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ABSTRACT

Analysis and characterization of laser-produced plasmas (LPPs) require the advanced methods for determination of different multiparticle
component formation and spreading. Time-resolved high-order harmonic generation (HHG) in spreading LPPs allows determining optimal
conditions for this process. One of the most important parameters of HHG in LPP is the delay between the heating and driving pulses. We
demonstrate that the optimization of delays allows achieving the maximal harmonic yields in LPP created on the surfaces of the solid targets
possessing different molar masses (m). The optimal delays (t) for B4C, ZnO, GaP, GaAs, and Ag2S plasmas were determined to be approxi-
mately 200, 300, 350, 500, and 700 ns, respectively. These variations of delays correspond to the t1(m)0.5 dependence for different materials.
We demonstrate the applicability of the proposed method for analysis of the resonance-enhanced harmonics in atomic and molecular plas-
mas (Mo and MoS2) and for studies of large perovskite aggregates as potential emitters of harmonics. This diagnostic technique can also be
applied to the analysis of the presence of different nanostructures in LPPs through HHG with a high spatiotemporal resolution.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123244

High-order harmonic generation (HHG) of ultrashort laser
pulses in an isotropic medium is a nonlinear optical method for the
generation of coherent extreme ultraviolet (XUV) radiation. Various
theoretical and experimental studies have been devoted to increasing
HHG conversion efficiency.1,2 HHG in gases, laser-produced plasmas
(LPPs), and solid surfaces demonstrate the possibility of attosecond
pulse generation in the XUV range.3 Early studies of HHG in molecu-
lar species were considered as a spectroscopy tool.4 The analysis of
HHG spectra can be useful for indication of the alignment of mole-
cules at different angles, which show the signatures of the molecular
structure. HHG spectroscopy can also be considered as a method for
analysis of the complex biomolecules. The ablation of the molecules is
also important for the enhancement of HHG efficiency.5

The low-excited and low-ionized laser plasma plumes can be con-
sidered as the suitable media for efficient generation of high-order har-
monics (HH), allowing demonstration of the resonance enhancement

of single harmonic, quasi-phase matching in multijet plasmas and
nanoparticle-enhanced harmonics.6–15 Various LPPs were considered
as the nonlinear optical media for generation of the low- and high-
order harmonics of picosecond and femtosecond driving pulses.16 The
harmonic cutoff in the case of the targets with different atomic num-
bers shows the strong dependence on the delay between the heating
and driving pulses. In those experiments, the optimization of plasma
parameters and delay between ablating and driving pulses led to the
growth of the harmonic yield.17 The correlation between those results
and the appearance of a second component of the third harmonic
(TH) at longer delays confirmed the presence of aggregates in the
graphite plasma and established the analysis of their presence in LPPs
with an excellent spatiotemporal resolution through the harmonic
generation.18

There are a few techniques, which were used for analysis of the
composition and dynamics of LPPs. Optical emission spectroscopy
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(OES) and time-of-flight mass spectrometry (TOF-MS) stand as some
of the most used methods of plasma characterization.19 Laser-induced
breakdown spectroscopy (LIBS) allows indicating and distinguishing
different plasma species by their emission spectra during excitation of
targets by nanosecond pulses.20 The information retrieved by OES
from the spontaneous emission of LPPs allows determining important
parameters of plasma formation, such as the electron temperature and
density, while TOF-MS provides the information about the presence
of ions in LPP.21

In this paper, we analyze the dynamics of plasma formation using
the molecular bulk targets possessing different molar masses at the
conditions of the maximal HH yield along a broad range of delays
between the heating nanosecond and driving femtosecond pulses. We
show that the optimization of the HH yield strongly depends on the
delay between heating and driving pulses and correspondingly
depends on the molar weights of different species presented in LPP.
Different applications of this method of the nonlinear optical charac-
terization of LPPs are described.

The experimental setup of HHG in LPPs using a two-laser con-
figuration is shown in Fig. 1. This technique has recently been intro-
duced to determine the role of clusters in HHG.22 The key feature of
the two-laser configuration is a possibility to control the delay time
between heating nanosecond pulses and driving femtosecond pulses
over a long range using a digital generator (DG535, Stanford Research
Systems). The delay between the heating and driving pulses was moni-
tored on an oscilloscope using a fast photodiode. The radiation of the
Ti:Sapphire laser (k ¼ 800nm, s ¼ 40 fs, 1 kHz; Spitfire Ace, Spectra-
Physics) was used for interaction with the laser plasma produced by
the Nd:YAG laser (1064nm, 5 ns, 10Hz; Q-Smart 850, Coherent),
leading to the generation of harmonics.

The laser plasma plumes were created on the surfaces of different
targets using the nanosecond Nd:YAG laser. The diameter of the abla-
tion zone was 0.5mm. The fluence of 10 mJ, 5 ns heating pulses on the
target surface was 4 J/cm2. The position of the target with regard to the
optical axis of propagation of the driving femtosecond pulses was con-
trolled by the microtranslating stage to achieve the maximal efficiency
in the conversion of the driving pulse energy to the harmonics yield.
The step of the microtranslating stage was equal to 0.1mm. The fem-
tosecond driving pulses were focused by a 300mm focal length lens at
a distance of�1mm above the surface of solid targets, which was opti-
mal to achieve a relatively high yield of HH generated in the plasma
plumes. An electronic delay between the heating (nanosecond) and
driving (femtosecond) pulses was varied between 0 and 5000ns
though it can also be extended up to 50 ls to determine the influence

of large aggregates in LPPs on HHG. The harmonic spectra were ana-
lyzed using an extreme ultraviolet spectrometer.

The B4C, ZnO, GaP, ZnS, GaAs, CdS, Ag2S, MoS2, and
CH3NH3PbBr3 samples with different molar weights were used as the
targets for ablation and plasma formation for HHG. The sizes of all
targets were 5� 5� 2 cm3. The ablation of targets was carried out in
the vacuum chamber at 2.5� 10�4Pa. The targets were chosen by the
difference in their molar weight to analyze the influence of different
components on HHG efficiency.

The velocity of plasma species depends on the atomic or molecu-
lar weight of the particles. Figure 2 shows spectra of the harmonics
generated in the plasma plumes produced on the B4C and ZnO targets
ablated using 5 ns, 1064nm pulses. In the case of ZnO plasma (84 g/
mol), the harmonics up to the 23rd order of 800 nm, 40 fs pulses were
achieved. The plasma containing B4C (55 g/mol) allowed observing
the harmonics up to the 15th order at the same experimental condi-
tions of ablation and driving beam propagation [Fig. 2(a)].

The variation of harmonic intensity depends on the delay
between the heating nanosecond and driving femtosecond pulses, as
shown in Fig. 2(b). The optimal delays allowing generation of the
strongest 9th harmonic were found to be 300 and 200ns for ZnO and
B4C plasmas. One can see the shift of the maximal yield of the 9th har-
monic toward the longer delay in the case of the plasma containing
heavier particles (ZnO) with regard to lighter ones (B4C). Other har-
monics from those plasmas also showed the analogous dependence.

Similar dependences of the optimal delay on the molecular
weight of the components of plasmas were observed in the cases of dif-
ferent groups of ablating targets. Figures 2(c) and 2(d) show the com-
parative harmonic spectra and delay dependences of the 13th
harmonic for GaP (101 g/mol) and GaAs (145 g/mol) plasma plumes.
The same delay-dependent optimization of harmonics was obtained in
the case of ZnS (97 g/mol) and CdS (144 g/mol) plasmas. The delay
dependences of the lower-order harmonics generating in the plasmas
produced during ablation of ZnS were also analyzed in Ref. 23. For the
3rd to 7th orders, the maximum harmonic yields were obtained at
around 250ns, which means the generation of harmonics from the
ZnS molecules.

Figure 3(a) shows the harmonic spectrum generated in the silver
sulfide LPP. This plasma allowed generation of the harmonics up to
the 39th order. Here, we also analyzed the variation of the intensity of
the 11th harmonic generated in this plasma by changing the delay
between heating and driving pulses [Fig. 3(b)]. The maximum yields
of the 11th harmonic were observed at delays of 140 and 700ns. These
delays correspond to the contributions of Ag (108 g/mol) ions and
neutrals and Ag2S (248 g/mol) ions and molecules to the harmonic

FIG. 1. Setup for high-order harmonic generation using a synchronized two-laser system. Spitfire Ace, femtosecond laser; Q-Smart 850, nanosecond laser; DG535, delay gen-
erator; M, mirror; FL; focusing lenses; T, targets; P, plasmas; XUVS, XUV spectrometer; and CCD, CCD camera. The inset shows the raw image of the HHG spectrum gener-
ated in ZnO plasma.
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yield. During ablation of the Ag2S target at relatively large fluencies of
heating pulses, the molecules can be partially disintegrated to form the
groups of Ag and Ag2S plasma clouds, which arrived at different times
at the area of interaction with the driving pulses.

The optimization of HHG strongly depends on the position of
the sample with regard to the optical axis of the driving pulses. The
delay dependence for different positions of targets has been discussed
in Ref. 5. The intensity of the harmonics generated from atoms rapidly
decreased with the growth of the distance from the optical axis to the
target. For each distance, the optimum delay between the ablating laser
pulse and the fundamental pulse allowing generation of strongest har-
monics was found. Meanwhile, clusters and nanoaggregates can con-
tribute to HH efficiency at notably longer delays (up to 40 ls).

In the present study, we analyzed the variation of the optimal
delay at the same distance for different targets. The analysis of HHG
allows determining the optimal delay during laser ablation using
the nanosecond heating pulses. The studies of the ablated plasma

FIG. 2. (a) Spectra of the harmonics generated in B4C and ZnO plasmas. (b)
Variations of intensity of the 9th harmonic generated in B4C and ZnO plasmas at differ-
ent delays between the heating 1064 nm, 5 ns pulses and driving 800 nm, 40 pulses.
The maximal yields of the 9th harmonic were obtained at delays of 200 and 300 ns for
B4C and ZnO plasmas, respectively. (c) Harmonic spectra obtained from GaP and
GaAs plasmas. (d) Dependences of the intensity of the 13th harmonic on the delay
between the heating and driving pulses in the cases of GaP and GaAs plasmas. In
these cases, the longer optimal delay time corresponded to heavier molecules (GaAs).

FIG. 3. (a) Harmonic spectrum generated in LPP produced on the Ag2S target by
1064 nm, 5 ns pulses. (b) Variations of the 11th harmonic intensity at different
delays between the heating and driving pulses in the Ag2S LPP. Two peaks of the
maximal intensity of the 11th harmonic were observed in the case of HHG in Ag2S
target ablation (at delays of �140 and 700 ns).
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expansion using pulses of different durations have shown the variation
of the sizes of plasma in the case of ablation by the nanosecond
pulses.24 In the case of femtosecond pulses, the dimensions of plasma
plumes remain unchanged. Typical spectral- and time-integrated two-
dimensional images of the nanosecond and femtosecond induced
LPPs recorded using ICCD have clearly demonstrated the difference
in the hydrodynamics of these two plasma plumes. Under similar abla-
tion conditions, the spatial extension of the femtosecond LPP in the
direction along the normal to the target was found to be longer com-
pared to the nanosecond pulse induced LPP. This behavior can influ-
ence the conversion efficiency of the HH, which directly depends on
the concentration of the ablated plasma species.

The velocities of the components of ablated plume can be esti-
mated as d/t, where t is the optimal delay corresponding to the maxi-
mal harmonic yield and d is the distance between the target surface
and the axis of femtosecond beam propagation. During the ablation
using stronger pulses, the larger amount of the components of disinte-
grated molecules leaves the target surface. The produced atoms eject
faster from surfaces of the target and reach the driving beam at a
shorter time [Fig. 3(b)]. Variable fluence of heating pulses can change
the plasma dynamics of targets.25 This behavior has earlier been ana-
lyzed for ejected Sn particles, which possessed a velocity of 10 km/s in
the case of plasma formation using the nanosecond pulses.25 In our
case, we also used the 1064nm, 5 ns heating pulses and the plasma
plumes mainly consisted of the molecules, neutral atoms, and single
charged particles.

Based on the kinetic theory, the velocity of particles can be
described as26

v ¼ 2E=mð Þ0:5: (1)

Here, E is the kinetic energy of particles andm is the mass of par-
ticles (atoms or molecules). Correspondingly, the arrival time of the
plasma at the distance d above the target surface is described by

t1 d=v1 mð Þ0:5: (2)

Figure 4 shows the dependence of the optimal delay between the
heating and driving pulses on the molecular weight of the studied
molecular species. Here, we also present the theoretical t 1 (m)0.5

dependence, which shows the reasonable coincidence with the experi-
mental data taking into account the accuracy in the determination of
the optimal delay (30%). The fitting data were plotted for distances
�1mm between the target surface and the optical axis of the driving
femtosecond laser pulses.

Some deviation from the theoretical dependence could be attrib-
uted to larger laser fluence required for evaporation of the species pos-
sessing a smaller molar weight.26–28 The plasma components
possessing higher velocity reach the interaction zone with driving
pulses during the shorter period. In some cases, the formation of clus-
ters can also influence the velocity of plasma species during laser abla-
tion using nanosecond pulses.

The developed technique is based on the two-laser approach,
when two lasers emit the pulses synchronized with each other. In
that case, the application of the digital delay generator allowed us to
tune the delay between heating and driving pulses by the electronic
method rather by the optical one. Moreover, this method allows
significant broadening of the range of delay variations (up to tens

of microseconds). This notably larger range of delay variations
becomes extremely useful once one considers the analysis of the
movement of not only molecular species but also the larger-sized
species (clusters, quantum dots, and even large nanoparticles) being
ablated on the surfaces of targets. The optical method of delay var-
iations used in previous studies of HHG in laser-produced plasmas
is useless in that case. The additional advantage of the proposed
method is the maintenance of the same characteristics of the driv-
ing beam entering the plasma volume.

The advancement presented in this study is the development of
the above approach, which is not restricted only with the technical
amendment yet demonstrated by other researchers but rather uses it
for the analysis of the dynamics of different morphological compo-
nents during laser ablation and their role in the conversion of IR fem-
tosecond pulses toward the XUV. The timeliness of this approach is
related to the recent studies of the role of different multiparticle species
during the enhanced harmonics generation in plasma.22 Notice the
absence of studies on the microsecond time scale of delays assuming
the hypothesis of the slower velocities for larger-sized species. The
only way to investigate this optimization is the application of the elec-
tronically driven delay variations. The importance of the suggested
approach can be further emphasized in the case of the multiparticle
systems.

Apart from this novelty, we demonstrated the analysis of ablated
molecular species for HHG. The example is presented in Fig. 3(b),
which shows that, at relatively strong ablation, the disintegration of
molecular species leads to optimization of HHG at different delays
attributed to the specific components of those molecules.

The well-developed three-step model of HHG in gases and plas-
mas29–31 can describe some peculiarities of our studies. The recombi-
nation time of the excited electron depends on the wavelength of the
driving femtosecond pulses. The resonance enhancement of single
high-order harmonic relies on the transitions of ions or atoms and
molecules possessing strong oscillator strength close to the wavelength
of some harmonics. This approach has been earlier summarized as a

FIG. 4. Variation of the optimal delay between the heating and driving pulses on
the molar weight of ablated molecules (empty circles). The theoretical fit is plotted
based on the kinetic theory of particle distribution by velocity (solid line).
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four-step model for the analysis of the observed peculiarities of single
harmonic enhancement in different plasmas.12,32,33 Meanwhile, in the
present case, the optimization of HHG was achieved through the anal-
ysis of the dynamics of plasma spreading rather than using the funda-
mental processes of HHG and resonance enhancement.

The present approach that allows the manipulation of the delay
between pulses by electronic rather than optical methods opens up
new opportunities in the analysis of the spreading of different compo-
nents of plasma. It also gives the clues on how and when large aggre-
gates, like clusters and quantum dots, can be involved in HHG. The
two-laser approach may open the possibility to electronically control
the delay time between ablating and driving pulses in the case of the
large nanoparticles spreading out from the ablated surfaces. Notice
that the details of the theoretical studies of velocity variations of the
species ablated from the materials possessing different molar weights
were reported in Refs. 24–28. Thus, the developed experimental
approach allows the broadening of the area of plasma component
studies through the nonlinear optical methods at longer timescales
from the beginning of plasma formation during laser ablation.

The importance of the new technique is justified with its applica-
tion for the studies of, for instance, the resonance processes in molecu-
lar plasmas, as well as the analysis of perovskite quantum dots and
large molecules. Since the developed approach allows the consideration
of slowly moving heavy plasma species, alongside the fast moving
atoms, the comparative studies of light and heavy plasma components
offer the analysis of different physical processes in plasmas. Among
them, one can consider the resonance enhancement of single harmonic
from variable plasma constituents, comparison of the efficiency of
quantum dot harmonic emitters possessing different masses, etc.

First, such an example is related to the resonance processes dur-
ing HHG, leading to the enhancement of the single harmonic over the
neighboring ones. The mechanism of resonance-induced enhance-
ment of single harmonic described by the four-step model32 allowed
determining the conditions at which this process occurs in the metal
plasmas such as In, Cr, and Mn.16 Earlier, only GaAs molecular
plasma has demonstrated a similar process when the 21st harmonic of
the 800nm pump showed a stronger yield than the neighboring har-
monics.34 Our present experiments with MoS2 plasma did not show
the resonance enhancement of single harmonic during the formation
of plasma at relatively small fluence of heating pulses [2 J cm�2;
Fig. 5(a), thick curve]. Meanwhile, similar experiments using the
atomic target (Mo) allowed the observation of the resonantly enhanced
25th harmonic, which was notably stronger than the 21st, 23rd, 27th,
and 29th harmonics [Fig. 5(a), thin curve].

This process was attributed to the closeness of the wavelength of
the 25th harmonic and the wavelength of Mo ionic transition possess-
ing large oscillator strength. The absence of a similar effect in MoS2
plasma was probably caused by the shift of the wavelength of the above
transition in this molecule out from the wavelength of the 25th har-
monic (k ¼ 32nm). The application of the two-laser scheme allowed
achieving maximal harmonic yields fromMo andMoS2 plasmas at the
delays of femtosecond pulses �300 and 400ns from the beginning of
the ablation of those materials [Fig. 5(b)]. The square root of the ratio
of molar and atomic masses of MoS2 and Mo (�1.3) approximately
corresponds to the ratio of the optimal delays for these plasmas, thus
confirming the above consideration of this process using different spe-
cies. The ablation of the molecular target at larger fluence of heating

pulses (4 J cm�2) led to broadening of the delay-dependent curve for
MoS2, thus indicating the partial disintegration of this molecule on
Mo and S components. The latter component does not notably influ-
ence the harmonic yield, while the appearance of Mo ions allowed
observation of the enhanced 25th harmonic, similar to the ablation of
bulk Mo target [Fig. 5(a), the thick curve]. Thus, the electronically
driven variations of the delay allowed analyzing the processes attrib-
uted to the modification of the ionic transitions of plasma components
leading to the enhancement of some harmonics, in contrast to the pla-
teaulike shapes of harmonic distribution commonly observed during
plasma HHG studies.

The second example of the application of the developed two-laser
HHG scheme is related to the analysis of the suitability of very large
aggregates for harmonic generation. Below, we analyze the delay
dependence of HHG in the plasmas containing the multicomponent

FIG. 5. (a) Harmonic spectra of Mo (thin curve) and MoS2 (thick curve) LPPs. (b)
Normalized 15th harmonic yields from Mo (filled squares) and MoS2 (empty circles)
at different delays between heating and driving pulses.

Physics of Plasmas LETTER scitation.org/journal/php

Phys. Plasmas 26, 100703 (2019); doi: 10.1063/1.5123244 26, 100703-5

Published under license by AIP Publishing

https://scitation.org/journal/php


CH3NH3PbBr3 perovskite quantum dots produced on the surface of
thin perovskite films by 1064nm, 5 ns heating pulses and appeared on
the path of femtosecond driving pulses at notably longer delays from
the beginning of ablation (�5 ls). The 150nm thick perovskite film
was prepared using the two-step method.35 Figure 6(a) shows spectra
of the harmonics generated in the plasma containing CH3NH3PbBr3
perovskite species appearing in the area of femtosecond pulse propaga-
tion at different delays. The analysis of plasma components appearing
during ablation of thin films was reported elsewhere.36 In the present
case, we used the two-laser system for analysis of the contribution of
different multiatomic perovskite species to the harmonic yield. The
strongest harmonics were observed at a delay of 800ns (thick blue
curve), while a relatively weak yield was obtained at a delay time of
6000ns (thin red curve). Figure 6(b) shows the variations of the 11th
harmonic yield from perovskite LPP at different delays between two

laser pulses. The increase in the delay between heating and driving
pulses led to a decrease in the harmonic yield, which was observed up
to 20 ls. No harmonics were observed at the delays exceeding 25 ls,
probably due to the notable decrease in the concentration of LPP.

In previous studies, the restriction of optically modified delays
did not allow analyzing the temporally modified contribution of the
molecules and their components to the high-order harmonic spectra,
particularly, the variations of resonance enhancement for different
plasma components. The demonstrated examples of the variable con-
tribution of molecules to high-order harmonic spectra reveal new
capabilities of the electronic delay technique, where an optical delay
will never be achievable.

In conclusion, the application of the two-laser system approach
allows analyzing the slowly spreading plasma, which contains molecu-
lar species, on a broad time scale by temporal matching with the prop-
agation of the driving femtosecond pulses through the plasma plume.
The advantage of HHG in the plasma created by the nanosecond laser
system digitally synchronized with the femtosecond laser system is the
delay-dependent analysis of the harmonic yield generated from differ-
ent components of plasma plumes. Our experiments have demon-
strated the dependence of the harmonic yield from different materials
on the delay between the heating and driving pulses. The optimal
delays for B4C, ZnO, GaP, GaAs, and Ag2S plasmas were determined
to be approximately 200, 300, 350, 500, and 700ns, respectively. These
variations of delays correspond to the t1 (m)0.5 dependence for both
molecular and atomic species. This diagnostic technique can be
applied to the analysis of the presence of nanostructures in LPPs
through HHG with a high spatiotemporal resolution. We have dem-
onstrated the applicability of the proposed method for analysis of the
resonance-enhanced harmonics in atomic and molecular plasmas (Mo
and MoS2) and for studies of the large perovskite aggregates as poten-
tial emitters of harmonics. This technique can also be useful for the
study of the contribution of different evaporated molecular species for
HHG using extremely short pulses. Additionally, the joint application
of the harmonic generation and mass-spectroscopy techniques can be
considered as a highly versatile tool for in situ diagnostics of the laser
plasmas containing a large population of the clusters, molecules, and
nanoparticles.
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