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Abstract. We report the studies of the metals, non-metals, powders, and nanoparticles as the targets for
laser ablation induced high-order harmonic generation of ultrashort pulses using the double-pulse technique.
The proposed technique demonstrates the attractiveness as the method for the studies of the high-order
nonlinear optical properties of various materials. The comparative analysis of the harmonic generation
using different targets showed that the species allowing easier ablation (powders, nanoparticles) produce
stronger harmonic yield in the extreme ultraviolet range.

1 Introduction

The analysis of the physical properties of matter using the
nonlinear optical methods has long been considered as one
of the attractive methods of material science [1-5]. In the
visible spectral range, this method was realized by prop-
agation of the strong ultrashort pulses through the trans-
parent solid (or liquid) media, which led in some cases
to the low-order harmonic generation. Solid medium can
cause the high-order harmonic generation (HHG) as well
once the problem of absorption of the generated radiation
will be solved. A search for new methods of the HHG in
solid targets led to the studies [6,7], which defined the
main principles of this technique. Though some applica-
tions of mid-infrared lasers led to the HHG in solids [8]
covering the longer wavelength region, a strong absorption
of any material in the spectral region below 105 nm did not
allow the application of solid-like dense media for the HHG
in the extreme ultraviolet (XUV) range (10—100 nm).
The straight way for analysis of the high-order non-
linear optical properties of matter in the XUV range is
a decrease of medium density, which allows diminishing
the material breakdown by intense pulses, as well as the
re-absorption of harmonic emission. The plasma harmonic
approach [9] is an example of the nonlinear optical spec-
troscopy of ablated solids using the analysis of the high-
order nonlinear optical properties of the low-density plas-
mas produced on the surfaces of these media. In that case,
notably lower density of plasmas compared with solids
(~10'7 and ~102%% cm ™3 respectively) allows significantly
diminish the optical breakdown and absorption processes
during HHG in such media. In accordance with conven-
tional approach for harmonic generation in laser-produced
plasmas, the fundamental ultrashort pulses are properly
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delayed compared with the heating picosecond pulses to
allow the formation of the optimal plasma on the path of
the fundamental beam. To apply this technique, two (fem-
tosecond and picosecond) pulses should be separated by
a few tens nanoseconds from each other. In most cases,
this method allows the observation of various interest-
ing processes in the ablated materials (e.g. resonance en-
hancement of single harmonic, nanoparticle and two-color
pump induced growth of harmonic yield, to mention few
of them). However, while offering a variety of options, this
method lacks robustness in preparation of the optimal
plasma for the HHG.

Recently, we have proposed the method of harmonic
generation using the two femtosecond pulses sequentially
propagating in the vicinity of targets, without prelimi-
nary ablation of the surface by picosecond heating pulse
(double-pulse method [10]). The efficiency and cut-off of
harmonic generation using the double-pulse method in
most cases were lower compared with the commonly used
method of plasma harmonics generation. At the same
time, a simplicity, absence of additional source of heating
radiation, and artificial optimization of the HHG using
the spatial and temporal adjustment of the double pulses
and targets have shown the advantages of this technique,
which allow the characterization of the high-order nonlin-
ear optical properties of the media using a significantly
simplified conditions of experiments.

In present paper, we analyze the application of this
double-pulse method for the studies of the nonlinear op-
tical properties of the plasmas produced during ablation
of various extended targets comprising the metals, non-
metals, micro-powders, and nanoparticles. The proposed
technique proved to be useful for both the simplification
of harmonic generation in the XUV region, amendment of
harmonic yield compared with above approach, and the
analysis of the optical nonlinearities of various materials.
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Fig. 1. (a) Image of double-pulse experiments. FFG, flat field grating; MCP, microchannel plate. (b) Oscilloscope traces of the

pulse train generated in the regenerative amplifier (left panel),

remaining part of train after separation of the single pulse from

the central part of this train (central panel), and single pulse (right panel).

2 Experimental arrangements

The radiation of Ti:sapphire laser (central wavelength
802 nm, pulse duration 70 fs, pulse energy 4 mJ, 10 Hz
pulse repetition rate) was focused using the 400 mm focal
length spherical lens and propagated close to the targets
placed in the vacuum chamber (Fig. 1a). The intensity of
single driving pulse at the focus area was 8 x 1014 W cm—2.
The targets (5-mm-long metals, non-metals, powders, and
nanoparticles) moved towards the optical axis of the fun-
damental beam to create the conditions when the focusing
radiation “touches” and ablates the targets by its wings
of spatial distribution. We estimated the average intensity
on the ablating surface at optimal conditions of harmonic
generation to be 5 x 10° W cm ™2, assuming the ratio of
interacting beam, which touched the surface. The extreme
ultraviolet spectrometer was used for analysis of plasma
and harmonic emission and consisted on cylindrical mir-
ror, flat field grating, microchannel plate and CCD camera
(Fig. 1a). In the case of single femtosecond pulse, the only
emission in the short-wavelength range was the one from
plasma plume observed at the conditions when the tar-
gets were moved closer to the optical axis of laser beam,
which led to increase of laser intensity on the target sur-
face (>10'° Wem™2) and strong ablation.

The conditions of plasma formation and laser-plasma
interaction were dramatically changed once we introduced

the double-pulse scheme. The double-pulse beam was pro-
duced by tuning the triggering signal on the Pockels cell
of the regenerative amplifier (TSA-10, Spectra-Physics
Lasers) of Ti:sapphire laser. Usually, this Pockels cell was
used for separation of a single pulse from the train of the
pulses generated in the regenerative amplifier (Fig. 1b).
The tuning of the triggering signal of Pockels cell allowed
separation of the two pulses with the 8 ns time interval,
instead of the single pulse separation. We were able pro-
ducing two pulses with variable ratio of the intensities of
these pulses.

Exact beam geometry in the vicinity of targets is pre-
sented below. The confocal parameter of focused radiation
(12 mm) was larger than the length of targets (5 mm).
Correspondingly the intensity of the part of focused beam
interacting with target was the same along the whole range
of propagation of driving beam near the target. This in-
tensity was varied depending on the properties of targets
in the range of 2 x 10° Wem™2 to 8 x 10° Wem™2. The
scheme of laser-matter interaction at these conditions is
shown in Figure 2a. The wing of the first beam touches
and ablates target surface and the second beam propa-
gates through the area filled with the ablated material.
Panel 1 of Figure 2b shows the conditions similar to the
right panel of Figure 1b, when the single pulse was sepa-
rated from the train. It also demonstrates the reasonably
high contrast of the main pulse with regard to other pulses
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Fig. 2. (a) Experimental arrangements for harmonic generation during ablation of various targets by the wing of the spatial
distribution of the first beam using the double-pulse scheme. DPB, double-pulse beam; FL, focusing lens; FP, first pulse; SP,
second pulse; FB, first beam; SB, second beam; ET, extended target; EP, extended plasma; HB, harmonic beam; S, slit; XUVS,
extreme ultraviolet spectrometer. (b) Oscilloscope traces of double pulses at different ratios of the first and second pulses.

of the train. The ratio of pre-pulses and main pulse in that
case was 4 x 1073, The intensity of these weak pre-pulses
did not allow plasma formation during interaction of the
wings of spatial distribution and the surfaces of targets.
It means that no plasma was formed prior to propaga-
tion of the single pulse. This single pulse itself caused the
target ablation, which resulted in the incoherent plasma
emission, as was described above.

Once we gradually changed the delay of the triggering
pulse on the Pockels cell, the neighboring pre-pulse with
variable intensity was appeared on the oscilloscope trace,
alongside with the main pulse. We tuned the ratio the
first pulse (FP) and second pulse (SP) intensities between
0.1:1 to 4:1 (Fig. 2b, panels 2—6). At these conditions,
the dynamics of laser-matter interaction was significantly
changed compared with the above-described case of sin-
gle pulse interaction. First pulse (for example, panel 2 of
Fig. 2b), with the intensity ten times smaller compared
with the second pulse, created the plasma plume during
ablation of the target surface by the wings of the spatial
distribution of this first beam (FB, Fig. 2a). The ablated
species along the whole target moved toward the opti-
cal axis of the laser beam propagation. The second beam
(SB) propagated, 8 ns later, through the area where some

fastest particles of plasma had appeared. This interaction
of the second pulse with the ablated species resulted in
harmonic generation. The tuning of the distance between
the target and laser beam (d) allowed choosing the con-
ditions when the generating harmonics prevail over the
plasma emission. The optimal distance (dop;) was var-
ied for different targets under consideration. Solid metal
targets were used at less distance between the target sur-
face and the optical axis, since those solids required rela-
tively high intensities of the first pulse for the surface ab-
lation. Contrary to that, the “mild” solids, such as organic
species and glued micro- and nanoparticles, were ablated
at less intensity of the laser pulse resulting in larger values
of dopt~

3 Results and discussion

The application of 5-mm-long solid silver target allowed
harmonic generation only at the large ratios of FP:SP cor-
responding to the small dopt (60—80 pm). Two upper pan-
els of Figure 3a show the harmonic spectra obtained at
1:1 and 2:1 ratios of the first and second pulses. We com-
pared these double-pulse induced harmonic spectra with
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Fig. 3. Harmonic spectra in the cases of double-pulse and conventional schemes of plasma harmonic generation using the solid

metal targets (see text). (a) Ag, (b) Yb, (¢) Cr.

the conventional scheme of harmonic generation in the
laser-produced plasma. In the latter case, we used the
uncompressed pulses (¢ = 370 ps) from the same laser
for the plasma formation. These heating pulses were fo-
cused using a 200 mm focal length cylindrical lens inside
the vacuum chamber containing an ablating target to cre-
ate the extended plasma plume. The single driving com-
pressed pulse (¢ = 70 fs) was used, 45 ns from the begin-
ning of ablation, for harmonic generation in the plasma
plume. This delay between picosecond and femtosecond
pulses allowed the achievement of highest harmonic yield.
The driving pulse was focused onto the prepared extended
plasma from the orthogonal direction, at a distance of
~150 pum above the target surface. The harmonic cut-off
using double-pulse scheme was insignificantly lesser com-
pared with the conventional plasma HHG approach (H55
and H61 respectively; compare second and third panels of
Fig. 3a). The harmonic spectra presented in the case of
double-pulse scheme (two upper panels) were multiplied
with the factor of 5x for better visibility and comparison
with the bottom panel, which shows the harmonic dis-
tribution generated using the conventional scheme. The
harmonic yields in the former cases were 10 to 15 times
lower compared with the conventional approach of plasma
harmonic generation. The conversion efficiencies were de-
fined to be 1 x 1075 and 1.5 x 1075 using double-pulse and
conventional schemes respectively.

The harmonics using the ablation of solid ytterbium
target (Fig. 3b) also showed stronger yield only in the
case of relatively high ratios of the FP and SP intensi-
ties (2.5:1, central panel). At smaller ratio, the process of
HHG was less efficient and required the placement of the
target as close as possible to the axis of laser beam propa-
gation. In that case, incoherent plasma emission was pre-
vailed over harmonics (upper panel). The harmonic cut-off

(H31) at optimal conditions (FP:SP = 2.5:1) was notably
smaller compared with the conventional scheme of har-
monic generation from ytterbium plasma (H71, not shown
in the bottom panel; the cut-off in that case was defined by
moving the micro-channel plate of XUV spectrometer to-
wards the shorter wavelength region in the separate set of
experiments).

The application of conventional scheme in the case of
chromium target showed a pronounced 29th harmonic,
which was stronger compared with the neighboring or-
ders (Fig. 3¢, upper solid curve). The enhancement of sin-
gle harmonic from this plasma has been earlier attributed
to the influence of the strong ionic transitions of ablated
material in the vicinity of 29th harmonic (wavelength
A = 27.66 nm; photon energy E,, = 44.83 ¢V) [11]. This
harmonic was approximately coincided with the short-
wavelength wing of the strong spectral band of the 3p —
3d transitions of Cr II ions. Previous studies of the pho-
toabsorption and photoionization spectra of Cr plasma
in this XUV region have demonstrated the strong tran-
sitions [12—14], which could be responsible for such a het-
erogeneous pattern of harmonic spectrum. In particular,
the region of the “giant” 3p — 3d resonances of Cr II spec-
tra was analyzed in reference [14]. The strong transitions,
which could both enhance and diminish the nonlinear op-
tical response of chromium, were revealed. The calcula-
tions of the oscillator strength (gf) in the photon energy
range of 4060 eV presented in reference [12] have shown a
group of transitions in the 44.5-44.8 eV region possessing
very strong oscillator strengths (with gf varying between 1
and 2.2), which considerably exceeded those of other tran-
sitions in the 20-40 nm spectral range. These transitions
were assumed to be responsible for the observed enhance-
ment of the 29th harmonic. At the same time, the strong
photoabsorption lines within the 41-42 eV region reported
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Fig. 4. Harmonic and plasma emission spectra in the cases of double-pulse and conventional schemes applied to the (a) polyvinyl

alcohol and (b) polyethylene solid targets.

in the above work could decrease the yield of the 27th
harmonic (A = 29.7 nm; E,;, = 41.74 V) observed in our
study (Fig. 3c).

Here we also show the spectrum of harmonics (red
filled curve) obtained in the case of double-pulse scheme
at the optimal FP:SP ratio (1:1). While being less intense
and less extended, this spectrum shows similar features
characterizing the ablated chromium species, particularly
the enhancement of H29 and suppression of H27. Thus the
proposed method allows the analysis of resonance-induced
modification of the high-order nonlinear optical response
of ablated medium using the significantly simplified ex-
perimental arrangement.

Another group of solids comprised the polymer-based
species. The polyvinyl alcohol (CoH40),, and polyethy-
lene (CoHy),, showed the stronger yields of harmonics in
the case of lesser FP:SP ratios compared with the metal
targets. The reason of the change of the optimal ratio be-
tween two pulses was the easier ablation of solid organic
polymers compared with the solid metals. Whilst in most
cases this ratio for solid metals was in the range of 3:1-
1:1, the HHG in the vicinity of polymers was optimized
at lesser intensity of the first pulse compared with the
second one. The conversion efficiency towards the higher-
order harmonics generated in polyvinyl alcohol (PVA) and
polyethylene (PE) using double-pulse method was eight
times weaker compared with the conventional scheme,
while the lower orders (H15, H17) showed approximately
similar intensities in these two cases. Below we analyze
some peculiarities observed during studies of the emission
spectra from the PVA and PE plasmas.

Figure 4a shows the harmonic spectra obtained in the
case of PVA target using the variable values of FP:SP

ratio. At very small FP:SP ratio (0.03:1, upper panel),
no harmonics were generated with the decrease of d, un-
til the conditions when strong plasma emission became
dominated in the observed spectrum. The spectral lines
of this emission were assigned to the singly and (mostly)
doubly ionized carbon and oxygen (see also bottom panel).
The growth of FP:SP ratio allowed defining the conditions
when very strong broadband harmonics up to the 23rd or-
der became dominated, alongside with plasma emission, in
the observed spectra (FP:SP = 0.2:1, second panel).

The characteristic feature of this spectrum is the ap-
pearance of the short-wavelength lobes close to each har-
monic order. In some cases, they were stronger than the
harmonics (H15-H19; Fig. 4a, second panel). Broader
widths of harmonics caused by addition of the shorter-
wavelength lobes can be explained by self-phase modu-
lation (SPM) and chirping of the fundamental radiation
propagating through the plasma. Broadening of the fun-
damental beam bandwidth causes the broadening of the
harmonic bandwidth. In the case of SPM in laser plasma,
one can expect a considerable variation of the harmonic
spectrum compared with the case of moderate intensities
of laser radiation, when no change in spectrum of the fun-
damental or harmonic radiation is expected. In our stud-
ies, the extension of harmonic spectral distribution toward
the blue side was observed, which shows that, in the case
of some plasmas, one can expect a considerable SPM and
corresponding modulation of the harmonic spectrum.

Further growth of FP:SP ratio led to the appear-
ance of the “clean” harmonics, without the lobes (1:1,
third panel), which then were decreased (at 2:1 ratio,
fourth panel), and finally disappeared from the spectra (at
10:1 ratio, bottom panel). In the latter case, the plasma
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spectrum was observed similar to the one shown in the up-
per panel, when very small FP:SP ratio was used, which
point out the formation of similar unfavorable conditions
for harmonic generation.

Similar dynamics of spectral variations was observed
in the case of PE (Fig. 4b). Strong emission mostly at-
tributed to the C III ions was generated at FP:SP =
0.01:1 (upper panel). Maximal harmonic yield and cut-off
were obtained at 0.25:1 ratio (up to H21; second panel).
We compared these spectra with the one observed during
conventional plasma HHG (bottom panel). In the latter
case, the harmonic cut-off was H39 (not shown in this
panel). One can see the emission of C III ions, alongside
with harmonic emission. The presence of singly and dou-
bly charged carbon ions and correspondingly some amount
of free electrons did not prevent the harmonic generation
since the concentration of these electrons was significantly
lower than the ones produced during tunnel ionization of
plasma species by single femtosecond pulse. Note that in
both PVA and PE (Fig. 4a, bottom panel and Fig. 4b,
upper panel) similar C IIT lines in the XUV range were
appeared.

We also generated harmonics using the double-pulse
technique in graphite bulk target. The double-pulse
method allowed generation of weak lower-order harmon-
ics using this target. The plasma emission from ablation
of this target was considerably stronger than the higher-
order harmonic emission. In the meantime, application of
the conventional method based on the preliminary abla-
tion of graphite by 370 ps pulses followed with the delayed
propagation of the 70 fs single pulses through the opti-
mally formed plasma led to very strong lower-order har-
monic generation, with the conversion efficiency estimated
to be ~6 x 107°, similarly to those reported in previous
study [15]. Probably, in the case of graphite target, the
conditions of plasma formation during interaction of the
spatial wing of the first beam with the target surface did
not produce a sufficient amount of carbon particles in the
interaction zone.

Multiatomic particles subject to intense laser pulses
produce strong low-order nonlinear optical response (e.g.
nonlinear refraction and nonlinear absorption), as well as
can emit coherent XUV radiation through HHG [16-19].
There many powdered species exist in the form of mi-
croparticles. This set of our studies was related with
the microparticle- and nanoparticle-induced HHG using
double-pulse method. Firstly, we analyzed the micropar-
ticle powders of the products of common use (sugar and
coffee powders with the sizes of particles of the order of a
few ten to a few hundred micrometers) using the double-
pulse scheme to define the difference of the harmonic yields
from the species of different consistency and dimensions.
The powders of above species were glued on the 5-mm-long
glass substrates and further used as the targets for double-
pulse induced HHG. These studies were also carried out at
different ratios of the first and second pulses of the driv-
ing radiation. Some advantages of the microparticles over
nanoparticles were observed with the stronger harmonic
yield in the former case (see also the final stage of these
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studies). A peculiarity of observed harmonic spectra in the
cases of sugar and coffee microparticles was related with
the broad range of FP:SP ratios at which the “clear” spec-
tra containing solely the harmonic emission were observed.
These spectra were obtained at the FP:SP ratios varied in
the range of 0.3:1 and 4:1. This fact means that the fa-
vorable conditions for “optimal” plasma formation were
mostly defined by the properties of microparticles rather
than by the threshold of ablation of the sugar powder.
The same can be said, to some extent, about the coffee
powder.

Below we discuss the application of the double-pulse
method for the nanoparticle targets. The ablation of
nanoparticle (as well as microparticle) targets in our case
could be as follows. The material surrounding nanoparti-
cles is polymer (epoxy glue), which has a lower ablation
threshold than metallic materials. The polymer starts to
ablate at relatively low intensities of heating radiation, by
carrying the nanoparticles out of the surface. The avail-
ability of various nanoparticles allows the formation of the
laser-produced plasmas containing large amount of these
species.

We analyzed the harmonic generation using the
802 nm double femtosecond pulses propagated close to
the graphene nanoparticle contained target. Graphene
nanoparticle powder (SkySpring Nanomaterials Inc.) was
used as the ablating target. The graphene nanoparticles
were presented in a broad range of sizes (10-80 nm) and
had the shapes of the monolayer, bilayer, trilayer, etc.
nanosized chunks, which represented the wrapped sheets
of graphene. The powder of graphene nanoparticles was
glued on the 5-mm-long glass plates and then installed in
the vacuum chamber for ablation. We were able to achieve
the conditions when the generating harmonics prevail over
the plasma emission induced during ablation of graphene
powder by the wings of the spatial distribution of the fo-
cused radiation. The optimum conditions were found at
the FP:SP = 2:1 when the lower-order harmonics were
generated while the plasma emission was insignificant.

The optimal distance between microparticle and
nanoparticle contained surfaces and optical axis of fem-
tosecond beam was larger compared with the case of solid
targets (dopt ~ 80-100 pm). The propagation of laser
pulses through the plasma containing only glue molecules
did not lead to harmonic generation using double-pulse
scheme.

In these studies we observed the higher conversion ef-
ficiency for powdered targets compared with bulk solids.
Note that well-known enhancement of conversion effi-
ciency in the clustered media compared with monomer
species of the same origin [16-28] has nothing common
with our present meaning of the prevalence of the former
media for HHG. In the above-refereed studies, the excel-
lent features of clusters and metal or carbon nanopar-
ticles were related with the mechanism of HHG, which
has some advantages compared with monomer-induced
HHG. Particularly, the comparative studies of HHG in
the plasmas consisted of either nanoparticles or monomers
showed that, at optimal experimental conditions of plasma
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formation, the former species provide stronger harmonic
yield, thus pointing out the advanced properties of the
large emitters of harmonics in the nanoparticle-containing
plasmas. The cross-section of recombination of the accel-
erated electron with the parent particle in the case of
nanoparticles is higher compared with the atoms [25]. The
uncertainty in the exact mechanism of the HHG from
nanoparticles has previously been underlined in a few
studies using gas clusters [25,29]. Among HHG mecha-
nisms, the ionization and recombination to the same ion,
to the neighboring ions, and to the whole nanoparticle
have been proposed.

Contrary to that, in present studies, the prevalence
of powdered species over bulk targets is related with the
easiness in ablation and formation of plasma cloud prior
to arrival of second pulse. This mechanism has nothing
common with the above mechanisms. We just reiterate
that the proposed scheme is more suitable for application
of powdered materials. To add the proof for difference in
the mechanisms of nanoparticle and/or cluster induced
enhancement of harmonic efficiency reported so far and
presented mechanism we just mention that both nano-
and micro-particles are suitable for our approach, while
previous studies have shown that the application of large
particles (i.e. above a few tens nanometers) lead to a sig-
nificant decrease of conversion efficiency compared with
monomers due to some impeding processes, once equal
plasma conditions become maintained in the case of de-
layed ablation of nano- and monomers.

We estimated the conversion efficiency of harmonics in
the case of newly proposed scheme. Depending on target,
it was 10 to 20 times smaller than the HHG conversion ef-
ficiency from the same samples at the optimal conditions
of plasma formation. Particularly, as already mentioned
the absolute value of conversion efficiency was calculated
to be 1 x 107% in the case of double-pulse scheme using
bulk silver target. In presented scheme, we did not pur-
sue the amendment of HHG conversion efficiency, since
it is obvious that the plasma formation conditions (e.g.
plasma density, delay between heating and driving pulses,
phase matching conditions, etc.) in that case were far from
optimal compared with the conventional plasma harmonic
scheme. We rather intended to show a new extremely sim-
plified scheme of HHG allowing express-analysis of high-
order nonlinear optical properties of a vast amount of
solids, particularly, powdered materials.

4 Conclusions

Our studies of various materials using double-pulse
method led to the following conclusions:

(i) Metal and non-metal bulk targets have demon-
strated the weaker high-order harmonic generation
compared with the more easily ablated powdered
microparticle and nanoparticle species in the case
of double-pulse method. The HHG in powders and
nanoparticles was achieved in a much broader range
of FP:SP ratios compared with the solids. The ap-
plication of the powdered microparticle targets and
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nanoparticles glued on the glass substrates in the
double-pulse scheme allowed the achievement of fa-
vorable conditions for the HHG. The heating, an-
nealing, and evaporation of glued powders occurred
at the conditions of stronger interaction of the tar-
get and the part of driving beam compared with the
case of bulk targets.

(ii) The conditions of plasma formation and harmonic
generation using double-pulse method in most cases
were less favorable compared with the commonly
used plasma harmonic method. Less suitable condi-
tions of HHG in the case of double-pulse scheme de-
crease the efficiency of this process. One can assume
the difficulty in the formation and maintenance of a
sufficient amount of particles in the plasma plume
produced during the excitation of the target by the
part of the first pulse in the double-pulse scheme.
Small delay between the FP and SP (8 ns) also pre-
vents the appearance of the large amount of plasma
species along the axis of propagation of the second
pulse. This short delay between pulses did not al-
low the whole cloud of ablated particles reaching the
optical axis of second pulse propagation where the
intensity of laser radiation was maximal. Neverthe-
less, we were able observing the HHG even at these
extremely unfavorable conditions.
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