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Abstract: The studies of the high-order harmonics generated in Se-containing plasmas are reported.
The ablation of selenium in a vacuum allowed for the formation of a plasma demonstrating high-
order harmonics generation and resonance enhancement of the harmonic at the shortest wavelength
reported so far (A ~ 22.9 nm, Epn ~ 54.14 eV). This harmonic corresponds to the 35th order of the
800-nm-class lasers. The influence of the presence of selenium in the molecular state (ZnSe and HgSe)
on the suppression of the resonance effect during harmonics generation in plasma is studied. The
enhanced 35th harmonic was analyzed by different methods of plasma formation using nanosecond,
picosecond, and femtosecond pulses. The enhancement factor of the resonance-enhanced harmonic
was measured to be 32x compared with the neighboring lower-order harmonics in the case of the
picosecond-pulses-induced Se plasma. The role of the strong ionic transition of Se in the region of
22.7 nm in the observation of the resonance-induced enhancement of a single harmonic is discussed.

Keywords: selenium-containing plasma; high-order harmonics generation

1. Introduction

A few metal-based laser-induced plasmas (LIPs) such as atomic Ag, In, Mn, Cr, and Au
have demonstrated attractive properties as the media for high-order harmonics generation
(HHG) allowing the observation of the strong plateau-like harmonic spectra in the extreme
ultraviolet (XUV) region [1-12]. Some of these LIPs demonstrate the resonance-induced
enhancement of a single harmonic. Contrary to that, the molecular structures comprising
those atoms notably modify the ability in the resonance-induced enhancement of harmonics
and decrease the HHG conversion efficiency, leading to the generation of weaker and
featureless plateau-like harmonic spectra. This process was demonstrated in the case of the
chromium-containing LIP when the application of the molecular structure caused a notable
decrease in or complete disappearance of the resonance-induced enhancement of a single
harmonic [13]. A similar feature was reported in the case when the two-color pump (TCP)
of LIP was used for HHG instead of the single-color pump (SCP) [14].

To analyze the processes leading to the restrictions in observation of the resonance
harmonic (RH) effect, one has to choose a plasma medium demonstrating the enhancement
of single harmonic up to the shortest wavelength range. In that case, two limiting factors
(molecular-versus-atomic LIP and TCP-versus-SCP) can be precisely distinguished. So
far, the highest generating orders enhanced due to the RH effect were reported in the
case of Cr (29th order of 800-nm-class lasers, H29), Mn (H31), and Se (H35) LIPs. In this
context, two former plasma media were analyzed in a few previous publications [13,15-18].
In the meantime, the selenium-containing plasma has rarely been used as a medium for
harmonics generation [17,19]. Additionally, the HHG studies on this and other atomic
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plasmas were predominantly carried out using 800-nm-class Ti sapphire lasers. No reports
about resonance harmonic generation were published in the case of the Se-containing
molecular LIPs or in the case of the application of longer-wavelength lasers for HHG in Se
plasma. Additionally, no influence of laser ablation conditions using pulses of different
duration on the harmonic spectra from the Se LIP was analyzed so far, to the best of
our knowledge.

In this paper, we analyze various abovementioned features during application of the
atomic and molecular Se species for HHG using the variable conditions of plasma formation.
Se-containing plasmas comprising atoms and molecular structures were compared with
each other from the point of view of the harmonic yield, spectral distribution of harmonics,
and generation of RH. The conditions of the maximal yield of the RH (35th harmonic of
800 nm pump) compared with other harmonics from Se LIP were determined.

2. HHG in Selenium-Containing Plasmas

The standard approach for the analysis of the influence of plasma characteristics on
the HHG in LIP [20] was applied in this study. The left panel of Figure 1 shows a scheme of
the experimental setup for HHG comprising the target-containing vacuum chamber and
the XUV spectrometer. The femtosecond driving pulses were focused inside the LIP. The
plasma was produced by the heating pulses of different duration. We used a pure selenium
target to analyze the conditions of the plasmas produced by the pulses of different duration.
The molecular targets (ZnSe and HgSe) were also analyzed to compare with the HHG in
the atomic (Se) LIP.
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Figure 1. (Left) panel: scheme for HHG in plasma. The path of picosecond heating pulses is shown
in yellow. The path of femtosecond driving pulses is shown in red. MCP: microchannel plate.
(Right) panel: scheme for the analysis of plasma characteristics. iCCD: intensified charge-coupled
camera. The red color and arrow show the direction of the heating pulses towards the target. The left
arrow shows the direction of the observation for the collection of the plasma image by a iCCD camera
at different moments from the beginning of target ablation. The right arrow shows the direction of
the observation of plasma emission for the analysis of the spectrum of LIP.

To determine the characteristics of Se-containing LIP, laser-induced breakdown spec-
troscopy and time-resolved analysis of plasma spreading were used. The scheme for the
analysis of the plasma characteristics is shown in the right panel of Figure 1. A selenium
target (2 x 2 x 1 mm?3 plate) was used for plasma formation. The density of plasma varied
depending on the distance between the target and the optical axis of propagation of the
driving pulses, as well as on the pulse duration of the heating pulses. Correspondingly,
the efficiency of harmonics generation became a function of the delay between the heating
and driving pulses. Overall, the optimized delay between heating and driving pulses and
the optimized heating pulse fluence became the key parameters ensuring efficient HHG in
Se-containing plasmas.

Figure 2a shows a raw image of plasma spreading out from the selenium target at
an 80 ns delay from the beginning of ablation by picosecond pulses. This optimal delay
between heating and driving pulses during HHG experiments with Se-containing LIPs
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was established by calculation of the velocity of the plasma cloud, which allowed for
matching the arrival of the driving pulses in the area above target surface with the time
when the highest concentration of particles was achieved at a distance of 0.3 mm from the
ablation spot. The optimal delay was also defined empirically by determining the maximal
harmonic yield of the Se LIP. The plasma spectrum in the visible and UV ranges is shown
in Figure 2b.

' "2 (b).

4000 [

3000

2000

1000

Intensity (arb. units)

300 400 500 600
Wavelength (nm)

D
(mm)6—o5 10

Figure 2. (a) Raw image of the plasma spreading out from the Se target at an 80 ns delay from the
beginning of ablation. T: target; DP: driving pulse; HP: heating pulse; LIP: laser-induced plasma.
Bottom line shows the distance (D) from the target surface. The driving beam propagated 0.3 mm
above the target surface. (b) UV-visible spectrum of Se plasma in the case of ablation by picosecond
pulses. The numbers on the spectral curve correspond to the ionization states of transitions.

The time-dependent analysis of plasma spreading at different moments from ablation
allows for defining the optimal delay between the heating pulse producing plasma and
the driving pulse propagating through this plasma by determining a velocity of the central
part of plasma cloud. Here, the term “optimal delay” refers to the conditions of plasma
formation and spreading at which the maximal yield of harmonics can be achieved. To
determine these conditions one has to allow plasma to spread out of the surface such that
the density of particles becomes maximal during propagation of the driving pulses at a
distance of 0.3 mm above the target. This is a distinct requirement for the interaction of the
driving radiation with the largest available number of plasma particles. Since the harmonic
yield quadratically depends on the concentration of plasma, one can assume that before
and after the optimal delay between heating and driving pulses the number of emitting
coherent XUV photons will be decreased.

We analyzed plasma dynamics using different images of plasma at variable delays
between pulses. In Figure 2a, we show one of them corresponding to the moment of the
propagation of the driving beam through the densest component of LIP. The brightest
spots of plasma at a distance of 0.3 mm from the target surface were observed at the delays
between 70 and 100 ns. Further spreading of plasma at a longer delay caused a decrease in
its concentration along the path of the femtosecond driving pulses.

Figure 2b shows the UV-visible spectrum of Se plasma at the conditions when the
highest harmonic yield was achieved alongside the strong H35,i.e.,ata 7] cm 2 fluence
of the heating picosecond pulses. One can see that this plasma was overheated in terms
of the optimal conditions commonly used during HHG in LIPs. This spectrum shows the
ionic lines of doubly and triply ionized selenium. The concentration of plasma at these
conditions was maximal from the point of view of the phase-mismatch-induced limitation
of further growth of the fluence of the heating pulse. These conditions of plasma formation
allowed generation of strong harmonics and observation of the extended harmonic cutoff.
Moreover, the excited doubly and, probably, triply charged ions allowed for the creation of
the conditions for the resonance enhancement of the 35th harmonic of the 800 nm laser. The
appearance of the transitions attributed to the doubly and triply charged ions in the visible
and UV ranges may indicate the presence of similar transitions in the analyzed region of
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XUV. Meanwhile, our further studies of Se plasma emission in the short-wavelength range
showed that the XUV emission does not appear in the 1040 spectral range.

The comparison of the emission spectra of Se and ZnSe plasmas showed that, under
similar conditions of ablation, the latter species spread at lower velocity. The luminescence
spectra were almost similar, while some ionic transitions of Zn and some uncharacterized
lines appeared in the case of the molecular plasma. Our further studies showed that over-
excitation of ZnSe and HgSe caused a decrease in HHG conversion efficiency, probably
due to larger amount of free electrons in plasma area compared to the case of Se plasma. It
is hard to judge from the plasma emission about the optimal conditions for observation
of the 35th harmonic enhancement. The plasma emission in the visible and UV ranges is
just an additional indicator which can point out the conditions when the doubly and triply
charged transitions in the XUV range may play important role in the enhancement of a
single harmonic.

Two laser sources were used for HHG in the studied plasmas. A Ti sapphire laser
produced the 800 nm, 65 fs, 10 Hz pulses, which were used for the SCP of Se LIP. Another
laser source provided the tunable 70 fs pulses in the near-infrared (NIR, 1200-1600 nm)
spectral range. The intensity of driving pulses inside the LIP in both cases was maintained
at3.5 x 10 W cm 2 to allow the comparative studies of harmonic yield using the driving
pulses of different wavelengths. Some HHG experiments were carried out using the TCP of
Se LIP. A 0.3 mm thick barium borate (BBO) crystal was installed inside the target chamber
on the path of focused pulses to allow for generating the second harmonic emission, which
then participated in HHG alongside the driving 800 nm and NIR pulses. The conversion
efficiencies of the second harmonic pulses were 5% and 7% in the cases of 800 nm and
1400 nm driving pulses, respectively.

The picosecond heating pulses (800 nm, 250 ps) for HHG were obtained by separat-
ing part of the uncompressed laser radiation before the compressor of the Ti sapphire
laser. The intensity of the pulses on the target surface varied between 2.3 x 10'° and
1.3 x 10" Wem™2,

The first sets of harmonic generation studies were carried out using the Se-containing
plasmas comprising the ablated molecular structures (zinc selenide and mercury selenide).
In the case of 800 nm driving pulses, the application of these ablated molecular Se-
containing LIPs did not reveal the generation of RH in the region of 22.9 nm, which
was reported in an earlier study of HHG in the case of ablation of the atomic Se target [17].
In the case of HgSe LIP, the plateau-like harmonics up to the 43rd harmonic were observed
(H43, Figure 3a). H35 (A = 22.9 nm) was not enhanced compared with H33. A similar
feature was observed in the case of the harmonics generated in ZnSe plasma (Figure 3b).
H35 was barely seen in this harmonic spectrum.
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Figure 3. HHG in the Se-containing quantum dot and molecular plasmas. (a) Harmonic spectrum in
the case of HgSe LIP. (b) Harmonic spectrum in the case of ZnSe LIP.
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To achieve the resonance enhancement of a single harmonic in Se-containing plasma,
one has to use the ablation of the target containing only Se atoms. Another requirement
is the optimization of the laser ablation of the Se bulk target. This term refers to the
formation of a plasma dominantly comprised of neutral, singly, and doubly charged Se,
alongside a small concentration of free electrons. The latter particles notably decrease the
phase-matching conditions in the case of HHG in LIPs. The process of deterioration of
the phase-matching conditions between the interacting waves of driving and harmonic
emission strongly depends on the pulse duration of the heating pulses. Additionally, the
phase mismatch between these waves becomes emphasized in the shorter-wavelength
region of harmonic spectra.

To determine the most suitable conditions for the ablation of the selenium target,
we used heating pulses of different duration. The ablation by nanosecond pulses was
accomplished using a Nd YAG laser providing 10 ns pulses. This laser was synchronized
with the driving femtosecond laser to allow for defining the best delay between the heating
and driving pulses (70-90 ns in the case of the driving beam propagating at a distance
of 0.3 mm above the surface of the ablating target). The ablation by picosecond pulses
(250 ps) was carried out using the same methods which were applied for the studies of
HHG in HgSe and ZnSe plasmas. The application of femtosecond pulses for laser ablation
was performed by dividing the compressed 65 fs beam into two beams. The first beam
was used for the laser ablation, while the second beam propagated through the optical
delay line to maintain the 80 ns delay between two (heating and driving) femtosecond
pulses in the plasma area. We determined the conditions of maximal harmonic yield in
each case of ablation by pulses of different duration. The same intensity of the driving
pulses (3.5 x 10'* W cm~2) was maintained during these experiments.

Figure 4 shows the generated spectra using the 800 nm pump in the vicinity of the
harmonic cutoffs in the case of three LIPs produced by (a) 10 ns, (b) 250 ps, and (c) 65 fs
heating pulses at approximately similar fluence of the heating pulses on the target surface
(2.5 ] cm~2). In the former case, only a weak 19th harmonic (H19) was observed in the
17-44 nm spectral range (Figure 4a). The low value of harmonic cutoff obtained in that
case can be explained by the presence of a high concentration of free electrons during the
relatively long process of target ablation, thus restricting the phase-matching conditions for
the highest orders of harmonics.
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Figure 4. Highest-order harmonic spectra from the plasma produced in the selenium bulk target
using the (a) nanosecond, (b) picosecond, and (c) femtosecond heating pulses.
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The application of shorter pulses (250 ps and 65 fs) allowed for diminishing the effect
of the presence of free electrons in the plasmas by decreasing their concentration at the used
fluence of heating pulses. In the case of picosecond heating pulses, the harmonic cutoff was
extended up to H25 (Figure 4b). The most important feature, in that case, was the unusual
appearance of RH (H35), which was not surrounded by the neighboring harmonics. This
observation of the enhanced single harmonic, which was not observed in the case of HgSe
and ZnSe LIPs, nor in the case of the Se LIP produced by nanosecond pulses, points out
the achievement of the plasma conditions at which the ionic transitions in the vicinity of
22.9 nm (Epp, = 54.14 eV) possess large oscillator strength (¢f). Notice that the intensity of
H35 was approximately equal to the one of H25 in the case of the picosecond heating pulses.

An approximately similar RH was observed in the case of the formation of Se LIP using
femtosecond pulses (Figure 4c). One can see the enhanced H35 that appeared after very
weak H33. The extension of the cutoff compared to the case of picosecond pulses-induced
plasma was attributed to the smaller concentration of the free electrons produced by the
65 fs pulses at the optimal conditions of HHG. Notice the absence of the higher-order
harmonics above RH (H35).

The application of nanosecond pulses for laser ablation of the Se bulk target allowed
for the analysis of HHG in a long-time scale from the beginning of ablation. Previously,
the appearance of nanoparticles during the ablation of bulk selenium by 10 ns pulses was
reported in [21]. It was found that the size, shape, and population of selenium nanopar-
ticles strongly depended on the experimental conditions during the ablation process, in
particular, on the fluence of laser pulses. The broad range of the sizes of nanoparticles
assumes that those multi-particle species spread out from the surface at different velocities.
Correspondingly, one can expect their appearance on the path of the driving femtosecond
pulses at different moments from the beginning of ablation.

Initially, the atomic species reach the area of driving pulses propagation (~0.3 mm
above the target surface), and then the small aggregates (clusters) and large structures
(quantum dots and nanoparticles of different sizes) appear on the path of a driving laser
beam. Figure 5a shows the dependence of the intensity of the 17th harmonic generating
in Se LIP on the delay between the heating (10 ns) and driving (65 fs) pulses. The range
of delay variations was 0-10° ns. It was observed that H17 generated up to the 7 us delay
between pulses. These measurements showed that the plasma consisted of atoms/ions
and clusters of different sizes. The latter species have masses from a few times to a few ten
thousand times larger than the single-atomic particles. Correspondingly, the velocities of
these clusters, especially those possessing large masses, were significantly lower than the
velocities of the atoms and ions presented in LIP. Those heavy particles arrived in the area
of interaction with driving pulses much later than the atoms and ions. Their appearance
and interaction with femtosecond pulses caused the generation of harmonics, though not
as strongly as in the case of single-atomic species. The harmonic yield from atoms and ions
was expectedly higher due to the larger concentration of these species compared with the
heavy clusters and nanoparticles. Earlier, a similar conclusion was reported in the case of
the generation of the lower-order harmonics in nanosecond-pulses-induced LIP [22].



Photonics 2023, 10, 854

7 of 15

Intensity of H17 (arb. units)

Intensity of H17 (arb. units)

Delay between heating and driving pulses (ns)

1000 10000 14E © E

(@)

Threshold of registration

B Ablation by 65 £ Eulsesl

()

Threshold of registration

s Se LIP

-Ablmiou by 10 ns Enlses I

—
(8]
T

ablation by 250 ps pulses | -

H35

T
-
1

4

%
2
1

o
N
T
I

Harmonic intensity (arb. units)

H29
H31
H37 H33 .

<
~
T

20 22 2 2 2
1000 10000 13 4 20 8

Delay between heating and driving pulses (ns) Wavelength (nm)

Figure 5. Dependencies of the H17 yield from the Se plasma on the delay between heating and
driving pulses in the case of (a) ablation by nanosecond pulses and (b) ablation by femtosecond
pulses. (¢) Harmonic spectrum from Se LIP in the case of the optimal ablation using 250 ps pulses at
the fluence of 7] cm 2.

We did not observe the harmonics generation during large delays in the case of ablation
of the Se target by shorter pulses. Particularly, the maximal yield of the same 17th harmonic
generating in femtosecond-pulses-induced plasma was achieved in the range of 60-80 ns,
similar to the case of 10 ns pulses, and then was significantly decreased at larger delays.
No high-order harmonics were observed at the delays exceeding 300 ns (Figure 5b). The
same feature was observed in the case of the ablation of the Se target by 250 ps pulses.
These observations point out the absence of a sufficient amount of multi-particle aggregates
during ablation using short laser pulses at the conditions when the fluence of heating
pulses satisfies the requirement of generation of the strongest harmonic yield.

Our studies showed the advantages of the application of shorter heating pulses for the
formation of the optimal selenium plasma and for the demonstration of the RH effect, allow-
ing observation of the enhanced harmonic. Our following studies allowed for determining
the best conditions for the ablation of Se bulk target, which revealed that the maximal
harmonic yield, harmonic cutoff, and RH effect can be achieved using picosecond heating
pulses. Below, we show that the growth of the concentration of ions causes the influence of
the ionic transition responsible for the resonance enhancement of H35 on the whole pattern
of the harmonic spectrum, despite the growing concentration of free electrons.

Figure 5c shows the harmonic spectrum from the Se LIP in the case of the optimal
ablation using 250 ps pulses at a fluence of 7 ] cm~2. This spectrum is significantly
distinguished from the one shown in Figure 4b and obtained at a fluence of heating pulse
of 2.5] cm~2. Apart from notably enhanced H35, the cutoff was significantly extended (up
to H53). The resonantly enhanced harmonic was stronger than any harmonic in the studied
spectral range (17-28 nm). The H35:H33 ratio of harmonic intensities was ~32. The RH
was approximately equal to H15 (not shown in this graph). Meanwhile, the application of
TCP (800 nm + 400 nm) and the generation of odd and even harmonics in the case of Se
LIP under similar conditions of plasma formation did not allow for observation of the RH
effect in the vicinity of the 22.9 nm wavelength. The maximal harmonic order achieved in
that case was H23 (A = 34.8 nm). Though the lower-order even harmonics were notably
stronger than the odd harmonics, a significant decrease in harmonic cutoff did not allow
the generation of H35 using the TCP of Se LIP.

HHG was also optimized in the case of the longer-wavelength driving NIR pulses,
similar to the 800 nm case. The change in pump wavelength led to variation in the phase
matching between the interacting waves and, as a consequence, affected the conditions for
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optimal ablation of the Se target. Notice that the application of the single-color pulses of
NIR radiation (1310 and 1420 nm) did not allow the generation of high-order harmonics in
spite of the Ey, o« A2 rule of the three-step model [23]. Here, Ey, is the energy of the generating
photons in the cut-off region and A is a wavelength of driving pulses. The influence of
the intensity of harmonics follows the I & A5 rule [24], thus notably decreasing the HHG
conversion efficiency, which did not allow for observing the higher orders of harmonics.
Because of this, the application of the two-color pump (1310 + 655 nm and 1420 + 710 nm)
was used, which allowed for the generation of harmonics up to the thirties orders (~40 nm).
The attempts to further optimize plasma conditions for similar lengths of laser plasma
(~0.5 mm) on the target surface did not lead to the enhancement of harmonics from these
two-color pump schemes. Correspondingly, HHG was not observed in the region of
single harmonic enhancement (~23 nm). Probably, the option could be an enhancement
of the plasma length, which can amend the harmonic yield under better phase matching
conditions for the NIR + H2 pump compared to the 800 nm pump. However, even under
these conditions, no significant improvement of harmonic cutoff for the NIR + H2 pump
was observed.

Figure 6 shows three comparative spectra of harmonics generated using the 800 nm,
1420 nm + 710 nm, and 1310 nm + 655 nm driving pulses in the case of the formation
of Se LIP by picosecond pulses under similar conditions of ablation. In the former case
(800 nm, upper panel), the H35 was comparable with the H17, while no neighbor harmonics
appeared in this spectrum. These conditions of plasma formation did not repeat the
conditions at which the maximal RH and cutoff were observed (Figure 5c), though the
intensity of RH was again much stronger than that of the neighboring harmonics. Notice
that the formation of Se LIP in this set of experiments corresponded to the best conditions
of HHG using the NIR TCP pulses.
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Figure 6. The comparative spectra of harmonics generated using the (a) 800 nm, (b) 1420 nm +
710 nm, and (c) 1310 nm + 655 nm driving pulses in the case of the formation of Se LIP by picosecond
pulses. The measurements were carried out at an equal collection time.

The application of TCP using NIR pulses of different wavelengths (two bottom panels
of Figure 6) allowed for the generation of the plateau-like shape of harmonics intensity
distribution corresponding to the gradual decrease in the approximately equal odd and
even harmonics. Their intensities were approximately five (in the case of 1420 nm + 710 nm
pump) and four (in the case of 1310 nm + 655 nm pump) times lower than the intensities
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of the harmonics produced by 800 nm pulses in the same spectral region (compare the
intensity scales of the three harmonic spectra shown in Figure 6) at a similar intensity of the
driving pulses and equal conditions of plasma formation. The difference in the harmonic
efficiencies in the case of 800 nm and NIR pulses is attributed to the I}, « A2 rule [24,25].
Notice that, in the case of NIR + H2 pumps, no harmonics appeared in the 22.9 nm region.

3. Discussion

The RH effect in the case of high-order harmonics generation in LIPs is an interesting
and important topic. The first study of the harmonic spectrum from purely atomic Se
plasmas in the 802 nm driving field [17] showed a strong resonance-induced 35th harmonic.
Notice that those studies reported the observation of this effect in Se plasma without the
(a) analysis of this process using heating pumps of different duration, (b) comparison with
Se-containing molecular plasmas, (c) optimization of the delay between heating and driving
pulses, or (d) application of longer-wavelength pulses for analysis of the RH effect. These
processes were studied in the present paper, which allowed for achieving a significant
enhancement of RH with regard to the neighboring harmonics (32x) compared with the
referenced study (12 x) [17].

Another previous study where selenium-containing species were analyzed used HgSe
quantum dots [19]. A film containing HgSe QDs was ablated and the HHG using 1030 nm,
40 fs driving pulses was observed in the LIP containing the mercury sulfide quantum dots.
High-order harmonics up to the 37th order were generated in the plasmas containing HgSe
QDs. The wavelength of this harmonic (27.8 nm) was below the region where the RH effect
could be observed (22.9 nm).

The resonance-enhanced effect during HHG in plasma is a rather complex process
which can be described by the four-step model [26]. The first two steps are the same as
in the three-step model, but instead of the last step (radiative recombination from the
continuum to the ground state), the free electron is trapped by the parent ion so that the
system (parent ion + electron) lands in the autoionizing state, and then it relaxes to the
ground state emitting XUV. In addition, there are several theoretical studies in which the
HHG efficiency was calculated using the recombination cross-section. The theoretical
models other than the four-step model were introduced in [27-32], though the list of the
theoretical studies of RH effect in plasma is much larger. A sequence of experiments on the
pronounced enhancement of single harmonics in laser-driven plasmas has shown that this
effect is attributed to the dynamical shift of ionic resonances close to specific harmonics.
An overview of the studies of resonance processes in LIPs is presented in [33,34].

The demonstration of the resonance enhancement of single harmonics in different
metal plasmas is currently useful from the point of view of the analysis of the spectral
properties of those plasmas in the XUV range. Particularly, the demonstration of the
enhancement of 35th harmonic in Se plasma was not predicted through the calculations of
the high values of the oscillator strength of ionic transitions in the 22.9 nm region, contrary
to some other plasmas (Cr and In). Thus, at the present stage of research, the application
of the resonance-harmonic-induced processes is limited by a determination of the ionic
transitions of metals possessing large gfs.

Below, we address the role of the collision and relaxation processes that may affect the
concentration and temperature of Se plasma. In the present case, those processes were not
taken into account. In the case of 10 ns heating pulses, the dynamics of H17 (Figure 5a), as
well as any other harmonic, are driven by the presence of a sufficient amount of particles in
the area of the optical axis of femtosecond pulses propagation. Those particles can be either
atoms, ions, some aggregates comprising tens of particles, or even large agglomerates
such as quantum dots and nanoparticles. The ablation of targets by long pulses may
produce nanoparticles, which move at much lower speeds than the single-atomic species.
Correspondingly, the slowly moving large species of plasma arrive in the area of interaction
with femtosecond pulses at significantly longer delays. The harmonics at these conditions
were observed while shifting the delay generator towards the range of a few microseconds
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(Figure 5a). In the case of picosecond and femtosecond heating pulses, this scenario does
not work.

Figure 5a,b show the dependencies of the H17 yield on the time delay between the
two laser pulses by using different methods. This harmonic was chosen randomly. The
same delay-dependent features as in the case of H17 were observed in the case of other
harmonics. Particularly, H11 to H25 showed similar intensity-versus-delay dependencies.
As mentioned, we did not observe harmonics generation at large delays in the case of
ablation of the Se target by shorter pulses. The example of intensity-versus-delay is shown
only for the 65 fs heating pulses (Figure 5b). Almost similar dependence was observed in
the case of the 250 ps heating pulses. The time delay between heating and driving pulses in
the case of the graph shown in Figure 5¢ corresponds to the conditions when the highest
yield and cutoff extension of harmonics were achieved (80 ns).

A decrease or even disappearance of the resonant peak in the molecular plasma
compared with the atomic one containing the ions responsible for the RH effect has been
reported in a few studies. The physical mechanisms showing a distinction of the RH effect
in atoms and molecules were discussed in [35]. In [36], this difference was analyzed in
the case of atomic (Mo) and molecular (MoS;) molybdenum-containing plasmas. The
resonant harmonic generation from Mo-containing materials is due to the influence of
4p-4d resonant transitions from the single and double-ionized Mo [37]. The suppression of
harmonics at 33-34 eV (~21H of 800 nm driving pulses) in laser-induced plasmas of MoS,
was attributed to the contribution from the destructive interference of 4p-4d transitions
with 4d orbital recombination [38]. The behavior of resonant transitions with recombined
orbitals is important in HHG because macroscopically its yield depends on the interference
of high-order harmonics generated from every ionic and atomic source. A similar feature
may be responsible for the suppression of RH (H35) in ZnSe and HgSe plasmas. The
experimental results show that the plasmas from the ZnSe and HgSe targets produce a less
intense resonant harmonic, which indicates that those molecular ions affect the favorable
conditions of resonance-induced enhancement of a single harmonic.

A difference in the extension of harmonic cutoffs in the case of these two molecular
plasmas (H43 and H35 in the cases of HgSe and ZnSe, respectively) depends on various
factors (band gap, conditions of plasma formation, intensity of the driving pulses, etc.).
Zinc selenide has a large band gap (Eg = 2.67 eV). Meanwhile, mercury selenide exhibited
a semi-metallic property with a negligible direct band gap of about 0 eV. It is hard to
compare these two molecules, taking into account the three-step HHG formula under
similar conditions of plasma formation.

ZnSe shows a rather abrupt, plateau-like shape of harmonics distribution (Figure 3b).
The meaning of “plateau-like” distribution of the intensities of harmonics refers to the
conditions when the drop of next harmonic order with regard to the preceding one does
not follow the drop of harmonics intensity described by the perturbation theory. The
perturbation theory predicts a decrease in each next harmonic by a factor of five or more.
This rule is observed in the case of the lowest-order harmonics generation (i.e., from the
3rd to the 9th harmonic). Meanwhile, in the case shown in Figure 3b, the harmonics
from H11 to H31 dropped only by one order of magnitude, which means the decay of
each next harmonic with a factor of ~1.2 occurs like it should, taking into account the
three-step model. The plateau does not mean that the harmonics remain similar to the
order higher than H9. They also decrease, and in some cases notably so. However, by
any means, the drop of harmonic efficiency in the case of the HHG described by the non-
perturbative theory of light-matter interaction does not follow the abrupt drop described
by the perturbative theory.

HHG in molecular plasmas containing oxides, phosphides, and selenides shows
reduced or non-resonant harmonics [35]. One can assume that, apart from the above-
mentioned destructive interference mechanism, the detuning/shifting of the resonant
transition reduces the gf of this transition. Hence, the decreased resonant harmonic yield
in the studied case might be due to the modification of the resonant transitions influenced



Photonics 2023, 10, 854

11 of 15

by Hg and Zn components, which may diminish the gf of the transition, thus leading to
decay in the enhancement of single harmonic.

Below, we discuss why the resonance peak (H35) does not appear in the molecular
target (ZnSe and HgSe plasma). The presence of Se-containing molecular components in
the plasma may either detune or shift the resonant harmonic transition attributed to the
Se ions. This modification may lead to a reduction in the gf of this transition followed by
the generation of a featureless harmonic distribution like those shown in Figure 3. The
detuning or shifting of the transition may occur due to the alternation of the refractive
index of plasma at the resonant wavelength, which can lead to the modification in the
phases of the interacting waves (i.e., driving wave and 35H from different plasmas such as
Se, HgSe, and ZnSe). Two former species may affect the electrical and optical properties
of the Se energy structure by the creation of new energy levels, which might lead to the
generation of high-order harmonic spectra without the resonance characteristics for XUV
photons at 22.9 nm.

To the best of our knowledge, there are no reports on the gf values of the transitions of
Se ions in the region of the enhancement of single harmonics (A = 22.9 nm, Ep, ~ 54.1 eV).
Previous studies of Se transitions in the short-wavelength range were carried out down
to 90 nm (13.8 eV, [39—41]). The highest photon energy range studied so far in the case of
Se plasma (18.0-31.0 eV, [42]) was also below the range of energies at which the RH was
observed. Meanwhile, the strong third-order line that corresponded to 54.62 eV energy
(A = 22.7 nm) was reported in [42] without the elaboration of the origin of this transition.
Probably, this transition, which is close to the wavelength of H35, can be responsible for
the enhancement of 35th harmonic in the case of Se plasma.

Meanwhile, there are no reports on the direct observation of this transition. The studies
of the plasma emission from the atomic Se at high fluencies of the heating pulses exceeding
the fluencies providing the best conditions for observation of RH did not reveal the emission
of any transition in the vicinity of the wavelength of this harmonic. Probably, they can exist
as non-radiative transitions, which cannot be observed by the methods of laser-induced
excitation. This does not mean that such transitions do not exist. They may have weak
emission properties. The NIST tables do not provide any information about the existence
of any transitions below 31 eV [43], which are far from the anticipated 54 eV (A = 22.9 nm)
transition. Further studies of the energetic structure of Se in the short-wavelength region
are required.

The harmonic efficiency in Se LIP at heating pulse duration of 250 ps is investigated
in both Figures 4b and 5c. Notice that the efficiencies of H35 and H25 are comparable in
Figure 4b. In contrast, the efficiencies of H35 and H25 differ significantly in Figure 5c. Below,
a difference in the selection of laser parameters for these two experiments is explained. The
results presented in Figure 4 comprise the application of the pulses of different duration
for the formation of the laser-induced plasma. During experiments, approximately the
same fluence of heating pulses on the target surface was maintained. The fluence of 250 ps
pulses in these studies was not optimal for the generation of extended harmonics and
the demonstration of the “optimal” RH effect when the enhancement of H35 was the
highest among other conditions of experiments. Thus, the “non-optimal” fluence of the
250 ps pulses allowed a demonstration of the similarity of the RH and a relatively high
(25th) harmonic. These experiments show that the RH effect was not as impressive as one
can expect.

Then, with the optimization of the fluence of 250 ps pulses (actually, it was increased
by almost three times, from 2.5to 7 J cm~2, compared with the case shown in Figure 4b), a
significantly larger difference in the intensities of the RH and all neighboring harmonics
was achieved (Figure 5c). At those “optimal” conditions of plasma formation, the RH
considerably exceeded the 25th one. Actually, it became equal to H15. One of the most
important features of RH is a distinction of its intensity with regard to the lowest possible
order of generating harmonics, which allows its separation from other emissions using thin
metal foils for practical applications. Notice that the intensity of the driving pulses was
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similar in these two experiments (3.5 x 10" W cm™2). Thus, the difference in excitation
and ablation conditions of the Se target led to a crucial modification of the harmonics
distribution, resulting in efficient and non-efficient demonstration of the RH effect using
different fluencies of the heating picosecond pulses on the target surface.

The plasmas produced by the laser ablation of the Se bulk target at high fluencies may
contain a relatively large number of free electrons. The meaning of a “large number of
free electrons” should be clarified from the point of view of their concentration compared
with the concentration of the atoms and ions in the Se plasma. All studies of HHG in
laser-induced plasmas since 2005, when the optimal conditions of the plasma formation
were demonstrated for the first time [44], were carried out under conditions of so-called
low-dense plasma (<5 x 10 cm~2). Denser laser-induced plasmas, though increasing the
number of harmonics emitters, cause the appearance of a large number of free electrons,
leading to the destruction of the phase-matching conditions. Correspondingly, efforts were
made to maintain a small concentration of electrons, or, in other words, a small ionization
rate of plasma during laser ablation. The methods for determination of the neutrals, ions,
and electron densities in such plasmas were calculated using different codes.

The medium used for HHG in present studies is low-density plasma. The density
of plasma estimated and calculated by different means (thermodynamic code HYADES
and molecular dynamics code ITAP IMD) at the used fluencies of heating pulses does not
exceed 5 x 1017 cm~3. The corresponding ionization rates, which differ from each other
for achieving the “optimal” plasmas using different targets, are found to be between 5 and
10%. Correspondingly, the electron densities do not exceed 5 x 10'® cm~3. Experience
shows that, at this concentration, the influence of free electrons on the process of efficient
HHG in such plasmas is insignificant.

At these small densities of plasma, the collision and relaxation processes, which affect
the concentration and temperature of the plasma at high densities, do not play an important
role. Correspondingly, the processes of relaxation and collision do not influence the phase
matching of the harmonics since the concentration of plasma does not change between the
beginning of plasma formation and the arrival of the densest part of plasma cloud in the
area of the driving pulse propagation.

The HHG in other atomic and molecular plasmas was compared in [45]. The referenced
paper [45] analyzed modification of the RH (H9) at the beginning of the plateau generated
in zinc plasma, contrary to the present case demonstrating and analyzing the RH (H35)
lying quite far from the H9. This is a significant difference between the referenced and
present studies. Another difference is the usefulness of the RH in different spectral ranges
demonstrated in these two studies. RH in the case of Zn plasma enhances the generation
in the 89.6 nm region of XUV (Eph = 15.4 eV), where other neighboring harmonics from
many plasmas have also strong intensity. Contrary to that, the present study provides a
detailed analysis of Se-containing plasmas for the optimization of RH in the region where
the photon energy (Ep, = 54 eV) is almost four times larger, which is a notable advantage,
taking into account the complexity of achieving the proper phase-matching conditions in
the shorter-wavelength region of XUV. Finally, the difference in the applications of these
two studies of the molecular plasma comprising ZnSe is underlined by the analysis of the
influence of this molecule on the RH effect in different spectral ranges attributed to the RHs
in Zn (89.6 nm) and Se (22.9 nm). The common thing here is the conclusion taken from
the two studies, i.e., the disappearance of the RH effect due to the influence of the second
atom in a molecular compound on the spectral properties of the atom under investigation.
In the present paper, this assumption was confirmed in two sets of experiments using
ZnSe and HgSe molecular plasmas. Finally, the disappearance of RH effect in two studies
was observed under different experimental conditions (delay, pulse duration of heating
radiation, fluence of pulses, etc.), as well as different spectral ranges.

In the referenced paper [45] describing studies of Zn and, particularly, ZnSe plasmas
for the analysis of resonance effect, only the longer-wavelength range of XUV (50-120 nm)
was presented due to the main topic of those studies (RH in the range of 90 nm). In the
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present paper, the studies were concentrated on the shorter wavelength region of harmonics
distribution from the ZnSe plasma (down to 20 nm, Figure 3b). Nevertheless, the latter
spectrum contains the region of 90 nm where the 9th harmonic generates. It is seen that
this harmonic does not show any enhancement, thus supporting the previous conclusion
about the distraction of the RH effect in this plasma. The present study shows much better
conditions for harmonics generation in ZnSe plasma with regard to the results presented
in [45] (compare the extension of harmonics up to the 35th order in this manuscript and
the generation of the barely seen 17th harmonic in the referenced article). However, even
under these favorable conditions, neither H9 nor H35 was enhanced. A similar conclusion
was reported in [46].

The physical mechanisms leading to the same effect (i.e., destruction of the RH process)
in the vicinity of the RHs in the case of Zn and Se may differ from each other. Correspond-
ingly, they can differently affect the RHs in the cases of Se- and Zn-containing molecular
plasmas. One can consider a destructive interference mechanism, as well as a detuning or
shifting of the resonant transition, which reduces the gf of this transition, as the mechanisms
differently affecting the lower- and higher-order harmonic spectra in the case of Se- and
Zn-containing molecular plasmas. Hence, the decreased resonant harmonic yield in the
studied case might be due to the modification of the position of the resonant transition of Se
influenced by the Hg and Zn components. This influence of the molecular components may
diminish the gf of the transition, thus leading to the decay in the enhancement of single
harmonic. Meanwhile, in the case of Zn, the role of the above processes can be diminished
or exaggerated. Apart from the above assumptions, the consideration of the physics of RH
should be taken into account, which may be different for the Se and Zn cases.

4. Conclusions

The high-order harmonics generation in Se-containing laser-induced plasmas was re-
ported. The enhanced 35th harmonic was observed and analyzed using different methods of
plasma formation by nanosecond, picosecond, and femtosecond pulses. The enhancement
factor of the resonance harmonic was measured to be 32 compared with the neighboring
lower-order harmonics. The influence of the compounds of Se-containing species on the
diminishing of the resonance effect was analyzed. It was shown that the molecular (ZnSe
and HgSe) species suppress the generation of an enhanced 35th harmonic. The reasons for
the suppression of this harmonic in the case of Se-containing molecular plasmas were dis-
cussed. The same feature was observed in the case of the two-color pump of Se plasma. The
involvement of doubly charged ions in the extension of the harmonic cutoff was suggested.
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