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Abstract—Different recently revealed approaches of harmonic enhancement in plasmas are reviewed. The
4-step analytical model of resonant enhancement of high-order harmonic generation is extended to the sys-
tems possessing resonant transitions of inner-shell electrons. Role of inelastic scattering is discussed by sim-
ulation of excited state’s population dynamics. The enhancement of harmonics in the In plasma using differ-
ent pumps is analyzed to prove the concept. We also discuss the plasma emission and harmonic generation
spectra in the case of resonance enhancement of single harmonic using various laser-produced plasmas. The
analysis of these spectra showed that the enhancement of harmonics depended on the oscillator strengths of
the nearby ionic transitions rather than the plasma emission transitions. Finally, we review some recent
experimental studies of the phase-matching of high-order harmonic generation in multi-jet plasmas.
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1. MODEL OF RESONANT HIGH-ORDER
HARMONIC GENERATION
IN MULTI-ELECTRON SYSTEMS

1. 1. Introduction

High-order harmonic generation (HHG) in the
plasma media produced on the surface of solid targets
by laser ablation has been an important part of studies
in laser physics during last 20 years due to potential
applications of short-wavelength coherent radiation in
laser holography, lithography, medicine, and atto-
physics [1]. The only limiting factor of the strong-field
HHG is its low conversion efficiency to harmonics.
There are several ways to increase conversion effi-
ciency (resonance-induced growth of harmonic yield,
application of nanoparticles and clusters as the non-
linear media, use of quasi-phase-matching concept,
etc.). Among them, resonance-induced growth of sin-
gle harmonic is one of the simplest and most success-
ful methods [2, 3]. Since first observation of this phe-
nomenon of resonant HHG in the indium plasma [2],
some other plasma media [3, 4] were identified for the
potential enhancement of the single harmonics due to
their spectral closeness with the ionic transitions pos-
sessing strong oscillator strengths.

Analogous attempts for noble gases were reported
as well, which, however, failed to experimentally
demonstrate the resonant HHG, even in cases when
such an enhancement was expected [5—8]. This fact
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can be attributed to the availability of a much wider
range of target materials for plasma HHG compared to
a few commonly used gases, which significantly
increases the possibility of the resonance of an ionic
transition in plasma media with a harmonic wave-
length. However, despite the broad range of spectral
properties of various laser plasmas, resonant HHG
was reported only for a few strong spectral lines in the
In, Cr, Mn, Sb, and As plasmas. The resonant
enhancement factor was varied between 2 and 80 for
different laser plasmas. The only difference between
the HHG experiments with noble gases and laser plas-
mas is the fact that latter media are usually singly
charged at the moment of interaction with strong
probe pulse, while the noble gases are not. This differ-
ence motivates to seek for a model, which ultimately
benefits from sufficient degree of ionization of the
media.

Although some possibilities of non-resonant HHG
in the intra-atomic dynamics of electron have been
theoretically predicted [9], the experiments [2—4]
have shown that return of the electron to the parent
particle predicted by the 3-step model [10] is crucial
for existence of resonant HHG. As a result the theo-
ries, which do not include continuum states [5, 11],
cannot explain resonant HHG.

Many models describe enhancement of HHG yield
in the presence of strong intra-atomic resonance as a
consequence of enhanced probability of bound-bound
transition [6, 12—15] or multiphoton ionization [16] at
the conditions of multiphoton resonance. Multipho-
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ton resonant transitions cannot ensure population
inversion, so their impact on resonant HHG origi-
nates from increased ionization probability. Multi-
photon ionization can indeed take place even when
tunneling ionization is a dominant mechanism.
Although the stability of multiphoton resonance in
strong laser field is questionable due to AC Stark shift,
any growth of ionization increases HHG efficiency
provided the phase matching conditions are not mod-
ified greatly, so multiphoton resonances during ion-
ization should not be discarded from consideration.
Meanwhile, the assumption of ionization assisted by
multiphoton resonances as the only source of resonant
HHG enhancement, especially when combined with
single active electron (SAE) approximation, always
predicts enhancement of a group of harmonics, which
has not been achieved in typical resonant HHG exper-
iments (see for example [4]).

A semi-classical 4-step model has been suggested
in [17], which was able to describe most of the proper-
ties of resonant HHG in SAE approximation. The
additional fourth step in this model is described by
cross-section of electron transition to autoionizing
(AI) state. This model gives reasonably good qualita-
tive estimates of the efficiencies of resonant HHG for
different experimental conditions by substituting
experimentally measured decay widths of the resonant
levels into SAE-based analytical formula to account
for many-electron effects. There are however some
uncertainties within this model, because SAE approx-
imation does not considers real structure and dynam-
ics of intra-atomic electronic structure. Namely, the
electrons responsible for the resonant transitions with
high oscillator strength definitely belong to inner shells
of the systems in which resonant HHG was experi-
mentally demonstrated. These electrons are in general
very unlikely to be ionized directly by tunneling. So
the corresponding excited states are not necessarily
the Al states of the atomic systems, even if the energy
of resonant transition is close to the ionization ener-
gies of the atoms. One should also take into consider-
ation the dressing of higher Rydberg states, which may
greatly modify the real Al states of the system.

Another common drawback of all models of reso-
nant HHG, which assume the population of certain
resonant level, is the unclear physical nature of transi-
tion of electron to the ground state with corresponding
emission of coherent radiation at the harmonic fre-
quency. If we consider these transitions as sponta-
neous due to finite lifetime of the resonant level or
another laser-dressed state then the coherence and
duration of the resonant radiation will differ greatly
compared to non-resonant harmonics. If the process
is considered a stimulated emission then the absence
of population inversion will lead to decrease of har-
monics near the resonance due to higher probabilities
of stimulated absorption even when the degeneracy of
the resonantly populated state is high. Experimental
confirmation of the existence of spontaneous part of
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resonant harmonics is an important tool for verifica-
tion of the proposed approaches. It is still more favor-
able to consider depletion of resonantly populated
level as a lasing without inversion (LWI) process,
which cancels the stimulated absorption cross-section
due to interference of two absorption channels in the
presence of two fields coupled to the corresponding
transitions [18].

In this section, we analyze recently introduced
model of resonant high-order harmonic generation in
multi-electron systems [19]. We follow the theory of
resonant elastic scattering in the presence of energeti-
cally forbidden inelastic scattering channel in the
approximation of strong coupling of two scattering
channels. It will be shown that inelastic scattering
channel cannot be completely closed and is extremely
important for LWI processes within resonant HHG.
The nature of this approach is similar to the model of
channel closing, which has been successfully applied
to studies of anomalous above-threshold ionization
(ATI) spectra near ponderomotively upshifted Ryd-
berg states [20, 21]. The experimental demonstration
of the enhancement of different harmonic orders in
the In plasma using the 806, 1431, and 1521 nm pumps
is also discussed and compared with theoretical
model.

1.2. Theory

Quantum mechanical simulation was performed to
ensure that the excited state can in fact be populated in
HHG experiments by inelastic scattering. The main
part of any HHG simulation is the solution of time-
dependent Schrodinger equation (TDSE). Complex-
ity of wavefunction for systems with more than two
degrees of freedom was the reason to restrict most of
HHG simulations to SAE problems. Nowadays there
are only two ways to make a TDSE solution feasible for
multi-electron systems, which are based on time-
dependent density functional theory (TDDFT) and
multiconfigurational time-dependent Hartree-Fock
(MCTDHF) approach, respectively. Although
TDDFT calculations are much faster for large prob-
lems, they are not very convenient in investigation of
the nature of HHG, because nothing can be said about
which electrons actually participate in the process.
Additionally, available TDDFT solution packages
(Octopus [22], GPAW [23]) are restricted to plane-
wave basis functions, which is reliable for most solid-
state physics problems, but not guaranteed to give
proper picture of ionization. In the discussed
approach, the MCTDHF will be used, which not only
gives a good combination of exactness of direct TDSE
solution and speed of Hartree—Fock (HF) approxi-
mation, but also has a support of system’s splitting, not
included in HF approach.
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The MCTDHF approach treats the wavefunction
of multi-electronic system as

n ny f

Q.00 = Y ) A, 0] o @, (1
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where O, ..., O, are the coordinates of electrons,

A.

,--;,—antisymmetrized A-vector for all n, time-
dependent expansion functions (p(jf) for every degree of
freedom x. Setting n, = i, describes direct solution of
TDSE and n, = 1 simplifies the wavefunction to ordi-
nary time-dependent Hartree—Fock approximation.

The equations of motion in the MCTDHF
approach are derived from modified variational prin-
ciple

<5‘PMCHF(t) i % - H (t)“PMCHF(t)> = OVt ¥))

For the solution of MCTDHF equations of motion
the Heidelberg MCTDH package [24—26] was used,
which has a good support of various basis functions in
discrete variable representation (DVR).

The pseudopotentials for indium ionic back-
grounds have been generated by means of OPIUM
pseudopotential generator [27] for neutral, singly and
doubly ionized indium. Resonant HHG in indium is
attributed to 4d'°5s? |8° — 4d°5s*5p ' P, transition in

In" ion [2], so only three-electron system is sufficient
for this simple case, if correct pseudopotentials are
chosen. However, when there are multiple excitations,
the potential changes non-adiabatically, so for exam-
ple, in case of two-particle impact excitation the
Hamiltonian will have the form:

ﬁ — (Hl 1 HIZ j ,

H21 H22
where H,, is the neutral potential, H,, and H, are the
corresponding potentials for the 1st and the 2nd core
electrons being removed, and H,, is the potential for
both core electrons being excited. The states are elec-
tronically coupled to each other. The resulting HHG

spectrum was obtained by Fourier transformation of
the induced dipole.

3)

As a driving pulse the Gaussian-shaped linearly
polarized beam with FWHM of 35 fs and carrier fre-
quency of 0.057 a.u. (A = 800 nm), peak intensity 5 X
10" W cm~?2 and Gaussian-shaped envelope was used
for calculations. Utilization of angular degrees of free-
dom for linearly polarized pump may seem question-
able, but for given pseudopotentials there is a support
of scattering as well. This assumption means that
change of orbital momentum of every particle may
modify its energy in such way, that scattering will in
fact be more probable than direct fall on its place,
which is achieved by electronic coupling of potential
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Fig. 1. Absorption spectrum of singly charged indium ion
(dashed line, shifted by 2 units of relative intensity for bet-
ter visibility) and resonant HHG spectrum (solid line) of
the full system. Reproduced from [19] with permission
from IOP Publishing.

energy surfaces with fixed orbital momentum to each
other.

In Fig. 1 (dashed line), the absorption spectrum of
a given system (indium ion, external electron
removed, that is, H,, pseudopotential) is presented,
which has been obtained by adding impulse to every
electron in it and letting the system propagate freely
for a long time (35 fs) and taking spontaneous emis-
sion spectrum afterwards. It is seen that there are some
prominent absorption peaks in the area of 13th har-
monic of 800 nm radiation, which can be predicted
even from time-independent simulations. Then prop-
agation of the system in a laser field was performed,
which allowed to estimate HHG (Fig. 1, solid line).
The cutoff was observed for the 39th harmonic and
nonresonant harmonics had approximately same
intensity in the plateau region. It is actually not sur-
prising that resonant HHG has been observed,
although with the intensity only 10—20 times higher
than non-resonant harmonics, which is less than this
harmonic enhancement obtained from experimental
studies [2—4].

The population of excited state had time-depen-
dent peaks (Fig. 2) with maximums close to instants
when kinetic energy at return time is in general very
close to that of resonant 13th harmonic. On the con-
trary, if resonant HHG would originate from the
accelerated particle itself (direct recombination or
electron capture), these peaks for indistinguishable
particles would correspond to instants when kinetic
energy at instant of recombination is equal to the
energy of resonant harmonic minus ionization energy
and for distinguishable particles there should have
been no clear dependence at all. It is seen that only the
kinetic energy of the accelerated particle is transferred
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Fig. 2. Time dependence of the electron return energy
(black area) and the excited state population (blue line,
online available) for 35 fs pulses with Gaussian envelope;

peak intensity: 5 X 10" W cm™2. The maximum excited
state population reached 17.5% (upper blue line and
shifted upwards by 30 units for better visibility). Repro-

duced from [19] with permission from IOP Publishing.

for the excitation of another one, so collision exci-
tation of inner electrons during inelastic scattering is
possibly the base of resonant HHG. The population of
the excited state also experiences some Rabi-like oscil-
lations which can in principle show the possibility LWI
processes.

The population in Fig. 2 is normalized to 13 for bet-
ter visibility, and 13 corresponds to the maximum
observed occupation of excited state of approximately
17.5%, which means that there is no population inver-
sion during HHG process, so stimulated-emission
based enhancement is not possible. One can deduce
then, that resonant HHG is also in general a sponta-
neous emission.

1.3. Experiment and Discussion

To compare the modeling of resonance enhance-
ment with experiment the following studies were car-
ried out, which demonstrated the enhancement of dif-
ferent harmonics in the vicinity of the 4d'°5s* 1S, —
4d°5s?5p 'P, transition in In II ion (19.92 eV,
62.24 nm). The gf'value, the product of the oscillator
strength f of a transition and the statistical weight g
of the lower level, of this transition has been calculated
to be gf= 1.11 [28], which is more than 12 times larger
than that of any other transition from the ground state
of In II. This transition is energetically close to the
13th harmonic (Avy;; = 19.99 eV or A = 62 nm) of

806 nm radiation, the 23rd harmonic (4vy,; = 19.93 eV
or A = 62.21 nm) of 1431 nm radiation, and the

25th harmonic (Avy,s = 20.38 eV or A = 60.84 nm) of
1521 nm radiation, thereby allowing the resonance-
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induced enhancement of their intensity provided the
plasma conditions allow maximally efficient harmonic
generation.

The details of experimental setup are described
elsewhere [29, 30]. Briefly, the experimental setup
consisted of a Ti:sapphire laser, a traveling-wave opti-
cal parametric amplifier (OPA) of the white-light con-
tinuum, and a HHG scheme using propagation of the
amplified signal pulses from the OPA through the
extended laser-produced plasma (LPP). Part of the
amplified radiation with pulse energy of 6 mJ was sep-
arated from the whole beam and used as a heating
pulse for homogeneous plasma formation using a
200 mm focal length cylindrical lens installed in front
of the extended (5 mm) indium target placed in the
vacuum chamber. We analyzed the indium plasma as
the medium for harmonic generation using the tun-
able and fixed sources of ultrashort pulses. The
remaining part of the amplified radiation (806 nm,
64 fs) was delayed with regard to the heating pulse and
propagated through the LPP. Another pumps of
plasma were the signal pulses from OPA. The signal
pulses from the OPA allowed tuning along the 1200—
1600 nm. As it was mentioned above, we used the 1431
and 1521 nm pumps (70 fs). These driving pulses were
focused at a distance of ~150 um above the target
surface. The plasma and harmonic emissions were
analyzed using an extreme ultraviolet (XUV) spec-
trometer.

The experiments were carried out using both the
single-color (806 nm) and two-color (1431 nm +
715.5 nm, 1521 nm + 760.5 nm) pumps of the LPP.
The reasons for using the double-beam configuration
to pump the extended plasma is related to the small
energy of the driving near infrared (NIR) signal pulses
(<1 mJ). The I;; A3 rule (1} is the harmonic inten-
sity and A is the driving field wavelength) led to a sig-
nificant decrease of harmonic yield in the case of lon-
ger-wavelength sources compared with the 806 nm
pump and did not allow the observation of strong har-
monics from the single-color NIR (1431 nm or
1521 nm) pulses. Because of this we used the second-
harmonic (H2) generation of the signal pulse to apply
the two-color pump scheme (NIR + H2) for plasma
HHG. A 0.5-mm-thick beta barium borate crystal was
installed inside the vacuum chamber on the path of
focused signal pulse. The conversion efficiency of
715.5 nm and 760.5 nm pulses was ~15%. The two
orthogonally polarized pump pulses were sufficiently
overlapped both temporally and spatially in the
extended plasma, which led to a significant enhance-
ment of odd harmonics, as well as generation of even
harmonics of similar intensity as the odd ones.

Upper panel of Fig. 3 shows the plasma emission
spectrum of indium plasma at the conditions of abla-
tion, which do not allow efficient HHG. The harmon-
ics generated in the indium plasma at the conditions
when plasma emission was suppressed due to lower
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fluence of heating pulses. Three bottom panels corre-
spond to the latter conditions. In the case of 806 nm
pump (second panel from the top), extremely strong
13th harmonic (H13) dominated the whole spectrum
of emission. This harmonic was close to the 62.24 nm
transition of In II shown as the solid line. Harmonic
H13 was 15 to 40 times stronger than the neighboring
harmonics depending on the plasma formation condi-
tions.

The use of the two-color pump of NIR pulses
(1431 nm + 715.5 nm, third panel from the top) also
demonstrated the enhancement of harmonics in the
vicinity of 62.24 nm transition of indium ion. One can
see the enhancement of odd and even harmonics close
to this wavelength. Harmonic H23 exactly matched
with the above resonance transition and correspond-
ingly showed highest yield. In the case of another two-
color pump (1521 nm + 760.5 nm, fourth panel from
the top) the optimal conditions of most efficient con-
version were maintained for the H25.

Thus the transition of In II significantly affected
the harmonic spectrum generating from the indium
LPP. Notice that application of most other targets did
not lead to enhancement of specific harmonic but
rather to the featureless homogeneous harmonic dis-
tribution gradually decreasing up to the cut-off region.
These studies confirmed the earlier reported studies
on the significant influence of some ionic transitions
on the harmonic distribution, which were also
observed in the case of Cr, Mn, Sn, and some other
plasmas. The enhancement factors of specific har-
monics noticeably depended on the oscillator
strengths of the involved ionic transitions. Note that in
some cases the conditions for resonant recombination
were fulfilled for more than one harmonic provided
two-color fields were used. So there should not be a
single resonance populated during HHG. Any multi-
photon-based resonant excitation cannot explain such
multiple resonant enhancement, while our approach
for resonant HHG excitation by inelastic scattering
remains valid as inelastic scattering channels of differ-
ent spectral terms (here 4d'95s*5pY — 4d°5s*5pY T 1) can
be populated by accelerated electron with probability
proportional to square of oscillator strength. The radi-
ation of harmonics is also the stimulated emission as
resonant HHG greatly decreased at conditions of
spectral detuning of NIR pulses from resonances. The
lifetime of resonant state is also much greater than
duration of both main pulse and resulting harmonics
to consider a significant spontaneous emission at har-
monic frequency an important process. It has been
shown both theoretically and experimentally for In,
Sn, Sb, Crthat electronic transitions from inner d-sub-
shell to outer p-subshell (that corresponds to the sub-
shell where the first detached electron originally
resided) of species with different ionization degrees lie
close to each other [31, 32]. Control of degree of ion-
ization of laser plasma can thus be used to fine-tune
the frequencies of harmonics, which can be resonantly
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Fig. 3. Plasma and harmonic emission spectra generating
in the indium plasma. Upper panel: plasma emission at
over-excitation of ablating target. Second panel: single-
color pump (806 nm) of optimally formed indium LPP.
Third panel: two-color pump (1431 nm + 715.5 nm) of
optimally formed indium LPP. Fourth panel: two-color
pump (1521 nm + 760.5 nm) of optimally formed indium
LPP. Two bottom panels were magnified with the factor of
6x compared with the second panel due to notably smaller
conversion efficiency in the case of longer-wavelength
pumps. Solid line corresponds to the In II transition
responsible for the enhancement of harmonics. Dotted
lines show the emission lines of In plasma observed in all
these cases. Reproduced from [19] with permission from

IOP Publishing.

generated. Model of multielectron resonant recombi-
nation restricts the choice of spectral transitions,
which are promising to resonant HHG to permitted
dipole transitions from the inner subshells to the low-
est unoccupied subshell.

One should be very careful when speaking of pre-
cise coincidence of theoretical and experimental
quantitative results. There is a problem of reproduc-
ibility of probe beam—experimental results are mostly
averaged over shots, while in theory and calculations
the laser beams tend to be perfect Gaussian beams.
There is also a problem of phase matching which



860

relates to concentration of laser-ablated plasma parti-
cles. The concentration of laser plasma is in fact very
difficult to be calculated. In addition, in most calcula-
tions the ablation beam itself is also not exactly repro-
ducible. Every theory inflicts additional approxima-
tion errors. This all should be considered when
respecting precision of calculation as the best proof for
validity of theory. But the model potential in [17] has
immense advantage of reducing a multi-electron
problem to one-electron problem. So better binding of
its parameters to spectral properties of given systems
can be considered promising as well.

2. CONTROLLING SINGLE HARMONIC
ENHANCEMENT IN LASER-PRODUCED
PLASMAS

As was already mentioned, the resonance-induced
enhancement of the harmonics of ultrashort pulses is
one of the attractive features of coherent radiation fre-
quency conversion in laser-produced plasmas, with
the maximal enhancement factor of a single harmonic
approaching 80 in the case of indium plasma. Notice
that no experiments with gases showing the resonance
enhancement of single harmonics have been reported
so far. Why have resonant harmonics not been
observed in gas media? The answer to this fundamen-
tal question is related to the basic principles of the role
of ionic resonances in the enhancement of harmonics.
Various factors prevented the observation of reso-
nance enhancement. Among them are the self-
absorption near the ionic transitions, which emit
strong radiation in the extreme ultraviolet range, and
the weak oscillator strength of these transitions. Fur-
thermore, it is obvious that the choice of gases, mostly
limited to a few noble gases, is dramatically narrow
compared with that of solids, which includes almost
all the periodic table predominantly containing the
solid elements. Consequently, the probability of find-
ing the appropriate resonance with high oscillator
strength, which matches with some harmonics, is sig-
nificantly smaller in the case of HHG in gases com-
pared with HHG in plasmas. These conditions are
rarely fulfilled, and if fulfilled they most probably
occur in media produced during the ablation of thou-
sands of solids rather than in a few gases. That is why
the analysis of this phenomenon in plasma media has
more chances of success.

In this section, we discuss the studies of a few
plasma samples, which showed numerous cases of the
coincidence of harmonics with some emission lines of
corresponding ions. We analyze ionic transitions
demonstrating high oscillator strengths, which are
responsible for enhanced emission of a single order or
group of harmonics. Meanwhile, plasma emission
plays rather destructive role during HHG in the
plasma plumes [33].
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2. 1. Featureless and Resonance-Enhanced
Harmonic Distributions

In this subsection, we analyze the raw images of
plasma and harmonic spectra from different LPPs.
The reason in presentation of experimental data as the
images appearing on the screen of computer rather
than the groups of intensity distributions is caused by
better viewing of obtained data and clear definition of
the difference between the so called featureless group
of harmonics and the group of harmonics containing a
single enhanced harmonic. We would like to stress that
the goal of discussed studies [33] was the qualitative
definition of the influence of plasma emission on the
harmonic conversion efficiency in different LPPs
rather than the quantitative measurements of the gain
of single harmonic in the plasmas where this process
could be realized. Also notice that visual analysis of
raw images of harmonic and plasma emission allows
distinguishing these sources of radiation by their diver-
gences. The vertical dimensions of the raw images of
plasma emission, which characterize its divergence,
were a few times larger compared with those of har-
monics.

The saturated images were intentionally chosen to
present the spectra for better viewing. Note that for the
line-outs of the HHG spectra the unsaturated images
were used. The X-axes are shown in the figure on the
basis of the calibration of XUV spectrometer for better
viewing of the distribution of harmonics along the
short-wavelength region. The HHG spectrometer was
calibrated using the plasma emission from the used
ablated species, as well as other ablating targets.

Experimental setup was similar to the one
described in Sec. 1. 5-mm-long Sb, Sn, Mn, Zn, Se,
Cr, Ag, Au, Mg, Cd, and graphite samples were used
as the targets for ablation and formation of extended
homogeneous plasma. First set of studies was carried
out in the plasmas where no resonance enhancement
was observed. Figure 4a shows the plasma and har-
monic spectra obtained during ablation of silver and
gold targets. The plasma emission spectra were
observed at the conditions of ablation at which the
HHG could be realized at unfavorable conditions.
These plasma spectra, as well as all other emission
spectra obtained during ablation of targets, were regis-
tered at the conditions when femtosecond pulses did
not propagate through the LPPs. Meanwhile, the
HHG was performed at the conditions of optimal LPP
formation. The term “optimal LPP formation” refers
to maximal harmonic yield during propagation of
femtosecond pulses through such plasmas. Both Ag
and Au plasmas are the attractive media for extended
harmonic distribution. The harmonics up to H63 and
H57 (not shown in Fig. 4a) were generated in the silver
and gold plasmas during propagation of 810 nm, 64 fs
pulses through these LPPs. These distributions did not
reveal any enhancement of some specific harmonic
order but rather represent the plateau like shapes when
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Fig. 4. Plasma and nonresonant harmonic spectra. (a)
Raw images of plasma (upper panels) and harmonic (bot-
tom panels) spectra obtained during ablation of Ag and Au
targets and 810 nm femtosecond pulses propagation. Har-
monic orders and wavelengths in this and most of other
figures are shown on the upper and bottom axes respec-
tively. (b) Raw images of harmonic (upper panel) and
plasma (bottom panel) spectra obtained during ablation of
Mg target and 1340 nm femtosecond pulses propagation.
(c¢) Raw images of plasma (upper panel), plasma + har-
monic (middle panel), and harmonic (bottom panel)
spectra obtained during ablation of graphite target and
1340 nm + 670 nm femtosecond pulses propagation.
Reproduced from [33] with permission from AIP

Publishing.

the intensities of harmonics were approximately same
along the whole spectral range of generation with
some gradual decrease up to the cutoff orders. One can
see that though H11 and HI13 coincided with some
emission lines of Ag and Au ions no enhancement of
these harmonics was observed.

Similar pattern was obtained in the case of Mg
(Fig. 4b) and graphite (Fig. 4c) plasmas. One can see
that at least H19, H27, and H37 of the single-color
pump (1340 nm, 70 fs) propagating through the mag-
nesium plasma coincided with the plasma emission
lines. However, neither enhancement nor decrease of
these harmonics was observed in the case of HHG in
this plasma, but rather gradual decrease of each next
order of harmonics compared with previous one.
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Fig. 5. Samples of resonance-induced enhancement of
single harmonics in various plasmas. Upper, middle, and
bottom panels correspond to the harmonic spectra gener-
ated in selenium, chromium, and tin plasmas using
810 nm, 1300 nm + 650 nm, and 1420 nm + 710 nm pumps
respectively. One can see the enhanced H35 in the case of
selenium plasma and 806 nm pump. In the case of chro-
mium plasma, harmonics surrounded H47 were notably
stronger compared with those in the range of H41—H45 in
the case of 1300 nm + 650 nm pump. Similarly, tin plasma
allowed observation of the enhanced harmonics in the
vicinity of H29 of 1420 nm + 710 nm pump. Reproduced
from [33] with permission from AIP Publishing.

The plasma emission from ablated graphite con-
tained strong emission lines of carbon (upper panel of
Fig. 4c). The propagation of the two-color pump
(TCP, 1340 nm + 670 nm) through such plasma
allowed generation of approximately equal odd and
even harmonics of 1340 nm radiation up to the H43
(second panel). One can see that coincidence of a few
harmonics with these emission lines did not cause the
change of their intensity relative to neighbor orders.
Moreover, as was mentioned above, a decrease of
heating pulse energy on the target surface allowed for-
mation of optimal graphite plasma resulting in notice-
able enhancement of all harmonics (bottom panel;
compare with middle panel). Again as in previous
cases (Figs. 4a, 4b), the featureless harmonic spec-
trum, without the enhancement of a single harmonic,
was obtained.

Most of plasmas producing on the targets repre-
senting the solid elements of periodic table allowed
generation of harmonic spectra similar to those shown
in Fig. 4. Meanwhile, a few solid elements showed
outstanding features being used for LPP formation
and HHG. In Fig. 5, three samples of harmonic spec-
tra demonstrating the enhanced single harmonic, or
group of harmonics, in different ranges of XUV using
the selenium, chromium, and tin LPPs, are shown.

The single-color pump (SCP) of Se plasma using
810 nm radiation allowed odd harmonics generation
up to H27 using the optimally formed LPP. The
growth of heating pulse fluence on the surface of
ablating target led to appearance of plasma emission in
the range of H10—H15 and the decrease of a whole
yield of harmonics (Fig. 5, upper panel). Meanwhile,
this over-excitation of target caused the growth of pop-
ulation of some ionic states, which allowed the obser-
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vation of an enhanced single harmonic (H35) far from
the whole set of harmonics. This harmonic was visibly
stronger than the lower-order ones (H23—H?33), con-
trary to commonly observable patterns of lower inten-
sities for the higher orders compared with lower-order
ones. In fact, the neighboring harmonics around H35
were barely seen in this spectrum.

The HHG spectrum from Cr plasma also showed
the gradual decrease of harmonic yield up to H42
using TCP (1300 nm + 650 nm). At higher excitation
of target, we observed a group of harmonics centered
around H47, apart from the set of lower-order har-
monics (second panel).

The third sample of unusual distribution of har-
monic spectra was observed during experiments with
tin plasma (third panel). The TCP (1420 nm + 710 nm)
of over-excited plasma caused appearance of both the
mixture of harmonic and plasma emission in the lon-
ger wavelength range of XUV and the group of
enhanced harmonics (H31, H30, and especially H29).
Notice the absence of H25—H?27 in this spectrum.

Those results were compared with the spectro-
scopic analysis of the properties of specific ionic tran-
sitions of Se, Cr, and Sn. The resonance-enhanced
single harmonic observed in selenium plasma had a
shortest wavelength (H35 of 802 nm pump, A =
22.9 nm, £ = 54.1 eV) reported so far among other res-
onance enhanced processes [34]. The doubly ionized
selenium atom has the ground configuration 4s*4p?
and the excited configurations 4s*p3, 4s*4pnd (n > 4),
and 4s%4pns (n > 5). The photon energy studied in pre-
vious spectroscopic experiments with Se plasma was
ranged between 18.0 and 31.0 eV [35, 36]. However,
they also reported the strong third-order line corre-
sponded to the 54.62 €V energy (A =22.7 nm), without
the deliberation of the origin of this transition. Note
that this transition is close to the enhanced H35 in our
experiments. Probably, this transition can influence
the nonlinear optical response of selenium plasma in
this spectral region.

Previous studies of photoabsorption and photoion-
ization spectra of Cr plasma in the range of 41—42 eV
have demonstrated the presence of strong transitions,
which could be responsible for such a pattern of har-
monic spectrum. In particular, the region of the
“giant” 3p — 3d resonance of Cr II spectrum was ana-
lyzed in [37]. The role of the 3d°(°S) state in determin-
ing the special position of Cr among the 3d elements
was emphasized and the strong transitions, which
could both enhance and diminish the optical and non-
linear optical response of the plume, were revealed.
Some previous studies of chromium plasma revealed
the enhancement of single harmonics in the case of
different sources of driving pulses. Particularly, H29
(A =27.6 nm) of 800 nm pump was noticeably stronger
than other harmonics [38].

In past work, the strong Sn II ion has been shown
to possess a strong transition 4d'%5s’5p 2P;,—
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4d°55*5p*(' D)*Ds , at the wavelength of 47.20 nm [39].
The gf'value of this transition has been calculated to be
1.52, and this value is five times larger than other tran-
sitions from the ground state of Sn II. Therefore the
enhancement of the H29 (A = 48.9 nm) using the
1420 nm + 710 nm wavelength pump can be explained
as being due to optimal closeness to the above transi-
tion. The resonance enhancement of single harmonic
(H17 of 795 nm laser, A = 46.8 nm) has previously
been observed and attributed to the influence of the
same transition [40].

These three samples of harmonic spectra point out
the role of ablation conditions in the formation of the
LPP allowing such an unusual distribution of harmon-
ics appearing in the shorter wavelength range of XUV.
During last decade this phenomenon was observed in
the case of some ionic transitions the gf'of which were
significantly larger compared with similar parameters
of other neighboring transitions in different spectral
ranges [41—44]. Meanwhile, the role of plasma emis-
sion lines was yet examined. Below we show the com-
parative studies of plasma and harmonic spectra at the
conditions of coincidence or mismatch of plasma and
harmonic wavelengths.

2.2. Comparison of Plasma and Harmonic Spectra
in the LPPs Allowing Generation of Resonantly
Enhanced Harmonics

To analyze the role of the ionic transitions respon-
sible for plasma emission on the enhancement of sin-
gle harmonic one has to use a tunable source of femto-
second pulses. The pump wavelength was tuned using
OPA, which allowed the variation of harmonic wave-
lengths in the vicinity of strong emission lines in the
XUV range using Zn, Sb, Cd, and In LPPs. The fixed
wavelength of pump radiation was also used to analyze
the plasma and harmonic emission from Mn ablation.
The data on the plasma emission of various elements
were taken from the NIST Atomic Spectra Database
[45].

Zinc plasma. Upper panel of Fig. 6a shows the raw
image of zinc plasma emission where a few strong
emission lines in the range of 65—90 nm dominated
the XUYV spectra. This spectrum was obtained at the
unfavorable conditions for harmonic generation (i.e.,
at ~2 J cm~2 fluence of heating pulse), similarly to the
LPP spectra shown in Fig. 4. At optimal conditions of
zinc ablation when maximally efficient HHG was
achieved a few plasma emission lines were still seen
among the harmonics. Particularly, strong 67.8 nm
emission line of Zn III attributed to 3d'°—3d°4p tran-
sition appeared between H19 and H20 of 1320 nm +
660 nm pump (second panel). The same can be said
about 75.5 nm emission line. The harmonic spectrum
was extended up to H36. The H15 and H17, which
coincided with 88.1 and 76.7 nm emission lines,
appeared to be stronger than other neighboring har-
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Fig. 6. (a) Raw images of plasma (upper panel) and har-
monic (three other panels) spectra obtained during abla-
tion of zinc. Harmonic spectra were tuned by changing the
wavelength of driving NIR radiation and its second har-
monic from 1320 nm + 660 nm (second panel from the
top) to 1360 nm + 680 nm (third panel) and 1380 nm +
690 nm (fourth panel). Dashed lines show the positions of
strong plasma emission lines in all four spectra. Dotted
lines show the tuning of H14 and H20 at different pumps
of plasma. The intensity of H20 remained approximately
same during tuning through the strong resonance transi-
tion (A = 67.8 nm), while H17 was stronger in the case of
1320 nm + 660 nm pump. (b) Raw images of plasma
(upper panel) and harmonic (five other panels) spectra
obtained during ablation of antimony. Harmonic spectra
were tuned by changing the wavelength of driving NIR
radiation and its second harmonic from 1310 nm + 665 nm
(second panel from the top) to 1390 nm + 695 nm (sixth
panel) with a step of 20 nm. Solid lines show the tuning of
H36 and H19 at different pumps of plasma. The harmonic
orders shown on the top of images correspond to those
generated using the 1310 nm + 655 nm pump. Most of har-
monics remain same during variation of pump wavelength,
excluding those in the region of 37.5 nm. Reproduced from
[33] with permission from AIP Publishing.

monics. It was difficult to define whether this differ-
ence in harmonic intensities can be attributed to the
influence of emission line or to the naturally stronger
odd harmonics compared to the even ones.

To define the role of plasma emission lines the flu-
ence of heating pulse was decreased and the harmon-
ics were tuned (third panel, 1360 nm + 680 nm pump).
In that case only 67.8 nm line remained in the spec-
trum while other plasma emission lines almost disap-
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peared. The odd and even harmonics (at least up to
H?22) showed a gradual decrease of intensity for each
next harmonic order, without any features indicating
the resonance enhancement. The whole decrease of
conversion efficiency compared with 1320 nm +
660 nm pump was caused by the higher energy of latter
TCP compared with previous pump. This decrease of
HHG conversion efficiency is further seen in the case
of 1380 nm + 690 nm pump (fourth panel), which also
confirmed our assumption about the negligible role of
the ionic transitions responsible for plasma emission
on the HHG.

The H17 of 1320 nm + 660 nm pump could be par-
tially enhanced due to different processes. The
involvement of 76.7 nm transition of Zn II on the vari-
ations of harmonic yield near this transition was earlier
examined in [46] by using the model potential intro-
duced in [17]. The width of resonantly enhanced H17
in those studies was close to that of other harmonics,
both in calculated and experimental results, similarly
to present data. Another case was observed in the case
of 67.8 nm line. The enhancement region is narrower
than the harmonic line width (third panel), so the
shape of H20 is close to the one of surrounding har-
monics but with a narrow maximum due to the possi-
ble resonant enhancement. Similar observation was
reported using 775 nm, 4 fs probe pulses. The observa-
tions of the strong emission of 18.3 €V transition (A =
67.8 nm, 3d'°—34°4p) of Zn 111 at the conditions of
plasma excitation by a few cycles of broadband pulses
centered at 775 nm was attributed to the enhancement
of part of the 11th harmonic of this radiation, although
the wavelength of this harmonic (70 nm) did not
exactly match the wavelength of 3d'°—3d°4p transi-
tion, which has an oscillator strength significantly
greater than other lines in this spectral region [47]. In
those studies, the narrowband-enhanced emission was
similar to that observed here and could also be
attributed to the influence of resonance and propaga-
tion processes.

Antimony plasma. Another example demonstrating
the enhancement of single harmonic by tuning
through the ionic transition possessing high gf rather
than strong plasma emissions was demonstrated in the
case of antimony plasma. This plasma has two strong
ionic transitions in the region of generating harmon-
ics. The XUYV spectra of antimony plasma have been
analyzed in [48]. The oscillator strengths of 4d'°55%2p
3P,—4d°55%5p 3Dy and 4d"5s%2p 'D,—4d°5s*5p® 3F;
transitions have been calculated to be 1.36 and 1.63,
respectively, which were a few times larger than those
ofthe neighboring transitions. These strong Sb 11 tran-
sitions (4d'%5s%2p 3P,—4d°5s*5p3 3Dy and 4d'°5s%2p
'D,—4d°55*5p* 3 F;) at the wavelengths of 37.82 nm and
37.55 nm could be responsible for the enhancement of
harmonics in the vicinity of these transitions.
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Upper panel of Fig. 6b shows two groups of plasma
emission comprising the continuum and emission
lines. Notice that there are no peculiar emission lines
in the vicinity of 37—38 nm. Strongest emission line
seen only at 32.5 nm, quite far from the spectral range
of expected enhancement of the nonlinear optical pro-
cesses.

The application of TCP allowed a significant
enhancement of harmonic yield compared with SCP.
Two-color pump was gradually tuned between
1310 nm + 655 nm to 1390 nm + 695 nm with a step of
MIR pulses of 20 nm (second to sixth panels). The
lower-order harmonics remained approximately same
during this procedure. The harmonic orders shown in
upper axis are attributed to those in the second panel.
The white solid line at the right side of this picture
shows the tuning of H19. No significant changes in
intensities of this harmonic seen while tuning between
the two plasma emission lines shown in the upper
panel. The second group of harmonics appears in the
36—38 nm region. The white solid line at the left side
of picture shows the tuning of H36. One can see a sig-
nificant change of the intensity of this harmonic, with
maximal conversion efficiency at ~37.3 nm. Probably,
the shorter-wavelength side of two abovementioned
resonances is responsible for better enhancement of
the harmonics tuning in this region. The reasons for
this peculiarity could be related with the propagation
effect, when the phase matching conditions became
better for the system possessing lower difference
between the wave numbers of pump and harmonic
emissions due to anomalous dispersion in this side of
resonances. These lines are not seen in the plasma
emission spectrum (see the left group of lines and con-
tinuum appearing in the 28—36 nm range on the first
panel). The efficiency of each neighboring harmonics
in this region depended to the closeness with the
4d'°5s2p 3P,—4d°5s*5p® 3Dy and 4d'°5s%2p 'D,—
4d°5525p3 3F, transitions of Sb II ion.

Cadmium plasma. The relative intensities of the
H 15 generating in Cd plasma were tuned by changing
the SCP from 1360 nm to 1320 nm, as shown in Fig. 7a
(two bottom panels). One can clearly see the relatively
equal intensities of other harmonics in the case of
1320 nm and 1360 nm pumps. Meanwhile, the tuning
of pump and harmonic wavelengths towards the lon-
ger-wavelength region significantly changed the pat-
tern of H15. Harmonic H15 (A = 90.7 nm) using
1360 nm pump became significantly stronger than the
H15 obtained using 1320 nm radiation. The emission
lines from Cd plasma (upper panel) were far from the
region of H15. Thus the influence of the transitions
responsible for plasma emission was insignificant from
the point of view of variations of the relative intensities
of this harmonic.
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Fig. 7. (a) Raw images of plasma (upper panel) and har-
monic (two bottom panels) spectra obtained during abla-
tion of cadmium. Harmonic spectra were tuned by chang-
ing the wavelength of driving NIR radiation from 1320 nm
(third panel from the top) to 1360 nm (second panel). The
harmonic orders shown on the top of images correspond to
those generated using the 1360 nm pump. (b) Raw images
of plasma (upper panel) and harmonic (bottom panel)
spectra obtained during ablation of manganese. The inten-
sity of H33 of the 810 nm pump was notably stronger than
lower-order harmonics. Adapted from [33] with permis-
sion from AIP Publishing.

Manganese plasma. The final example of harmonic
enhancement is shown in Fig. 7b. The Mn plasma was
emitted in a broad short-wavelength region (10 to
35 nm, upper panel) during over-excitation of target
by 370 ps pulses (i.e., at a fluence of 1.9 J cm~2). The
harmonics at weaker ablation (1.2 J cm~2?) were limited
by H29. The growth of heating pulse fluence led to
appearance of the extended group of harmonics start-
ing from H33 and extended up to H83 (bottom panel).
There was no relation between the emission lines and
enhanced H33 and following harmonics. One can
assume better conditions of enhancement for the H33
in the vicinity of the giant 3p — 3d resonances of Mn
around the 51—52 eV range, where the metastable
states of manganese are located [49]. Meanwhile there
are no relations between the observed plasma emission
lines (upper panel) and the harmonic enhancement in
the region of ~24 nm (bottom panel).

These studies have confirmed previous observa-
tions of resonance enhancement of harmonics in
laser-produced plasmas [50—53] and paved the way
for the nonlinear optical spectroscopy of plasma
materials.
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3. QUASI-PHASE-MATCHING
OF HIGH-ORDER HARMONICS IN PLASMA:
THEORY AND EXPERIMENT

3.1. Quasi-Phase-Matching in Gases and Plasmas

Various methods have been implemented in the
high-order harmonic generation in gases and plasmas
to improve the conversion efficiency. In the case of
harmonics generated in laser plasma they include the
use of nanoparticles and clusters as harmonic sources,
the use of various combinations of two- or three-color
pumps, the application of extended plasma, the reali-
zation of the conditions of resonant amplification of
single harmonic, and the formation of quasi-phase
matching (QPM) between interacting waves. The lat-
ter of these techniques in combination with two-color
pumping of plasma have demonstrated their attrac-
tiveness by increasing the conversion efficiency in var-
ious ranges of the extreme ultraviolet region [54].
Most of the previous studies of QPM were performed
using conventional Ti:sapphire lasers and their second
harmonics as the radiation sources. Meantime, the use
of longer wavelengths of the laser sources can lead to a
further increase of harmonic yield by applying the
multi-jet plasmas compared with the extended homo-
geneous plasmas. Particularly, the tunable optical
parametric amplifiers (OPA) generating in the near
infrared region, and their second harmonics will allow
to generate a wide range of wave sum and difference
harmonics.

The phase mismatch between the interacting waves
suppresses the HHG in the gas and plasma media. The
dephasing between the propagating harmonic wave
and laser-induced polarization is mainly caused by the
dispersion of the medium and becomes essential in the
presence of a significant number of free electrons. Due
to the difference in the velocity of the waves, at some
distance from the beginning of the medium, the phase
shift becomes close to . Beyond this distance, called
the coherence length, the constructive accumulation
of harmonic photons is reversed and the harmonic
energy starts to decrease. Quasi-phase matching of
interacting waves can significantly reduce the negative
impact of phase mismatch as well as to increase the
conversion efficiency in different parts of the XUV
spectrum.

Quasi-phase matching has been demonstrated in
gases [55—60] and multi-jet plasma formations [61,
62]. Though not new for the case of gas harmonics,
this approach recently allowed a significant increase of
harmonic yield in the case of modulated plasmas.
Moreover, the so-called “self-probing” schemes to
extract structural and dynamical information about
the generating medium from the intensity measure-
ments of HHG, which have already been reported in
the case of gas targets, are extended to plasma targets.
The implementation of this concept for the case of
plasma harmonics widely broadens the field of study
due to the overwhelming prevalence of the ablated
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solid species used in the latter case over the few gas
types routinely exploited in conventional HHG.

The key enabling technology for this research is the
capability of laser ablation to put atoms and molecules
from solids into gas phase at appropriate densities [61—
63]. This method of plasma formation also allows the
analysis of the relative role of micro- and macro-pro-
cesses in the enhancement of harmonic yield [64].
Such a concept can be useful for the formation of a
group of harmonics when the phase-locking of the
harmonics leads to the production of an attosecond
pulse train. The comparative analysis of different
sources of pump radiation (e.g., fixed-wavelength
ones, such as Ti:sapphire lasers and their second har-
monics, or those with tunable wavelengths, such as
OPA and their second harmonics) allows defining the
best schemes for enhancement of HHG in different
spectral regions of XUV.

In this section, the QPM experiments, which were
carried out using different ablated solids, are dis-
cussed. The application of tunable mid-infrared pulses
and fixed wavelength 800-nm-class laser for the QPM
of harmonics is also compared [65].

3.2. Experimental Arrangements

Two laser sources were used for these studies. In
both cases, the uncompressed radiation of the Ti:sap-
phire laser was used as a heating pulse (central wave-
length A = 806 nm, pulse duration 370 ps, pulse energy
up to Ey, = 4 mlJ) for plasma formation using a
200 mm focal-length cylindrical lens, which focused
the pulse inside the vacuum chamber containing an
ablating target to create the extended laser-produced
plasma above the target surface (Fig. 8a). The focusing
of the heating pulse on the target surface produced the
extended non-perforated plasma. The intensity of the
heating pulses on a plain target surface was varied up to
5% 10°Wcem™2.

In the first set of studies, the compressed driving
pulse from the same laser with the energy of up to
Ey, = 5 mJ and 64 fs pulse duration was used, 45 ns
from the beginning of ablation, for harmonic genera-
tion in the plasma plume. The driving pulse was
focused using a 400 mm focal-length spherical lens
onto the prepared plasma from perpendicular direc-
tion, at a distance of ~100 wm above the target surface.
The confocal parameter of the focused driving beam
was 18 mm. The intensity of the driving pulse in the
focal area was varied up to 9 X 10" W ¢cm~2. The har-
monic emission was analyzed by an XUV spectrome-
ter. A detailed description of XUV spectrometer was
given in [9].

In the second set of studies, we pumped the OPA
(HE-TOPAS Prime, Light Conversion) by 10 mJ,
806 nm, 64 fs pulses. Signal and idler pulses from the
OPA allowed tuning within the 1170—1620 nm and
1580—2650 nm ranges respectively. The experiments
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Fig. 8. (a) Experimental setup for the HHG in the multi-jet plasmas. HP, heating pulse; DP, driving pulse; CL, cylindrical lens;
SL, spherical lens; MSM, multi-slit mask; DM, dichroic mirror; TiS, femtosecond radiation from Ti:sapphire laser; OPA, fem-
tosecond radiation from optical parametric amplifier; VC, vacuum chamber; T, target; BBO, nonlinear crystal for second har-
monic generation; HR, harmonic radiation; MJP, multi-jet plasma; XUVS, extreme ultraviolet spectrometer. (b) Shapes of silver
plasma plumes produced at different modes of excitation of the target. Left picture shows the extended (5-mm-long) homoge-
neous plasma (upper panel), eight-jet plasma produced during installation of the MSM between cylindrical lens and target (mid-
dle panel), and nine-jet plasma produced during tilting the MSM at 6 = 25° (bottom panel). Right picture shows the images of
three-, four- and five-jet plasmas produced during placement of the MSM in different positions inside the telescope installed in
front of the cylindrical lens. Reproduced from [65] with permission from Optical Society of America.

were carried out using ~1-mJ, 70-fs, 1310 nm signal
pulses. The spectral bandwidth of these pulses was
50 nm. The intensity of the 1310 nm pulses focused by
400 mm focal length lens inside the extended plasma
was ~2 X 10" W cm~2. Most of the experiments in this
configuration were performed using two-color pump
of the LPP.

Silver, indium and manganese were used as the tar-
gets for ablation. The reasons for choosing these sam-
ples are described in the following subsection. The size
of the targets where the ablation occurred was 5 mm.
To create multi-jet plasmas a multi-slit mask (MSM)
was used. The slits of 0.3 mm width were spaced at
0.3 mm (d=0.3 mmand D= 0.6 mm, see Fig. 8). The
energy of the heating pulse decreased after propaga-
tion through the MSM. However the fluence of this
radiation on the target surface remained unchanged,
since the size of ablated area was also decreased. It
means that the electron and plasma densities in the
cases of extended homogeneous and multi-jet plasmas
were almost equal.

3.3. Enhancement of Groups of Harmonics

In the case of homogeneous plasma target the silver
plasma allows generation of almost ideal plateau-like
distribution of harmonic intensities: the decrease of
the latter starting from the 13th order (for 806 nm
pump wavelength) is very slow up to the cut-off region
(~H61). Therefore the multi-jet target setup for silver
plasma allows a clear observation of the quasi-phase-
matching effect in different regions of XUV by varia-
tion of the plasma modulation parameter. This param-
eter actually represents the size of a single jet in the
multi-jet plasma formed by installation of the MSM
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between the focusing cylindrical lens and the target
(inset in Fig. 8a).

Below some experimental results are shown, which
can be compared with those obtained with the theo-
retical approach developed in previous section. Ini-
tially, we show the plasma shapes used for harmonic
generation in the silver multi-jet plasmas produced at
different modes of excitation of the target. Left picture
in Fig. 8b shows the extended (5-mm-long) homoge-
neous plasma (upper panel), eight-jet plasma pro-
duced with MSM installed between the cylindrical
lens and the target (middle panel), and nine-jet
plasma produced as the MSM is tilted at 6 = 25° (bot-
tom panel). The picture in the right shows the images
of three-, four- and five-jet plasmas produced as the
MSM is placed in different positions inside the tele-
scope installed in front of the cylindrical lens.

Figure 9a shows the harmonic spectra generated
using the 806 nm pump in the extended (thin curve)
and eight-jet (thick curve) silver plasmas produced by
installation of the MSM (6 = 0°). In the latter case we
can see an enhancement of the group of harmonics
centered at H33. The enhancement factor for the H33
was measured to be 11.

Stronger enhancement was observed in the case of
two-color pump using the 1310 nm + 655 nm radiation
(Fig. 9b). The two spectra shown in this figure repre-
sent the harmonic distributions captured under similar
experimental conditions (energy of heating pulse, col-
lection time of the harmonic spectra). Thin curve
demonstrates the harmonic distribution obtained in
the case of 5-mm-long silver plasma. The application
of the MSM tilted at 35° drastically changed this dis-
tribution (thick curve). The group of harmonics cen-
tered in the vicinity of H37 was notably stronger com-
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Fig. 9. (a) Harmonic spectra generated using the 806 nm
pump in the extended silver plasma (thin curve) and eight-
jet plasma produced by installation of the MSM contain-
ing 0.3 mm slits (thick curve). (b) Two-color pump using
the 1310 nm + 655 nm radiation of the extended (thin
curve) and eight-jet (thick curve) plasmas. The enhance-
ment factors are shown below the harmonic orders.
Reproduced from [65] with permission from Optical Soci-

ety of America.

pared with previous case (the enhancement factor of
the maximally enhanced H37 was ~18), whereas the
intensity of the lower-order harmonics decreased due
to worsened conditions of the phase matching.

Indium plasma has an attractive feature allowing
the observation of the joint influence of micro- and
macro-processes on the harmonic efficiency. From
the very beginning of plasma HHG studies, this
plasma demonstrated the largest enhancement of a
single (H13 of the 800-nm-class lasers) harmonic (see
also Sec. 1). The reported enhancement factors were
close to 80 [2, 66]. In our studies we used this plasma
to demonstrate the QPM effect for the harmonics far
from the spectral region (61 nm) where the resonance-
induced harmonic occurred.
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Fig. 10. The enhancement factor of the harmonics gener-
ated during two-color pump (1310 nm + 655 nm) of the
modulated indium plasma containing eight jets. Repro-
duced from [65] with permission from Optical Society of
America.

In the discussed studies, the variation of this spec-
trum was also analyzed while introducing the modula-
tion of the extended (5 mm) indium plasma, similarly
to the method described in the case of silver plasma.
Particularly, a proper choice of the plasma conditions
and pump wavelength can further optimize the QPM
process using the described configuration. We were
able to increase the enhancement factor of QPM har-
monics by applying the wavelength of OPA allowing
stronger emission (1310 nm), while exciting the
indium target in such a manner that allowed us to
maintain the QPM conditions for the group of lower-
order harmonics (Fig. 10). The two-color pump
(1310 nm + 655 nm) of this modulated plasma con-
taining eight jets resulted in the enhancement factors
of 40 to 50 for the group of harmonics centered at H35
(A = 37.4 nm). Some other features of the influence of
micro- and macro-processes on the high-order har-
monic generation in the laser-produced plasmas were
recently analyzed in [64].

Finally, we discuss the observation of the QPM
effect in the manganese plasma. The peculiarity of this
material is the closeness of the QPM- and resonance-
enhanced harmonics, which is in contrast to the case
of indium plasma. The advantage of Mn plasma from
the point of view of highest harmonic cut-off (i.e.,
above 100th orders) was reported in [67, 68], though
the reasons of this peculiarity were not yet clearly
explained. Note that the harmonic yield from this
plasma was not as high as from some other plasma spe-
cies. The use of a few-cycle pulses (3.5 fs) [69] has
allowed the observation of a single (33rd) broadband
harmonic.
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Fig. 11. Harmonic spectra generated during propagation
of 806 nm pulses through the extended Mn plasma (thin
curve) and eight-jet Mn plasma (thick curve). Reproduced
from [65] with permission from Optical Society of
America.

In the discussed studies, the Mn plasma produced
by 370 ps pulses allowed generation of harmonics of
806 nm radiation with orders up to nineties. A weak
excitation of target by 370 ps heating pulses (f}, =

0.2 J cm™2) led to plateau-like harmonic generation up
to the cut-off (27th harmonic) similar to the one
defined from the three-step model of HHG [10] for
the singly charged Mn ions. Earlier, a growth of the
harmonic intensity for the harmonics above H31 was
attributed to the influence of the giant 3p—3d reso-
nances of manganese ions [67]. Harmonics H27—H31
were significantly suppressed compared with the
higher-order harmonics starting from H33.

The increase of the heating pulse fluence up to
1.0 J cm™? caused a significant change of harmonic
distribution in the case of imperforated 5-mm-long
manganese plasma. Thin curve in Fig. 11 shows the
generated spectrum, which points out the presence of
only low-order harmonics (up to H29) in the case of
imperforated Mn plasma, with some weak traces of
higher orders. Replacement of the single extended
nonlinear medium with the group of separated com-
ponents of this medium (i.e., eight 0.3-mm-long
plasma jets) drastically modified the generated har-
monic spectrum (thick curve in Fig. 11). A group of
strongly enhanced harmonics (H33—HS51) prevailed
in this spectral distribution. Notice that the reso-
nance-enhanced harmonic (H33) was also enhanced,
to some extent, due to QPM. The total enhancement
factor of this harmonic was only ~4 (more accurate
measurement of this factor was problematic because of
the low signal from the extended plasma target). Nev-
ertheless, we can see that H33 is more intense than the
neighbor harmonics (H31 and H35). The enhance-
ment of the single harmonic is typical for resonance-
induced enhancement. Thus the enhancement of H33
is due to both micro- and macro-processes.
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4. SUMMARY

Summarizing this review, the 4-step analytical
model of resonant enhancement of HHG was
extended to real systems with resonant transitions of
inner-shell electrons. Resonant enhancement was
explained by lasing without inversion in a three-level
system of ground, excited and shifted resonant scatter-
ing states which are coupled to the fundamental field
and its high harmonics. Role of inelastic scattering was
studied by simulation of excited state’s population
dynamics. It was shown that maximal gain is achieved
when the energy shift between the excited state and
resonant scattering state is close to the energy of pho-
ton of fundamental field. The model of multielectron
resonant recombination assumes excitation of inner
electrons to resonant levels of the system by inelastic
cross-section. Calculations show that resonant level is
populated in HHG process by inelastic scattering.
Combination of populated excited state and resonant
elastic scattering state coupled to the main pump can
lead to resonant HHG enhancement by LWI process.
Resonant HHG can be considered as the experimental
evidence of three-dimensional laser dressing of states.
We have discussed the enhancement of harmonics
in the In plasma using different pumps. Particularly,
the 13th, 23rd, and 25th harmonics were notably
enhanced compared with the neighboring harmonics
using the 806, 1431, and 1521 nm pumps.

We analyzed the HHG in the Sn, Mn, Zn, Se, Sb,
Cr, Ag, Au, Mg, C, and Cd plasmas, which showed
numerous cases of the coincidence of harmonics with
some emission lines of corresponding ions. However,
this coincidence did not result in the enhancement of
harmonics. We compared plasma conditions (spectral
distribution of emission, excitation of high-charged
ions, etc.) and harmonic generation. We also com-
pared the cases of enhancement of single harmonic in
the vicinity of some ionic transitions and featureless
plateaulike HHG spectra from different plasma spe-
cies to add more information about the role of plasma
emission spectra. The comparative analysis of those
two groups of plasma plumes have revealed the relative
role of the strong emission lines and the transitions
possessing high gf in the enhancement of single har-
monics. This analysis of the harmonic spectra in the
case of two abovementioned groups of LPPs have
shown that ionic transitions demonstrating high oscil-
lator strengths are responsible for enhanced emission
of a single order or the group of harmonics. Finally,
the experimental results of QPM for HHG in different
plasmas using 806 nm and 1310 nm + 655 nm were
discussed. Quasi-phase-matching in the vicinity of the
resonant harmonic in manganese has shown that har-
monic yield can be enhanced through both these pro-
cesses.
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