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ABSTRACT

Silver (Ag) is one of the important targets in the studies of high harmonic generation (HHG) in the laser-induced plasma due to the
relatively high conversion generation efficiencies and cut-off energy. In this work, we study the dependence of HHG in plasma plumes of
Ag as a function of various laser parameters, including intensity of ablation pulse, intensity and ellipticity of driving pulse, and the delay
between the two pulses. We identify the type of ion that dominates the measured HHG spectra by comparing the experimental data with
strong-field approximation simulations and classical calculations for Ag atoms, Ag", and Ag>* ions. We also perform a comparative HHG
study between the plasmas of bulk Ag target and the plasmas of a nano-powders target. It is found that the harmonic yields in the latter
case are higher over a wide range of the aforementioned laser parameters. The results also indicate that the number of nanoparticles in the
plasma generated from a nano-powder sample is indeed significantly greater than that in the plasma from the bulk sample.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054337

I. INTRODUCTION

High harmonic generation (HHG) from gaseous targets has
been demonstrated to be an attractive method to generate ultra-
short coherent radiation in the extreme ultraviolet spectral range
and attosecond pulses. ~ Over the last 15 years, laser-induced
plasma plumes produced from solid surfaces have been recognized
as alternative media for HHG.” '” It has been found that the gener-
ation efficiencies and cut-off photon energies vary significantly
among different target species, and interesting harmonic charac-
teristics have been observed. Moreover, several types of metal ions
give particularly strong intensity at some specific harmonic
orders'”™"” due to their electron resonance properties.'® Early
plasma plume HHG studies focused on using pure bulk solid metals
as the ablation targets. Recently, more complex targets have been
used, such as compound'” nanoparticles (NPs).'*~*' One of the chal-
lenges in the studies of plasma plume HHG is that it is often difficult
to identify which components in the plasma (neutral atoms, ions of
different charge states) contribute to HHG.

In this work, we present systematic investigations on HHG in
plasma plumes of silver (Ag). Ag is one of the important targets for
HHG because of the good generation efficiency and relatively high

cut-off energy compared with many other metal targets.””’ We mea-
sured the HHG spectrum as a function of various laser parameters,
including intensity of the heating pulse for ablation, intensity of the
driving pulse, ellipticity of the driving laser, and the delay between the
two pulses. By comparing the data with Lewenstein model simulations
and classical calculations for Ag atoms, Ag" and Ag>" ions, we infer
which species dominate the measured harmonic spectra.

In addition to using plasma from the bulk Ag target, we also
perform the same HHG measurements with plasma from a target
composed of Ag NP target. We observed that the overall harmonic
yield from the NP sample is consistently higher than the yield from
the bulk sample over a wide range of the laser parameters. We also
found that HHG from the NP target survives at larger values of the
heating pulse-driving pulse (HP-DP) delay (and with higher yield)
compared with the bulk sample, which is evidence that shows that the
number of NPs in the plasma generated from the NP sample is indeed
significantly greater than that in the plasma from the bulk sample.

Il. EXPERIMENTAL DETAILS

The studies used a Ti: Sapphire chirped-pulse amplifier (CPA)
system operating at 800 nm, 35 fs, with a repetition rate of 1 kHz as
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the driving laser for HHG. The laser-induced plasma (LIP) is pro-
duced by irradiating the target surface with heating pulses (HPs)
(i.e., the pulses used to create the plasma plumes by laser ablation
of targets). Two types of HPs are used: nanoseconds (1064 nm,
5ns) and picoseconds (800 nm, 200 ps) pulses. The nanosecond
HPs are produced from a Nd: YAG laser, which is electronically
synchronized to the CPA laser system, whereas the picosecond HPs
are obtained simply by splitting a small fraction of the amplified
laser pulse beam in the CPA system before temporal compression.
The optically driven delays between the picosecond HP and femto-
second driving pulse (DP) originated from the same CPA system
are fixed at 80 ns. However, in the case of nanosecond HP, the
HP-DP delay is controlled electronically using an external delay
generator (Stanford Research Instrument, DG535) triggered by the
controller of the CPA system. In either case, the HPs were focused
on the sample surface using a lens of a focal length of 200 mm
(1/¢* beam radius at a focus for picoseconds beam of 71 um and
nanoseconds of 34.5 um). The DPs are focused using a lens with a
focal length of 500 mm (1/e* beam radius at focus of 43.5um)
propagating parallel to the sample surface and perpendicular to the
propagation axis of the HPs, as shown in Fig. 1. The harmonic
yield is optimized by adjusting the distance between the target and
the optical axis of propagation of the DP and by varying the focal
position of the HP. The generated harmonics emission enter an
extreme ultraviolet (XUV) spectrometer which consisted of a cylin-
drical mirror and a 1200 grooves/mm flat field grating with variable
line spacing. XUV signal is detected using a microchannel plate
with a phosphor screen, and the fluorescent light on the screen is
imaged by a CCD camera.

ARTICLE scitation.org/journalljap

I1l. RESULTS AND DISCUSSION

The results and discussion of this paper contain two parts: the
first part describes the experimental and theoretical calculations of
HHG from the LIP of the bulk Ag target with various laser param-
eters including the intensity of HP, intensity, and ellipticity of DP.
The experimental data are recorded using ps HPs. In the second
part, we compare HHG in the LIP of bulk Ag and the LIP of nano-
powders as a function of the laser parameters considered in the
first part. We also use the ns HPs to investigate the dependences of
harmonic yield on the HP intensity and the delay between the HP
and DP.

A. Harmonic'’s spectra produced from LIP of bulk Ag
and theoretical simulations

The 2D color plot in Fig. 2(a) shows the HHG spectra gener-
ated from the Ag plasma as a function of DP intensity. The ps HP
intensity (I,) is fixed at 7.4 x 10° W/em? The lower-order har-
monics in HHG spectra are stronger at a low DP intensity, whereas
the overall harmonic yield increases with the DP intensity. It is
observed that as the DP intensity (I) reaches 2.4 x 10" W/cm? or
higher, the spectrum possess a plateau-like pattern from 13H to
43H. It should be noted that the plasma plumes usually contain
ions of different charge states and, in principle, they could all con-
tribute to the measured harmonic spectra. Currently, we do not
have the experimental capability to perform in situ measurements
of the spatial-temporal distribution of the densities of different
ions in the plasma plumes. Nevertheless, from calculations, we
could estimate on the contributions from ions of different charge

Plasma plume
Target
chamber
A 47H
208 Ad

HP

M

33H

XUV Y
chamber Grating
23H 17H 13H 1IH  9H

NI O I

FIG. 1. Experimental setup for high order harmonic generation, from laser-induced plasma of targets (T: Ag bulk, 20 nm NPs), DP: driving pulse 800 nm, 35fs, HP:
heating pulse, 200 ps (800 nm), and 6 ns (1064 nm), L1—L2: lens, corresponding focal lengths f; = 500 mm, f, =200 mm, respectively. S: slit, CM: cylindrical mirror, MCP:
microchanne! plate. The color panel shows HHG spectra at a driving pulse intensity of 4.5 x 10" W/cm?, ps HP intensity of 6.0 x 10° W/em?, for bulk and NPs.
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FIG. 2. (a) 2D color map of HHG spectra for various DP intensities W|th|n the
range of 0.6 x 10" W/em? to 4.8 x 10" W/em? for Ag bulk, at fps = 7.4 x 10° Wicm®,
Calculated HHG spectra at different DP intensities for (b) Ag atoms, (c) Ag” ions,
and (d) Ag2+ ions. For visibility, each spectrum is displaced from the other
vertical by an arbitrary unit.

states. Using the Perelomov-Popov-Terentev (PPT) formula of
ionization rate®® (which is applicable for ionization in both multi-
photon and tunneling regime)”’ to estimate the ionization proba-
bilities of neutral Ag atoms, Ag" ions and Ag>" ions, it is found
that the ionization probability of Ag and Ag" approaches 100%
(saturation) when the laser intensity reaches 2 x 10" and
2.5 x 10" W/cm?, respectively. As for Ag**, the ionization probabil-
ity is still only about 4% at the highest DP intensity in our experi-
ment. At first sight, one might expect that the measured harmonics
spectra should be dominated by the contributions from neutral Ag

ARTICLE scitation.org/journalljap

and Ag" due to their high ionization probabilities. But, if the ioni-
zation process saturates too rapidly (that is, the ground state popu-
lation is depleted way before the atom/ion experiences the central
peak portion of the laser pulse), the HHG process would become
ineffective. Recall that from Lewenstein model,”” HHG is a three-
step process: (i) ionization by the strong laser field, (ii) acceleration
in the laser field, and (iii) recombination with the parent ion and
emission of a high energy photon. Therefore, photons could not be
generated if ionization could not take place (due to the depletion of
the ground state). In other words, if depletion occurs too rapidly,
effective interaction could only occur during the very front rising
edge of the laser pulse. Therefore, the HHG process would not be
effective if the DP intensity is much higher than the ionization sat-
uration intensity.

Figures 2(b)-2(d) show the calculated harmonic spectra in Ag,
Ag', and Ag *' at different DP intensities using Lewenstein’s
model. In the calculation, the GSZ potential of different parameters
is used to mimic different ions.”’ The laser pulse has a flat-top
shape with a two-cycle ramp up. As shown in Fig. 2(b), no visible
harmonic peaks are seen from Ag within the energy range of our
interest due to the aforementioned problem of ionization depletion.
A similar problem existed in the case of Ag" when the DP intensity
is at 3x 10" W/cm? or above [shown in Fig. 2(c)]. On the other
hand, however, for Ag2+, if the DP intensity is too low, then the
ionization probability is also too low to support HHG. But as
the intensity is increased to higher than 2 x 10'* W/cm?, many
high order harmonics are generated. From these results, it
appears that the contribution of Ag atoms, Ag" and Ag ** to the
measured harmonics spectra is dependent on the DP intensity.
At I=0.6 % 10" W/cm?, the harmonics are generated due to
the contribution of Ag", and the contribution of Ag"™ dominated
up to Ix=24x10""W/cm>. Ag>" contribution initiated at
1.8 x 10"* W/cm? having the harmonic spectra 31H to 57H, with
further increase in I, up to 4.8x 10" W/cm? the harmonics
spectra are expanded toward higher cutoff, as marked in Fig. 2(c).
The obtained harmonic cutoff for Ag bulk and the theoretical
cutoff for Ag atom, Ag* and Ag®*, is shown in Fig. 3. It is
observed that the experimental cutoff is about half of theoretical
cutoff obtained from simulations for Ag' and Ag** ions at
various values of Iy. It might be possible that the main influence
to the restriction of cut-off energy was instigated by the self-
defocusing of DP.”

Studying the influence of the DP ellipticity (e) to the HHG
spectrum also reveals the contributions of different ions. The DP
ellipticity (e) is defined as the ratio between the field amplitude of
the two orthogonal components of the laser field, that is,
€ = Ey/E,y, where E(t) = Eypcoswt ¥ +E yosinwt y. Figure 4(a)
shows the harmonic spectrum as a functlon of € (with fixed DP
and HP intensities I =4.5x 10'* W/em? I, =7.5x 10" W/cm?).
As expected, it was found that the intensity of all harmonics
decreases as the magnitude of £ increases from zero. From Fig. 4
(a), we have taken the yield of each harmonic as a function of €
and applied Gaussian fits to the intensity of harmonics-vs-e data
for each harmonic and obtained the half-width-at-half-maximum
(HWHM) values of the fitted curves. Here, we refer to the fitted
HWHM value as the threshold ellipticity €y, Physically, threshold
ellipticity (eq,) denotes the ellipticity value at which the generated
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1/2 values of Theosetical T quantum trajectories. In brief, the procedure is to first calculate the

Experimental @ Ac | excursion times of the electron trajectories for each return energy

100 ==Ag bulk @ A? /A and then evaluate the corresponding values of ey, under the
{ Theoretical % 1 assumption that the distribution of initial transverse momentum of
80 =B=Ag atom / 1 the electron p, is given by the Perelomov-Popov-Terentev (PPT)
/A theory of strong-field ionization.”® Three sets of calculated results

1 are presented in Fig. 4(b), one is for harmonics generation from Ag

atoms (short dotted line), the second one is singly charged silver
ions (solid line), and the other is for doubly ionized silver (dotted-
dashed line). Overall agreement between experiment and theory for
ions is observed, and the fact that the agreement is better with the
calculations for ions supports the assumption that the measured
harmonics between 15H-24H and 27H-47H are indeed mainly
contributed by Ag" for and Ag®*, respectively. In addition, from

n
S
1

Harmonic order cut-off
[\ N
< <

0 1x10" 2x10"™ 3x10™ 4x10™ 5x10"
Driving laser intensity (W/cm?)

FIG. 3. Experimental and theoretical harmonic cutoffs obtained from Fig. 2.

harmonic yield is half of the yield in the case of a linearly polarized
driving field. Figure 4(b) shows the fitted values of ey, as a function
of harmonic order for Ag bulk (spheres with the solid line). The
overall trend of decrease is the indication of the properties of classi-
cal dynamics of electron recollision.

The theoretical values of €y, with respect to harmonic energy
using a semi-classical formulation reported in Ref. 33 by assuming
that calculated harmonics are mainly contributed by the short
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FIG. 4. (a) Harmonic spectrum from Ag plasma as a function of DP ellipticity
and (b) threshold ellipticity as a function of harmonic order. Filled sphere: fitted

values from experiments. Predictions from the classical calculations for Ag FIG. 5. SEM images of Ag NPs: (a) dispersed on a flat substrate and (b) after
atoms (dotted line), Ag+ ions (solid line), and Ag?* ions (short dashed-dotted being compressed to form a pellet-shaped target. The insets show the size dis-
line). tribution range of nanoparticles.
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calculations of strong-field ionization probability, we also expect
that Ag atoms would not contribute significantly in the higher-
order range (15H-47H) of the measured spectrum.

B. Comparison between the HHG in the LIPs of bulk
Ag bulk and Ag NPs

1. Morphology of the NP sample

We used commercially available (purity >99.95%) NP powders
of a spherical shape. To inspect the nanoparticles, we used them to
prepare a solution and then coated it on a silicon substrate for SEM
imaging. Figure 5(a) shows SEM images of the NPs on the silicon
substrate. The histogram shows the diameter distribution of the
NPs in the image, which is ranged between ~10 and 30 nm with a
mean value of 20 nm.

The target samples for the HHG experiments were prepared
by using a hydraulic press to compress the NP powders to form a
pellet of a diameter of 10 mm and a thickness of 1 mm. Unlike pre-
vious studies where the samples were prepared by mixing NPs with
polymers (glue), this method ensures that the LIP is free of
unwanted substances from the polymers. Figure 5(b) shows an
SEM image of the sample surface. It can be seen that some NPs are
aggregated due to the external pressure applied. However, majority
of NPs well separated and having a mean size of ~20 nm.

2. Harmonics spectra produced from LIP ablated
by picoseconds pulses

Figures 6(a)-6(f) show the harmonics spectra comparison
between bulk and NPs of silver at three different DP (at fixed

DP intensity dependence
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Iy=7.4x10°W/cm®) and HP (at fixed I;=4.8x10" W/cm?)
intensities, respectively. The higher order harmonics (i.e., >33H)
present only when I is at least 3.0 x 10" W/cm?®. The intensities
of 9H and 11H for NPs LIPs have almost 3.5 and 1.5 times higher
than bulk at Ir,=0.6 x 10'"* W/cm? The harmonics yields from
NPs are considerably higher compared to bulk in most cases,
especially for high orders. Figure 7(a) compares the yield of 9H,
15H, and 33H between bulk and NPs with respect to different
intensities of DP. It is known that the intensity of the harmonic is
proportional to the density of plasma plumes. Therefore, by con-
sidering the intensities of harmonics, it is assumed that during
the laser ablation NPs forms denser plasma than bulk.
Meanwhile, at Ir;=4.8 x 10'* W/cm?, the harmonics intensities
from 9H to 49H are relatively stronger for NPs (cutoff 49H) than
Ag bulk (cutoff 47H), and NPs harmonics spectra show a plateau
pattern from 9H to 43H. Therefore, at Iy, =4.8 x 10" W/cm?, the
contribution of HHG mainly from Ag**, which also supports by
theoretical simulation harmonic spectra shown in Fig. 2(d). At a
fixed DP intensity (I =4.8 x 10" W/em?), we further study the
dependence of harmonic intensities as a function of ps HP inten-
sity between 1.8 x 10° and 1.2 x 10'° W/em?. Figures 6(d)-6(f)
show the HHG spectra from Ag bulk and NPs at three different
HP intensities. It is interesting to note that at a lower intensity of
HP, the NP LIP generates stronger harmonics (almost ten times)
than bulk. It is likely because the NP ejection and plasma plume
density is higher from NP target. Figure 7(b) shows the 15H yield
for bulk and NPs, and their intensity ratios (NPs/bulk) as a func-
tion of I It clearly indicates that the harmonic yield of NPs is
higher than that of bulk. However, the ratio between the harmon-
ics yields gradually decrease (shown in Fig. 7(b), right panel:

ps HP intensity dependence
4|9H 3|3H 2|5H 1|9H 1|5H 1|3H 1|1H 9|H

(d)
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FIG. 6. Harmonics spectra from the plasmas of Ag bulk and 20 nm NPs with DP intensity (f) at () 4.8 x 10™ Wiem?, (b) 2.4 x 10" W/em?, and (c) 0.6 x 10" W/cm? at a

fixed Jys = 7.4 x 10° Wiem?, for at ps HP intensities (I,s) at (d) 6.0 x 10° Wicm?, (e) 3.0 x 10

W/em?, and (f) 1.8 x 10° Wiem?, at a fixed /s = 4.8 x 10" W/cm?, respectively.
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spheres with solid line) as I, increases. The harmonics yield satu-
rates after ~I,s=6.0x 10° W/cm® for both targets. The solid, lines
represent exponential fits using the equation y = y, — Ajexp (l—ﬁ
of data points for bulk and NPs, respectively. The targets ablating
with higher intensities likely lead to more free electrons in the
plasma plume, which limited the HHG efficiency. Therefore, the
enhancement in the harmonics yield does not further increase.
Meanwhile, NPs LIP induces 1.2 and 2.5 times higher intensity at
11.85 x 10° W/cm® and 3.0 x 10° W/cm?, respectively, than the bulk
LIP. Figure 7(c) shows the obtained cutoff for NPs compared to bulk
(data taken from Fig. 3). The harmonic cutoff is increased with
intensity of DP and it is almost the same for both samples
(~2 orders high for NPs).
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Also, we measure HHG spectrum as a function of driving
ellipticity and extract as a function of harmonic order, as shown in
Fig. 7(d). The results from the bulk Ag are also plotted together for
comparison. The behavior is similar to each other for most of the
harmonic orders.

3. Harmonics spectra produced from LIP ablated
by nanoseconds pulses

The characteristics and dynamics of LIPs are extremely reliant
on laser pulse duration, since it strongly affects the process of
energy absorption, heating, and ablation. According to previous
studies,”* ™ the spatial-temporal distribution of the plasma plumes
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FIG. 7. (a) Yield of 9H, 15H, and 33H for Ag bulk and 20 nm NPs as a function of DP intensity; (b) 15H yield for bulk and NPs, and ratio (NPs/bulk) of 15H as a function
of HP intensity, red and black solid lines represent the exponential fits; (c) harmonic cutoff energy as a function of DP intensity for bulk and NP target; and (d) harmonics
spectra as a function of threshold ellipticity, spheres, and open circles with solid line represents experimental data for Ag bulk and 20 nm NPs.
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produced by long laser pulses are distinctively different from that 23H 19H 17H 15H 13H 11H 9H
of the plumes produced by short laser pulses. For instance, Verhoff (a|) 100 'ns — ' ! '
et al.”* showed that fs LIP exhibited narrower angular distribution 2000 -
of ions and evaporated mass in comparison with ns LIPs. That is, 1000 N !E;lsk
the plasma expansion angle in the case of fs ablation is smaller |
than plasma produced by ns pulses. 0 A, oD

Figure 8 shows the harmonic spectra from LIP of bulk and
NPs recorded at intensities of DP, I, = 1.8 x 10'* W/cm? and HP [(b) 400 ns

Ins = 4.2 x 10'° W/cm? with various delays between the HP and DP.
An obvious common feature is that the cutoffs of the harmonic
spectra are significantly lower than the case of ps HP presented in
Sec. II. It could be treated as an indication that the ion density of

LIP produced by long pulses is indeed significantly lower than that 4000 _(c) 600 ns 1

by short pulses, as mentioned. Nevertheless, the harmonic yield s

from Ag NPs is still significantly higher than that from bulk Ag. 2000 - J‘ lj\‘ 1
The yields of 11H as a function of delay for both targets are 0 [ A J\ J \

shown in Fig. 9. The harmonic yield is peaked at 400 ns delay for ( d.) e —

both cases. It is noteworthy that not only the yield from the NPs is 900 - —1000 15

higher, but also it is extended up to longer delays (up to ~1500 ns)

Harmonics intensity (a.u.)

W
(=B
[T
S O

F I 150005 AgNPs

compared to bulk Ag (up to ~800 ns). We believe that the exten- 450
sion of the delay time is an indication of the presence of a signifi- ¥

f NPs in the pl lume. Typically, LIPs f 0 — ' ' ‘ ' ' ‘
cant number o s in the plasma plume. Typically, s from 20 0 50 0 0 20 90 100

solids not only contain isolated atoms and ions (monomers) but
also contains some clusters of atoms or NPs. However, compared
with monomers, the emission of NPs usually happens later, and
their emission velocities are also slower. Therefore, the harmonics-
generated at a longer delay time (a few hundred nanoseconds or
longer) should be mainly contributed by nanoparticles in the

Wavelength (nm)

FIG. 8. Harmonic spectra from the plasmas of bulk Ag and Ag 20 NPs for some
of the delays between ns HP-fs DP at (a) 100 ns, (b) 400 ns, (c) 600 ns, and
only for Ag 20 NPs (dg at 1000 ns and 1500 ns delays, at = 1.8 x 10" W/em?,

2 10
plasma plume. Therefore, the fact that HHG from the LIP of NP s =418 x 10 Wiern".

sample survive at a longer delay time (and higher yield) compared
with bulk sample is evidence which indicates that the number of
NPs in the LIP generated from NP sample is significantly greater
than that in the LIP from the bulk sample.

In both cases, the maximum harmonic yield is obtained at
400 ns delay, which implies that a large portion of the particles in
the plasma plume arrive at the focal point of the DP at that time.
The velocity of this group of particles could be estimated simply by ' T ' T " T " '

19H (42.1nm) and extended up to 25H (32nm) for Ag NPs at
I =4.8 x 10" W/cm? at similar I, = 4.18 x 10" W/cm?. Figures 10(c)
and 10(d) show HHG spectra from plasma plume of bulk and
NPs at I, 4.8x10'*W/cm? with respect to I, at 8.3 and

dividing the lateral distance between the DP and the sample surface 6000 - :En/ 2.0x10%/Q distance
(0.2 um) by the delay value, which gives 0.5 x 10> m/s. It is close to $ 1.5x10° x ~ 200 ym
the value obtained in a previous HHG study.17 The calculated 5000 - .g’_ 1.0x10° 4
velocities at different delay times for a fixed distance of 0.2 um is = g 5.0x10% \°°o
shown in the inset of Fig. 9. ) z 9220000

The harmonic yields are analyzed in the range of 100—1500 ns e 4000 8 300 600 900 12001500
delays, which were significantly higher within the 200—800 ns — g Delay between
range for NPs. In the case of both targets between delay range of 45 3000+ ns HP and fs DP (ns)
100—800 ns, our observations it indicates that at optimal ablation > .
of atoms and clusters, the laser-induced plasmas produced on the § 2000 - ]
surfaces of different silver contained species spread out from 8
targets with the comparable velocities. Between 900 and 1500 ns R= Ag Bulk .
delay range, HHG spectra of NPs indicates that, during the laser 1000
ablation of NPs comparable high sized clusters of nanoparticles are
produced than the bulk ablation and which are responsible for the 0
generation of harmonics. 200 400 600 800 1000 1200 1400 1600

Figures 10(a) and 10(b) show HHG from plasma plume
(at 400 ns delay) of bulk and NPs at I,,=4.18 x 10" W/em? with
respect to I=1.8x 10 W/cm? and 42x10™W/cm? It was
observed that at Ir,=1.8 x 10" W/cm? the harmonics is limited to

Delay between ns, and fs o (ns)

FIG. 9. Dependence of the H11 on the delay between HP and DP.
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12.5x 10" W/cm®. It was observed that the increment in the
I,s the harmonic yields shows decrement as compared to
I,.=4.18 x10'" W/cm? It seems that 4.18 x 10'° W/cm? is the
threshold intensity of nanoseconds pulses to ablate the silver targets.

It is observed that the plasma produced using ps HP leads to a
higher harmonic than the ns HP. At Ir,=1.8 x 10'* W/cm? in the
case of both ps [Fig. 2(a), 1.8 color panel] and ns LIP [Fig. 10(a)]
the intensity of harmonics shows a similar pattern, i.e., 9H intensity
is high and further order 11H to high harmonics intensity gets
lower. As we mentioned above, the ns LIP plumes possess spherical
expansion, whereas ps LIP plumes are close to the cylindrical
expansion with narrower angular distribution of ions. Moreover,
the beam size of the psy, (71um) is higher than nsy, (34.5um)
and the interaction length between the DP and plasma is longer in
the case of ps LIP. Therefore, in the case of ps LIP, there is a high
probability of excitation of a higher density of ions. ns LIP contains
more number of Ag atoms than ions. Therefore, a higher cutoff
and maximum yield is obtained for ps LIPs. Based on quantum
mechanical simulations, it is obtained that the Ag atom produces
lower-order harmonics, and Ag+ and Ag*" ions lead to extension
of the higher orders. Also, it is important to notice that the inten-
sity of harmonics for silver NPs is considerable higher than bulk
Ag and this is consistent with the results in Ref. 37.

IV. CONCLUSION

We have demonstrated the experimental and theoretical
approach for responsible plasma components for the generation of

(c) _

90 100

higher-order harmonics using 800 nm, 35 fs driving laser pulses.
The study consists of optimal driving pulse intensity and ellipticity
of driving pulse describes the contribution of Ag atoms, Ag" and
Ag®" ions, toward the generation of HHG spectra from silver
plasma. Furthermore, we have made a systematic comparison
between HHG produced from plasma plumes of Ag bulk and
20 nm NPs. This indicates that the tunability of harmonics can be
achieved between 9H-19H, middle (15H-35H), and total harmonics
(9H-49H) of HHG spectra from LIP of bulk and NPs, by varying
the driving and heating pulse intensities. In the case of ps LIP, the
order of the harmonics extended up to the 49H (16.32 nm) of DP.
In both cases of LIP by ps and ns, it is found that the harmonic
yield and cutoff of harmonics are suggestively improved for NPs as
compared to the bulk material. In the case of ns LIP, the harmonic
cutoff is extended to 41H, however, the harmonics yield is higher
for the lower-order region (9H-17H) than the 19H-41H. The Ag
bulk produced the harmonics spectra up to 800 ns, whereas the
NPs extended delays until 1.5 us, and both samples have maximum
intensity at 400 ns delay, which is an indication that the LIP gener-
ated from the NP samples contains significantly more NPs com-
pared with the LIP from the bulk sample.
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