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Abstract. The search for reliable sources of incoherent and coherent extreme ultraviolet (XUV) radiation
in different spectral ranges is an important task in laser physics. Here we report on the incoherent emission
of XUV radiation in the region of 6 nm from boron plasma. The optimization of target ablation allowed
the generation of XUV emission mainly originated from a single B IV transition (A=6.03nm). We also
demonstrate the generation of the 806 nm radiation harmonics up to the 55th order (A = 14.6 nm) and of
tunable near infrared radiation (1280-1400nm) up to the 35th order (A = 38 nm), during the propagation
of femtosecond pulses through boron plasma. The incoherent and coherent emissions from this target
were compared and analyzed considering the influence of ionic transitions on the B IV emission and
harmonic efficiency. We present different schemes of laser-plasma interaction (two-color pump of B plasma,
generation of tunable harmonics in XUV range, formation of structured extended plasma, ablation of boron
nanoparticles, laser-induced breakdown spectroscopy, overheating of boron targets, quasi-phase matching

of plasma harmonics, etc.) during the ablation of boron-containing targets.

1 Introduction

The analysis of useful sources of coherent emission in the
short-wavelength range (A < 100nm) is pursued through
the generation of such radiation in synchrotrons and from
the optical harmonics of ultrashort laser pulses during
their propagation in low-dense media (gases and plasmas)
and their specular reflection from surfaces. High-order
harmonic generation (HHG) studies in the low-dense
plasma notably improved the understanding of the
restricting and amending processes, thus allowing to anal-
yse processes such as resonance enhancement of single
harmonic, nanoparticle-induced enhancement of harmon-
ics, quasi-phase matching of the groups of harmonics, etc.
[1-30]. Further search for plasma media that is suitable
for the frequency conversion of IR laser pulses towards
the extreme ultraviolet (XUV) range requires the analysis
of the coherent and incoherent properties of such sources.

The analysis of the optical and nonlinear optical prop-
erties of laser-produced plasma (LPP) formed on the sur-
face of boron-containing materials can give useful insights
about this medium for different applications. Particularly,
the studies presented in [31] have shown that the third-
order harmonic generation in boron carbide plasma is sen-
sitive to the presence of atoms, molecules, clusters and
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nanoparticles in the LPP and can be used as a probe of
their density. In [32], 500fs pulses at A = 308nm were
focused on a B4C plate inserted into the vacuum cham-
ber. They have measured the conversion efficiency for the
line emission of H- and He-like B ions, as well as in the
range of recombination radiation emitted by He-like B ions
(4.86, 6.03, and 4.52nm, respectively). The feasibility of
using thin, freely suspended boron films as a target in
femtosecond laser-produced plasma experiments was dis-
cussed in [33].

To generate XUV radiation in the vicinity of the water
window, laser intensities of 10'°~10'® Wem™2 have to
be used, though some schemes of dual laser pumping
have demonstrated the application of 10" Wem™?2 inten-
sities from Nd:YAG class lasers to generate the short-
wavelength radiation in this region [34]. The studies of
boron emission lines in XUV were reported in [35]. They
were generated close to solid state density plasmas with a
peak temperature of about 190 eV using 200 uJ, sub-10-fs
laser pulses with a high pulse contrast. Time integrated
XUV spectroscopy was applied to derive the plasma condi-
tions allowing generation of 4.86, 5.27, and 6.03 nm lines
from the ablated boron carbide target. The lack of the
higher lines indicates that there is no significant contri-
bution from the plasma to the XUV emission and that
there was no significant expansion of the plasma dur-
ing the laser pulse. A boron nitride plasma X-ray source
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produced by irradiation of 100 mJ @Q-switched YAG laser
pulses was also analyzed in [36]. A single line emission at
4.86 nm was selected from the BN plasma using carbon
foils.

The interest in boron-containing LPPs is not limited
only to the plasma emission and the generation of low-
order harmonics. Previous studies have shown the advan-
tages of using this plasma for generating coherent emission
in XUV region [37]. Earlier studies have shown that LPP
can be used as a nonlinear medium for HHG of ultra-
short pulses provided that the limiting factors, such as
self-phase modulation and phase mismatch induced by the
abundance of free electrons in the plasma plumes, are min-
imized [38,39]. There are plenty of specific features of the
incoherent XUV radiation and HHG in plasma plumes,
the foremost one is the wide range of plasma character-
istics available for varying the conditions of irradiation
through the above channels. Finding new plasma media
and optimizing the best plasma plumes under different
conditions of laser ablation, for efficient coherent and inco-
herent emission, is a way for further enhancement of radi-
ation in XUV range.

In this paper, we analyze boron plasma as a source of
incoherent and coherent radiation in different ranges of
XUV. We present a method for forming strong incoher-
ent emission from the boron plasma in the spectral region
of 6nm. The optimization of the target ablation allows
the generation of XUV emission mainly originated from
a single B IV transition (A = 6.03nm). We also demon-
strate generation of the 806 nm radiation harmonics up
to the 55th order (A = 14.6nm) and of tunable near
infrared radiation (1280-1400nm) up to the 35th order
(A = 38nm) during the propagation of femtosecond pulses
through the boron plasma.

2 Experimental arrangements

Ti:sapphire laser was used as the source of uncom-
pressed picosecond pulses for the generation of the LPP
on the surface of bulk boron target. The characteris-
tics of this radiation were as follows: central wavelength
806 nm, pulse duration 370 ps, pulse energy up to Ey, =
6mJ, 10Hz pulse repetition rate. We used cylindrical
lens (f = 200mm) to form extended LPP with size
of 5x0.08mm? using heating pulse of intensity up to
Ip = 4x10° W em~2. This plasma was used for HHG dur-
ing propagation of compressed femtosecond driving pulses
from the same laser. The parameters of these driving
pulses were as follows: pulse duration 35fs, pulse energy
up to Fqp = 1mJ, the intensity of the driving pulses at
the focus area was varied up to 4 x 1014 W cm™2. The opti-
mal conditions for harmonic generation in boron plasma
were found at 50 ns delay between the heating and driv-
ing pulses and at a distance of ~150 um from the target
surface. These characteristics of the heating and driving
pulses were used for generation of coherent XUV emission
through HHG (Fig. 1).

The studies of plasma emission in the deep XUV
range were performed using 370 ps heating pulses of vari-
able intensity on the target surface in the range of
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Fig. 1. Experimental scheme for the studies of incoherent and
coherent emission from the boron plasma. L, focusing lenses
for driving and heating pulses; BBO, boron borate crystal;
T, boron target; FB, driving femtosecond beam; PB, heat-
ing picosecond beam; LPP, laser-produced plasma formed on
the surface of boron target; VC & XUVS, vacuum chamber
and extreme ultraviolet spectrometer; H & PE, harmonic and
plasma emission; FFG, flat field grating; MCP, microchannel
plate; CCD, charge-coupled device camera. Inset: images of
plasma and harmonic spectra. Upper panel shows the strong
incoherent emission of B IV line (6.03 nm) prevailing over other
plasma emission components in the XUV range of 2-30 nm.
Bottom panel demonstrates the coherent emission spectrum
arising from the process of HHG in boron LPP. Harmonic
orders between H15 (A=53nm) and H55 (A=14.5nm) are
shown.

1 x10'°°Wem™2 to 3 x 10" Wem™2. The laser plasma
was also formed using nanosecond pulses from Nd:YAG
laser. We also applied the optical parametric oscillator
to produce the femtosecond tunable IR pulses (t = 70fs,
E = 1.2mJ) in the range of 1100-1600 nm, which were
used as the driving pulses for HHG. The plasma and har-
monic emissions were analyzed using XUV spectrometer.

As mentioned earlier, laser plasma was formed using
picosecond or nanosecond pulses. The latter pulses were
used to probe the dynamics of plasma spreading and
the formation of the optimum cloud of particles at the
moment the femtosecond driving pulses propagate nearby
the target surface. We used a scheme of heating nanosec-
ond pulses and driving femtosecond pulses from different
laser sources for HHG in plasmas. The ablation of boron-
contained targets was carried out by 5ns, 1064 nm, 10 Hz
pulses. An electronic delay between nanosecond and fem-
tosecond pulses allowed applying sufficiently longer delays
between two pulses compared with the optical delay tech-
nique. The delay between pulses was synchronized and
tuned using the delay generator. The synchronization of
two laser sources allows analyzing the enhancement of har-
monics in different groups of atomic or molecular particles
produced during the ablation of bulk materials, or targets
initially contain multi-atomic species. The main advan-
tage of this approach is the control of the delay between
the heating nanosecond pulses and the driving femtosec-
ond pulses over a wide range between 0 and 10° ns, which
is sufficient to analyze fast and slow components of ablat-
ing material spreading out from the target. The use of the
low-pulse repetition rate nanosecond Nd:YAG lasers as the
sources of heating pulses may also offer some additional
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Fig. 2. (a) Dynamics of plasma emission spectrum in UV range (200-300 nm) during ablation of bulk boron target by 10 ns,
1064 nm pulses. (b) Time-integrated spectra of plasma emission from boron NP tablet in the case of ablation by 300 fs (thin red

curve) and 10ns (thick blue curve) pulses.

advantages compared with the commonly used picosec-
ond pulses of the same repetition rate and wavelength.
The application of nanosecond pulses to ablate the sur-
face of targets allows the formation of less ionized and
less excited plasma during longer periods of laser-matter
interaction compared with picosecond pulses. This con-
clusion is based on the analysis of the nanosecond and
picosecond ablation-induced plasma emission in the visi-
ble and extreme ultraviolet ranges in the case of forma-
tion of the optimal plasmas leading to generation of the
highest harmonic yields. Different delays between heating
and driving pulses from 5 to 1000ns were employed in
the present experiments, with the highest harmonic yield
obtained at ~90 ns delay. The harmonic yield at the delays
larger than 600 ns was notably decreased due to removal of
the largest part of plasma cloud out from the path of the
driving beam propagated at the 150 um distance above
the target surface.

To produce multijet plasmas (MJP), multislit mask
(MSM) was installed between the cylindrical lens and
the Boron target. We analyzed the application of three
MSMs with different slit sizes, two with 0.2 and 0.5 mm
slits equidistantly-spaced from each other, and one with
slit size of 0.3 mm separated by 0.8 mm shield between the
slits. The plasma formation was accomplished 38 and 75 ns
prior to propagation of the femtosecond pulses through
the MJP. These delays between the heating and driving
pulses were chosen to analyze different properties of the
quasi-phase matching (QPM) between the interacting and
generating waves. The maximal used intensity of 800 nm
pulses in the plasma area was 5 x 10'* W cm™2. This radi-
ation propagated through imperforated plasma or MJP
75 ns after ablating the targets by picosecond pulses.

The size of the bulk boron target was 5 x 5x 2mm?
(purity 99.6%, Sigma-Aldrich). The B target was mounted
on a three-coordinate holder placed inside a vacuum cham-
ber (~107% mbar) to adjust with respect to the propagat-
ing femtosecond pulse. We also ablated tablets that were
prepared by pressing the boron nanoparticle (NP) pow-
der. The mean size of NPs was 120nm (purity: 99.9%,

bulk density: 1.6-1.8 g/cm?®, morphology: spherical parti-
cles, appearance: black powder). The diameter of tablets
was dmm. In addition, we formed boron NP-contained
targets by gluing NPs on the glass substrates. No XUV
emission and harmonic generation was observed in the
case of ablation of pure dried glue.

3 Incoherent emission of boron plasma at
A=6.03nm

The formation of plasma plume should satisfy some spe-
cific requirements, which can be essential for efficient
application of such LPP for different tasks. Particularly,
as it was shown above, the “optimal” conditions of target
ablation allowed the generation of strong 6.03nm emis-
sion, while other emission lines become suppressed. The
application of LPP for HHG also requires the specific con-
ditions of plasma formation. The over-dense plasmas gen-
erated during strong ablation may strongly suppress the
efficiency of high-order harmonics due to the destructive
influence of the free electrons appearing at these condi-
tions (see also Sect. 4). Previous studies have shown that
the “optimal” plasma for HHG is the one which does not
demonstrate strong emission [11,12,14,21]. In that case
one can expect the fulfillment of the phase matching con-
ditions for as much as possible harmonic orders. In this
connection, one can determine the suitable conditions for
LPP formation using the analysis of the plasma emission
in the visible and UV ranges during ablation of targets in
ambient conditions in the presence of air.

The dynamics of the plasma emission spectrum in the
UV range (200-300 nm) during ablation of bulk boron tar-
get by 10ns, 1064 nm pulses are shown in Figure 2a. The
emission lines in the UV region were analyzed using laser-
induced breakdown spectroscopy (LIBS) during 1000 ns
from the beginning of ablation, with the step of 50 ns.
The fluence of heating radiation was chosen to be opti-
mal for the 6.03 nm emission being generated at vacuum
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Fig. 3. (a) Images of plasma emission from ablated bulk boron target using the 200 ps heating pulses of different fluence (upper
panel: 2J cm~2; bottom panel: 6Jcm72)‘ (b) Intensity distribution of B NPs plasma emission in the case of ablation by 50 fs

pulses.

conditions. One can see the decay of most intense lines
in this spectral range [249.7 (B I) and 279.6 (B II) nm)],
which then almost disappeared after 500ns (not shown
in the picture). The application of time-resolved LIBS
for the determination of the best conditions of ablation
may be useful for different tasks, like short-wavelength
plasma emission, HHG, LIBS characterization, laser abla-
tion deposition, etc.

We also analyzed the comparative time-integrated UV
spectra of ablated boron NP tablet using the 10ns and
300 fs heating pulses (Fig. 2b). Application of longer pulses
led to formation of the continuum emission alongside
the emission from the B I and B II particles. Femtosec-
ond heating pulses caused the emission of neutral and
singly charged boron particles without the continuum
component.

Prior to the XUV studies of boron plasma we analyzed
the emission from different ablated materials. Plasma
emission from different ablating targets demonstrated a
notable difference in the intensities of deep XUV (i.e. in
the range of >15nm). In this regard, boron plasma can
provide strongly distinguished emission in the 4.9-6.0 nm
range, without the notable emission in other ranges of
shorter-wavelength part of XUV using the specially cho-
sen pulse duration and fluence of the heating radiation.
Our experiments with other metal targets did not show
such difference in the emission lines in the shortest wave-
length range of XUV.

Figure 3a shows two images of plasma emission from
ablated solid boron target in the case of ablation by 370 ps
heating pulses of different fluence. In these spectra, the
B V (B Ly,, 4.86nm), B IV (B He,, 6.03nm), and B
IV (B Heg, 5.27nm) lines are identified. The upper panel
shows that there are only two emission lines from B IV ions
(6.03nm, 2p-1s, and 5.27nm, 3p-1s), which dominate in
the XUV range of 3-20nm. Two other weak lines (12.06
and 18.09nm) shown by arrows correspond to the second

and third orders of diffraction from the 2400 grooves/mm
flat field grating of XUV spectrometer. This spectrum
was obtained during ablation of bulk target by picosec-
ond pulses at a moderate fluence (2J cm™2). The increase
of the fluence of the heating pulses up to 6 J cm =2 (Fig. 3a,
bottom image) led to further increase of the intensity
of 6.03nm emission. Alongside the increase of this emis-
sion, the spectral lines from B V shown by italic letters
(3.88, 4.1, 4.86, 17.35, 19.43nm) appeared in these spec-
tra, though their intensities, except of 4.86 nm line, were
incomparable with the B IV emission.

We also ablated the boron NP tablet by the same fluence
of femtosecond pulses as in the latter case. Plasma emis-
sion from B IV at A = 6.03nm was 10-20 times stronger
than other emission lines from B V ions (Fig. 3b). We used
50 fs, 800 nm pulses at the fluence of 1Jcm™2 on the NP
tablet surface. The ablation of NPs by smaller fluence of
heating radiation compared with the case of picosecond
pulses led to even larger ratio between the B IV emission
and other emission lines. Similar features were observed
in the case of ablation of the glued boron NPs.

We carried out the quantitative comparison of 6.03 nm
emission during the ablation of bulk boron target and B
NPs-contained target at similar experimental conditions
(fluence, pulse duration and energy, focusing conditions).
The emission from the NP target was 3—5 times stronger
compared to the ablation of the bulk target. The main
obstacle in using these efficient NP-based sources of strong
B IV emission (A = 6.03nm) is the difficulty in maintain-
ing the stability of this emission due to the degradation of
NP-contained target. The rotation of NP target may, to
some extent, diminish this problem.

Due to the high pulse intensities, incoherent short-
wavelength radiation can be generated if laser radiation
interacts with solid and nanostructured matter. In cases
of those materials processing, the emission rate deci-
sively depends on the laser parameters and the physical
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properties of the target material. The interaction of
intense short pulse laser with atomic clusters [40,41] has
become an important area of research. The main charac-
teristic of these small sized species is the near solid den-
sity inside them that results in an enhanced absorption
of laser energy via collisional processes and consequently
in an increase of X-ray conversion efficiency. A theoreti-
cal model of strong soft X-ray emission from laser irra-
diated clusters was developed in [42]. In this model, an
intense short pulse laser of Gaussian radial and temporal
profiles impinged on a clustered target, heats the clus-
ter electrons and leads to Bremsstrahlung emission of X-
rays. As the clusters expand under hydrodynamic pres-
sure, plasma frequency of the cluster electrons decreases.
It has been suggested that the strong light-NP interaction
can cause the efficient blast of clusters leading to strong
emission covering the 1-10 nm spectral region. The larger
efficiency of these sources can be attributed to the con-
finement of larger portion of heating light in a small area,
which causes the transfer of this energy into the energy of
short-wavelength photons.

4 HHG in boron plasma
4.1 Characterization of plasma for efficient HHG

The analysis of plasma dynamics was carried out by study-
ing the delay dependence of the harmonic yield from the
B plasma. For these purposes we used the nanosecond
pulses for plasma formation. The radiation of Ti:sapphire
laser (A = 806 nm, 7 = 35fs) was used for the interaction
with the plasma produced by Nd:YAG laser (A = 1064 nm,
7 = 5ns) to generate the high-order harmonics. The use
of a light target such as B (Z = 5) allows maximal yield of
HHG at a short delay between the heating pulses produc-
ing LPP and the driving femtosecond pulses propagating
through the different stages of spreading plasma, prior to
the interaction of bulk amount of the ablated material
with the driving beam.

Figure 4 shows the dynamics of boron plasma forma-
tion and spreading along a broad range of delays between
the heating nanosecond pulses and driving femtosecond
pulses. Here we show that the optimization of high-order
harmonic yield strongly depends on the delay between the
heating and driving lasers. The maximal harmonic yield
in our case was observed at 50ns from the beginning of
ablation.

The novelty in the present work stems from using nanos-
tructured targets and nanosecond heating pulses, which
allowed achieving the highest yield of harmonic emission
from the boron plasma in different spectral ranges. Firstly,
harmonics from B plasma have been obtained earlier using
ablation by picosecond pulses [37,43,44]. Secondly, the tar-
gets, which were used in previous studies, comprised from
species in the bulk state. The combination of nanostruc-
tured targets and nanosecond heating produced the high-
est harmonic yield for the conditions of present studies.
Our analysis of the components of plasma ablation was
carried out by studying the debris deposited on a nearby
silicon substrate during ablation of bulk boron and B NPs.
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Fig. 4. Variation of H21 generated in boron plasma at different
delays between the heating 5ns pulse and driving 35 fs pulse.

Inset shows the SEM image of deposited debris from ablated
bulk boron.

Deposited B NPs were observed in the case of B NP tablet
ablation, as well as during ablation of bulk target (see the
insets in Figs. 4 and 6). Optimal fluencies for ablation of
boron bulk target, boron NPs tablet, and glued boron NPs
were chosen by achieving strongest harmonic yield.

The quantitative determination of plasma concentration
is yet resolved properly, though different methods were
offered to determine this parameter. One has to determine
the concentration of particles at the moment of the driving
pulse propagation leading to the highest harmonic conver-
sion efficiency. Obviously the pressure of particles initially
grows from zero level and then gradually decreases. We
did not carry out the measurements of the dynamics of
plasma concentration but rather estimated it based on
the principles developed earlier in [45] for the laser abla-
tion of solids. Regarding the plasma concentration, one
has to determine (or at least, estimate) the concentration
of neutrals, ions and electrons to define their influence on
the process of HHG. To understand this phenomenon, the
simulations using the hydrodynamic code HYADES have
been reported [46]. The expansion of a silver slab interact-
ing with a laser pulse was simulated and then the electron
density, ionization level, and ion density were determined
as the functions of the heating pulse intensity at a fixed
distance from the target surface.

Another approach for determining the plasma charac-
teristics from the ablation of carbon, at the conditions
that led to largest harmonic yield, was reported in [47]. A
three-dimensional molecular dynamical simulation of laser
ablation of graphite was performed using the molecular
dynamics code ITAP IMD [48]. In those studies, the con-
centrations of carbon plasma were calculated under the
experimental conditions of target ablation allowing effi-
cient harmonic generation. The corresponding concentra-
tions were found to be exceeding 10'” cm ™3 in the case of
ablation by 8 ps pulses. Notice that the concentrations of
plasma particles above the graphite target surface in the
area of the femtosecond pulse propagation were calculated
to vary between 1.1x10'7 and 4 x 10'" cm~2 depending on
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the conditions of optimal HHG at two different energies
and fluencies of heating pulses. This difference highlights
the important role of the pulse energy, which is responsi-
ble for the difference in the concentrations of the plasma
plumes.

Obviously, the difference in the experimental arrange-
ments makes it difficult to determine with high accuracy
the plasma concentration, as well as the partial ratio of its
components, in another set of experiments. Meanwhile,
the similarity in the dynamics of HHG variations with
the delay between heating and driving pulses, fluence of
heating pulses, distance from target, etc. may lead to the
conclusion on the approximate similarity of the plasma
characteristics at the conditions of the maximal harmonic
yield. Based on the above assumptions and taking into
account the studies reported in [46,47], we concluded
about the estimations of the plasma characterization in
the case of ablated solid boron at the moment of propa-
gation of our driving beam through the plasma cloud at
the conditions of highest HHG efficiency (2 x 1017 em™3).

Meanwhile, no estimates are available for the case of
ablated powdered materials. Different absorbance charac-
teristics, uncertainty in the distribution of absorbed heat
among the NPs, difference of their thermodynamic charac-
teristics (i.e. melting and evaporation) with regard to the
solid boron, and other peculiarities did not allow deter-
mining the concentration of NPs at the moment of the
driving beam propagation.

4.2 Analysis of harmonic cutoffs from different plasma
consistencies

We observed different cutoffs in the case of bulk (fifties
orders) and nanopowder (twenties orders) boron targets.
The former results were reported in earlier studies of
ablated bulk boron targets [37,43], while the lower orders
of harmonics from the nanoparticle-contained plasmas
became a frequently reported feature once the compari-
son of two LPP media (i.e. those contained mono-particles
and multi-particles of the same elemental consistence) was
discussed earlier (see for example [49]).

Figure 5 shows that lower-order harmonics from NP
plasma were approximately eight times stronger compared
to those produced from monomer-containing plasma. The
ablation conditions with respect to pulse energy and flu-
ence of the ablation pulse as well as of the driving fun-
damental pulse remained identical for these two samples.
The same holds for the other experimental parameters,
like the distance between the target surface and the driv-
ing beam, the pulse duration of the ablation pulses, and
the delay between the ablation and driving pulses. The
intensity ratio strongly decreases for higher harmonics,
until at the 29th order the harmonic from the nanopar-
ticle target shows an intensity of only 3% of that at the
17th harmonic and becomes smaller by a factor of five
compared to the B bulk harmonic.

The harmonics generated from the nanoparticle plasma
target showed a larger divergence than those from the
bulk target. The observation of only relatively low-order
harmonics from the B nanoparticle containing plasma
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Fig. 5. Comparison of lower- and higher-order harmonics gen-
erated in the NP-contained plasma (upper panel) and the
plasma produced on the bulk boron target (bottom panel).
Bottom spectrum was magnified with a factor of four for com-
parison with upper spectrum.

could be related to the origin of nanoparticle-induced
HHG, which is assumed to occur from neutral particles.
Meanwhile, the higher-order harmonics from ablated bulk
boron target were attributed to the involvement of singly
charged ions in the HHG.

The plasma produced on the bulk boron target allowed
generation of the harmonics above the fifties orders. The
other two plasmas showed lower harmonic cut-offs (H25 and
H21 in the case of B NP tablet and glued B NPs, respec-
tively), while the intensities of the harmonics in the plateau
region were notably stronger compared with those gener-
ated from the ablated bulk boron target. The comparison
of these plasma formations, from the point of view of the
stability of harmonic emission, showed that plasma formed
on the bulk target was the best choice among the three
ablated species. The most probable reason for the difference
of harmonic emission from the ablated bulk boron and the
two other targets is the difference in the constituencies of
plasmas in these three cases at the optimal conditions of
laser ablation. Probably, the neutral atoms of boron play
important role in harmonic generation from NP-containing
plasmas. Correspondingly, their involvement in HHG may
explain the low harmonic cut-off observed in the case of these
plasmas. Similarly, the lower conversion efficiency in bulk B
ablation compared with two boron NP plasmas could be also
explained by the preferable involvement of ions in harmonic
generation in the former case, while, in the case of ablated
NP targets, one can expect the appearance of the boron clus-
ters alongside the NPs, which may enhance the harmonic
emission [11,13].
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When comparing harmonics from NP and bulk targets,
an essential parameter that needs to be taken into account
is the heating pulse intensity. The heating pulse inten-
sity cannot be maintained similar for three targets used
in these experiments. The comparison of harmonic yields
was provided at the best conditions of the bulk boron
plasma and NP boron plasma formation. In the case of
370 ps heating pulses the intensity I, = 4 X 10° W cm =2
was maintained along the whole extended bulk target.
This intensity corresponded to 1.5Jcm™2 fluence. Previ-
ous studies of HHG in different plasmas have shown that
the fluence rather than intensity of heating pulses is the
most relevant parameter that defines the best conditions
of plasma formation. Particularly, the comparative stud-
ies were carried out in [50] on the plasma formation using
pulses of different duration (12 ps and 40fs). Note that in
these two cases approximately the same optimal fluence of
the heating pulses was determined (~1Jcm™?2) by using
the same focusing conditions and heating pulse energy,
while the intensities of the heating 12 ps and 40 fs pulses
were 9x 10" Wem ™2 and 2.5 x 103 W em ™2, respectively.

One of the main goals of our present studies was to
define which parameter, fluence or intensity of the heating
pulse, plays the dominant role in the formation of suitable
plasma for efficient HHG. Our HHG experiments using
5ns heating pulses also determined the optimal fluence
(~8Jcm™2) of the same order on the bulk boron tar-
get at which the maximal harmonic yield was achieved,
while the intensity of these pulses on the ablating surface
(~ 1.5 x 109 W cm~2) was notably smaller with regard to
the case of ablation by 370 ps pulses.

4.3 Two-color pump and quasi-phase matching studies

Previous studies have shown that enhanced harmonics can
be achieved at the QPM conditions of generating coher-
ent XUV photons once multi-jet LPP are used instead of
extended imperforated plasma formations [51-54], which
is similar to earlier reported achievements in QPM using
gas multi-jet gas targets [55-58]. The QPM during abla-
tion of targets is based on the division of extended plasma
into a set of equidistantly separated plasma jets by insert-
ing the MSM in front of the ablating surface or by using
the perforated targets.

This mechanism is useful for producing efficient sources
of short-wavelength ultra-short pulses for various applica-
tions and studies of the properties of harmonic emitters.
The dephasing between the propagating harmonic wave
and laser-induced polarization is mainly caused by the
dispersion of the medium and becomes essential in the
presence of a significant number of free electrons. Due to
the difference in the velocity of the waves, at some dis-
tance from the beginning of the medium, the phase shift
becomes close to 7. Beyond this distance, called the coher-
ence length, the constructive accumulation of harmonic
photons is reversed and the harmonic energy starts to
decrease. The implementation of this concept for the case
of plasma harmonics widely broadens the field of studies
due to the overwhelming prevalence of the ablated solid
species used in the latter case over a few gases routinely
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Fig. 6. Two-color pump of multi-jet boron plasma. Inset shows
the SEM image of deposited debris from ablated NPs.

exploited in conventional HHG. One also should note that
the gases used in HHG at QPM conditions are usually
denser than LPP (~10'® and ~10'7" cm™2 respectively),
which can restrict conversion of plateau harmonics due to
absorption in noble gases, while for plasmas absorption
is insignificant. In the meantime, the formation of QPM
conditions in the laser plasmas containing free electrons is
more complicated due to low concentration of plasma for
intensity-based optimization and general problems related
to precise control of concentration of ions and electrons in
the interaction region.

Two-color pump (TCP) scheme can be used to further
improve the HHG yield. The commonly used way is the
application of Ti:sapphire laser and its second-order har-
monic (H2) leading to doubling the number of generated
harmonics from odd orders, in the case of single-color
pump (SCP), to odd and even orders, in the case of TCP.
TCP with gases and plasmas targets allowed the anal-
ysis of various microscopic and macroscopic effects and
polarization-related processes [43,59,60]. In the present
studies, we used the TCP scheme comprising 806 nm
pulses and its second harmonic radiation (403nm). The
0.5-mm-thick boron borate crystal (BBO, type I, O = 21°)
was installed inside the vacuum chamber on the path of
the focused driving pulse (Fig. 1). The conversion effi-
ciency of H2 pulses was 4%. In these studies, we used the
MJPs produced by installing the multi-slit mask in front
of the extended target to analyze the role of quasi-phase
matching in different ranges of XUV spectrum. This tar-
get was irradiated by the heating pulse focused using a
cylindrical lens. The MJP configuration was comprised of
12 plasma jets with the sizes of 0.2 mm each.

Figure 6 shows the TCP-induced harmonic spectrum
from the plasma produced on B NPs pressed tablet.
Though the ratio of second field (403 nm) compared with
fundamental field was notably small (1:25), the applica-
tion of TCP allowed the four-fold growth of the conver-
sion efficiency of odd harmonics compared with the case
of SCP. We also achieved the stronger even harmonics
compared with the odd ones. Meanwhile, in the case of
TCP we did not observe the enhancement of the group of
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Fig. 7. (a) Harmonic spectra from ablated bulk boron using the extended (solid curve) and multi-jet (dotted curve) plasmas.
Inset: images of extended and 4-jet plasmas. (b) The same in the case of the ablation of B NP-contained tablet. Inset: images

of extended and 10-jet plasmas.

harmonics for which the quasi-phase matching conditions
were fulfilled (Fig. 6).

Another pattern of harmonic spectrum from MJP was
obtained in the case of SCP of boron plasma (Fig. 7a, dot-
ted curve). In that case the plasma contained four 0.5 mm
long jets. One can see that the shorter wavelength har-
monics became stronger compared to the case of extended
homogeneous plasma produced on the boron bulk target
(Fig. 7a, solid curve).

We were able to further modify the harmonic distri-
bution from the multi-jet plasma by using the 10-jet
plasma produced during B NP ablation. In the case of
extended homogeneous plasma produced by picosecond
pulses on the B NP pressed tablet, we observed the ordi-
nary decrease of harmonics up to H25 (Fig. 7b, solid
curve). The formation of multi-jet plasma using the multi-
slit mask containing 0.2 mm slits led to drastic change in
the harmonic distribution (Fig. 7b, dotted curve). The
group of enhanced harmonics centered at around of H39
dominated the HHG spectrum, while the lower-order har-
monics were suppressed.

The mechanism of this group of harmonics enhancement
is well understood and determined by the coherent addi-
tion of the harmonic yield in each plasma jet at the con-
ditions of coincidence of the coherence length of harmonic
and the sizes of jet. The present studies show the applica-
bility of this approach for the NP-containing plasmas. We
studied the comparison of HHG in boron-containing plas-
mas using different SCP and TCP schemes. The lower con-
version efficiency in bulk B plasma compared with B NP
plasmas could be explained by efficient participation of B
clusters in HHG, contrary to the atoms and ions of boron.
Similar conclusion was drawn during lower-order harmonic
generation studies of the plasmas produced by femtosec-
ond and picosecond pulses [61,62]. Thus the most probable
reason in the difference of harmonic emission properties of
bulk B and two B NP ablated targets is the difference in
the constituencies of plasmas in these three cases.

The steep decrease of the intensity of low-order har-
monics was followed by a plateau pattern. The harmonic

conversion efficiency was estimated by considering the
typical conversion efficiency from carbon plasma (8 X
107° [63]). Similar or even higher values of this parameter
were reported by different groups studying carbon plasma
as the efficient medium for harmonics generation [11,47,
64]. We compared the conversion efficiencies from boron
and carbon plasmas. From this comparison, we deduced
the ratio between the HHG conversion efficiencies in the
plateau range of harmonics distribution in these two cases
and correspondingly determined the conversion efficiency
in the case of ablation of the bulk boron target. The con-
version efficiencies were measured to be between 2 x 104
(for third harmonic) to 10~7 (along the plateau region).

The HHG appeared to be efficient in the case of neu-
tral and singly ionized plasma when the multiple charged
ion and electron concentrations were negligible. We also
observed that the coincidence of harmonics and plasma
emission wavelengths does not lead to the enhancement
or decrease of the conversion efficiency of these harmonic.
The process of harmonic enhancement in the vicinity of
some ionic lines requires the strong oscillator strength
of the involved transitions, as well as the fulfillment of
the suitable phase matching conditions between the driv-
ing and harmonic waves. Meanwhile, being earlier demon-
strated only in a few LPPs (In, Mn, Cr, Sn), this process
was not observed in the present studies in the case of boron
plasma (Fig. 8a). One can see the coincidence or closeness
of H11 and H15 with the strong emission lines of boron,
which did not cause the enhancement of those harmonics.

The spectral tuning of driving radiation was carried
out using the optical parametric amplifier pumped by
800 nm laser. This radiation was tuned between 1100 and
1600 nm. Figure 8b shows the tuning of harmonic spectra
along the strong ionic lines of boron (67.7 and 72.5 nm, see
upper panel) using the TCP configuration. No influence of
strong B III transition (67.7nm) on the tunable H20 was
observed, similarly to the absence of the enhancement of
H18 tuned along the strong B IV transition (72.5nm).
All spectra of generated coherent radiation represented a
plateau-like distribution of harmonics.
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Fig. 8. (a) Harmonic spectrum along with some plasma emission lines from bulk boron at optimal conditions of ablation
leading to maximal harmonic yield (upper panel) and plasma emission spectrum at stronger irradiation of target, without the
propagation of driving pulses through LPP (bottom panel). (b) Plasma emission (upper panel) and harmonic spectra (other
panels) using tunable near infrared radiation (1280-1400 nm) and its second harmonic from the optical parametric oscillator.

The first ever observation of a plateau in the high-order
harmonics generated by an ablation plume at a solid sur-
face, was reported in reference [37]. Boron plasma has acci-
dentally demonstrated advanced properties as a medium
that demonstrates the harmonic orders far exceeding those
reported in previous studies. Further optimization of this
process was reported in [43]. The analysis of the harmon-
ics generation from low-excited boron plasma was pre-
sented in the case when the confocal parameter of the
focused radiation was close to the plasma sizes (1.2 and
0.6 mm, respectively). The motivation of these studies was
to reveal the restricting factors for the conversion effi-
ciency and cutoff energy. The conversion efficiencies for
the low- and high-order harmonics reported in [44] focused
on the longitudinal arrangement of heating and driving
pulses propagation through the hole in the boron target,
while our present studies employ orthogonal scheme of two
pulses.

New relevant knowledge of these studies is related to the
application of suitable ablating material using the opti-
mized experimental conditions of plasma formation, which
allows the generation of either stable high-order harmon-
ics or strong incoherent emission in the short-wavelength
range of XUV. This knowledge is applicable for the practi-
cal use of the plasma emission and HHG technique, as well
as for the fundamental understanding of the harmonic and
incoherent emission generation in the plasmas. Our anal-
ysis of the components of plasma ablation was carried out
by studying the debris deposited on the nearby silicon sub-
strate during ablation of bulk boron and B NPs. Deposited
B NPs were observed in the case of B NP tablet ablation,

as well as during ablation of bulk target. Optimal fluen-
cies for ablation of boron bulk target, boron NPs tablet,
and glued boron NPs were chosen by achieving strongest
harmonic yield.

5 Conclusions

We have shown the strong incoherent emission from boron
plasma at ~6nm and coherent emission in the 15-53 nm
spectral range. In the presented HHG studies, we have
demonstrated the generation of the 806 nm radiation har-
monics up to the 55th order (A = 14.6 nm) and of tunable
near infrared radiation (1280-1400nm) up to the 35th
order (A = 38nm) during the propagation of femtosec-
ond pulses through the boron plasma. The incoherent and
coherent emissions from this target were compared and
analyzed from considering the influence of ionic transitions
on the harmonic conversion efficiency. We have presented
different schemes of laser-plasma interaction (two-color
pump of B plasma, generation of tunable harmonics in
XUV range, formation of structured extended plasma,
application of boron nanoparticles, laser-induced break-
down spectroscopy, overheating of boron targets, quasi-
phase matching of plasma harmonics, etc.) and we found
major characteristics that would prevail during laser abla-
tion and HHG. In our particular case (i.e. the plasma pro-
duced on the three boron-containing targets) we compared
three characteristics: (a) stability of harmonic emission,
(b) extension of harmonic cutoff, and (c¢) harmonic yield.
The plasma produced on bulk boron can be considered
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as the best choice among the three ablated targets when
it comes to harmonic emission stability and cut off exten-
sion. On the other hand the B NP plasma showed the best
characteristics to produced highest yield. The fluencies of
heating pulses for the HHG experiments were found dif-
ferent from those used in the plasma emission studies. In
each case we had chosen the “optimal” fluence of heating
pulses. This term refers to the maximal efficiency of har-
monic generation or incoherent emission in the studied
plasmas plumes. Furthermore, we found that the condi-
tions of efficient emission of 6 nm radiation from the over-
ionized plasma were unsuitable for efficient HHG. We have
analyzed the plasma during ablation of boron-containing
targets and found the optimal conditions allowing gener-
ation of almost single emission line (A = 6.03nm, B IV)
in the 2-20nm spectral range.
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