmonic Generation in Isotropic Medium … 3



The transversal intensity profile and wavefront shape play an important role for
optimizing the HHG yield. Here we consider the case when the Gouy phase shift
becomes insignificant during propagation of the loosely focused fundamental
radiation through the extended medium. The condition for this consideration is
related with the relation

Lmed\b: ð1:4Þ

Here b denotes the confocal parameter of the focused radiation. This relation
indicates that the focused radiation propagates through the medium at the condi-
tions of plane wave when the phase of wave front becomes unchanged along the
beamwaist. More details on the phase matching conditions will be discussed in
Chap. 4.

1.2 Overview of the Applications of Long Gaseous Media
for the HHG

The most common experimental setup of HHG comprises (apart from laser system
and diagnostic apparatus) a gas puff target. Such a target is basically a gas valve
injecting a portion of a gas at desired pressure. The valve is repetitively opens and
the laser pulses interact with gas in proximity of valve exhaust. Typical repetition
rate of the gas puffs is <100 Hz. The valves may have either circular symmetry or
could be elongated. Elongated valves provide higher XUV beam outputs but lim-
iting factor is re-absorption in a gas. Thus long valves are used for wavelengths
>20 nm (also because of the longer coherence length for longer wavelengths). On
the other hand, circular (e.g. 0.5 mm diameter) gas puff valves are used in
shorter-wavelength HHG.

High-order harmonics are also generated in extended gas cells. A gas cell is a
simple container filled with a noble gas at moderate pressure (few tens of mbar).
Arrangements with gas cells are very comfortable to work with because, compared
to the gas puff targets, there are fewer parameters to optimize to maintain the phase
matching. In this case the phase matching is obtained by tuning only longitudinal
position of a cell and gas pressure in it. The gas cells can be as long as desired (due
to technical ease of construction compared to gas puff valves). This setup is also
favorable when maximization of interaction length is wanted.

Another possible geometry of HHG involves hollow fibers filled with a con-
version gas. In such a fiber laser pulses are propagating even meters long resulting
in efficient transfer of driving field energy into XUV beam. This geometry is also
popular due to ease of control of phase-matching by the fiber parameters.

Below we briefly review the advantages of long media over the narrow ones in
the case of the HHG in gases. Initially, HHG was studied using the narrow gas jets,
with the sizes of the active medium of the order of 0.3–0.5 mm to decrease the
residual pressure in the XUV spectrometers. The gradual increase of the sizes of
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gaseous medium led to the growth of harmonic yield and cut-off, as well as
appearance of new features of this process. Previous studies have revealed various
peculiarities of extended gaseous media. Below we present a short overview of the
experiments related with the application of such elongated species for HHG.

The efficient high-order harmonic generation in a two-color laser field using a
long gas jet of He was reported in [24]. With the optimization of laser parameters
and target conditions, strong harmonics were produced at 2(2n + 1)th orders in an
orthogonally polarized two-color field. The strongest harmonic at the 38th order
(21.6 nm) reached the energy of 0.6 μJ with a 6 mm gas jet, giving a conversion
efficiency as high as 2 × 10−4.

The generation of high-order harmonics in a 4-mm-long gas cell was reported in
[25] using mid-infrared femtosecond pulses at various wavelengths (1240, 1500,
and 1800 nm). It was observed that the yield and cut-off energy of the generated
high-order harmonics critically depend on focal position, gas pressure, and size of
the input beam which can be controlled by an aperture placed in front of the focal
lens. By optimizing the experimental parameters, a cutoff energy at *190 eV was
achieved with the 1500 nm driving pulses, which is the highest for the three
wavelengths chosen in those experiment.

The generation of intense XUV supercontinuum with photon energies spanning
from 35 to 50 eV (i.e., supporting an isolated attosecond pulse with a duration of
*271 as) by loosely focusing the 35 fs, 11 mJ pulses from a femtosecond laser
amplifier into a 10-mm long gas cell filled with krypton gas was analyzed in [26].
The dramatic change of spectral and temporal properties of the driver pulses after
passing through the gas cell indicates that propagation effects play a significant role
in promoting the generation of the XUV supercontinuum.

A simple and robust, yet powerful enhancement scheme based on a dual gas-cell
setup was reported in [27]. HHG in neon using a high-energy (20 mJ), near-infrared
fundamental field, loosely focused in a long gas cell, resulting in high-order har-
monics in the 40–100 eV range, with a typical energy of 10 nJ per harmonic order
was observed. The addition of a high-pressure Ar gas cell before the generation cell
produces a large enhancement of the harmonics generated in the Ne-filled cell. It
was shown both experimentally and theoretically that the observed enhancement is
due to below-threshold, low-order harmonics, which modify the fundamental field
in such a way that the contribution of the short trajectories is increased. This effect
of seeding HHG using harmonics generated in a separate gas cell has shown that
low-order harmonics are responsible for the resulting enhancement. The combined
electric field preferentially enhances the short trajectories while suppressing
depletion and plasma dispersion effects. The required phase difference between the
fundamental and the low-order harmonics is obtained by adjusting the pressure in
the seeding cell, thus modifying the free-electron dispersion.

A high intensity soft X-ray coherent beam could be obtained using a loose
focusing geometry in the extended medium, which allows coupling a significant
amount of laser energy in the HHG process [28–30]. At a given laser intensity, the
increased number of ‘atomic harmonic converters’ takes part in frequency con-
version under improved phase matching conditions. Using a long gas cell and a
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long focal length lens (7.5 m), the emitting volume can be increased by orders of
magnitude as compared to standard HHG setups. This approach allows reaching
more than 10 μJ per shot in the whole harmonic frequency comb and up to 1 μJ
(1.6 × 1011 photons) for the 25th (λ = 32 nm) harmonic [31].

The increase of medium length allows compensating the decrease of harmonic
yield using the mid-infrared lasers [32]. In that case the phase-matching coherence
process can be extended in part because the gas becomes increasingly transparent at
photon energies approaching the kilo-electron volt region. Another possible
geometry of HHG involves hollow fibers filled with a conversion gas [33]. The low
single-atom yield can be compensated by coherently combining HHG from a large
number of emitters.

Since the discovery of the HHG process in gases over two decades ago [34, 35],
its conversion efficiency has been progressively improved by optimizing the
macroscopic phase-matching conditions and the microscopic single atom response
[36]. High-order harmonic generation using isotropic media has been carried out in
different conditions, such as high-pressure jets [37], gas cells [38], semi-infinite
media, and capillaries [18]. Phase-matching optimization using loosely focused
(possibly self-guided) fundamental fields has led to conversion efficiencies of
*10−7 in neon [38], *10−5 in argon [30], and slightly below 10−4 in xenon
[28, 29].

This brief review of previous studies of the HHG in extended gases suggests that
similar approach could be successfully applied in other medium, laser-produced
extended plasmas. In the following chapters, we analyze the difference in the
harmonic characteristics in the case of application of narrow (Chap. 2) and extended
(Chaps. 3–7) plasmas.
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Chapter 2
HHG in Short-Length Plasmas

Here we discuss some most recent advantages in the developments of the HHG in
the narrow (0.3–0.5 mm) plasmas. Among them are the spatial coherence mea-
surements of non-resonant and resonant high-order harmonics generated in narrow
laser ablation plumes, resonance processes in plasma plumes, and peculiarities of
the high-order harmonics from different narrow plasmas generating at 1 kHz rep-
etition rate.

2.1 Modern History and Perspectives of Harmonic
Generation in Narrow Plasma Plumes

A search for the ways for increasing the notoriously low HHG efficiency in the
extreme ultraviolet region has long been (and still is) among the most topical
problems of nonlinear optics. In the majority of cases, the conversion efficiency of
the high-order harmonics generating in the gaseous and plasma media turns out to
be insufficient for using them as the reliable coherent short-wavelength radiation
sources in biology, plasma diagnostics, medicine, microscopy, photolithography,
XUV coherent diffraction imaging, and time-resolved measurements, to mention
few of them.

First experiments using narrow over-excited plasma plumes were carried out in
1990s [1–6] and have shown the frustrating results. Nevertheless, there was a
reason to hope that harmonic intensities may be substantially increased and efficient
shorter-wavelength coherent radiation could be achieved using properly produced
plasmas. There are no fundamental limitations here; it only remained finding the
“optimal” conditions for formation of a plasma plume to serve as the efficient
medium for the HHG. Laser-produced plasma may be validly used for this process
if the effects of the limiting factors (self-defocusing, self-phase modulation, and
wave phase mismatch of the harmonics and the radiation being converted) are
minimized, as it was underlined in early studies of plasma HHG [1, 3, 5].

Among the special features of HHG in laser-produced plasmas, one can note a
wide range of medium characteristics, which can be tuned by varying the conditions
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of ablation on the surface of a solid. This applies to such parameters as plasma
length, density of ions, electrons, and neutral particles, and degree of their exci-
tation. The use of any elements of the periodic table (Fig. 2.1) [7], as well as
thousands of complex samples that exist as solids, may largely extend the range of
materials employed, whereas only a few noble gases are typically available for the
gas HHG. Thus the exploration of practically any solid-state material through the
nonlinear spectroscopy comprising laser ablation and harmonic generation can be
considered as a new tool for material science.

In several cases, this method furnishes an opportunity to realize the
quasi-resonance conditions and increase the efficiency of single harmonic genera-
tion due to the effect of ion transitions on the nonlinear response in different spectral
regions, thus allowing the studies of those transitions possessing large oscillator
strengths. This effect (Fig. 2.2a) [8] could be hardly observed in the gas HHG
because of a low probability for the coincidence of the atomic transition frequencies
of a few gases and the frequencies of the single harmonics of laser sources. In the
meantime, studies of resonance-induced modification of the harmonic spectra
generated in gases have demonstrated the enhancement of the narrow parts of
harmonics due to the influence of Fano resonances and Stark shift [9].

The modern history of harmonic studies using narrow plasmas has started in
2005 [10]. A substantial increase in the highest order of generating harmonics,
observation of a long plateau and emergence of a second plateau in the energy
distribution of highest-order harmonics, high efficiencies obtained with several
plasma formations, realization of the resonance enhancement of individual har-
monics, efficient harmonic enhancement from the plasma plumes containing clus-
ters of different materials, and other properties revealed in [11–16] have
demonstrated the advantages of using optimally prepared laser-produced plasmas
for the HHG. The orders of harmonics obtained in plasma media to date range into
the sixties and seventies [17, 18]. The harmonics up to the 101st order have been

Fig. 2.1 The elements of periodic table (in thick squares), which were studied for the HHG in the
ablation plumes. Reproduced from [7] with permission from Optical Society of America
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demonstrated during generation in the thin manganese plasma [19] and currently
can be routinely achieved using the moderate level (60 fs, 3 mJ) laser pulses. The
plasma HHG conversion efficiency in the plateau region amounted to 10−5 was
demonstrated in the case of the laser ablation of silver targets [20–22]. Application
of two-color pump led to enhancement of the odd harmonics, as well as to the
appearance of strong even orders (Fig. 2.2b) [23]. In addition to that, the conversion
efficiency towards a resonantly enhanced high-order harmonic was almost two
orders stronger compared with the neighboring harmonics (Fig. 2.3a) [24].

The quest for new plasma media that would favor the enhancement of an
individual harmonic allows further improvement of harmonic conversion efficiency.
The production of a single high-intensity harmonic (rather than a group of har-
monics of equal intensity in the plateau region) would open up the way to the

(a)

(b)

Fig. 2.2 a Harmonic spectra obtained from the GaN nanoparticles-contained plasma using the
pulses of different chirp and duration. Reproduced from [8] with permission from American
Physical Society. b CCD images of the harmonic spectra between the 9th and 17th orders
generated in the C60 plasma in the cases of (1) single-color fundamental pump (800 nm), (2)
two-color pump (800 + 400 nm), and (3) single-color second harmonic pump (400 nm). The data
were collected under similar experimental conditions. Adapted from [23] with permission from
American Physical Society. Copyright 2009

2.1 Modern History and Perspectives of Harmonic Generation … 11



practical application of these coherent short-wavelength sources. Resonantly
enhanced harmonics observed in several plasma media allowed expecting that
similar conditions will be discovered using other plasma formations. The generated
harmonic wavelength may then be tuned to the transitions with high oscillator
strength by wavelength tuning of the driving laser [14], as well as by varying the
chirp of laser radiation [11, 13, 16]. Many new features of plasma harmonics, which
were emerged during last time, allow expecting further extension of our knowledge
of the material properties using this new tool of nonlinear spectroscopy. The
advantages of harmonic studies in the thin plasma plumes were summarized in the
monographs [25–27].

Among the achievements emerged during following years one can admit the
application of the ablated nanoparticles and clusters (Fig. 2.3b) [28], definition of
the high-order nonlinearities of fullerenes [29], single sub-femtosecond harmonic
generation in manganese plasma using few-cycle pulses (Fig. 2.4a) [30], compar-
ative research of plasma and gas media for efficient HHG [31], temporal charac-
terization of plasma harmonics [32, 33], generation of continuum plasma harmonics
[34], stabilization of harmonic yield over one million laser shots on the rotating
targets [35], generation of high-order harmonics using picosecond driving pulses
[36], various applications of 1 kHz lasers for plasma HHG to increase the average
power of converted radiation [37, 38], demonstration of the quantum path

(b)

(a)Fig. 2.3 a HHG spectra
obtained from the (1) indium
and (2) silver plasmas.
Reproduced from [24] with
permission from Optical
Society of America.
b Harmonic distribution in the
mid-plateau region in the
cases of the plasma produced
on the surface of bulk Ag
target (thin line-out) and the
Ag nanoparticles-contained
plasma (thick line-out).
Reproduced from [28] with
permission from IOP
Publishing. All rights
reserved
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interference of the long and short trajectories of electrons in plasma HHG experi-
ments (Fig. 2.4b) [39], etc. All those findings substantially pushed ahead our
knowledge of the peculiarities of plasma media through the analysis of their
high-order nonlinear optical characteristics.

It follows from the above that investigations in this area of nonlinear optics are
making rapid strides and may bring new success in the nearest future. Plasma
harmonics became an important part of the studies carrying out in various labo-
ratories worldwide [32–34, 40–46]. The achievements of present-day plasma har-
monic studies motivate for further development of this technique. Recent reviews of
various aspects of plasma harmonics [7, 22] made it clear that this field of nonlinear
optics rapidly develops towards the applications of plasma harmonic spectroscopy,
as well as further amendments of harmonic yield.

I hope that, with this short review, I convinced the reader that the plasma HHG is
not simply another method for generation of coherent XUV light but rather a new
technique for the analysis of various features of the harmonic emitters appearing in
the plasma plumes during laser ablation of solids. In the following sections of this
chapter we will discuss some most recent advantages in the developments of the
HHG in the narrow (0.3–0.5 mm) plasmas.
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Fig. 2.4 a Harmonic spectra from the silver plasma (upper curve) and manganese plasma (bottom
curve). Reproduced from [30] with permission from Optical Society of America. b Dependence of
harmonic spectra on the position of aluminum plasma with respect to the focus of femtosecond
radiation (negative values on the pictures correspond to focusing after plasma plume). Reproduced
from [39] with permission from American Physical Society. Copyright 2011
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2.2 Spatial Coherence Measurements of Non-resonant
and Resonant High-Order Harmonics Generated
in Narrow Laser Ablation Plumes

The high coherence of the drive laser beam can be transferred to the harmonic
radiation, which can thus exhibit near full spatial coherence [47]. This makes
high-order harmonics an attractive table-top, short-wavelength source for applica-
tions, such as diffraction imaging [48], holography [49, 50], and, more generally,
for short-wavelength interferometry using wavefront division [51].

Studies of the spatial coherence of harmonic radiation have proved useful in
helping to elucidate the underlying physics of the HHG process [52], particularly in
identifying mechanisms that can degrade the coherence. Previous measurements
in gas targets showed that, for laser intensities high enough to cause significant
ionization of the neutral medium, the rapid production of free electrons can degrade
the coherence [53–55]. The refractive index of the free electrons imparts a rapidly
varying phase on the harmonic. This can lower its spatial coherence if the rate of
formation of free electrons varies at different points across the focused beam [54],
leading to decorrelation of the time-dependent fields. This can be caused by density
or laser-intensity variations across the laser focus.

Ablation targets for HHG differ from conventional (neutral) gas targets in a
number of ways. Firstly, they are usually preformed plasmas with a density dis-
tribution that is determined by the ablation dynamics and subsequent evolution of
the plasma, which depend on the target composition and ablation pulse parameters
in a complex way. Secondly, the HHG process can be resonantly enhanced in the
plasma [24]. In the four-step model of the resonant enhancement [56], the third step
(recombination) of the conventional three-step model of HHG is partitioned into
two steps: the capture of a laser-accelerated electron into an autoionizing state of the
parent ion followed by the radiative relaxation to the ground state with emission of
the harmonic photon. For HHG in gas targets, the harmonic phase is largely
determined by the phase accumulated by the electron wavepacket during its
quasi-free motion in the laser field (step 2), which is the same in both the three-step
and four-step models. However, in the four-step model, the phase added during the
fourth step (radiative relaxation) is not negligible and can be very sensitive to the
detuning from the resonance. Recently, phase distortion of resonantly enhanced
harmonics in Sn ablation plumes has been investigated using the RABBIT tech-
nique for different amounts of detuning of the 17th harmonic radiation from the
Sn II plasma transition at 26.27 eV [33].

These differences between ablation and conventional gas target for HHG raise
interesting questions about the degree of spatial coherence of high harmonics from
ablation plumes. First study of the spatial coherence of the high order harmonic
radiation generated by the interaction of 45 fs Ti:sapphire laser beam with carbon
(graphite) plasma plume has been reported in [45]. It was observed that the spatial
coherence varies with harmonic order, laser focal spot size in plasma plume, and
peaks at an optimal spot size. It has also been reported that the spatial coherence is
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higher when the laser pulse is focused before the plasma plume than when focused
after the plume, and it decreases with increase in the harmonic order. The optimum
laser parameters and the focusing conditions to achieve good spatial coherence with
high harmonic conversion have been identified, which is desirable for practical
applications of the harmonic radiation.

It is known that these harmonics are emitted as low divergence, near Gaussian
beams [around 2 mrad full-width-at-half-maximum (FWHM)]. Below we discuss
direct measurement of their spatial coherence [57]. The reviewed studies have shown
that the spatial coherence of both non-resonant and resonant harmonics from carbon,
zinc, and indium ablation targets generated with few-cycle pulses is reasonably high
(in the range of 0.6–0.75) and somewhat higher than for harmonics generated in
argon gas under similar experimental conditions. This finding confirms that
high-order harmonics from ablation plumes can be used in applications requiring
high spatial coherence. For such applications, other features of the harmonic radi-
ation from ablation targets may be useful, such as the resonant enhancement of
particular harmonic orders that give rise to quasi-monochromatization of the radi-
ation, thus reducing the requirements for spectral filtering.

The experimental set-up for the measurements of the coherence of plasma
harmonics is shown in Fig. 2.5. A Ti:sapphire laser was used in these experiments
and provided pulses of 30 fs duration and energies of up to 2.5 mJ at a repetition
rate of 1 kHz. These pulses were focused into a 1-m-long differentially pumped
hollow core fiber (250 μm inner core diameter) filled with neon [58]. The spectrally

Fig. 2.5 Experimental setup for measuring the spatial coherence of the harmonics generated in
ablation plasma plumes and gas targets. A chirped pulse amplification system with a hollow fiber
pulse compressor was used to produce the few-cycle pulses to drive HHG. A beam-splitter was
used to pick off part of the stretched laser pulse for ablation. A rotating target set-up allowed
operation at 1 kHz pulse repetition rate. The harmonics were analyzed using a spatially-resolving
XUV spectrometer with micro-channel plate detector. Double slits could be introduced into the
harmonic beam to produce an interference pattern on the detector, from which the coherence of the
radiation could be determined. Reproduced from [57]. Copyright 2014. AIP Publishing LLC
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broadened pulses at the output of the fiber system were compressed by 10 chirped
mirrors. High-intensity few cycle pulses (775 nm central wavelength, 0.5 mJ, 4 fs)
were typically obtained. The compressed pulses were characterized spatially and
temporally with a spatially encoded arrangement for spectral shearing interferom-
etry for direct electric field reconstruction [59]. A part of the uncompressed beam of
the chirped pulse amplification Ti:sapphire laser (central wavelength 800 nm, pulse
energy 120 μJ, pulse duration 23 ps, pulse repetition rate 1 kHz) was split from the
beam line prior to the laser compressor stage and was directed into the vacuum
chamber to create an ablation plume from the target. The picosecond pulses were
focused by a 400 mm focal length spherical lens to the intensity on the target
surface of Ips = 8 × 109 W cm−2. Ablation plumes from carbon, zinc, and indium
were produced in these experiments. The 15 mm diameter rods of these materials
rotated at 30 rpm, which allowed a considerable improvement of the stability of
harmonics compared with fixed targets in the case of high pulse repetition rate
(1 kHz). In particular, it was shown that once the target rotation is stopped, the
harmonic efficiency from the plasmas decreased by more than one order of mag-
nitude within 1–2 s [35]. Harmonics were generated with 4 fs laser pulses, which
were focused into the ablation plumes using a 700 mm focal length spherical
mirror. The delay between the picosecond and the femtosecond pulses was set to
33 ns. The focal position of the femtosecond pulse with respect to the ablation
plume was chosen to maximize the harmonic signal, and the intensity in the
ablation plume was estimated to be Ifs = 3 × 1014 W cm−2. This estimate was
consistent with the 70 eV high-order harmonic cut-off that was observed in neon.
Neon provides a more reliable corroboration of intensity than the HHG cut-off in
argon due to the Cooper minimum in argon at 48 eV that masks the real cut-off
position.

The harmonics were analyzed using an XUV spectrometer with a grazing
incidence flat-field grating and an imaging micro-channel plate (MCP) detector
coupled to a phosphor screen [60]. The spatially resolved spectra of the generated
harmonics on the phosphor screen were recorded with a CCD camera. The
experimental setup allowed the removal of the ablation target and generation of
harmonics in a gas target (Ar or Ne, density*1018 cm−3, target length L = 1.5 mm)
placed at the same position. Under these conditions, the spatially resolved HHG
spectra are dominated by the low-divergence short trajectory contribution.

The spatial coherence of the harmonics was measured using double slit inter-
ference. A pair of slits was mounted on a translation stage and placed 40 cm from
the targets and 70 cm from the MCP. The slits were made in a tungsten foil and had
50 μm spacing, 6 μm width, and were 10 mm long. Each interference pattern
(“frame”), measured in this experiment, was integrated over 1000 laser shots.
A series of measurements were made for different targets (laser-produced plasmas
and Ar gas) in the following energy ranges: 15–30 eV for C, Zn, and In and 15–
40 eV for Ar. The relatively low cut-off observed for C is in agreement with earlier
work [44]. For each fringe pattern, the fringe visibility was determined through the
relation V ¼ Imax � Iminð Þ= Imax þ Iminð Þ, where Imax and Imin are the maximum and
minimum intensities of the interference pattern. With equal intensity at both slits, as
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was the case in those measurements, the fringe visibility at the centre of the fringe
pattern was equal to the modulus of the complex coherence factor.

Figures 2.6, 2.7, 2.8 and 2.9 show the double-slit interference data for harmonics
from C, Zn, and In plasmas, and from Ar gas targets, respectively. In each figure,
the spatially resolved HHG spectrum is shown in part (a), the spatially integrated
spectrum is shown in part (b), and a spatial lineout of a single harmonic (inter-
ference pattern) is shown in part (c). Taking an average of the visibility at the centre
of the fringe pattern over 20 frames, the measured visibilities for the different
targets and harmonic orders are as follows: V = 0.63 for CH13 (i.e. 13th harmonic
generated in the carbon plasma); V = 0.66 for InH13; V = 0.74 for ZnH11; and
V = 0.47 for ArH15. The HHG spectra from Zn and In have shown resonantly
enhanced harmonics due to the overlap of harmonic radiation with plasma reso-
nance lines. In the case of Zn (Fig. 2.7), the emission spectrum was dominated by a
peak at *18 eV, which was identified as the partial overlap of H11 (photon energy
*17 eV, FWHM bandwidth *1 eV) with the 18.3 eV transition 3d10−3d9(2D)
4p of Zn III, which has an oscillator strength significantly greater than other lines in

Fig. 2.6 Non-resonant harmonics generated in a carbon plasma plume. a Spatially resolved HHG
spectrum showing interference fringes from the double slits, b spectral line-out, c spatial line-out
of the interference pattern for the 13th harmonic. The average visibility of fringes near the centre of
the pattern was V = 0.63. Reproduced from [57]. Copyright 2014. AIP Publishing LLC
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this spectral region [61]. For In (Fig. 2.8), an enhanced feature at *20 eV was
observed and attributed to the overlap of H13 (photon energy *20 eV, FWHM
bandwidth *1 eV) with the 19.9 eV ground to autoionizing state transition
4d105s21S0–4d

95s25p(2D)1P1 in In II, which has an oscillator strength (gf) *10 ×
larger than other transitions [62]. The variation of HHG conversion efficiency in the
vicinity of resonance lines of indium has been reported in [24].

Attempts were made to calculate the visibility of the nonresonant harmonics of
Zn and In; however, the signal to noise ratio was too low to accurately analyze the
fringe patterns. The maximum visibility measured in those experiments (V = 0.74
for the Zn target) was lower than reported visibilities of gases in some earlier work
[47] but is consistent with a small departure from full spatial coherence for the
driving laser field. In the absence of other effects that can degrade the coherence,
the visibility of the fringe pattern for the qth harmonic is approximately given by
Vq ≈ 1 − q(1 − V1), where V1 is the visibility for the driving laser field [54]. Hence,
a value of V1 = 0.98 for the laser beam would already completely account for the
visibility VH11 = 0.74 measured for the 11th harmonic from the Zn target. Though

Fig. 2.7 Resonantly enhanced harmonics generated in a zinc plasma plume. a Spatially resolved
HHG spectrum showing interference fringes from the double slits, b spectral line-out showing
enhancement of the 11th harmonic due to its overlap with a plasma transition line in Zn+ at
18.3 eV, c spatial line-out of the resonant harmonic. The average visibility of fringes near the
centre of the pattern was V = 0.74. Reproduced from [57]. Copyright 2014. AIP Publishing LLC
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the femtosecond laser beam exhibited essentially full spatial coherence, one cannot
rule out such a small decrease in coherence of the radiation delivered to the target,
for example, due to nonlinear propagation effects in air and the vacuum chamber
window coupled with a small intensity asymmetry of the transverse beam profile.

The significantly lower visibility (V = 0.47) observed for harmonics from Ar gas,
compared to the plasma targets (average visibility 0.68), was attributed to increased
free electron production during the propagation of laser pulse through the Ar gas
compared to the other targets. One should note that only rapid variation of the free
electron density during the HHG process can degrade the harmonic spatial coherence.
Pre-existing free electrons in the ablation plumes should not degrade the coherence,
since their density is effectively static on the timescale of the few-cycle pulse.

The tunnel ionization of the targets by a 4 fs laser pulse was simulated using
ionization rates from Ammosov-Delone-Krainov (ADK) theory [63]. In the absence
of details of the ionic composition of the ablation plasmas, it was assumed that the
plasma targets are fully singly ionized. ADK rates are known to be reasonably
accurate for rare gases such as Ar, but for multielectron atoms they significantly

Fig. 2.8 Resonantly enhanced harmonics generated in an indium plasma plume. a Spatially
resolved HHG spectrum showing interference fringes from the double slits, b spectral line-out
showing enhancement of the 13th harmonic due to its overlap with a plasma transition line in In+ at
19.9 eV, c spatial line-out of the resonant harmonic. The average visibility of fringes near the
centre of the pattern was V = 0.66. Reproduced from [57]. Copyright 2014. AIP Publishing LLC
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overestimate the ionization rate [64]. Therefore, the calculations for C, Zn, and In
provide an upper limit for the ionization fraction in those atoms. For a peak
intensity of 3 × 1014 W cm−2, the ionization fraction at the peak of the pulse was
calculated to be *0.1 for Ar (Ip = 15.75 eV) compared with *10−5 for C II
(Ip = 24.4 eV), 0.004 for In II (Ip = 18.87), and *0.01 for Zn II (Ip = 17.96 eV).
Using the target densities given earlier, this implies a free electron density of
*1017 cm−3 produced during HHG in the Ar target, which is at least 3×, 8×, and
3000× higher than for Zn, In, and C targets, respectively. The measured visibility
for the case of Ar is consistent with earlier work in which free electron densities in
the region of 1017 cm−3 produced during harmonic generation were shown to lead
to a reduction in harmonic visibility to the range of 0.4–0.6 for similar harmonic
orders [52, 55]. One can note that for carbon, an intensity of 3 × 1014 W cm−2 is
close to the ionization saturation intensity. Therefore, a small fraction of neutral
carbon atoms in the ablation plume (Ip = 11.26 eV), as seen in earlier work [65],
would increase the electron density significantly compared to the value calculated
above. This could explain the lower visibility for harmonics generated in carbon
compared to the other plasma targets.

Fig. 2.9 High-order harmonics generated in argon gas. a Spatially resolved HHG spectrum
showing interference fringes from the double slits, b spectral line-out, c spatial line-out of the 15th
harmonic. The average visibility of fringes near the centre of the pattern was V = 0.47. Reproduced
from [57]. Copyright 2014. AIP Publishing LLC
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2.3 Resonance Processes in the Plasma Plumes

2.3.1 Resonant and Non-resonant High-Order Harmonic
Generation in the Plasmas Produced by Picosecond
and Femtosecond Pulses

In order to increase the conversion efficiency into high-order harmonics at kHz
repetition rate various routes can be followed. New methods of plasma formation
could be an attractive way to improve the harmonic yield. A straightforward
implementation is the replacement of the plasma generating laser beam with several
tens to hundreds of picosecond duration by one which features only a few tens of
femtosecond duration. Thereby, one can elucidate the importance of the laser
intensity or the laser fluence for the formation of the plasma, which shows the
optimal harmonic yield. Closely related is the investigation of an enhancement of
specific harmonics in the spectral vicinity of ionic transitions of the plasma con-
stituents [24, 38]. Below we analyze the results on the application of femtosecond
and picosecond laser pulses for plasma formation on metal targets at 1 kHz repe-
tition rate and particularly take attention to the resonance enhancement of single
harmonics in these plasmas [66].

A chirped-pulse amplified Ti:sapphire laser with preamplifier and cryogenically
cooled booster amplifier [67] delivering pulses with 40 fs duration at a central
wavelength of 800 nm and at 1 kHz repetition rate was used as the main laser
driving source. Part of the uncompressed radiation was split off from the beam line
prior to the compressor stage (800 nm, 0.8 mJ, 12 ps) and used for ablation of the
solid targets placed in a vacuum chamber (Fig. 2.10a). This beam was loosely
focused onto the target with a spot size of about 300 μm diameter. The resulting
intensity of the heating pulse on the target surface of up to Ehp = 9 × 1010 W cm−2

created a weakly ionized plasma plume. After a variable optical delay in the range
from 5 to 75 ns, required for formation and expansion of the plasma plume away
from the target surface, the compressed driving laser pulse (800 nm, 0.6 mJ, 40 fs)
was focused into the plasma by a 500 mm focal length lens to generate the
high-order harmonics. Intensities up to 4 × 1014 W cm−2 have been employed. The
position of the focus relative to the plume was chosen to maximize the harmonic
output. HHG experiments were also performed using the femtosecond pulse with
40 fs duration as ablating pulse. In that case a beam splitter was placed outside the
laser and divided the femtosecond beam into two parts of equal energy of 0.6 mJ for
the heating and the harmonic driving pulses (Fig. 2.10a).

The harmonic emission was analyzed using an XUV spectrometer consisting of
a flat field grating and MCP detector coupled to a phosphor screen. The images of
harmonics were captured using a cooled CCD camera. The XUV spectrometer
allowed the registration of the 11th to 23rd harmonics of 800 nm radiation. Various
targets (Al, Cu, Ag, In, and Sn) prepared as 15 mm thick rods were used in these
experiments. To minimize overheating and damage of the surface from repeated
laser shots the rods rotated at slow revolutions, thus ensuring more stable ablation
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conditions analogous to the technique of plasma harmonics stabilization [35]. After
moving to a new spot, the previously irradiated target area cooled down and became
available again (one rotation later) for further ablation with approximately the same
harmonic yield.

The stability of the harmonics from plasma plumes is an important issue for any
application of coherent short-wavelength radiation. The cylindrical metallic rods
were rotated with different revolutions per minute. A variation from 10 to 300 rpm
did not considerably influence the harmonic yield. At the given pumping laser spot

(b)

(a)

Fig. 2.10 a Experimental setup for plasma harmonic generation using picosecond and
femtosecond heating pulses. PP, picosecond pulses; FP, femtosecond pulses; BS, beam splitter;
M, mirrors; DL, delay line; L, focusing lenses; VC, vacuum chamber; RT, rotating target; P,
plasma plume; S, slit; XUVS, extreme ultraviolet spectrometer; FFG, flat field grating; ZS,
zero-order diffraction stop; MCP, micro-channel plate; CCD, CCD camera. b Harmonic yields
from the plasma produced on the rotating (thick blue curve) and stopped (thin red curve) aluminum
rods. Reproduced from [66] with kind permission of The European Physical Journal (EPJ)
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size a rotational speed of 50 revolutions per minute would yield a new surface area
for each laser pulse. It seems that this is not necessary for a stable operation. Once
the target rotation is stopped, the harmonic efficiency from the plasma plume was
significantly decreased. Figure 2.10b shows the line-outs of the harmonic spectra
generated from the plasmas produced during ablation of rotating (thick blue curve)
and stopped (thin red curve) aluminum rods. One can see the drastic difference
between these two spectra collected at identical experimental conditions of target
ablation. The harmonics (17th–23rd orders) decreased by a factor of greater than 10
within a few seconds once the target stopped to rotate. The reason of such a drastic
decrease is the melting of the surface of the fixed target, as has been reported
in [35].

The conversion efficiency in the Al plasma in the range of 17th–23rd harmonics
was estimated from the comparison with the harmonics generated in the silver
plasma during a same set of experiments. The conversion efficiency from the latter
medium at similar conditions of experiments has been reported in [20] to be
8 × 10−6. One can point out the difficulty in carrying out the experiments at
absolutely the same conditions. The efficiency of HHG depends on the density of
the target, the laser pulse parameters (intensity, pulse duration, contrast, focus-
ability, etc.), background ionization, composition of the medium, etc. These
parameters cannot exactly be reproduced in different experimental setups with
different driving laser sources. However, previous experiments show that the ratio
between the harmonic yields from different plasmas remains approximately the
same even when being studied in different laboratories. The density of the plasma
was optimized in both cases to provide a maximum harmonic yield. The contrast
does not play any role during plasma HHG. The same can be said about the pulse
duration. The intensity defines the cut-off harmonic rather than the harmonic yield
being in the saturation conditions. Focusability plays role in the case when the
Rayleigh length becomes shorter than the size of nonlinear medium.

Background ionization was optimized in all plasma harmonic experiments prior
to the measurements of the conversion efficiency. The composition of the medium
was the same (neutrals and singly ionized particles of Al and Ag with approxi-
mately the same ionization rate). So, the optimization of HHG in both plasmas
allows a rough estimation of the HHG efficiency. The efficiencies of harmonics
from these two plasmas were rated as 1:4.

After achieving stable harmonic generation using picosecond ablating pulses,
comparative studies were carried out on the plasma formation using pulses of
different duration (12 ps and 40 fs). In these two cases approximately the same
fluence of the heating pulses was maintained (*1 J cm−2) by using the same
focusing conditions and heating pulse energy, while the intensities of heating 12 ps
and 40 fs pulses were 9 × 1010 and 2.5 × 1013 W cm−2. Note the *300 times
increase of the intensity of the heating pulse on the target surface in the case of
femtosecond pulses compared to picosecond pulses.

One of the aims of these studies was to define which parameter, fluence or
intensity of the heating pulse, plays the dominant role in the formation of the
suitable plasma for efficient HHG. Figure 2.11 shows two examples of harmonic
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spectra obtained from (a) aluminum and (b) copper plasmas using the picosecond
(thin red curves) and femtosecond (thick blue curves) pulses. One can notice
comparable harmonic yields from the Cu plasmas in both regimes of plasma for-
mation, while in the case of Al plasmas, in the fluence range investigated, some
advantage of plasma formation using femtosecond pulses for efficient HHG was
observed. The use of relatively long or short heating pulses may drastically change
the dynamics of formation and spreading of the laser plasma. First attempt to
address this issue in the case of plasma plumes was reported in [68].

The observed prevalence of femtosecond pulse produced plasma over picosec-
ond pulse produced plasma could be related with the dynamics of the plasma
formation on the aluminum surface. One can assume that, in the case of short
pulses, the ablation of aluminum could lead to the formation of some amount of
nanoparticles in the plasma plume. These particles may cause the enhancement of
the harmonic yield compared with the neutrals. To prove this assumption one has to

(a)

(b)

Fig. 2.11 Harmonics from
the a Al and b Cu plasmas
produced by 12 ps (thin red
curves) and 40 fs (thick blue
curves) heating pulses.
Reproduced from [66] with
kind permission of The
European Physical Journal
(EPJ)
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analyze the morphology of debris from the ablation of the Al target by the fem-
tosecond pulses as well as to use mass spectrometry of the plasma plume. Probably,
the ablation of aluminum was carried out at the conditions when the “optimal”
plasma formation coincided with the conditions for the formation of aluminum
clusters. Another situation was in the case of other targets. The over-excitation of
targets leading to the formation of nanoparticles caused the appearance of a sig-
nificant amount of free electrons, which led to a phase mismatch of the interacting
waves.

The most important parameter for plasma formation turned out to be the fluence
rather than the intensity of the pumping radiation. When the fluence was maintained
in the range of 0.8–1.2 J cm−2, the harmonics from the plasma showed a reasonably
good stability using either picosecond or femtosecond heating pulses. An increase
of this parameter to greater than 2.3 J cm−2 resulted in a disruption of the harmonic
spectra, the appearance of strong ionic lines, and a phase-mismatch between driving
and harmonic waves due to the presence of abundant free electrons. One may
conclude from the above results that, at the used experimental conditions, laser
ablation using pulses of different duration at optimal and equal fluences of the
ablating radiation leads to the formation of comparable atom and ion concentrations
in both plasmas. These plasma bursts reached the position of the femtosecond
driving pulse at about the same time and contained approximately the same number
of particles (ions and neutrals) per volume unit.

Below we discuss the resonant enhancement of some specific harmonics gen-
erated at different conditions of target ablation (i.e. picosecond and femtosecond
pulse induced plasma formation). It has previously been shown that a
resonance-induced enhancement of HHG can be achieved in various plasma media
at specific single harmonics. Since the first observation of this phenomenon in
indium plasma [24], some new media (GaAs [13], Sb [69], Cr [16]) were identified
for the potential enhancement of single harmonics due to their spectral closeness
with the ionic transitions possessing strong oscillator strengths. Analogous attempts
for noble gases, both theoretical and experimental, were reported, which, however,
were less successful to demonstrate, until recent time, a resonance enhancement of a
single harmonic, even in cases where such an enhancement was expected [70–73].
This fact can be attributed to the availability of a much wider range of target
materials for plasma HHG compared to the few commonly used gases, which
increases the possibility of the resonance of an ionic transition in the plasma media
matching one of the harmonic wavelengths.

The resonant enhancement of HHG was observed in the tin plasma using the
picosecond heating pulses (Fig. 2.12a). A strong 17th harmonic (hν = 26.35 eV)
was observed analogous to those reported in previous studies of this plasma
medium [14, 38, 74]. However, in the present case a stronger enhancement of the
17th harmonic is observed, with an enhancement factor of about 10× compared
with neighboring harmonic orders. Further, the 13th harmonic (hν = 20.15 eV)
generated in an indium plasma was studied at different ablation conditions. The
experiments with indium plasma produced by laser ablation using picosecond
pulses showed an about 70-fold enhancement of the 13th harmonic relative to the
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neighboring ones (Fig. 2.12b). Polarization measurements of the 13th harmonic
yield showed the expected decrease of its intensity with the change of the polar-
ization of the driving radiation from linear to elliptical and circular, which is a
characteristic feature of this nonlinear optical process (see inset in Fig. 2.12b).

The application of femtosecond pulses for ablation of the rotating indium target
showed an even stronger 13th harmonic generation, with pronounced neighboring
harmonics (Fig. 2.12c). The saturated 13th harmonic is presented in this figure
together with the 11th to 21st harmonics. In this case the enhancement exceeded a
factor of 100×. Note the logarithmic scales of the harmonic intensities in Fig. 2.12.
The two side lobes visible in the spectral vicinity of the 13th harmonic actually also
belong to this harmonic and can be traced to the quantum path interference ring
between the short and long trajectories of accelerated electrons. The intensity of this
ring is comparable with those of neighboring harmonics, as the line-outs in
Fig. 2.12b, c suggest.
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Fig. 2.12 a Harmonic spectrum from tin plasma. The resonant (17th) harmonic was *10 times
stronger than neighboring ones. b Indium harmonic spectrum in the case of plasma produced by
12 ps pulses. The ratio between the 13th and other harmonics in this region was *70. Inset
Polarization dependence of 13th harmonic yield. c Harmonic spectrum from the indium plasma
produced by 40 fs pulses. The 13th harmonic was saturated. The enhancement of resonance
harmonic over the plateau harmonics exceeded 102. Reproduced from [66] with kind permission of
The European Physical Journal (EPJ)
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Below we discuss the concentration properties of the plasmas produced by the
pulses of different duration studied in [66]. The molecular dynamics based laser
ablation simulation for Al and Cu targets was carried out using optimal experimental
parameters of laser radiation by means of the code ITAP IMD [75]. One can take the
advantage of short heating pulses (12 ps and 40 fs), which allowed a direct simu-
lation of the ablation process at equal fluence (1 J cm−2). However, the optimal delay
between the beginning of ablation and the interaction of targets with the driving
pulse is of the order of tens of nanoseconds, which cannot be easily simulated
directly. In addition, little is known about the heating of already ablated particles.
Therefore, for a correct treatment of the delay, which is an important optimization
parameter, one should use the following calculation model. After leaving the surface
of the sample all particles were considered as non-interacting with the field and were
removed from further simulation time steps. For all particles, which left the surface
after a given simulation time step, only those with kinetic energies sufficient to be in
the interaction volume (*200 μm above the surface) exactly after the supposed
delay (5, 30, 40 and 75 ns) were chosen for calculation.

In order to calculate the relative concentration of neutrals and ions the single
atom ionization probabilities were calculated by time-dependent density functional
theory using the Octopus package [76, 77]. The ionization probability was com-
puted as the occupation of all but the 10 lowest states. The simulations for the 40 fs
ablating pulse were performed directly. For 12 ps ablation pulses a series of cal-
culations over 50 fs with constant intensities was performed, which allowed the
definition of ionization probability over the envelope of the ablating pulse, which is
then approximated by a least-squares fit to yield a continuous time dependent
function of the ionization probability. Then, at every time step of the molecular
dynamics simulation, the number of particles with velocities sufficient to reach the
interaction region after a given delay was multiplied by this ionization probability.
This approach yielded the concentration of ionized particles in the interaction
region with the fundamental HHG pulse. As a result, the relative number of ionized
species was slightly different for different delays, however, the absolute difference
was no larger than 5 %. Calculations were performed for Al and Cu for two ablating
pulse durations. The concentrations of neutral and ionized particles obtained are
presented in Table 2.1. The most important parameter for plasma concentration
turned out to be the fluence rather than the intensity of the heating radiation.

One may see from the results presented in table that, at the used experimental
conditions, all concentrations arising from ablation by the picosecond and fem-
tosecond pulses of the same fluence are close to each other. It is seen that for Al the
largest concentration of neutral particles was obtained for 30 ns delay for both
heating pulses, while for Cu better results were found for 40 ns delay. One should
note that, at given HHG conditions (driving pulse is not ultrashort, plasma is not
very dense, no resonant absorption is present), the plasma concentration influences
the HHG yield mainly in two ways. It increases the number of particles partici-
pating in HHG, and thus HHG intensity grows with the increase of the concen-
tration, and further it increases the number of the free electrons, which influence
HHG efficiency in a rather complicated way.
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2.3.2 Resonance Enhancement of the 11th Harmonic
of 1064 nm Picosecond Radiation Generated
in Lead Plasma

Here we analyze the results of studies of the HHG in a lead plasma using the
relatively long (picosecond) driving pulses [78]. The two-stage amplification of a
single pulse of Nd:YAG laser (wavelength 1064 nm, pulse duration 38 ps) was
followed by splitting of this pulse into two parts, one (pump pulse) with the energy
of 5 mJ, which was used for plasma formation on the target, and another (probe
pulse) with the energy of up to 28 mJ, which was used, after some delay, for
frequency conversion in the prepared plasma. The pump pulse was focused inside
the vacuum chamber containing an ablating target to create the plasma plume. The
intensity of the probe pulse at the focus was 4 × 1013 W cm−2. The delay between
these two pulses during most of experiments was maintained at 50–70 ns, which is
optimal for efficient harmonic generation in laser-produced plasmas. The pulse
delay was changed by introducing variable path for the converting pulse. The
harmonic radiation was analyzed using the vacuum monochromator and was
detected using the luminescent absorber (sodium salicylate) and photomultiplier
tube (PMT).

The Pb, Sn:Pb alloy, and Sn were used as the targets during these experiments.
A three-coordinate manipulator made it possible to change the targets and to control
the zone of interaction of the probe radiation with the plasma relative to the target
surface. Various gases were inserted inside the vacuum chamber containing plasma
plumes to analyze the influence of the dispersion properties of these gases on the
variations of harmonic spectra. The chamber allowed the insertion of the gases and
was connected to the vacuum monochromator, thus the gas was also inserted in this
monochromator. The absorption of the resonance-enhanced 11th harmonic of
1064 nm radiation at the used densities of gases was insignificant.

Below we present some specific features of lead and alloy plasmas as the media
of HHG using the picosecond laser pulses. The goal of these studies was to define

Table 2.1 Concentrations of neutral and ionized atoms in the interaction volume (in 1017 cm−3)
for two different durations of the ablation pulse on the Al and Cu targets and at different delays
between heating and driving pulses

Al Cu

40 fs 12 ps 40 fs 12 ps

Delay (ns) Neutral Ion Neutral Ion Neutral Ion Neutral Ion

5 1.53 0.24 1.67 0.11 1.51 0.26 1.43 0.12

30 3.47 0.21 2.79 0.15 2.77 0.23 2.65 0.14

40 2.58 0.26 2.61 0.13 3.15 0.31 2.88 0.16

75 1.73 0.27 1.45 0.10 1.61 0.24 1.51 0.11

Pulse energies of 0.6 and 0.8 mJ were assumed for 40 fs and 12 ps ablating pulses, respectively.
Reproduced from [66] with kind permission of The European Physical Journal (EPJ)
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whether the components of Pb-containing plasma influence the resonance-enhanced
harmonic generation efficiency. Changing a composition of plasma from pure lead
was accomplished using an alloy of this material, which consisted of tin and lead (at
a volume ratio of *5:3). Plasma harmonic spectra from pure lead and Pb:Sn alloy
with those from pure tin were compared during these studies. To analyze the
influence of the propagation effect the variations of harmonic spectra from lead
plasma were studied while adding different gases in the vacuum chamber, thus
changing the dispersion inside the plasma plume.

Figure 2.13 shows the HHG spectra obtained in the Sn, Pb, and Sn:Pb alloy
plasma plumes. The harmonics from tin plasma (Fig. 2.13, upper panel) showed a
gradual decrease of each next order, which is a common feature in the case of most
of plasma HHG experiments [13]. Contrary to that, a lead plasma demonstrated the
enhanced 11th harmonic (Fig. 2.13, middle panel), which was stronger than the
lower orders. This peculiarity of lead harmonics was maintained at different con-
ditions of experiments by varying the confocal parameter, plasma length, and so
forth. The concentration of plasma (*2 × 1017 cm−3) was insufficient for the
absorption of lower-order harmonics to create the conditions of the stronger 11th
harmonic compared with lower ones.

The harmonics from the mixture of lead and tin plasmas comprised both har-
monic spectra while maintaining the enhanced 11th harmonic (Fig. 2.13, bottom
panel). It is seen that the role of other plasma components (i.e., the tin in the case of
ablating Sn:Pb alloy) was insignificant and did not lead to the considerable variation
of the envelope of harmonic spectra compared with the pure Pb plasma plume.

Fig. 2.13 Harmonic spectra
from the Sn, Pb, and Sn:Pb
alloy (5:3) plasmas.
Reproduced from [78] with
permission from Optical
Society of America
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There are no specific reasons in different enhancement factors of the 11th harmonic
in the pure Pb and Sn:Pb plasmas. The ratio I11H∕I5H from shot to shot was close to
1, or slightly larger, while in both plasmas stronger 11th harmonic was observed
with regard to the 9th and 7th orders. This observation points out the insignificant
influence of the dispersion properties of additional plasma component on the
relation between the phases of the 11th harmonic and 1064 nm radiation.

The comparative studies of harmonic generation efficiency were carried out by
moving the translating stage up and down, thus allowing to measure the HHG
conversion efficiency (in arbitrary units) in different plasmas without changing the
conditions of experiments (delay between pulses, intensity of the heating and
converting pulses, distance from the target to the axis of propagation of the con-
verting radiation, confocal parameter of the radiation, and so forth). These studies
allowed comparing the efficiencies of harmonics from various metal plasmas during
one set of measurements just by changing the targets at similar conditions. The
meaning of “arbitrary units” refers to the voltage signal measured from the PMT
registering the luminescence from the sodium salicylate. No absolute measurements
of HHG conversion efficiency were carried out for each set of studies, since it was
unpractical due to necessity in the changes of the conditions of experiments.
However, in some cases the absolute values of conversion efficiency were measured
by using the technique described in [20]. The conversion efficiency of HHG was
defined using the following procedure. At the first step, the fourth harmonic signal
was measured using a “monochromator + sodium salicylate + PMT” detection
system using the calibrated energy of the 4th harmonic of 1064 nm radiation
generating in the nonlinear crystals. This allowed the calibration of monochromator
and registration system at the wavelength of 266 nm. Since the quantum yield of
sodium salicylate has the same value along a broad range between 30 and 350 nm,
the calibration of the registration system at 266 nm allowed the calculation of the
conversion efficiency along the whole spectral range of harmonic measurements.

The conversion efficiency of the 11th harmonic from the Pb plasma was mea-
sured to be 3 × 10−6. The enhanced harmonic from lead plasma was analyzed at
different experimental conditions. The delay between heating and converting pulses
is crucial for optimization of the HHG. A typical dependence of the 11th harmonic
intensity on the delay between pulses is presented in Fig. 2.14a. At the initial stages
of plasma formation the concentration of particles (neutrals and singly charged
ions) in the interaction area is insufficient, since the particles possessing the
velocities of *5 × 105 cm s−1 do not reach the optical axis of probe beam prop-
agation (*100 μm above the target surface). The increase of delay allowed the
appearance of plasma particles along the path of the probe pulse, which caused the
growth of HHG efficiency. Further increase of delay led to saturation of the HHG at
*70 ns and gradual decrease of conversion efficiency at longer delays (>110 ns).
The influence of the distance between the target and the optical axis of propagation
of the probe radiation at a fixed delay is shown in Fig. 2.14b. This distance was
varied by a manipulator, which controlled the position of the target relative to the
waist of the probe picosecond radiation.
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The common feature of these studies was an abrupt decrease of harmonics at the
irradiation of targets above the optimal level. The term “optimal level” refers to the
conditions of plasma ablation when the components of ablation do not cause
the growth of the impeding processes, which restrict, or even entirely cancel, the
harmonic generation. Those include (a) the excess of free electron concentration
leading to strong variation of the dispersion properties of the nonlinear medium and
to the phase mismatch between the interacting waves, (b) the excess in absorption
of the XUV radiation, and (c) the intense emission from the plasma. The origin of
these processes is related with the formation of highly ionized plasma, which leads
to the appearance of the abundance of free electrons. The latter species cause a
phase mismatch between the waves of probe and harmonic fields. This effect is
especially important for the lower-order harmonics. One can note that a decrease of
harmonic efficiency in highly ionized plasma has been reported for higher-order
harmonics as well [1, 4, 5, 25], though this effect was less abrupt than that observed
in the discussed studies. Figure 2.15a shows the influence of the energy of the
heating pulse on the intensity of the 11th harmonic generating in the lead plasma.

(a)

(b)

Fig. 2.14 a The dependence
of the 11th harmonic intensity
on the delay between the
pump and probe pulses.
b Harmonic intensity as a
function of the distance
between Pb target surface and
probe beam axis for the 7th
(squares) and 11th (circles)
harmonics. Reproduced from
[78] with permission from
Optical Society of America
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Harmonic intensity increased up to the heating pulse energy of 3 mJ. Further
growth of the pulse energy led to a decrease of harmonic intensity.

Lead plasma is not the first plasma medium where the enhancement of some
specific harmonic was reported. It is just a sample showing such feature while using
the 1064 nm radiation. Mn, In, Te, As, Sn, and Cr were among the plasma plumes
where the enhancements of single harmonic of 800 nm radiation of a Ti:sapphire
laser were reported [79]. Notice that no enhancement of the single harmonic was
observed from these metal plasmas using the Nd:YAG laser radiation, and vice
versa, the 800 nm femtosecond lasers were not able to produce the enhanced single
harmonic from the lead plasma. All previous studies point out a decisive role of the
properties of the target material, such as the ionic resonances possessing large
oscillation strengths, on the resonance enhancement of single harmonic. The
closeness of the ionic transition possessing high gf and the enhanced harmonic has
been clearly shown in the case of indium plasma, where the 13th harmonic of
800 nm radiation was considerably (up to a hundred times) stronger than all (even
lower-order) neighboring harmonics [24] (see also previous section).

(b)

(a)Fig. 2.15 a The dependence
of the harmonic intensity on
the pump pulse energy for the
11th harmonic generating in
the lead plasma.
b Comparison of
experimental (squares,
dashed curve) and calculated
(solid curve) dependences of
the 11th harmonic yield on
the converting pulse intensity.
Reproduced from [78] with
permission from Optical
Society of America
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There are various theoretical studies offering the explanations of the
resonance-induced enhancement of harmonics [56, 70–72, 80–86]. Particularly in
[56], this process was described in the frames of the four-stage model. However,
this model could be applied when the resonance level is an autoionizing state,
which is not a case of the low-lying states of Pb ions presumably involved in the
observed enhancement of 11th harmonic. Probably, the model developed in [71] is
more suitable for the discussed conditions. Strongly coupled, low-lying states are a
feature of many atomic and molecular systems with ionization potentials substan-
tially lower than those of noble gases. Their calculations showed that the resonance
width of the enhancement can be smaller than the laser bandwidth, which means
that this is an explicitly multiphoton process. Note that the experimental evidence of
resonantly induced single harmonic enhancement was mostly reported in the case of
plasma HHG studies. It is obvious that the probability of such occasional coinci-
dence of the wavelengths of ionic transition and harmonics is extremely small
among a few used gases, while most of the materials exist in a solid state and thus
could be ablated to produce a plasma plume.

The analysis of the influence of the probe intensity on the 11th-harmonic yield
from the lead plasma was carried out as well (Fig. 2.15b). The slope of this
dependence was close to 1.3 (dashed line). As the frequency shift from the 11th
photon resonance between ground and excited states 6s26p 2P1∕2–6s

28d 2D3∕2

(96.72 nm) of Pb II was only 4.5 cm−1, the analysis of harmonic yield was carried
out using the resonant approach [87–89]. In this approach, the squared module of
the off-diagonal elements of the density matrix defines the resonant harmonic
intensity. The calculated I11H(Iprobe) dependence using the fittings of AC Stark shift,
relaxation time, and generalized matrix elements is presented as the solid line in
Fig. 2.15b. The influence of resonances in the enhancement of the single harmonic
is defined by both the oscillator strength of the nearby transition and the detuning
between the wavelengths of harmonic and transition. There is no need for exact
coincidence of the resonance transition and harmonic. The optimal detuning defines
how strong the nonlinear optical response is expected to be. Indeed, the coincidence
of 11th harmonic (λ = 96.73 nm) and 96.72 nm transition may be the reason for the
insignificant enhancement of this harmonic due to self-absorption, as was observed
in those studies. Probably, another reason for a weak enhancement is a small gf of
this transition. One can note that all previous observations of resonantly induced
harmonic enhancement were obtained at different detuning of harmonics with
regard to the exact positions of ionic transitions. Thus, the exact coincidence of
these wavelengths may cause some restrictions in the harmonic enhancement due to
the influence of self-absorption.

The role of atomic resonances in the growth of the laser radiation conversion
efficiency has been actively discussed in the framework of the perturbation theory at
the early stages of the study of low-order harmonic generation (see [88] and the
references therein). In the case of HHG, the increase in the efficiency of generated
harmonics due to resonance processes has come under consideration almost two
decades ago, and this approach appears to have considerable promise with the use
of ionic and, in some cases, atomic resonances.
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The resonance HHG studies comprised both the theoretical analysis of this
process and the first attempts to form the resonance conditions in experiments.
While theoretical estimates testified the possibility of an efficient enhancement of
individual harmonics, experimental works revealed the difficulties encountered in
gas harmonics. Therefore, the use of plasma media could largely facilitate the
solution of the problem of resonance harmonic enhancement. Examining a large
group of potential targets allowed identifying some of them as suited for demon-
strating this process. The advantages of plasma HHG over gas HHG were amply
manifested in this case because the number of possible media in the former case is
far greater than in the latter case. The observation of enhanced harmonic in Pb
plasma in the vicinity of singly charged ionic transition (96.72 nm) just another
proof of the concept.

The role of resonances on the high-order nonlinear optical response of medium
could be monitored by two methods: tuning of the driving radiation wavelength and
changing the phase relations of the interacting waves. The former method was often
used in the case of resonance-enhanced harmonics of the broadband Ti:sapphire
lasers allowing both direct tuning of radiation wavelength and manipulation of the
harmonic wavelength through the chirp variation. This approach cannot be applied
in the case of the Nd:YAG laser, since it is impossible to tune the wavelength of this
narrowband laser. The only clear proof for the involvement of the resonance on the
yield of the 11th harmonic could be the variation of the phase mismatch between
the two waves (1064 and 96 nm) in the vicinity of this ionic transition. Below we
discuss the experiments allowing the variation of the refractive index of medium by
adding different gases in the plasma. We would like to remind that this approach in
the studies of the resonance enhancement is not new. It was used in the early stage
of low-order harmonic and parametric generation in gases, which showed the
attractiveness of the manipulation of the phase relations in the vicinity of reso-
nances by introducing the variable ratios of positive and negative dispersions using
different gases [88].

The insertion of gases in the vacuum chamber containing targets led to variations
of harmonic spectra compared with the case of pure lead plasma. Four gases (He,
Ar, Kr, Xe) possessing different dispersion, as well as different absorption, in the
50–250 nm region were used in the discussed studies. Figure 2.16a, b shows the Pb
harmonic spectra in the presence of light (He) and heavy (Xe) gases. The former gas
possesses weak absorption until 65 nm, and thus its influence on the variations of
harmonic spectra could be attributed mostly to the optical dispersion properties of
the gas changing the phase matching conditions for resonant and out-of-resonance
harmonics.

The He pressure was varied up to 13.3 kPa, above which the optical breakdown
of the gas (without ignition of the metal plasma) was observed. One can see the
abrupt decrease of 11th harmonic with the increase of He pressure. Meanwhile,
some harmonics, in particular the 9th one, showed less decrease, and the 5th
harmonic became even stronger compared with the plasma formation at vacuum
conditions. Approximately same features were observed in the case of insertion of
the xenon gas, though a decrease of the 11th harmonic was not so pronounced.
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The influence of different gases on the harmonic spectra from the plasma media
showing the enhancement of specific orders was compared. Recently, the plasma
harmonics from graphite ablation using 1064 nm radiation were studied and a
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Fig. 2.16 Variations of
plasma harmonic spectra
generated at different
pressures of the gases inserted
in the target chamber. a Pb
plasma, He gas, b Pb plasma,
Xe gas, c carbon plasma, Xe
gas. Reproduced from [78]
with permission from Optical
Society of America
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strong 7th harmonic of Nd:YAG laser radiation (152 nm) was observed [90]. The
enhancement of this harmonic was attributed to the closeness with the ionic tran-
sition of carbon, which led to the formation of phase-matching conditions in this
particular case. Figure 2.16c shows the spectra of carbon harmonics at different
pressures of xenon. One can see that a decrease of the strong 7th harmonic with the
growth of gas pressure resembles the one shown in the case of the 11th harmonic
generating in the lead plasma (Fig. 2.16a). The comparable variations of Pb and C
harmonic spectra may lead to the following conclusions. The enhancement of
harmonics at purely plasma conditions (i.e., without insertion of the gases) in both
these cases was originated from better phase matching of the converting and har-
monic waves (11th and 7th harmonics from the lead and carbon plasmas, respec-
tively). The addition of the medium possessing positive dispersion worsens the
phase matching between the waves and correspondingly decreases the intensities of
those harmonics. The role of the gas on other harmonics is also defined by the
positive addition to the refractive index of the plasma–gas mixture. However, in
that case the dispersion properties of the gas play a less decisive role compared with
the resonance-enhanced harmonics.

The role of gas absorption on the observed properties of the resonant harmonic
was also analyzed in those studies. At the most unfavorable conditions (2-m-long
optical path inside the monochromator, He gas pressure 7 kPa) the absorption starts
at 23 eV [91], which corresponds to the 19th harmonic of 1064 nm radiation, while
the transmittance for lower-order harmonics was equal to 1 (1.17 eV corresponds to
the energy of 1064 nm probe photons). No significant absorption of the 11th
harmonic in Ar and Ne was observed at these experimental conditions. In the cases
of Ne and Ar the absorption starts at 19 and 14.5 eV, respectively, which should
lead to the suppression of the 17th and 13th harmonics but not the 11th one
(E11H = 12.9 eV). The insertion of Xe led to the 30 % absorption of the 11th
harmonic [91], since the transmission in this gas started to decrease at *12 eV (for
Kr this value is 13.8 eV, and this gas does not absorbs the 11th harmonic).

The reviewed studies showed that the insertion of gas led to the change of the
influence of the propagation effect on the harmonic generation. Probably, the
combination of micro-processes (i.e., closeness of harmonic wavelength and ionic
transition, absorption processes) and macro-processes (propagation effect com-
prising the joint influence of Gouy phase, dispersion of plasma close to the resonant
transitions, and dispersion of neutral gas) cause the observed variations of harmonic
spectra from the plasma plume at different gas pressures.

The concentration of lead particles in the area of interaction with the probe pulse
(*2 × 1017 cm−3) becomes comparable with the one of gases [(1–10) × 1017 cm−3]
inside the plasma volume. At the early stages of gas harmonic studies, the inclusion
of an additional gaseous component allowed the enhancement (or decrease) of
generating harmonics in the gas mixtures in the vacuum ultraviolet range due to
achievement of the phase matching conditions between the interacting waves
[92–94].
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2.4 Peculiarities of the High-Order Harmonics
from Different Narrow Plasmas Generating
at 1 kHz Repetition Rate

Each plasma component can cause constructive or destructive action on the overall
nonlinear optical response of a whole ensemble of plasma particles. Some com-
ponents, e.g., free electrons, large nanoparticles or aggregates and microparticles,
generally cause a decrease of the HHG conversion efficiency due to some impeding
processes originating from the nature of these particles. Free electrons, for instance,
enhance the phase-mismatch between driving and harmonic fields, which has a
negative influence on the conditions of efficient HHG. Their negative impact on
HHG has long been known starting from the very beginning of the studies of gas
harmonics [95–97]. To minimize their influence on HHG the intensity of laser
radiation is maintained at conditions where multi-photon and tunneling ionization
do not create large amount of free electrons.

The presence of free electrons in plasma plumes is unavoidable due to the nature
of laser-induced ablation of solid targets. However, even in that case one can limit
their influence so that HHG does not suffer greatly from the difference between the
phases of interacting waves. Singly charged ions are the main emitters, which are
responsible for achieving extended spectral cut-offs and relatively high efficiencies
of the HHG process [25]. Neutral atoms also generate strong harmonics; however,
in that case the cut-off occurs at lower photon energies than in the case of ions.
Small nanoparticles may considerably enhance the intensities in HHG [26]. Their
properties as efficient emitters of harmonics were analyzed during both gas [98–
101] and plasma [102–106] HHG studies. Theoretical simulations predicted a
considerable increase of the harmonic conversion efficiency compared to the cor-
responding monoatomic media [107–110].

The HHG conversion efficiency considerably depends on the relative phases of
harmonics from different emitters within the plasma plumes, realized as construc-
tive or destructive interference. A few studies were reported on the interference of
the HHG emitted by successive sources or mixtures of different gases [111–114].
A suppression of harmonic efficiency in a mixture of Ag and Au nanoparticles
compared with the separated ingredients was reported in [115]. Modifications of
harmonic spectra were also observed for separated boron and carbon targets in
comparison with their mixtures. In that case a destructive interference was
observed, too, similar to the mixtures of Ag and Au nanoparticles. The HHG
efficiency considerably decreased for both higher and lower harmonics compared
with the case of separately ablated boron and graphite targets [115].

Another interesting issue is a comparative analysis of harmonic generation from
gases and plasmas. Recent studies have demonstrated superior properties of the
carbon plasma, which allowed the generation of lower-order harmonics with
reported five [116] and ten [34] times higher efficiency than in the case of an argon
gas medium. A morphological analysis of the carbon plasma debris revealed an
abundance of carbon nanoparticles in the plasma. The increase in harmonic yield
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was attributed to the presence of those carbon nanoparticles in the ablation plume
which can enhance the nonlinear optical response of the medium. Those studies
were carried out using a few-cycle pulses of 3.5 and 8 fs duration, respectively. For
a more general application of plasma harmonics it is interesting to generate carbon
plasma harmonics and compare their yield with argon gas harmonics using longer
driving pulses as well.

Here we discuss the above issues, which were studied using a femtosecond laser
operated with the pulse duration of 40 fs. We analyze the reported results of
harmonic generation from mono- and nanoparticle- containing plasma plumes,
compare the harmonic yields from Zn, Cu, and brass alloy to address the issue of
interference of harmonic generation from species of different origin, and finally
compare the HHG efficiencies from gaseous (argon) and plasma (carbon) media at
comparable conditions [117].

A 1 kHz repetition rate chirped pulse amplification Ti:sapphire laser was used as
the laser driving source. The scheme of HHG was similar to the one described in
Sect. 2.3.1. The delay between heating and driving pulses could be variably
adjusted with respect to each other between Δt = 0 and 100 ns to allow for the
formation and expansion of the plasma plume away from the surface of the target
before propagation of the driving pulse. It should be noted that for an increasing
delay the optical pathway of the femtosecond pulse had to be increased up to 30 m.
Therefore, for each delay setting the dispersion in air had to be pre-compensated,
and the other beam parameters had to be kept constant. For lighter atoms a short
delay of, e.g. Δt = 25 ns for C, and for heavier atoms a longer delay, e.g. Δt = 70 ns
for Ag proved to be optimal.

Various targets (Al, Cu, Zn, brass, graphite, and Ag) as well as nanoparticles
were used for these experiments. For a comparison of the conversion efficiency into
harmonic radiation the solid target could be replaced by a gas cell (length
L = 0.7 mm) operated with a continuous Ar flow at an optimal pressure of 100 mbar
for gas HHG [118, 119] without changing other experimental parameters, in par-
ticular the laser properties.

In Fig. 2.17 the HHG spectra recorded for the 11th to 23rd harmonics generated
in the plasmas produced on bulk and nanoparticle aluminum targets are presented.
The ablation conditions with respect to pulse energy and fluence of the ablation
pulse, as well as of the driving pulse, remained identical for these two samples. The
same holds for other parameters of the experiment, like the distance between the
target surface and the driving beam (*100 µm), the pulse duration of the ablation
pulse (12 ps), and the delay between the ablation and driving pulses (Δt = 30 ns).
Figure 2.17 shows the line-outs of the harmonic spectra generated in the spectral
range between λ = 35 and 80 nm for nanoparticle (thick blue line) and bulk (thin red
line) Al targets. For the two lowest orders (11th and 13th) of the displayed har-
monics, the intensity ratio Inano/Ibulk was found to be approximately 30 and 15,
respectively. This ratio decreases for higher harmonics until above the 23rd order
when the harmonics from the nanoparticle target entirely disappear, while the
harmonics from the bulk Al target show similar intensities over the whole spectrum.
This observation is a clear experimental evidence for the low degree of ionization of
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the plasma obtained from glued nanoparticles, because the harmonics, which can be
generated from ions only, are suppressed. The harmonic cut-off in the spectra from
bulk Al was beyond the short-wavelength limit of XUV spectrometer (λ = 35 nm),
while in accordance with earlier observations it should be in the region of 20 nm
(41st harmonic, [120]). Further, the ablation of the pure glue alone, without
nanoparticles, did not lead to harmonic generation, which confirms that the emitters
of harmonics were associated with the aluminum nanoparticles. The harmonics
generated from the nanoparticle plasma target showed a larger divergence than
those from the bulk target. This larger divergence could arise from a stronger
influence of the long trajectories of accelerated electrons on the yield of the har-
monic radiation. This observation can also be related to a growth of the recombi-
nation cross section when returning electrons moving on the long trajectory have a
higher probability to recombine with larger particles. The observation of only
relatively low-order harmonics from the Al nanoparticle- containing plasma could
be related with the origin of nanoparticle-induced HHG, which is assumed to occur
from neutral particles. Additionally the ionization potential of Al clusters containing
more than about 15 atoms falls below the ionization potential of a single neutral Al
atom (5.98 eV) and further decreases with increasing particle number (*5.2 eV for
n = 50) [121]. This also leads to a lower cut-off in the harmonic spectra.

In a molecular dynamics simulation the evolution of the kinetic energy of
ablated Al atoms from bulk and nanoparticle targets was studied based on the
ITAP IMD molecular dynamics code. The calculations were performed for two
different durations of the ablating pulse (12 and 28 ps). When comparing the two
targets it is evident that in the case of a nanoparticle target (Fig. 2.18; blue triangles
and black squares) the ablated atoms have an average kinetic energy, which is lower
by a factor of two compared to atoms ablated from the corresponding bulk target
(pink triangles and red dots) over the entire pulse duration of the ablating pulse. In
order to gain further insight from these results one may consider two scenarios. If an
atom is ablated instantly from the target, then its kinetic energy will be relatively

Fig. 2.17 Harmonic spectra
from plasmas produced on the
bulk Al (thin curve) and Al
nanoparticles contained
targets (thick curve).
Reproduced from [117] with
permission from Springer
Science+Business Media
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high. However, if an atom gains the energy sufficient to break a bulk bond via
energy exchange with neighboring atoms, its kinetic energy will be low and very
unlikely exceed the doubled value of the binding energy. The kinetic energy of the
ablated atoms is thus a good indicator of the nature of the ablation process. In the
discussed case the significantly larger kinetic energy of ablated atoms from the solid
target have shown that the ablation process occurs instantly for atoms near the
surface and becomes more stable with surface melting. In the case of nanoparticle
ablation the process is different. The strong decrease of the kinetic energy near the
end of the pulse indicates that the nanoparticle is completely ablated. Otherwise the
energy exchange between neighboring atoms would lead to a stable average kinetic
energy. The simulations together with these considerations lead thus to the con-
clusion that the nanoparticles are evaporated more uniformly and are ablated
completely before the pulse ends.

Below we discuss the case when the mixed materials participate in HHG. The
influence of two sources of emission on the intensities of HHG is a rather com-
plicated phenomenon. HHG in mixed gases has been reported in several studies
[11, 114, 122, 123] in which a suppression of the harmonics above the cut-off of
one of the gases was observed. Constructive interference due to quasi-phase
matching can be achieved when these gas sources are located at appropriate dis-
tances from each other [112, 124–126]. Analogous features were reported for mixed
boron and carbon plasmas, which separately showed considerably different cut-offs
[115]. Also in that case a destructive interference occurred over the whole observed
spectrum of harmonic generation up to 26 eV.

Fig. 2.18 Molecular dynamics simulation of the average kinetic energy of aluminum atoms
ablated from 5 × 5 × 5 nm3 Al nanoparticles (blue triangles and black squares) and a solid Al
target (pink triangles and red dots). Two different durations of the ablating laser pulse of 12 and
28 ps have been assumed in the simulation. The energy scale is normalized to the first ionization
potential of aluminum (5.98 eV). Reproduced from [117] with permission from Springer Science
+Business Media
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Figure 2.19 shows high-order harmonic spectra observed from the plasmas
produced on bulk Zn, Cu, and brass targets. The HHG in a zinc plasma shows strong
low-order harmonics up to the 15th order (dotted red curve), while the copper plasma
(dashed blue curve) allowed harmonic generation extending towards shorter
wavelengths out of the registration range of the used XUV spectrometer. It is
interesting to note that the strong Zn III resonances at λ = 67.8 and 71.4 nm do not
enhance the 11th harmonic at λ = 72.7 nm. This indicates that the comparatively cold
plasma is formed with a low concentration of electrons and of multiply charged ions.
The brass target contained a mixture of Zn and Cu at a ratio of 35:65, and the plasma
produced on this target contained therefore both Zn and Cu atoms and ions. It should
be noted, however, that the evaporation of brass with a high concentration of Zn is a
complicated process due to the initially preferable evaporation of the Cu, which
prevents an efficient evaporation of Zn [127]. Therefore in the brass plasma the
concentration of Zn atoms is different from that of the bulk Zn target.

The harmonics from this brass plasma (solid green curve) on the other hand
show a yield diminished over the whole spectral range of harmonic generation from
the 11th to the 25th order, being lower than those from both Zn and Cu plasmas.
While for zinc the decrease amounts to a factor of about five, a decrease of a factor
of two is observed for copper. A decrease of the intensity without a sign of con-
structive interference was observed over the measured HHG spectrum (λ = 35–
80 nm, hν = 15.5–35.5 eV) in the mixed plasma. The dispersion of the low-density
laser plasma must therefore be weak in this spectral range, maintaining the relative
phases of the two emitters.

The origin of this phenomenon is yet clear and further studies are needed for a
clarification of the influence of a low cut-off component on the harmonic intensity
from another component showing a cut-off at higher photon energies. The goal of
the discussed experiments was to study the HHG produced in a macroscopically
uniform and isotropic two-component plume. Since HHG is a coherent process,
interference can considerably influence the harmonic efficiency. Considering the

Fig. 2.19 Harmonic spectra
from Zn (dotted red curve),
Cu (dashed blue curve), and
brass (solid green curve)
plasmas. Reproduced from
[117] with permission from
Springer Science+Business
Media
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contributions from two different induced dipole moments the interference is related
to the different dipole phases. In that case, the interference mechanism should occur
even on a microscopic scale, since the medium is isotropic and uniform. These
studies have shown that the relative dipole phase interference is the proper expla-
nation of the observed results.

The delay between the ablation and the driving pulses is crucial for an opti-
mization of HHG. A typical dependence of the harmonic intensity on the delay
between these pulses is presented in Fig. 2.20 for the carbon-containing plasma
produced on graphite target (black squares) and the silver plasma (blue squares). At
short delays of Δt = 10 ns even low-Z species such as carbon with velocities of
typically 1 × 104 m s−1 do not reach the optical axis of propagation of the driving
beam at about 200 µm distance from the target surface with sufficient density. An
increase of the delay to Δt = 25 ns led to a strong increase of the harmonic yield in a
carbon plasma, because now a high concentration of particles was presented within
the beam path of the driving laser. At longer delays a gradual decrease of the yield
follows. Corresponding results for plasma from a silver target are shown as blue
squares. A strong rise of the high harmonic signal at about 55 ns delay is followed
by a plateau in the range between 60 and 80 ns delays, while for larger delays the
harmonic intensity started to drop. This demonstrates that there are different optimal
delays for harmonics generated in low-Z and high-Z plasmas. Although the
velocities of the ablated silver particles are now reduced by about a factor of three,
the kinetic energies of active particles from the heavier target (silver, m = 107.87
amu) and those from the lighter target (carbon, m = 12.01 amu) are about the same.

To directly compare the high-order harmonics generated from plasma media and
gas a gas cell (length 0.7 mm, popt = 100 mbar) and a solid carbon target were
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Fig. 2.20 Dependence of the 15th harmonic yield on the delay between the heating and driving
pulses in the cases of carbon (filled squares) and silver (empty circles) plasmas, respectively. The
distance between target and driving pulses was maintained at 100 µm. Adapted from [117] with
permission from Springer Science+Business Media
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placed in the same vacuum chamber. Previously, a major complication with plasma
harmonic experiments compared with gas harmonic experiments was a rapid
evaporation and cratering of the solid target surface [25, 34]. This caused the target
to deform, thus changing the conditions of plasma formation. The rotating rod
system allowed a considerable reduction of these influences on the stability of
HHG. The debris from the ablation also coats the window from which the
picosecond ablating pulse enters the vacuum chamber, thus reducing the fluence of
heating radiation on the target with time. To exclude this effect a protective
microscope slide was installed between the target and the entrance window which
could be easily replaced from time to time.

The efficiency and characteristics of high-order harmonics from the carbon
plasma were compared with those from the argon gas cell, using the 40 fs laser as
the main driving pulse. The two upper panels in Fig. 2.21a show the raw images of
harmonic spectra optimized with respect to the peak intensity generated in Ar gas
and in carbon plasma at equal acquisition times. Under these conditions, the
energies of the driving pulse were 0.6 mJ in case of harmonics generated from the
carbon plasma plume and 0.9 mJ from gaseous argon, respectively. In both media
comparable divergences of the harmonics were observed. In the case of HHG from
the carbon plasma an increase of the driving pulse energy led, at the given focusing
conditions, to a significant growth of the harmonic divergence. This may indicate
that for higher driving pulse energies the energy is converted more preferably by the
longer electron trajectory. It further supports the interpretation that these plasma
plumes contain nanoparticles, as mentioned above. At driving pulse energies above
0.8 mJ the blue side maxima emerged in the harmonic profile. The decrease of
harmonic intensity suggested that the harmonics originated from long and short
trajectories do not interfere constructively. It should be noted that due to the larger
beam profile it is still possible to generate higher photon fluxes, however, with a
higher proportion of the long trajectory contributing to the photon flux.
Additionally, when comparing the intensities of Ar and C harmonics it should be
kept in mind that the active lengths of the media are estimated to be 0.7 and 0.3 mm
for the gas and plasma medium, respectively. Further, the densities are estimated to
be about 2.5 × 1018 and 2 × 1017 cm−3, respectively. Integrated intensities of
harmonics for both targets are given in Fig. 2.21b.

The relative photon flux of 13th harmonic was determines with a MCP detector
and the absolute photon flux with a calibrated photodiode. In both cases a Sn filter
was used to suppress the fundamental Ti:sapphire radiation. At a thickness of
d = 300 nm a pure Sn shows a transmission of T = 9.9 % [128], and a filter oxidized
by a 4 nm thick layer had the transmission T = 8.1 % [128, 129]. It should be noted
that these filters do not withstand the fundamental radiation for a long time without
damage, making the usage of a slit of 0.9 mm in front of XUV spectrometer width
mandatory. The MCP measurements yielded an intensity ratio of the 11th–15th
harmonics generated in C plasma and in Ar gas of 2.5:1.5. For the determination of
the conversion efficiency and the photon flux by the calibrated photodiode all three
harmonics—the 11th, 13th, and 15th harmonic—which are transmitted by the Sn
filter have been measured in the direct beam, because the diffraction efficiency of
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the grating was not known. The relative intensities of the harmonics in this direct
beam were taken from the dispersed spectra. The conversion efficiencies of
η = 3.2 × 10−7 for Ar and η = 5.3 × 10−7 for the C plasma in the case of 13th
harmonic were defined. This compares well with the relative intensities measured
by the MCP. Taking an average fundamental power of 600 mW at 1 kHz repetition
rate a photon flux of 9.8 × 1010 photons s−1 generated in the C plasma and a flux of
6.0 × 1010 photons s−1 generated in the Ar gas were estimated. The measured
intensities compare well with the harmonic intensities reported in the literature

Fig. 2.21 a Raw images of
the 11th to 23rd harmonic
spectra from argon gas and
carbon plasmas, taken at 0.9
and 0.6 mJ femtosecond pulse
energy, respectively.
b Comparison of the
integrated line-outs of
harmonic spectra from argon
gas (thin black curve) and
carbon plasma (thick red
curve). Reproduced from
[117] with permission from
Springer Science+Business
Media
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[65, 119, 130, 131]. The corresponding results for the 11th, 13th and 15th har-
monics are summarized in Table 2.2.

2.5 Concluding Comments

The main goal of the description of HHG in narrow plasmas was to acquaint the
reader with most advanced results of this technique achieved so far using the 0.3–
0.5 mm long plasma plumes. While presenting the overview of previous results of
plasma harmonic studies, we also showed most recent developments in this field.

Particularly in this chapter, we have discussed the measurements of the spatial
coherence of the high-order harmonics generated in laser-produced narrow plasma
plumes in the cases of resonant and non-resonant harmonics. Reasonably high
visibilities in the range of *0.6–0.75 were measured for C, Zn, and In targets for
harmonics in the range of 15–25 eV. These results have confirmed the assumption
that the harmonics from ablation plasmas can be used for applications requiring
high spatial coherence such as diffraction imaging. The higher visibility for the
plasma harmonics compared with an argon gas target in these experiments was
attributed to a reduced production of free electrons during the propagation of
femtosecond driving pulse through the preformed plasmas.

We analyzed the application of femtosecond and picosecond laser pulses for
plasma formation on the metal targets for non-resonant and resonant high-order
harmonic generation using a 1 kHz laser. Efficient HHG was achieved by using a
rotating target for plasma formation. These studies revealed that the harmonic yields
from the plasmas produced by picosecond and femtosecond pulses of the same
fluence were comparable, despite the significantly different intensities of the heating
pulses. Further, the resonance enhancement of single harmonics in Sn and In
plasmas using picosecond and femtosecond ablating pulses was discussed. The
optimization of single harmonics with enhancement factors of 10× and 100× for
these harmonics compared to the neighboring ones was achieved. The concentra-
tions of neutrals and ions of Al and Cu at different heating pulse durations were
defined using the code ITAP IMD.

The discussed studies also included the demonstration of the generation of
high-order harmonics from the Pb plasma using the mode-locked picosecond laser.

Table 2.2 Conversion efficiencies and photon fluxes in the case of HHG in Ar gas and C plasma

Harmonic Diode sensitivity
[A/W]

Argon gas Carbon plasma

Efficiency Photon flux
[s−1]

Efficiency Photon flux
[s−1]

11 0.10 2.6 × 10−7 5.7 × 1010 2.6 × 10−7 5.8 × 1010

13 0.13 3.2 × 10−7 6.0 × 1010 5.3 × 10−7 9.8 × 1010

15 0.16 3.4 × 10−7 5.5 × 1010 4.0 × 10−7 6.4 × 1010

Reproduced from [117] with permission from Springer Science + Business Media
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The important peculiarity of those studies was the observation and analysis of
the enhanced 11th harmonic (λ = 96.7 nm), which originated from the
resonance-induced growth of the nonlinear optical response of lead plasma at the
wavelength of the 11th harmonic lying close to the strong ionic transition of lead
(Pb II, λ = 96.72 nm). The conversion efficiency of this harmonic was measured to
be 3 × 10−6. A strong departure from enhanced yield to suppressed state of 11th
harmonic in the case of addition of the He in the area of plasma formation clearly
indicated the involvement of the propagation effect, which spoiled the favorable
conditions for the 11th harmonic generation. The resonance effect of the
enhancement of the 11th harmonic in lead was not as strong as in the cases
observed in indium and other plasmas, which obviously can be attributed to both
the weaker oscillator strength of Pb resonance and better conditions for the
observation of the resonance enhancement in the case of the broadband fem-
tosecond radiation of Ti:sapphire lasers. The clear evidence for the availability to
monitor the involvement of resonances in HHG through the modulation of phase
mismatch was also presented in the case of carbon plasma. The similarity in the
behavior of resonance harmonics in the cases of addition of the gas with positive
dispersion in the carbon and lead plasmas was an additional proof of the influence
of C and Pb ionic transitions on the nonlinear optical response and particular
harmonic yields.

We have analyzed the superior harmonic intensity from an aluminum cluster
contained plasma compared to atomic and ionic Al plumes. The analysis of HHG in
the mixtures of two emitters (Zn and Cu) revealed the destructive interference of the
two harmonic sources. Different plasmas were studied at various delays between the
ablation and the driving pulse to analyze the role of the atomic mass of different
plasma components in the HHG yield. Finally, conversion efficiencies and photon
fluxes have been determined for Ar gas and carbon plasma in the case of compa-
rable orders of harmonics. Those results have shown that harmonic generation in a
carbon plasma compares favorably with that in an Ar gas.

Concluding this chapter, we would like to stress that the HHG in partially
ionized narrow plasmas was actively developed during last few years in different
laboratories worldwide. The developments in this area allow us to expect further
amendments to this technique of coherent short-wavelength radiation generation.
The extended plasma medium is the example of such an amendment of the
high-order nonlinear optical processes in the plasma plumes. Chapters 3–7 contain
the evidence of this assumption.
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Chapter 3
HHG in Extended Plasmas

In this chapter, we analyze the nonlinear optical properties of the long (*5 mm)
plasma plumes used for the high-order harmonic generation of laser radiation. We
present these studies along the different ranges of XUV using the single color and
two-color pumps of the extended plasmas produced on various metal surfaces,
which allowed the efficient odd and even harmonics generation. We also demon-
strate the methods of modulation of the spatial characteristics of laser plasma.
Finally, we show the methods of characterization of the plasma harmonic produced
at these conditions.

3.1 Advanced Properties of Extended Plasmas
for Efficient High-Order Harmonic Generation

The harmonic intensity increases as the square of medium length in the case of
weak reabsorption and at the optimum phase matching conditions [1]. However,
once the medium length exceeds the coherence length (Lcoh), the harmonic intensity
start to show the oscillations due to phase mismatch [2]. To analyze this process in
the laser-produced plasmas, one has to carefully define the best conditions of
plasma HHG in the extended medium, while taking into account the peculiar
properties of different materials used for laser ablation.

The advantages of the HHG in laser-produced plasmas were realized when
low-excited, low-ionized plasma was applied for the harmonic generation [3]. The
application of such plasmas immediately followed with the observation of strong
harmonics, which became comparable with those reported in gas HHG studies.
Moreover, as it was shown in Chap. 2, a substantial increase in the highest order of
generated harmonics, emergence of a plateau in the energy distribution of har-
monics, high efficiencies obtained with several plasma formations, resonance-
induced enhancement of individual harmonics, efficient harmonic generation from
the plasma plumes containing clusters of different materials, and other features have
demonstrated the attractiveness of plasma HHG.
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R.A. Ganeev, Frequency Conversion of Ultrashort Pulses in Extended
Laser-Produced Plasmas, Springer Series on Atomic, Optical,
and Plasma Physics 89, DOI 10.1007/978-981-10-0194-9_3

51

http://dx.doi.org/10.1007/978-981-10-0194-9_2


Previously, plasma harmonic yield has been increased by proper optimization of
the fluency of heating pulse [4], delay between the heating pulse and the driving
femtosecond pulse [5], focal position of the laser pulse in the plasma plume [6],
pulse duration of the heating radiation [7], chirp of the driving radiation [8], use of
the clustered targets [9], plasma characteristics [10], etc. The majority of those
plasma harmonic studies were carried out using the short length plasma plumes
(≤0.5 mm). The sizes of plasma plumes were defined by the focusing conditions of
the spherical lenses used for ablation of the targets. In the meantime, one could
expect that application of longer plasmas would further enhance the conversion
efficiency due to the quadratic dependence of the nonlinear optical response of the
medium on the length of laser-matter interaction. To create an extended area of
ablation on the target surface, one has to carefully choose the conditions of plasma
formation. The absorption of extended plasma can prevent the enhancement of
harmonic yield. The presence of free electrons and excited ions in the extended
plasma plumes can cause the growth of some impeding processes, such as phase
mismatch and Kerr effect, during propagation of the laser pulse through the med-
ium. To achieve higher HHG conversion efficiency, the length of the medium might
be increased provided the phase mismatch between the laser field and the harmonic
radiation maintains low [11–14]. Below we describe a series of experiments
showing the advanced properties of extended plasma as the efficient media for
harmonic generation [15].

The uncompressed radiation of Ti:sapphire laser (central wavelength 802 nm,
pulse duration 370 ps, pulse energy up to Ehp = 4 mJ, 10 Hz pulse repetition rate)
was used for extended plasma formation. These heating pulses were focused using a
200 mm focal length cylindrical lens inside the vacuum chamber containing an
ablating target to create the extended plasma plume (Fig. 3.1). The intensity of
heating pulse on the target surface was varied up to 5 × 109 W cm−2. The plasma
sizes were 5 × 0.08 mm2. The driving compressed pulse from the same laser with
the energy up to Edp = 4 mJ and 64 fs pulse duration was used, after 45 ns delay, for

Fig. 3.1 Experimental scheme for harmonic generation in extended plasma plumes. FDP
femtosecond driving pulse; PHP picosecond heating pulse; SL spherical lens; CL cylindrical lens;
VC vacuum chamber; W windows of vacuum chamber; C nonlinear crystal (BBO); T target; EPP
extended plasma plume; S slit; XUVS extreme ultraviolet spectrometer; CM cylindrical mirror;
FFG flat field grating; F metallic filter; MCP movable micro-channel plate registrar; CCD charge
coupled device camera. Reproduced with permission from [15]. Copyright 2014. AIP Publishing
LLC
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odd harmonics generation in the long plasma plumes. The driving pulse was
focused by using the 400 mm focal length spherical lens onto the prepared plasma
from the orthogonal direction, at a distance of *100 μm above the target surface.
The intensity of driving pulse at the focus area was varied up to 8 × 1014 W cm−2.
The confocal parameter of the focused radiation was 12 mm.

The harmonic emission was analyzed by the XUV spectrometer containing a
gold-coated cylindrical mirror and a 1200 grooves/mm flat field grating (FFG) with
variable line spacing. The spectrum was recorded on a MCP detector with the
phosphor screen, which was imaged onto a CCD camera. The movement of MCP
along the focusing plane of FFG allowed the variation of the range of XUV
observations.

Various materials (Ag, Mn, Zn, In, Cr, C, Mo) were studied as the ablating
targets. The sizes of these targets where the ablation occurred were 5 mm.
A three-coordinate manipulator allowed to move the target and to control a zone of
interaction of the driving radiation and the plasma relative to the target surface.

At the conditions of weak absorption, the unsaturated harmonic yield (IH) should
follow the quadratic dependence on the length (d) of nonlinear medium (IH ∝ dl,
where l = 2 [16]). The important issue is the influence of the ionic resonances
possessing high oscillator strength on the IH(d) dependence, which will be dis-
cussed below in the case of indium plasma.

These dependences were analyzed for different harmonics in a few plasma
plumes. Figure 3.2 presents these results in the case of zinc plasma at the heating
pulse intensity of 2 × 109 W cm−2 and fluence of 0.8 J cm−2. The length of the
plasma plume was varied in the range of 0.3–5 mm with the step of 0.3 mm by

0,1 1 10
1

10

100

1000

11
H

 in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Plasma length (mm)

l = 2.2

l  = 1.8

Zn plasma

0,1 1 10
1

10

100

1000

17
H

 in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Plasma length (mm)

l  = 2.0

l = 1.7

Zn plasma

(a) (b)

Fig. 3.2 Dependences of the a 11th and b 17th harmonic intensities on the length of zinc plasma.
Reproduced with permission from [15]. Copyright 2014. AIP Publishing LLC
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inserting a slit of variable width in the path of the heating beam after the cylindrical
focusing lens.

In the case of 11th harmonic (Fig. 3.2a), this dependence had a slope l ≈ 2.2 up
to the d = 1.5 mm, with further decease of the slope (l ≈ 1.8). One can see a
significant and almost unsaturated increase of 11th harmonic yield with the growth
of plasma length along the whole range of variations of this parameter.

These studies showed that the free electrons, absorption of plasma, phase mis-
match, Kerr effect, etc. did not play a significant role in the variation of this
dependence at the optimal excitation of the target when the low-density weakly
ionized plasma was produced. Analogous behavior was observed for different
harmonics (see the IH(d) dependence for the 17th harmonic, Fig. 3.2b). A few other
plasmas (C, Cr, Mo, Ag, Mn) have also proven the advanced properties of extended
media for achieving the efficient HHG. Among them, carbon plasma seems an
attractive example of the efficient use of long plasma plumes for the enhancement of
harmonics along the whole spectrum.

Almost all those plasmas have shown the IH(d) dependences similar to the zinc
plasma (see, for example, the dependence in the case of the 29th harmonic gen-
erating in the chromium plasma, Fig. 3.3a). It was confirmed that in most cases,
when the targets were ablated at the fluences of a few hundred millijoules per
square centimeter, the extended plasma produced along the path of femtosecond
driving radiation showed insignificant saturation properties, with the IH(d) slope of
2 or close to this value.
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Another pattern was observed in the case of resonantly enhanced harmonics,
particularly in the case of ablated indium target. This plasma has long been con-
sidered as an example of efficient generation of the resonantly enhanced 13th
harmonic of Ti:sapphire lasers, which was almost two orders of magnitude stronger
than the neighbor harmonics [17, 18] (see also Chap. 2). The IH(d) dependence was
analyzed for both the nonresonant and resonant harmonics generating in the indium
plasma. Whilst the nonresonant harmonic yields for the 11th and 19th orders
showed the similar nearly quadratic dependences with the growth of plasma length,
the 13th harmonic had a specific peculiarity. The slope of I13H(d) dependence from
the very beginning (i.e., for the shortest plasma lengths) was notably larger than 2
(Fig. 3.3b; l was defined to be close to 4) with the abrupt change of the slope at the
plasma length exceeding 1.3 mm (l ≈ 0.3). The yield of 13th harmonic at d > 1.
5 mm became unstable. Note that such behavior was not observed in the case of the
29th harmonic generating from the chromium plasma (Fig. 3.3a). This harmonic
has also shown some resonance-related properties, both in discussed and earlier
[19] experiments with chromium plasma. The observed influence of the length of
nonlinear medium on the yield of resonantly enhanced harmonic in the case of
indium plasma was considerably stronger compared with the case of Cr plasma due
to a significant difference in the enhancement factors of resonant harmonics (13th
and 29th orders, respectively) with regard to the neighboring harmonics.

The resonances, which enhance the yield of specific harmonics in the In and Cr
plasmas are related with the excitation of ionic transitions. Enhanced 13th harmonic
from In-contained plasma has been explained as effect of resonance with one of the
strong In II transitions [17]. Particularly, an exceptionally strong transition was
observed at 19.92 eV (62.1 nm) corresponding to the 4d105s21S0 → 4d95s25p
(2D)1P1 transition of In II. The oscillator strength of this transition has been cal-
culated to be 1.11, which is more than 12 times larger than the gfs of other tran-
sitions of In II. This transition can be driven into resonance with the 13th harmonic
(61.7 nm, 20.17 eV) of 802 nm radiation.

Previous studies of photoabsorption and photoionization spectra of Cr plasma in
the range of 41–42 eV have demonstrated the presence of strong transitions. In
particular, the region of the “giant” 3p–3d resonances of Cr II spectra has the strong
transitions, which could both enhance and diminish the optical and nonlinear
optical response of the plume. Note the role of the 3d5(6S) state in determining the
special position of Cr among the 3d elements. The calculations of gf values in the
photon energy range of 40–60 eV showed a group of the transitions in the 44.5–
44.8 eV region possessing strong oscillator strengths (with gf varying between 1
and 2.2), which considerably exceeded those of other transitions in the range of 40–
60 nm. These transitions were assumed to be responsible for the observed
enhancement of the 29th harmonic.

Thus the ionization state, which may play a decisive role in the enhancement of
the nonlinear optical response of plasma medium, is dominantly related with the
singly charged particles of above species (In, Cr). The densities of plasma plumes at
these conditions were defined by the conditions of excitation using the heating
pulse and have been calculated using the code ITAP IMD. The typical
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concentrations of plasma plumes at maximal yields of harmonics were in the range
of 1 × 1017–4 × 1017 cm−3 depending on the target material.

These studies showed that the nearly quadratic rule of IH(d) dependence is
maintained along the whole plasma length only in the case of weakly excited
targets. The growth of target excitation increases the plasma concentration, which in
turn should increase the harmonics yield. In this connection, a fluence of the heating
pulse on the target surface becomes an important parameter for optimization of
high-order harmonic emission. The dependences of harmonic efficiency on the
energy of heating pulse on the surfaces of few targets were measured while
maintaining the same geometry of extended ablation beam on the targets (Fig. 3.4).
The common feature of those measurements was an observation of a maximum of
the I33H(Ehp) and I47H(Ehp) dependences obtained from the Ag and Mn extended
plasmas, respectively (Ehp ≈ 3 mJ for both cases), with the following gradual
decrease of harmonic yield during irradiation of the targets using stronger heating
pulses. The reason of these observations is related with the over-excitation of target,
which led to appearance of the abundance of free electrons in the extended plasma
plume. The long plasma plumes obtained at optimal conditions of ablation allowed
generation of the harmonics extended towards the shorter-wavelength edge of XUV
in various ionized media. Particularly, the harmonics above the 100th order were
observed in the case of long Mn plasma.

The similarity in the IH(d) dependences in the cases of most plasmas demon-
strates that these samples have no specific features (neither strong absorption and
phase mismatch, nor resonance-induced enhancement of the nonlinear optical
response of the medium) in the XUV range. Meanwhile, the carbon plasma has
demonstrated some peculiarities of the IH(d) dependence, which were assumed to
be related with the structural properties of this medium, particularly with the
presence of the small-sized nanoparticles. Those observations have demonstrated
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that the plasma harmonic generation using the extended media can be considered as
a tool for the nonlinear optical spectroscopic analysis of the materials and for the
comparison of the role of the macro- and micro-processes governing HHG.

These studies have demonstrated the attractive properties of extended plasmas as
the media for HHG. There might be a question about why the harmonics are phase
matched over such a relatively long length. At high fluences of heating ablation
pulse, the growth of electron density (Ne) may cancel all advantages of extended
nonlinear optical medium. A growth of plasma concentration using the increase of
the fluence of heating pulse may decrease the harmonic yield because the phase
mismatch caused a destructive interference of the harmonic photons generated in
the first half and the second half of the source. The variation of Ne allows the
adjustment of the coherence length for the efficient generation of harmonics in
different spectral ranges. The adjustment of Ne could be easily accomplished during
the plasma harmonic generation, compared with the gas harmonic generation,
through the proper variation of the fluence of ablating beam on the target surface to
achieve a required concentration of the free electrons in the plasma plumes.

The application of conditions when electron concentration contains at moderate
level allows the maintenance of the phase matching of interacting waves in the
longer plasmas. The dependence of the harmonic yield on the heating pulse energy
is presented to confirm the above assumptions. Indeed, those studies have shown
how and why the heating pulse energy matters. The over-heating of target leads to
the appearance of large amount of free electrons, which cancel the phase matching
conditions. This assumption also explains why the increase of harmonic yield
changes slope for the longest lengths. The application of stronger excitation leads to
decrease of the coherence length with the following change of the harmonic yield
from the quadratic to lesser slope for longer lengths. As for the observation of the
resonantly enhanced harmonic in indium, which exhibited a completely different
I13H(d) dependence, the explanation is related with the influence of the resonance
on the dispersion of the indium plasma in the region of 13th harmonic.

Thus, the demonstration of harmonic enhancement in the extended line plasmas
and the observation of the saturation of this process at over-excitation of the targets
shown in discussed research can be considered as the first steps for the further
studies to overcome the latter obstacle by using the quasi-phase-matching (see
Chap. 4).

3.2 Enhanced Harmonic Generation Using Different
Second-Harmonic Sources for the Two-Color
Pump of Extended Laser-Produced Plasmas

One could expect that the application of a two-color pump may lead, at appropriate
conditions of extended plasma formation, to further growth of the coherent XUV
yield of these sources. The use of two-color pump schemes for HHG is a well
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known approach for broadening of the spectrum of generated short-wavelength
radiation. The two-color pump using fundamental and second harmonic fields has
become a practical method of harmonic enhancement in the gas media [20–27]. As
suggested in [25], a strong harmonic generation in the case of a two-color field is
possible due to (i) formation of a quasi-linear field, (ii) selection of a short quantum
path component, which has a denser electron wave packet, and (iii) higher ion-
ization rate compared with the single-color pump. The orthogonally polarized
second field also participates in the modification of the trajectory of the accelerated
electron from being two-dimensional to being three-dimensional, which leads to
removal of the medium symmetry. With suitable control of the relative phase
between the fundamental and second harmonic waves, the latter field enhances the
short path contribution while diminishing other electron paths, resulting in a clean
high-harmonic spectrum. This approach has been applied for plasma harmonic
generation as well. In [28], the first demonstration of an increase in the harmonic
conversion efficiency from the narrow (*0.3-mm-long) plasma plumes irradiated
by an intense two-color femtosecond laser pulse, wherein the fundamental radiation
and its weak second-harmonic (at the energy ratio of 50:1) were linearly polarized
orthogonal to each other, was reported. At the same time, no proper analysis of this
process at different rates of overlapping of the two pumps in the plasma medium
was carried out. Note that application of extended plasma at these conditions of
excitation may offer some attractive peculiarities related with better matching of the
two pump waves in the nonlinear optical medium.

Below we discuss the results of HHG using the single-color and two-color
pumps of the long (5 mm) plasmas produced on various metal surfaces using
different sources of second-harmonic pump [29]. Barium borate (BBO) crystals of
different thickness were applied to manipulate the overlapping of two pumps in the
extended plasma area. Different relations between the delays and intensities of these
pumps allowed the definition of the optimal length of BBO for the efficient gen-
eration of even and odd harmonics using the targets possessing various ablation
characteristics. We analyze enhanced even harmonics, which become stronger than
the odd ones, while using a relatively weak second field.

The experimental scheme was similar to one described in Sect. 3.1. To analyze
even and odd harmonic generation in the extended plasmas, the two-color pump
scheme was used. Part of the driving pulse was converted to the second harmonic in
the nonlinear crystal (BBO, type I) placed inside the vacuum chamber on the path
of the focused driving beam at a distance of 150 mm from the plasma plume, as
shown in Fig. 3.1. The crystals of 0.02-, 0.3-, 0.5-, 0.7-, and 1-mm thicknesses were
used to analyze the conditions of optimal overlapping of the two pulses in the
plasma medium. The corresponding second harmonic conversion efficiencies in
those crystals were 0.6, 5, 9, 11, and 13 %. The driving and second-harmonic
beams were focused inside the plasma plume. The polarizations of these two pumps
were orthogonal to each other.

The installation of the nonlinear crystal inside the vacuum chamber in the path of
focused radiation allows excluding the spatial walk-off effect and the influence of
the dispersion of window and focusing lens. The spatial overlapping between the
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two beams became sufficient for the interaction of two waves in the extended
plasma plume. At the same time, the group velocity dispersion in BBO led to a
temporal separation of two pulses. Due to this effect in the type-I BBO crystal, the

802 nm pulse (ω) was delayed Dcryst ¼ d nox
� �

group=c� ne2x
� �

group=c
h i

� 57 fs for
�

the 0:3-mm-long BBOÞ with respect to the 401 nm pulse (2ω) due to nox [ ne2x in

this negative uniaxial crystal. Here d is the crystal length, c
.

nox
� �

group and

c
.

ne2x
� �

group are the group velocities of the ω and 2ω waves in the BBO crystal, c

is the light velocity, and nox and ne2x are the refractive indices of the ω and 2ω
waves. The duration of second harmonic pulse is given by t2ω ≈ [(Δcryst)

2 + 0.5
(tω)

2]1/2 [30]. Hence, the 401 nm beam has longer pulse duration, corresponding to
the induced delay and a certain percentage (*50 %) of the fundamental pulse
duration. The latter is because the energy of the fundamental radiation is in general
not high enough in the pulse wings to effectively generate the second-order har-
monic. t2ω at the output of the 0.3-mm-long BBO crystal can be estimated to be
about 72 fs. One can assume from these calculations that the 802 and 401 nm pulses
were only partially overlapped while entering the linear plasma. This partial overlap
has decreased the ratio between the overlapped second harmonic and driving
radiation and diminished the influence of the 401 nm wave on the output spectrum
of generating harmonics.

Nevertheless, as will be shown below, even at these unfavorable conditions the
efficiencies of even and odd harmonics were comparable in the cases of the 0.3- and
0.5-mm-long crystals. Note that application of longer crystals (type-I BBO, d = 0.7
and 1 mm) led to a considerable change of the role of the second-harmonic wave.
While conversion efficiency toward the second-harmonic wave in these cases was
higher than in the case of shorter BBO crystals, the delay between pump pulses
allowed only insignificant temporal overlap in the plasma. The second-harmonic
wave in that case behaved as a separate driving source, which created the odd
harmonics of this radiation. The example of plasma harmonic spectrum in the case
of 0.7-mm-long BBO is shown in the bottom panel of Fig. 3.5a. One can clearly see
the enhanced 14th, 18th, and 22nd harmonics of 802 nm radiation generated in the
zinc plasma, which corresponded to the 7th, 9th, and 11th harmonics of the 401 nm
pump. The absence of 16th and 20th harmonics clearly points out the lack of
overlapping of the two pumps. The upper panel of Fig. 3.5a shows the featureless
spectrum of the broadband odd harmonics in the case of a single-color pump.

The temporal delays between the fundamental and second harmonic waves, as
well as the pulse durations of 401 nm radiation in the cases of different BBO
crystals, are summarized in Table 3.1. Here we also show the conversion effi-
ciencies in those crystals and the relative intensities of the overlapped parts of 2ω
and ω pulses in the plasma area. The dispersion properties of plasma plumes were
not taken into account due to the low concentration of the medium
(*3 × 1017 cm−3). One can see from this table that the ratios between two (2ω and
ω) overlapped pumps in the cases of 0.02-, 0.7-, and 1-mm-long crystals are notably
smaller compared with the cases of 0.3- and 0.5-mm-long BBO. These calculations
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show that in the case of second-harmonic generation in the 0.02-, 0.7-, and
1-mm-long crystals one cannot expect the effective interaction of two waves in the
plasma area.

Another example of separately generated harmonics is shown in Fig. 3.5b. The
two upper panels show the harmonic spectra generated from the molybdenum
plasma in the cases of single- and two-color pumps. In the latter case, the use of
0.7-mm-long BBO crystal led to generation of the strong odd harmonics of 401 nm
radiation. The presence of the ionic transitions possessing strong oscillator strengths
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Fig. 3.5 a Harmonic spectra from single-color (upper panel) and two-color (bottom panel) pumps
of extended zinc plasmas. In the latter case a 0.7-mm-long BBO crystal was used for second
harmonic generation. b Harmonics spectra from extended molybdenum plasma using the
single-color pump (upper panel) and two-color pump (two other panels). The middle and bottom
panels were obtained in the cases of using the 0.7- and 0.3-mm-long BBO crystals, respectively.
Reproduced from [29] with permission from Optical Society of America

Table 3.1 Second harmonic pulse durations, delays between ω and 2ω pulses, conversion
efficiencies, and two pumps ratios in the plasmas for different BBO crystals used for second
harmonic generation

Crystal
thickness
(mm)

Conversion
efficiency of
2ω

2ω pulse
duration
(fs)

Delay
between
pulses (fs)

Ratio between 2ω and ω
pulses overlapped in plasma

0.02 0.004 65 1 0.004

0.3 0.05 72 57 0.03

0.5 0.09 105 95 0.04

0.7 0.11 140 133 0.01

1 0.13 195 190 0.007

Reproduced from [29] with permission from Optical Society of America
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may be responsible for the enhanced 29th harmonic in the case of the 802 nm pump
as well as the enhanced 30th and 34th harmonics in the case of the 802 + 401 nm
pump. One can assume the orthogonal polarizations of the strong harmonics
originated from the 401 nm pump and the weaker harmonics originated from the
802 nm pump. For comparison, here also presented the harmonic spectrum obtained
in the case of application of the 0.3-mm-long BBO crystal (bottom panel). This
spectrum shows equal odd and even harmonics along the whole range of obser-
vation. In that case the polarizations of all harmonics were defined by the polar-
ization of the main (802 nm) pump. The similarity of the polarizations of odd and
even harmonics at these conditions was proven in separate experiments when we
found the same polarizations of the 3rd and 4th harmonics.

Below we discuss the HHG spectra from manganese plasma obtained at similar
conditions (i.e., using the 0.7-mm-long BBO). The upper panel of Fig. 3.6a shows
part of the extended plateau-like spectrum using the single-color pump. This
spectrum consists of two parts: the right one (“first plateau”) containing the 17th to
31st harmonics, and the left one (“second plateau”) starting from the enhanced 33rd
harmonic, which has already been reported during early studies of the HHG in this
plasma [31]. The two-color pump using 0.7-mm-long BBO caused both the
enhancement of some odd harmonics and the appearance of the strong even har-
monics corresponding to the odd harmonics of 401 nm radiation (see the spectrum
of Mn harmonics presented in the bottom panel of Fig. 3.6a), similarly to the cases
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Fig. 3.6 a Harmonic spectra from single-color (upper panel) and two-color (bottom panel) pumps
of Mn plasmas in the case of using a 0.7-mm-long BBO crystal. b Higher-order harmonics spectra
from Mn plasma using the two-color (802 + 401 nm) pump (upper panel) and single-color pump
when only 401 nm pulses were used for the HHG (bottom panel). Adapted from [29] with
permission from Optical Society of America
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shown in Fig. 3.5a (bottom panel) and Fig. 3.5b (middle panel). The harmonic
cutoff was decreased compared with the single-color pump (Fig. 3.6b, upper panel),
probably due to a decrease of fundamental (802 nm) radiation intensity and the
self-phase modulation occurring in the crystal. In the meantime, one can distinguish
some weak even harmonics (20th, 24th, 28th, etc.), which do not originate from the
401 nm pump alone but are the result of interaction of two waves.

To prove this assumption, the higher-order harmonics generated from the
two-color scheme (Fig. 3.6b, upper panel) were compared with the single-color
scheme when the 802 nm radiation was suppressed by inserting the UV filter placed
after the 0.7-mm-long crystal (Fig. 3.6b, bottom panel). The latter spectrum shows
only odd harmonics of the 401 nm pump, while the former spectrum contains both
strong and weak even harmonics of 802 nm radiation alongside the odd harmonics.
This means that the tails of the two pumps still slightly overlap and influence each
other in the extended plasma plume. Correspondingly, the polarizations of strong
odd and even harmonics are orthogonal to each other since they originated from
different sources possessing orthogonal polarizations, while the polarization of
weak even harmonics follows the polarization of strong odd harmonics.

In all the above cases when the 0.7-mm-long BBO was applied for second-wave
generation, the harmonics generated from this source were stronger compared with
the odd ones originated from the 802 nm wave. It is known that the shorter
wavelength source can generate less extended but rather stronger harmonics com-
pared with longer wavelength radiation of similar intensity. At the same time, note
that the intensities of the two pumps in the plasma plumes were significantly
different while the rule of prevailing harmonics from the shorter wavelength source
remained the same. This observation underlines the influence of the extended
medium on the dynamics of HHG from different sources.

The important issue of two-color pump HHG in laser plasma is the observation
of additional resonantly enhanced harmonics in the vicinity of some strong ionic
transitions, such as the 34th harmonic generated in the molybdenum plasma
(Fig. 3.6b, middle panel), which could not be distinguished in the case of a
single-color pump. This enhancement is also clearly seen in Fig. 3.6 in the case of
Mn plasma where the 17th harmonic of the 401 nm pump (corresponding to the
34th harmonic of 802 nm radiation, Ep = 52.4 eV) was significantly enhanced even
compared with the 33rd harmonic (Ep = 50.9 eV), which has shown excellent
resonance-induced properties during the experiments using few-cycle pulses [32].
One can assume better conditions of enhancement for the 34th harmonic compared
with the 33rd one in the vicinity of the giant 3p → 3d resonances of Mn [33]
around the 51–52 eV range, where the metastable states are located.

The observation of some new resonantly enhanced harmonics using the
two-color pump has been reported for the first time in [34], where the enhancement
of the 22rd harmonic generated in the Ag plasma has been attributed to its closeness
with the strong ionic resonance of silver. The reviewed studies have revealed some
additional resonantly enhanced even harmonics in the extended plasmas. Note that
the use of narrow plasma plumes (of the sizes of ≤0.5 mm) did not allow the
observation of the peculiarities shown in Figs. 3.5b (middle panel) and 3.6b (upper
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panel). Thus the two-color pump of extended media could be used for the
high-order nonlinear optical spectroscopy of various plasmas.

The role of resonance enhancement of a single harmonic in the extended plasma
during two-color pump using a 0.7-mm crystal was clearly shown in the case of
indium plasma. This medium is characterized by the appearance of an extremely
strong 13th harmonic of Ti:sapphire laser radiation, which has been reported by
various researchers using narrow plasma plumes [17, 18, 35, 36]. In present studies
of extended plasmas, the strong 13th harmonic was also observed during
single-color HHG experiments (see also Sect. 3.1), while using the 0.7-mm-long
BBO, the odd 5th, 7th, and 9th harmonics of the 401 nm pump have demonstrated
similar enhancement shown in other (Mn, Zn, and Mo) plasmas. In the meantime,
the enhanced 12th harmonic was observed during those studies (Fig. 3.7a). The
intensity of this radiation was stronger compared with the abovementioned har-
monics. The generation of the 12th harmonic is forbidden in the case of temporally
separated 802 and 401 nm pumps. However, the closeness of the wavelength of the
12th harmonic (67 nm) to the extremely strong ionic transition of In II led to an
enhancement of this harmonic even using the weakly overlapped leading and
trailing parts of the two pulses. The origin of such enhancement could be attributed
to both the single ion response and propagation effect. Notice the absence of 12th
harmonic emission in the case of using a single-color 401 nm pump of indium
plasma, which confirms the origin of this radiation in the former experiments as a
result of interaction of two waves in the extended plasma area.

The application of a longer (1-mm) crystal led to both the larger separation of
pulses in the plasma plume and the self-phase modulation of driving 802 nm
radiation causing a considerable spectral broadening of the propagating radiation
and generating harmonics. Contrary to that, the equal odd and even harmonics
generated in the indium plasma (excluding the 13th order) became the common
feature of this process once the 0.3-mm-long BBO was applied for
second-harmonic generation (Fig. 3.7b). The better overlapping of the two pumps
in the plasma allowed both generation of equal odd and even harmonics and
enhancement of a whole generating spectrum.

Figure 3.8a shows the raw images of lower-order harmonic spectra produced
from the extended silver plasma in the cases of irradiation by single-color (802 nm)
or two-color (802 and 401 nm) pumps using the 0.5-mm-long BBO crystal at the
conditions of the weak excitation of the target (i.e., at a fluence of 0.2 J cm−2).
These spectra were obtained at identical conditions of experiment, just by moving
the BBO crystal in and out of the path of the 802 nm pump. The saturated image of
two-color induced harmonics is presented for better visibility for the reader to
distinguish a difference in the harmonic emission in these two cases of pump. While
the image of harmonics from the single-color pump is barely seen, the image of
harmonics from the two-color pump is extremely strong at similar conditions of
plasma formation and collection time. Note that the line-outs of all above spectra
were taken from the unsaturated data.

The enhancement factor of odd (19th, 21th, and 23rd) harmonics compared with
the single-color case exceeded 50× (Fig. 3.8b). The even harmonics were stronger
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compared with the odd ones at the longer-wavelength range, while in the shorter
wavelength range their intensities became almost equal. The advanced properties of
the two-color pump of extended silver plasma were also emphasized while com-
pared with the odd and even harmonic generation in the narrow (0.5-mm-long)
plasma plume. In the latter case, the even harmonics did not extend over the whole
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spectrum of generation of the odd harmonics. Moreover, the intensity of the former
harmonics was a few times smaller compared with the odd harmonics, contrary to
the HHG in the extended plasmas.

The enhancement of two-color pump induced harmonic yield was also obtained
in the V and Zn plasmas, though the enhancement factors for the odd harmonics (5×
and 7×, respectively) were not as high as in the case of silver plasma. Meanwhile,
the extended graphite plasma showed a specific peculiarity in the cases of single-
and two-color pumps. The low-order harmonics in the case of single-color pump of
this plasma were considerably stronger compared with other metal ablations at
optimal conditions of target excitation. The application of additional field led to the
growth of harmonic intensity, though the enhancement factor in the former medium
was smaller than in the cases of Ag, V, and Zn plasmas.
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In the case of the two-color pump, the advantages of using a second wave for the
growth of tunnel ionization rate, compared with the single fundamental 802 nm
field, play less role in the graphite plasma due to possible involvement of the
ablation-induced carbon nanoparticles in the HHG. It is unclear whether the ion-
ization rate of nanoparticles increases in the presence of an additional weak field or
whether the expected enhancement overpasses the amendments related with the
involvement of nanoparticles, rather than monomers, in the harmonic generation in
graphite plasma.

The difference in application of 0.3- and 0.5-mm-long BBO was mostly related
with the enhancement factor of generating odd and even harmonics. In the latter
case, the enhancement was larger compared with the shorter crystal due to a higher
ratio between the overlapped second and fundamental waves. In the case of silver
plasma, the complete spectra of even harmonics were obtained by using only the
0.3- and 0.5-mm-long BBO crystals, since in those cases the separation between the
central parts of pumps still allowed a sufficient overlap between the temporal wings
of those pulses (see Table 3.1, right column). Note that once the thin (0.3- and
0.5-mm-long) crystals were placed outside the vacuum chamber on the path of the
focused driving radiation, the propagation of the 802 and 401 nm radiation through
the 5-mm-thick MgF2 input window of the vacuum chamber led to a considerable
separation of the two pumps since the second-harmonic pulse became *320 fs
delayed with respect to the fundamental wave. This delay caused the generation of
only odd harmonics from the 401 nm source, together with the odd harmonics from
the 802 nm radiation, analogous to the case of using the thicker second-harmonic
converters.

The peculiarities of a two-color pump, compared with a single-color pump, are
related to the interaction of the second field with fundamental radiation in the
presence of atoms, ions, and electrons in the plasma plume. The difference of the
phases of the two waves governs both the efficiency of the nonlinear optical pro-
cess, such as HHG, and the symmetry properties of the medium. The harmonics are
generated mainly from the short trajectories of accelerated electrons. The electrons
ionized in this time period are also the main contributors to phase-matched har-
monic generation. In accordance with [21], the tunneling ionization rate for the
two-color field is much larger than that for the fundamental field; that is, the
electron wave packet at the time of ionization is significantly denser. Consequently,
an orthogonally polarized two-color field can generate stronger harmonics than the
single fundamental field, once the overlap of two pulses becomes sufficient for the
efficient interaction in the extended medium. The observations of this process in
Ag, V, Zn, and other plasmas show the significant advantages of the two-color
pump induced HHG in the extended plasma formations at relatively small ratios
(0.03–0.04) of the two overlapping waves.

The application of two-color pump has successfully been demonstrated in the
case of narrow gas jets, which led to both the generation of odd and even harmonics
and the growth of conversion efficiency. The enhancement factor in the case of a
1:10 ratio of the second and fundamental fields was varied in the range of 3–8,
while the theoretical calculations predicted a 100-fold enhancement [20, 37], which
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was confirmed only in the case of application of the higher ratio of two fields (1:5,
[21]). The two-color pump at a lower ratio of second and fundamental waves has
also been applied in the case of low-sized plasma HHG [38], and approximately the
same amendments as for the gas harmonics were demonstrated. The discussed
enhancement factors of the two-color pump HHG (0.5-mm-long BBO, 1:25 ratio
between the 2ω and ω waves) in the extended plasma considerably exceed those
reported earlier for the weak second waves and are close to those reported at a 1:5
ratio of the two pumps of gaseous medium [21]. One can attribute these
enhancements to the application of long plasmas allowing better overlapping of the
pump pulses, proper use of the second-harmonic converters of the optimal thick-
ness, and better phase relations between the interacting waves.

In the case of longer delay between the 802 and 401 nm waves inside the plasma
jets, caused by the group velocity dispersion in relatively thick (0.7- and 1-mm) BBO
crystals, the temporal difference between pulse envelopes caused the enhancement of
the odd harmonics generated from two separated and non-interacting sources at the
long-wavelength range. The enhancement factor was varied in the range of 7–15. The
application of thinner crystals (0.3 and 0.5 mm) led to a decrease of the delay between
the two pumps. The shape of the generating spectrum was considerably modified
compared with the case of insufficient overlapping of the two pumps inside the
plasma. The range of enhanced harmonics was extended toward the shorter wave-
length region, in spite of the relatively small ratio of the 401 and 802 nm pump
energies of the overlapping pulses in the extended plasma (0.03 and 0.04 in the cases
of 0.3- and 0.5-mm-long crystals, respectively; see Table 3.1).

The chirp induced by crystals does not play a significant role while using rel-
atively long multi-cycle pulses (64 fs), which were not broadband enough to
observe the variation of the central wavelength and pulse broadening after propa-
gation of the crystals. To analyze the influence of chirp effect the distance between
the gratings in the compressor stage was varied, which did not lead to any sig-
nificant changes of the harmonic spectra but just a decrease of the entire harmonic
yield with the increase of pulse duration.

3.3 Modification of Modulated Plasma Plumes

As it was already mentioned, the quasi-phase-matching is an important method for
resolving the phase mismatch problem during HHG in the XUV. The QPM is based
on the variation of the phases of interacting waves in such a way that the destructive
processes become less significant compared with the constructive ones. One of the
methods of the variation of the phases used in gas HHG studies explores the
division of extended medium on a few jets where the constructive accumulation of
XUV photons was maintained along the whole length of single gas jet, with the
following optimal dephasing before entering the next jet [39–41].

First demonstrations of the QPM in the modulated plasmas [42–44] have
revealed both the enhancement of the groups of harmonics generating in the
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multi-jet silver, vanadium, chromium, and manganese plasmas in different spectral
ranges and the definition of Ne in the plasma plumes using the relation between the
jet sizes, electron concentration, and maximally enhanced harmonic order.

In this section, we discuss the results of the studies, which have shown the
variation of the periodicity and sizes of plasma plumes by different means [45]. This
approach allowed a fine tuning of the quasi-phase-matched conditions along the
XUV. We discuss the modification of plasma shape allowing the formation of
periodic plasma plumes with the sizes of single plume ranging between 0.1 and
1 mm. This method proved to be useful for the fine tuning of the
quasi-phase-matched high-order harmonics generated in these modulated structures.
The details of QPM will be discussed in Chap. 4.

Various methods could be applied to change the sizes and number of
multi-jet plasmas. Among them are (i) the interference of two heating beams on the
target surface with the variable angle between the interacting beams, (ii) the tilting
of the multi-slit shield (MSS) placed in front of ablating target, which allows a
decrease of the distance between the heating zones, as well as their sizes, and
(iii) installation of MSS inside the telescope placed on the path of heating radiation.
The most applicable methods are (ii) and (iii) since they allow fine tuning of the
sizes of plumes by tilting or moving the MSS.

To analyze these two methods, the plasma formation was modeled by studying
the spatial distribution of the HeNe laser radiation propagated through the MSS.
Figure 3.9a shows the experimental setup allowing the analysis of intensity dis-
tribution of the 0.63 μm radiation propagated through the MSS. The MSS is shown
in the inset in Fig. 3.9b. This MSS consisted of the slits separated at the distance of
0.3 mm from each other. The width of each slit was 0.3 mm. The laser radiation was
propagated through the magnified telescope (6×, L1, L2) and then focused using the
250 mm focal length cylindrical lens (L3). The CCD camera was placed at the focal
plane of this lens.

The line shape of focused radiation is shown in the upper panel of Fig. 3.10a.
Then the MSS was placed inside the telescope at different positions (1–5) shown in
Fig. 3.9a. The shapes of laser beam at positions 1, 3, and 5 of MSS are shown in the
three bottom panels of Fig. 3.10a. The installation of MSS at the position 1
(Fig. 3.9a) allowed the formation of two 3-mm-long beams, with weak
interference-induced beam between them (position 1, Fig. 3.10a). The movement of
MSS along the axis of telescope led to a decrease of the sizes of separated beams
(positions 3 and 5, Fig. 3.10a).

Similar images, as in Fig. 3.10a (position 5), were observed in the case of
installation of the MSS on the position 6 (Fig. 3.10b, upper panel). Two other
panels of Fig. 3.10b show the modification of laser beam shapes by tilting the MSS.
One can see a decrease in the sizes of beams once the MSS was tilted at 50° with
regard to the focal plane of cylindrical lens.

Those above model experiments showed that the spatially modulated laser
beams on the focal plane of cylindrical lens could be gradually tuned by changing
the position of MSS. One can assume that the application of intense pulses at these
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conditions will allow the formation of modulated plasma plumes during ablation of
the target placed on the focal plane of cylindrical lens.

A single pulse from Nd:YAG laser (wavelength 1064 nm, pulse duration 38 ps,
pulse energy up to 6 mJ) was used for plasma formation on the target surface
(Fig. 3.9b). 5-mm-long manganese and silver plates were used as the targets. The
laser radiation was focused using the 250 mm focal length cylindrical lens inside
the vacuum chamber that contained the target to create the line plasma plume with
the dimensions 5 mm × 70 μm. The intensity of heating pulse on the target surface
was*4 × 1010 W cm−2. The images of plasma formations were captured by a CCD
camera. Upper panel of Fig. 3.11a shows the image of 5-mm-long Mn plasma.

The installation of MSS at different positions inside and outside the telescope led
to formation of the variable multi-jet structures. The sizes and distances between
plumes were varied similarly to above-described model experiments using HeNe

Fig. 3.9 a Experimental setup for the modeling of the spatial distribution of HeNe laser radiation
in the focal plane of cylindrical lens (L3) measured by CCD camera at different positions (1–6) of
multi-slit shield. L1 and L2 are the lenses of magnifying telescope and PH is the pinhole of
telescope allowing the spatial filtering of laser radiation. b Multi-plume plasma formation on the
target surfaces. HP heating pulse; CL cylindrical lens; MSS multi-slit shield; T target; MPP
multi-plume plasma; VC vacuum chamber. Reproduced with permission from [45]. Copyright
2014. AIP Publishing LLC

3.3 Modification of Modulated Plasma Plumes 69



Fig. 3.10 a Raw images of spatial distribution of the 633 nm radiation in the focal plane of
250-mm focal length cylindrical lens without (upper panel) and with (panels 1, 3, and 5)
installation of MSS on the positions 1, 3, and 5 of Fig. 3.9a. b Raw images obtained during
installation of MSS on the position 6 (Fig. 3.9a) at different angles between the focal plane and
MSS (upper panel: 0°, middle panel: 40°, bottom panel: 50°). Reproduced with permission from
[45]. Copyright 2014. AIP Publishing LLC

Fig. 3.11 a Images of manganese plasma obtained using the ablation by Nd:YAG laser without
insertion of the MSS on the path of heating pulse (upper panel), with MSS placed on the position 3
of Fig. 3.9a (middle panel), and with MSS placed on the position 4 of Fig. 3.9a (bottom panel).
b Images of manganese plasma obtained by insertion of MSS on the position 6 of Fig. 3.9a
orthogonally to the direction of heating beam (upper panel) and with the MSS tilted at the 50°
(bottom panel). Reproduced with permission from [45]. Copyright 2014. AIP Publishing LLC
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laser. Middle and bottom panels of Fig. 3.11a show the multi-jet structures formed
on the manganese target by installation of the MSS at the positions 3 and 4 of
Fig. 3.9a. In that case, the four- and five-jet structures were formed, with the sizes of
individual jet of 0.6 mm or shorter.

The installation of MSS at the position 6 (Fig. 3.9a) led to formation of eight jets
along the whole surface of ablated target (Fig. 3.11b, upper panel). The gradual
tilting of MSS at these conditions up to the angle of 50° allowed the growth of the
number of plasma jets up to 21 (Fig. 3.11b, bottom panel). This method showed the
formation of the bunch of*0.1-mm long plasma jets, which could be useful for the
extension of the maximally enhanced groups of harmonics towards the highest
orders of the radiation of Ti:sapphire laser. Similar modification of plasma plumes
was obtained in the case of silver target.

The target materials (Mn and Ag) were chosen due to the attractive properties of
the plasmas formed on their surfaces. Previously, these plasmas were used for
generation of the highest harmonic orders [31, 46]. However, the gradual decrease
of harmonic conversion efficiency did not allow the generation of strong coherent
emission in the range of 8–30 nm due to the growing influence of the phase
mismatch between the interacting waves in the short-wavelength region. The
described technique of plasma modulation allows the use of QPM concept for the
enhancement of different groups of harmonics by tuning the geometry of plasma
plumes. The proposed technique can also find further developments using different
targets, which allows the analysis of electron density in the plasmas formed during
ablation of various materials.

The harmonic generation experiments using multi-jet plasmas will be discussed
in Chap. 4. Below, we analyze the preparation of the targets for the HHG in the
multi-jet plasmas of different sizes produced using above-described method by
applying the laser commonly used for harmonic generation. The variation of plasma
jet sizes was accomplished by moving the MSS inside the telescope. The uncom-
pressed radiation of Ti:sapphire laser was used as a heating pulse (central wave-
length 802 nm, pulse duration 370 ps, pulse energy 4 mJ, 10 Hz pulse repetition
rate) to ablate the target for plasma formation. The heating pulse was focused using
the 200 mm focal length cylindrical lens inside the vacuum chamber containing an
ablating target to create the extended plasma plume above the target surface. The
intensity of heating pulses on a plain target surface was maintained at
*3 × 109 W cm−2. Silver was used as the ablating target. The length of the target
was 5 mm.

The arrangement for perforated plasma formation and harmonic generation is
shown in Fig. 3.12a. The compressed driving pulse from the same laser with the
energy of 4 mJ and 64 fs pulse duration was used, after 43 ns delay from the
beginning of plasma ablation, for harmonic generation in the plasma plume. The
details of experimental setup for harmonic generation in the plasmas are presented
in [42]. The MSS was installed inside the telescope placed on the path of heating
pulse, or in front of the cylindrical focusing lens. Figure 3.12b shows a few shapes
of plasmas formed on the silver target. Those include the extended 5-mm-long
plasma and multi-jet plasmas produced by the heating pulse after propagation
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through the MSS placed at different positions. The plasma jets were moved out of
target at a relatively small divergence (<15°). This angle was measured by ana-
lyzing the sizes of the debris deposited on the glass plate installed at the distance of
10 cm from the target. This angle can also be estimated from the image of the
luminescence of the plasma jets. Thus, the sizes of plasma jets at the distance of
200 μm from target were almost similar to the areas of ablation.

The sizes of jets were tuned between 0.3 and 0.8 mm. Their sizes were defined
by measurement of the ablated areas on the target surface, rather than by mea-
surement of the images of plasma emission. In the latter case, the image of plasma
emission did not accurately correspond to the actual sizes of jets. At the same time,
the ablated areas were corresponded to the sizes of homogeneously distributed
modulated heating beam. The jet sizes were also calculated from the geometrical
characteristics of the radiation propagated through the MSS.

The energy of heating pulse was decreased after propagation through the MSS.
However, the fluence of heating pulse on the target surface remained same, since
the sizes of ablated area were decreased as well. It means that the electron and
plasma densities in these two cases (extended homogeneous plasma and multi-jet
plasma) were almost similar to each other.

Fig. 3.12 a Experimental scheme of harmonic generation in multi-jet plasmas at the conditions of
variation of jet sizes by placing the MSS at different positions inside the telescope. DP driving
pulse; HHP high-order harmonic pulse; HP heating pulse; T target; PP plasma plumes. b Images
of plasma formations on the silver target at the conditions of ablation using Ti:sapphire laser
without the MSS (upper panel) and at different positions of MSS (other panels). Reproduced with
permission from [45]. Copyright 2014. AIP Publishing LLC
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3.4 Characterization of the High-Order Harmonics
of 64 fs Pulses Generated in Extended Plasma Plumes

The amendments of HHG in extended ablations are related with the application of
laser produced plasmas for the analysis of various properties of ablated materials
through the studies of their high-order nonlinear optical characteristics. Laser
ablation induced HHG may offer various advantages of the material studies due to
an abundance of the solid-state samples available for plasma formation compared
with a few gases. The advantage of a new approach in application of the HHG was
confirmed during the studies of the properties of ablated DNA components [47].
Alongside the attractive way for the application of this fast developing branch of
nonlinear optics, one can expect the growth of harmonic yield from various plasma
formations, particularly extended and perforated plasma jets.

The important issue for application of generated XUV radiation is the charac-
terization of various parameters of harmonics. First attempts in the analysis of the
temporal characteristics of plasma harmonic pulses were reported in [48, 49]. It was
shown that the temporal structure of harmonic pulses follows the one of the driving
pulse, or becoming even shorter. Other important parameters of generated XUV
radiation include the spatial coherence, divergence, and spatial shape of harmonic
beams. The knowledge of these parameters allows better application of XUV
radiation in surface science, chemistry, plasma physics, microlithography, etc.
Particularly, the high coherence of harmonic radiation is required for seeding of the
harmonics in a free electron laser, short-wavelength interferometry, holography,
and coherent diffraction imaging.

The nontraditional approaches in the plasma harmonic studies may also offer
some unexpected advantages. Particularly, the use of long (nanosecond) or short
(femtosecond) heating pulses may drastically change the dynamics of formation and
spreading of the laser plasma compared to the case of commonly used picosecond
ablating pulses. First attempts to analyze this issue in the case of narrow
(0.3-mm-long) plasma plumes were reported in [7], while the dynamics of extended
plasmas using pulses of different duration has yet been studied.

In this section, we analyze the conditions of HHG during the plasma formation
using nanosecond, picosecond, and femtosecond pulses and discuss the spatial
coherence, divergence, and shape of the harmonics produced in the extended
plasmas [50]. Harmonics with the photon energies of up to*150 eV were achieved
while studying the optimally prepared ablation plumes as the nonlinear media. The
use of femtosecond pulses for narrow plasma formation was analyzed in Sect. 2.3.1.

The experimental arrangements were similar to those described in Sect. 3.1.
Various metal and non-metal samples were studied as the 5-mm-long ablating
targets. The application of different targets enabled the observation of the pecu-
liarities of harmonic generation along a broad spectral range using the XUV
spectrometer (3–90 nm). The traditional schemes for plasma harmonic generation,
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as well as other methods of the HHG in partially ionized plasmas, were used in the
reviewed studies.

Plasma formation during HHG in gases has long been considered as a restricting
factor, which diminishes the optimal conditions for the HHG in the XUV. Various
methods were used to decrease the influence of free electrons on the phase matching
conditions and XUV radiation divergence. The (i) prolonged gas media,
(ii) waveguides with variable diameter, (iii) optimization of coherence length,
(iv) adaptive control of the phase relations between the driving and harmonic
waves, (v) quasi-phase-matching, etc. were applied to decrease the influence of free
electrons and to enhance the harmonic conversion efficiency in the XUV region.
Since during HHG experiments the driving radiation intensity exceeded the barrier
suppression intensity of used gases, the presence of ions and free electrons
was considered as an inevitable factor limiting the harmonic efficiency. In the
meantime, in the case of harmonic generation from the laser ablation of solid
targets, the ions were considered as the main emitters of harmonics [51].

Early studies of the HHG from laser plumes, which were carried out at the
conditions of highly-charged plasmas, have shown the low harmonic cut-offs and
the absence of the plateau-like distribution of harmonics in the short-wavelength
range [52–54]. Contrary to that, the application of low-excited, singly charged
plasma allowed the considerable improvement of the conditions of harmonic
generation from the ablated species. The important parameter here is the duration of
the heating pulse ablating target surface. Since almost all of previous HHG studies
from the narrow plasma plumes were carried out by using the heating radiation of a
few hundred picosecond pulse duration, the conclusion was drawn about the
optimal intensity of the heating pulse radiation at the target surface (3 × 109–
8 × 109 W cm−2, depending on the absorptive properties of targets). It is important
to compare HHG from the extended plasmas produced by the pulses of different
duration to clarify which parameter (energy fluence or intensity) of these pulses
plays a crucial role in the formation of optimal plasma. This term refers to the
conditions allowing the maximum yield of harmonics in the XUV. Below we
discuss the results of HHG studies from the 5-mm-long plasma plumes produced by
the nanosecond, picosecond, and femtosecond pulses.

Sources of different heating pulses were the uncompressed radiation from
chirped pulse amplification Ti:sapphire laser (370 ps), the same radiation com-
pressed in a double grating compressor (80 fs), and the Q-switched Nd:YAG laser
radiation (40 ns). These pulses were maintained at the energies of 1.5 mJ for the
80 fs pulses, 3 mJ for the 370 ps pulses, and 12 mJ for the 40 ns pulses and were
focused by a cylindrical lens to create a plasma plume. The maximal energy flu-
ences on the target surfaces were 0.75, 1.5, and 4.5 J cm−2 correspondingly, with
the sizes of ablating area of 5 × 0.04 mm2. The intensities of those pulses on the
target surfaces were 9 × 1012, 3 × 109, and 2 × 108 W cm−2. One can see that, while
the energy fluences in these three cases were of the same order of magnitude, the
intensities of heating pulses were varied by more than four orders of magnitude.
The delays between heating (370 ps or 80 fs) and driving (64 fs) pulses were *40–
50 ns, while this parameter was varied in the range of 10–1000 ns in the case of
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nanosecond heating pulses to maximize the harmonic yield. The experiments were
carried out at loose focusing conditions (b > Lp). Here b is the confocal parameter of
the focused radiation, and Lp is the plasma length (b = 12 mm, Lp = 5 mm). The
spectra of generated harmonics were analyzed by an XUV spectrometer.

These studies showed that the 370 ps pulses were most suitable for formation of
the plasmas producing strongest harmonics. The harmonic emission from the
nanosecond and femtosecond pulses induced ablations were obtained as well,
though the harmonic yields in these cases were smaller compared to the picosecond
pulse induced plasmas. Below we analyze a few examples of the plasma harmonic
spectra observed in these three cases.

The ablation produced by 40 ns pulses allowed generation of the harmonics up
to the 93rd order (145 eV) in the case of Mn target, as well as of strong low-order
harmonic emission in the case of zinc plasma, while the use of indium plasma led to
extremely strong 13th harmonic emission (Fig. 3.13a), similarly to early studies of
the latter medium using the picosecond pulse induced ablation. Variation of the
delay between heating and driving pulses from 40 to 350 ns led to a gradual
decrease of harmonic emission from those plasmas due to late propagation of the
driving pulse above the target surface. At longer delays, the most part of plasma
plume was already moved out of the surface.

In the case of 80 fs ablation pulses, the plasma plumes were insufficiently fitted
to the requirements of strong harmonic generation in the long medium. Though the
harmonic emission was observed from the silver, chrome, and gold extended
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Fig. 3.13 a Harmonic spectrum from the indium plasma produced by 40 ns heating pulses.
b Harmonic spectra from the plasmas produced by 80 fs heating pulses in the cases of Ag (upper
panel), Au (middle panel), and Cr (bottom panel) plasmas. Reproduced from [50] with kind
permission of The European Physical Journal (EPJ)
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plasmas (Fig. 3.13b), the whole pattern of the formation of ablation cloud at these
conditions has demonstrated strong incoherent emission together with the lower
harmonic yields compared with the longer pulse induced ablation.

Plasma formation using 370 ps radiation has shown that the pulse duration in the
subnanosecond range (<1 ns) is most suitable for harmonic generation from target
ablation compared with the pulses in nanosecond and femtosecond ranges. At
optimal conditions of the ablation by these pulses, most of targets produced the
plasma plumes, which did not show strong incoherent emission while allow the
efficient harmonic generation. The stable harmonic emission was lasted for a longer
time compared with the cases of plasma formation using femtosecond and
nanosecond pulses. The high-order harmonics in the case of silver ablation using
370 ps pulses have demonstrated highest yield among all studied samples.

These studies showed that pulse duration of heating radiation influences the
harmonic generation efficiency from the extended plasmas. In both three cases of
plasma formation using the heating pulses of different duration the energy fluence
has proven to be the main factor for the medium formation suitable for efficient
harmonic emission, while the laser intensity on the target surface has played less
important role. Note that the discussed studies were carried out using the extended
plasma formations, one order of magnitude longer than those used in previous
similar studies of plasma harmonics [7]. The application of extended plasmas can
lead to both the increase and decrease of harmonic yield due to the quadratic growth
of harmonic intensity in longer media and the growing influence of the phase
mismatch and absorption. Each of these processes behaves by their own manner
when using different pulses for plasma formation. Since the most important task of
these studies was the definition of the conditions for highest yield of harmonic
emission from different plasma formations, the use of the long plasmas produced by
picosecond radiation has proven to be most efficient approach for achieving
this goal.

These studies showed that both the nanosecond and femtosecond pulses could be
used for extended plasma formation and harmonic generation. However, the
application of subnanosecond pulses for ablation has demonstrated the best
opportunity for plasma harmonic generation (i.e. strongest harmonic yield, stability,
extended harmonic cut-off, etc.). Moreover, from one hand, the 370 ps pulses did
not cause strong plasma emission, while maintaining high conversion efficiency of
harmonics. From another hand, it may cause the formation of nanoparticles in the
plasma cloud, which also lead to the growth harmonic yield, particularly in the case
of graphite ablation. Similar observations were reported in previous studies [55,
56]. At the same time in the case of narrow plasmas [57], ablation using fem-
tosecond and picosecond pulses showed approximately same harmonic yields (see
Sect. 2.3). Probably, larger concentrations of electrons appeared during ablation by
femtosecond pulses caused stronger detrimental effects in the case of longer plasma
plumes.

Spatial characteristics of plasma harmonics are of special interest due to potential
applications of this coherent radiation in plasma physics, nonlinear optics, surface
physics, biomedicine, etc. Additionally to the characterization of the coherence
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properties of harmonic emission, the analysis of the shape of harmonic beam and its
divergence allows defining the possibility of the tight focusing of this XUV radi-
ation, which is the main requirement for modification and analysis of various
species. It is reasonable to compare the spatial shape of harmonics with that of the
driving beam. The difference in the divergences of those two beams provides the
information about the usefulness of converted short-wavelength radiation for the
focusing on a tiny spot to create high photon fluence on the surface under study.

The spatial characteristics of the high-order harmonics generating in the
extended Ag plasma produced by 370 ps pulses were analyzed in the following set of
experiments. A few harmonics were selected in the plateau range using the metal
filters and then the shape of those harmonics was analyzed using the multi-channel
plate detector. To select these harmonics, the 650-nm-thick aluminum and
150-nm-thick titanium filters were installed in front of the MCP. The
short-wavelength transmission edge of Al filter is *17.4 nm, while the
long-wavelength transmission edge of Ti filter is*22 nm. Simultaneous application
of those two filters allowed separation of the harmonics generating in the spectral
range of 18–21 nm. The harmonic spectra from silver plasma with and without those
filters are shown in Fig. 3.14a. Harmonics, which correspond to this range, are the
37th, 39th, 41st, 43rd, and 45th orders. Those five harmonics are clearly seen in the
upper panel of Fig. 3.14a. The 37th harmonic (λ = 21.7 nm) was suppressed due to
closeness to the absorption edge of Ti filter. Another group of spectral lines in the
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Fig. 3.14 a Harmonic spectra from silver plasma obtained using Ti and Al filters (upper panel) and
without filters (bottom panel). The spectra were collected during 100 shots and 10 shots
correspondingly. The spectral lines in the 35–43 nm range (upper panel) correspond to the
second-order diffraction of the 37th to 45th harmonics. b Spatial distribution of the group of
harmonics (from 37th to 45th orders). The spatial modulation was caused by the mesh structure of
metallic filters. Reproduced from [50] with kind permission of The European Physical Journal (EPJ)
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40 nm region belongs to the second-order diffraction of above harmonics, which also
can be seen in the bottom panel. Due to weak transmission of the Ti filter in the region
of transmission cut-off, 100 laser shots were used to collect this spectrum (upper
panel), while the filter-free spectrum (bottom panel) was collected during 10 shots.

These few harmonics were directly sent to the MCP by removing the cylindrical
mirror (Fig. 3.1) from the path of driving beam and harmonics. The whole shape of
harmonic beams was restricted in the horizontal axis due to propagation through the
slit of XUV spectrometer. The spatial distribution of the beam along the vertical
axis is shown in Fig. 3.14b. The size of this beam was 3.8 mm. Taking into account
the focusing geometry of the driving beam (diameter 15 mm, 400-mm focal length
lens, 710 mm distance from the plasma area to the MCP, 802 nm beam size on the
MCP plane 27 mm), the divergence of harmonic beam was decreased with a factor
of 7 compared with the divergence of driving beam. This decrease of divergence is
attributed to the preferential involvement of the short trajectory of accelerated
electron in higher-order harmonic generation. Indeed, no harmonic emission was
appeared from a whole spectrum out of the axis of driving radiation once a flat
mirror was used instead of a cylindrical one in the XUV spectrometer. Notice that
the involvement of the long trajectory of accelerated electron should cause the
increase of the divergence of harmonics.

These studies showed that the harmonics in the range of 17–20 nm possess small
divergence, which allows their further focusing into the tiny spot for different
applications. One can expect the 40-fold decrease of harmonic divergence for the
forties orders with regard to the driving beam divergence. The observation of higher
divergence of XUV harmonics could be related with the heterogeneous conversion
of different parts of the driving beam waist [58].

Studies of the spatial coherence of high-order harmonic radiation allow identi-
fying mechanisms that can degrade the coherence. Gas HHG showed the degra-
dation of coherence with the growth of laser intensity due to significant instant
ionization of the neutral medium and appearance of large amount of the free
electrons, which cause the rapidly varying phase along the harmonic beam [59–61].
The latter process decreases the spatial coherence of harmonics if the rate of for-
mation of free electrons varies at different points across the focused beam leading to
decorrelation of the time-dependent fields due to density or laser-intensity varia-
tions across the laser focus.

In this connection, the difference between gas HHG and plasma HHG can be
analyzed through the comparison of the reported values of the coherence of gas
harmonics and the measurements of the same for plasma harmonics. The initial
consistencies of these two media are differing from each other. The former medium
contains neutral particles, while the latter medium represents the preformed plasma
containing neutrals, ions, and clusters with a density distribution determined by the
ablation dynamics and subsequent evolution of the plasma. This evolution depends
on the target composition and ablation pulse parameters in a complex way. The
measurements of the spatial coherence (i.e. complex coherence factor) of the
high-order harmonics generating in narrow (0.5-mm long) laser-produced plasma
plumes at resonant and nonresonant conditions of harmonic generation were
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reported in [62, 63] (see also Chap. 2). The high visibilities of the interference
fringes in the Young double slit scheme in the range 0.6–0.75 were measured in the
case of HHG in the C, Zn, and In plasmas [63]. In those studies the higher visibility
for the plasma harmonics compared with the argon gas target was attributed to a
reduced production of free electrons during propagation of the femtosecond driving
pulse through the preformed plasma. We remind that the application of extended
plasmas leads to considerable growth of harmonic yield compared with the narrow
plasmas. The point of interest here is whether the coherence properties of those
enhanced harmonics are worsening after propagation through the extended plasmas.

The studies of 5-mm-long plasmas showed that the plasma harmonics possess
reasonably good coherence properties similarly to the case of narrow plasmas and
can be used in the applications requiring high spatial coherence. Below we analyze
the measurements of spatial coherence of the odd and even harmonics generated in
different plasmas produced by 370 ns pulses. The harmonic shapes along the
vertical axis were analyzed using a XUV spectrometer containing a flat mirror, a flat
field grating, and a MCP viewed by a CCD camera. The use of flat mirror enables
the analysis of the divergence and coherence of harmonic emission. The spatial
coherence of harmonics was measured using the double-slit interference scheme.
A pair of slits was mounted on a translation stage and placed 15 cm from the plasma
area and 55 cm from the MCP (Fig. 3.1), just in front of the enhance slit of the XUV
spectrometer. The slits were made in a stainless steel foil and had 30 μm spacing,
10 μm width and were 10 mm long. Double slits were moved in and out the
harmonic beam to produce a pure harmonic spectrum or an interference pattern of
fringes from which the coherence of the radiation was determined. Each interfer-
ence pattern measured in those experiments was integrated over 200 laser shots.
A series of measurements were made for different plasmas in the photon energy
range of 14–30 eV.

For each pattern, the fringe visibility was determined through the relation
V = (Imax − Imin)/(Imax + Imin), where Imax and Imin are the maximum and minimum
intensities of the interference pattern. The diameter of harmonic beam at the double
slit was 0.8 mm, which is significantly larger than the slit separation. This led to the
same harmonic intensity at two slits. With equal intensity at both slits the fringe
visibility at the centre of the fringe pattern is equal to the modulus of the complex
coherence factor.

The visibilities of fringes near the centre of the fringe patterns obtained during
harmonic generation in the Zn plasma were measured to be 0.62 (for the 10th
harmonic), and 0.55 (for the 11th harmonic). Other used plasmas also demonstrated
the high coherence properties of generated low-order harmonics. Figure 3.15a, b
show the line-outs of the interference patterns of the 9th and 11th harmonics
generated in the manganese and chromium plasmas. The visibilities of these
interference fringes were 0.54 and 0.73, respectively. The interference images of
lower-order harmonics showed clean fringes arising from the interference of the
two beams propagated through the double slit. The plasma lines appearing during
laser ablation of targets did not show the interference fringes, which confirms the
low coherence of plasma radiation.
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3.5 Concluding Comments

We analyzed the advanced properties of extended plasma plumes for the efficient
harmonic generation compared with the short-length plasmas used in previous
studies. We showed the dependences of the harmonic yield on the length of non-
linear medium and found some peculiarities in the cases of indium and carbon
plasmas, which were related with the resonance and morphology properties of these
media. The demonstration of plasma HHG has been shown along the whole XUV
range, particularly including the resonantly enhanced conditions for harmonics
generation. The possibility of using such plasmas for quasi-phase-matching
experiments was discussed.

We presented studies of HHG using the single-color and two-color pumps of
extended (5-mm-long) plasmas produced on the surfaces of various materials using
different sources of second-harmonic pump. The BBO crystals of different thickness
were applied to manipulate the overlapping of the two pumps in the extended
plasma area. Different delays and ratios between the intensities of these pumps in
the plasmas allowed the definition of the optimal length of BBO for the efficient
generation of even and odd harmonics using targets possessing various ablation
characteristics. The 50× enhancement of lower order odd harmonics was achieved
in the case of the two-color pump compared with the single-color pump of silver
plasma, which is a considerable amendment compared with the case of the narrow
(0.4-mm-long) plasma plumes used in previous studies. Some other extended
plasmas also showed the advanced properties and enhancement of the two-color
pump induced HHG. The two-color pump allowed revealing some resonantly
enhanced even harmonics in the extended Mo, In, and Mn plasmas.

Further, we discussed the technique allowing a fine tuning of the distance
between the laser-produced plasma jets on the surfaces of ablating materials
(Mn and Ag), as well as the variation of the sizes of these jets. The multi-jet
plasmas with the sizes of single jet ranging between 0.1 and 1 mm were produced.
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Fig. 3.15 Line-outs of the interference patterns of the 9th and 11th harmonics generated in the
a manganese and b chromium plasmas. Reproduced from [50] with kind permission of The
European Physical Journal (EPJ)
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This method has proposed to be useful for the tuning and extension of the
QPM-enhanced harmonics of Ti:sapphire laser radiation.

Among the advantages of the demonstrated approach is the formation of QPM
conditions in different spectral ranges by manipulation of the position of multi-slit
shield. The discussed studies showed the tunable variation of the sizes of plasma
jets for efficient generation of the groups of enhanced harmonics, which can lead to
the demonstration of the coherent superposition of the interacting waves in different
spectral ranges.

The application of the heating pulses of different duration covering the range of a
few tens of femtoseconds and a few tens of nanoseconds revealed the advanced
nonlinear optical features of the extended plasmas produced by picosecond pulses.
We have shown that the optimal extended plasma formation, which is crucial for
achieving the efficient harmonic generation, mostly depends on the energy fluence
rather than the intensity of heating pulse on the target surface. Various samples of
harmonic emission spectra were analyzed to support the conclusion about the
attractiveness of the subnanosecond pulses for extended plasma formation and
HHG.

Finally, we analyzed the spatial and coherence characteristics of the harmonics
generated in the extended plasmas produced by 370 ps pulses. It was demonstrated
that the divergence of plasma harmonics was seven times smaller than the diver-
gence of the driving femtosecond pulses used for HHG. The visibilities of the
lower-order harmonics were in the range of 0.54–0.73 depending on the harmonic
order and plasma species. Those studies confirmed that the harmonics from
extended plasma ablation can be used for the applications requiring high spatial
coherence and low divergence.
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Chapter 4
Quasi-Phase-Matching of Harmonics
in Laser-Produced Plasmas

In this chapter, we analyze the formation of quasi-phase-matching conditions in
modulated plasmas. Particularly, we analyze (a) perforated target ablation for the
formation of the modulated plasma for quasi-phase-matched harmonic generation,
(b) quasi-phase-matching of harmonics using the variable multi-jet plasmas, and
(c) QPM-induced enhancement of HHG during two-color pump of multi-jet plas-
mas. We also discuss the peculiarities of QPM harmonics using different targets and
pump schemes and the influence of plasma jet sizes and pulse energies on the
characteristics of QPM harmonics.

The HHG of laser radiation in the extended gaseous media has long been
considered as an inefficient process due to exceeding of the medium length over the
coherence length (Lcoh) of HHG. Across a distance equal to the Lcoh a phase
mismatch of π grows and causes destructive interference between the driving and
harmonic waves. This process is one of the major limitations of the HHG con-
version efficiency, especially in the case of abundant presence of the free electrons
in the medium. Quasi-phase-matching either “reversing” or cancelling the nonlinear
process in the medium region where the polarization and the harmonic field are
initially out of phase. In “perturbative” nonlinear optics, QPM is routinely used to
correct the phase mismatch, e.g., by reversing periodically the orientation of the
nonlinear crystal at intervals Lcoh. For gas harmonics in the XUV region, QPM aims
at cancelling the out-of-phase emission. As it has been shown in multiple gas jet
schemes, once the waves depart from the medium, their phase flips [1–4]. The
process of frequency conversion can then be efficiently continued in another bunch
of medium.

The assumption on the enhancement of harmonic yield using extended media is
correct for the moderate excitations of target surfaces, while, at high fluences of
heating ablation pulse, the abundance of the free electrons appearing in plasma may
cancel the advantages of this extended nonlinear optical medium. A growth of
plasma concentration using the increase of the fluence of heating pulse may
decrease the harmonic yield because the phase mismatch causes a destructive
interference of the harmonic photons generated in the first half and the second half
of the extended source. The onset of destructive interference can be shifted to
higher plasma densities, and hence enhanced harmonic yields, by subdividing the
overall interaction length of plasma d into M sections of thickness d/M and moving
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them apart such that diffraction induced changes in the laser phase and amplitude
between two adjacent sections can shift the phase of the atomic dipole oscillations
by π (at the input of the next section with respect to the exit of the previous one) for
the qth harmonic. This approach embodies the basic concept of QPM.

As in the case of gases, separation of the extended plasma plume into a few
small sized plasma jets may restore the proper phase relationship between the
driving and harmonic waves and give way for further enhancement of the yield in
different XUV spectral ranges. To create QPM conditions, one has to maintain a
modulation of the coupling between the driving and harmonic waves, which is
periodic along the generation path. At these conditions, the enhancement of har-
monics will occur only when the interference between propagating signal and
newly generated signal becomes constructive.

The attractiveness in the application of the QPM for the amendment of plasma
HHG is related with the adjustment of the electron concentration in the periodically
modulated plasma plume by the “optimal excitation” of the ablating target. The
variation of Ne allows the manipulation of the coherence length of harmonics in
different spectral ranges. The adjustment of Ne could be easily accomplished during
harmonic generation in the plasma medium through the proper variation of the
fluence of ablating beam on the target surface to achieve a required concentration of
the free electrons in the plasma jets.

Among the approaches for plasma harmonic QPM one can consider the fol-
lowing techniques: (a) use of the microlithografic targets, analogously to those
suggested in [5], (b) interference of the two heating beams on the target surface with
variable distance between the maximums of interference pattern, (c) use of the
perforated targets allowing a separation in time for the plasma jets to reach the axis
of propagation of the driving beam, (d) use of the multiple strips with different
distance between them as the masks installed in front of the ablating targets, which
allow achieving the adjustable separation between the multiple plasma jets. Until
recent time, all these approaches for plasma harmonic QPM have yet been analyzed
experimentally, whilst their application would allow the optimization of the active
areas of plasmas to match with the coherence lengths of different groups of har-
monics. In this chapter, we will discuss the findings reported using the (c) and
(d) approaches.

The optimization of multi-jet formation for HHG requires the manipulation of
the relative phases of driving and harmonic waves. One of the ways, which can
change a dephasing between these waves, is an application of additional driving
field. The use of two-color pump schemes is a well known approach for the
broadening of the spectrum of generated XUV radiation and the enhancement of the
harmonic yield [6–8]. This peculiarity has been demonstrated long time ago [9] and
currently it is a well elaborated technique.

The two-color pump using fundamental and second harmonic fields has become
a practical way of harmonic enhancement in the gas media. This approach has also
been applied for plasma harmonic generation as well. One can assume the
importance of the correlation between the phases of two pumps and harmonics at
the conditions of QPM in the multi-jet plasmas.
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There is another reason for the analysis of the plasma QPM using two driving
pulses. In the case of plasma plumes, the two-color pump scheme offers the
opportunity in observation of the resonance induced enhancement at the additional
wavelengths coinciding with the even harmonics, as has been demonstrated using
the narrow plasma plumes [10]. This effect could be either emphasized or dimin-
ished in the extended plasmas. The propagation effects can start to play a decisive
role in the variation of the resonance induced enhancement of harmonics in the
plasmas [11]. The joint influence of the processes at the microscale range related
with the mechanisms described in the four-step model of HHG [12–14] and the
macroscopic processes related with the phase matching of the interacting waves in
the perforated plasma can create the conditions for the generation of an intense
emission and the suppression of harmonics induced by additional ionization and
absorption in the long heterogeneous medium.

Thus the QPM can be considered as an attractive approach to resolve the phase
mismatch problem for the efficient HHG of laser radiation in the XUV. Until recent
time, there were no reports on the studies of the QPM for enhancement of the
high-order harmonics in the plasma media produced using the laser ablation, though
the plasma harmonic approach has been intensively studied during last ten years
[15]. This chapter is aimed to acquaint the reader with the recent breakthrough in
the field of plasma HHG at the conditions of QPM.

4.1 Perforated Target Ablation for the Formation
of the Modulated Plasma for Quasi-Phase-Matched
Harmonic Generation

The uncompressed radiation of Ti:sapphire laser was used as a heating pulse
(central wavelength λ = 802 nm, pulse duration 370 ps, pulse energy Ehp = 4 mJ) to
ablate the targets for extended plasma or multi-jet plasma formation depending on
the structure of target. The heating pulse was focused using the 200 mm focal
length cylindrical lens inside the vacuum chamber containing an ablating target to
create the plasma plume (Fig. 4.1). The sizes of ablated area were defined by the
length of plain targets (5 mm). The focusing of heating pulse on the ablating surface
in the case of plain targets led to formation of the line plasma. The intensity of
heating pulses on a plain target surface was varied in the range of
1 × 109 – 3 × 109 W cm−2.

The compressed driving pulse from the same laser with the energy of Edp = 5 mJ
and 64 fs pulse duration was used, after 45 ns delay from the beginning of plasma
ablation, for harmonic generation in the plasma plumes. The driving pulse was
focused using the 400 mm focal length spherical lens onto the extended plasma
from the orthogonal direction, at a distance of *100 μm above the target surface.
The maximum intensity of 802 nm driving pulse from this laser at the focus area
was 7 × 1014 W cm−2. The harmonic emission was analyzed by an XUV
spectrometer.
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Ag, V, and Mn were used as the ablating targets. The application of these targets
enabled the observation of harmonic generation along a broad spectral range and
allowed the study of the variation of phase matching conditions for some groups of
harmonics. The separated plates of 0.5 mm long Ag, 0.5 mm long V, and 1 mm
long Mn were used to create multiple plasma jets. The principle of perforated
plasma formation is shown in the left inset of Fig. 4.1, while the image of perforated
Mn target and the plasma formation on this target are shown in the central and right
insets. The plain 5 mm long Ag, V, and Mn plates were also used for ablation and
comparative studies of the HHG from extended homogeneous and perforated
plasmas. Below we discuss the observed harmonic spectra at the conditions of
different plasma plumes [16].

Figure 4.2a shows the plateau like harmonic spectra obtained from the 5 mm
long silver plasma at different energies of the heating pulse. The intensities of
harmonics did not change much with the growth of the energy of the heating pulse,
while the concentration of plasma (Np) was increased from 1 × 1017 cm−3 (at
1.1 mJ heating pulse) to 2.5 × 1017 cm−3 (at 3 mJ heating pulse).

A separation of this extended plasma onto four 0.5 mm long plasma jets at the
conditions of perforated Ag target excitation has dramatically changed the shape of
generated harmonic spectra. The envelopes of harmonic spectra in the case of
perforated plasmas were changed from the featureless shape (Fig. 4.2a) to the
significantly modulated pattern (Fig. 4.2b). A clear evidence of constructive and
destructive interference in different parts of studied spectral range is presented on
the panel showing the excitation using the 1.7 mJ heating pulses.

The influence of plasma effect or, by other words, ionization on the dynamics of
HHG could be easily checked by analyzing the dependence of harmonic yield IH on
the length d of extended plasma. These IH(d) dependences were analyzed for dif-
ferent harmonics in a few plasma plumes produced by relatively weak heating

Fig. 4.1 Experimental scheme for harmonic generation in multiple plasma jets. FDP femtosecond
driving pulse; PHP picosecond heating pulse; SL spherical lens; CL cylindrical lens; VC vacuum
chamber; W windows of vacuum chamber; T target; MJP multi-jet plasma; XUVS extreme
ultraviolet spectrometer; CM cylindrical mirror; FFG flat field grating; MCP micro-channel plate
registrar; CCD charge coupled device camera. Left inset shows the principle of plasma formation at
different distances from the axis of propagation of the driving pulse. Central inset shows the image
of perforated Mn target. Right inset shows the image of the plasma jets formed on the perforated
Mn target. Reproduced from [16] with permission from Springer Science + Business Media
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pulses. It was found that they had the slopes in the range of 1.8–2.2, i.e., close to the
quadratic dependence.

These studies showed that the free electrons appearing during both laser ablation
and propagation of driving pulse did not play a decisive role in the variation of this
dependence at the optimal excitation of the target. The comparative measurements
of the harmonic yields for extended and perforated plasmas at similar heating
fluence showed a 20-fold enhancement of the QPM enhanced harmonics. The
shortage of the length (compared with extended 5 mm line plasma) should lead to a
6.25-fold decrease of harmonic yield ((5/2)2) in the case of four 0.5 mm long
plasmas. Instead, the 20× growth of QPM harmonic yield was achieved. If one
assumes the method of enhancement factor calculations introduced in [2], then one
has to multiply this enhancement factor by 6.25. With these assumptions, the
achieved enhancement is comparable or higher with regard to those reported for gas
QPM (36× [17], 90× [2], 300× [18]).

The measurements of the absolute values of HHG conversion efficiency were
carried out using the technique described in [19]. For the 2 mJ heating pulse
exciting target at a 10 Hz pulse repetition rate, the conversion efficiency for the 35th
harmonic generated from four-jet Ag plasma was measured to be 10−5. This effi-
ciency corresponded to the flux of the 35th harmonic of 5 × 109 photons per pulse.
This flux is significantly larger than the reported flux per pulse of the enhanced 41st

(a) (b)

Fig. 4.2 Comparative harmonic spectra from a the extended 5-mm-long plasma produced on the
plain silver target and b four 0.5-mm-long jets formed on the perforated silver target at different
energies of heating pulse. Reproduced from [16] with permission from Springer Science +
Business Media
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harmonic in the case of the gas QPM scheme using counter-propagating beams (107

photons per pulse [18]).
Here, we address the observed optimization of QPM for shorter wavelengths at

less excitation of target during formation of multi-jet plasma (Fig. 4.2b; compare
the spectral maxima of QPM harmonics for the 1.7 and 3 mJ heating pulses). To
create the QPM conditions, one has to modulate the coupling between the driving
and harmonic waves, which is periodic along the generation path. For a given
distance between the 0.5 mm long jets (*0.5 mm), the QPM for the qth harmonic
could be realized at a fixed product qNe (since Lcoh * (qNe)

−1 [20]). A decrease of
Ne (at less excitation of target) should lead to optimization of the QPM for higher
q to keep the product qNe unchanged at the fixed spatial characteristics of plasma
jets. This assumption has found the confirmation in these experiments (Fig. 4.2b).

There are four factors that contribute to phase mismatch: atomic/ionic disper-
sion, Gouy phase shift, intensity dependent dynamical phase shift in nonlinear
dipole moments, and plasma (actually electron) dispersion. The first one refers to
the variation in the refractive index of the atomic/ionic components of plasma,
which show a considerably less influence than the dispersion induced by the
presence of free electrons (fourth factor) in the plasma. Gouy phase shift could also
be excluded from consideration when the confocal parameter of focused driving
radiation exceeds plasma length, which was the case of those experiments (corre-
spondingly 12 and 5 mm). The intensity of used femtosecond radiation in the
plasma area was *5 × 1014 W cm−2. At these conditions the phase mismatch
induced by second factor can be estimated to be 8 cm−1. Finally, the phase mis-
match due to plasma electrons was considerably larger (*50 cm−1 for the thirties
harmonics) compared with other factors.

There is some another interesting feature in Fig. 4.2b, which requires further
consideration. While increasing the electron density, a second enhancement peak
around the 19th harmonic was observed. Probably, this could be due to a
higher-order QPM process. Such a possibility has been analyzed previously in [21].

It was shown during previous QPM studies in gases using counterpropagating
pulses [22] that QPM is highly selective as the number of contributing zones
increases. The plain silver target was irradiated by the modulated heating beam
using the multi-slit shield to create the multiple plasma jets. The multi-slit shield
was installed after the focusing cylindrical lens in such a manner, that it allowed the
division of the extended continuous 5 mm long plasma onto the set of a few plasma
jets. These studies showed that the QPM occurred for the same harmonics (ap-
proximately centered at 35–37th orders) for the 2-, 3-, 4-, and 5-jet plasma struc-
tures. Simultaneously, the broadening for the QPM envelope with the growth of the
contributing zones was observed, which points out a decrease of selectivity. Note
that QPM of plasma harmonics did not depend much on the distance between the
zones. This was probably due to the prevailing influence of the modulation of
density of particles (both electrons and atoms/ions) over the distance between these
modulations.

The signature of QPM is the growth of harmonic yield *n2, where n is the
number of coherent zones contributing to the HHG. The intensity of harmonics was
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studied as a function of the number of plasma jets. The number of heating zones on
the target surface was shielded step-by-step. The anticipated featureless shape of
harmonic spectra from the single 0.5 mm long plasma jet was similar to those
observed in the case of 5 mm long plasma. With the addition of each next jet, the
spectral envelope was drastically changed, with the 37th harmonic intensity in the
case of five-jet configuration becoming 22 times stronger compared with the case of
single jet plasma. The expected growth factor of 25 in the case of five-jet medium
was almost matched with the experimentally measured enhancement factor.

The HHG in perforated V and Mn plasmas also revealed similar properties. In
the discussed experiments with 5 mm long manganese plasma, the enhanced 33rd
harmonic was followed with a gradual decrease of higher-order harmonics
(Fig. 4.3a, thick curve), analogously to earlier reported studies [23]. In the mean-
time, the use of perforated manganese plasma led to the enhancement in the range
of so called second plateau (i.e., above the 33rd order) and in the longer wavelength
range (Fig. 4.3a, thin curve). The QPM induced enhancement of harmonics in the

(a)

(b)

Fig. 4.3 a Comparative
harmonic spectra from
extended line plasma
produced on the plain
manganese target (thick
curve) and four 1-mm-long
jets of Mn plasma (thin
curve). b Comparative
harmonic spectra from
extended line plasma
produced on the plain
vanadium target (thick curve)
and four 0.5-mm-long jets of
V plasma (thin curve).
Reproduced from [16] with
permission from Springer
Science + Business Media
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range of 21st order was related with the use of broader plasma plumes compared
with the case of silver plasma (1 and 0.5 mm, respectively). The shift of QPM
towards the lower-order harmonics corroborates with the qopt * (LjetNe)

−1 relation
for the fixed size of single jet (Ljet). Once Ljet is increased, the optimal harmonic
orders (qopt) at fixed Ne, for which the QPM is fulfilled, become smaller and move
towards the longer wavelength range.

The 5 mm long vanadium plasma showed very weak harmonics above the 29th
order (Fig. 4.3b, thick curve), with barely seen higher orders. As in the case of Ag
and Mn, this pattern was drastically changed by using four 0.5-mm-long jets
(Fig. 4.3b, thin curve). Along with some enhancement of lower-order harmonics, a
notable appearance of the group of harmonics centered in the range of 33rd order
showed a clear evidence of the amendment of this nonlinear optical process due to
the constructive interference of harmonics in this spectral region. The 30×
enhancement of these harmonics was measured compared with the case of
non-perforated 5-mm-long vanadium plasma.

Such plasmas as Ag, Mn, and B allow generation of up to the sixties harmonics
and above (up to the hundredth in the case of manganese). The limits of plasma
QPM HHG technique are defined by the properties of plasma plumes. Probably,
maximal photon energies at which plasma QPM could be realized at present stage
of the developments of plasma HHG in laser produced plumes would not exceed
130–150 eV.

4.2 Quasi-Phase-Matching of Harmonics Using
the Variable Multi-jet Plasmas

The experimental setup of used laser system was similar to the above described
experiments. The sizes of ablated area of the targets were defined by the length of
these targets. Ag and Mn were studied as the ablating targets. The length of the
targets was 5 mm. The application of these targets enables the observation of
harmonic generation along a broad spectral range [23–26]. The arrangement for
perforated plasma formation and harmonic generation is shown in Fig. 4.4. The
multi-slit shields (MSS) were used to create the multi-jet plasmas. The example of
such shield is shown in the inset in Fig. 4.4. The slit sizes of this shield were
0.3 mm, and the distance between the slits was 0.3 mm. Other multi-slit shields had
the 0.9 and 0.45 mm slits and the distances between these slits were 0.9 and
0.45 mm, respectively. These MSS were installed between the focusing cylindrical
lens and the ablating target in such a manner, that they allowed the division of the
5 mm long plasma onto the set of a few plasma jets of different sizes. Figure 4.5
shows the images of plasmas in the cases of (1) the absence of MSS and (2,3) the
application of different shields leading to the formation of multi-jet plasmas. The
sizes of these individual jets produced on the 5 mm long plain targets using the 0.9
and 0.3 mm MSS were *0.9 (2) and *0.4 mm (3). The sizes of plasma jets were
defined by the measurements of the ablated areas of the targets.
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Below we discuss the enhanced harmonic spectra for the specific orders obtained
using the MSS and separated plasma plumes [27]. The harmonics were generated
from the ablated silver and manganese atoms and singly-charged ions, which was
confirmed from the observed harmonic cut-offs corroborating with the three-step
model of HHG. The spectroscopy studies of plasmas also showed the neutral and
singly charged ionic lines.

The Ag and Mn plasma concentrations calculated using the code ITAP IMD (at
the 1.2 J cm−2 fluence of heating radiation on the surfaces of Ag and Mn targets at
the distance of 100 μm above the surfaces and the delay between heating and
driving pulses of 43 ns) were 2.7 × 1017 and 1.8 × 1017 cm−3, respectively. One can
estimate the length of nonlinear medium at which the coherence properties of the
macro-processes become significant for the specific harmonics generating at these
conditions. The coherence length for the qth harmonic at a wavelength of

Fig. 4.4 Experimental arrangement for multi-jet plasma formation using the multi-slit shields. DB
driving beam; HB harmonic beam; HP heating pulse; CL cylindrical lens; MSS multi-slit shield;
T target; PJ plasma jets. Inset image of multi-slit shield with the slit sizes of 0.3 mm. Reproduced
from [27] with permission from World Scientific Publishing

Fig. 4.5 Images of plasma. 1
extended plasma obtained
without inserting the multi-slit
shield; 2 0.9-mm-long plasma
jets; 3 0.4-mm-long plasma
jets. TS target surface; HB
heating beam; DB driving
beam; MSS multi-slit shield.
Reproduced from [27] with
permission from World
Scientific Publishing
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λ * 800 nm is Lcoh * 1.4 × 1018/qNe, where Lcoh is the length measured in
millimeters and Ne is the free electron density measured per cubic centimeter [20,
28]. For the thirties harmonics, the Lcoh at the conditions of plasma formation using
the laser fluence of >1.5 J cm−2 becomes less than 0.7 mm, which led to a
destructive interference of those harmonics along the propagation through the long
(5 mm) plasma. The lower-order harmonics were also decreased due to a decrease
of constructive interference; however, the phase mismatch at these conditions was
not as strong as in the case of higher-order harmonics, which allowed the obser-
vation of the harmonics alongside the incoherent emission of plasma.

The harmonic spectra from the 5 mm long plasma in the case of the absence of
incoherent plasma emission (i.e., at a fluence of *0.9 J cm−2) showed a featureless
plateau-like shape, with a gradual decrease of harmonic intensity at the shorter
wavelength range (see the thick curves in Fig. 4.6). The harmonic cut-off was in the

(a)

(c)

(b)

Fig. 4.6 Normalized harmonic spectra in the cases of multi-jet plasmas (thin curves) and line
5-mm-long plasmas (thick curves) produced on the surface of silver target. Sizes of jets were
a 0.9 mm, b 0.5 mm, and c 0.4 mm. The heating pulse fluence of 0.9 J cm−2 was used during all
these studies. The enhanced lines in the lower-order side of spectrum c correspond to the
second-order diffraction of the QPM-enhanced harmonics. The numbers on the plots show the
maximally enhanced harmonic orders and the enhancement factors. Inset in Fig. 4.6b: Dependence
of the 31st harmonic yield on the length of line plasma plume measured at the 0.4 J cm−2 fluence
of heating pulse on the target surface. Reproduced from [27] with permission from World
Scientific Publishing
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region of fifties orders. The harmonic conversion efficiency in the plateau range at
these conditions was estimated to be 4 × 10−6 using the method of harmonic yield
measurements described in [19].

This pattern of featureless harmonic spectrum was drastically changed once we
introduced the MSS on the path of heating radiation. Thin curves in Fig. 4.6
comprise three spectra of the plasma harmonics obtained using the multi-slit shields
allowing the formation of the 0.4-, 0.5-, and 0.9-mm long plasma jets. No any other
changes were introduced in these experiments, but just the insertion of the MSS in
and out of the path of the heating radiation (i.e., at similar conditions of silver target
ablation using the heating pulse fluence of 0.9 J cm−2).

In each of these cases a characteristic growth of the group of harmonics in
different spectral ranges was observed. The maximum enhancements were observed
for the 25th, 35th, and 43rd harmonics in the cases of the sizes of individual plasma
jets of 0.9, 0.5, and 0.4 mm, respectively. The enhancement factors of those har-
monics compared with the case of using the homogeneous 5-mm-long plasma were
18×, 39×, and 23×, respectively. One can see a considerable enhancement and
separation of the groups of harmonics, which clearly confirm the involvement of the
QPM effect. The energy and photon flux of the enhanced 35th harmonic generated
in the five-jet silver plasma was calculated to be 2 × 10−7 J and 3 × 1010 photons per
pulse. In the case of eight plasma jets (Fig. 4.6c, thin curve), the harmonics outside
the 33rd–51st orders were suppressed (see the absence of 21st–25th harmonics in
this curve; the spectral peaks in this region are attributed to the second-order
diffraction of the strong short wavelength harmonics from the flat-field grating of
XUV spectrometer).

Below we discuss the comparative studies of the QPM of plasma harmonics in
two different materials at the conditions when eight 0.4-mm-long jets were pro-
duced on the surfaces of Ag and Mn plain targets. Figure 4.7 shows the spectra of
enhanced groups of harmonics in the regions of *20 nm (Ag plasma; 41st har-
monic, Fig. 4.7a, thin curve) and *15 nm (Mn plasma; 55th harmonic, Fig. 4.7b,
thin curve). Here, we also show the harmonic spectra from the extended 5 mm long
plasmas produced on the same targets. The enhancement factor for the 41st har-
monic produced from the Ag plasma jets and the 55th harmonic produced from the
Mn plasma jets were *25× and 15× respectively. Latter material showed the
resonantly enhanced 33rd harmonic in the case of line plasma (Fig. 4.7b, thick
curve), which has already been observed in previous studies of Mn plasma har-
monics [23]. The discussed studies have shown that the enhancement induced by
the optimal phase relations between the harmonic and driving waves was prevailed
over the resonance induced enhancement of 33rd harmonic. This is a clear evidence
of the stronger influence of the macro-processes over the micro-processes during
plasma HHG.

Among the advantages of the demonstrated approach for the formation of QPM
conditions using MSS are the simplicity in regulation of the electron concentration
in the multiple plasma jets, high enhancement factors, and availability of the
express analysis of Ne. Two former advantages were demonstrated during previous
description. As for the latter advantage, the definition of the maximally enhanced
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harmonics at the fixed sizes of separated plasma jets allows the calculation of Ne

from the above-mentioned relation (see also Chap. 6). Particularly, the electron
concentration in the case of various multiple jets produced at similar excitation of
the silver target could be defined through the above relation for the Ne as 6.2 × 1016,
8 × 1016, and 8.1 × 1016 cm−3 assuming the experimentally measured parameters of
Lcoh and qcoh in the cases of used multi-slit shields. Here qcoh is the harmonic order
in the QPM region showing the highest intensity and Lcoh corresponds to the sizes
of individual plasma jets at which the corresponding QPM enhancement of the
group of harmonics was observed. A reasonable coincidence of these measurements
of Ne with each other, as well as with the calculations based on the code ITAP IMD
(Ne = 7.2 × 1016 cm−3) was obtained. At the same time, the comparative studies of
the HHG from the multi-jet structures produced on the Ag and Mn targets at similar
conditions of surface ablation have shown the difference in the qcoh of these species

(a)

(b)

Fig. 4.7 QPM-enhanced
harmonic spectra generated in
the a Ag and b Mn eight-jet
plasmas. The length of each
jet was 0.4 mm. The thin
curves show the harmonic
spectra obtained from the
eight-jet plasmas. Thick
curves show the harmonic
spectra obtained from
extended line plasmas. The
spectra were measured at
similar conditions of plasma
formation by moving the
multi-slit shield in and out the
path of the heating pulse.
Reproduced from [27] with
permission from World
Scientific Publishing
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(correspondingly 41st and 55th harmonics), which was explained by different
concentrations of electrons in those plasma jets.

Thus the potential of the proposed plasma harmonic QPM approach is related
with the express analysis of the plasma characteristics, alongside with the
amendments of harmonic yield in different spectral regions. These studies showed
the realization of the advanced properties of perforated plasma, as the source of
harmonics, through the demonstration of the coherent superposition of the inter-
acting waves. The claim regarding the control of the coherent superposition of
harmonics from successive sources is supported by the data shown in Fig. 4.6. The
experimental results presented in Figs. 4.6 and 4.7 clearly indicate that, by varying
the sizes of jets and target material, one can manipulate the phase matching in
different spectral regions. In that case, different ranges of harmonic spectra show the
destructive or constructive interference.

Similar results were reported in [29]. A significant enhancement of the thirties
and forties harmonics in the perforated Ag plasma was due to involvement of the
multiple plasma jets in the harmonic generation. The enhancement factor of 13 in
the case of five 0.5 mm long plasma jets compared with the 6 mm long line plasma
was achieved for the 33rd harmonic. The enhancement factors for different har-
monics along the 18–38 nm spectral range are shown in Fig. 4.8. The comparative
studies of the harmonic spectra generated from the five-jet structure at different
fluences of heating 370 ps pulses on the target surface were accomplished by
changing the energy of heating radiation using the calibrated filters. A tuning of the
maximum of spectral envelope towards the higher-order harmonics with a decrease
of the fluence of heating radiation was observed.

Fig. 4.8 Harmonic enhancement factors for the five-jet medium along the
18–38 nm spectral range. Reproduced from [29] with permission from American Physical
Society © 2014
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4.3 QPM-Induced Enhancement of HHG During
Two-Color Pump of Multi-jet Plasmas

As in the case of gas medium, separation of the extended plasma plume into a few
small-sized plasma jets may restore the proper phase relationship between the
driving and harmonic waves and give way for further enhancement of the yield in
different spectral ranges. To create QPM conditions, one has to maintain a modu-
lation of the coupling between the driving and harmonic waves, which is periodic
along the generation path. At these conditions, the enhancement of harmonics will
occur, as it has already been mentioned in previous sections of this chapter, only
when the interference between propagating harmonic and newly generated har-
monic becomes constructive.

Below we discuss the two-color pump induced HHG studies using the multi-jet
plasmas [30]. The experimental setup was described in Sect. 4.2. To analyze the
odd and even harmonic generation in long extended plasma and multi-jet plasma
the two-color pump scheme was used. The nonlinear optical crystal (BBO, type I,
crystal length 0.3 mm, second-harmonic conversion efficiency 5 %) was inserted in
the vacuum chamber using the translation stage in the path of the focused driving
radiation at a distance of 150 mm from the plasma plume. The translation stage
allowed the movement of crystal in and out of the path of driving radiation. The
driving and second harmonic beams were then focused inside the plasma plume.
The polarizations of these two pumps were orthogonal to each other. To vary the
overlap of two-color waves in the plasma the BBO crystals of different thicknesses
(0.3 and 0.5 mm) were used.

Ag and Cr were studied as the ablating targets. A three coordinate manipulator
was used to change the targets and to control a zone of interaction of the two-color
driving radiation with the plasma relative to the target surface. To create multi-jet
plasma a thin glass plate with the 0.5 mm long aluminum strips separated from each
other at a distance of 0.5 mm was used. This multi-slit mask was installed between
the focusing cylindrical lens and target, which allowed the division of the extended
continuous 6 mm long plasma onto six 0.5 mm long plasma jets with the distance
between them *0.5 mm. The jets were expanded from the target surface at the
angle of divergence of *20° towards the axis of propagation of the driving
two-color beams. The number of plasma jets was varied by shielding the open parts
of multi-slit mask (from single jet to six jets).

Here we describe the single- and two-color pump induced HHG experiments in
the perforated plasmas. Figure 4.9a shows the harmonic spectra produced from the
extended (6 mm long) silver plasma in the case of irradiation by single-color
(802 nm) or two-color (802 and 401 nm) pumps by using the 0.5 mm long BBO
crystal (second harmonic conversion efficiency of 9 %) at the conditions of the
weak ablation of target by heating pulse (i.e., at a fluence of 0.2 J cm−2). One can
distinguish the equality of odd and even harmonic intensities along the almost
whole range of generation. The advanced properties of extended plasmas were also
emphasized while comparing with the odd and even harmonics generated in the
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0.5 mm long plasma plume (see also Chap. 3). In the latter case, the even harmonics
did not extend over the whole spectrum of generation of the odd harmonics.
Moreover, their intensity was a few times weaker compared with odd harmonics,
contrary to the case of the HHG produced in the extended plasma. However, once
the fluence of heating radiation on the target surface was increased from 0.2 to
0.6 J cm−2, a decrease of conversion efficiency of both the odd and even harmonics
was observed. The plasma emission became stronger while the emission of har-
monics was diminished. The destructive processes, such as the phase mismatch due
to the growth of the electron density in the plasma, stopped the efficient HHG in the
extended over-excited silver plasma, similarly to the cases described in Chap. 2. At
these conditions, the modification of extended plasma being divided on a few
separated jets restored the strong emission of harmonics in the low-order harmonic
range (Fig. 4.9b). Note a considerably stronger harmonic yield in the case of
two-color pump compared with the single-color pump at these conditions of strong
ablation and multi-jet formation (compare Fig. 4.9a and b).

(a)

(b)

Fig. 4.9 a Single—(802 nm,
thin curve) and two—
(802 nm + 401 nm, thick
curve) color induced
harmonic spectra from the
extended line plasma at a
weak excitation of silver
target. b Spectra of the
low-order harmonics
generated in the multi-jet
plasma at strong excitation of
silver target in the case of
single-color (thin line) and
two-color (thick line) pumps.
The 0.5-mm-thick BBO
crystal was used in both cases.
Reproduced from [30] with
permission from IOP
Publishing. All rights
reserved
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The application of two-color pump at latter conditions led to the modification of
the selectivity of harmonics and the decrease of the qcoh. Figure 4.10 shows the
comparative harmonic spectra from the five-jet Ag plasma in the cases of
single-color (Fig. 4.10a, upper panel) and two-color (Fig. 4.10a, bottom panel)
pumps. A clear selectivity of a group of harmonics centered around the 33rd order
in the case of single-color pump (upper panel) was more pronounced compared
with the less selective pattern of a group of odd and even harmonics at a longer
wavelength spectral range (bottom panel). These experiments were carried out
using the thinner (0.3 mm) BBO crystal.

The calculated silver plasma density was 4 × 1017 cm−3. The electron density in
the multiple jets produced on the silver target at similar excitation could be defined
from the relation Ne ≈ 1.4 × 1018/(Lcoh × qcoh) as 8 × 1016 cm−3 assuming the
experimentally measured parameters of Lcoh and qcoh in the case of used multi-slit
shield. Here qcoh corresponds to the harmonic order in the QPM region showing the
highest intensity (33rd harmonic, Fig. 4.10a) and Lcoh corresponds to the sizes of
individual plasma jets (0.5 mm) at which this enhancement was observed.
A reasonable coincidence of these measurements of Ne with the calculations of
electron concentration based on the code ITAP IMD (Ne = 7 × 1016 cm−3) was
obtained.

The same experiments using chromium multi-jet plasma showed better selec-
tivity of a group of harmonics in the case of two-color pump (compare two middle
panels of Fig. 4.10b). The use of extended plasma without the second field led to
the strong 29th harmonic generation related with the resonance induced enhance-
ment (bottom panel) [31] while the application of two-color pump at these con-
ditions led to a decrease of resonance enhanced harmonic (upper panel). Notice the
insignificant difference in the harmonic spectral shapes for extended (5 mm long)
plasma and four 0.4-mm-long jets in the case of single-color pump (two bottom
spectra), while in the case of the two-color pump of multi-jet plasma a clear
enhancement of a group of odd and even harmonics (between the 30th and 38th
orders) was observed (second panel from the top).

Below, we discuss the results of the studies of the two-color pump induced
harmonics from the multi-jet plasmas using the variable amount of jets.
Figure 4.11a shows the low-order harmonic spectra generated from the chromium
plasma. A steady and homogeneous growth of all harmonics generated out of the
range of QPM enhancement was observed with the increase of the number of
plasma jets. One can expect a growth of harmonic intensity (IH) to be proportional
to n2, where n is a number of the jets participating in the harmonic generation.
These studies have confirmed this quadratic dependence. No harmonic enhance-
ment related with the QPM was observed in this spectral region (i.e., for the 11th to
19th harmonics,*40–80 nm). These studies were carried out using the single-color
pump. Another pattern of IH(n) dependence was observed in the case of
higher-order harmonics and two-color pump (Fig. 4.11b) of silver target. The
shapes of single- and two-jet induced harmonic spectra (two upper panels) resemble
the one obtained from the extended line plasma (bottom panel). However, with the
growth of the number of plasma jets, the intensity of a group of harmonics in the
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range of the 26th–28th orders became stronger compared with the lower orders.
One can compare the harmonic spectra from the extended 6 mm long plasma and
five-jet plasma, when the characteristic shape of plateau like harmonics was
changed on the enhanced odd and even harmonics in the cut-off region.

(a)

(b)

Fig. 4.10 a Harmonic spectra
from the silver five-jet plasma
in the case of single-color
(upper curve) and two-color
(bottom curve) pumps. The
curves were separated for
better visibility. b The same
dependences in the case of
chromium line plasma (upper
and bottom panels) and
four-jet plasma (two middle
panels) using the single-color
(two bottom panels) and
two-color (two upper panels)
pumps. The 0.3-mm-long
BBO crystal was used in both
cases. Reproduced from [30]
with permission from IOP
Publishing. All rights
reserved
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The QPM for this two-color scheme was not as pronounced as in the case of
single-color scheme (Fig. 4.10a, upper panel). Nevertheless, the enhancement factor
for the 28th harmonic in the five-jet configuration compared with the same har-
monic generating in the extended plasma was*25 while recalculating the emission
yields at the equivalent lengths of two media. The best obtained conversion effi-
ciencies of the plateau like harmonics (i.e., around the thirties orders) in the case of
gaseous media were reported in the range of 10−5–10−6. The estimates and com-
parison with [19] show that, in the discussed experiments, the absolute value of the
conversion efficiency of the QPM enhanced 33rd harmonic was 3 × 10−5.

The installation of the nonlinear crystal in the vacuum chamber on the path of
focused radiation allows excluding the walk-off effect and the dispersion of the
window and focusing lens, though the second harmonic conversion efficiency
becomes less compared with the case of plane wave propagation. The spatial
overlapping between the beams in the former case became sufficient for interaction
of the two waves in the extended plasma plume. At the same time, the group
velocity dispersion in BBO leads to some separation of two pulses.

(a) (b)

Fig. 4.11 a Low-order harmonic spectra from the chromium ablation at different number of the
plasma jets used for the single-color HHG. b High-order harmonic spectra generated in the
perforated silver plasma using the two-color pump and different number of jets (five upper panels)
and 6-mm-long extended plasma plume (bottom panel). Reproduced from [30] with permission
from IOP Publishing. All rights reserved
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4.4 Peculiarities of QPM Harmonics Using Different
Targets and Pump Schemes

The below-described studies [32] used the perforated targets, which were irradiated
by a cylindrically focused heating pulse. Aluminum was used as the ablating target.
The shape of target is shown in the left inset in Fig. 4.12. The depth of perforation
of the aluminum surface was 2 mm. The plasma was formed on the upper and
bottom parts of target surface, as shown in the image of plasma jets presented in the
right inset of Fig. 4.12. The driving pulse propagates through the plasma jets
formed on the upper part of target surface. Other plasma jets did not participate in
the harmonic generation, since they reach the axis of propagation of the driving
beam after a few hundred nanoseconds from the beginning of ablation, when the
femtosecond pulse has already propagated near the target surface. This separation
of the upper and bottom parts of the plasma jets allowed the formation of a non-
linear optical medium, which matches the requirements of QPM. The HHG spec-
trum from the multi-jet aluminum plasma at different regimes of excitation of the
perforated surface is shown in Fig. 4.12a. Here we also show the harmonic spec-
trum obtained from the line-shaped 5 mm-long plasma. One can clearly see the
enhancement of the groups of harmonics, which were tuned depending on the
fluence of the heating pulse. The optimization of QPM was observed for shorter

(a) (b)

Fig. 4.12 a Harmonic spectra from aluminum plasma in the cases of (from top to down) linear
5-mm-long plasma plume and four-jet plasma plumes produced on the perforated surface by 4.2-,
3.5- and 3-mJ heating pulses. b Variation of spectral envelope of the harmonic distribution
obtained during two-color pump of 5-mm-long and four-jet indium plasmas produced using the
multi-slit shield at similar conditions of the heating pulse fluence. © Astro Ltd. Reproduced from
[32] with permission from IOP Publishing. All rights reserved
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wavelengths at less excitation of the target during the formation of multi-jet plasma
(Fig. 4.12a; compare the spectral maxima of QPM harmonics for the 3, 3.5, and
4.2 mJ heating pulses).

Figure 4.12b shows the modulation of the harmonic spectrum in the case of a
four-jet indium plasma produced using the multi-slit shield compared with the
linear plasma plume in the case of a two-color pump. The BBO crystal was placed
inside the vacuum chamber contained targets to convert part of the focused driving
radiation into the second harmonic (401 nm, 5 % conversion efficiency). The
harmonic cut-off in the case of a two-color pump of the extended plasma did not
exceed the 24th order. The application of a multi-slit shield allowed the formation
of four 0.5 mm-long jets, which led to extension of the harmonic cut-off (up to the
34th order) and significant enhancement of a group of harmonics around the 28th
order.

As it was discussed in previous sections, the signature of QPM is the growth of
harmonic yield *n2, where n is the number of coherent zones contributing to the
signal. While this rule was maintained for the QPM-enhanced harmonics at the
moderately excited plasmas, the Ih ∝ n2 dependence was not fulfilled for the lower
order harmonics. Figure 4.13 shows the declination of this dependence from the
quadratic rule and less steep slope of the log–log curve. Here also shown the
quadratic slope (solid line) to compare with the measurements of the 13th and 19th
harmonics generated in the multi-jet chromium plasmas. Those harmonic orders did
not belong to the group of QPM-enhanced harmonics.

Fig. 4.13 13th (filled
squares) and 19th (empty
circles) harmonic yields as the
functions of the number of
chromium plasma jets
participating in harmonic
generation. The slopes of
these dependences were less
than 2 (compare the
dash-dotted lines with the
solid line corresponding to the
anticipated slope of l = 2). ©
Astro Ltd. Reproduced from
[32] with permission from
IOP Publishing. All rights
reserved
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The important parameter of the QPM studies in the plasma plumes is the con-
centration of plasma and free electrons. The molecular dynamics based laser
ablation simulation was carried out for the Al target using optimal experimental
parameters of laser radiation by means of the code ITAP IMD [33]. Although it is
possible to predict material properties from ab initio simulations to high accuracy,
the method has some drawbacks. The long computational time required for these
calculations makes them unpractical for typical treatments of laser ablation. The
system sizes, which can be simulated on modern computers, are still in the order of
a few hundreds of atoms, which is far too small. In the case of molecular dynamics
simulations, the system is simplified by not treating the ions and electrons sepa-
rately. The modeled atoms are assumed not to have inner degrees of freedom, and
they interact with each other as classical particles. For the solution of the many–
body problem, the classical Hamiltonian equations of motion were integrated. By
solving the standard Hamiltonian equations it is possible to characterize a system,
which does not change particles (N), volume (V), or energy (E). In statistical
mechanics, such system is called a microcanonical ensemble (NVE ensemble). It
should be noted that during laser ablation, the total energy of the system is changed,
but during one integration step of the equations of motion, the energy is unchanged,
therefore the NVE ensemble is sufficient for simulation of laser ablation. Further
details of the method could be found in [34]. The use of short heating pulses
(370 ps) allowed a direct simulation of the ablation process at a fluence
of *1 J cm−2. After leaving the surface of the sample all particles were considered
as non-interacting with the field and were removed from further simulation time
steps. For all particles, which left the surface after a given simulation time step, one
can chose those with the kinetic energies sufficient to be in the interaction volume
(*100 μm above the surface) exactly after the supposed delay.

In order to calculate the concentrations of plasma and electrons the single atom
ionization probabilities were simulated by time-dependent density functional theory
using the Octopus package [35]. The ionization probability was computed as the
occupation of all but the 10 lowest states. For 370 ps ablation pulses a series of
calculations over 50 fs with constant intensities was performed. This approach
allowed the definition of ionization probability over the envelope of the ablating
pulse, which was approximated by a least-squares fit to yield a continuous
time-dependent function of the ionization probability. Then, at every time step of
the molecular dynamics simulation, the number of particles with velocities suffi-
cient to reach the interaction region after a given delay was multiplied by this
ionization probability. This yields the concentration of ionized particles in the
interaction region with the driving pulse. The calculated concentrations of plasma
and electrons during ablation of aluminum are presented in Table 4.1. These data
correspond to different delays between pulses at a fixed distance from the target
surface.

The dependences of aluminum plasma concentration on the delay between
heating and driving pulses and on the distance between the target surface and axis
of propagation of the driving beam at 42 ns delay are shown in Fig. 4.14. One can
define the optimal delays and distances, which corresponded to the maximal
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Table 4.1 Calculations of plasma and electron densities in the interaction volume (in 1017 cm−3)
for 3 mJ, 370 ps ablation pulses at a fluence of 0.6 J cm−2 on the Al target and at different delays
between ablating and driving pulses

Delay (ns) Al target

Plasma Electrons

5 1.67 0.11

30 2.79 0.15

40 2.61 0.13

75 1.45 0.10

© Astro Ltd. Reproduced from [32] with permission from IOP Publishing. All rights reserved

(a)

(b)

Fig. 4.14 Calculated
dependences of aluminum
plasma concentration at
a variable distance from the
target surface at a 42 ns delay
between the heating and
driving pulses and b variable
delay at a fixed distance
(100 µm) from the target
surface. © Astro
Ltd. Reproduced from [32]
with permission from IOP
Publishing. All rights
reserved
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harmonic yields. The ionization state of most plasma plumes at a fluence of heating
pulse of 0.6 J cm−2 was in the range of 5 % (i.e., the electron concentration was
about 2 × 1016 cm−3). At these concentrations of free electrons, the coherence
lengths of enhanced harmonics in the region of mid-thirties orders were close to the
sizes plasma jets. The calculations of coherence lengths using the estimations of
free electron concentration are discussed below.

For harmonics in the XUV, dispersion in the partially ionized plasma is mostly
attributed to the free electrons generated by the heating and driving radiation. These
pulses produce free carriers during ablation of targets and propagation of fem-
tosecond pulses through the partially ionized plasma. The phase mismatch Δk for
the qth harmonic depends on the medium dispersion and on the Gouy phase shift
(Δk = Δkdisp + Δkgeom). Here Δkdisp = kq − qk1, with k1 = n1ω1/c (n1 is the refractive
index of the medium at the wavelength of driving pulse, ω1 is the frequency of the
driving radiation and c the speed of light in vacuum) and kq = nqωq/c (nq is the
refractive index of the qth harmonic and ωq is the frequency of the qth harmonic)
and Δkgeom = (1 − q) tan−1(z/b), where z denotes the direction of propagation and
b is the confocal parameter, which is given by b = 2πr2n1/λ (where r is the radius of
the beam at focus). The values of Δkgeom as a function of pressure were found to be
three orders of magnitude smaller than Δkdisp at the conditions when the confocal
parameter exceeds the sizes of nonlinear optical medium [36]. In the discussed
study, b was larger than the plasma length; thus Δkgeom can be neglected in the
calculations and one can simply admit Δk ≈ Δkdisp.

The plasma dispersion-induced phase mismatch is equal to Δkdisp = qNee
2λ/

4πmeε0c
2 [37, 38], where e is the charge of the electron, me is the mass of the

electron, and ε0 is the vacuum permittivity. For Al plasma with 0.2 ionization state
at a plasma concentration of 5 × 1017 cm−3 produced at the fluence of heating pulse
of *1 J cm−2, the enhanced 35th harmonic of 802 nm radiation had a
Δkdisp ≈ 79 cm−1. The calculated coherence length of this harmonic at the used
conditions was Lcoh = 4π2meε0c

2/qNee
2λ ≈ 0.4 mm, which is close to the length of

the jets (0.5 mm) formed on the perforated aluminum surface.
The enhancement factor of QPM harmonics can be simply compared with the

theoretical expectation for a single source of plasma at the same density and with a
length equivalent to the sum of the individual sources in the array. This parameter
could also be applied to the conditions of a growing number of plasma jets, when
the quadratic growth of HHG for the harmonic orders, for which the QPM is
fulfilled, is maintained.

The ionization-related dispersion at relatively loosely focused configuration
(b = 12 mm, Lp = 5 mm) is the only factor taken into account in the calculations for
the estimation of the coherence length. This is especially underlined in the case of
partially ionized plasma compared with the neutral gas jets where the ionization
occurs during barrier suppression ionization of harmonic emitters.

Simultaneous or selective quasi-phase-matching of the short and long paths
makes it possible to control their relative weight. The studies of the divergence of
QPM-enhanced harmonics from the Al plasma have confirmed this assumption.
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These harmonics possessed considerably smaller divergence compared with those
of lower orders, thus increasing the brightness of short-wavelength radiation (see
the following section).

4.5 Influence of Plasma Jet Sizes and Pulse Energies
on the Characteristics of QPM Harmonics

The harmonic spectra from the 5-mm-long silver plasma at a fluence of heating
radiation of *0.9 J cm−2 showed a featureless plateau-like shape, with a gradual
decrease of harmonic intensity at the shorter-wavelength range (Fig. 4.15a, upper
panel) [39]. The harmonic cut-off was in the region of 50s orders. Other panels of
Fig. 4.15a show four spectra of the harmonics obtained using the insertion of the
multi-slit shield on the path of heating beam. The MSS was tilted at different angles
(0°, 15°, 30°, and 45°) with regard to the heating beam. The tilting of MSS led to a
decrease of the sizes of single jet and to the growth of the number of jets.
A characteristic QPM-induced growth of the groups of harmonics in different
spectral ranges was observed in all these cases. The maximum enhancements were
achieved for the 37th, 41st, 43rd, and 51st harmonics respectively. The maximally
enhanced harmonic orders approximately corresponded to the rule when the pro-
duct Lcoh × qqpm (where Lcoh corresponded to the sizes of single jet) was maintained
constant at a fixed electron density (since Lcoh × qqpm ≈ 1.4 × 1018/Ne).

A significant enhancement of the groups of harmonics compared to the extended
imperforated plasma was due to involvement of the multi-jet plasmas in the har-
monic generation allowing the achievement of QPM. The enhancement factors of
16 and 18 in the case of nine plasma jets compared with the 5-mm-long line plasma
was achieved for the 43rd and 45th harmonics respectively. The enhancement
factors along the 16–20 nm spectral range for this multi-jet medium are shown in
Fig. 4.15b.

Similar variations of harmonic spectra were observed in the case of perforated
manganese plasma. In the discussed experiments with 5-mm-long manganese
plasma, the enhanced 33rd harmonic was followed with a gradual decrease in
higher-order harmonics and significant decrease of the 31st order (Fig. 4.16, upper
panel), analogously to earlier reported studies [23]. The use of perforated man-
ganese plasma led to the enhancement of some groups of harmonics in the region of
so called second plateau. The shift of QPM towards the higher-order harmonics in
the case of shorter sizes of jets was corroborated with the qqpm * (LjetNe)

−1 relation
at the fixed electron density, similarly to the experiments with silver plasma. qqpm
was tuned from H43 to H55 while tilting the MSS from 0° to 45° (Fig. 4.16, three
bottom panels).

The interesting observation in the case of non-tilted MSS is the appearance of
the second group of enhanced harmonics centered at H73 (Fig. 4.16, second panel
from the top). The intensities of the harmonics surrounding H73 were significantly
smaller compared with those centered near the H43. However, they were clearly
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stronger than the lower-order harmonics (H57–H67). The maximally enhanced
harmonic in this range (H73) did not correspond to the doubly shortened wave-
length of the H43, so one cannot expect the involvement of the second-order QPM
processes. The tilting of MSS led to disappearance of this group of harmonics since

(a)

(b)

Fig. 4.15 a Harmonic spectra
generated in different multi-jet
silver plasmas produced by
tilting the MSS. Upper panel
shows the harmonic spectrum
generated in the 5-mm-long
Ag plasma. b Enhancement
factors of the QPM-enhanced
harmonics. Thick and thin
curves correspond to the
harmonic spectra obtained in
the multi-jet and imperforated
silver plasmas
correspondingly at similar
fluences of heating radiation.
Reproduced from [39] with
permission from American
Physical Society. Copyright
2015

4.5 Influence of Plasma Jet Sizes and Pulse Energies … 109



they expected to be shifted towards the shorter-wavelength region where the con-
ditions of HHG in the Mn plasma were less favorable.

To analyze the role of driving pulse intensity on the variations of QPM condi-
tions different energies of these pulses were used. The aim of those studies was to
define whether the increase of the cross-section of tunneling ionization caused by
the growth of driving pulse intensity leads to the variation of the QPM conditions
due to the growing number of free electrons. More discussion on that matter will be
presented below. Here we show the observation, which points out the insignificance
of the additionally appeared tunneled electrons in the variations of QPM conditions.

Figure 4.17 shows two harmonic spectra obtained in the eight-jet Ag plasma
using the 1.85 and 5 mJ driving pulses. The qqpm in these two cases were
approximately same (H37 and H39). The difference between these two spectra is
mostly related with the broadening of the envelope of enhanced harmonics in the
latter case, which points out the decrease of selectivity of a small group of har-
monics due to less favorable conditions of QPM for different parts of the driving
beam. Another observation is related with the difference in the divergences of the
harmonics generated in the multi-jet and imperforated plasmas. In the case of
1.85 mJ pulses, the sizes of these harmonics were approximately equal to each other

Fig. 4.16 Harmonic spectra
from different multi-jet
manganese plasmas produced
by tilting the MSS. Upper
panel shows the harmonic
spectrum obtained in
imperforated 5-mm-long Mn
plasma, which was multiplied
(5×) for better comparison
with the bottom panels. Note
the equality of the Y-axes.
Reproduced from [39] with
permission from American
Physical Society. Copyright
2015
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(see the inset in Fig. 4.17a showing the spatial distributions of 37th harmonic in the
far field). The growth of driving pulse energy from 1.85 to 5 mJ led to a significant
spectral modulation of the harmonics generated in the extended plasma, while the
sizes of the QPM-enhanced harmonics generated in the multi-jet plasma formation
showed some insignificant broadening compared with previous case (inset in
Fig. 4.17b).

Thus the growth of the tunneling ionization cross-section leading to the
appearance of additional free electrons in the multi-jet medium did not spoil the
conditions of QPM. Figure 4.18 (empty circles) shows the almost similar qqpm
along a broad range of variations of the driving pulse energy. A considerably
different behavior of QPM was observed once we changed the heating pulse energy,
which led to variation of the plasma and electron densities (Fig. 4.18, filled
squares).

(a)

(b)

Fig. 4.17 Variation of the
spectral and spatial shapes of
the harmonics generated in
the extended and multi-jet
silver plasmas using the
a 1.85 mJ and b 5 mJ driving
pulses. Insets in (a) and
(b) show the far field images
of the 37th harmonic in the
cases of (1) multi-jet and (2)
extended imperforated
plasmas. One can see the
equal divergences of the 37th
harmonic generated in the
extended and perforated
plasmas in the case of 1.85 mJ
driving pulse, while in the
case of 5 mJ pulse, the
harmonic beam from
extended plasma became
more divergent and strongly
modulated compared with the
one generated from the
eight-jet plasma. Reproduced
from [39] with permission
from American Physical
Society. Copyright 2015
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The comparative studies of the harmonic spectra generated from the eight-jet
silver plasma at different fluences of heating 370 ps pulses on the target surface
were accomplished by changing the energy of heating radiation using the calibrated
filters. The energy of heating pulse was varied to analyze the influence of this
parameter on the dynamics and shape of the envelope of harmonic distribution
using the same multi-jet plasma. The group of harmonics gradually tuned towards
the lower orders (i.e., longer-wavelength region) with the growth of the heating
pulse energy. A decrease of Ne at weaker excitation of the target should lead to the
optimization of the QPM for higher qqpm to keep the product qqpm × Ne unchanged
at the fixed spatial characteristics of plasma jets, which was demonstrated in
Fig. 4.18. Thus the additional electrons appearing during stronger ablation of tar-
gets significantly influence the QPM conditions.

The spectral analysis of the shape of QPM harmonic beam and its divergence
showed the possibility of the tight focusing of this radiation on various materials,
which is the main requirement for the XUV-induced modification and analysis of
those species. It is reasonable to directly compare the spatial shapes of the QPM and
non-QPM harmonics with that of the driving beam. The difference in the diver-
gences of the former beams proves the usefulness of the developed QPM concept
for the focusing of those harmonics in a tiny spot to create a high fluence on the
surface under study.

Fig. 4.18 Variations of maximally enhanced harmonic order at different energies of heating (filled
squares) and driving (empty circles) pulses. One can see that the three-fold growth of driving pulse
energy (from 1.85 to 5 mJ) did not significantly change the qqpm. In the meantime, the qqpm was
strongly dependent on the variation of the heating pulse energy. Solid and dotted lines are inserted
for better viewing of the influence of heating and driving pulse energies on the QPM conditions.
Reproduced from [39] with permission from American Physical Society. Copyright 2015
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Below we present the analysis of the spatial characteristics of the high-order
harmonics generated in the extended and multi-jet Mn and Ag plasmas produced by
the 370 ps pulses. In the case of imperforated manganese plasma, a few harmonics
were selected in the second plateau range using the metal filters and then defined the
shape of those harmonics using the MCP. To select a few harmonics, the
650-nm-thick aluminum and 150-nm-thick titanium filters were installed in front of
the MCP (see also Chap. 3). The short-wavelength transmission edge of Al filter
is *17.4 nm, while the long-wavelength transmission edge of Ti filter is *22 nm.
Simultaneous application of those two filters allowed separation of the harmonics
generated in the spectral range of *18 to 20 nm.

These few harmonics ranging between the 39th and 45th orders were directly
viewed by the MCP by removing the cylindrical mirror from the path of driving
beam and harmonics (Fig. 4.19a). The spatial shape of those harmonics is shown in
the left inset of Fig. 4.19a. The right inset in this figure shows the background
emission observed in the case of using the circularly polarized driving radiation
when the quarter-wave plate was inserted in the path of driving beam. In that case,
no harmonics are expected to generate, which was confirmed by both the direct
measurements of emission spectra and the spatial measurements of emitted radia-
tion. The spatial distribution of the H39–H45 beams along the vertical axis (Z) is
shown in Fig. 4.19a. The divergence of the harmonic beam generated in the
imperforated Mn plasma was decreased with a factor of *5 compared with the
divergence of the fundamental radiation. This decrease of divergence was attributed
to the preferential involvement of the short trajectory of accelerated electron in the
harmonic generation.

Similar arrangements were used for the analysis of the spatial characteristics of
the QPM-enhanced harmonics generated in the multi-jet silver plasma. A few
orders (Fig. 4.19b, thick curve) from the group of QPM-enhanced harmonics
(Fig. 5.20b, thin curve) were selected using the single (Ti) filter, which allowed the
definition of the shapes of selected H41–H47 beams using the MCP. The spatial
distribution of those harmonics is shown in the Fig. 4.19c (thick curve). Here also
shown the spatial distribution of the same harmonics generated from the extended
imperforated silver plasma (thin curve) and the spatial distribution of 802 nm
radiation on the plane of MCP (dotted curve). The homogeneous 9.2 nm emission
of the lanthanum plasma is also presented for comparison. These studies of the
spatial shapes of harmonics at different conditions of generation showed that the
QPM-enhanced harmonics in the 17–19 nm range possess smallest divergence. This
divergence was 11 times lower than the one of the driving radiation, thus showing
the excellent properties of this coherent XUV radiation for the tight focusing.

To further prove the role of QPM in the observed peculiarities of harmonic
spectra the intensity (IH) of harmonics was investigated as a function of the number
of plasma jets. This experiment was aimed to confirm the involvement of the
coherent accumulation of harmonic yield along the whole length of divided non-
linear optical medium and to find the limitations of this approach. The heating
zones on the target surface were shielded step-by-step to create different number of
plasma jets (from single-jet to eight-jet formations). Figure 4.20a shows the results
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of these measurements carried out using similar fluence of the heating pulse on the
target surface. Note the equal Y axes of those spectra, which allow to directly
compare the variations of the spectral shape of harmonic distribution using different
contributing zones and to demonstrate the growth of QPM-enhanced harmonics
during the addition of plasma jets.

The anticipated featureless shape of harmonic spectrum from the single
0.3-mm-long plasma jet was similar to that observed in the case of 5-mm-long
plasma (compare the upper and bottom panels of Fig. 4.20a). With the addition of
each next jet, starting from the three-jet structure, the spectral envelope has been
drastically changed, with the 43rd harmonic intensity in the case of three-jet con-
figuration becoming almost 8 times higher compared with the case of single-jet

(a) (b)

(c)

Fig. 4.19 a Spatial distributions of the 39th–45th harmonics in the case of linearly polarized
driving beam (thick curve) and of the plasma emission in the case of circularly polarized driving
beam (thin curve). Left inset raw image of the harmonic beam obtained in the case of linearly
polarized driving pulse. Right inset raw image of XUV emission in the case of circularly polarized
driving pulse. b Harmonic spectrum generated in the multi-jet silver plasma in the range of 16–
24 nm (thin curve) and part of the same spectrum after propagation through the Ti thin film filter
(thick curve). Dotted curve shows the transmittance of Ti filter. c Shapes of H43–H47 in the cases
of harmonic generation in the multi-jet plasma (thick curve) and in the extended imperforated
plasma (thin curve). Dotted curve shows the shape of driving beam on the MCP plane. Here also
shown the homogeneous distribution of the 9.2 nm emission obtained from the lanthanum plasma
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plasma. As it was mentioned earlier, one can anticipate the n2 growth of harmonic
yield for the n-jet configuration compared with the single jet once the phase mis-
match becomes suppressed, which gives the expected growth factor of 9 in the case
of three-jet medium. While this rule was, to some extent, maintained for the
QPM-enhanced harmonics, the IH ∝ n2 dependence was not fulfilled, as expected,
for the lower-order harmonics (see also Sect. 4.1).

Note that the maximum enhancement factor in the QPM region may deviate
from the IH ∝ n2 dependence at the conditions when absorption processes are turned
on, or in the case of unequal properties of the jets, which can arise from the
heterogeneous excitation of the extended target. Another reason of the deviation
from the quadratic rule could be the influence of the driving pulse on the variation
of phase relations in the case of a larger amount of contributing zones. These
assumptions were proved by further addition of jets. The fourth jet still allowed the
observation of significant enhancement, while other jets (from jet No. 5 to jet No. 8)
did not contribute properly and did not allow the anticipated 64-fold enhancement
of the harmonic yield for the phase-matched orders compared with the case of
single jet. Moreover, one can see that the qqpm was slightly tuned towards the longer
wavelength range (from H43 to H39) in the case of larger amount of jets. Some

(a)
(b)

Fig. 4.20 a Harmonic spectra generated in the multi-jet silver plasma using different number of
jets. Bottom panel shows the harmonic emission generated in the extended imperforated plasma.
b Observed and anticipated enhancements of the 39th harmonic with the growth of the number of
plasma jets. Dashed line corresponds to the slope 2
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broadening of the envelope of QPM-enhanced harmonics was observed with the
growth of the number of contributing zones, which also points out a decrease of
selectivity induced by above-mentioned reasons. Figure 4.20b summarizes the
observed and expected enhancements of the 39th harmonic with the growth of the
number of contributing plasma jets. The experimentally obtained enhancement of
this QPM harmonic falls short compared to the expected slope of two for this
dependence.

4.6 Concluding Comments

We have discussed the new approach in plasma HHG allowing the enhancement of
a group of harmonics through the involvement of the macroprocesses. The method
of QPM of the high-order harmonics generating in the multiple plasma jets pro-
duced on the surfaces of perforated silver, vanadium, and manganese targets was
demonstrated for the first time. The 20× and 30× enhancement factors of QPM
harmonics in the cases of silver and vanadium plasmas were achieved. This tech-
nique allowed the manipulation of the phases of interacting waves in the
laser-produced plasmas and the enhancement of a group of harmonics in different
spectral ranges.

We have also presented the analysis of the harmonic generation in the long
(*5 mm) plasma plumes divided onto a set of small jets using the modulation of
the heating beam on the target surface. We have shown both the QPM induced
enhancement of some groups of harmonics along the plateau range and the tuning
of maximally enhanced harmonic order at different regimes of multi-jet plasma
formation. The tuning of QPM enhanced harmonics was accomplished by changing
the sizes of multiple plasma jets. The enhancement factors for the QPM enhanced
harmonics up to 40× were achieved in some multi-jet plasmas. We have shown the
potential of the proposed plasma harmonic QPM approach for the express analysis
of the plasma characteristics.

Further, we have analyzed the QPM induced variations of harmonic spectra in
the case of the two-color pump of perforated plasma formations. This effect was
observed in the Ag and Cr plasmas. In the latter case the joint influence of QPM and
resonance enhancement allowed observation of harmonic selection caused by the
former process rather than the resonance-induced microprocess. The enhancement
factor for the 33rd harmonic generated using single-color pump in the multi-jet
configuration, compared with the line silver plasma of the equivalent length,
was *13. In the case of two-color pump, the enhancement factor of 28th harmonic
was *25 in the five-jet configuration compared with the same harmonic generating
in the extended silver plasma. We have analyzed two cases of second harmonic
sources using thinner (0.3 mm) and thicker (0.5 mm) BBO crystals; however, the
difference between them was not explicitly seen as compared with longer BBO
crystals. The application of thinner crystal was advantageous from the point of view
of lesser delay between the pump pulses in the plasma area thus allowing the
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achievement of the favorable conditions for the formation of the group of enhanced
harmonics.

Finally, we have discussed the influence of driving and heating pulse energies on
the enhancement of QPM harmonics, analyzed the spatial characteristics of a few
harmonics in the region below 20 nm produced in the extended imperforated and
multi-jet plasmas, showed the fine tuning of those enhanced harmonics by tilting
the multi-slit mask placed in front of the Ag and Mn targets, analyzed the
enhancement factors of harmonics in different spectral ranges, demonstrated the
small divergence of QPM-enhanced harmonics compared with larger divergence
and modulated shape of the “ordinary” harmonics generated in the extended
plasmas, etc.

Overall, the use of single-color pump has shown more explicitly formed group
of enhanced harmonics compared with the case of two-color pump. This result can
be explained by more sophisticated conditions of HHG in the presence of second
wave, insufficient phase matching, and difference in the characteristics of funda-
mental and second harmonic radiation.

References

1. J. Seres, V.S. Yakovlev, E. Seres, C.H. Streli, P. Wobrauschek, C.H. Spielmann, F. Krausz,
Nature Phys. 3, 878 (2007)

2. A. Pirri, C. Corsi, M. Bellini, Phys. Rev. A 78, 011801 (2008)
3. V. Tosa, V.S. Yakovlev, F. Krausz, New J. Phys. 10, 025016 (2008)
4. T. Fok, Ł. Węgrzyński, M. Kozlova, J. Nejdl, P.W. Wachulak, R. Jarocki, A. Bartnik,

H. Fiedorovicz, Photonics Lett. Poland 6, 14 (2014)
5. A.H. Sheinfux, Z. Henis, M. Levin, A. Zigler, Appl. Phys. Lett. 98, 141110 (2011)
6. I.J. Kim, C.M. Kim, H.T. Kim, G.H. Lee, Y.S. Lee, J.Y. Park, D.J. Cho, C.H. Nam, Phys.

Rev. Lett. 94, 243901 (2005)
7. T. Pfeifer, L. Gallmann, M.J. Abel, D.M. Neumark, S.R. Leone, Opt. Lett. 31, 975 (2006)
8. I.J. Kim, G.H. Lee, S.B. Park, Y.S. Lee, T.K. Kim, C.H. Nam, T. Mocek, K. Jakubczak, Appl.

Phys. Lett. 92, 021125 (2008)
9. E. Cormier, M. Lewenstein, Eur. Phys. J. D 12, 227 (2000)
10. R.A. Ganeev, C. Hutchison, A. Zaïr, T. Witting, F. Frank, W.A. Okell, J.W.G. Tisch,

J.P. Marangos, Opt. Exp. 20, 90 (2012)
11. R.A. Ganeev, T. Witting, C. Hutchison, V.V. Strelkov, F. Frank, M. Castillejo,

I. Lopez-Quintas, Z. Abdelrahman, J.W.G. Tisch, J.P. Marangos, Phys. Rev. A 88, 033838
(2013)

12. K.J. Schafer, B. Yang, L.F. DiMauro, K.C. Kulander, Phys. Rev. Lett. 70, 1599 (1993)
13. P.B. Corkum, Phys. Rev. Lett. 71, 1994 (1993)
14. M. Lewenstein, P. Balcou, M.Y. Ivanov, A. L’Huillier, P. Corkum, Phys. Rev. A 49, 2117

(1994)
15. R.A. Ganeev, High-Order Harmonic Generation in Laser Plasma Plumes (Imperial College

Press, London, 2012)
16. R.A. Ganeev, M. Suzuki, H. Kuroda, JETP Lett. 99, 368 (2014)
17. T. Auguste, B. Carré, P. Salières, Phys. Rev. A 76, 011802 (2007)
18. X. Zhang, A.L. Lytle, T. Popmintchev, X. Zhou, H.C. Kaptayn, M.M. Murnane, O. Cohen,

Nature Phys. 3, 270 (2007)

4.6 Concluding Comments 117



19. R.A. Ganeev, M. Baba, M. Suzuki, H. Kuroda, Phys. Lett. A 339, 103 (2005)
20. A.V. Andreev, R.A. Ganeev, H. Kuroda, S.Y. Stremoukhov, O.A. Shoutova, Eur. Phys. J. D

67, 22 (2013)
21. K. O’Keeffe, T. Robinson, S.M. Hooker, Opt. Exp. 20, 6236 (2012)
22. A.L. Lytle, X. Zhang, R.L. Sandberg, O. Cohen, H.C. Kapteyn, M.M. Murnane, Opt. Exp. 16,

6544 (2008)
23. R.A. Ganeev, L.B. Elouga Bom, J.-C. Kieffer, T. Ozaki, Phys. Rev. A 76, 023831 (2007)
24. L. B. Elouga Bom, J.-C. Kieffer, R.A. Ganeev, M. Suzuki, H. Kuroda, T. Ozaki, Phys. Rev.

A 75, 033804 (2007)
25. R.A. Ganeev, H. Singhal, P.A. Naik, U. Chakravarty, V. Arora, J.A. Chakera, R.A. Khan, M.

Raghuramaiah, S.R. Kumbhare, R.P. Kushwaha, P.D. Gupta, Appl. Phys. B 87, 243 (2007)
26. T. Ozaki, L.B. Elouga Bom, R. Ganeev, J.-C. Kieffer, M. Suzuki, H. Kuroda, Laser

Part. Beams 25, 321 (2007)
27. R.A. Ganeev, M. Suzuki, P.V. Redkin, H. Kuroda, J. Nonlin. Opt. Phys. Mater. 23, 1450013

(2014)
28. C. Kan, N.H. Burnett, C. Capjack, R. Rankin, Phys. Rev. Lett. 79, 2971 (1997)
29. R.A. Ganeev, M. Suzuki, H. Kuroda, Phys. Rev. A 89, 033821 (2014)
30. R.A. Ganeev, M. Suzuki, H. Kuroda, J. Phys. B: At. Mol. Opt. Phys. 47, 105401 (2014)
31. R.A. Ganeev, M. Suzuki, M. Baba, H. Kuroda, Appl. Phys. Lett. 86, 131116 (2005)
32. R.A. Ganeev, M. Suzuki, S. Yoneya, H. Kuroda, Laser Phys. 24, 115405 (2014)
33. J. Stadler, R. Mikulla, H.-R. Trebin, Int. J. Mod. Phys. 8, 1131 (1997)
34. R.A. Ganeev, C. Hutchison, T. Witting, F. Frank, W.A. Okell, A. Zaïr, S. Weber, P.V. Redkin,

D.Y. Lei, T. Roschuk, S.A. Maier, I. López-Quintás, M. Martín, M. Castillejo, J.W.G. Tisch,
J.P. Marangos, J. Phys. B: At. Mol. Opt. Phys. 45, 165402 (2012)

35. A. Castro, H. Appel, M. Oliveira, C.A. Rozzi, X. Andrade, F. Lorenzen, M.A.L. Marques,
E.K.U. Gross, A. Rubio, Phys. Stat. Sol. (b) 243, 2465 (2006)

36. N. Kortsalioudakis, M. Tatarakis, N. Vakakis, S.D. Moustaizis, M. Franco, B. Prade,
A. Mysyrowicz, N.A. Papadogiannis, A. Couairon, S. Tzortzakis, Appl. Phys. B 80, 211
(2005)

37. A. Paul, R.A. Bartels, R. Tobey, H. Green, S. Weiman, I.P. Christov, M.M. Murnane,
H.C. Kapteyn, S. Backus, Nature 421, 51 (2003)

38. L. Zheng, X. Chen, S. Tang, R. Li, Opt. Exp. 15, 17985 (2007)
39. R.A. Ganeev, V. Tosa, K. Kovács, M. Suzuki, S. Yoneya, H. Kuroda, Phys. Rev. A 91,

043823 (2015)

118 4 Quasi-Phase-Matching of Harmonics in Laser-Produced Plasmas



Chapter 5
Peculiarities of the HHG in the Extended
Plasmas Produced on the Surfaces
of Different Materials

The metals were among mostly used targets for laser ablation and HHG, while only
in a few cases the crystals and semiconductor compounds being studied using this
approach. In the meantime, the non-metal species could be the attractive media
being ablated for harmonic generation. In this chapter, we discuss recent HHG
studies in the extended plasma plumes produced on the surfaces of various
non-metal materials (elemental semiconductors, oxygen- and fluorine-contained
crystals, and carbon-contained clusters). We acquaint the reader with the attractive
properties of those plasmas. We analyze the optimization of HHG in the extended
plasma plumes using different approaches.

The application of various materials for high-order harmonic generation in the
extreme ultraviolet region during propagation of the femtosecond pulses through
the laser plasmas produced on the surfaces of those species may reveal the attractive
features related with the specific properties of the elemental components of mate-
rials. This approach in the studies of the nonlinear optical properties of metal-based
plasmas has been developed in the 1990s [1–6] and currently is applied for the
analysis of the characteristics of various solids [7]. The metals were among mostly
used targets for laser ablation and HHG [8–11], while only in a few cases the
crystals (such as LiF [6]) and semiconductor compounds (such as GaAs and InSb
[12, 13]) were studied using this approach.

In the meantime, the non-metal species could be the attractive media being
ablated for harmonic generation. Particularly, laser ablation induced HHG spec-
troscopy of semiconductors can reveal the resonance-induced enhancement of some
harmonic orders in the XUV as well as the cluster-induced growth of harmonic
yield. The latter assumption has been demonstrated in [14] where third and fifth
harmonic generation of an IR (1064 nm) pulsed laser has been studied in ablation
plasmas of the wide bandgap compounds CdS and ZnS. The study of the temporal
behavior of the harmonic emission has revealed the presence of distinct composi-
tional populations in these complex plasmas. Species ranging from atoms to
nanometer-sized particles have been identified as emitters, and their nonlinear
optical properties were studied separately due to strongly differing temporal
behavior. It was found that, at short distances from the target, atomic species are
mostly responsible for harmonic generation at early times from the beginning of
ablation (<500 ns), while clusters mostly contribute at longer times (>1 μs).
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Harmonic generation thus emerges as a powerful and universal technique for
ablation plasma diagnosis and as a tool to determine the nonlinear optical sus-
ceptibility of ejected semiconductor clusters or nanoparticles.

Such plasmas may contain ions with the transitions near the wavelengths of
those harmonics. Thus, the resonance-induced growth of single harmonic could be
realized in the plasma particles produced during laser ablation of semiconductors.
Other methods of harmonic enhancement from the plasmas include the application
of extended media and two-color pump. Most of previous HHG studies were
carried out using the narrow plasmas (L ≤ 0.5 mm). In the meantime, recent studies
have revealed the usefulness of the application of the longer plasma media for
efficient harmonic generation [15]. One has to maintain the extended plasma for-
mation at the conditions when the length of nonlinear optical medium does not
exceed the coherence length of harmonics. To resolve the phase mismatch problem
one can use the quasi-phase-matching of harmonics by division of extended
medium onto the group of separated plasma jets.

Crystals restrict high-order harmonic generation of ultrafast laser pulses due to
the strong absorption beyond the bandgap edge. Even using a long-wavelength
laser radiation, only limited harmonic orders are expected to be generated without
the strong absorption inside the solids. In the strong-field limit, harmonic generation
in bulk crystals is fundamentally different from that in the atomic case owing to the
high density and periodic structure. The first observation of HHG in a bulk crys-
talline solid using a long-wavelength few-cycle laser was reported in [16]. The
harmonics spectra were extended beyond the band edge of the ZnO crystal, showed
a clear nonperturbative character, and exhibited a cutoff that scales linearly with the
electric field of the driving laser. It was shown that the efficiency is limited by phase
velocity mismatch for emission below the bandgap and by absorption above the
bandgap of solids. Thus the limitation based on the absorption of short-wavelength
light above the bandgap edge of solids becomes a main restricting factor in the
HHG studies in crystals. To overcome this problem, one has to considerably reduce
the concentration of the medium, particularly using a laser ablation technique. The
only study of the ablation of dielectric crystal (LiF) and HHG in plasma has been
reported almost 20 years ago [6] with the maximal 19th harmonic generated using a
248 nm laser.

Various approaches have been proposed to increase the conversion efficiency (η)
of the HHG of laser radiation in the extreme ultraviolet. One of approaches is the
application of the QPM conditions using the gas multi-jets or modulated waveg-
uides and counter propagating beams. Another strategy to improve η is the con-
sideration of the microscopic processes related with the response of single atoms or
ions. The involvement of the resonance processes in the enhancement of the
nonlinear optical response of the gaseous medium has been analyzed in [17–22].
However, the limited number of gaseous media did not allow the practical appli-
cation of this effect for the HHG in the XUV. Alternatively, it was found that the
laser plasmas could be considered as the suitable media, where the resonances can
enhance the nonlinear optical response for a single harmonic [23].
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The additional method that has also been explored to increase the η of HHG is
the use of clusters as the nonlinear media. The harmonic enhancement using the
gaseous clusters was reported in [24–26]. The increase of η was attributed to the
growth of the concentration of emitters and the specific properties of clusters.
The cross-section of recombination of the accelerated electron with the parent
particle in the case of clusters is higher compared with the atoms [27]. In the
meantime, the uncertainty in the exact mechanism of the HHG from clusters has
previously been underlined in a few studies [27–29]. Among additional mecha-
nisms, the ionization and recombination to the same ion, to the neighboring ions,
and to the whole nanoparticle have been proposed. The experiments with gas
clusters have revealed some difficulties in disentangling the harmonics produced by
different species (monomers and clusters of different sizes). One has to note that the
comparative studies of HHG in the plasmas consisted of clusters and monomers
showed that, at equal experimental conditions, the latter emitters provide consid-
erably weaker harmonic yield, thus pointing out the advanced properties of the
clustered emitters of harmonics in the nanoparticle-contained plasmas [23].
Recently, it became possible to generate the laser plasma containing a large amount
of nanoparticles. The enhancement of harmonics in the metal nanoparticle plasmas
has been achieved in various laboratories [30–33].

In the meantime, the plasmas formed on the surfaces of non-metal bulk targets
(such as graphite and carbon-contained materials) have demonstrated the relatively
high η for the lower-order harmonics compared with the harmonics generated in the
gases. The stronger harmonics from the graphite plasma compared with the argon
gas were reported in [34, 35]. It was assumed that the laser ablation induced
nanoparticle formation led to the enhancement of harmonic radiation from the
graphite plasma. In this connection, the laser ablation of carbon-contained clusters
has been intensively examined to define the optimal conditions of HHG in the cases
of fullerenes [36, 37]. These studies point out the opportunity in formation of the
clustered plasma in the case of ablation of the non-metal targets.

In this chapter, we discuss recent HHG studies in the extended plasma plumes
produced on the surfaces of various non-metal materials (elemental semiconductors,
oxygen- and fluorine-contained crystals, and carbon-contained clusters). We
acquaint the reader with the attractive properties of those plasmas. We analyze the
optimization of HHG in the extended plasma plumes using different approaches.

5.1 Harmonic Generation in the Plasmas Produced
on the 5-mm-Long Crystal Surfaces

The experimental arrangements were similar for these three sets of the high-order
nonlinear optical studies of crystal-, semiconductor-, and carbon cluster-base
extended plasma plumes. In this section, we discuss the HHG in the plasmas
produced on the crystals. The scheme was almost identical to the one described in
Chap. 3. The uncompressed radiation of a Ti:sapphire laser (central wavelength
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802 nm, pulse duration 370 ps, pulse energy up to Ehp = 6 mJ, 10 Hz pulse
repetition rate) was used for the extended plasma formation on the 5-mm-long
targets. The plasma sizes were 5 mm × 0.08 mm. The driving compressed pulse (the
energy up to Edp = 3 mJ and 64 fs pulse duration) was used, after 35 ns delay from
the beginning of ablation, for harmonic generation in the long plasma plume. The
plasma and harmonic emissions were analyzed using the XUV spectrometer (see
Sect. 3.1 describing the details of registration of the short-wavelength radiation).
The use of the unpolished surfaces of crystals allowed the decrease of the threshold
of optical damage and the increase of the absorption of the heating pulses, thus
allowing the formation of plasma above the target surfaces using moderate fluences
of the heating pulses (≤1 J cm−2). The sizes of crystals where the ablation occurred
were 5 mm.

Two groups of crystals were analyzed based on the common elements presented in
the group, F-containing crystals (NaF, CaF2, LiF, and MgF2) and O-containing
crystals (KTiOPO4, BaB2O4, KH2PO4, and LiB3O5). Below, we discuss the results of
plasma and harmonic studies from the ablations of these two groups of targets [38].

The laser ablation of those crystals was studied in a number of works [39–50].
Particularly, ablation of CaF2, BaF2, LiF, and MgF2 subjected to single-shot irra-
diation with 248 nm/14 ns laser pulses has been investigated in [46]. The
appearance of damage followed with the formation of the plasma containing
fluorine ions during the next shots on the same place. In [50], the ion emission
characteristics were investigated using CaF2 crystals. The emission of F− ions was
confirmed by using a mass spectrometer. The analysis of laser ablation of CaF2
[39, 41, 47] has shown that the plasma constitutes Ca, F, and CaF atoms, ions, and
molecules.

Note that those and other ablation studies were not aimed in the formation of the
so called “optimal plasma” suitable for HHG, in which the components of the
medium may differ from the plasma produced during strong ablation of the targets.
The analysis of the plasma emission spectra of NaF, CaF2, MgF2, and LiF have
demonstrated a similarity in the spectra emitted from the optimal plasma. One has
to take into account that the plasma formation at these conditions was similar to
those used for the most efficient HHG in the crystal plasmas. It means that the
conditions of plasma formation in this case were other than those analyzed in
previous studies of laser ablation of the crystal species. In the latter cases, the
formation of a large amount of free electrons, which is the main factor leading to
some impeding processes restricting HHG, was not taken into account.

Figure 5.1 shows the plasma spectra in the XUV range obtained at the “optimal
ablation” of these four crystals. This term refers to the conditions of ablation
corresponding to the most efficient harmonic generation from those plasma plumes.
These spectra were obtained during ablation of the crystals by the 370 ps radiation,
without the propagation of the femtosecond pulses through the plasma plume. Each
of these spectra was produced using two fluences of the heating pulse (0.3 and
0.7 J cm−2), both leading to formation of the plasma suitable for the harmonic
generation during propagation of the 64 fs pulses. One can see the similarity of
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most spectral lines, which were assigned to the transitions of F II. Some other
strong lines from these plasmas were attributed to the Na and Li singly charged
ions.

The common feature of all plasma spectra from these ablated crystals was the
presence of strong emission lines at 40.7, 43.1, 43.5, 47.2, 48.4, 51.5, 54.6, and
60.7 nm, which are the transitions of singly charged fluorine [51]. The similarity in
the plasma spectra from the ablation of NaF, CaF2, MgF2, and LiF crystals points
out the involvement of similar species in the formation of harmonic spectra. The
presence of plasma emission was observed alongside the harmonic generation
during propagation of ultrashort laser pulses through these plasmas (Fig. 5.2a). The
harmonic cut-offs from these plasmas were approximately similar to each other
(59th, 55th, 57th, and 55th harmonics in the cases of NaF, CaF2, MgF2, and LiF
plasmas, respectively). These observations allow suggesting the involvement of the
same component of those plasmas in the generation of higher-order harmonics.
Moreover, the appearance of strong ionic lines of F also points out on the role of
singly charged fluorine ions as the emitters of harmonics in the short-wavelength
range.

(a) (b)

(c) (d)

Fig. 5.1 Plasma emission spectra of the ablated F-containing crystals (a NaF; b CaF2; c LiF;
dMgF2) at 0.3 (filled blue curves) and 0.7 J cm

−2 (thick red curves) fluences of heating pulses. The
latter curves are shifted vertically for better visibility. Reproduced from [38] with permission from
Optical Society of America

5.1 Harmonic Generation in the Plasmas Produced … 123



The HHG was optimized by different means, particularly using different delays
between pulses, target excitation, plasma density, and so forth. The common feature
of the observed spectra was the generation of harmonics in the range of 50s orders
(Fig. 5.2b, c). Most efficient HHG was observed in the case of the ablation of CaF2
crystal. A few emission lines offluorinewere also presented in these spectra alongside
the harmonic emission. The harmonic cut-offs were well suited with the estimates
based on the three-step model of HHG [52–54], barrier suppression intensity for
singly ionized fluorine, and second ionization potential of fluorine (32.5 eV).

One should not rule out the involvement of the NaF, CaF2, MgF2, and LiF
molecules in the process of harmonic generation. However, the first ionization
potentials of these neutral molecules point out that they can be involved only in the
lower-order harmonic generation. The ionization potentials of NaF, LiF, CaF2, and
MgF2 are 9.8, 10.0, 8.7, and 7.8 eV, respectively. The corresponding cut-offs from
these molecules do not exceed the 30 s harmonics. So the assumption of the
involvement of the above molecules could be true for the lower-order harmonics,
while in the case of generation of higher-order harmonics the role of singly charged
ions of fluorine could be decisive.

(a) (b)

(c)

Fig. 5.2 a Low- and b, c high-order harmonic spectra obtained during propagation of the
femtosecond pulses through the plasmas produced on the surfaces of F-containing crystals. The
curve of plasma spectrum from CaF2 ablation is vertically shifted for better visibility. Reproduced
from [38] with permission from Optical Society of America
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All O-containing samples (KTiOPO4, BaB2O4, KH2PO4, and LiB3O5) are
dubbed as the nonlinear crystals (correspondingly, KTP, BBO, KDP, and LBO).
Investigation of the plasma parameters can give information about the plasma
components of the above crystals. In the discussed studies, the goal was to analyze
the high-order nonlinear optical properties of the ablated particles of these nonlinear
optical crystals. Similarly to F-containing species, the ablation of O-containing
crystals was analyzed using different fluences of heating pulses. Thin curves in
Fig. 5.3 show the incoherent emission spectra from four crystals during ablation of
their surfaces at the 0.9 J cm−2 fluence of a 370 ps pulse. The coincidence of most
spectral lines observed during ablation of these crystals points out the involvement
of the same emitter in these cases. These plasma emission lines were mostly
attributed to the singly ionized oxygen. One can assume that, similarly to
F-containing crystals, the presence of O II in the plasmas can cause similar har-
monic spectra.

In the meantime, the harmonic spectra from the ablation of the O-containing
crystals at the optimal fluence (0.6 J cm−2) have demonstrated a difference in the
highest generated harmonic orders. The harmonic cut-offs were varied between the

(a) (b)

(c) (d)

Fig. 5.3 Plasma emission spectra of the ablated O-containing crystals at 0.9 J cm−2 fluence (thin
curves). Harmonic spectra obtained during propagation of the femtosecond pulses through the
plasmas produced on the surfaces of O-containing crystals at a fluence of 0.6 J cm−2 (thick curves).
The thick curves are vertically shifted for better visibility. Reproduced from [38] with permission
from Optical Society of America
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27th (in the case of LBO) and 39th (in the case of KTP) orders (Fig. 5.3, thick
curves). The analysis of harmonic cut-offs from the singly ionized oxygen using the
three-step model formula showed the harmonic generation up to the 41st order at
the conditions when the restricting processes in the plasmas play an insignificant
role. The intensity of harmonics was weaker compared with the case of
F-containing crystals. In some cases, the strong ionic transitions coincided with the
harmonics (see the coincidence of the 13th harmonic, λ = 61.69 nm, and 2s2p4(3P)
3s2P3∕2 – 2s22p32D5∕2 transition of the O II, λ = 61.63 nm, as well as of the 15th
harmonic, λ = 53.47 nm, and 2s2p42P1∕2 – 2s22p32D3∕2 transition of the O II,
λ = 53.78 nm [51]). This coincidence did not change the 13th and 15th harmonic
yields, thus pointing out the insignificant influence of those transitions on the
nonlinear optical micro- and macro-processes in the plasma medium.

The analysis of the observed plasma and harmonic emission from the ablation of
crystals also included the studies of various factors influencing the HHG in those
plasma media. Among the most important factors of this process are the length of
plasma, delay between heating and driving pulses, heating pulse energy and flu-
ence, and distance between the crystal and propagating femtosecond pulse.

These studies were carried out using the extended plasma plumes (L = 5 mm),
contrary to most previous studies of plasma harmonics in which the narrow plasmas
(L ≤ 0.5 mm) were used as the nonlinear media. One can estimate the beginning of
the restricting factors by analyzing the harmonic intensity dependence IH(L), which
should follow the quadratic rule until the phase mismatch and absorption start to
play a significant role. The studies of crystal ablation showed a weak increase and
further decrease of the conversion efficiency of plasma harmonics in the case of the
growth of plasma length, probably due to absorption and/or phase mismatch. Note
that in most cases of the ablation of metal targets the application of extended plasma
allowed a significant enhancement of harmonic yield compared with the
short-length plasma [15] (see also Chap. 3).

The delay between heating and driving pulses (Δt) is crucial for optimization of
the harmonic generation in the plasma plumes. At the initial stages of plasma
formation and spreading out of the crystal surface, the concentration of particles
(atoms, molecules, and singly charged ions) is insufficient, since the particles
possessing *8 × 103 m s−1 velocities cannot reach the optical axis of propagation
of the driving beam (150 μm above the target surface) during a few nanoseconds.
The increase of delay allowed the appearance of plasma particles along the path of
the driving pulse, which led to the growth of harmonic yield from crystal plasma.
Further growth of delay led to the saturation of harmonic generation at 30 ns and
the gradual decrease of IH(Δt) dependence at longer delays (Δt > 70 ns).

The growth of heating pulse energy on the crystal surface increased the plasma
concentration, which in turn led to the growth of harmonic yield. In this connection,
a fluence of the heating pulse on the crystal surface becomes an important
parameter for optimization of the high-order harmonic emission. The dependences
of the harmonic intensity on the energy of heating pulses on the surface of crystals
were analyzed, while maintaining the same geometry of the extended ablation beam
on the targets. The common feature of these measurements was an observation of
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the maximum of the IH(Ehp) dependence (at Ehp ≈ 4 mJ) with the following satu-
ration and a decrease of harmonic yield during ablation of the crystals using
stronger heating pulses. The reason for these observations is related with the
abundance of free electrons in the extended plasma plume. As it was already
mentioned, a large amount of free electrons leads to the phase mismatch between
driving and harmonic waves.

The influence of the distance between the crystals and the optical axis of
propagation of the driving radiation was studied at a fixed delay between pulses
(35 ns). This distance (d) was varied by a manipulator, which controlled the
position of the crystals with regard to the waist of the driving femtosecond radia-
tion. An abrupt decrease of harmonic yield was observed during the growth of
d corresponding to the IH ∝ 1∕d1.5 dependence.

The analysis of above dependences allowed maximizing the harmonic yield from
the crystal-ablated plasmas. The conversion efficiency of the 15th harmonic gener-
ating from the ablation of an F-containing crystal (CaF2) was estimated to be 3 × 10−6.
The corresponding flux of 15th harmonic radiation was 2 × 109 photons per pulse.

5.2 Application of the Laser Plasmas Produced
on the Extended Surfaces of Elemental
Semiconductors

Below, we discuss the harmonic generation in other non-metal based plasma
medium, elemental semiconductor ablation [55]. The experimental setup was
similar to the one described in previous section. Here we describe the ablation of
5-mm-long tellurium, selenium, silicon, arsenic, antimony, and germanium targets.
The analysis of IH(Δt), IH(Ehp), IH(L), and IH(d) dependences allowed maximizing
the harmonic yield from the plasmas produced on the surfaces of semiconductors.
Different methods were applied for enhancement of the coherent XUV radiation
generated in the semiconductor plasmas. Particularly, the presence of strong ionic
lines was studied in the vicinity of some harmonics, alongside with the enhance-
ment of those harmonics, contrary to the case of crystal ablation. Some of these
results will be discussed below. During discussion of these results we present the
studies of the resonance-induced growth of single harmonics at the optimal con-
ditions of experiments. The term “optimal conditions”, as in above-described
studies, refers to the experimentally defined maximal output of harmonics based on
the analysis of above dependences. In the case of most semiconductor targets, the
following parameters were used for achieving the maximal harmonic yield, the
efficient resonance enhancement, and two-color pump induced odd and even har-
monic generation in the extended plasmas: 35 ns delay between the heating and
driving pulses, propagation of the driving pulse 100 μm above the target surface,
0.8 J cm−2 fluence of the heating pulse, 8 × 1014 W cm−2 intensity of the focused
driving radiation, and 0.3-mm-long BBO crystal for the two-color pump.
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Figure 5.4 shows the harmonic spectra obtained from the plasmas produced on
the germanium, tellurium, and antimony targets. The Ge, Te, and Sb plasmas
showed the enhanced 21st, 27th, and 21st harmonics, respectively, with the
enhancement factors of 2×–3.5× compared with the neighboring lower-order har-
monics. Though the data about the ionic transitions involved in the enhancement of
these harmonics are scarce, some conclusions could be drawn from the studies
reported in [56–60].

The enhancement factor for the 21st harmonic generated in the 5-mm-long
antimony plasma (2×) was smaller compared with the case of narrower plasma
plume. Previous studies of the 3-mm-long Sb plasma showed the 10× growth of the
21st harmonic of 795 nm radiation compared with the 19th and 23rd orders [61].
The difference in the enhancement factors could be related with the use of different
wavelengths of driving radiation (802 and 795 nm), which led to better conditions
of enhancement in the latter case.

The strong Sb II transitions (4d105s25p3P2 – 4d95s25p3(2D)3D3 and 4d105s25p1

D2 – 4d95s25p3(2D)3F3) at the wavelengths of 37.82 and 37.55 nm could be
responsible for the observed enhancement. The XUV spectra of antimony plasma

(a)

(c)

(b)

Fig. 5.4 Harmonic spectra obtained from the a Ge, b Te, and c Sb plasmas. These plasmas were
produced using the 4 mJ, 370 ps pulses. The intensity of driving pulses was 8 × 1014 W cm−2.
Reproduced with permission from [55]. Copyright 2014. AIP Publishing LLC
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have been analyzed in [56]. The oscillator strengths of 4d105s25p3P2 – 4d95s25p3

(2D)3D3 and 4d105s25p1D2 – 4d95s25p3(2D)3F3 transitions have been calculated to
be 1.36 and 1.63, respectively, which were a few times larger than those of the
neighboring transitions. The wavelength of 21st harmonic in discussed experiments
(38.19 nm) was farther from above resonance transitions compared with the case of
the 21st harmonic of 795 nm radiation (37.85 nm). This difference may lead to
lesser influence of the resonance transitions on the nonlinear optical response of Sb
plasma in the case of 802 nm pulses. The measurements of the 21st harmonic yield
at different wavelengths of driving radiation, which were reported in [61], confirm
the above assumption.

Discrete structures of plasma emission due to 4d → 5p transitions of Te I–Te IV
ions have previously been observed in the 37–45 eV range using the dual laser
plasma technique [59]. The appearance of some ionic transitions in the region of
*42 eV, which correspond to the enhanced 27th harmonic generating in the tel-
lurium plasma, has been shown in the theoretical calculations presented in [57],
while their experimental data were reported only for the photon energies above
50 eV. It is not clear whether those transitions enhance the nonlinear optical
response of tellurium plasma during propagation of the 802 nm pulses. The
observations of enhanced 27th and neighboring even harmonics using both
single-color and two-color pumps point out the influence of the group of transitions,
rather than the single one, on the harmonic yield in the 29–32 nm spectral range.

Figure 5.5 shows the harmonic spectrum obtained from the selenium plasma.
The enhancement factor of the single (35th) harmonic generated in the selenium
plasma was considerably larger compared with the resonance enhancement in the
Ge, Sb, and Te plasmas. It was twelve times stronger compared with the neigh-
boring harmonics. This resonance-enhanced single harmonic has a shortest wave-
length reported so far (λ35H = 22.91 nm). The HHG experiments with circularly
polarized femtosecond pulses did not reveal the strong emission in this spectral
region.

Fig. 5.5 Harmonic spectrum
obtained from the Se plasma.
This plasma was produced
using the 4 mJ, 370 ps pulses.
The intensity of driving pulses
was 8 × 1014 W cm−2.
Reproduced with permission
from [55]. Copyright 2014.
AIP Publishing LLC
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The doubly ionized selenium atom has the ground configuration 4s24p2 and the
excited configurations 4s4p3, 4s24pnd (n > 4), and 4s24pns (n > 5). The studies of
doubly charged Se were reported in [62] with the shortest wavelength of 40 nm.
The photoionization cross-section measurements for the Se II were reported in [60].
The photon energy studied in those experiments was ranged between 18.0 and
31.0 eV. However, they also reported the strong third-order line corresponded to the
54.62 eV energy without the deliberation of the origin of this transition. Note that
this transition is close to the enhanced 35th harmonic (hν = 54.11 eV).

The studies of high-order nonlinear processes through exploitation of interme-
diate resonances show that the proximity of the wavelengths of specific harmonic
orders and the strong emission lines of ions does not necessarily led to the growth
of the yield of single harmonics. The response of the medium during propagation of
intense pulse includes the resonance-induced enhancement of specific nonlinear
optical processes, the absorption of emitted radiation, and the involvement of
collective macro-processes, such as the phase-matching between the interacting
waves [63]. The mechanism for improvement of the phase-matching conditions for
the single harmonic in the described case can be interpreted as follows. The
refractive index of plasma in the vicinity of some resonant transitions can be
decreased due to anomalous dispersion thus allowing the coincidence of the
refractive indices of plasma at the wavelengths of the driving and harmonic waves.
To analyze this process in depth, one has to define (i) the bandwidths of those
resonances, (ii) the relative role of the nonlinear enhancement of harmonic emission
and the absorption properties of plasma in the vicinity of resonances, and (iii) the
influence of plasma length on the enhancement of single harmonic.

The important goal of those studies of semiconductor plasma was the
enhancement of harmonic yield by different means. Various approaches have
previously been examined in the case of plasma harmonics to increase the con-
version efficiency of coherent XUV radiation. Methods of harmonic enhancement
from the plasmas, apart from resonance induced approach, include the application
of two-color pump and quasi-phase-matching.

The application of additional field for the HHG in isotropic medium can con-
siderably modify the generating spectrum. This assumption has been confirmed
earlier during numerous two-color pump HHG experiments using gases and plas-
mas as the small-sized (L = 0.3–0.5 mm) nonlinear media (for example, [64, 65]).
Those studies have revealed both the enhancement of harmonic yield and the
generation of strong even harmonics, alongside the odd ones. The physical
mechanism responsible for the observed enhancement of odd and even harmonics
in the case of two-color pump at low ratios between the energies of second har-
monic and fundamental pulses was attributed to the growth of ionization rate due to
the influence of a weak shorter wavelength pump and the involvement of larger
amount of accelerated electrons in harmonic generation. Below, we discuss the
two-color pump of the extended (5-mm-long) plasmas produced on the semicon-
ductor targets at the 95:5 ratio between the intensities of fundamental and
second-harmonic waves [55].
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Part of the driving pulse was converted in the nonlinear crystal (BBO, type I,
crystal length 0.3 mm, 401 nm conversion efficiency 5 %) placed inside the vacuum
chamber on the path of the focused driving beam. The BBO crystals of different
thicknesses were also used for the analysis of HHG at different ratios of two pumps.
Figure 5.6 shows the harmonic spectrum obtained from the extended Te plasma in
the case of the two-color pump. One can distinguish the prevalence of even har-
monics over the odd ones along the almost whole range of generation. The sig-
nificant difference in the intensities of two pumps does not play important role in
the case of extended plasma. The advanced properties of extended plasma were
emphasized while comparing with the odd and even harmonics generated in the
0.5-mm-long tellurium plasma. In the latter case, the cut-off of even harmonics was
significantly lower compared with the one of odd harmonics. Moreover, the
intensity of even harmonics was three to four times smaller compared with the odd
ones, contrary to the case of extended plasma.

The experiments at different delays between the pump pulses were conducted by
using the BBO crystals of different length. The 0.02, 0.3, 0.5, 0.7, and 1.0 mm
crystals were used for second harmonic generation. The group velocity dispersion
in the BBO crystal leads to a temporal separation of two pulses. The 802 and
401 nm pulses only partially overlapped while entering the semiconductor plasma.
This partial overlap decreased the ratio between the overlapped second harmonic
and driving pulses and diminished the influence of the 401 nm wave on the output
spectrum of generating harmonics.

The second harmonic conversion efficiencies and the temporal overlaps of the
driving and second harmonic waves, as well as the pulse durations of 401 nm
radiation in the cases of different BBO crystals are summarized below. In the case

Fig. 5.6 Two-color pump induced odd and even harmonic spectra obtained from the Te plasma.
This plasma was produced using the 4 mJ, 370 ps pulses. The intensity of driving pulses was
8 × 1014 W cm−2. The ratio of 401 and 802 nm pulse energies was 5:95. The polarizations of two
pump waves were orthogonal to each other. Reproduced with permission from [55]. Copyright
2014. AIP Publishing LLC
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of above mentioned lengths of crystals allowing the 0.4, 5, 9, 11, and 13 % second
harmonic conversion efficiencies, the ratios of overlapped pulses inside the plasma
were 0.004, 0.03, 0.04, 0.01, and 0.007, respectively. One can see the prevalence of
using the 0.3- and 0.5-mm-long BBO, since other crystals did not allow the
observation of efficient odd and even harmonics generation due to insignificant
overlap inside the semiconductor plasma plume. Moreover, the duration of second
harmonic pulse increased in the case of longer crystals (65, 72, 105, 140, and 195 fs
correspondingly; compare with the 64 fs driving pulse). The decrease of the
intensity of second harmonic also diminishes the role of this radiation in the
variation of HHG spectra.

The important peculiarity of the two-color pump HHG in the semiconductor
plasma is the observation of additional resonantly enhanced harmonics near some
strong ionic transitions, analogously to the case of single-color pump. This process
is clearly seen in Fig. 5.6 where the 13th and 14th harmonics of 401 nm pump
(corresponding to the 26th and 28th harmonics of 802 nm radiation) were com-
parable or stronger than the 12th harmonic of this radiation. One can assume the
influence of the same group of ionic transitions, which led to the enhancement of
the 27th harmonic of 802 nm radiation in the case of single color pump (Fig. 5.4b),
on the efficiency of 26th and 28th harmonics in the case of tellurium plasma.

Below we discuss the harmonic cut-offs achieved in those plasmas. In the case of
As plasma, the observed higher-order harmonics were assumed to be originated
predominantly from the singly charged ions. This assumption was drawn from the
three-step model of HHG, taking into account the ionization potential of singly
charged arsenic ions and barrier suppression intensity of those particles. The highest
possible photon energy of harmonic spectrum is defined by the formula
Ec ≈ Ip + 3.17Up [53], where Ip is the ionization potential of the particle emitting
harmonics and Up is the ponderomotive energy of accelerated electron (Up = e2E2/
4 mω2 = 9.33 × 10−14ILλ

2, where e and m are the electron charge and mass, and E,
ω, IL, and λ are the field’s amplitude, frequency, intensity, and wavelength,
respectively).

To achieve highest possible cut-off energy, one has to increase the pondero-
motive energy or to choose the emitter possessing higher ionization potential. The
ponderomotive energy of electrons at a fixed wavelength strongly depends on the
laser intensity. However, if the nonlinear medium is ionized before the peak of laser
pulse, the cut-off energy is defined by the saturation intensity (IBSI < IL), which is
related with the barrier-suppression ionization. To calculate the cut-off energy at the
used conditions of experiments, one has to estimated the IBSI of low-charged
semiconductor ions by using the expression for the barrier suppression ionization
IBSI = c(Ip)

4/128πe6(Zi)
2 = 4 × 109 × (Ip)

4/(Zi)
2, where c is the light velocity and Zi is

the degree of ionization. The IBSI of the singly charged ions, with the ionization
potentials of 16.3, 15.9, 18.6, 21.2, 15.3, and 16.5 eV for the Si, Ge, As, Se, Te, and
Sb singly charged ions, were calculated to be 7 × 1013, 6 × 1013, 1.2 × 1014,
2 × 1014, 6 × 1013, and 7 × 1013 W cm−2, respectively. One can see that IBSI of all
samples were lower than the laser intensity used in those studies (5 × 1014–
1 × 1015 W cm−2).
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The harmonic cut-offs were calculated to be corresponded to the 19th, 17th,
27th, 37th, 17th, and 19th orders, assuming the involvement of singly charged ions
in the HHG. These results do not match with the experimentally observed cutoffs
(27th, 35th, 35th, 51st, 31st, and 35th harmonics for the Si, Ge, As, Se, Te, and Sb
plasmas, respectively). This discrepancy could be explained by the assumption of
the partial involvement of the doubly charged ions as the emitters of higher-order
harmonics.

5.3 Application of Carbon Cluster-Contained Extended
Plasmas for the High-Order Harmonic Generation
of Ultrashort Pulses

Multi-walled carbon nanotube (CNT), carbon nanofiber (CNF), diamond
nanoparticle (DN), and C60 powders, as well as 5-mm-long bulk graphite, were
studied as the extended ablating targets for HHG [66, 67]. The powders of above
materials were glued on the 5-mm-long glass plates and installed in the vacuum
chamber for ablation. The sizes of DN were in the range of 3–8 nm. The diameter of
CNTs was *15 nm with the lengths of nanotubes varied in a range of
500 nm–20 μm. The CNFs were presented with a variety of fibers with the diam-
eters of 30–200 nm and the lengths varied between hundreds of nanometers and
tens of micrometers. The fullerene powder was presented in the shape of the
agglomerates of C60.

The raw image of the low-order harmonic spectrum obtained from the CNT
plasma is shown in the upper panel of Fig. 5.7. The broadened harmonics between
the 11th and 17th orders were presented alongside the plasma emission from carbon
monomer ions. One can see a difference in the divergences of plasma and harmonic
emissions. The raw image of the spectrum generated in the silver plasma (Fig. 5.7,

Fig. 5.7 Raw images of the low-order harmonics obtained from the CNT (upper panel) and Ag
(bottom panel) plasmas. Reproduced with permission from [66]. Copyright 2014. AIP Publishing
LLC
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bottom panel) is also presented here, which shows the narrow spectral distribution
of harmonics, without the appearance of plasma emission (other spectral compo-
nents in this image correspond to the second-order diffraction of higher-order
harmonics). The harmonic spectra obtained from plasmas (Fig. 5.8) were measured
at the optimal conditions of ablation. The optimization was carried out by varying
the fluence of heating pulse on the target surface. The low-order harmonic spectrum
from the silver plasma is presented for comparison with other spectra. This medium
allows the generation of strongest high-order harmonics among other metal plasmas
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Fig. 5.8 Harmonics obtained from the graphite, diamond nanoparticle, fullerene, carbon
nanofiber, carbon nanotube, and silver plasmas. Each image represents the collection of 10 laser
shots. The plot (f) of Ag harmonics was ten times multiplied for better visibility. Dashed lines
show the corresponding harmonic orders. Arrows show the C II spectral lines of carbon-contained
plasmas. Reproduced with permission from [66]. Copyright 2014. AIP Publishing LLC
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[68]. These spectra were obtained at similar conditions of registration to allow the
comparison of harmonic generation from all used plasmas at the maximum yields of
lower-order harmonics.

The graphite plasma harmonics have previously shown the highest conversion
efficiency (η) among other bulk targets ablated for the HHG in the 35–80 nm
spectral range. One can see that all cluster-contained plasmas (Fig. 5.8b–e)
demonstrate stronger yields of harmonics compared with the harmonics generated
from the ablation of bulk graphite, while the latter plasma provided stronger har-
monics with regard to the silver plasma (compare Fig. 5.8a, f); silver harmonic
spectrum is multiplied ten times for better visibility). The appearance of ionic
emission, alongside the harmonics in the case of almost all ablations of clusters, did
not significantly affect the harmonic yield. Those plasma lines were assigned mostly
to the singly charged carbon (see similar C II emission lines appeared in most
spectra from the cluster-contained plasmas, Fig. 5.8).

The absence of the plasma emission associated with the higher-charged ions can
be explained by the moderate ablation of targets. The driving pulse also did not
cause the appearance of strong ionic emission from the higher-charged carbon ions.
Note that the appearance of plasma emission in the case of ablation of the bulk
targets (graphite and silver) was followed with a decrease of harmonic yield due to
the growing influence of the free electrons appearing during ionization of the
medium. This effect was less influential in the case of cluster-contained targets,
which can be attributed to the prevalence of the advanced properties of
nanoparticle-contained plasma over the phase mismatch.

Other important peculiarities of those spectra are the significant broadening of
harmonic bandwidths and the blue shift of the shorter-wavelength parts of har-
monics. These features have been analyzed previously in a few studies of
carbon-induced harmonics. The origin of the broader width of harmonics and the
extended short-wavelength lobes has been studied in [69] and was attributed to the
influence of the self-phase modulation of the driving femtosecond pulse during
propagation through the plasma plume. The presence of nanoparticles in the plasma
plume may also contribute to the broadening of the harmonic bandwidth.

The temperature of graphite plasma at the intensity of heating pulse
Ihp = 3 × 109 W cm−2 was estimated to be 14 eV, and the particle density in the
plasma area was calculated to be 2 × 1017 cm−3. The ionization potentials of C
atoms and singly charged ions are 11.25 and 24.38 eV, respectively. Such plasma
mainly consisted of the excited neutral atoms (C I) and singly ionized particles (C
II), which was confirmed during spectral measurements of plasma emission.

The comparative studies of the 0.5-mm- and 5-mm-long plasmas of similar
ablated clusters showed the 3× to 8× growth of harmonic yield in the latter case.
These enhancement factors of harmonic emission are significantly smaller com-
pared with the expected quadratic growth of η with the increase of plasma length
(100×), probably due to the growing phase mismatch between the interacting waves
at the conditions when the coherence length of harmonics becomes shorter than the
length of extended medium. The estimations show that absorption did not play an
important role in the 5-mm-long plasmas at the optimal conditions of ablation
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(i.e., at the plasma concentrations of *2 × 1017 cm−3). In the meantime, the
coherence length of the qth harmonic calculated from the relation Lcoh = 1.4 × 1018/
qNe [70] for the 11th–19th harmonics was in the range of 3–4 mm at the electron
concentration of carbon plasma of Ne = 3 × 1016 cm−3. The latter value, as well as
plasma concentration, was defined using the code ITAP IMD [71]. From these
estimations, one can conclude about the restrictions of using the longer (5 mm)
cluster-contained plasma. In that case, the destructive interference between the
driving and harmonic waves leads to the decrease of the η of HHG.

The studies of plasma emission from the over-excited bulk graphite showed the
similarity of this emission with those observed from the cluster-contained plasmas
(Fig. 5.9a, b). The availability of harmonic generation during ablation of the pure

(a)

(b)

(c)

Fig. 5.9 Plasma spectra during over-excitation of targets in the cases of a bulk graphite,
b powdered fullerene, and c glue. Note a similarity of the carbon spectral lines obtained from the
ablation of graphite and C60, while the plasma spectrum of glue did not coincide with the carbon
lines, as indicated by the dashed lines. Reproduced with permission from [66]. Copyright 2014.
AIP Publishing LLC
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glue was also analyzed. No harmonics were observed in that case. The
over-excitation of glue led to plasma formation and emission (Fig. 5.9c), which
could be distinguished from the emission generated in the carbon-contained plasmas.

The studies of the decay of the harmonic yield from the cluster-contained
plasmas were performed at 10 Hz pulse repetition rate, without the movement of
targets from shot to shot. This led to deterioration of the optimal plasma formation
after a few hundred shots on the same spot of cluster-contained target, while in the
case of bulk samples (silver, graphite) ablation the stable harmonic generation was
maintained for a considerably longer time. This effect has been observed in pre-
vious studies of powdered target ablation [30–33, 72, 73] and was attributed to the
modification of target surface (i.e., evaporation of powder, melting of heated area,
modification of surface properties, etc.). The variations of harmonic spectra from
the cluster-contained targets with the number of laser shots on the same spot of
target are shown in Fig. 5.10 in the cases of fullerene and carbon nanotube plasmas.
The estimates show that, in accordance with the three-step model [52–54], the
involvement of singly charged fullerene clusters (Ip = 15.6 eV [74]) should lead to
harmonic generation above the forties orders. One can conclude about the pre-
vailing role of the neutral fullerenes (Ip = 7.6 eV) in the harmonic generation.

Fig. 5.10 Dependences of
the harmonic decay on the
number of laser shots on the
same position of target.
a Fullerene harmonic
spectrum. b Carbon nanotube
harmonic spectrum.
Reproduced with permission
from [66]. Copyright 2014.
AIP Publishing LLC
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The theoretical studies of HHG in clusters have a long history [28, 29, 75–78].
Meanwhile, there are only a few experimental studies of HHG using the gas clusters
[24–27]. In this connection, the use of the ablation technique allowing the formation
of cluster-contained plasma by the evaporation of nanoparticles seems the advanced
development of cluster studies. Moreover, the carbon-based clusters demonstrate
the attractive nonlinear optical properties, which will be discussed below.

From a practical point of view, the CNT and CNF targets lack a number of the
serious drawbacks of other molecular structures. The chemical bonding between
carbon atoms in nanotubes is rather strong, which means that their deformation and
dissociation in intense fields take place on longer time scales than that of aromatic
molecules. The lack of hydrogen atoms in nanotubes contributes to the same sta-
bility effect. The HHG spectra of CNT have been theoretically studied in [79–84]. It
was suggested that there are many reasons for using the nanotubes to generate
high-order harmonics. The advanced properties of CNT were revealed during the
first experimental studies of their high-order nonlinear optical properties [85],
which have demonstrated high conversion efficiency of harmonics exceeding those
obtained using other ablated species.

Similarly, various attractive peculiarities have been identified during the theo-
retical studies of the HHG from the fullerenes [86–89]. It has been shown that in
large structures, such as C60, the following additional degrees of freedom are
introduced: electronic degrees of freedom, including collective effects such as the
formation of plasmons, vibrational degrees of freedom, and fragmentation. A giant
resonance at 20 eV in C60 has been predicted theoretically in [90] and confirmed later
in an experiment [91]. When compared with metal clusters, where collective reso-
nances occur at a few eV, a 20 eV giant resonance of 12 eV bandwidth is quite
remarkable. The importance of this giant broadband resonance for simultaneous
enhancement of a few neighboring harmonics within the bandwidth of this reso-
nance was confirmed during first experimental studies of the HHG in fullerenes [36].

Regarding the large spherical nanoparticles, forced nucleation of laser-induced
vapor has been widely used to generate small metal [92, 93] and semiconductor
[94] particles. It was reported that small particles can be formed in the ablation
plume induced by ultrashort laser pulses [95–97], and the ultrafast laser ablation has
been suggested as a simplest method for small nanoparticles generation. An
important advantage of ultrafast laser ablation is the accuracy in material removal
due to the ultrashort pulse duration [98–101]. Note that those conditions of
nanoparticle formation are unsuitable for the efficient HHG in plasma since they
provide large amount of free electrons, which lead to the growing phase mismatch
between the driving and harmonic waves. The only way here is a “mild” ablation of
the nanoparticles already existing on the target surface to keep the cluster-contained
plasma free from the abundance of electrons.

The exact mechanism of the HHG from clusters is still debated. Various
extensions of the three-step model have been proposed in [28, 29, 78, 102]. The
generally considered dominant channel is ionization and recombination to the same
atom (atom-to-itself). Since clusters can be considered as the dense media, there is
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also a possibility of recombination to the neighboring ions [28, 29]. This
atom-to-neighbor emission can produce incoherent radiation due to a lack of phase
locking between the two atomic wave functions [78]. Another contribution to
harmonic emission may come from a wave function partially delocalized over the
whole cluster, from which electrons tunnel out of and to which they recombine
coherently (cluster-to-itself). From an experimental point of view, a particular
difficulty consists in disentangling the harmonics produced by different species
(monomers and clusters of different sizes) and possibly different mechanisms. In
[27], an experimental study of HHG from xenon clusters, which was aimed at
disentangling the harmonic signal from clusters and monomers, was reported. They
attributed the harmonic emission to the tunneling of delocalized electrons from a
cluster and recollision coherently to the whole cluster. Although laser-irradiated
clusters have allowed the efficient emission of low-order harmonics, no significant
yield of high-order harmonics was achieved in their experiments even for very high
laser intensities.

Similar features were observed during above-discussed studies of carbon clusters.
These studies have shown that the divergence and spectral width of the harmonics
produced in the nanoparticle plumes were considerably larger than those from the
atom-contained plasmas. The larger divergence of the harmonics generated from
clusters arises from a stronger influence of the long trajectories of accelerated and
recombined electrons on the yield of the harmonic radiation. This explanation can be
related with the growth of recombination cross section when larger particles have a
higher probability to recombine with the returning electron moving on the long
trajectory. The cluster-contained plasma concentration was small enough
(*1017 cm−3) to exclude the role of the optical scattering in this low-dense medium.
The influence of the Kerr nonlinearities responsible for the refraction could also be
excluded due to the same reasons (i.e., small amount of particles). The comparison of
the 0.5-mm- and 5-mm-long cluster-contained plasmas did not show a significant
difference in the divergences of harmonics. In the meantime, the appearance of
spectral lobes of harmonics was pronounced in the case of longer plasma.

5.4 Morphology of Laser-Produced Carbon Nanoparticle
Plasmas and High-Order Harmonic Generation
of Ultrashort Pulses in Extended Clustered Media

The availability of different metal nanoparticles in the market allows formation of
the plasmas containing various clusters. This follows with the enhancement of the
harmonics generating in the metal cluster plasmas. The importance of the
involvement of such clusters for the HHG was pointed out earlier; however no
suggestions were presented on the optimal shape and structure of those species.
With regard to this, clustered carbon species provide a variety of morphological
shapes (such as spherical nanoparticles and fullerenes, as well as extended
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nanofibers and nanotubes), contrary to the less variable shapes of spherical metal
nanoparticles.

Here, we analyze plasma morphology at conditions of the laser ablation of
nanoparticles suitable for the efficient HHG in carbon cluster-containing plasmas.
Time-of-flight mass spectrometry and harmonic generation studies of laser plasma
suggested that the origin of the observed growth of η from such clustered plasmas
was probably related to the involvement of lower-sized nanoparticles, rather than
higher-sized ones, as the emitters of efficient harmonics. We discuss the efficient
HHG of Ti:sapphire laser pulses in the range of 15–33 eV using optimally prepared
5-mm-long carbon-based cluster plasma plumes. Among the peculiarities of this
process are the two-color pump of carbon clusters and the use of clustered multi-jet
plasma formations [67].

CNT powder, CNF powder, diamond nanoparticle powder, C60 powder, and
5-mm-long bulk graphite and silver were studied as the ablating targets. The
morphology of powders was analyzed using the transmission electron microscopy
of original clusters and plasma debris. The content of the plasmas was analyzed
using time-of-flight mass spectrometry (TOFMS). Figure 5.11 shows the TEM
images of the as-supplied clusters of CNT, CNF, C60, and DN. Spatial character-
ization of the used clusters is presented in Sect. 5.3.

Ablation debris collected on the substrates placed near to the ablation area at the
optimal and non-optimal conditions of clustered plasma formation were also ana-
lyzed. These terms refer to the strong and weak harmonic yields from those plas-
mas. The analysis of post-ablation conditions of the deposited debris can provide
useful information about the plasma components, despite the difference between the
composition of the plasma at the early stage of formation and the deposited
material, which can be modified due to the aggregation on the substrate [103]. To
compare the dependence of the properties of the deposits under different ablating
conditions, the clusters were ablated using the 370 ps pulses of the Ti:sapphire laser
at a repetition rate of 10 Hz and variable fluence. Figure 5.12 shows the TEM
images of the material ejected upon ablation of CNT, CNF, C60 and DN. One can
see that the characteristic sizes of the deposited material were close to those of the
initial cluster targets. In these studies, the moderate laser ablation intensities (up to
3 × 109 W cm−2) corresponding in each case to the conditions of efficient HHG
were used. Over-excitation of the nanoparticle-containing targets, by using higher
intensities and fluences, did not yield similar nanostructured deposits, but rather
groups of chaotically formed aggregates. Note that at high ablation fluences, the
HHG yield was significantly decreased or completely disappeared after a few
hundred shots.

The deposits generated upon laser ablation of the bulk graphite at conditions that
ensured the efficient harmonic generation in the plasma plume were also analyzed.
Under these conditions of using the moderate fluences of heating pulses the col-
lected deposits showed evidence of ∼10–20 nm nanoparticles. Production of carbon
nanoparticles by laser ablation of graphite at high fluences of heating ultrashort
pulses is a well-studied phenomenon. However, the use of high ablation fluences
results in the appearance of a large number of free electrons, which is a detrimental
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factor for the HHG due to the growing contribution of the free electrons to the phase
mismatch between the driving and harmonic waves. This explains why, under the
ablation conditions leading to nanoparticle formation in the plasmas of some bulk
metal targets, the HHG signals were extremely weak. In that case, the presence of
nanoparticles in the extended plasma does not compensate for the deteriorated
phase relations between the interacting waves caused by over-ionization and pro-
duction of a large number of electrons. Meanwhile, the cluster formation during
ablation of graphite occurs at rather low laser fluences, which allowed the main-
tenance of a moderate level of electron concentration.

Figures 5.13, 5.14 and 5.15 show the mass-resolved spectra of the clustered
plasmas using the TOFMS. These studies reveal that most of the studied laser
plumes contained C5–C25 clusters. To ascertain the presence of neutral species in

Fig. 5.11 TEM images of clustered targets: a fullerene agglomerates, b diamond nanoparticles,
c carbon nanotubes, d carbon nanofibers. Black markers correspond to a–c 20 nm and d 200 nm.
Reproduced from [67] with permission from IOP Publishing. All rights reserved
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Fig. 5.12 TEM images of
deposited debris: a carbon
nanotubes, b fullerene
agglomerates, c diamond
nanoparticles. Black markers
correspond to a 100 nm,
b 20 nm, and c 50 nm.
Reproduced from [67] with
permission from IOP
Publishing. All rights
reserved
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the ablated plasma, an additional source of ionization should be used. Notice that
previous studies (see for example [104]) have shown the presence of neutral carbon
clusters at similar conditions of ablation.

Fig. 5.13 Time-of-flight
mass spectra of ablated
fullerene powder at a weak
and b, c strong excitation of
targets. Bottom plot c shows
the spectra of higher mass
fullerenes. Reproduced from
[67] with permission from
IOP Publishing. All rights
reserved
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Ablation of C60 at a weak fluence revealed the appearance of fullerene ions,
while a strong signal from C26 clusters pointed out the preferable disintegration of
the C60 molecule rather than its ionization (Fig. 5.13a). The growth of heating pulse
fluence on the target surface has considerably modified this mass spectrum
(Fig. 5.13b). While C26 still remained in this spectrum, a very strong signal from
C60 ion dominated over the whole spectrum, together with the appearance of some
lighter clusters (C56, and C58). Moreover, two additional groups of clusters
appeared in the high-mass/charge range with the masses ranged between C108 and
C118 and between C164 and C176 (Fig. 5.13c). The sodium and potassium lines were
originated from the substrate containing ablating species.

The mass spectra of ablated DNs in the cases of weak and strong excitation are
shown in Fig. 5.14. In both cases the appearance of a group of light clusters was
observed. At each of these conditions the stronger signals came from the clusters
obeying the rule of magic numbers 4n + 3. The clusters with numbers of carbon
atoms of 7, 11, 15, and 19 dominated these spectra. No other ionic clusters were
observed in these studies while searching up to a few tens of thousands of the
mass/charge units.

CNTs and CNFs showed similar spectra as the DNs, though these targets were
completely different from each other by the initial morphology. As in the previous
case, no ions higher than low-sized carbon clusters were observed in the CNT mass

Fig. 5.14 Mass spectra of the
low-sized diamond
nanoparticles at weak (upper
panel) and strong excitation
of targets. Reproduced from
[67] with permission from
IOP Publishing. All rights
reserved
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spectra while searching up to 10,000 mass/charge units (Fig. 5.15a). Those small
sized particles almost completely repeated the structure of the ionic components of
DN plasma (compare the bottom panel of Fig. 5.14 and the inset of Fig. 5.15a).

The ablation of the graphite target also showed the appearance of the same group
of clusters (Fig. 5.15b). These studies revealed a similarity in the properties of
almost all studied plasmas from the point of view of the presence of lower-mass
carbon clusters. The ease of formation of these nanoparticles from the clustered
media may lead to their stronger influence on the HHG. This assumption was
confirmed during subsequent studies, which revealed the stronger yields of har-
monics from the CNT, CNF, DN and C60 plasma plumes compared with the
graphite ablation.

The time-of-flight mass spectra of most ablated carbon clusters (at conditions of
maximum harmonic yield) resembled those obtained by many researchers
[105–111]. As mentioned, the (4n + 3) clusters had a greater presence compared
with the neighboring ones. These clusters (C7, C11, C15, C19) could probably be

Fig. 5.15 Mass spectra of
a carbon nanotube ablation
and b graphite ablation.
Reproduced from [67] with
permission from IOP
Publishing. All rights
reserved
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considered as the most effective emitters of harmonics among all the clusters. This
assumption can be generally attributed to a lower ionization potential of these
clusters rather than to their exceptional structural stability.

At optimal plasma conditions, when the highest harmonic conversion efficiency
from the carbon cluster ablation was obtained, the TEM images revealed the
presence of nanoparticles in the deposited debris with sizes similar to the initial
material (in particular, ∼5–10 nm diamond nanoparticles and ∼20 × 2000 nm2

nanotubes). It is possible that, in the case of the carbon base plasmas produced at
these conditions, the harmonics could originate from different nanoparticles, par-
ticularly with the sizes below the limit of detection using TEM. The mass spec-
trometry of the plasmas has confirmed the presence of small nanoparticles in the
cases of ablation of the diamond nanoparticles, nanotubes and bulk graphite. The
presence of those particles coincided with the maximum conversion efficiency of
the 11th–23rd harmonics.

Almost all harmonic spectra from clustered plasmas have contained the plasma
emission at maximal harmonic yields, contrary to the case of graphite ablation when
the appearance of ionic emission was followed with a deterioration of the optimal
plasma conditions for HHG. In the case of cluster ablation, the plasma lines in the
longer-wavelength range of the spectrum (45–90 nm) were assigned mostly to the C
II. The absence of plasma emission from higher charged ions in this spectral range
was related with the moderate conditions of excitation of the targets by the heating
pulses. The driving pulses propagating through the plasma did not cause the
appearance of strong ionic lines from the higher-charged carbon ions. The
appearance of ionic emission, along with harmonics in the case of almost all cluster
ablations, did not affect the harmonic yield much. Plasma emission during
over-excitation of bulk graphite showed the similarity of this emission with those
observed from the clustered plasmas. The availability of harmonic generation
during ablation of pure glue, without the inclusion of clusters was also analyzed. No
harmonics were observed in that case. The over-excitation of glue led to plasma
formation and emission, which was clearly distinguished from the emission gen-
erated in the carbon-contained plasmas.

The shorter wavelength spectra of ablated clustered plasmas did not show the
efficient emission of harmonics above the 25th order, which points out the pre-
vailing involvement of the neutrals, rather than ionized clusters, in the coherent
emission generation due to smaller harmonic cut-off from the neutrals. To amend
this, both the over-excitation of targets and the increase of driving pulse intensity
were used; however, neither of those methods allowed the extension of harmonic
cut-off. Instead, the growing plasma emission in the range of 10–43 nm in the cases
of DN, CNT, and CNF (Fig. 5.16a, three upper panels) was observed.

Those emissions were assigned to the C III and C IV ions. The only clustered
species, which allowed harmonic generation at these conditions, was the fullerene
plasma (Fig. 5.16a, second panel from the bottom). This peculiarity could be
attributed to the better survival of fullerene molecules in the strong laser fields.
Contrary to the emissions from clustered media, the ‘clean’ harmonic spectrum up
to the 65th order, without any plasma emission, was observed from the silver
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Fig. 5.16 a Plasma emission and harmonic spectra from carbon clusters and silver ablations in the
short-wavelength range. Silver harmonic spectrum was multiplied with the factor of 10 for better
visibility. Lines other than harmonics in silver spectrum represent second-order diffractions of
higher order harmonics. b Comparative lower-order harmonic spectra from the bulk graphite (thick
curve) and diamond nanoparticles (thin curve) ablations. Reproduced from [67] with permission
from IOP Publishing. All rights reserved
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ablation thus demonstrating the advanced features of this material for the generation
of higher-order harmonics (Fig. 5.16a, bottom panel; the harmonic spectrum was
magnified ten times for better visibility). Note that the efficiency of harmonics from
silver plasma in the plateau range was smaller than those of the 19th–27th har-
monics generating in the fullerene plasma.

The spectra presented in Fig. 5.16a were collected during ten laser shots. The
comparative harmonic spectra from the bulk graphite (thick curve) and diamond
nanoparticle (thin curve) ablations are shown in Fig. 5.16b. These studies showed
better conversion efficiency in the latter medium, though the instability of har-
monics and the plasma emission diminish the advantages of this clustered plasma as
a robust medium for HHG.

The presence of free electrons and excited ions in the extended plasma plumes
can cause the growth of the phase mismatch between the driving and harmonic
waves along the propagation of the femtosecond laser pulse through the extended
medium. One way to overcome this obstacle is the division of a whole extended
plasma onto a group of small jets to create quasi-phase-matching for plasma har-
monics. The multi-slit shields were used to produce multiple clustered plasma jets
of different sizes, similarly to the studies described in Chap. 4. The slit sizes of the
first MSS were 0.3 mm, and the distance between slits was 0.3 mm. The slit sizes of
the second shield were 0.9 mm, and the distance between slits was 0.7 mm. These
MSSs were installed between the focusing cylindrical lens and extended plasma
plume in such a way as to allow the division of the extended continuous 5 mm long
plasma onto the set of a few plasma jets. The sizes of eight jets produced on the
5 mm long plain targets using the 0.3 mm MSS were ∼0.35 mm, with the distance
between them ∼0.25 mm. The second MSS allowed the formation of three 0.9 mm
long jets separated from each other at a distance of ∼0.7 mm. These plasma jets
were compared with the extended 5 mm long plasma.

The harmonic spectra in these three cases are presented in Fig. 5.17. Those
studies did not reveal the QPM-induced enhancement of specific harmonics due to
the low harmonic cut-off from the C60 plasma. The range of enhanced harmonics
could be defined from the relation qcoh = 1.4 × 1018/(Lcoh × Ne) [70], where Lcoh and
Ne are measured correspondingly in millimeters (which was defined by the size of a
single jet) and reciprocal cubic centimeters. In the case of the optimal ablation of
bulk graphite, the calculations based on the code ITAP IMD show
Ne ∼ 2 × 1016 cm−3. The ablation of clustered targets at these conditions leads to a
lower concentration of free electrons. Correspondingly, the qcoh for C60 plasma
would be larger than 31, which is far from the harmonics observed in those
experiments. The intensities of the harmonics generated from multi-jet plasmas
were weaker as compared to the extended plasmas. Contrary to that, in the case of
silver plasma, a considerable enhancement of a few harmonics around the 35th
order was observed, while using the multi-jet scheme [112], which is clear evidence
of the QPM concept being realized in the perforated plasma.

The use of two-color pump schemes for the HHG is another well-known
approach for the harmonic enhancement and the modification of the spectrum of
generated radiation (see Chap. 3). The two-color pump, using fundamental and

148 5 Peculiarities of the HHG in the Extended Plasmas Produced …

http://dx.doi.org/10.1007/978-981-10-0194-9_4
http://dx.doi.org/10.1007/978-981-10-0194-9_3


second harmonic fields, has become a practical way of harmonic enhancement in
the plasma media. The CNT and CNF harmonic spectra using single- and two-color
pump schemes are shown in Fig. 5.18. In both cases, no changes or further opti-
mizations of HHG were carried out in the cases of single- and two-color pumps.
The BBO crystal was moved in and out of the path of the driving beam to generate
odd and even harmonics. One can see some enhancement of harmonic yields using
the two-color pump of CNT and CNF plasmas. The appearance of even harmonics
points out the sufficient overlapping of the 802 and 401 nm pulses in the plasma
area. The eight-jet plasma configuration was used in both these cases. Similar
spectra were obtained for the 5 mm long extended plasmas.

The important issue of cluster HHG studies is the comparison between the
known experimental results for the harmonic generation from gas atoms, gas
clusters, surface, ablated bulk targets and nanoparticle targets. Though the scales of
these studies performed using various lasers differ from each other, such a com-
parison can give the qualitative estimates between the cut-offs and harmonic
efficiencies.

The maximum η of harmonics in the plateau-like range from gaseous atomic
media are about 10−6, while the cut-offs are the largest among the sources of HHG
(up to a few thousand harmonics, or few keV photon energy). Clustered gaseous
media show a significant decrease of cut-offs (around 100 eV); however, the
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Fig. 5.17 Fullerene harmonic
spectra obtained from
different plasma formations.
Upper panel three
0.9-mm-long jets separated
from each other at a distance
of 0.7 mm.Middle panel eight
0.35-mm-long jets separated
from each other at a distance
of 0.25 mm. Bottom panel
extended 5-mm-long plasma
generated without the
insertion of MSS. Reproduced
from [67] with permission
from IOP Publishing. All
rights reserved
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reported yields are a few times higher compared with the atomic gaseous media.
HHG during specular reflection from the surfaces show the extended cutoffs (up to
1 keV photon energy), while suffering a fast decrease of harmonic yield in the
100 eV range and higher. The ablated targets allow generation up to the 90 s
harmonics in the ionic plasmas, with the η (up to 10−5) comparable or higher than in
the case of gaseous harmonics. Harmonic generation from ablated metal clusters
shows stronger harmonic yield compared with ablated atoms and ions, although it
suffers with the instability of converted radiation. Finally, lower-order harmonics
generating from the carbon clusters may be considered as the strongest among the
harmonics produced by different means.

5.5 Graphene-Contained Extended Plasma: A Medium
for the Coherent Extreme Ultraviolet Light
Generation

The unique optical and nonlinear optical properties of graphene have been in the
center of various recent theoretical and experimental studies [113–118].
Particularly, a new scheme based on bilayer graphene as a nonlinear optical
material was proposed in [117] with an extremely large second-order optical sus-
ceptibility (χ(2) * 105 pm V−1). Recent experiments have shown that the nonlinear
generation of laser harmonics could be detected even through single layer graphene
[114]. The theory of the nonlinear electromagnetic response of graphene has been
developed in [115, 116, 118]. It has been demonstrated in [118] that it is possible to
realize significant nonlinear optical interactions at a few photon level in graphene
nanostructures. The high-order harmonic generation from a graphene sheet exposed
to intense femtosecond laser pulses has been theoretically studied in [119] based on
the three-step model of HHG. It was predicted that graphene may generate more
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Fig. 5.18 Harmonic spectra obtained using single-color (thin lines) and two-color (thick lines)
pumps of the eight-jet plasma formations of a CNT and b CNF. Reproduced from [67] with
permission from IOP Publishing. All rights reserved
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intense harmonic signals than gas-phase atoms or molecules and serve as a useful
tool for selective harmonic generation when exposed to an intense driving laser
field, though the experimental evidence of HHG in this medium has not been
reported.

In the meantime, the laser ablation based HHG experiments have been advanced
towards the molecules of increasing complexity such as fullerenes [36] and carbon
nanotubes [85]. Previous estimates of similar plasma structures produced on the
surfaces of powdered nanomaterials during laser ablation have shown that the
concentration of particles becomes close to *1017 cm−3 [36], which should be
enough to induce the nonlinear optical processes.

The purpose and advantage of generating harmonics of ultrashort pulses in laser
ablation based materials are related with the higher conversion efficiency. In the
meantime, the method of “mild” ablation of graphene, when the structure of
material remains intact in the plasma plume, could be the ideal approach for the
analysis of the high-order nonlinear optical properties of this medium. Below, we
analyze the HHG of femtosecond pulses in the laser ablation plume containing
graphene nanoparticles [120]. Graphene nanoparticle powder was studied as the
ablating target using the experimental setup described in Sect. 3.1. To compare the
yield of harmonics from cluster-containing and monomer-containing plasmas the
carbon nanotube powder, diamond nanoparticle powder, and 5-mm-long bulk
graphite and bulk silver were used as the targets as well. The powders of above
materials were glued on the 5-mm-long glass plates and were installed in the
vacuum chamber for ablation.

In the case of graphene nanoparticles, the ablation plasma plume may contain
various species of carbon, i.e., neutrals and ions, small molecules, small and large
clusters, aggregates, etc., which can contribute to harmonic generation in various
extents. It is important to determine their presence in the region where the driving
laser beam interacts with the expanding plasma. The morphological TEM studies
confirmed the presence of relatively large multi-plate wrapped graphene species
deposited on the nearby substrates at the conditions of the optimal ablation using
the 370 ps pulses. Thus, the possible components in the laser heated graphene
plume, at 45 ns after laser ablation, when the driving laser pulse interacts with
plume, could be the large sheets of fullerenes. The monolayer, bilayer, trilayer, etc.
nanosized chunks were observed during TEM measurements depending on the
conditions of ablation.

Powdered targets are difficult to keep intact for a long time during their con-
tinuous ablation. Previous method to hold the stable harmonic emission from
plasma was based on the rotation of target (cylindrical rod) and the ablation of its
surface using the narrow heating beam [121]. In the discussed case, this method was
unacceptable since the plain graphene containing target was used to create the
extended graphene plasma. Since the harmonic yield at a given spot on the target
became weaker after hundreds of laser shots, this effect was taken into account
during the optimization of laser ablation for HHG.

The comparative studies of 0.5-mm-long and 5-mm-long graphene plasmas
showed the*7× growth of harmonic yield in the case of extended medium. During
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these experiments, the 0.5- and 5-mm-long targets were ablated at the same fluence
of heating radiation. The analysis of the dependence of the highest-order harmonic
yield on the plasma length showed that the quadratic rule was maintained up to the
L = 3.5 mm, with further saturation and gradual decrease in the harmonic yield.
This observation gives a rough estimate of the coherence length for the
highest-order harmonics observed in those experiments.

Figure 5.19a shows the low-order harmonic spectra from the graphene, graphite,
and silver 5-mm-long plasmas at the conditions of optimal ablation. One can see the
prevalence of both graphene and graphite plasma harmonics over the Ag plasma
harmonics. The graphite and silver plasmas were used due to known harmonic
conversion efficiencies in these media, which allowed the estimation of the photon
yield from the graphene plasma.

The harmonic spectra from the graphene plasma in most cases contained the
plasma emission at maximum harmonic yield. The plasma lines in the
longer-wavelength range of spectrum (50–90 nm) were assigned to the singly
ionized carbon. The absence of plasma emission from higher charged ions in this
spectral range was attributed to the moderate ablation of graphene. The driving
pulse also did not cause the appearance of strong spectral lines from the
higher-charged carbon ions. Figure 5.19b shows the harmonic distribution in the
cutoff region in the cases of using the graphene and graphite plasmas. The har-
monics up to the 33rd order were generated in the graphene plasma. The
over-excitation of graphene target or the growth of driving pulse intensity (from
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Fig. 5.19 a Lower-order harmonic spectra from the graphene (upper panel), graphite (middle
panel), and silver (bottom panel) plasmas. b Harmonic spectra near the cut-off region from the
graphene (upper panel) and graphite (bottom panel) plasmas. Reproduced from [120] with
permission from Springer Science + Business Media
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3 × 1014 to 6 × 1014 W cm−2) did not increase the harmonic cut-off but rather led to
the growth of plasma emission and deterioration of the HHG.

The comparative harmonic spectra from three different clustered plasmas (CNT,
DN, and graphene) are shown in the three upper panels of Fig. 5.20. Here also
shown the plasma emission observed in the case of the excitation of pure glue,
without the insertion of clustered powders of above species. The ratio between the
harmonic yields from graphene and bulk carbon ablation was *1:3. Taking into
account the reported conversion efficiency from the bulk graphite ablation (10−4

[122]), the conversion efficiency from the graphene plasma was estimated to be
3 × 10−5 for the 11th–17th harmonics. The corresponding photon yield of these
harmonics was 2 × 1010 per pulse.

5.6 Concluding Comments

The studies discussed in this chapter have demonstrated the usefulness of the
plasma harmonic approach for the analysis of the nonlinear optical and spectro-
scopic properties of the extended laser-produced plasmas formed on the non-metal
surfaces.

We have analyzed the peculiarities of the HHG in the extended non-metal
plasmas (crystals and semiconductors). Summarizing the current vision of the
generation process in the crystal ablations, one can consider the following scenario.
Initially, the ablation of the unpolished surfaces of crystals causes the heating,
melting, evaporation, ionization, and disintegration of the molecules comprising
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crystals. Thus the plasma under consideration is close to the gas-like medium rather
than to the crystalline state. During propagation of ultrafast pulses through the
mixed medium containing neutral molecules, singly ionized molecules and atoms,
ionized components of disintegrated molecules, electrons, and probably clusters,
the most suitable species start to emit harmonics. In the case of a group of
F-containing crystals the fluorine ions became responsible for the most efficient
harmonic generation compared with other components of plasmas. The latter
components may also contribute, to some extent, to the growth of lower-order
harmonic yield. However, this contribution seems insignificant in the
shorter-wavelength region. These assumptions of the generation process and
sources of harmonics were supported by both spectroscopic and nonlinear optical
studies. Though the O-containing crystals have shown some other peculiarities, the
harmonic generation can also be described by the same mechanism.

We have discussed the generation of the high-order harmonics of ultrafast laser
radiation in the plasma plumes produced on the surfaces of fluorine—(NaF, CaF2,
LiF, and MgF2) and oxygen—(BBO, KDP, KTP, and LBO) containing crystals.
The analysis of observed plasma and harmonic emission from the ablation of
crystals was supported with the studies of various factors influencing the HHG in
these media. Among them the length of plasma, delay between heating and driving
pulses, heating pulse energy, and distance between the crystal and propagating
femtosecond pulse are the most important factors, which allowed maximizing the
harmonic yield.

We have analyzed the studies of the high-order harmonics of ultrashort pulses
generated in the plasma plumes produced by ablation of various elemental semi-
conductors (Te, Se, Si, As, Sb, and Ge). These plasma media were distinguished by
the harmonic cut-offs ranging between the 27th and 51st orders. Application of
two-color pump allowed generation of both odd and even harmonics, with the
intensities of latter harmonics stronger than those of former ones. Strong
resonance-induced 35th harmonic, with the enhancement factor of 12× compared
with the neighboring harmonic orders, was observed in the case of the selenium
plasma. The resonance-induced enhancement of single harmonics was also
observed in the Ge, Sb, Te, and As plasmas. The application of used targets for the
laser ablation and high-order harmonic generation during propagation of fem-
tosecond pulses through the laser-produced plasmas has revealed the attractive
nonlinear optical peculiarities related with the specific properties of elemental
semiconductors.

We discussed the studies of the high-order harmonic generation of ultrafast laser
pulses in the extended carbon cluster-contained plasmas (fullerenes, nanofibers,
diamond nanoparticles, and nanotubes). These studies have shown the usefulness in
the application of the carbon cluster media for the HHG. The comparison with the
harmonic generation from the ablated bulk graphite showed that the probable
sources of efficient harmonics in the range of 15–33 eV (λ = 80–40 nm) are the
low-sized nanoparticles produced during ablation of large clusters and agglomerates
of carbon-contained materials. The reason for stronger harmonic yield from cluster
ablation compared with the ablation of bulk material in the case of carbon-based
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species is the easiness in low-sized nanoparticles formation. The latter species can
lead to the growth of lower-order harmonic yield due to enhanced probability of
recombination of the accelerated electron with the whole cluster, while keeping the
weak absorptive properties of the extended medium.

Previously, it was revealed that, in the case of the Al nanoparticles of different
sizes, the enhancement of the harmonic signal from large nanoparticles (≥100 nm),
with respect to that of the bulk target, was found to be negligible. Ablation of the
targets constituted by larger nanoparticles most probably leads to the entrainment of
larger clusters in the plume, which causes a reduction of the local field effect and
contributes to a larger absorption probability of the generated short-wavelength
radiation. This effect is probably exaggerated in the case of extended plasmas. The
optimal sizes of the nanoparticles participating in harmonic generation is still an
unresolved issue that should be investigated further due to the necessity of defining
the relative role of different competitive mechanisms of the HHG in clustered
plasmas. The presence of large neutral clusters and agglomerates in the extended
CNF, CNT, C60 and DN plasmas did not enhance the harmonics. The absence of
large clusters in the graphite plasmas and the similar efficiency of lower-order
harmonics in the case of the ablation of bulk graphite and clustered carbon species
allows concluding on the prevailing role of small carbon clusters over the large ones
in the growth of η from those plasmas.

Finally, we analyzed the high-order harmonic generation of femtosecond pulses
in the extended plume containing graphene nanoparticles. The harmonics up to the
33rd order were observed. The presence of graphene nanoparticles in the laser
plasma was confirmed during the analysis of ablation debris. The comparative
studies of harmonic generation from the ablation of graphene, carbon nanotubes,
and diamond nanoparticles showed the advanced properties of the latter medium.
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Chapter 6
New Opportunities of Extended Plasma
Induced Harmonic Generation

In this chapter, we present the studies of low-order harmonic generation of
picosecond laser radiation in the perforated plasma plumes. The periodic plasma
structures were produced on the perforated aluminum targets, the copper strips, and
the bunch of pencil leads. Further, we discuss the enhancement of single harmonic
in the In2O3 and Sn cluster-contained plasmas, which allowed both the efficient
generation of lower-order harmonics of ultrashort pulses and the resonance
enhancement of single harmonics. The comparison of the harmonic spectra
obtained using the plasmas produced on bulk and clustered materials showed that
similar enhancement of single harmonics occurs in the case of the strong excitation
of nanoparticle-contained targets, while weaker excitation causes generation of
featureless lower-order harmonic spectra. Finally, we analyze the method of the
measurements of electron density in the low-dense, low-ionized laser-produced
plasmas using the nonlinear optical process of high-order harmonic generation of
ultrashort pulses at the conditions of the quasi-phase-matching of driving and
harmonic waves.

The extended plasmas can offer various opportunities during interaction with
short pulses. Here we present the studies of low- (third and fourth) order harmonic
generation of picosecond laser radiation in the perforated plasma plumes. The
periodic plasma structures were produced on the perforated aluminum targets, the
copper strips, and the bunch of pencil leads. We analyze the influence of the
distance between plasma jets and the low-order harmonic intensity using
single-color and two-color pumps of the extended periodic plasmas produced on
various surfaces. While the shortening of the length of extended homogeneous
plasmas led to a considerable decrease of plasma harmonic intensity, the application
of perforated plasmas led to the enhancement of the lower-order harmonics at the
smallest used sizes of plasma jets. The 8× enhancement of third harmonic yield was
observed from the set of 0.15-mm-long plasma jets compared with the plain alu-
minum plasma.

We discuss the enhancement of single harmonic in the nanoparticle-contained
plasmas. The results of studies of laser-produced In2O3 and Sn cluster-contained
plasmas allowed both the efficient generation of lower-order harmonics of ultrashort
pulses and the resonance enhancement of single (13th and 17th) harmonics. The
comparison of the harmonic spectra obtained using the plasmas produced on bulk

© Springer Science+Business Media Singapore 2016
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and clustered materials showed that similar enhancement of single harmonics
occurs in the case of the strong excitation of nanoparticle-contained targets, while
weaker excitation causes generation of featureless lower-order harmonic spectra.

We also analyze the method of the measurements of electron density in the
low-dense, low-ionized laser-produced plasmas using the nonlinear optical process
of high-order harmonic generation of ultrashort pulses at the conditions of the
quasi-phase-matching of driving and harmonic waves. Ne was defined using the
relations of QPM. We discuss the results of Ne measurements in the region of
1016 cm−3 using the multi-jet silver plasma produced for the HHG.

6.1 Third and Fourth Harmonics Generation
in Laser-Induced Periodic Plasmas

In this section, we analyze the first demonstration of the enhanced low-order har-
monics of picosecond laser radiation in the perforated plasmas compared with the
imperforated extended plasmas [1]. We discuss the properties of the multiple
plasma jets produced by three different methods for the low-order harmonic gen-
eration. Particularly, we analyze the third (3H) and fourth (4H) harmonic generation
using the single-color and two-color pumps of the plasmas of different periodicity
produced on the surfaces of various targets. It was shown in [1] that, while a
shortening of the plasma produced on the homogeneous surfaces causes a con-
siderable decrease of plasma harmonic intensity, the application of short-period
plasmas leads to the enhancement of low-order harmonics.

A single pulse from the Nd:YAG laser (wavelength 1064 nm, pulse duration
38 ps) was divided on two parts, one (heating pulse) with the energy of up to
Ehp = 28 mJ, which was used for the plasma formation on the targets, and another
(fundamental pulse) with the energy of up to Efp = 15 mJ, which was used for the
harmonic generation in the plasmas. The heating pulse was focused using a 30 cm
focal length cylindrical lens inside the vacuum chamber contained the target to
create the extended plasma plume (Fig. 6.1). The fundamental pulse, after some
delay from the beginning of ablation, was focused onto the prepared plasma from
the orthogonal direction, parallel to the target surface. The intensity of fundamental
pulse at the focus area was 2 × 1013 W cm−2. The confocal parameter of this
focused radiation (8 mm) was longer than the length of extended plasma plumes
(5 mm). The delay between these two pulses during most of experiments was
maintained at 30 ns, which was optimal for the efficient 3H (λ = 355 nm) generation
in laser-produced plasmas.

The two-color pump scheme was used to analyze the 4H (λ = 266 nm) gener-
ation. Part of the fundamental pulse was converted to the second harmonic in the
nonlinear crystal (KDP, type I). Conversion efficiency of second harmonic was 6 %.
The fundamental and second harmonic beams were then focused inside the plasma
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plume. The polarizations of these two pumps were orthogonal to each other
(Fig. 6.1). The 3H and 4H radiations were analyzed using the spectrometer.

The targets were made of various materials (aluminum, copper, and pencil lead).
The sizes of targets where the laser ablation occurred were 5 mm.
A three-coordinate manipulator made it possible to move the targets and control a
zone of interaction of the fundamental radiation with the plasma relative to the
target surface. The shapes of these targets allowed the formation of the periodic
plasma jets. The example of aluminum target is shown in Fig. 6.2a. The periods

Fig. 6.1 Experimental scheme. FP fundamental pulse; HP heating pulse; C nonlinear crystal
(KDP); SFL spherical focusing lens; CFL cylindrical focusing lens; T target; P plasma; FS fiber
spectrometer (HR4000). Reproduced from [1] with permission from Elsevier

Fig. 6.2 Periodically
perforated targets used in
these experiments.
a Perforated aluminum target.
b Microlithographic copper
strips. c Bunch of pencil
leads. Reproduced from [1]
with permission from Elsevier
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between the perforated areas of Al targets were chosen to be 0.5, 0.3 and 0.15 mm.
The corresponding widths of plasma jets were 0.5, 0.3 and 0.15 mm respectively.
Another target was a microlithographic periodic surface of the copper strips
(Fig. 6.2b), with their width of 0.15 mm and the distance between strips of
0.15 mm. Third target comprised a bunch of pencil leads placed parallel to each
other. The leads were polished so that their width was 0.5 mm and the distance
between these rods was 0.25 mm (Fig. 6.2c). The plain Al, Cu, and C targets of the
widths of 5 mm were also used for the comparison with above described perforated
targets.

The application of periodic targets assumes a decrease of a whole length of
medium compared with the ablation of plain, imperforated target. In the case of
aluminum, copper, and carbon targets, the perforation of plasma leads to a decrease
of effective lengths of plasma plumes from *5 mm (plain targets) to 2.5 mm
(perforated aluminum targets with different widths of single plasma jet), 2.5 mm
(microlithographic periodic surface of 0.15 mm wide copper strips separated by
0.15 mm of dielectric), and 3.5 mm (bunch of pencil lead targets).

The sizes of ablated area were restricted by the length of targets and focusing
conditions using cylindrical lens. The focusing of heating pulse on the plain target
surface produced the line plasma with the thickness of 40 µm (FWHM). The
ablated area represented a parallelepiped with the sizes 5 × 0.04 mm2. The intensity
of 2.1 mJ, 38 ps heating pulses on the plain target surface was 3 × 1010 W cm−2.
The intensities of heating radiation in the cases of 8.2 and 5 mJ pulses
were *1.2 × 1011 and *2.2 × 1011 W cm−2.

Once one assumes that only micro-processes (i.e. single particle response) rather
than macro-processes (related with collective propagation effects, etc.) govern the
yield of harmonic emission then the 3H intensity should follow the quadratic
dependence on the length (L) of nonlinear medium (I3H ∞ Ll, where l = 2 [2]).
These dependences were analyzed, for both 3H and 4H, in a few plasma plumes
produced on the plain surfaces of Al and Cu targets by changing the length of
plasmas using the slit placed after the cylindrical lens. These I3H,4H(L) studies are
shown here for the comparison of the nonlinear optical response of short and long
media to emphasize the involvement of macro-processes in the cases when the
extended plasma was shortened and modified to be a perforated one.

The experiments were carried out at Ehp = 2 mJ when the free electron con-
centration in the plasma did not affect the phase relations between the interacting
waves. At these conditions, the coherence length of 3H and 4H was larger than the
width of the targets due to small concentration of free electrons. The absorption of
355- and 266-nm pulses in the plasma plumes was insignificant, due to small
concentration of plasma (*2 × 1017 cm−3). Figure 6.3 presents the dependences of
the 3H and 4H intensities on the length of Al plasma. In the case of 3H generation
(Fig. 6.3a), this dependence had a slope l close to 2.2 up to the L * 2.5 mm, with
further insignificant decrease of the slope (l = 1.8). The harmonics were assumed to
be generated from the ablated aluminum atoms and singly-charged ions. The
spectroscopy studies of Al plasma showed the neutral and singly charged ionic
lines. In the meantime, the involvement of clusters in harmonic generation is also
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possible. Similar dependences were observed in the cases of plain copper and
carbon plasmas.

The 4H was stronger than the 3H, though the ratio between the intensities of
these harmonics was unstable, due to some instability of laser intensity and plasma
formation. The conversion efficiencies of 3H and 4H were measured to be 3 × 10−5

and 5 × 10−5 using the technique described in Sect. 2.3.2. The nonlinear depen-
dence of the 4H yield on the length of plasma medium was analyzed using the Al
plasma plume (Fig. 6.3b). The slope of I4H (L) dependence (l = 2.9) was steeper
compared with the 3H case. The reasons of the increase of a slope of this depen-
dence are not clear, since both 3H and 4H generation are related with the
four-photon micro-processes. The possible assumption for explanation of this dif-
ference of slopes is the involvement of macro-processes in overall yield of 4H, or
imperfect overlapping of the two pump beams. Another option is the involvement
of the laser ablation-produced nanoparticles in the enhancement of harmonic yield
in the case of longer plasmas [3].

The growth of heating pulse energy above 3 mJ led to a decrease of the 3H yield
from long (5 mm) plain plasma (Fig. 6.4), which is a sign of the influence of free
electrons on the phase relation between the harmonic and fundamental waves
during propagation through the extended plasma. To overcome this decrease of
harmonic yield one has to implement the perforated plasma medium. Below we
describe the results of studies of the periodic modulation of plasma length at
different heating pulse energies.
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Fig. 6.3 Dependences of the a 3H and b 4H intensities on the length of Al plasma. Reproduced
from [1] with permission from Elsevier
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Fig. 6.4 Dependences of the
3H intensity on the profile of
Al targets at different energies
of heating pulse. The plasma
widths and distances between
plasma jets were 0.5 mm
(profile 1), 0.3 mm (profile 2),
and 0.15 mm (profile 3).
Thick red lines show a
statistic distribution of 3H
yield from shot to shot. These
dependences were taken at the
heating pulse energies of
a 2.1 mJ, b 8.2 mJ and
c 15 mJ. Inset in Fig. 6.4a
shows the plasma images
obtained from the plain
aluminum target (left panel)
and perforated target (profile
1, right panel). Reproduced
from [1] with permission from
Elsevier
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The measurements (Fig. 6.3a) showing a significant decrease of harmonic yield
with shortening of plasma area may predict a fall of 3H efficiency for the periodic
plasmas, using the effective lengths two times shorter than the length of the plasma
produced on the plain target. Actually, one can expect a four-fold decrease of 3H
yield in the cases of periodic Al and Cu plasmas and a 2.4-fold decrease of 3H yield
in the case of a bunch of pencil leads, once we assume a decisive role of
micro-processes and ignore the role of macro-processes, such as the phase matching
of fundamental and harmonic waves. This was true for the aluminum targets with
relatively large sizes of plasma jets (0.5 and 0.3 mm; see the 3H yields in the cases
of perforated Al targets with the profiles 1 and 2 shown in Fig. 6.4). Notice a
change of the relative intensities of 3H in the case of these two targets with the
increase of heating pulse energy. Particularly, the formation of 0.5-mm-long jets led
to a *3–5 fold decrease of the 3H yield at different energies of heating pulse,
which follows from the I3H ∝ L 2 rule.

Another pattern was observed in the case of the aluminum target producing
plasma jets of shortest period (target with profile 3, with the thickness of plasma jets
of 0.15 mm). Starting from smallest energies of heating pulse, no significant
decrease of 3H yield was observed from the plasma produced on this perforated
target compared with the plain target. Moreover, with the increase of heating pulse
energy, the 3H yield from this periodic target became stronger compared with the
one from the plain target. In particular, at the 15 mJ energy of heating pulse, the
harmonic yield from these plasma jets was two times stronger than the one from the
plain target. The length of perforated nonlinear medium was two times less than the
length of extended plasma. The expected quadratic dependence of the harmonic
yield on the length of medium should lead to the four-fold decrease of the har-
monics from the shorter plasma rather than the two-fold increase observed in those
studies. One can obtain from this assumption an eight-fold growth of 3H yield from
the used perforated target assuming the comparison with the plain target of the same
length of plasma (as it is a practice accepted during harmonic generation in the
perforated gaseous media [4, 5]), contrary to the expected decrease of conversion
efficiency related with the involvement of single-particle response.

The inset in Fig. 6.4a shows the plasma images obtained from the plain Al target
(left panel) and periodic target (right panel, profile 1). In the case of periodic Al
samples, the excitation of target by the heating radiation focused using the cylin-
drical lens led to formation of plasma on the upper and bottom surfaces (see the
plasma jets on the right side of inset in Fig. 6.4a). These images were taken from the
top of vacuum chamber to show the profiles of plasmas used in those experiments
(the driving pulse was propagated through these plasmas from the bottom to the
top). The plasma formation in the deeps of target profile (0.5 mm below the surface)
causes longer time for those particles to propagate toward the axis of driving pulse
propagation. They reach this area after (0.5 + 0.1 mm)/5 × 105 cm s−1 = 120 ns, i.e.
long time after the propagation of 38 ps driving pulse, and thus do not participate in
harmonic generation. Thus the driving pulse propagates only through the periodi-
cally shaped plasma jets produced on the upper surface area.
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In the case of plain plasma, the 3H radiation saturates over the length of Lcoh and
then down-converts back to the 1064 nm radiation due to the change of the phase
difference between the two pulses. This destructive interference may restrict the
harmonic generation efficiency for longer length media, thus cancelling the
advantages of using the extended plasmas. To overcome this obstacle, one can
create the conditions when, after propagation of the path equal to the Lcoh for this
nonlinear optical process, the driving and converted radiations propagate in a free
space, thus preventing the down conversion (see also Chap. 3). The “optimal”
length of plasma jet depends on a few parameters, such as harmonic order and
concentration of the free electrons in the plasma. The variation of heating pulse
energy directly influences the change of free electron concentration and corre-
spondingly modulates the refractive index of plasma and phase matching
conditions.

At stronger heating pulses, the yield of 3H from the plain plasma becomes less
than at Ehp = 2.4 mJ (see Fig. 6.4; the plots (a–c) have the same scale, which allows
comparison of the harmonic yields for different targets and pumps). One can expect
various scenarios in the case of presence of the free electrons in long plain plasma,
which can change the phase matching conditions between the driving and harmonic
waves. The exceeding of the length of plasma over the coherence length of 3H
generation should lead to a decrease of harmonic yield. This was achieved during
over-excitation of plain plasma. The observation of stronger harmonic yield from
the short-period plasma (profile 3) manifests the first demonstration of the pre-
vention of destructive interference between the long-wavelength waves propagating
through the plasma medium.

Analogous comparative studies of 4H generation in the plain and periodic
plasmas have also revealed the growing influence of plasma sizes in the case of
periodic jets. Stronger (compared with the 3H generation) I4H(L) dependence
(Fig. 6.3b) should cause a steeper decrease of harmonic yield in the periodic
plasmas. However, experiments with the aluminum targets perforated with 0.15 mm
period showed that the 4H yield was at least the same as the one from the bulk long
plasma.

The effect of perforated plasma was also observed in the case of microlitho-
graphic copper strips. During ablation of these targets, the plasma formation
occurred predominantly on the metallic parts of microlithographic target. The
ablation of intermediate parts of this target containing organic material was inef-
ficient for the plasma formation and 3H generation, which was confirmed during the
experiments using same targets without copper strips. At 8 mJ heating pulse energy,
the 3H yield from plain copper plasma clearly exceeded the one from ablated
microlithographic target. However, with the growth of pumping energy
(Ehp = 15 mJ), the pattern of this dependence was considerably changed, and the 3H
yields from these plasmas became approximately equal. Further growth of heating
pulse energy caused a significant decrease of harmonic conversion efficiency for
both targets. No 3H was observed at the heating pulse energy of 25 mJ.

Final set of those studies was related with the comparison of the 3H harmonic
yields from the plasmas produced on the plain carbon target (Fig. 6.5, red empty
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squares) and periodic strips of the pencil leads (blue filled circles). The whole
lengths of these targets were 5 mm, while the length of plasma area in the latter case
was 3.5 mm. The energies of heating and fundamental pulses in both these cases
were 8.2 and 15 mJ. The harmonic yield from periodic target exceeded the one from
plain target (Fig. 6.5), while it should be decreased almost 2.5 times due to shorter
length of plasma (5 and 3.5 mm for the plain carbon target and periodic target
respectively).

The plasma and electron concentrations of the Al plasma produced using the
38-ps heating pulses at the fluence of 0.7 J cm−2 were calculated using the code
ITAP IMD [6]. The calculated Np and Ne at this fluence were 2 × 1017 and
3 × 1016 cm−3. To maintain the QPM conditions, one has to realize a modulation of
the coupling between the driving and converted waves, which is periodic along the
generation path. For a given size of single plasma jet, the QPM for the qth harmonic
could be fulfilled at a fixed product q × Ne (since Lcoh ≈ 1.5 × 1018(q × Ne)

−1 [7] for
the 1064 nm radiation). An increase of Ne (at higher excitation of target) should
lead to the optimization of the QPM for the lowest harmonic to keep the product
q × Ne unchanged at the fixed spatial characteristics of plasma jets. This feature is
demonstrated in Fig. 6.4c for the shortest (0.15 mm) plasma jets.

The relation between the optimal thickness of the plasma jets (Lcoh), which
corresponded to the coherence length of specific harmonic, and the maximally
enhanced harmonic order (q) is given by the above formula. As it is seen, it depends
on the product q × Ne. One can assume that, for lowest orders, the over-excited
plasma could be a good choice. At a reasonable excitation of targets (i.e. at a
fluence of *1–2 J cm−2), the maximally enhanced harmonics from the multi-jet
plasmas should be in the range of twenties orders at the used thickness of single
plasma jet. In the meantime, the weak dispersion of such plasma would lead to the
conditions when some lesser enhancement will also be seen for a large number of
neighboring harmonic orders, particularly lower-order ones.

Fig. 6.5 Comparison of 3H
yields from the plasmas
produced on the plain carbon
target (red empty squares) and
periodic strips of pencil leads
(blue filled circles). Inset
shapes and sizes of plain and
periodic carbon targets.
Reproduced from [1] with
permission from Elsevier
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The main goal of those studies was to show that the modification of plasma from
being extended to being perforated leads to the enhancement of lowest-order har-
monics, even though the length of perforated plasmas becomes twice shorter, which
should lead to the four-fold decrease of harmonic yield. Those observations point
out the involvement of the QPM on the lower-order harmonic yield and allow
predicting a significant growth of the higher-order harmonics in the case of gen-
eration in such periodic plasma structures. This growth of the nonlinear optical
response of medium due to formation of the quasi-phase-matched conditions for
high-order harmonics has been discussed in Chap. 4.

6.2 Resonance-Enhanced Harmonics Generated
in Nanoparticle and Monomer Plasmas

Clustered media subject to intense laser pulses produce strong low-order nonlinear
optical response (e.g., nonlinear refraction and nonlinear absorption), as well as can
emit the coherent radiation through the low-order harmonic generation. The
enhanced nonlinear optical properties of clusters may cause the improvement of the
high-order harmonic efficiency as well. Initially, studies of cluster-induced har-
monic generation were limited to exotic nanoparticles of gases. The physical origin
of this process in the gas clusters was mostly related with standard atomic harmonic
generation, modified by the fact that in clusters the atoms are disposed to each other
[8–16]. The increase of HHG conversion efficiency in those studies was attributed
to the growth of the concentration of emitters and the specific properties of clusters.
Particularly, the cross-section of recombination of the accelerated electron with the
parent particle in the case of clusters is higher compared with the atoms. In the
meantime, the uncertainty in the exact mechanism of the HHG from clusters has
previously been underlined in a few studies [17–19]. Among additional mecha-
nisms the ionization and recombination to the same ion, to the neighboring ions,
and to the whole nanoparticle have been proposed. The experiments with gas
clusters have revealed some difficulties in disentangling the harmonics produced by
different species (monomers and clusters of different sizes).

Similar studies of the HHG in the laser-produced plasmas consisted of clusters or
monomers showed that, at equal experimental conditions, the former emitters
provide considerably stronger lower-order harmonic yield, thus pointing out the
advanced properties of the clustered emitters of harmonics in the longer-wavelength
range of extreme ultraviolet [20]. Recently, it became possible to generate the laser
plasmas containing different nanoparticles due to availability of various metal-based
clusters. The enhancement of harmonics in the metal nanoparticle plasmas has been
achieved in various laboratories [21–24]. In the meantime, additional option could
be a resonance enhancement of single harmonic in the cluster-contained plasmas.
First attempts to analyze this process were reported in [25]. Those studies have
revealed that, though the single harmonics were strongly enhanced in the plasmas
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produced on the surfaces of bulk Sn and In targets, the harmonic spectra from the In
and Sn nanoparticle-contained plasmas showed featureless plateau-like spectra with
low cut-offs.

However, there are no fundamental restrictions in the resonance enhancement
independently on the sizes of harmonic emitters. To achieve the resonance-induced
growth of harmonics from large particles one has to find the conditions of optimal
plasma formation during cluster ablation. In that case one can simultaneously
analyze two mechanisms of the growth of harmonic yield (i.e. nanoparticle-induced
enhancement and resonance-induced enhancement). First observation of this
process has been reported in [26] where conditions of the optimal enhancement of
single (29th) harmonic were achieved in the Cr2O3 cluster-contained plasma.
However, no systematic comparative studies of this process were reported in the
case of the HHG in nanoparticle- and monomer-contained plasmas.

Here, we analyze the results of studies of two cluster-contained plasmas (In2O3

and Sn) at the conditions of excitation of these species allowing both the efficient
generation of lower-order harmonics and the resonance enhancement of single 13th
and 17th harmonics, respectively [27]. The comparison of the harmonic spectra
obtained using the bulk and cluster materials of the same origin showed that similar
enhancement of single harmonics occurs in the case of strong excitation of
nanoparticle-contained targets.

Experimental scheme for HHG was described in Sect. 4.1. The powders of In2O3

and Sn nanoparticles were glued on the 5-mm-long glass plates and then installed in
the vacuum chamber for ablation. The harmonic spectra from the ablation of
5-mm-long In and Sn bulk targets were also studied for comparison with the
powdered targets. The morphology of nanoparticles before and after ablation was
analyzed using the transmission electron microscopy. The TEM images of
nanoparticles before their ablation are shown in Fig. 6.6. The sizes of nanoparticles

Fig. 6.6 TEM images of the a In2O3 and b Sn nanoparticles before their ablation. While lines on
the images correspond to 100 nm. Adapted from [27] with permission from IOP Publishing. All
rights reserved
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were in the range of 40–130 nm. The Sn nanoparticles were presented in the
sphere-like shape, while the indium oxide nanoparticles showed the elliptical or
squared shapes. The analysis of the ablated clusters, which were deposited on
nearby glass plates, showed the nanoparticles similar to the original ones, which
confirmed the presence of these species in the plasma plume. The morphology
study of the debris deposited on the glass plates during ablation of bulk targets has
shown that no nanoparticles were observed in that case at the heating pulse fluences
up to 1.2 J cm−2. This observation points out the presence of monomers in the
plasma plumes at the conditions corresponding to the harmonic generation from the
ablation of bulk metals.

The HHG spectra were measured from the plasmas produced on the surface of
indium bulk target at a heating pulse fluence of 0.9 J cm−2 (Ihp ≈ 2.5 × 109 W cm−2).
Figure 6.7a shows the harmonic spectra obtained during ablation of bulk indium and
measured at different acquisition times (30, 10 and 1 s). One can see a significant
enhancement of the 13th harmonic over other harmonics. Upper panel of Fig. 6.7a
shows the spectrum of saturated 13th harmonic collected during 300 laser shots.
These conditions of registration were chosen to show the spectral distribution of
weak neighboring harmonics. The analysis of this emission during unsaturated
regime of registration showed that the 13th harmonic was 60 times stronger than the
21st harmonic, which in turn exceeded other harmonics in the 30–75 nm spectral
range. Harmonic cut-off in this plasma was extended up to the 45th order.

The ablation of indium oxide clusters at the fluence F = 1.3 J cm−2 led to
generation of plasma spectrum, without the appearance of harmonic emission
during propagation of the strong pulse through the plasma plume (Fig. 6.7b, thick
curve). The gradual decrease of fluence (from 1.3 to 0.7 J cm−2) allowed the
formation of plasma conditions when the intense lower orders became visible in the
spectrum, which did not contain the plasma emission (thin curve). Strong enhanced
13th harmonic was observed at these conditions, though the enhancement of this
harmonic over neighboring ones (10×) was not as high as in the case of bulk indium
ablation. This nanoparticle-contained plasma allowed achieving the 27th harmonic
cut-off. Further decrease of heating pulse fluence (0.3 J cm−2) led to considerable
decrease of 13th harmonic and appearance of featureless plateau-like spectrum
along the whole range of harmonic generation. Polarization measurements of
enhanced 13th harmonic yield from nanoparticle plasma showed the anticipated
significant decrease of its intensity with the change of the polarization of driving
radiation from linear to elliptical and circular, which is a characteristic feature of
this nonlinear optical process.

Two pulses (802 and 401 nm) interacting in the indium oxide nanoparticle-
contained plasma were used to analyze the influence of weak second field on the
growth of harmonic yield. The additional motivation of these two-color studies of
the HHG from clustered plasmas was related with the analysis of possible
enhancement of the nearby even harmonics (12th and 14th orders) generating close
to the resonance-enhanced odd (13th) harmonic. One can assume that the reso-
nances, which were responsible for enhancement of 13th harmonic, could also
influence the harmonic yield of the neighboring even orders. Part of the driving
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pulse was converted to the second harmonic in the BBO crystal placed inside the
vacuum chamber on the path of the focused femtosecond beam at a distance of
150 mm from the plasma plume. The 0.5-mm-long crystal was used for
second-harmonic generation, which allowed a sufficient overlapping of two pumps
in the plasma medium despite the group velocity dispersion induced delay between
the 802 and 401 nm pulses, while producing a sufficient amount of 401 nm photons.
The second harmonic conversion efficiency in this crystal was 7 %. The driving and
second harmonic beams were focused inside the plasma plume. The polarizations of
these two pumps were orthogonal to each other. The application of the two-color
pump of nanoparticle-contained plasma at the optimal fluence of heating radiation
(0.7 J cm−2) allowed achieving the growth of the 12th harmonic, which was close to
the resonance transition of In II responsible for the enhancement of 13th harmonic
(Fig. 6.7c). This spectrum is presented at the conditions of saturation of enhanced
13th harmonic for better visibility of relative intensities of other odd and even
harmonics (particularly, compare the intensities of 10th and 12th orders).

The influence of strong ionic transition 4d105s2 1S0 → 4d95s25p (2D) 1P1 or
some other nearby transitions of In II on the 12th harmonic yield led to enhance-
ment of this radiation compared to the lower-order (10th and 11th) harmonics even
using the weakly overlapped leading and trailing parts of the two pulses in the
extended plasma. The origin of such enhancement could be attributed to both the
single ion response and propagation effect. Note the absence of 12th harmonic in
the emission spectrum comprising only 10th, 14th, 18th, etc. orders in the case of
using single-color 401 nm pump of cluster-contained plasma, which confirms the
origin of this radiation in the former experiments as a result of interaction of the two
waves in the plasma plume. In the case of two-color pump scheme, the range of
enhanced harmonics was extended towards the shorter wavelength region (31st
order), in spite of relatively small ratio of the 401 and 802 nm pump energies of the
overlapped pulses inside the plasma (0.04). One can assume that the application of
extended plasma allowed diminishing the delay between two pumps due to positive
dispersion of this medium.

The 13th harmonic (hν = 20.15 eV) of 802 nm radiation generated in an indium
plasma is a strongest enhanced single harmonic ever reported in the plasma har-
monic experiments, which has been confirmed in multiple studies of bulk indium
ablation [28–31]. Particularly in [30], the properties of this harmonic were sup-
ported by hydrodynamic simulations of the plasma plume already suggesting that
the optimized 13th harmonic yield can be essentially correlated with the In II
density evolution. The enhancement of the 13th harmonic emission from the plasma
containing indium ions is due to the influence of the radiative transitions between
the 4d105s2 1S0 state of In II and the low lying 4d95s2 np transition array of In II
(see also Sects. 2.2 and 2.3).

These experiments have demonstrated that the resonance enhancement in clus-
tered plasmas occurred only at the heating fluences allowing the formation of
ionized species of nanoparticles, while further growth of target excitation led to
deterioration of HHG conditions and strong plasma emission. Note that, in the case
of bulk indium ablation, the enhanced 13th harmonic was observed in a broad range
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of heating fluences, thus indicating the appearance of emitters of this harmonic at
both weak and strong excitation of indium target.

Among a few laser-produced plasmas demonstrating enhanced harmonics, Sn
shows an interesting sample of single harmonic generation, when strong transitions
of singly and doubly charged ions can considerably influence this process
depending on the experimental conditions (wavelength of driving radiation, laser
chirp, single- or two-color pump, spectral width of driving radiation, pulse duration,
etc.), which was confirmed during experimental and theoretical studies of the HHG
in a tin plasma [32–36]. Here, we analyze the resonant enhancement of single
harmonic in the tin-contained plasmas using the bulk target ablated at a fluence
F = 0.8 J cm−2 (Fig. 6.8a). Strong 17th harmonic was observed with an
enhancement factor of about 10× compared with neighboring harmonic orders. In
the case of Sn nanoparticle-contained target, similar enhancement of single har-
monic was observed as well pointing out the appearance of ionized clusters at
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relatively weak excitation of the target (F = 0.6 J cm−2, Fig. 6.8b). At lower
fluences, the enhancement of 17th harmonic was significantly suppressed. Note that
the spectral lines of harmonics from Sn nanoparticles were broadened at the
shorter-wavelength side and showed additional peaks compared with the narrow
lines of the harmonics generated in monomer-containing Sn plasma.

The Sn II resonances, which influence the enhancement of harmonics, corre-
spond to the wavelengths in the region of 47 nm. It was found from the published
data of the Sn II transitions in the studied spectral region [37] that the observed
enhancement of the 17th harmonic of the 802 nm radiation (47.17 nm) can be
attributed to the influence of the transitions 4d105s25p2P3/2 → 4d95s25p2. Some of
these transitions possess large oscillator strengths in the photon energy range of
24.9–27.3 eV.

An approach that suggests a HHG model describing enhancement of the gen-
eration efficiency for the harmonic resonant with the transition between the ground
and the autoionizing state of the generating ion was developed in [34]. In this
approach, the third (recombination) step of the three-step scenario of HHG [38–40]
was partitioned into two steps: the capture of a laser-accelerated electron into an
autoionising state of the parent ion followed with the radiative relaxation of this
state to the ground state with emission of the harmonic photon. Probably, this
scenario could be applied to the ionized large particles as well.

Among the factors responsible for the enhancement of individual harmonics, one
has to mention the variation of the phase-matching conditions for different har-
monic orders. The phase mismatch varies as the laser pulse propagates through the
plasma plume due to further ionization of the nonlinear medium. For harmonics in
the plateau region, the phase mismatch attributed to free electrons is one to two
orders of magnitude larger than the mismatch due to neutrals and singly charged
ions. However, under resonance conditions, when the frequency of a given har-
monic becomes close to the frequency of inner-shell atomic or ionic transitions, the
wave-number variation for this harmonic caused by atoms or ions might be sig-
nificantly increased and the role of free electrons and dispersion effects may be
diminished. The dispersion in the vicinity of a resonant transition can be consid-
erably changed thus allowing coincidence of the refractive indices of the plasma at
the wavelengths of the driving laser and the harmonic emission [31]. In these
circumstances, it is possible to satisfy the optimal phase conditions for a single
harmonic, with the consequent increase of conversion efficiency for this emission.

These two approaches in description of resonance-enhanced harmonics, which
comprise micro- and macro-processes in monomer media, may also be applied for
the analysis of the observed enhancement of single harmonic from the plasmas
containing clusters. When clusters become ionized, the above-described mecha-
nisms start to play important role. Probably, an insufficient amount of ionized
clusters does not allow the cut-off extension. From other hand, further growth of
excitation of nanoparticle targets may cause a significant growth of electron con-
centration in plasma followed with phase mismatch and strong plasma emission.

The powdered targets are difficult to keep intact for a long time during their
continuous ablation. The studies of the decay of harmonic yield from the clustered

176 6 New Opportunities of Extended Plasma Induced Harmonic Generation



plasmas were performed at 10 Hz pulse repetition rate, without the movement of
targets from shot to shot. The fixed position of target led to deterioration of the
optimal plasma formation after a few hundred shots (or a few tens of seconds) on
the same place of cluster-contained target. This effect was observed in previous
studies of powdered target ablation and is attributed to the modification of target
surface (i.e. evaporation of clustered powder, melting of heated area, modification
of surface properties, etc.). To keep stable harmonic yield from this target, one has
to drag the nanoparticle holder up and down, while in the case of bulk target
ablation the stable harmonic generation was lasted for considerably longer time (a
few thousand shots) without the movement of ablating sample. Previous method to
hold the stable harmonic emission from cluster-contained plasmas was based on the
rotation of target (cluster-contained cylindrical rod) and the ablation of its surface
by narrow heating beam [41]. In the described case, this method cannot be applied
since the plain targets were used to create the extended plasmas.

The feature specific to nanoparticle-produced harmonics compared to respective
bulk targets is the appearance of blue shifted lobes and the broadening of the
low-order harmonic. Below we address the experimental finding and origin of this
spectral feature specific to nanoparticle targets. Figure 6.8b shows the appearance of
blue-sided lobes and double peaks in the case of lower-order harmonics. Note that this
modification of harmonic spectra was observed only in the case of nanoparticle-
contained plasmas, similarly to those analyzed in [42]. Several investigations on
variations of the width of the spectrum of harmonics due to the broadening of the
spectrum of radiation to be converted have been reported in [43–45]. All of these
investigations were performed under the conditions of broadening of the spectrum of
laser radiation at a comparatively weak action of the self-phase-modulation on the
spectral properties of harmonics. In the case of the pulse that underwent a significant
phase self-modulation due to additional ionization of the medium through which it
propagated a significant heterogeneous broadening of the spectral distribution can be
observed. This effect can be explained by the wavelength change in the leading edge
of the laser pulse due to self-phase modulation of the radiation propagating through
the laser plasma. The initial lower intensity portion of the pulse creates harmonics. As
the pulse intensity reaches its peak, the additional ionization can change the distri-
bution of laser spectrum along the whole pulse. It has been shown in previous studies
of gas and plasma HHG using the chirped pulses that the leading edge of the pulse
mainly contributes to the HHG. Laser radiation becomes negatively chirped along the
propagation through the extended plasma. The part of harmonics produced with
negatively chirped laser pulses becomes blue-shifted because the harmonics pro-
duced in the leading edge of the laser pulse come from the blue part of the laser
spectrum. Though this assumption qualitatively explains the blue-sided broadening
of lower-order harmonics, the appearance of the peaks in the spectral distribution of
individual harmonic requires additional consideration.

The growth of intensity of the femtosecond pulse did not lead to extension of the
harmonics generated in the nanoparticle-containing plasma plumes, which is a sign
of saturation of the HHG in these media. Moreover, at relatively high intensities of
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driving femtosecond pulses, a decrease in harmonic conversion efficiency in
cluster-contained plasma was observed due to some restricting factors (appearance
of abundance of free electrons, self-defocusing, phase mismatch, etc.). The same
can be said about the increase of heating pulse intensity on the surface of
nanoparticle-containing targets over some optimal value. In that case the deterio-
ration of harmonic generation was attributed to the increase of free electron con-
centration and phase mismatch.

6.3 Electron Density Measurements in Laser-Produced
Plasma Using the Nonlinear Optical Method

The electron density of plasma governs various properties of this medium. Several
diagnostic methods were developed for the measurements of Ne, which include
Langmuir probe [46, 47], Thomson scattering [48], laser interferometry [49], and
plasma spectroscopy [50–56]. Latter method is the most useful technique, which is
based on the analysis of the Stark broadening of spectral lines [57, 58]. However,
additional three broadening mechanisms (Doppler broadening, pressure broadening,
and instrumental broadening) may contribute to line broadening during laser
ablation. The difficulty in definition of the role of various factors increases the
uncertainty in the accuracy of the measurements of Ne, in the region of low den-
sities. Note that most of above methods were developed for the analysis of rela-
tively dense (1018 cm−3 and above) and strongly ionized plasmas. As for the
low-density, low-ionized plasmas with the Ne of a few units of 1016 cm−3, the Stark
broadening of ionic lines will be of the order of 0.005 nm, which is hard to
distinguish from other broadening mechanisms. In the meantime, such plasmas are
of special interest, since they allow the efficient conversion of the long-wavelength
laser sources towards the short-wavelength spectral region.

In this section, we discuss the method of electron density measurements using
the nonlinear optical processes occurring in the low-ionized laser-produced plas-
mas. We analyze generation of the high-order harmonics of ultrashort pulses in the
laser-produced plasmas at the conditions of the quasi-phase-matching of driving
and harmonic waves and define the electron density of plasma through the relations
of QPM (see also Chap. 4).

Below we analyze the method of the measurement of electron density based on
the analysis of the coherence length of the group of enhanced harmonics generated
in the plasmas at the conditions of QPM. QPM aims at canceling the out-of-phase
emission, particularly, by modulating the medium density [59], which allows
suppression of the phase mismatch between the interacting driving and harmonic
waves. One can accomplish this suppression by dividing the whole extended
plasma on a group of small plasma jets. Various methods could be used to divide
the extended laser-produced plasmas. Among them are (i) the interference of two
heating beams on the target surface with the variable angle between the interacting
beams, (ii) tilting of the multi-slit shield placed on the path of heating pulse, and
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(iii) installation of the multi-slit shield inside the telescope on the path of heating
pulses. The most affordable methods are (ii) and (iii) since they allow the tuning of
jet sizes by simple tilting or relocating the MSS.

As it was described in Chap. 4, there are four factors that contribute to the phase
mismatch (Δk) between the driving and harmonic waves: atomic and ionic dis-
persion, Gouy phase shift, intensity-dependent dynamic phase shift, and
electron-affected plasma dispersion [60, 61]. At the used conditions, the only factor
influencing phase mismatch is related with the presence of electrons in the plasma.

The plasma dispersion-induced phase mismatch for the qth harmonic is defined
by the relation

Dkdisp ¼ qNee2k=4pmee0c
2; ð6:1Þ

where λ is the wavelength of driving radiation, me and e are the mass and the charge
of the electron, c is the light velocity, and ε0 is the vacuum permittivity [62, 63].
The coherence length of this harmonic at the used conditions is

Lcoh ¼ p=Dk � p=Dkdisp � 4p2mee0c
2=qNee2k: ð6:2Þ

From this expression, the coherence length (measured in millimeters) at the
conditions of using the 800 nm driving laser could be presented as

Lcoh � 1:4� 1018= Ne � qqpm
� �

: ð6:3Þ

Here qqpm is the harmonic order in the QPM region showing the highest
enhancement and Ne is the electron density in the plasma jets measured in cm−3.
This simple formula allows defining the electron density by knowing the coherence
length (which is in fact the size of single plasma jet at the conditions of QPM) and
the maximally enhanced harmonic order. The decrease of heating pulse fluence
should lead to the decrease of electron density followed by the tuning of qqpm
towards the shorter-wavelength range. Similarly, one can anticipate that, for the
plasma jets of different sizes, the maximally enhanced harmonics will also be
moved along the XUV spectrum. These assumptions allow the comparison of
electron density measurements using different multi-jet plasmas and different
ablation conditions.

The proposed method of electron density measurements could be a useful tool
for the diagnostic of the electrons appearing on the path of the driving pulses during
laser ablation of targets [64]. The experimental setup (Fig. 6.9) was similar to the
one described in Sect. 4.1. The modulation of the spatial shape of heating pulse was
accomplished using the installation of the MSS on the path of propagation of this
radiation. The image of MSS is shown in the inset in Fig. 6.9. The sizes of each slit
of this shield were 0.3 mm, and the distance between the slits was 0.3 mm. The
images of plasma formations were captured from the top of the vacuum chamber by
a CCD camera. Figure 6.10a shows the line and multi-jet plasmas formed on the
silver surface by the extended focused heating beam and by installation of the MSS
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Fig. 6.9 Experimental setup for the HHG using the formation of variable multi-jet plasmas in the
focal plane of cylindrical lens (L3) at different positions (1–3) of the multi-slit mask. L1, L2 lenses
of telescope; P pinhole of telescope; T, silver target; HP heating pulse; MSS multi-slit shield; DP
driving pulse; HB harmonic beam; MJP multi-jet plasma; XUVS extreme ultraviolet spectrometer.
Inset Image of multi-slit shield. Reproduced from [64] with permission from Springer Science
+Business Media

Fig. 6.10 a Images (from top
to bottom) of extended,
seven-jet, and six-jet plasmas
formed on the silver target.
b Images of the ablated
surface of silver target during
formation of (from top to
bottom) extended line-shaped
plasma produced without the
use of MSS, and eight-jet,
five-jet, four-jet, and three-jet
plasmas produced by placing
the MSS at different positions
inside the telescope.
Reproduced from [64] with
permission from Springer
Science+Business Media

180 6 New Opportunities of Extended Plasma Induced Harmonic Generation



at different positions inside the telescope. One can see the extended plasma, as well
as seven-, and six-jet structures. The sizes of plasma jets were defined by the
measurement of the ablated areas of silver target (Fig. 6.10b), rather than by
measuring the images of plasma emission. In the latter case, the registered emission
of plasma does not accurately correspond to the actual sizes of jets. The jet sizes
were also calculated from the geometrical characteristics of the radiation propagated
through the MSS placed in different positions inside the telescope. The gradual
tilting of the MSS placed in the position 3 (Fig. 6.9) allowed the steady growth of
the number of jets up to 12.

The harmonic spectrum from the 5-mm-long Ag plasma in the case of removal
of the MSS from the path of heating radiation showed a featureless plateau-like
shape, with a gradual decrease of harmonic intensity in the shorter-wavelength
region (Fig. 6.11a, panel 2). This featureless harmonic spectrum was drastically
changed once the MSS was introduced inside the telescope (panel 1). One can see a
significant enhancement of a group of harmonics in the 18–30 nm spectral range.
The two raw images of harmonic spectra shown in Fig. 6.11a were taken by moving
the MSS in and out of the path of heating pulse, without any other changes of
experimental conditions and using the same collection time. Note that, in the latter
case, the whole length of plasma was two times longer. The enhancement factor of
the 35th harmonic from the five 0.5-mm-long plasma jets produced by the 1 mJ
heating pulses was *20× compared with the same harmonic generated in the
extended plasma. These spectra demonstrate that the enhancement was observed for
a group of five to seven harmonics, rather than for a single harmonic, due to small
dispersion of the low-dense plasma.

The HHG spectra from the silver ablation using three different energies of
heating pulses are shown in Fig. 6.11b in the case of the five 0.5-mm-long plasma
jets produced on the ablating surface by inserting the MSS at the position 2 shown
in Fig. 6.9. The energies shown in Fig. 6.11b (0.85, 1.0 and 1.3 mJ) account for the
pulse energies measured after propagation of the heating radiation through the
MSS. The energies of pulses before irradiation of MSS were two times larger. One
can clearly see the QPM-induced enhancement of the groups of harmonics, which
were tuned depending on the energy of heating pulses. This enhancement was
observed at shorter wavelengths while using lesser excitation of target (Fig. 6.11b;
compare the spectral maxima of QPM-enhanced harmonics at different energies of
heating pulses). Indeed, as it was mentioned, a decrease of Ne at lesser excitation of
target should lead to optimization of the QPM for the higher harmonic orders to
keep the product qqpm × Ne unchanged at the fixed sizes of plasma jets corre-
sponding to the coherence lengths of those harmonics (see relation 6.3). The
ablation of silver target using weaker and stronger beams led to the shift of the
maximally enhanced harmonics from the 41st order towards the 31st order.

The use of relation (6.3) allows the definition of Ne in those three cases by
measuring the qqpm at the same sizes of plasma jets. The electron density was
calculated to be 7 × 1016 cm−3 in the case of 0.5-mm-long jets and at the maximally
enhanced harmonics centered near the 41st order (Fig. 6.11, heating pulse energy
0.85 mJ). The excitation of target using stronger heating pulses (1.0 and 1.3 mJ) led
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to the plasma formation contained larger amount of electrons (with the Ne calcu-
lated to be 8 × 1016 and 9 × 1016 cm−3 respectively). These studies showed the
dependence of the electron density on the heating pulse energy.

Below we analyze the QPM-based electron density studies using variable sizes
of the jets formed on the target surface. Figure 6.12 shows three spectra of plasma
harmonics obtained using six 0.4-mm-long, five 0.5-mm-long, and three
0.8-mm-long plasma jets. No any other changes were introduced during these
experiments excluding the movement of the MSM along the telescope axis, thus
maintaining a similar fluence of heating pulse on the target surface. In all these
cases, only half of a whole energy of the heating beam was propagated through the
shield. In each of these spectra, the enhancement of the groups of harmonics was
observed in different spectral regions. The maximum enhancements were obtained
for the 25th, 35th, and 43rd harmonics in the cases of the 0.8-, 0.5-, and
0.4-mm-long plasma jets, respectively. The electron density of plasma in these three
cases was the same due to equal fluence of the heating pulse on the target surface.
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(a) Fig. 6.11 a Raw images of
harmonic spectra obtained
from the five-jet plasma
(panel 1) and extended
(5-mm-long) homogeneous
plasma (panel 2). These two
images were taken by moving
the MSS in and out of the
path of heating pulse, without
any other changes of
experimental conditions. The
enhancement factor of the
35th harmonic in the case of
multi-jet plasma
was *20× compared with the
same harmonic generated
from the 5-mm-long plasma.
b Harmonic spectra obtained
from the five-jet plasma
formed on the silver target at
different energies of the
heating pulses. Reproduced
from [64] with permission
from Springer Science
+Business Media
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Fig. 6.12 Normalized
harmonic spectra in the cases
of different multi-jet plasmas.
The sizes of jets were
a 0.8 mm, b 0.5 mm and
c 0.4 mm. The variation of jet
sizes was accomplished by
installation of the MSS in
different positions inside the
telescope. The second group
of emission shown in the right
side of panel (c) corresponds
to the second-order diffraction
of the enhanced group of
harmonics centered at the
43rd order. Reproduced from
[64] with permission from
Springer Science+Business
Media
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The calculation of Ne using relation (6.3) confirmed the equality of electron density
in these three cases within the accuracy of measurements (7.0 × 1016, 8.0 × 1016 and
8.1 × 1016 cm−3 respectively) assuming the experimentally measured parameters of
Lcoh and qqpm in the cases of three different groups of jets with the size of single jet
corresponding to the coherence lengths of maximally enhanced harmonic. The
accuracy of these measurements will be discussed later.

Note that the electrons interacting with the driving and harmonic waves com-
prise those produced during the initial formation of plasma and those appeared
during ionization of neutrals and singly charged ions by the propagating driving
pulse. Independently on the role of these groups of electrons in the phase mismatch
the proposed technique allows the measurement of the instant amount of the
electrons influenced the dispersion of this medium during ablation and propagation
of the driving pulse.

Earlier, we mentioned various methods for measuring the electron density of
plasmas. Each of them has merits and demerits, since the accuracy of those methods
depends on the experimental conditions. Particularly, we highlighted the uncer-
tainty of Stark broadening method in the measurements of electron densities of the
order of a few units of 1016 cm−3. The accuracy of the proposed method using the
nonlinear optical processes, which are extremely sensitive to the presence of the
electrons in the medium, is defined by the uncertainty in definition of strongest
harmonic order among the group of QPM-enhanced harmonics and by the uncer-
tainty in the measurements of the plasma sizes. Shot to shot measurements of
QPM-induced spectra from multi-jet plasmas showed that the highest yield was
obtained for the same harmonic order. The maximal uncertainty in that case could
not be larger than 2. The accuracy in the measurement of the spatial characteristics
of plasma jets was mostly depended on the uncertainty in the relation between the
sizes of the ablated spot on the target surface and the density distribution for each
plasma jet. One can assume that, after propagation through the shield, each com-
ponent of modulated ablating beam had a rectangular shape with the sizes equal to
the sizes of the slit of MSS, which should lead to the rectangular shape of each jet in
the case of installation of the shield between the cylindrical lens and target. The
diffraction of heating beam after propagation of MSS may lead to some inclination
of the spatial distribution from the rectangular shape for each component of
modulated heating beam. This appeared to be true in the case when the MSS was
placed far from the ablation area. To decrease the uncertainty of the measurements
of plasma jet sizes one has to install the MSS as close as possible to the target
surface. The experiments, when the MSS was placed inside the vacuum chamber
and moved it in and out of the path of heating pulse, have confirmed this
assumption. Summarizing, the accuracy of these measurements was mostly defined
by the accuracy of the measurements of plasma jet sizes and by definition of the
maximally enhanced harmonic. Based on above assumptions, the relative error of
the measurements of electron density was estimated to be 20 %. It is difficult to
compare the accuracy of this method with other reported methods due to different
ranges of electron densities, which could be defined by those and discussed

184 6 New Opportunities of Extended Plasma Induced Harmonic Generation



methods. Note that all plasma and electron diagnostic methods have accuracy issues
and none of them are perfect.

There are a few other uncertainties in the behavior of electron cloud during
spreading out of surface. In particular, little is known about the relative distribution
of electrons and other particles in the plasma plume. Whether the distribution of
electron density along the plasma plume remains the same as the distribution of
other components at the later stage of plasma movement remains unknown.
However, this is not a necessary condition for the proposed method to derive the
electron density. Note that the measurements show the influence of electrons on the
nonlinear optical process in the plasma plume and define their density at the fixed
spot inside the plume, while not defining their spatial distribution. To measure the
spatial distribution of electrons one has to gradually move the driving pulse out of
the ablating surface.

6.4 Concluding Comments

We have shown various approaches in the applications of the long plasmas for
nonlinear optics. Particularly, we have analyzed three methods of multiple plasma
jet formation from the point of view of their application for the lower-order har-
monic generation of laser radiation. This allowed making some practical recom-
mendations for further application of these techniques for generation of
higher-order harmonics.

We demonstrated for some peculiar cases the advanced properties of the periodic
plasma plumes over the plain long plasmas used for the low-order harmonic gen-
eration. Particularly, we analyzed the influence of the sizes of multiple plasma jets
on the low-order harmonic intensity using single color and two color pumps of
extended periodic plasmas, as well as discussed the role of heating pulse charac-
teristics in the variation of harmonic yield from the periodically modulated plasmas.
The discussed studies have shown that, for particular spacing and harmonic order, a
clear suppression of destructive interference can be achieved that may be attributed
to a partial QPM effect, though the additional studies are required for confirmation
of the involvement of QPM in the observed enhancement of harmonics. While a
shortening of the plasma length produced on the plain targets led to a considerable
decrease of plasma harmonic intensity, the application of perforated targets led to
the enhancement of the low-order harmonics using strong excitation of targets. The
8-fold enhancement of third harmonic yield from the set of 0.15 mm thick plasma
jets was observed compared with the plain target of the same width of plasma.

This first demonstration of harmonic enhancement in laser produced periodic
plasmas in the case of low (third and fourth) order harmonic generation of
picosecond laser radiation has shown that this advanced approach could be used for
the higher-order harmonics as well, where the effect of QPM could be significantly
emphasized (as it was shown in Chap. 4).
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The analyzed studies have shown that, for any nanoparticle-containing plume,
no improvements in the extension of the harmonic cut-off were observed. At the
same time, an enhancement of the harmonic yield in the low-energy plateau range
in the case of nanoparticle-contained extended plasmas compared with monomer
plasmas was achieved. Moreover, those experiments have shown the conditions
when some additional enhancement was obtained for the single harmonics gener-
ating in the clustered plasmas at the conditions of the closeness of the wavelengths
of these harmonics with the ionic transitions. Particularly, the enhancement of
single (13th and 17th) harmonics was demonstrated in the nanoparticle-contained
plasmas (In2O3, Sn), together with the enhancement of lower-order harmonics
compared with those generated in the monomer-contained plasmas. The compar-
ison of the harmonic spectra obtained using the clustered and bulk materials of the
same origin showed that similar enhancement of single harmonics occurs in the
case of strong excitation of nanoparticle-contained targets. The feature specific to
nanoparticles-produced harmonics versus respective bulk targets is the variation of
the spectrum of individual enhanced harmonic. The discussed study has analyzed
the difference with previously published data on harmonic generation from clusters
and demonstrated the peculiarity of nanoparticle targets showing strong blue-sided
lobes of harmonics. The origin of this spectral feature specific to the HHG in
nanoparticle targets was discussed.

These studies showed that, at weak excitation of the targets contained similar
elements the harmonics are mainly produced by ionized monomers from ablated
bulk targets and by neutral clusters from ablated nanoparticle-covered targets.
However, with the growth of fluence on the target surfaces, the most prominent
feature, a single harmonic enhancement, can be straightforwardly interpreted by
resonances in ions. Whether those ions are monomers or clustered ionized particles
remains unknown. To reasonably associate the characteristics of the harmonic
spectra with the presence of some specific species at the time of generation in the
interaction volume one has to study the consistence of plasma at the moment of
propagation of the driving pulse through the plasma.

Finally, we discussed the application of quasi-phase-matching concept for the
definition of plasma characteristics. Among the advantages of the QPM of plasma
harmonics are the simplicity in regulation of the electron density in the multi-jet
plasmas, the high enhancement factors of harmonics, and the availability of the
express analysis of Ne. The reported conversion efficiency for the enhanced 33rd
harmonic of Ti:sapphire laser (λ ≈ 24 nm) generated in the extended Ag plasma jets
(*2×10−5, [65]) is among the highest values achieved so far in this spectral region
during the HHG in both gases and plasmas. As for the latter advantage, the defi-
nition of maximally enhanced harmonics at the fixed sizes of separated plasma jets
allows the calculation of Ne, which was demonstrated during discussed studies. The
Ne was defined using the relations of QPM. The proposed method allows the
analysis of the variations of electron density in the low-ionized plasmas.
Particularly, the variation of the distance from ablating target and the delay between
heating and driving pulses will allow analyzing the distribution of electron density
along the low-ionized medium.
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Chapter 7
Harmonic Characterization Using
Different HHG Schemes in the Extended
Plasmas

Among the achievements of extended plasma approach for HHG are (i) the high
efficiencies obtained using several plasma formations and the resonance-induced
enhancement of individual harmonics; (ii) the growth of harmonic yield from the
plasma plumes containing clusters of different materials; (iii) enhanced yield of
harmonics compared with narrow plasma; (iv) demonstration of quasi-phase-
matching concept during plasma harmonic generation; efficient application of
extended non-metal targets for plasma formation; etc. The conversion efficiencies of
plasma harmonics became in some cases comparable with those reported during gas
HHG studies. One can expect that the use of extended plasmas can further improve
the nonlinear optical response of such a medium. Among the important tasks of this
approach is the characterization of harmonics and the analysis of different methods
of extended plasma formation.

In this chapter, we analyze the systematic studies of the harmonic generation
of ultrashort laser pulses in the 5-mm-long Zn and Mn plasmas (i.e., application
of nanosecond, picosecond, and femtosecond pulses for ablation, comparison of
harmonic generation from atomic, ionic, and cluster-contained species of plasma,
variation of plasma length, two-color pump of plasmas, etc.). We show the physical
restrictions and pave the way in a search for other options, notably plasma HHG
spectroscopy allowing the material study through the analysis of the high-order
nonlinear optical processes during material ablation.

We also discuss the harmonic generation using the femtosecond pulses propa-
gating in the vicinity of extended solid targets. The harmonics were observed in the
case of double-pulse scheme while using different solids (metals, nanoparticles, and
microparticles). We address the usefulness of the application of proposed
double-pulse method for the harmonic generation in extended media. This method
allows the simplified analysis of the high-order nonlinear optical properties of the
media. At the same time, this technique could be applied for the direct observation of
the HHG from the solids.
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7.1 Low- and High-Order Harmonic Generation
in the Extended Plasmas Produced by Laser Ablation
of Zinc and Manganese Targets

Approximately half of the solid elements of periodic table have been probed for the
plasma HHG (Fig. 2.1). Search for the “old” and “new” plasma formations allows
the achievement of the extremes in the plasma harmonics (i.e., most extended
cut-off and highest harmonic yield in the longer wavelength range of XUV), which
however requires the systematic studies of these species. The choice of zinc [1] and
manganese [2] plasmas was motivated by a search of these extremes. A superiority
of manganese plasma from the point of view of highest harmonic cut-off was
reported in [2], though the reasons of this peculiarity yet clearly explained. Note
that the harmonic yield from this plasma was not as strong as from some other
plasma species. For example, silver plasma showed strongest harmonics in the
range of 30s–50s orders with weaker harmonics in the longer wavelength range [3].
Why it happens in the case of Ag plasma also remains unclear. Another puzzle is
why some elements demonstrate the enhancement of single harmonics near ionic
resonances [4], whereas other elements with similar closeness of harmonics and
ionic transitions do not show this enhancement [5]. One can admit that there are
many puzzles in this field of nonlinear optics.

There no published studies of harmonic generation in the Zn plasma excluding
[1] where this medium was used, along with other plasmas, for the analysis of the
coherence properties of the harmonics generated by a few-cycle pulses. The anal-
ysis of Zn plasma has clarified the issue of the influence of free electrons on the
coherence properties of harmonics in the cases of their static and dynamic
appearance in the nonlinear medium. The analysis presented in this section is
mostly aimed in finding the best conditions for the strongest low-order harmonic
generation of Ti:sapphire laser in the plasma plumes. Zn plasma has proven to be
the right choice for these purposes.

In the past, manganese plasma, as a medium for HHG, has been studied in [2, 6].
Previous studies have shown the advanced properties of this plasma from the point
of view of generation of the “second” plateau of harmonic distribution. Moreover,
the use of a few-cycle pulses (3.5 fs [6]) has allowed the observation of single
(33rd) broadband harmonic. Meanwhile, in the discussed studies of Mn ablation,
the limits of harmonic cut-off in the case of plasma media are demonstrated [7].

As it was mentioned earlier, the majority of plasma harmonic studies were
carried out using the narrow plasma plumes (*0.5 mm). It was shown in Chap. 3
that application of longer plasmas can further enhance the harmonic conversion
efficiency. Long plasma allows the use of the quasi-phase-matching concept for
enhancement of a group of harmonics. To create an extended area of ablation on the
target surface, one has to carefully choose the conditions of plasma formation.
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The absorption of harmonics in the extended plasma and the phase mismatch can
prevent the enhancement of harmonic yield.

The harmonic generation scheme is described in Sect. 3.1. The ablation of Zn
and Mn extended bulk targets was studied and, in some cases, compared them with
the plasmas produced on other metals. The sizes of targets where the ablation
occurred were 5 mm. The harmonic yield from the manganese oxide to zinc oxide
nanoparticles was also analyzed. The nanoparticles were glued on the 5-mm-long
glass plates and used as the targets for plasma formation.

Different pulses were used for the formation of the plasma plumes to optimize
the HHG during ablation of Mn and Zn targets. The Mn plasma produced by 40 ns
pulses allowed generation of harmonics up to the 93rd order (Fig. 7.1a). The studies
showed that the harmonic yield and cut-off at these conditions were less than in the
case of the 370 ps heating pulses. In the latter case, harmonics above the 100th
order were observed (Fig. 7.1b). The application of ultrashort pulses (80 fs, 802 nm)
allowed the formation of the plasma plumes suitable for harmonic generation as
well. However, the strong plasma emission from ablated area and the high electron
concentration prevented the achievement of the enhanced yield of coherent emis-
sion in the XUV range compared with two other cases.

The same tendency was observed in the case of zinc ablation. The harmonics up
to the 33rd order were generated in the case of ablation using the 40 ns pulses
(Fig. 7.1c). The use of 80 fs pulses led to similar results. As in the case of Mn
ablation, the application of 370 ps pulses for ablation has demonstrated better
properties of the Zn plasma for the harmonic generation. The 39th harmonic cut-off
was achieved in the case of Zn plasma at the optimal conditions of ablation by the
370 ps pulses. During following studies, the 370 ps pulses were used for ablation
and plasma formation.

The analysis and optimization of plasma and harmonic emission from the
ablation of Mn and Zn targets was based on the studies of various factors
responsible for the HHG in those extended media. The length of plasma, delay
between heating and driving pulses, heating pulse energy, and distance between the
targets and propagating femtosecond pulses can be considered as the most
important factors. One can estimate the beginning of restricting factors by analyzing
the IH(L) dependence. Figure 7.2a shows the variation of 17th harmonic at different
lengths of Mn plasma at the fluence of 370 ps heating pulse of 0.3 J cm−2. This
figure demonstrates the quadratic growth of harmonic yield with the increase of
plasma length up to *3–4 mm, with some saturation at longer plasma lengths.

Figure 7.2b, c show similar dependences for different harmonics generated in the
Zn plasma at the heating pulse intensity of Ihp = 1.5 × 109 W cm−2 and the fluence
of Fhp = 0.5 J cm−2. In the case of 11th harmonic (Fig. 7.2b), this dependence had a
slope m ≈ 2.2 up to the L = 1.5 mm, with further insignificant decease of the slope
(m ≈ 1.9). One can see a gradual and almost unsaturated growth of 11th harmonic
with the increase of plasma length along the whole range of variations of this
parameter. Those studies showed that the free electrons, absorption of plasma,
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Fig. 7.1 a Harmonic
spectrum from the Mn
plasma produced by
40 ns heating pulses
(Idp = 1 × 1015 W cm−2).
b Harmonic spectrum from
the Mn plasma produced by
370 ps heating pulses
(Idp = 1 × 1015 W cm−2).
Inset Raw image of harmonic
spectrum. c Harmonic
spectrum in the cut-off
region produced from
the Zn target ablated by
40 ns heating pulses
(Idp = 8 × 1014 W cm−2).
Reprinted with permission
from [7]. Copyright 2014.
AIP Publishing LLC
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Fig. 7.2 a Dependence of the 17th harmonic yield on the length of Mn plasma at weak excitation
of the target. b, c Dependences of the b 11th and c 17th harmonic yields on the length of Zn
plasma. These data were obtained using the 370 ps heating pulses and heating fluence
F = 0.6 J cm−2. Reprinted with permission from [7]. Copyright 2014. AIP Publishing LLC
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phase mismatch, Kerr effect, etc. did not play a significant role in the variation of
this dependence at weak excitation of the target. Similar dependences were
observed for other lower-order harmonics (see, for example, the IH(L) dependence
for the 17th harmonic, Fig. 7.2c).

The growth of target excitation by 370 ps pulses increases the plasma concen-
tration, which in turn should lead to the growth of the harmonic yield. The IH(Fhp)
dependence for the 47th harmonic generated in the Mn plasma showed a maximum
at Fhp = 0.7 J cm−2 with the following gradual decrease of harmonic yield during
irradiation of the target using stronger heating pulses. The over-excitation of target
led to appearance of the abundance of free electrons in the extended plasma plume
and to the growth of the phase mismatch between the interacting waves.

The long plasma plumes obtained at optimal excitation conditions allowed the
generation of the maximally extended cut-off. A weak excitation of target by 370 ps
pulses (Fhp = 0.2 J cm−2) led to the plateau-like harmonic generation up to the
cut-off (27th harmonic) similar to the one defined from the three-step model of
HHG [8–10] for the singly changed Mn ions. At higher fluence (Fhp = 0.7 J cm−2),
the second plateau appeared starting from the enhanced 33rd harmonic. In the case
of 5-mm-long Mn plasma, the harmonics up to the 107th order were achieved
(Fig. 7.1b). Further growth of fluence (Fhp > 1.2 J cm−2) caused the disruption of
harmonic generation. In the case of 0.5-mm-long Mn plasma, the harmonic cut-off
was extended up to the 95th order.

The important parameter of plasma harmonic studies is the incoherent plasma
emission in the XUV range. The analysis of plasma emission spectra allows
defining the ionic transitions, which could be responsible for the enhancement of
harmonics. Below we present the analysis of the Zn plasma emission appearing at
the optimal ablation near the harmonic wavelengths in the range of 40–100 nm. For
better visual comparison of the lowest-order harmonic spectra, plasma spectra, and
spectra obtained using two-color pump, we show them as the raw images appeared
on the phosphor screen of MCP. A strong emission of 9th harmonic (λ = 89.1 nm)
was observed, which considerably exceeded the neighboring orders (Fig. 7.3, upper
panel). The ratio of the intensities of this and neighboring higher-order harmonics
(*8×) analyzed at unsaturated conditions of registration was considerably larger
compared with other plasmas (C, Au, Cu). This observation points out that the
mechanism of the enhancement of 89.1 nm radiation was other than the prevalence
of the lower orders over the higher ones at the beginning of the plateau-like range of
harmonic distribution. The analysis of plasma emission during excitation of the Zn
target, without the propagation of the driving pulse through the plasma, showed the
presence of some ionic lines attributed to the Zn II and Zn III transitions (Fig. 7.3,
middle panel). Note the closeness of two 3d104s–3d94s4p transitions (Zn II,
λ = 88.1 and 89.3 nm) with the wavelength of 9th harmonic. There is some pos-
sibility in the influence of these transitions on the nonlinear optical response of the
medium during propagation of the strong ultrashort laser pulse through the ionized
medium. The strong emission of 9th harmonic could be originated from the
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resonance-induced enhancement of the HHG conversion efficiency in the Zn
plasma. The studies of Zn plasma emission in the XUV for a long time have been
related with the identification of the terms responsible for the observed ionic lines
[11, 12]. However, no information about the oscillator strengths of those ionic
transitions presented in Fig. 7.3 has been reported. Similar observations reported
previously in other plasmas (In, GaAs, Sb, etc. [13]) point out the correlation
between the presence of the ionic transitions possessing strong oscillator strengths
in the vicinity of some harmonics and the strong yields of those harmonics.

The same can be said about the observation, in the case of two-color pump (401
and 802 nm), of a strong 10th harmonic (λ = 80.2 nm; Fig. 7.3, bottom panel) close
to some other ionic transitions (particularly, 4s–7p transition of Zn II, λ = 77.9 nm
[14]). It is unclear whether their influence on the 10th harmonic yield causes the
growth of efficiency of this radiation. However, once we compare the intensities of
8th and 10th harmonics, the prevalence of the latter radiation becomes obvious. To
check the assumption of resonance enhancement, one has to tune the wavelength of
10th harmonic close to and out of these transitions, which was not possible in those
experiments.

Fig. 7.3 Raw images of harmonic and plasma spectra obtained from the zinc ablation by 370 ps
pulses. Upper panel Harmonic spectrum generated using the 802 nm driving pulses. Middle panel
Plasma emission measured in the absence of driving radiation. Bottom panel Two-color pump
induced harmonic spectrum. The wavelengths of ionic transitions are shown in the top of middle
panel. The images are presented at the saturated conditions of registration for better visibility of the
peculiarities of plasma and harmonic emission. Reprinted with permission from [7]. Copyright
2014. AIP Publishing LLC
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The strong emission of some ionic transitions does not necessarily point out that
they possess the high oscillator strengths. Particularly, the observation of the strong
emission of 18.3 eV transition (3d10–3d9(2D)4p) of Zn III at the conditions of
plasma excitation by a few-cycle broadband pulses centered at 770 nm was
attributed to the enhancement of the part of 11th harmonic of this radiation, though
the wavelength of this harmonic (λ = 70 nm) did not exactly match with the
wavelength of 3d10–3d9(2D)4p transition (λ = 67.7 nm) [1]. The enhancement of
some particular harmonic could also be related with the modification of the
refractive index of plasma in the area of anomalous dispersion near the ionic
transitions, which can create the phase matching conditions between the waves of
this specific harmonic and driving pulse. There are also other explanations of the
resonance enhancement of harmonics, which are mostly based on the analysis of the
micro-processes [6, 13].

Below we analyze studies of the harmonics generated in the plasma produced on
the glass substrates contained the manganese oxide and zinc oxide nanoparticles.
The aim of those studies was to show the difference in the harmonic spectra from
the Mn- and Zn-contained plasmas in the cases when different species of nonlinear
medium become responsible for the harmonic generation.

The shapes of nanoparticles before their ablation were analyzed using the
transmission electron microscope. The sizes of Mn2O3 nanoparticles were in the
range of 80–130 nm (Fig. 7.4a). The Zn2O3 nanoparticles had the sizes of
40–80 nm (Fig. 7.4b). The TEM analysis of the debris of nanoparticle ablation has
shown the similarity of the deposited material with the one glued on the glass
substrates before the ablation. Thus, the presence of nanoparticles in the
laser-produced plasmas during these HHG experiments was confirmed.

Fig. 7.4 TEM images of the a manganese oxide and b zinc oxide nanoparticles used in the HHG
experiments. The black lines in the images correspond to 100 nm. Reprinted with permission from
[7]. Copyright 2014. AIP Publishing LLC
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The harmonic spectrum generated from the Mn2O3 nanoparticle-contained
plasma at optimal excitation of target (Fhp = 0.4 J cm−2) is shown in Fig. 7.5 (thick
curve). The growth of the excitation of nanoparticle target led to generation of weak
harmonics and strong plasma emission. Here, we also present the harmonic spec-
trum obtained from the plasma produced on the Mn bulk target at similar conditions
(Fig. 7.5, thin curve). It was shown that the intensity of the lower-order harmonics
generated in the nanoparticle-contained plasma was six times stronger compared
with the same harmonics generated in the plasma produced on the Mn bulk target.
In the meantime, the harmonic cut-off from the nanoparticle-contained plasma was
considerably lower comparing with the one from the plasma produced on the solid
target (37th and 107th harmonics, respectively). Note that the low-order harmonics
generated from the Zn2O3 nanoparticle-contained plasmas at optimal excitation of
target (Fhp = 0.3 J cm−2) were weaker compared with the same harmonics generated
from the ablation of Zn bulk target.

Here, we discuss the source of intense harmonics from nanoparticle-contained
plasma, which could be revealed from the two experimental observations. The first
one is related with the harmonic spectra produced from the nanoparticle plasma.
The harmonic cut-off typically scales with the second ionization potential of the
target material when one uses the plasma from solid target for the HHG. When
nanoparticles were used for ablation and plasma formation, the intense harmonics
were generated at relatively low heating fluences, while showing the low cut-off. At
higher fluences of heating radiation, the harmonic cut-off could be extended sim-
ilarly to those obtained from the plasma produced on the solid targets. However, the
harmonic intensity becomes weaker compared with the harmonics generated from
the ablated solids. Those observations suggest that there are two regimes of har-
monic generation in the presence of nanoparticles: the weakly excited plasma
allowing relatively strong harmonic intensities and low cut-offs and the highly
excited plasma allowing relatively weak harmonic intensity and higher cut-off. The

Fig. 7.5 Harmonic spectra
between the 25th and 85th
orders obtained from the
plasmas contained Mn2O3

nanoparticles (thick curve)
and monomers of manganese
(thin curve). Reprinted with
permission from [7].
Copyright 2014. AIP
Publishing LLC
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low cut-off observed in the case of nanoparticle plasma in the first regime suggests
that harmonic generation in that case occurs with the involvement of the neutral
atoms of nanoparticles. Stronger excitation of nanoparticles caused their disinte-
gration and appearance of singly and doubly charged ions of Mn, Zn, and their
oxides, which led to higher cut-offs using these species (see also Sect. 6.2).

The second important peculiarity of the emission spectra from manganese oxide
nanoparticles is the absence, at moderate intensity of heating pulse (Ehp = 1.5 × 109

W cm−2), of the enhanced 33rd harmonic (Figs. 7.1a and 7.5, thick curve), contrary
to the case of ablation of the solid Mn target, where the enhanced 33rd harmonic
was stronger than the nearest lower-order harmonic (Fig. 7.5, thin curve). The
enhancement of a group of harmonics starting with the 33rd order, compared with
nearest lower-order harmonics, is clearly seen in Fig. 7.5 (thin curve) and is
attributed to the influence of the resonance transitions of Mn II in this spectral
region. This observation shows that the ionic transitions of manganese oxide
nanoparticles do not play a significant role in the modification of the harmonic
spectrum from this medium. It also confirms the prevailing role of neutrals, rather
than ions, as the emitters of lower-order harmonics from the cluster-contained
plasma, while some small amount of singly charged clusters could be responsible
for the generation of weak higher-order (H17–H27) harmonics.

Below, we analyze the equally enhanced even and odd harmonics generated in
the extended manganese and zinc plasmas using relatively weak second field in the
two-color pump scheme. Those studies have shown a considerable growth of single
even harmonic near the giant 3p–3d resonances of manganese ions. Figure 7.6a
shows the harmonic spectra generated after propagation of the extended manganese
plasma in the case of pumping by single-color (802 nm) and two-color (802 and
401 nm) pulses at the equal conditions of plasma formation. One can distinguish the
similarity of the odd and even harmonic intensities along almost whole range of
generation (bottom curve). The advanced properties of extended plasmas were also
emphasized, while comparing with the odd and even harmonics generating in the
0.5-mm-long manganese plasma plume. In latter case, the cut-off of even harmonics
was considerably lower comparing with the one of odd harmonics. Moreover, the
intensity of former harmonics was a few times weaker comparing with the odd
harmonics, contrary to the case of extended plasma.

Contrary to the case of the 0.7-mm-long BBO used for the two-color experi-
ments in the zinc plasma [14], the application of the 0.5-mm-long BBO crystal
allowing 7 % second harmonic conversion efficiency led to the generation of strong
odd and even harmonics along a whole spectrum of generation (Fig. 7.6b). Two
spectra presented in this figure were collected at similar conditions when the BBO
crystal placed in vacuum chamber was moved in and out of the path of driving
radiation. The measurements of harmonic yield have shown the 3×–4× enhance-
ment achieved for lower-order odd harmonics in the case of the two-color pump
(thick curve) compared with the single-color pump (thin curve). One can see that
the odd harmonics were improved in the case of two-color pump, though in that
case the intensity of 802 nm pulse in the plasma area was smaller compared with the
single-color case. This observation demonstrates the evidence of significant
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influence of the second wave on the harmonic generation efficiency in the extended
plasma. The application of narrow (*0.5 mm) Zn plasma did not allow obtaining
similar enhancement induced by the two-color pump.

The discussed study combined various milestones of previous achievements of
the plasma harmonics. The joint influence of various mechanisms of harmonic
enhancement was applied to the two plasma samples with the aim of practical
achievement of the best results of plasma-based HHG (i.e., most extended cut-off
and strongest harmonic yield in the longer wavelength range). The use of clusters,
two-color pump, extended plasma, and ionic resonances allowed the demonstration
of most advanced characteristics of plasma harmonics reported so far. Here we
notice the limits of most extended harmonic cut-off in the plasma media. Though
yet clearly explainable, these limits in highest photon energy show the physical
restrictions and pave the way in a search for other options, notably plasma HHG
spectroscopy allowing the material study through the analysis of the high-order
nonlinear optical processes during material ablation. Whilst not competing with gas
HHG in the extension of highest harmonic order, we demonstrate that plasma
approach may provide the excellent source of lower-order harmonics in the
40–100 nm spectral range, which would be useful for various applications.

The comparison of the zinc plasma with the carbon plasma, which showed
strongest low-order harmonics so far [15, 16], have confirmed that the former
medium possesses the advanced properties with regard to the latter one. No absolute
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Fig. 7.6 a Harmonic spectra in the 20–40 nm range obtained using the single-color (upper panel)
and two-color (bottom panel) pumps of Mn plasma. b Single-color pump (thin curve) and
two-color pump (thick curve) induced HHG in the extended Zn plasma. These data were obtained
using the 370 ps heating pulses. Reprinted with permission from [7]. Copyright 2014. AIP
Publishing LLC
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measurements of conversion efficiency in Zn plasma were carried out in the range of
11th–19th harmonics. However, the comparison of the harmonic yields obtained at
best conditions of generation from the zinc and carbon ablations, which was carried
out during those studies, showed stronger conversion efficiency of the Ti:sapphire
laser radiation in the former plasma with a factor of two to three. From the reported
data on the lower-order harmonic yield from carbon plasma [15], one can estimate
the *5 × 10−5 conversion efficiency for the 11th–19th harmonics generated in the
zinc plasma. Other plasmas (Mn, as well as Au, Ag, and Cu) used during these
comparative studies showed 4–6 times weaker yields of the lower-order harmonics.
Thus, the Zn plasma could be a best choice ones one needs the strongest coherent
emission in the longer-wavelength range of XUV.

7.2 Application of Double Femtosecond Pulses for Plasma
Harmonic Generation

The high-order harmonic generation of ultrafast laser pulses in the solids took the
attention relatively recently after the demonstration of this process in the
mid-infrared range using the ZnO crystal [17]. Those studies have shown for
the first time the perspective of using the dense medium for the HHG contrary to the
commonly accepted techniques of the harmonic generation in gaseous [18, 19] and
plasma [13] media, as well as of the specularly reflected harmonics from the sur-
faces [20].

The attractiveness of HHG in the use of solids is related with considerably
higher amount of harmonic emitters compared with the gases and plasmas. The
main obstacle of this approach is a strong absorption of the generated radiation in
the dense materials. A search of new methods of the HHG in solid targets led to the
theoretical studies [21, 22], which defined the main principles of this technique. The
principles of solid target HHG was mostly based on the same approach, which has
been used in the case of gas and plasma HHG. The three-step model [8–10] allowed
the explanation of main experimental findings of the HHG by different means. In
the meantime, other methods were also examined during recent time. Among them
is the consideration of the small-sized dense species as the media for harmonic
generation.

The application of dense media was first examined during the pioneering
experiments with gas clusters [23–25], microdroplets [26, 27], and nanoparticle
ablation plumes [28, 29]. The basics of cluster-induced enhancement of the
high-order nonlinear optical processes are still debated in literature [25]. The
increase of the cross-section of recombination of the accelerated electron and parent
nanoparticle and the surface plasmon induced growth of the nonlinear optical
response of cluster-contained medium were among the explanations offered during
last time to define the origin of the observed enhancement of harmonic yield from
the clusters. However, with the growth of the sizes of particles, the self-absorption,
large amount of free electrons, and phase-mismatch between the interacting waves
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can play a major role in the suppression of HHG. It is obvious that the dense species
can increase the conversion efficiency of HHG once the absorption of the driving
and harmonic radiation will be minimized.

Below we analyze the harmonic generation of the femtosecond pulses propa-
gated in the vicinity of solid targets [30]. The harmonics were observed in the case
of double-pulse beams while using different solids (metals, nanoparticle powders,
and organic materials). We discuss the perspectives of the application of proposed
method. We also compare this double-pulse method and commonly used method of
plasma formation using picosecond pulses and delayed propagation of a single
femtosecond pulse through the preformed plasma.

The radiation of Ti:sapphire laser (central wavelength 802 nm, pulse duration
64 fs, pulse energy Efp = 4 mJ, 10 Hz repetition rate) was used in these experiments.
This radiation was focused using the 400 mm focal length spherical lens in the
vicinity of the solid targets placed in the vacuum chamber (Fig. 7.7a). The intensity
of driving pulse at the focus area was varied up to 4 × 1014 W cm−2. The targets
(various metals, nanoparticle powders, and organic materials) were moved to and
out of the optical axis of ultrashort radiation using the translation stage to create the
conditions when this radiation “touches” the targets. The optimization of the dis-
tance between the target and driving beam allowed choosing the conditions when
the generating harmonics prevail over the plasma emission induced during ablation
of these samples by the wing of the spatial distribution of focused radiation.

The optimization of this process was accomplished by producing the variable
output radiation using the manipulation of the triggering signal on the Pockels cell
in the regenerative amplifier of Ti:sapphire laser. The variation of the delay signal
on the driver of Pockels cell allowed the separation of either single pulse or double
pulses with the time interval between pulses of 8 ns. It became possible to produce
two driving pulses for harmonic generation (double-pulse method) with variable
ratio between the intensities of these pulses. The temporal tuning of the triggering
signal allowed the variation of the intensities of these two pulses, as shown in the
oscilloscope traces of output radiation presented in Fig. 7.7c.

The harmonics generated using double-pulse method were compared with the
commonly used method of plasma formation by the picosecond pulse and propa-
gation of the single femtosecond driving pulse, after the optimal delay, through the
preformed plasma plume (ps+fs method, Fig. 7.7b). The application of different
extended targets allowed the optimization of HHG. The conditions of plasma for-
mation and harmonic generation using the double-pulse method in most cases were
less favorable compared with the commonly used ps+fs method. One can expect
that less suitable conditions of HHG in the case of double-pulse scheme can
decrease the efficiency of this process. This assumption was proved in the case of
solid metals, while in the case of non-metal materials and powdered targets the
efficient HHG was achieved using the double-pulse scheme. Below we analyze the
studies of the HHG in the cases of interaction of the wing of spatial distribution of
femtosecond beam in the focal area with the metal and nonmetal targets and then
compare with the cluster contained extended powdered targets.
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Fig. 7.7 a Experimental scheme for harmonic generation during interaction of the double
femtosecond pulses and targets. FR femtosecond radiation; SL spherical lens; VC vacuum
chamber; W windows of vacuum chamber; P1 first pulse; P2 second pulse; T target; PP plasma
plume; XUVS extreme ultraviolet spectrometer; CM cylindrical mirror; FFG flat field grating;
MCP micro-channel plate; CCD charge coupled device camera. b Commonly used scheme for
plasma formation using the heating picosecond pulse followed with the propagation of delayed
single femtosecond pulse through the optimally preformed plasma. PR picosecond radiation;
M mirror. c Oscilloscope traces of the output radiation of Ti:sapphire laser at different ratios of the
first and second pulses (the ratios are shown on the plots). Reprinted with permission from [30].
Copyright 2014. AIP Publishing LLC
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Metal bulk targets allowed the weak harmonics generation in the case of
double-pulse method. Both harmonic yield and cut-off were decreased compared
with the ps+fs method. Particularly, the cut-off in the case of silver plasma was
smaller compared with the case of conventional plasma HHG (49th and 59th
harmonics respectively), while the harmonic yield in the former case was almost 10
times weaker.

Similar pattern was observed in the case of Cr target, with the resonantly
enhanced 29th harmonic dominated in the spectra produced using two methods. No
harmonics using the double-pulse method were observed in the cases of Zn and In
targets. One can assume the difficulty in the formation of a sufficient amount of
particles in the plasma plume produced during the excitation of the target by the
part of the first pulse in the double-pulse scheme. Small delay between the first (P1)
and second (P2) pulses (8 ns) also prevented the appearance of the large amount of
plasma particles along the axis of propagation of the second pulse. No harmonics
were observed in the case of single pulse and low P1:P2 ratios (<1:5) of the
double-pulse scheme applied to any metal.

The best conditions of the HHG using double-pulse scheme for extended bulk
targets were observed in the case of silicon (Fig. 7.8a). The conditions were defined
when the double-pulse method (at the ratio of the intensities of the first and second
pulses P1:P2 = 1:2) allowed the generation of stronger lower-order harmonics
compared with the ps+fs method (panels 4 and 5). The stability of double-pulse
technique was insufficient for the practical application of generating harmonics in
the case when the targets were maintained at the same position during these
experiments. Figure 7.8b shows the decay of the 9th harmonic with the growth of
the number of shots at the same position of silicon target. The three-fold decrease of
the intensity of 9th harmonic was observed after 900 shots, which was induced by
the modification of target surface.

The graphite target allowed harmonic generation and similar cut-offs using both
methods (Fig. 7.8c). In that case, the blue sided lobes were observed along the
harmonic spectra. The clear evidence of the variation of harmonic spectra was also
observed in the case of polyvinyl alcohol target (Fig. 7.9). Upper and bottom
images show the relatively weak and strong interactions of the wing of femtosecond
beam with the target surface. These conditions were accomplished by moving the
target farter or closer with respect to the femtosecond beam axis. The strong
short-wavelength components of each harmonic are clearly seen in the bottom panel
of this figure, which were corresponded to the stronger interaction of the pulse and
target. Previously, the appearance of short-wavelength lobes has been reported in a
few studies of plasma harmonics. Particularly, the origin of the broader width of
harmonics and the short-wavelength lobes have been discussed in [31], and they
were attributed to the influence of the self-phase modulation of the driving fem-
tosecond pulse during propagation through the plasma plume.

The application of the powdered targets glued on the glass substrate in the
double-pulse scheme allowed the achievement of better conditions for the HHG.
Various powders were used as the targets for the studies of the HHG using the
double-pulse scheme. Figure 7.10a shows the harmonic spectrum from the carbon
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nanofiber powder (diameter 40 nm, length of fibers 400 nm–10 μm) glued on the
glass substrate. The ratio P1:P2 was varied in a broad range (between 1:100 and
3:1), which allowed finding the optimum conditions (P1:P2 = 1:3, middle panel)
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Fig. 7.8 a Dependences of
plasma and harmonic spectra
at different ratios of the first
and second femtosecond
pulses propagated close to the
silicon target (four upper
plots). Bottom plot shows the
harmonic spectrum generated
during the formation of
silicon plasma by 370-ps
pulses and delayed
propagation of the
femtosecond pulse through
the preformed “optimal”
plasma plume (ps+fs scheme).
b Decay of 9th harmonic with
the growing number of the
femtosecond pulses
propagated near the same spot
of silicon target. Ratio of the
first and second femtosecond
pulses was 3:2. c Harmonic
spectra from the graphite
target. Thick red curve shows
the harmonics generated from
the plasma produced by the
370-ps pulses. Thin blue
curve shows the harmonic
spectra generated during
propagation of the double
femtosecond pulses close to
the graphite target at the ratio
of first and second pulse
intensities of 1:1. Reprinted
with permission from [30].
Copyright 2014. AIP
Publishing LLC
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when the strong lower-order (H11–H17) harmonics were generated while the
plasma emission was insignificant. Similar studies were carried out using the silver
nanoparticle powder (diameter of 10 nm), with the ratios P1:P2 varying between 1:4
and 5:4, which corresponded to the highest harmonic yields (Fig. 7.10b, three
middle panels). The comparison of double-pulse and ps+fs schemes in that case
showed higher conversion efficiency in the latter case (see bottom panel of
Fig. 7.10b). Notice that the practical application of the powdered targets for the
HHG is limited due to short-lasting stability of generating harmonics. The melting
of cluster-contained target and the modification of ablated surface cause a decrease
of harmonic yield after a few hundred shots. The cluster-contained targets were
gradually moved up and down to keep the stable harmonic yield. The application of
narrow targets (L * 0.5 mm) did not allow generation of harmonics using the
double-pulse scheme excluding the case of nanoparticle targets. However, in the
latter case, the efficiency of harmonics was weaker compared with the case of
extended targets.

The NaCl microparticle (*100 μm) powder was also used to analyze the dif-
ference of the harmonic yields from the species of different consistency and
dimensions. These studies were also carried out at different ratios of the first and
second pulses of the driving radiation (Fig. 7.10c). Some advantages of the
microparticles over nanoparticles were observed with the stronger harmonic yield in
the former case, though the tendency remained similar to the previous case.

The proposed double-pulse method allows the simplified analysis of the
high-order nonlinear optical properties of the media. At the same time, this tech-
nique could be applied for the direct observation of the HHG from the solids.
Particularly, the ultrathin species, such as graphene sheets, could be directly probed
by the femtosecond pulses taking the advantage of small absorption in this medium.
The prevalence of harmonic over plasma emission could also be observed in other
media. In the meantime, the conversion efficiency using the conventional scheme of
plasma formation by the picosecond pulse followed with the propagation of the
optimally delayed ultrashort pulse through the preformed plasma plume showed in
most cases the stronger harmonic yield. Each of these two methods can find their
own niche in the field of coherent XUV sources and nonlinear spectroscopy.

Fig. 7.9 Raw images of the harmonic spectra generated during propagation of the double
femtosecond pulses close to the polyvinyl alcohol target at the ratio of first and second pulses of
1:2. The strong blue-sided lobes of harmonics alongside with plasma emission was appeared at the
conditions when the target was moved close to the driving beam (bottom panel). Reprinted with
permission from [30]. Copyright 2014. AIP Publishing LLC
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Fig. 7.10 Harmonic spectra at different ratios of the first and second pulses of driving beam in the
cases of a carbon nanofiber, b silver nanoparticle, and c NaCl microparticles targets. Bottom plot in
Fig. 7.4b shows the harmonic spectrum generated from the Ag nanoparticle plasma produced
during ablation by 370-ps pulses and propagation of delayed (43 ns) femtosecond single pulse.
Reprinted with permission from [30]. Copyright 2014. AIP Publishing LLC
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7.3 Concluding Comments

We have demonstrated the advanced properties of extended manganese and zinc
plasma plumes for the harmonic generation in the shorter and longer wavelength
regions of XUV compared with the short-length plasmas used in previous studies.
The range of energy fluence of *0.3–1 J cm−2 satisfied the requirement for the
formation of the optimal plasma. The 370 ps pulses were found to be most suitable
for plasma formation due to creation of the weakly ionized medium allowing
generation of strongest harmonics and extended cut-off. During those systematic
studies the harmonic generation in the manganese plasma up to the 107th order was
demonstrated. We have shown the advanced properties of extended zinc plasma
plumes for the harmonic generation in the longer wavelength region of XUV
compared with other plasmas used in previous studies. The conversion efficiency of
the 11th–19th orders at these conditions was estimated to be 5 × 10−5. Those studies
have demonstrated the limits of most extended harmonic cutoff in the plasma
media. These limits in highest photon energy show the physical restrictions and
pave the way in a search for other options, notably plasma HHG spectroscopy
allowing the material study through the analysis of the high-order nonlinear optical
processes during material ablation.

We have also discussed the harmonic generation using the two femtosecond
pulses propagated in the vicinity of solid and powdered targets. The harmonics
were observed in the case of double-pulse beams while using various materials
(bulk metals and nonmetals, nano- and microparticle powders). The efficiency and
cut-off of harmonic generation using the double-pulse method in most cases were
lower compared with the ps+fs method. However, the simplicity, absence of
additional source of heating radiation, and artificial optimization of the HHG using
the adjustment of the double pulses and targets have shown the advantages of this
technique. This method allows the simplified analysis of the high-order nonlinear
optical properties of the media. It could be useful for the laser ablation induced
HHG spectroscopy.
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Chapter 8
Summary: Achievements and Perspectives

This book is about the amendments of the nonlinear optical response of extended
plasma medium in the field of intense laser radiation. Long plasmas have proven to
be an interesting object of studies using the high-order nonlinear optical
spectroscopy method. The book demonstrates how one can improve plasma HHG
through the double excitation of laser-produced plasmas (i.e. double-pulse method),
optimization of the longitudinal harmonic generation schemes in the laser plume,
use of multi-component plasma plumes, optimization of the ablation of nanos-
tructured targets, formation of QPM conditions in complex extended and perforated
plasmas, provision of a regime of waveguide pump propagation through the plasma
medium, use of non-metals as the ablating targets, etc.

The book follows the logic of developments of the emerging field of nonlinear
optical studies of the extended plasma media. Below, I summarize the achievements
of extended plasma HHG described in this book and discuss the future develop-
ments in this field.

The main goal of the description of HHG in narrow plasmas was to acquaint the
reader with most advanced results of this technique achieved so far using the
0.3–0.5 mm long plasma plumes. While presenting the overview of previous results
of plasma harmonic studies, we also showed recent developments in this field.
Among them are (1) the measurements of the spatial coherence of the high-order
harmonics generating in laser-produced narrow plasma plumes in the cases of
resonant and non-resonant harmonics; (2) the application of femtosecond and
picosecond laser pulses for plasma formation on the surfaces of metal targets for the
high-order harmonic generation using the 1 kHz laser systems; (3) definitions of the
concentrations of neutrals and ions of various plasma formations; (4) the analysis of
the enhanced 11th harmonic (96.7 nm), which originated from the resonance-
induced growth of the nonlinear optical response of lead plasma at the wavelength
of the strong ionic transitions of this metal; (5) the superior harmonic intensity from
an aluminum cluster containing plasma compared to atomic Al plumes.

The HHG in partially ionized narrow plasmas was actively developed during last
few years in different laboratories worldwide. The developments in this area allow
us to expect further amendments to this technique of coherent short-wavelength
radiation generation. It follows from the overview of plasma harmonics that recent
investigations in this area of nonlinear optics are making rapid strides and may
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bring new success in the near future. The achievements in present-day plasma
harmonic studies motivate further development of this technique. It has become
obvious that plasma HHG is not simply another method for generation of coherent
XUV light but is rather a new technique for the analysis of various features of the
harmonic emitters appearing in the plasma plumes during laser ablation of solids.
The extended plasma medium is the example of such a new formation for the
amendments of the high-order nonlinear optical processes in the plasma plumes. To
prove this assumption, we have shown how the extension of medium allows the
improvements of the harmonics in the case of plasma.

Major part of this book deals with the extended plasma formations. We have
analyzed the advanced properties of extended plasma plumes for the efficient
harmonic generation compared with the short-length plasmas used in previous
studies. We showed the dependences of the length of nonlinear medium on the
harmonic yield and found some peculiarities in the cases of indium and carbon
plasmas, which were related with the resonance and morphology properties of these
media. The demonstration of plasma HHG has been shown along the whole XUV
range, particularly including the resonantly enhanced conditions, as well as the
single-color and two-color pumps of plasma for harmonic generation. The possi-
bility of using such plasmas for quasi-phase-matching experiments was discussed.

We have discussed the technique allowing a fine tuning of the distance between
the multiple laser-produced plasma plumes on the surfaces of ablating materials
(Mn and Ag), as well as the variation of the sizes of these plumes. The multi-plume
plasmas with the sizes of single plume ranging between 0.1 and 1 mm were pro-
duced. This method has proven to be useful for the tuning and extension of the
QPM-enhanced harmonics of Ti:sapphire laser radiation.

The application of the heating pulses of different duration covering the range of a
few tens of femtoseconds and a few tens of nanoseconds revealed the advanced
nonlinear optical features of the extended plasmas produced by picosecond pulses.
We have shown that the optimal extended plasma formation, which is crucial for
achieving the efficient harmonic generation, mostly depends on the energy fluence
rather than the intensity of heating pulse on the target surface. Various samples of
harmonic emission spectra were analyzed to support this conclusion about the
attractiveness of the subnanosecond pulses for extended plasma formation and
HHG.

We have analyzed the spatial and coherence characteristics of the harmonics
generated in the extended plasmas produced by 370 ps pulses. It was demonstrated
that the divergence of plasma harmonics was seven times smaller than the diver-
gence of the driving femtosecond pulses used for HHG. The visibilities of the
lower-order harmonics were in the range of 0.54–0.73 depending on the harmonic
order and plasma species. These studies confirmed that the harmonics from
extended plasma ablation can be used for the applications requiring high spatial
coherence and low divergence.

We have discussed the new approach in plasma HHG allowing the enhancement
of a group of harmonics. The method of QPM of the high-order harmonics gen-
erating in the multiple plasma jets produced on the surfaces of perforated silver,
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vanadium, and manganese targets allows the manipulation of the phase difference
between the interacting waves in the laser produced plasmas and the enhancement
of a group of harmonics in different spectral ranges.

We have also presented the analysis of the harmonic generation in the long
(*5 mm) modulated plasma plumes divided onto a set of small jets using the
modulation of the heating beam on the target surface. We have shown both the
QPM induced enhancement of some groups of harmonics along the plateau range
and the tuning of maximally enhanced harmonic order at different regimes of
multi-jet plasma formation. The tuning of QPM enhanced harmonics was accom-
plished by changing the sizes of multiple plasma jets. The 40× and 15× enhance-
ment factors for the QPM enhanced harmonics were achieved in the silver and
manganese multi-jet plasmas. We have shown the potential of the proposed plasma
harmonic QPM approach for the express analysis of the plasma characteristics. We
have also analyzed the QPM induced variations of harmonic spectra in the case of
the two-color pump of perforated plasma formations. During this analysis we
discussed the influence of driving and heating pulse energies on the enhancement of
the QPM harmonics, showed the spatial characteristics of a few harmonics in the
region below 20 nm produced in the extended imperforated and multi-jet plasmas,
showed the fine tuning of those enhanced harmonics by tilting the multi-slit shield
placed in front of the ablating targets, analyzed the enhancement factors of har-
monics in different regions of XUV, demonstrated the small divergence of
QPM-enhanced harmonics compared with larger divergence and modulated shape
of the “ordinary” harmonics generated in the extended plasmas, etc.

Further, we have discussed the peculiarities of the HHG in the extended
non-metal plasmas (crystals, semiconductors, and carbon-based clusters).
Summarizing the current vision of the generation process in the crystal ablations,
one can consider the following scenario. Initially, the ablation of the unpolished
surfaces of crystals causes the heating, melting, and further evaporation, ionization,
and disintegration of the molecules comprising crystals. Thus the plasma under
consideration is close to the gas-like medium rather than to the crystalline state.
During propagation of ultrafast pulses through the mixed medium containing
neutral molecules, singly ionized molecules and atoms, ionized components of
disintegrated molecules, electrons, and probably clusters, the most suitable species
start to emit harmonics. The analysis of the reported studies have revealed that, in
the case of a group of F-containing crystals, the fluorine ions became responsible
for the most efficient harmonic generation compared with other components of
plasmas. The latter components may also contribute, to some extent, to the growth
of lower-order harmonic yield. However, this contribution seems insignificant in the
shorter-wavelength region. These assumptions of the generation process and
sources of harmonics were supported by both spectroscopic and nonlinear optical
studies. Though the O-containing crystals have shown some other peculiarities, the
harmonic generation in the plasmas of these crystals can also be described by the
same mechanism.
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We have reviewed the studies of the high-order harmonics of ultrashort pulses
generated in the plasma plumes produced during ablation of various elemental
semiconductors (Te, Se, Si, As, Sb, and Ge). These plasma media were distin-
guished by the harmonic cut-offs ranging between the 27th and 51st orders.
Application of two-color pump allowed the generation of both odd and even har-
monics, with the intensities of latter harmonics stronger than those of former ones.
Strong resonance-induced 35th harmonic, with the enhancement factor of
12× compared with the neighboring harmonic orders, was reported in the case of
the selenium plasma.

We have discussed the studies of the high-order harmonic generation in the
extended carbon cluster contained plasmas (fullerenes, nanofibers, diamond
nanoparticles, and nanotubes). Those studies have shown the usefulness in the
application of the carbon cluster media for the HHG. The comparison with the
harmonic generation from the ablated bulk graphite showed that the probable
sources of efficient harmonics in the range of 15–33 eV (λ = 80–40 nm) are the
low-sized nanoparticles produced during ablation and disintegration of the large
clusters and agglomerates of carbon-contained materials. The reason for stronger
harmonic yield from cluster ablation compared with the ablation of bulk material in
the case of carbon-based species is the easiness in low-sized nanoparticles forma-
tion. The latter species can lead to the growth of lower-order harmonic yield due to
enhanced probability of recombination of the accelerated electron with the whole
cluster, while keeping the weak absorptive properties of the extended plasma
medium.

Previously, it has been revealed in the case of the Al nanoparticles of different
sizes, that the enhancement of the harmonic signal from large nanoparticles
(∼100 nm) was found to be insignificant with respect to that from the bulk target
ablation. Ablation of the narrow targets constituted by larger nanoparticles most
probably leads to the entrainment of larger clusters in the plume, which causes a
reduction of the local field effect and contributes to a larger absorption probability
of the generated short-wavelength radiation. This effect is probably exaggerated in
the case of extended plasmas. The optimal sizes of the nanoparticles participating in
most efficient harmonic generation is still an unresolved issue that should be
investigated further due to the necessity of defining the relative role of different
competitive mechanisms of the HHG in clustered plasmas. The large neutral
clusters and agglomerates in the extended plasma (as in the case of CNF, CNT, C60

and DN, when the amount of carbon atoms exceeds a few tens of thousands of the
carbon atoms) do not enhance the harmonic yield. The absence of large clusters in
the graphite plasmas and the similar efficiency of lower-order harmonics in the case
of the ablation of bulk graphite and clustered carbon species allow making a
conclusion on the prevailing role of small carbon clusters over the large ones in the
growth of HHG conversion efficiency from those plasmas.

We have reviewed the high-order harmonic generation studies in the extended
plume containing the graphene nanoparticles. The harmonics up to the 33rd order
were observed in the case of those emitters. The presence of graphene nanoparticles
in the laser plasma was confirmed during the analysis of ablation debris.
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The comparative studies of harmonic generation from the ablation of graphene,
carbon nanotubes, and diamond nanoparticles showed the advanced properties of
the latter medium. We have discussed the optimal extended plasma formation,
which is crucial for achieving the efficient harmonic generation in the case of this
clustered medium. The formation of such plasmas mostly depends on the energy
fluence rather than the intensity of heating pulse on the surface of cluster-contained
target.

The advanced properties of extended manganese and zinc plasma plumes for the
harmonic generation in the shorter and longer wavelength regions of XUV were
analyzed compared with the short-length plasmas used in previous studies. During
those systematic studies, the harmonic generation in the manganese plasma up to
the 107th order was achieved. We have analyzed the advanced properties of
extended zinc plasma plumes for the harmonic generation in the longer wavelength
region of XUV compared with other plasmas used in previous studies. The con-
version efficiency of the 11th–19th orders at these conditions was estimated to be
5 × 10−5. The joint influence of various mechanisms of harmonic enhancement was
applied to those two plasma samples with the aim to achieve the best results of
plasma HHG (i.e. most extended cut-off and strongest harmonic yield). We have
discussed the limits of most extended harmonic cut-off in the plasma media. These
limits in highest photon energy show the physical restrictions and pave the way in a
search for other options, notably plasma HHG spectroscopy allowing the material
study through the analysis of the high-order nonlinear optical processes during
material ablation.

Finally, we have analyzed the new method of harmonic generation using the two
femtosecond pulses propagated in the vicinity of the solid and powdered targets.
The harmonics were observed in the case of double-pulse beams while using
various solids (bulk metals and non-metals, nanoparticle and microparticle pow-
ders). The efficiency and cut-off of harmonic generation using the double-pulse
method in most cases were lower compared with the commonly used method of
plasma HHG. However, the simplicity, absence of additional sources of heating
radiation, and artificial optimization of the HHG using the adjustment of the double
pulses and targets demonstrate the advantages of this technique. This method
allows the simplified analysis of the high-order nonlinear optical properties of the
media and thus it could be useful for the laser ablation induced HHG spectroscopy.
At the same time, this technique could be applied for the direct observation of the
HHG from the solids.

One can expect that, in a nearest future, various approaches for further
amendments of extended plasma HHG will be examined. Among them are:
(i) harmonic generation in plasma using the two-color pump in the case of com-
mensurate and noncommensurate wavelength sources in the mid-IR and ultraviolet
ranges, (ii) application of mid-IR pulses for the studies of organic molecules
through the HHG method, (iii) studies of HHG from various clusters appearing
in situ during laser ablation of bulk targets, (iv) analysis of the influence of
molecular orientation on the harmonic output from molecular plasma plumes,
(v) use of various polarization schemes for HHG, (vi) development of
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ablation-induced HHG spectroscopy of newly emerged complex organic and
inorganic materials in the mid-IR region, (vii) analysis of the orientation-induced
nonlinear optical response of large ablated molecules and clusters, (viii)
time-resolved pump-probe analysis of the complex plasmas containing various
molecular structures, to mention a few potential amendments of plasma harmonic
approach.

The joint implementation of abovementioned new and old (i.e.
resonance-induced harmonic enhancement, application of the clusters with con-
trollable and variable sizes, two-color pump-induced enhancement of the odd and
even harmonics, search for the influence of the multi-electron dynamics of complex
clusters, such as fullerenes and nanotubes, on the plasmon resonance-induced
growth of a few harmonics in the XUV range, etc. [1–14] techniques will allow
further establishment of this method of material science using long plasmas. The
development of the advanced QPM schemes in multi-jet plasma plumes, studies of
the time-dependent dynamics of aggregation and disintegration of clusters through
their nonlinear optical response, comparative analysis of gas and plasma HHG, joint
application of gas and plasma HHG for the studies of the interacting gaseous and
ablated species, application of extended multi-component plasma plumes for HHG,
etc. are also among the potential goals of plasma harmonic studies. Particularly, as
it was shown in this book, recent studies have proven that the application of
spatially modulated heating beams [15–17], or perforated targets [18], could be an
alternative to the multiple plasma jets formation on the surfaces of microlitho-
graphic targets for the QPM, which was proposed in [19].

It would be interesting to analyze the application of radiation in the range of
2000–5000 nm to study the dynamics of the nonlinear optical response of ablated
molecular structures compared with commonly used Ti:sapphire lasers for plasma
HHG, including the studies of extended harmonics at the conversion efficiency
comparable with shorter-wavelength laser sources, and a search for new opportu-
nities in the improvement of HHG conversion efficiency in the mid-IR range, such
as the application of clustered molecules.

Future developments may also include the analysis of the plasmonic properties
of clusters produced during laser ablation at the conditions of resonance-induced
enhancement of harmonics, application of graphene- and ring-like structures,
multicomponent molecules, nanofibers, and other recently emerged clusters for
plasma HHG using longer-wavelength pump sources [20], the analysis of plas-
monic properties of carbon nanoparticles in the XUV, and the studies of the indirect
involvement of clusters in HHG, when they did not directly participate as the
harmonic emitters, but rather enhance the local field, analogously to the experi-
ments and calculations using the gold nanostructures enhancing gas HHG [21–23].
The applications of thin films may also reveal some new opportunities in the plasma
HHG, particularly using the double-pulse schemes.

These ideas of plasma harmonic developments were partially borrowed from the
gas harmonics. There no fundamental restrictions in the implementation of gas
HHG approaches in the plasma harmonic generation. Moreover, some peculiarities
of the latter medium may offer the advantages in the new developments using such
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sources. Particularly, QPM in periodically modulated gas structures led to the
growth of conversion efficiency for some groups of harmonics [24–27]. Recent
implementation of similar approach in the plasma harmonic studies has demon-
strated even larger ratio between QPM-enhanced and conventional plateau-like
harmonics [15, 17]. Further, such methods as two-color pump and use of
long-wavelength lasers have recently been applied to various plasma samples using
a few-cycle laser pulses [28–30], which led to enhancement of odd and even
harmonics, as well as extension of harmonic cut-offs. Moreover, single harmonic
generation from such sources was reported in the case of manganese plasma [31].
Finally, the developed method of plasma harmonic spectroscopy has already
allowed the analysis of the structural properties of complex systems, such as DNA
components (thymine and uracil) [32, 33]. The new ideas of plasma HHG are
actively pursue in various laboratories.

It is worth noting that, currently, the nonlinear spectroscopy involving gas
harmonics is trying to deal with such problems as (a) extension of the HHG
spectroscopy based attosecond structural technique to image the nuclear
re-arrangements induced by localized hole excitations, (b) application of
strong-field ionization to create localized hole excitations and study their attosecond
dynamics in polyatomic molecules, (c) search for the selective imaging of hole
dynamics induced by the removal of e.g. inner-valence electrons using the XUV
initiated HHG technique, and (d) development of multi-dimensional HHG spec-
troscopy capable of following energy flow between different molecular modes over
femtosecond time-scale. Plasma harmonic spectroscopy allows adding some
important impulse to those studies, by using the peculiarities of plasma HHG and
much broader range of newly developed solids.

The important topics of future plasma HHG studies will be the applications of
ablation plumes for attosecond science. Measurement of physical processes with a
temporal resolution approaching 10−17 s has emerged in the last decade as one of
the most exciting frontiers in physical science. Such studies make accessible the
ultrafast dynamics of correlated electronic motion that underpin the first moments
of a wide range of physical and chemical processes, such as photo-chemical
reactions, radiation damage in biomolecules and conversion of light energy into
chemical energy. This science demands the most advanced technology and in
particular suitable light sources of exceptionally high bandwidth (>10 eV) to
support the ultra-high temporal resolution. Presently, the primary technique to do
this is a harmonic generation in gases. Nevertheless the capabilities for present-day
attosecond measurements are severely limited by some factors including (a) low
photon yield in the generation of isolated attosecond pulses, and (b) the limited
range of molecules that can be obtained in gas phase at the densities sufficient for
HHG.

Plasma harmonic spectroscopy can offer some valuable advances in this field,
particularly by introducing the new approaches. First attempts to analyze the
temporal characteristics of plasma harmonics were discussed in [34] where the
pulse duration of 11th–17th harmonics generated from chromium plasma was
measured to be *300 as. The studies of plasma harmonic pulse duration were also
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reported in [35, 36]. The goal of the future research of ultrashort pulse generation
through plasma nonlinearities is to enable various groups to fully develop
world-leading capabilities in attosecond sciences using the emerged plasma HHG
spectroscopy methods. Though the studies are challenging, one can expect that
present expertise in this field has the possibility to make a step-change advance in
plasma harmonics induced attosecond science.

The main objectives of these studies are: (a) to test if, as expected from calcu-
lation, the resonance enhanced HHG in some ablation plumes leads to isolated
sub-femtosecond pulses using the attosecond streaking technique, (b) to utilize the
isolated sub-femtosecond pulses from those metal plasmas in the pump-probe
measurements at surfaces and in molecules, and (c) to develop optimal conditions
for ablation plumes of high density for HHG studies of various organics, such as
intact ribonucleic acid and deoxyribonucleic acid bases, to allow the first steps for
attosecond investigation of electron’s dynamics in these molecules.

Among other possible developments in the application of plasma HHG tech-
nique one may anticipate such areas as seeding of plasma resonance harmonics in
the XUV free-electron lasers, application and analysis of endohedral fullerenes
using the plasma HHG, analysis of molecular structures through the study of har-
monic spectra from oriented molecules in plasmas using the gating and pump-probe
techniques, studies of ring-like structures using the nonlinear optical method, to
mention a few of them. Some of most recent studies of plasma harmonics [32, 34,
37–41] are trying to partially address the abovementioned issues.
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