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A B S T R A C T   

Silver plasma plume is one of the potential sources for high-order harmonics generation (HHG) using a driving 
pulse of 800 nm (Ti: S laser system). The harmonic intensity (yield) and cut-off are significantly affected by 
ablating laser pulse duration. This work extended the harmonics generation using silver [bulk and nanoparticles 
(100 nm and 20 nm)] plasma plumes ablated by fs laser pulses. The shorter pulse duration of fs pulses leads to 
enhanced ions’ density, which improves the harmonics’ intensity and cut-off (65H). Moreover, the experimental 
harmonic cut-off for Ag+ is precisely matched with the theoretical cut-off. In Ag2+ ions, the experimental cut-off 
is ~1.3 times less than the theoretical cut-off. In addition, we have measured the harmonic spectra of samples 
using negatively and positively chirped 135 fs driving pulses and compared them with chirp-free 35 fs driving 
pulse harmonic spectra. The negative and positive chirps of the pulses lead to blueshift and redshift of the 
harmonic’s spectra, with an increase of intensity of low (9H–15H) and higher (17H–41H) range harmonics, 
respectively. However, the comparison between bulk and nanoparticles (NPs) studies proved that the smallest 
NPs possess larger HHG efficiency. The present study highlights the selection of short pulse duration, i.e., fs 
pulses as driving and ablating laser pulses, for enhancing the yield and cut-off of harmonics for next-generation 
table-top XUV light sources.   

1. Introduction 

High harmonic generation (HHG) from laser-induced plasma (LIP) 
plumes created from solid materials have been widely studied over the 
past decade [1–8]. The efficiency and cut-off photon energy of emitted 
harmonics varied significantly based on different materials, also 
depended on the plasma plumes characteristics [9–15]. The ablating 
laser parameters (wavelength, pulse duration, energy) and ambient 
environmental conditions significantly influence the plasma plume 
characteristics. In our earlier work, we have demonstrated the HHG 
from silver plasma ablated by ns and ps pulses [16]. In the present 
report, for the first time, we have shown the advantages of fs heating 
pulses (HP) to create the plasma plumes in terms of intense high order 
harmonics with higher cut-off than ns/ps HPs reported in earlier studies 
[17–21]. The fluence we used for ns, ps (in our earlier work [16]) and fs 
(current work) is almost similar. However, the ablation intensities of 
these pulses have differed from the 1:103:106 ratio. But the higher cut- 
off and intense harmonics were achieved in the case of plasma plume 

produced by fs pulses (fs LIPs) due to the high density of plasma 
components. 

Verhoff et al. showed that the fs LIP extension dynamics are 
expressively changed, i.e., having a narrower angular distribution of 
ions and evaporated mass than ns LIP [22]. The expansion length for fs 
LIP is 10 mm, whereas it is limited to 2.5 mm for ns LIP. Similarly, for ps, 
plasma expansion angle can be smaller (volume is less, i.e., density is 
increased) and having a narrower angular distribution of ions than the 
ns LIPs. Therefore, the order of density of plasma plumes (having a 
higher number of ions) is expected to be fs LIPs > ps LIPs > ns LIPs. A 
similar order was achieved for harmonics cut-off and intensities in the 
present and earlier work [16]. 

The present report estimated the Ag+ and Ag2+ contribution in 
measured HHG spectra obtained from fs LIPs. The attained harmonics 
intensity and cut-off were compared with ps LIPs for silver bulk and 
nanoparticles (NPs). In both fs LIPs and ps LIPs cases, we measured the 
harmonics spectra of silver at driving pulse (DP) intensity between 0.6 
and 4.8 × 1014 W/cm2 range. In the case of fs LIPs, the experimentally 
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obtained cut-off is matched with Lewenstein model simulations and 
classical calculations from Ag atom, Ag+, and Ag2+ ions reported in Ref 
[16]. In addition, we have shown the effect of positive and negative 
chirps of DP on the emission of higher-order harmonics. Earlier, several 
research groups reported the HHG from various materials (solids), LIPs, 
and gas jets [23–32]. In particular, Ganeev et al. demonstrated the HHG 
from Ag plasma using chirp-free 48 fs and chirps from − 165 fs to +260 fs 
(’− ’ and ’+’ sings corresponding to negative and positive chirps, 
respectively) and shown the corresponding shifts of 47H [33]. In this 
case, they created the silver plasma plumes using 300 ps pulses. How
ever, in this work, we demonstrated the HHG studies using DP of chirp- 
free 35 fs and negatively (− ) and positively (+) chirped 135 fs pulses 
using corresponding fs laser pulses as HPs. 

Earlier researchers have explored the different sizes of NPs for HHG 
studies ablated by ns and ps laser pulses. Here, we would like to clarify 
and elaborate on the motivation to select specific sizes of NPs in this 
report (i.e., the comparison between bulk Ag and NPs). Over the last few 
years, HHG in the LIPs generated from different NPs have been studied 
(e.g., the review article [34] and the references therein). Some studies 
found that one main advantage of using NPs is that they give higher 
HHG yields [21]. However, in some other works, it was found that the 
HHG yield from bulk solid was higher [20]. Earlier studies also 
demonstrated that the lowest NPs possess better efficiency of harmonics. 
Therefore, to clarify the above peculiarities, we have selectively chosen 
the commercially available Ag (purity > 99.95%) NPs powders of 
smaller size with 20 nm and results are compared for bulk and five times 
larger NPs (100 nm), respectively. Overall, the present report reveals the 
advantages of shorter pulse durations (fs pulses) to create the plasma 
plumes for the promising potential application for the next generation of 
table-top XUV light sources [35–39]. 

2. Experimental details 

Fig. 1(a) shows the schematic layout for the HHG setup. Ti: S laser 
system (Spectra-Physics) provides 800 nm, 35 fs, 1 kHz laser pulses. The 

HHG measurements were carried out at a 300 Hz repetition rate 
because, at 1 kHz, the harmonics spectra rapidly saturate in the case of fs 
LIPs. We have used chirp-free 35 fs pulses and ±135 fs pulses as the 
driving laser beams. The chirped pulse was obtained by changing the 
distance between compression gratings. The pulse duration (τp) was 
confirmed by autocorrelator (PulseScout PSCOUT2-NIR-PD, Spectra- 
Physics). The negatively (− ) and positively(+) chirped pulses have 
similar spectral components with chirp-free 35 fs pulses, but they 
possess temporal broadening. The spectral distribution of chirp-free 35 
fs pulses and ±135 fs chirped pulses are shown in Fig. 1(b), which 
confirms that the chirp of laser pulses does not affect the central 
wavelength. 

In the XUV region, the HHG spectra between 10 and 100 nm range 
were collected using the same XUV spectrometer as in [16,40]. The LIP 
is created by ablating the target with identical laser pulses as HPs in the 
first vacuum chamber (Target Chamber). The delay between DP and HP 
was fixed at 80 ns by extending the path length of DP using additional 
optical mirrors. The targets consist of bulk silver (99.99% Ag, DK Nano, 
China) with a 1 mm thickness of 10 mm × 10 mm. The NPs sample target 
was made like a pellet of diameter 10 mm and thickness 1 mm by a 
simple compression method without mixing with other substances. This 
method ensures the ablated plasma plume is free of unwanted sub
stances from the polymers. 

The emitted harmonics from LIPs of the target were allowed to the 
second vacuum chamber (XUV chamber) by passing through a narrow 
slit (controlled by vertical and horizontal axes and opened for ~2 mm) 
which maximum blocks the fundamental radiation and a large amount 
of incoherent plasma. The XUV chamber consists of gold-coated cylin
drical mirror (CM), flat-field grating (FFG) [1200 grooves/mm, Hitachi] 
and microchannel plate (MCP) to guide the harmonics. After passing 
through the slit, the harmonics were directed to fall on CM and reflected 
to FFG. The MCP (in XY plane) was placed perpendicular to the FFG (in 
ZY plane), which provides the focused image translation of dispersed 
harmonics along the plane to obtained the sharp image of harmonics 
distribution along with the whole spectral range and the fundamental 

Fig. 1. (a) Experimental setup. T: Ag bulk, NPs (100 nm, 20 nm), (b) the spectral distribution of driving pulses, and (c) the spectral distribution of harmonics for bulk 
and NPs at IDP = 4.8 × 1014 W/cm2, IHP = 6.2 × 1014 W/cm2

. 
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beam was blocked with blocker B2. Finally, the HHG spectra were 
collected using the charge-coupled device (CCD) camera, placed outside 
the XUV chamber. 

The ultrashort laser pulses create a crater during the ablation of 
metal targets. The depth will be high in the case of fs laser ablation [41]. 
During the HHG measurements, we have recorded ten spectra for one set 
of data and presented the average of them. Depending on the intensity of 
HP (IHP), the surface of the targets emits a bright plasma plume while the 
DP propagates through it and emits the harmonics. Initial few shots of 
ablation intense harmonics are obtained, further ablating on the same 
position signal is lost. Because the focus position is changed and a high 
intense ablating laser pulse damages material. Therefore, it is necessary 
to expose the HP to the new surface of the target; for this, we have 
moved the sample in a vertical direction to collect the next set of data. 

We have observed the incoherent plasma emission during the abla
tion of targets using fs pulses with the fluency of 21.7 J/cm2. However, 
by controlling the slit width, most incoherent plasmas were blocked, and 
the remaining plasma, along with harmonics, entered the XUV chamber. 
Further, the incoherent plasma is secured by keeping the extra blocker 
(B1) behind the gold-coated cylindrical mirror is shown in Fig. 1(a). This 
blocker also stops the scattering of light from flat-field grating. After 
taking these precautions, the intensity of harmonics is much stronger 
than the incoherent plasma, which is slightly visible in the background 
of measured harmonics spectra. Meanwhile, the HHG spectra also 
consist of a little stronger second-order diffraction patterns from the 
grating. In the case of 20 nm NPs spectra, these diffraction patterns are 
visible between 9H and 27H, and two spots surround each harmonic, as 
shown in Fig. 1(c). 

3. Results and discussion 

3.1. Effect of driving pulse (35 fs) intensity on HHG from silver plasma 

3.1.1. Comparison of HHG spectra with ps LIPs and fs LIPs 
Fig. 2(a–c) shows the 2D color plot of HHG spectra from fs LIPs of 

bulk and NPs (100 nm, 20 nm) with regard to change in DP intensities 
(IDP), with a fixed IHP = 6.2 × 1014 W/cm2, respectively. The cut-off and 
intensity of harmonics are increased with growth in IDP. It is observed 
that as the IDP reaches 2.4 × 1014 W/cm2 or higher, the spectrum pos
sesses a plateau-like pattern from 13H to 55H. In general, plasma plumes 
commonly comprise atoms and different charge states of ions, contrib
uting to HHG. The calculated harmonics spectra for silver within the 

range of IDP = 0.6 to 4.8 × 1014 W/cm2 were presented in our earlier 
work [16]. The results indicate that silver plasma components, i.e., 
atoms, Ag+ and Ag2+ ions, are responsible for the generation of har
monics in three different ranges of IDP, i.e., up to 1.2 × 1014 W/cm2 Ag 
atoms and 1.2 to 1.8 × 1014 W/cm2 range Ag+ ions and higher than 1.8 
× 1014 W/cm2 Ag2+ ions are contributed towards the generation of 
harmonics. In the present case, the spectra shown in Fig. 2 with respect 
to different IDP indicate that Ag atoms, Ag+ enhance the harmonics be
tween the harmonics orders 9H–17H, and 17H–41H, respectively. 
However, the total harmonics spectra, i.e., 9H–65H, mainly contribute 
from Ag2+ ions at higher IDP. 

Fig. 3 illustrates the theoretical cut-off of harmonics from Ag+ ions 
(open circles) and Ag2+ ions (open upper triangles) and experimentally 
obtained cut-off for bulk and NPs in the case of fs LIPs and ps LIPs. The 
cut-off of ps LIP and theoretical ones is taken from Ref. [16] to compare 
with fs LIP. It was observed that for fs LIP, the order of the harmonics is 
extended. For example, at IDP = 0.6 × 1014 W/cm2 harmonic cut-off is 
almost equal to ps LIP data at IDP 3.0 × 1014 W/cm2 shown in Fig. 3 
(mentioned by grey color square). It indicates that in the case of fs LIPs, 

Fig. 2. HHG spectra at different intensities of the driving pulse (35 fs) for Ag (a) bulk and (b) 100 nm NPs and (c) 20 nm NPs.  

Fig. 3. Comparison of theoretical and experimental harmonic cut-off of bulk 
and NPs for fs HP (present study) and ps HP (earlier work [16]). 
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the higher cut-off is achieved at lower IDP. The exact cut-off was ach
ieved for ps LIPs with higher IDP, confirms that fs HP creates much 
denser plasma, with narrower angular distribution of ions. As per 
theoretical simulations, at 3.0 × 1014 W/cm2, most harmonic spectra 
were generated from Ag2+ ions. But in the case of fs LIPs, this could be 
achieved at IDP = 0.6 × 1014 W/cm2 due to the high signal-to-noise ratio. 
As a result, the detector could show higher orders. The enhancement of 
signal-to-noise ratio and appearance of higher orders for fs LIPs has also 
confirmed a high density of plasma components than ps LIPs. 

The comparison between the ns, ps and fs HPs experiments will 
reveal the change in the cut-off and intensity of harmonics majorly 
because the metal plasma plumes expansion/density in a vacuum varies 
to ablation laser pulse duration. The variation in the density of plasma 
plumes (consisting of atoms, ions and NPs) will affect the overall yield, 
cut-off order, and plateau pattern of harmonics. In our previous work 
[16], it is clear that the plasma plumes produced by ns pulses emit the 
stronger lower-order harmonics (9H–17H) than the higher-order range 
(more than 19H), whereas ps plasma plumes possessing intense har
monics throughout the harmonic spectra with cut-off up to 47H. How
ever, in the present report, the harmonics cut-off for silver targets 
extended up to 65H. Fig. 4(a) shows the intensity of the maximum 
harmonic obtained by bulk and NPs of 100 nm and 20 nm sizes ablated 
by fs and ps laser pulses, respectively. It is observed that in the case of fs 
LIPs, the harmonics yield is stronger than ps LIPs. 

Fig. 4(b) depicts the ratio of harmonics signals for fs LIPs to ps LIPs 

for three targets and the ratio of NPs to bulk samples in the case of fs 
LIPs. The increment ratio is higher for NPs than bulk (please see sub
section 3.1.2). The fs pulses intensities are 103 times higher than the ps 
HP intensities. Therefore, fs pulses might lead to the formation of free 
carriers and also increase the density of singly and double charges silver 
ions. It is expected that a high quantity of free electrons decreases the 
harmonics yield and cut-off. However, the experimental observations 
concerning fs laser ablation revealed that harmonics’ intensity and cut- 
off are significantly improved compared to the ps laser ablation. 
Therefore, it is evidence that fs laser-induced plasma may also contain a 
high quantity of free electron density. Still, the presence of singly and 
doubly charged ions play a pivotal role in enhancing the harmonics cut- 
off and intensity. As shown in Fig. 3, the theoretically calculated har
monic cut-off for Ag2+ ions lies between the range of 55H–99H. But in 
experimental observations, the cut-off is achieved between the 
37H–65H range. This decrement of cut-off might be due to the presence 
of a higher density of free electrons. However, the experimental har
monic cut-off for Ag+ is precisely matched with the theoretical cut-off in 
the present case. In Ag2+ ions, the experimental cut-off is ~1.3 times less 
than the theoretical cut-off. 

Further, we have compared our results with earlier work on optimal 
ablating HPs intensity and achieved harmonic cut-offs. Ozaki et al. [42] 
and Bom et al. [43] studied individually the influence of the HP (τp =

210 ps) and IDP on the harmonic spectrum using 20 TW, 10 Hz output of 
the ALLS laser from silver plasma plumes. This work mentioned that IHP 
below and in the range of 1 × 1010 W/cm2 are preferable to work for 
HHG from silver plasma and shown the appearance of doubly charged 
ions (Ag2+) in the laser plume at the IHP exceeding this level. This value 
they were estimated by calculating the electron density, ionization level 
and ion density with respect to different IHP [43]. Also, in our earlier 
work [16], we have demonstrated the harmonics with emission with 
respect to ps HP below 1.2 × 1010 W/cm2. In addition, Anatoly V. 
Andreev et al. presented the theoretical and experimental study of high- 
order optical harmonic generation in the ensemble of silver atoms 
irradiated using intense fs pulses of Ti: Sapphire laser. In this case, the 
HP has τp = 210 ps and DP is obtained at λ = 792 nm at τp = 150 fs. They 
have experimentally shown the harmonic cut-off from 9H to maximum 
cut-off up to 61H within the range of IDP = 1–10 × 1014 W/cm2. In the 
current results with fs HPs, the harmonic cut-off slightly exceeded 
compared to them. However, the harmonic cut-off in ps HP is closely 
matched with their results within the range of IDP = 1–4.8 × 1014 W/ 
cm2. In brief, at IDP = 2.4 × 1014 W/cm2, they experimentally observed 
the harmonic cut-off up to 51 order. Our results (DP; τp = 35 fs) are also 
closely matched and extended two orders more (i.e., 55H) with their 
results at the similar IDP. Moreover, the harmonics became saturated in 
their studies at IDP = 3.5 × 1014 W/cm2. In the present case for fs LIPs, 
the harmonics became saturated for bulk silver around 3.0 × 1014 W/ 
cm2, as shown in Fig. 4(a). 

3.1.2. Comparison of harmonics cut-off and yield for silver bulk and NPs 
(100 nm and 20 nm) 

In most earlier studies, the cut-off in the case of the silver bulk was 
more significant than the one in the case of NPs of the same elemental 
state [20,21,44]. All those previous results where cut-off from bulk 
metal plasma was higher than from NPs were carried out using the 
ablation by ps and ns pulses. In the present report, we had ablated by 
silver targets (bulk, NPs) using fs pulses. We demonstrated the advanced 
feature when the evaporated NPs show the same properties as atoms and 
ions (from the point of cut-off) while maintaining the advanced features 
of NPs as better emitters of harmonics. 

Figs. 2 and 3 show the cut-off of harmonics in the case of silver bulk, 
and NPs LIPs consistently show almost similar. It is known that LIPs from 
solids contain isolated atoms, ions (monomers), some clusters of atoms 
and NPs. The delay between HP and DP is fixed near 80 ns. Within this 
delay, the fast components (lower mass) could mainly contribute to the 
HHG. Therefore, it is anticipated that ablation of NPs containing targets 

Fig. 4. (a) Maximum harmonic intensities for bulk and NPs, (b) ratio of har
monics signals for fs LIPs to ps LIPs and in case of fs LIPs; NPs to bulk for 
different intensities of DP. 
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ejects a high quantity of smaller pieces than bulk, which also depends on 
the threshold of IHP. However, we have ablated the three targets with the 
same IHP and measured the harmonics spectra for different IDP. There
fore, the similarity of cut-offs (shown in Fig. 3) might be including the 
specific regime of NPs ablation when some significant amount of atomic 
and ionic species of silver appears in the plasma plume due to the 
disintegration of NPs. The rate of deterioration can distinguish the 
processes of ablation of NPs by pulses of different durations. In the case 
of ablation of NPs by ns and ps pulses, the concentration of Ag atoms and 
ions is notably lower than in the case of application of the fs HPs. 
Correspondingly, those atoms and ions cause the generation of the same 
orders of harmonics, like in the case of ablation of the bulk target. In 
other words, in the case of fs plasma, there is a probability of achieving a 
more significant concentration of atoms and ions than the possibility of 
ns and ps HPs, which enhances the intensity of the harmonics. 

This work observed that the NPs sample consistently gives a higher 
HHG yield (for most harmonic orders) than the bulk sample for different 
IDP. In particular, at low IDP 0.6 × 1014 W/cm2, the intensity of har
monics for Ag 100 nm and 20 nm NPs is much more potent (~3 and 3.5 
times) than bulk, as shown in Fig. 5. Also, the lower order harmonics, i. 
e., 9H,11H,13H, possess comparatively higher intensities for NPs than 
bulk. The cut-off of harmonics in the case of bulk and NPs LIPs, which 
steadily show a similar cut-off, where Ag 100 nm NPs show a little lower 
cut-off (shown in Figs. 2 and 3) than bulk, this result is identical to the 
earlier work. However, the harmonic yield is higher for NPs; among 
them, the smallest NPs show better efficiency as similar to earlier studies 
[13,20,21,44]. In brief, the smallest Ag 20 nm NPs show one odd-order 
higher cut-off at a lower IDP, and the cut-off is matched for both bulk and 
smallest NPs cases at higher IDP (4.2 and 4.8 × 1014 W/cm2). However, 
the Ag 100 nm and 20 nm NPs possess some selected orders to have more 
substantial yield shown Fig. 2. The maximum harmonic signal is shown 
in Fig. 4(a) indicates that almost all the NPs plasmas have a higher yield 
than the bulk with respect to different IDP. 

The ablation of silver targets (bulk and NPs) certainly produces 
smaller NPs and clusters (small or high in size). The atoms inside the 
large NPs would hardly increase harmonic yield due to the absorption of 
XUV harmonics inside these species. However, the IHP = 6.2 × 1014 W/ 
cm2 itself creates a larger amount of ions Ag+ (7.5762 eV) and Ag2+

(21.49 eV) during the ablation. Therefore, the probability of singly and 

doubly ionized atoms of silver for smaller NPs enhances the harmonics 
signal. In contrast, a small number of atoms could not affect the ab
sorption of XUV harmonics. 

Earlier, Ganeev et al. demonstrated the HHG from silver plasma 
ablated by ps laser pulses using fs DPs with different durations (also 
repetition rate). In their studies, the maximal order was achieved up to 
13H–61H [20] and 21H–61H [33] and shown the intensity of the har
monics from bulk materials is higher than NPs composed targets. 
However, in our works, the plasma plumes created by ps and fs pulses 
have consistency with each other. i.e., the harmonic intensity is higher 
in the case of NPs than bulk, which is also supported by the same Ganeev 
et al. earlier works [2,45]. In our case, the recorded harmonics spectra 
starting with 9H, whereas earlier work starts from 13H, 15H and 21H, 
respectively. However, the determination of maximal generated order of 
harmonics depends on many experimental factors related to the detec
tion of XUV pulses, including the wavelength, pulse duration, and pulse 
energy of driving and HPs, and delay between them. 

3.2. Effect of chirped pulses on HHG 

In this section, we have analyzed the harmonics spectra of bulk and 
NPs using negatively (− ) and positively (+) chirped 135 fs pulses as DPs 
and compared with harmonic spectra recorded with chirp-free 35 fs 
pulses. Earlier, several research groups employed the HHG measure
ments from LIPs and gas molecules using DP with different durations 
[23–30]. In our laser system, it is impossible to obtain the different pulse 
durations with a similar central wavelength rather than changing the 
chirp of the pulses. The spectral profiles of chirp-free and chirped pulses 
were measured using a USB spectrometer (Ocean Optics) shown in Fig. 1 
(b). All these pulses possess the same spectral components. 

Meanwhile, their distribution along with the laser pulses signifi
cantly differs from each other. The blue and red components were 
equally distributed along with the temporal shape of chirp-free 35 fs 
pulses. It is well known that the blue and red components are moved 
towards the leading front and the tailing part of the pulses for negatively 
chirped pulses. In contrast, the blue and red components are moved 
towards the tailing position and leading front of the pulses for positively 
chirped pulses, respectively. 

Fig. 6(a–c) shows the harmonic spectra from reported Ag bulk, 100 

Fig. 5. HHG spectra of bulk and NPs at IDP = 0.6 × 1014 W/cm2for fs LIPs.  
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nm and 20 nm NPs for chirp-free pulses of 35 fs, and with negatively (− ) 
and positively (+) chirped 135 fs pulses, respectively. The laser peak 
intensity of the chirp-free 35 fs pulse was I35fs = 4.2 × 1014 W/cm2 

(pulse energy 0.7 mJ), and the same laser pulse energy was used for 
chirped pulses. In bulk and NPs, harmonics up to the 65H orders were 
observed with chirp-free pulses. In the case of negatively chirped pulses, 
the harmonics became wider than positively chirped pulses. For 
example, in the case of bulk Ag, the measured full width at half of the 
maxima (FWHM) of 9H,11H,13H, and 15H are 3.9, 3.2, 2.2, and 1.9 nm 
for negatively chipped DP and 2.1, 1.5, 1.3, 1.1 nm for positively chirped 
DP. The broadening is decreased with an increase in the harmonic order. 
Also, the cut-off was reduced to 41H (bulk) and 35H (NPs) for negatively 
chirped DP. With positively chirped pulses, the harmonics in the plateau 
region (15H–37H) became sharp and strong, which is consistent with 
the earlier works [25,33]. The intensity of chirped pulses (I135 fs) 
decreased up to 0.9 × 1014 W/cm2. As per energy cut-off law, [46] 
Ecut− off = Ip + 3.17Up, where Ip is ionization potential; Up = 9.33 ×
10− 14 I (W/cm2) λ2 (µm) is the ponderomotive potential, in which I is the 
laser intensity at focus; and λ is the wavelength of the driving laser beam. 
The cut-off of harmonics is proportional to the driving laser intensity. 
The chirp-free pulses with shorter pulse duration have high peak in
tensities, leading to an increase in the cut-off. The harmonics cut-off and 
intensity were decreased compared to chirp-free pulses of 35 fs, as 
shown in Fig. 7(a, b). The harmonics spectra shifted towards shorter 
wavelengths (blueshift) and longer wavelengths (redshift) for negatively 
and positively chirped pulses, respectively (shown in Fig. 6). 

Ganeev et al. explained the sources of spectral components for HHG 
using chirped pulses [33]. In brief, the leading edge of the chirped DP 
emits the harmonics. Therefore, it is expected that red and blue spectral 
components of positively and negatively chirped pulses emit the har
monics and possess corresponding redshift and blueshift in the har
monics compared to the chirp-free pulses harmonics spectra. In 
addition, it is observed that the chirped pulses enhance the different 
groups of harmonics even though they have the same peak intensities. 
This is due to variation in the distribution of spectral components, which 
are responsible for the generation of harmonics. As we mentioned above, 
in the case of positively chirped pulses, the red components, and nega
tively chirped pulses, the blue components are responsible for gener
ating higher-order harmonics. As per energy cut-off law, [46] the cut-off 
of harmonics is proportional to the square of the driving laser wave
length. Therefore, under the similar intensity of chirped pulses, the in
crease in the wavelengths (red components, positive chirp) leads to an 
increased cut-off of harmonics. The decrease in the wavelengths (blue 
components, negative chirp) decreases the harmonics cut-off. 

Fig. 6 shows the enhancement of different groups of harmonics with 
respect to chirped pulses. As earlier studies show in the case of silver 
plasma plumes; the higher-order harmonics possess stronger intensities 
than the lower range of harmonics [16,25,33]. Therefore, in the case of 
positively chirped pulses, the harmonics range 15H–37H shows a 
plateau-like pattern. Whereas due to a decrease in the wavelengths (blue 
components), the same peak intensity of laser pulses leads to enhance 
the lower order harmonics, i.e., 9H–15H. Moreover, the laser pulse 
frequency is time-dependent for chirped pulses, and the ratio between 
electric field and frequency can be assumed as a time-dependent func

tion and which is given by Neyra et al. [29], followed by U*(t) =
E(t)2

4ω(t)2
. 

The values of U*(t) might have less/equal/ higher than the ponder
omotive potential (Up) for specific time intervals Δt, and which given 

byΔt =
E(t)2
4Up

− ω(t)2. If the time interval (Δt) is negative or positive, then 
the corresponding time-dependent for ponderomotive potential is lower 
or higher than the UP. Subsequently, in negatively chirped pulses, the 
extension of harmonics is not possible due to negative time intervals. 
Whereas, for positively chirped pulses, the positive values of time in
tervals are higher than actual Up, which leads to an extension of cut-off. 
Our HHG measurements support this phenomenon in the case of three 
samples shown in Fig. 6. However, the cut-off could not be exceeded for 
positively chirped pulses than chirp-free pulses due to the lower peak 
intensity of DP. Fig. 8 depicts the 2D color map of HHG spectra for bulk 
sample (data taken from Fig. 6(a)) for negatively and positively chirped 
135 fs pulses. The harmonic spectra extended up to 47H for positive 
chirp DP than negative chirp DP (41H). It was also observed that the 
harmonics 15H to 45H are stronger than 9H, 11H, and 13H for positively 
chirped pulses. In contrast, the lower order harmonics, i.e., 9H to 15H, 
are more substantial than 17H to 41H for negatively chirped pulses. 

Overall, the presented results indicated that Ag is one of the prom
inent materials for emission sources of higher-order harmonics. The 
intensity and cut-off of harmonics could be preciously tuned with 
respect to driving and heating pulse durations and intensities. 

4. Conclusions 

In summary, we have presented higher-order harmonics from LIPs of 
silver ablated by fs HP. The shorter pulse duration of HP leads to an 
increase in the plasma density. Consequently, it improves the higher 
quantity of ions with a narrower angular distribution. As a result, the 
harmonic cut-off is precisely matched with Ag+ ions and almost 1.3 
times less than the Ag2+ ions contribution of theoretically calculated 
HHG spectra. It is also noticed that the harmonic cut-off and intensities 
are higher for NPs than bulk. In addition, the chirped pulses lead to 
redshift and blueshift of harmonics corresponding to positively and 
negatively chirped DPs. The positively chirped pulses increase the 

Fig. 6. HHG spectra for chirp-free 35 fs driving pulse [at 0.7 mJ (4.2 × 1014 W/ 
cm2)] and negative and positive chirps of 135 fs for (a) bulk, (b) 100 nm NPs 
and (c) 20 nm NPs, respectively. 
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harmonic cut-off with higher intensities of higher-order harmonics 15H 
to 41H, whereas for negatively chirped pulses, the lower order 9H to 
15H intensities are higher than the higher-order range, i.e., 17H to 35H. 
In our earlier work [16], we have compared the HHG spectra of Ag bulk 
and 20 nm NPs in the case of ps LIPs and ns LIPs. The present study opens 
a new channel for the ablation of materials with fs pulses to create the 
denser plasma. Further, it leads to high conversion efficiency and cut-off 
of harmonics which can be used for the next generation of table-top XUV 
radiation sources. 
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[24] K. Légaré, R. Safaei, G. Barrette, L. Arias, P. Lassonde, H. Ibrahim, B. Vodungbo, 
E. Jal, J. Lüning, N. Jaouen, Z. Tao, A. Baltuška, F. Légaré, G. Fan, Raman Red-Shift 
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