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Abstract: Laser ablation is able to produce plasmas containing neutrals, ions, clusters, and
nanoparticles, which can all act as emitters of harmonics from ultrashort laser pulses. Here
the efficient low- and high-order harmonic generation (HHG) of femtosecond pulses from the
carbon plasmas produced by nanosecond pulses is demonstrated. The efficiencies of harmonic
generation from carbon clusters are analyzed using delayed ablation of graphite. We show that
carbon clusters can be considered as the sources of efficient harmonics in the 40-100 nm spectral
range. This approach of harmonic generation from the plasmas in double-pulse configuration of
HHG can be applied for studying other clusters to determine the best conditions for HHG and the
influence of multi-particle species on the nonlinear optical processes.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-order harmonic generation (HHG) in isotropic media can provide table-top sources in
generating coherent extreme ultraviolet (XUV) radiation [1]. Therefore, it is important to analyze
high-order nonlinear optical properties of materials through the search for enhancement of
harmonic yield from different isotropic media (gases [2], and plasmas [3]). Particularly, the
conditions for efficient emission of coherent XUV radiation through HHG in different clusters
using ultrashort laser pulses should be studied, which have further application in a range of fields
from physics, to chemistry and to biology.

HHG conversion efficiency in XUV range is limited due to a range of factors that prevent the
generation of sufficient fluencies of coherent short-wavelength radiation. The best results (10>
in the case of gas and plasma HHG and 10~* for resonantly enhanced single harmonic of 800 nm
radiation) show some limitations of harmonic generation efficiency. The phase mismatch, low
density of media and limitation in laser intensity further restrict harmonic generation efficiency
in isotropic medium [4]. Currently, significant research efforts are shifted towards attosecond
pulse generation in the case of gas media [5], nonlinear spectroscopy of plasmas through single
harmonic generation in the case of plasmas [6], quasi-phase matching (in the cases of gases [7]
and plasmas [8]) and HHG studies using clusters, quantum dots and nanoparticles in the cases of
plasmas [9] and gases [10].

Another emerging field is HHG in solid bulk media, for example in ZnO or ZnSe [11]. In
that case, different channels including intraband and interband processes were considered for
explanation of the harmonic generation using mid-infrared driving pulses. HHG in solids could
also become relevant for nanoparticles. From this perspective, clusters, quantum dots and large
nanoparticles may act as an intermediate material between atoms and solids.
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The studies of HHG using clusters, quantum dots and nanoparticles require analysis of the
plasmas, which contain multi-particle species, to temporally match them with the propagation of
driving femtosecond pulses through the plasmas. In the past, the plasma formation for HHG
was achieved with a picosecond laser pulse heating [6,8,9], and the optical delays between the
heating picosecond pulses and driving femtosecond pulses originated from the same laser were
usually less than 100 ns. Meanwhile, to match the propagation of the driving pulses and the
highest concentration of the studied groups of multi-particle species and to confirm or disapprove
the assumption of the variation of the velocities of different components, one has to find other
methods to form the optimal delay between the heating and the driving pulses to maximize HHG
efficiency.

The earlier reported studies of HHG from gases and during ablation of cluster and nanoparticle
targets have revealed the advantages of using such species for frequency conversion in XUV range.
Larger cross-section of recombination, possibility of recombination of accelerated electron with
parent multi-particle through either recombination with the same atom or neighboring atom, or
the multi-particle as a whole were considered as the most probable reasons in enhancing HHG
yields from such clustered plasmas. However, there has been no study in optimizing the delay
between heating and driving pulses in the microsecond timescale assuming the hypothesis of
the slower velocities for larger-sized species. Notice that, even without this optimization, the
harmonic yields from ablated multi-particle targets higher than from ablation of bulk targets of
the same material leading to the formation of single atomic/ionic plasmas. Here the meaning
of multi-particle target refers to the one containing the clusters, quantum dots or nanoparticles
glued on the surface of different substrates.

The most probable reason for harmonic enhancement was attributed to the appearance of small
clusters in the area of femtosecond pulse propagation at relatively small optical delays. Their
appearance in that area was assumed once estimating their velocities and delays between the
beginning of ablation and propagation of femtosecond pulse at the fixed distance above the target
surface. Particularly, for most of HHG experiments, these distances were maintained at ~0.2 mm,
while the delay for each target was chosen to be 20 to 80 ns depending on the atomic weight
of the elements comprising different targets. Particularly, the maximal harmonic yield from
ablated graphite has earlier been achieved at ~30ns, which allows calculating the velocity of
atoms and ions spreading out from the target (~6x10> m s™!). At the same time, ablation of the
fullerenes comprising 60 atoms of carbon led to similar “optimal delay” at which maximal yield
of harmonics was achieved. Correspondingly, one could assume the similarity in the velocities
of carbon single atoms and Cgg at the conditions of ablation using picosecond heating pulses.
Similar feature has also been observed in the case of carbon nanotubes.

Another important concept allowing the enhancement of harmonic yield is the application of
the two-color pump (TCP) of generating medium, when two fields simultaneously participate in
the HHG process. This concept has earlier been demonstrated in the case of gases and ablated bulk
materials. Earlier studies of HHG in gases have anticipated that stronger harmonics generation
in the case of TCP was possible due to the formation of a quasi-linear field, selection of the
short quantum path component, which has a denser electron wave packet, and higher ionization
rate compared with single-color pump (SCP) [12]. The orthogonally polarized second field
can also be responsible in the modification of the trajectory of accelerated electron from being
two-dimensional to three-dimensional that may lead to removal of the medium symmetry. With
suitable control of the relative phase between the fundamental and second harmonic radiation,
the latter field enhances the short path contribution, resulting in a clean spectrum of harmonics.
One can expect that TCP of clusters can further enhance the harmonic yield even at small ratios
of second and first waves’ intensities provided the sufficient overlap of these two fields in the
medium under consideration.
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In this work, we introduce, for the first time, a new scheme of nanosecond pulse heating and
femtosecond laser pulse driving for HHG. The synchronization of two laser sources, such as most
commonly used Ti: sapphire and Nd: YAG lasers, may resolve, to some extent, the puzzle related
to the enhancement of harmonics in the multi-atomic species produced during ablation of the
bulk materials or the targets initially contained multi-atomic components. The main advantage
of this approach is that we can control the delay between the heating nanosecond pulses and
the driving femtosecond pulses over a wide range between 0 and 10° ns, which assumes to be
sufficient for analysis of the fast and slow components spreading in the laser-produced plasmas.
The use of nanosecond Nd:YAG lasers as the sources of heating pulse may also offer some
additional advantages compared with the commonly used picosecond pulses of the same pulse
repetition rate and wavelength as the driving sources. The application of nanosecond pulses to
ablate the surface of targets under consideration may allow the formation of less ionized and
excited plasma during longer period of laser-matter interaction compared with picosecond pulses.
This conclusion is based on the analysis of the nanosecond and picosecond ablation induced
plasma emission in the visible and XUV ranges in the case of formation of the “optimal” plasmas
leading to generation of highest harmonic yields. Notice that such plasmas formed by picosecond
pulses have demonstrated stronger incoherent XUV emission. Additionally, Nd:YAG lasers
commonly operating at 10 Hz pulse repetition rate are more suitable for stable HHG in plasmas
compared with 1-kHz picosecond pulse ablation, though in the latter case some tricks such as
target rotation can partially mitigate the stability of 1-kHz coherent short-wavelength sources.

The first attempts in frequency conversion at such conditions were reported in the case of the
studies of the lowest-order harmonic generation from the ablated carbon-containing materials [13].
Third harmonic (TH) in the laser plasmas produced on the surfaces of different materials was
analyzed using the delays ranging between a few tens nanosecond to a few hundred microsecond
between a 7-ns heating pulse and a 17-ns driving pulse, both of 1064 nm in wavelength. The
observation of TH emission, though extremely weak, at the microsecond timescale of delays
allowed concluding that the process of third harmonic generation (THG) occurs not only from
atoms and ions of carbon materials at small delays but also from their aggregates at large delays.

This approach is extremely useful for the analysis of multi-atomic systems as the media for
HHG. In this paper, we demonstrate, for the first time, the HHG in graphite plasma using a broad
range of delays between a 5-ns heating pulse and a 40-fs driving pulse. We show the advantages
of using nanosecond pulses for plasma formation to achieve the efficient HHG compared with
picosecond pulses induced ablation. The TCP concept of laser-clusters interaction demonstrates
the advantages in generation of odd and even harmonics. This study allows us determining the
optimal delay between the heating and driving pulses for both monoparticles and multi-particle
aggregates and to generate harmonics from those species. Our studies show that small carbon
clusters arrive at the area of interaction with femtosecond beam notably earlier than one can expect
assuming the kinetic consideration when the components are assumed to reach thermodynamic
equilibrium during the expansion. Our observations allow concluding that all carbon clusters
acquire from the very beginning a similar kinetic energy and spread out of surface with the
velocity approximately similar to the one that possesses a single carbon atom ablating from the
bulk material.

2. Experimental

Two groups of experiments were carried out to analyze the role of carbon clusters in harmonic
generation by studying the influence of delay between heating and driving pulses on the frequency
conversion of the latter pulses. In the first set of studies we analyzed TH yield from graphite
plasma, and in the second group of experiments we generated high-order harmonics and measured
their yield by varying the delay, fluence of heating pulse, driving pulse energy, SCP and TCP of
laser-produced plasma.
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In the case of THG studies the laser radiation (1=800nm, 7=40 fs, 1 kHz; Spitfire Ace,
Spectra-Physics) was focused by a 400 mm focal length lens at a distance of 0.6 mm above
the targets surface on the plasma produced by ablation in vacuum chamber of bulk graphite
using picosecond (1 kHz, 800 nm, 0.5 mJ, 200 ps) or nanosecond (10 Hz, 1064 nm, 5 mJ, 5 ns,
Q-Smart, Coherent) pulses (Fig. 1). The beam waist diameter of the focused femtosecond
radiation was 76 um. The spectral characteristics of TH radiation (1=266 nm) were analyzed
by a spectrometer (USB2000, Ocean Optics). To create plasma plume using picosecond pulses,
a pulse was split from the Ti: sapphire laser by a beamsplitter before the compression of
fundamental uncompressed pulse. This radiation was focused on the target to heat it and to
produce plasma either in the vacuum or air conditions. The diameter of ablation zone was
adjusted to be approximately 0.25 mm. An optical delay between heating (picosecond) and
driving (femtosecond) pulses was varied between 5 and 60 ns, while an electronic delay between
nanosecond and femtosecond pulses allowed to apply sufficiently longer delays between the two

pulses (i.e. up to 10° ns).
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Fig. 1. Third harmonic generation arrangement. FL, femtosecond laser; NL, nanosecond
laser; DG, digital generator; M, mirrors; DM, dichroic mirror; L, lenses; VC, vacuum
chamber; T, target; P, prism; TH, third harmonic emission; FS, fiber spectrometer.

The graphite plasma was also used for HHG (Fig. 2). The femtosecond pulse propagated
through the plasma 30 ns from the beginning of target irradiation by 200 ps or 5 ns heating pulses.
This delay between heating and pump pulses was proven to be optimal for HHG in graphite
plasma at the used geometry of experiments when the 800 nm driving femtosecond pulses were
focused onto the plasma from the orthogonal direction, at a distance of 0.2 mm above the target
surface, contrary to the TH studies when this distance was maintained at 0.6 mm.

MCP

CcCb

Fig. 2. Setup for high-order harmonic generation. FP, converting femtosecond pulses,
PP/NP, picosecond or nanosecond heating pulses; FL, focusing lenses; VC, vacuum chamber;
T, target; LP, laser plasma; XUVS, extreme ultraviolet spectrometer; CM, cylindrical
gold-coated mirror; FFG, flat field grating; MCP, microchannel plate; CCD, CCD camera.

The harmonic yield was maximized by adjusting the position of the target with regard to
the optical axis of propagation of the driving femtosecond pulses and by varying the focusing
position relative to the plasma. The harmonic emission was directed to the XUV spectrometer,
which contained a cylindrical mirror and a 1200 grooves/mm flat field grating with variable
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line spacing. The XUV spectrum was recorded by a micro-channel plate (MCP) with phosphor
screen, which was imaged by a CCD camera.

Some of the experiments were carried out using two-color pump (TCP) of graphite plasma. The
reason for using TCP instead of single-color pump (SCP) was related with earlier demonstrated
advantages of this approach in generating the odd and even harmonics, as well as larger efficiency
of harmonic yield. TCP using the 800 nm radiation as the first field and 400 nm radiation as the
second field were applied to carry out the comparative analysis of TCP and SCP schemes. The
0.4-mm-thick barium borate crystal (BBO, type I) was installed inside the vacuum chamber on
the path of focused the 800 nm pulse. The conversion efficiency of H2 pulses (1=400 nm) was
~5%. The overlap of these two pulses in plasma area was sufficient for observation of the role
of the second orthogonally polarized field influencing the whole process of HHG due to small
group velocity dispersion in the thin BBO crystal.

Ablation of graphite in most of these HHG experiments was carried out using nanosecond
pulses from Nd: YAG laser as well. Similarly to TH studies, two lasers were synchronized with
each other. We analyzed the harmonic yield using electronically variable delay between the
heating and driving pulses.

3. Third harmonic generation

The motivation for THG prior to HHG in clustered medium is related with two factors. Firstly,
the analysis of different plasma species using this lower-order nonlinear optical process is less
complex compared with HHG-based approach from the point of view of determining most suitable
and efficient media, as well as most efficient conditions for harmonic generation. Secondly, the
coincidence of the optimal delays between heating and driving pulses in the cases of lowest
harmonic generation and HHG can provide additional information to determine the relation
between the velocities of singly-atomic and multi-atomic species in plasmas.

Prior to the study of the frequency conversion in the graphite plasma, THG in air with variable
driving pulse energy was performed which showed the anticipated cubic dependence of harmonic
yield on the laser energy. THG in air was carried out in order to calibrate experimental setup and
estimate TH conversion efficiency from carbon-containing plasma with regard to similar process
in air.

Two sets of experiments were performed for THG study in the graphite plasma produced in
vacuum. In the first case, the 200 ps pulses were used as a heating radiation to create C plasma. In
the second case, 5 ns heating pulses were used for target ablation. The objective was to optimize
the target position, the heating pulse energy, the delay between pulses, and the driving beam focal
position to achieve the maximum TH yield from C plasma. These studies revealed the preference
in application of nanosecond pulses for plasma formation to achieve higher conversion efficiency
compared with picosecond heating pulses.

Figure 3(a) shows, how TH yield from C plasma increases with the growth of the driving
pulse energy. Variation of TH intensity showed approximately cubic dependence by increasing
the driving 40 fs pulse energy up to 500 wJ. An increase in the free-electron density was likely
the limiting factor for the harmonic yield in early experiments with laser plasmas [14]. So the
search for formation of “optimal” plasma from the point of view of larger conversion efficiency
towards the shorter wavelength region is required, thus prompting us to analyze TH efficiency
variations at different energies of heating nanosecond pulses. In present experiments the TH
intensity was gradually increased with the growth of heating 5 ns pulses up to 3 mJ [Fig. 3(b)].

Harmonic intensity considerably depended on the distance between the optical axis of driving
beam and graphite surface due to the variations of plasma concentration above the target at a
fixed delay. Figure 3(c) shows the variation of TH intensity as a function of the distance between
the target and the optical axis of the femtosecond pulse. TH from plasma was observed up
to the distance of ~4 mm away from graphite target. It has been demonstrated earlier that the
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Fig. 3. (a) TH intensity as a function of driving pulse energy. No saturation of cubic
ITa(Epp) dependence was observed along the whole range of variations of the driving pulse
energy. (b) Influence of nanosecond heating pulse energy on the TH yield. (c) TH intensity
as a function of the distance between graphite target and axis of femtosecond beam. The
measurements were carried out up to 4 mm from the target surface. (d) Dependence of TH
yield from graphite plasma on the delay between heating nanosecond pulse and driving
femtosecond pulse (filled circles). Similar dependence is also shown in the case of indium
plasma (empty circles). Arrows show the delays at which maximal TH yields were observed.
The driving beam was focused at the distance of 0.6 mm above the target in all of these
experiments excepting of these shown in (c). The delay between the heating and driving
pulses was maintained at 100 ns during these experiments except of (d).

distribution of spreading species during ablation is controlled by their longitudinal velocity and
strongly depends on input fluence [15]. The distribution of different species during ablation
has direct influence on the TH intensity that resulted in the maximal harmonic yield close to
the target surface. The variation of TH intensity at different distances between the optical axis
of the driving beam and the target surface (x) was approximately close to reciprocal quadratic
dependence [Ity oo X", n=1.96] at the nanosecond pulse fluence of 4 J cm~2. Notice that
parameter n can be varied by changing conditions of experiments, in particular the fluence of
heating pulses. The delay between the heating and driving pulses was maintained at 100 ns
during the THG experiments presented in Fig. 3(a-c), which was optimal assuming the 0.6 mm
distance between the target and the optical axis of the femtosecond beam.

Early studies of laser ablation of graphite have revealed the typical characteristics of the
expanding plasma species (average velocity 1.5x10° m s~!) for ablation with 532 nm, 10ns
pulses at fluencies of the order of 3 J cm~2 [16]. The measured mass distribution presented in
[16] revealed the presence of Cs to Cys species. Those carbon clusters, as has also been shown in
other studies, have the largest population in the graphite plasma among other clusters. Earlier it
was assumed that they may be a reason of such attractive feature as the more efficient harmonics
generation with regard to similar process in single atomic/ionic media. In the meantime, large
nanoparticles do not participate in the process of HHG, but rather may serve as the sources
of the formation of smaller clusters during different stages of laser ablation due to partial
disintegration of large multi-particle species during heating, melting, and evaporation. These
stages of laser-matter interaction may cause formation of the notably smaller clusters containing
a few tens of carbon atoms. Meanwhile, the remaining parts of large nanoparticles do not
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participate in harmonic generation, but rather deposit later on the nearby surfaces. Thus the
performance of nanomaterials for the applications in harmonic generation depends on their
distribution and size at the moment of propagation of the femtosecond pulses through the plasma
plume. Hence the precise control over dynamics of their appearance in the plasma is essential.

The temporal evolution of TH yield from C plasma was analyzed by varying the delay between
the nanosecond pulses inducing ablation and the driving laser pulses [Fig. 3(d), filled circles].
The distance between target and femtosecond beam propagation in these TH experiments was
maintained at ~0.6 mm. The maximal TH yield was observed at ~100 ns from the beginning
of ablation. To prove the concept that this optimization depends on the mass of the particles
participating in harmonic generation we used a heavier target (indium) ablated at similar fluence
of heating pulses and other similar experimental conditions. A similar kinetic energy E = mv?/2
can characterize the arrival of plasma components from different materials ablated at identical
conditions. Correspondingly, one can expect the arrival of indium ions and atoms in the area
of interaction with driving beam at (Mn:Mc)%3~3 times longer delay with regard to carbon
particles taking into account the ratio between atomic weights of these two targets (My,:Mc=9).

This anticipated maximal yield of TH from indium plasma was observed in our experiments
when we achieved highest TH efficiency at ~300 ns from the beginning of ablation of the indium
target [Fig. 3(d), empty circles]. Thus, one can assume that this rule works properly for the
dynamics of material spreading once one analyzes the particles movement during laser ablation
at relatively moderate fluencies (2-10 J cm™2) of heating nanosecond pulses.

4. High-order harmonic generation

XUV emission spectra of carbon plasma at different regimes of graphite ablation in the range
of 30—130nm are shown in Figs. 4(a) and 4(b). We used either picosecond (upper panel) or
nanosecond (middle panel) pulses for laser ablation (Fig. 2). Various emission lines attributed
to CII — CIII ions were identified and used for calibration of our XUV spectrometer. These
conditions of ablation were unsuitable for efficient HHG due to presence of large amount of
free electrons preventing optimal phase relations between the driving and harmonic waves. We
chose nanosecond pulses induced ablation for further analysis of HHG from different species of
graphite plasma since in that case, contrary to ablation by picosecond pulses, we were able to
analyze the delay-dependent harmonic emission a the delays between heating and converting
pulses ranging between 0 and 5x10* ns.

Lesser excitation of graphite target by nanosecond pulses allowed formation of plasma suitable
for harmonic generation [Fig. 4(c)]. Odd harmonics of 800 nm radiation up to 23" order (H23)
were observed. It is worth noting that our observations of harmonic spectra did not show a
simultaneous presence of plasma emission from high-charged particles in the studied spectral
range (30—130nm) that confirms that these experiments were carried out at a soft ablation
regime of carbon-containing target. The absence of the plasma emission associated with the
higher-charged ions at these conditions was accomplished by the moderate excitation of graphite.
The driving pulse at 1~2x 10'* W c¢cm™2 also did not cause the appearance of strong ionic
emission from the higher-charged carbon ions.

The important peculiarity of these plasma emission and harmonic studies was the proximity
of some ionic transitions of carbon with the wavelengths of harmonics, particularly strong CII
transitions (53.8 and 59.5nm) and 15" and 13th harmonics (53.3 and 61.5 nm) respectively.
Neither enhancement nor suppression of these harmonics generated in graphite plasma was
observed. These studies showed that the proximity of strong emission lines and harmonics did
not necessarily lead to variation of the harmonic yield.

The reason in presenting the experimental data as the images appearing on the screen of
computer rather than the line-outs of HHG spectra is justified by better viewing of obtained data
and clear definition of the difference between the plasma and harmonic spectra. The goal of



Research Article Vol. 2, No. 5/15 May 2019/ OSA Continuum 1517

OSA CONTINUUM

Carbon plasma emission at different excitations
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Fig. 4. Raw images of plasma and harmonic spectra. (a) Graphite plasma emission using
picosecond pulses induced ablation. (b) Graphite plasma emission using nanosecond pulses
induced ablation. (c) Harmonic spectra using single-color pump (800 nm) of C plasma
at 30 ns delay between heating and driving pulses. The fluence of heating pulses on the
target surface was maintained at 5 J cm™2. The distance between the target and the axis of
propagation of the driving beam was 0.2 mm.

this group of studies was the qualitative determination of the influence of different conditions
of ablation on the plasma emission and the harmonics conversion efficiency rather than the
quantitative measurements of harmonics in the plasmas. Also notice that visual analysis of the raw
images of harmonics and plasma emission allows distinguishing these sources of XUV radiation
by their divergences. The vertical dimensions of the raw images of plasma emission, which
characterize its divergence, were a few times larger compared with those of harmonics. Additional
advantage of this method of data presentation is a direct demonstration of the insignificant role of
emission lines in the harmonic conversion efficiency. The approximately plateaulike shape of
harmonics distribution remained unchanged in spite of coincidence of plasma emission limes
and some harmonics orders.

The A-axis in Fig. 4 is shown on the basis of the calibration of XUV spectrometer for
distinguishing the distribution of harmonics along the short-wavelength region. The saturated
images were intentionally chosen to present the spectra for better viewing. Note that the
unsaturated images were used for the line-outs of the HHG spectra.

Next set of HHG studies was performed using two orthogonally polarized driving beams.
The 0.4 mm thick BBO crystal was inserted on the path of 800 nm radiation inside the vacuum
chamber that allowed generation of 400 nm pulses (H2), while maintaining sufficient temporal
and spatial overlap of 800 and 400 nm pulses in C plasma. Even small conversion efficiency
(~2%) of 400 nm radiation allowed generation of the lower-order even harmonics alongside with
the odd ones (Fig. 5). We were able achieving the even harmonics generation up to H14 (see
middle panel). Relatively small yield of lower-order harmonics in these spectra (H6 to H9) was
caused by weaker sensitivity of MCP in the range of the wavelengths above 100 nm. The use of
different fluencies of heating nanosecond pulses ranging between 5 and 9 J cm™2 led to variations
of generated spectra.

The conversion efficiency of odd harmonics in the case of two-color pump was approximately
three times higher than in the case of single-color pump. One can see that even at very small ratio
of 400 and 800 nm pulse energies (1:20) the influence of weak field was sufficient to strongly
modify the whole harmonic spectrum.

Application of two-color sources for HHG has also another advantage. It allows the two-fold
increase of the number of generated harmonics, which in turn may lead to observation of the
resonance-induced enhancement of single components of those multiharmonic sources. The
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Fig. 5. Harmonic spectra using the two-color pump (800nm + 400 nm) at different fluencies

of nanosecond pulses on the target surface. One can see some red shift of odd harmonics at
highest fluence while even harmonics remained at fixed wavelengths.

latter process is mostly related with the ionic transitions of various materials possessing high
oscillator strengths. In the case of graphite plasma, we did not see the enhancement of even
harmonics, while in the case of indium plasma H12 was notably enhanced alongside with H13
due to proximity with the ionic transition possessing large oscillator strength [17].

In the case of stronger excitation of carbon plasma we observed the small red shift of odd
harmonics, while even harmonics were not shifted due to notably weaker energy of 400 nm
radiation compared with 800 nm pulses (bottom panel of Fig. 5). Previous reports on gas HHG
experiments have shown a distinct difference between the HHG spectra driven by negatively
and positively chirped pulses, which was related with both the influence of the dynamically
induced negative chirp and the positive chirp induced by strong laser radiation and the ionized
medium due to the self-phase modulation of the laser pulse [18]. The observation of red-shifted
harmonics has been analyzed in [19] during gas HHG studies, while the blue-shifted harmonics
is a common feature observed in multiple studies of HHG from the gases and plasmas. Notice
that the red-shift of chirp-free pulses in the case of dense plasmas has already been reported in
the case of plasma harmonics studies [20].

Different scenarios can be involved in the case of clustered media in regards to the observed
redshift of odd harmonics with higher intensities of the nanosecond ablating pulse. It has been
shown in [19] that the chirp-induced shifts of harmonics generated in a Xe gas jet exhibit a
trend toward either the blue or red, depending on the particle density. The authors point out that
redshift was observed at low gas densities. They suggest that this process might be related to
the Kerr effect, electron-ion recombination, and ion expansion and cluster formation. The latter
mechanism seemed consistent with our experimental findings. The chirp-induced redshift and
blueshift were explained by the model including both atoms and ions. The neutrals were assumed
to be responsible for the blue-shift, while the ions were the main reason for the redshift. The
redshift can also be attributed to the self-phase modulation (SPM) of the laser pulse during the
propagation of the leading part of the pulse through the medium consisting of neutrals and singly
charged ions. As one can see, the broader spectra of odd harmonics (Fig. 5, bottom panel) from C
clusters can also be attributed to the influence of SPM, leading to the redshift of those harmonics.
Thus our observations of the redshifted odd harmonics were consistent with the model described
in [19].
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We did not measure the plasma density in these experiments. The heating radiation intensity
on the target surface was maintained at 2 x 10° W cm™2. The particles density in plasma was
estimated using the hydrodynamic code HYADES [21] to be a few units of 10!7 cm™3. The
ionization potentials of carbon atoms and singly charged ions are equal to 11.25 and 24.38 eV,
respectively. Thus such plasma mainly consists of excited neutral atoms and singly ionized
carbon. Notice that the presence of excited atoms and ions can increase a nonlinear optical
response of laser-produced plasma.

A typical dependence of the 9" and the 17! harmonics intensities on the delay between
pulses is presented in Fig. 6. At initial stages of plasma formation and spreading out of the
targets surface, i.e. at the delays less than 10 ns, the concentration of neutrals and singly charged
ions is insufficient to produce a measurable amount of harmonic photons, since the whole
ensemble of particles possessing the velocities of < 1x10%* m s~! cannot reach the optical axis
of the propagation of driving beam, which was ~0.2 mm above the graphite surface in present
experiments. The increase of delay up to 10 to 50 ns caused the appearance of a large amount of
carbon atoms and ions, as well as light clusters, along the path of femtosecond beam that allowed
maximizing the yield of harmonics. The increase of delay above 50 ns led to a decrease of HHG
efficiency. We observed a similarity in the delay dependence for H9 and H17. The harmonics
almost disappeared from XUV spectra once the delay exceeded 300 ns. Our attempts to observe
the harmonic emission in the microsecond time scale of delays were unsuccessful.
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Fig. 6. Dependences of H9 and H17 yields on the delay between nanosecond and
femtosecond pulses. Dashed line shows the threshold of registration of harmonic emission.

5. Discussion

Clusters play important role in modification of the harmonic spectra generating in different media.
The harmonics’ enhancement in the gas jets containing clusters has been reported in [10]. In the
case of clusters the cross-section of recombination of the accelerated electron with the parent
particle is higher compared with the atoms [22]. In the meantime, the experiments with gas
clusters have revealed some difficulties in disentangling the harmonics produced by different
species (monomers and clusters of different sizes). The uncertainty in the exact mechanism of
the HHG from clusters has previously been underlined in [22,23].

Laser ablation of carbon has been proven to be a versatile method for the synthesis of clusters,
which allowed characterization and dynamics of the multi-particle species formation [24]. The
authors of [25] have concluded that the appearance of clusters during ablation is a result of
clusters ejection from the target and collision-related aggregation in the expansion of the plume.
The growth of clusters is based on the addition of many small carbon neutral species to the ions
in a stepwise fashion. The processes that can cause formation and disintegration of multiatomic
species include photomechanical ejection, liquid phase ejection and fragmentation, homogeneous
nucleation and decomposition, heterogeneous decomposition, etc. [26].
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A detailed understanding of the basic physical processes governing the composition of carbon
ablation and the reliable methods for controlling the plume species became a necessity for
selection of the optimal plasma conditions for HHG. The following arguments supporting the
explanation of higher yield of harmonics from such plasmas were considered: (i) carbon species
allow the formation of multi-particle clusters during laser ablation, which can enhance HHG
yield, (ii) the first ionization potential of carbon is high enough to prevent the appearance of high
concentration of free electrons, (iii) the graphite target allows easier generation of a relatively
dense carbon plasma and the production of phase-matching conditions for lower-order harmonic
generation. The carbon-containing materials like graphite, fullerenes, and carbon nanotubes have
proven that, at optimal ablation conditions, they can be considered as attractive plasma media for
efficient harmonic generation in the 40—80 nm spectral range using the femtosecond laser pulses
[27].

To define the role of clusters in variation of nonlinear optical response of medium during
frequency conversion of ultrashort pulses one has to analyze both lowest- and higher-order
harmonic generation conditions. As already mentioned, the necessity in lowest-order harmonic
generation studies is as follows. It provides a guide for selection of the targets suitable for the
efficient generation of short-wavelength coherent radiation using different delays between heating
and driving pulses [28]. This method also allows the application of low-order harmonic generation
for plasma diagnostics, which is less complex compared with HHG-based method. Additional
assumption for strong harmonics generation from clusters and nanoparticles compared with
single atoms or ions could be the higher concentration of neutral atoms inevitably accompanying
the presence of aggregated multi-atomic species. It was suggested in [29] that small carbon
clusters play an important role in the generation of high-order harmonics of plasmas. Similar
conclusion was made in [30] with regard to TH emission. It was underlined that harmonics
generation in plasmas, when performed with full temporal delay control and under conditions of
spatial segregation typical of laser ablation plasmas, provides a method to qualitatively assess
cluster size distributions for different materials and irradiation conditions.

In graphite the ablation plasma plume may contain various species of carbon, i.e. neutrals and
ions, small molecules, clusters, aggregates, etc., which can contribute to harmonic generation to
various extent. It is important to determine their presence in the region, where the driving laser
pulse interacts with the expanding plasma. In particular, the production of clusters in the laser
plasma during laser ablation of various targets has a high probability, while their presence in the
plasma area where the frequency conversion occurs was yet to be confirmed directly.

Earlier, the analysis of carbon cluster composition of the ablation plume produced by nanosecond
laser pulses for HHG was accomplished by time-of-flight mass spectroscopy (ToFMS) [31],
which confirmed the presence of carbon clusters ranging from Cs to Cys. The attempts to find
higher mass clusters failed, though they were searched for over a long range of delays up to a
few us between the onset of laser ablation and the switching on the triggering pulse in TOFMS.
Earlier studies of carbon plasma have also shown that the 4n + 3 clusters in Cs — Cy5 range had
higher abundance than neighboring ones [16,32]. The conclusion was made that those clusters
(Cq, Cq1, Cys, and Cj9) could be considered as the most effective emitters of harmonics.

The harmonic generation in such plasma can prove or disapprove the role of complex
composition of ablated species in the former process. A signature revealing the nature of the
emitters could be the growth of harmonics emission arising at some specific delay from the
beginning of ablation. This delay may characterize the time of propagation of the clusters from
the target’s surface to the optical axis of ultrashort pulse propagation. It was suggested in [33] that
if the components could be assumed to reach thermodynamic equilibrium during the expansion,
so that a similar average kinetic energy E = mv?/2 could characterize all plasma components, the
average arrival times could be assigned to different cluster sizes. To our opinion this formula
rather determines the condition of the similar velocities for the atoms and multiatomic systems
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of similar elements, like carbon and fullerene. The similar assumption can be applied to atoms
and ions of different materials, which was confirmed during our comparative THG studies using
indium and graphite plasmas. The delay at which TH reaches its maximum intensity should
scale as a square root of atomic weight, as was demonstrated in present studies [Fig. 3(d)]. The
ejection of lighter atoms and ions from the target surface does not allow them reach the axis of
the driving beam earlier as compared with heavier species.

Following the logic of Ref. [33], the large clusters like C,, should appear in the laser-plasma
interaction zone n% times later compared with single atoms and ions of carbon. In other words,
the appearance of the group of C;—Cjg clusters in the interaction zone could be expected at delays
of 2.7 to 4.4 times later compared to the C; particles. However, this scenario does not happen,
since no enhancement of harmonics occurred at these delays (90-140 ns). Our studies showed
that carbon clusters arrive at the area of interaction with femtosecond beam notably earlier than
one can expect assuming the above kinetic equation. In other words, from the very beginning
all atoms in clusters acquire a similar kinetic energy and spread out of surface with the velocity
approximately equal to the one of a single atom of carbon.

Below, we address the difference in the expected and actual optimal delays between heating
and driving pulses in the case of graphite-ablated plasma. In the case of a thermalized ablation
plume, i.e. at very slow heating conditions, the average arrival times can be assigned to different
cluster sizes. Another situation occurs in the case of the fast, either nanosecond, or picosecond,
ejection of energy in the tiny area of the target. In that case the delay between heating and
driving pulses at which the harmonic yield reaches its maximum should scale as a square root
of the atomic or molecular weight of the constituents. Our additional studies revealed that,
for bulk gold ablation, the maximum high-order harmonic yield from single gold atoms and
ions occurred at a delay of about 180-300 ns. Meantime, the ablated 20-nm Au nanoparticles
allowed efficient generation at about 200-350 ns delay, which is approximately equal to the
delay in the case of Au atoms and ions. Furthermore, attempts to observe HHG at the delays of
up to 50 s, i.e., at the expected delay for thermalized larger nanoparticles, did not show any
harmonic emission. Thus, our studies demonstrate that clusters, quantum dots, and relatively
small nanoparticles arrive in the area of interaction with the femtosecond laser beam notably
earlier than one would expect assuming the thermalized regime of evaporation. In other words,
all multi-atomic species acquire, from the very beginning, a similar kinetic energy and spread
out from the surface with velocities approximately similar to those of the single atoms and ions
ablating from bulk material. This conclusion reconciles the similarity in the optimal delays for
HHG from the plasmas produced on the bulk target leading to evaporation of atoms and ions and
on the targets containing nanoparticles of the same material.

The velocities of the multi-atomic carbon clusters, which assume to be the main and most
efficient emitters of third and higher-order harmonics, are estimated by knowing the “optimal”
delays for highest harmonic yields in both cases (~ 100 and ~25 ns) and the distances from targets
in these two groups of experiments (0.6 and 0.2 mm). These particles possessed the 6x10° and
8x10° m s~'. One can see a similarity of the velocities determined from the two groups of
experiments using different facilities.

More in-depth physical explanation why clusters of various masses seem to spread with a
velocity similar to that of a single atom is required in spite of the experimental confirmation of this
fact and our assumptions. To resolve this issue, the TOFMS studies can give a convincing answer
on the presence of both ion and cluster clouds at the same moment in the area of propagation of
the converting pulses. In the meantime, one can assume the difficulties in establishing such sort
of experiments requiring the combined HHG and mass spectrometry facilities.
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6. Conclusions

In this paper we examined the role of small carbon clusters, which inevitably appear during
graphite ablation, in generation of high-order harmonics. The advantage of proposed method for
laser ablation and delay-dependent study of harmonic emission during ablation of graphite target
is that plasma formation in double-laser configuration of HHG experiments could be efficiently
applied for variation of the delay between heating and driving pulses using electronic methods.
It can also be applied for other clustered targets to determine the best conditions for HHG in
such plasmas. We have demonstrated the advanced properties of the carbon plasma produced by
nanosecond pulses as a medium for efficient low- and high-order harmonic generation. The role
of Cs — Cy5 clusters in the enhancement of harmonic generation efficiency has been analyzed.
Our HHG studies have demonstrated that these carbon clusters appearing during ablation of
graphite influence HHG efficiency at the delays similar to those at which single carbon atoms
and ions arrive in the area of femtosecond beam propagation. Our studies have shown that such
clusters commonly appearing during time-of-flight mass spectroscopic studies of carbon ablation
strongly influence the harmonics yield and thus could be considered as the sources of efficient
harmonics in the 40-100 nm spectral range.
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