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Abstract: Nano-clusters and nano-particles (NPs) are attractive media for high-harmonic
generation (HHG) since they combine the advantages of using atomic media (for the low average
density) and bulk solid media (for the high local density). Recently, laser ablated plumes from
metal nano-powders have been used as HHG media and it has been often assumed that the
harmonics mainly come from the NPs in the plumes but not by the isolated atoms/ions. However,
this assumption is yet to be fully justified. Here, we show that in fact both NPs and isolated
monomers could dominate the harmonic spectrum, depending on which part of the plume is
interacting with the driving laser. From the ablated plume of indium NPs, it is found that the
harmonic spectra from the region where monomers dominate are distinctively different from the
region where NPs dominate. Our results demonstrate that accurately capturing the contribution
of NPs in HHG processes requires precise selection of the laser-plasma interaction region, a
factor that had not been carefully considered in previous studies.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-harmonic generation (HHG) is an attractive route to generate ultrashort coherent extreme
ultra-violet pulses [1-13] which have found important applications in ultrafast sciences [4,14,15].
Gas atoms and molecules have been the most common HHG media as they could withstand
high laser intensity [3,4,6,10,12,16]. Over the past decade, HHG from solids have also been
extensively studied [17-26]. The high density of solids is in principle beneficial for conversion
efficiency, but in practice the harmonic yields are severely limited since the driving laser intensity
is limited by material damage threshold (< 10'> W/cm?), which is much lower than the typical
driving intensities in atomic/molecular HHG experiments (> 10'* W/cm?).

Nano-clusters or nano-particles (NPs) are attractive alternative HHG media since they combine
the low average density of gases and local high density of solids which could be beneficial for
conversion efficiency. For gaseous species, well-controlled flowing stream of nano-clusters can
be produced by supersonic expansion of gas from a nozzle [27-29]. For solid species, however,
there is still a lack of robust method for preparing a stream of NPs with sufficient average density
for HHG. Although plasma plumes formed by laser ablation from bulk solids may contain NPs
[30-36], the concentration is generally low. To generate detectable high harmonics, typically it is
required to focus the driving laser at the high-density zone of the plume where lots of monomers
(atoms and ions) present and as a result the contribution of NPs (if any) is overwhelmed. To
produce ablated plumes rich of NPs, several recent studies used targets composed of nano-powders
(see Ref. [37] and the references therein) instead of bulk material. The ablation mechanism for
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such targets has not been elucidated and the spatial-temporal characteristics of the plasma plumes
from them remain largely unknown. So far, the only type of indirect evidence which indicates
that such plumes contains NPs is the observation that the debris of the ablated matter (collected
by a substrate nearby the plume) contains NPs of similar sizes to the original nano-powders [38].
Yet, this type of measurement is not effective for measuring the presence of monomers in the
ablated matter and therefore one could not rule out the possibility that the plume composition is
still dominated by monomers even with the presence of NPs. Moreover, it is unclear whether the
NPs interact with the driving laser effectively, since there has been no clear evidence to show that
the arrival time of driving laser coincides with the emission time of the NPs from the sample
surface.

Despite these unresolved issues, previous HHG investigations on ablated plumes of NP samples
assumed that the harmonic signals are mainly contributed by NPs while the signals from ablated
plume of bulk sample are dominated by monomers [38—43]. In some studies, harmonic spectra
from the two types of samples show significantly different spectral features [39,41]. But in other
studies, the features are less distinguishable even though the overall harmonic intensities are
different [38,44]. Although some of the seemingly inconsistent results could be attributed to
the difference in the ablation pulse intensity and sample conditions in different experiments,
ultimately the inconsistencies might be an indication that the aforementioned assumption is not
valid or at least not a good approximation in numerous scenarios.

In this work, we present experimental evidence which suggests that whether the HHG from
the ablated plume is contributed by monomers or NPs depends on which part of the plume is
interacting with the driving laser. We use indium (In) as the target material, from which the
harmonic spectra are featured by a resonance enhanced 13™ harmonic [45,46]. The resonant
harmonic is treated as a distinctive indicator for the presence of In* monomers. By precisely
adjusting the lateral distance between the driving laser beam and the ablation surface, we compare
the spectra generated from the “head” part (the zone close to the ablation surface) and the “tail”
part (the zone far from the ablation surface) of the plasma plume. From the plume ablated from a
sample made of In NPs, we observe that, if the lateral distance is sufficiently small, the resonant
enhancement disappears. But if the lateral distance is increased, the enhancement resonance
revives. This result suggests that HHG from the “head” part of the plume is mainly from NPs
while the “tail” part is dominated by monomers. Our investigation could serve as a clear reference
for future studies of HHG in NPs from plumes, as it demonstrates the necessity of precise
selection of the region for laser-plume interaction for accurately capturing the contribution of
NPs in HHG processes.

2. Experimental setup

Our experiments use a 0.8 um Ti:sapphire laser (Spectra Physics: Spitfire Ace). A 35 fs, 4.5 mJ
beam and a 200 ps, 0.5 mJ beam (a split-off from the amplified beam before compression) output
from the system are used as the driving pulse (DP) and heating pulse (HP), respectively. The
pulse repetition rate is set at 100 Hz. As schematically shown in Fig. 1, the HP is focused on the
sample surface by a lens (focal length =200 mm) for producing a plasma plume. Subsequently,
the DP is focused at the plume by a lens of 500 mm focal length. We set up a long optical path
for the DP to create a delay between DP and HP. Depending on the path length we set, the delay
is either 50 ns or 80 ns.

Two forms of samples are used: In in the form of bulk solid and nanoparticles (NPs) (commercial
nano-powders, average diameter 20 nm). The NP sample is prepared by compressing the nano-
powders into a tablet with a flat surface. Unlike previous studies where mixture of NPs with
polymers (glue) was used as the sample [38,41,47], this method ensures the plasma plume is free
of unwanted substances from the polymers. The surface morphology of the NPs sample is shown
in the next section.
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Fig. 1. Schematic setup diagrams. HP: heating pulse; DP: driving pulse; d: distance
between target surface and DP; PP: plasma plume; HH: high-harmonics.

Figure 1 shows a schematic diagram of the experimental setup which is inside a vacuum
system. The samples are mounted on a three-axis translational stage. The lateral distance d
between the sample surface and the DP can be controlled at a precision of 10 um. The generated
harmonics propagate into the back chamber which contains a home-built extreme ultraviolet
spectrometer [48], which is composed of concave mirror, a 1200 grooves/mm flat-field grating
and a microchannel plate coupled to a phosphor screen. The fluorescence on the screen is
captured by a CCD camera. After completion of each harmonic measurement, the sample is
translated so that the HP interacts with a fresh surface region in the subsequent measurement.

3. Results and discussion

We first discuss the results from bulk In target. The DP and HP intensities are kept at 3.5x10'*
W/em? and 1.2x10'° W/em?, respectively, with a delay of 80 ns. We measure harmonic spectrum
as a function of lateral distance d. All the spectra are stacked together and presented as the colour
plot in Fig. 2(a). For clarity, two of the selected spectra are plotted in Fig. 2(c): one from a
small distance and the other from a large distance (see caption). While the overall harmonic
yields decrease as d increases, the yield of the 13" harmonic (H13) is always at least an order of
magnitude higher than the neighboring harmonics.

The enhanced harmonic has been explained by the ‘four-step’ model [49]. The difference
between this model and the commonly used ‘three-step’ model for HHG is that the returning
electron recombines to an autoionizing state and then relaxes to the ground state, instead of
directly recombining to ground state. For example from In plasma, the enhanced harmonic
is a result of the resonant transition between the two states in In* ion: 4d°5s25p(*D)'P; —
4d'9552 1S [45]. The energy of this transition is 19.92 eV, which is very close to the photon
energy of H13 driven by 0.8 um laser. An important remark here is that this model is based on an
isolated single ion and it is in fact unlikely that such resonance process could play a similar role
in the HHG process in an NP because (i) the electronic states of an isolated atom and a group
of closely bounded atoms can be very different, and (ii) electron ionization and recombination
process in an NP could involve multiple atoms.

The results of bulk In indicate that the harmonics are mainly generated from In* ions, and the
distribution of the ion density is essentially a monotonic function of the distance. On the other
hand, however, results from NP target are more intriguing. The data are shown in Figs. 2(b) and
2(d), where the experimental conditions are same as that of bulk In. The spectra generated from
near region and far region are distinctively different. At small distances (d < 150 um), the spectra
are essentially featureless without resonant enhancement, although the overall yields vary as a
function of distance. For large distances (d > 150 um), however, the spectra resemble the case of
bulk In with strong H13. For clarity, Fig. 3(a) shows the yield of H13 as a function of distance
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Fig. 2. (a) Harmonic spectra from the plasma plume of bulk target vs d. (b) Same as
(a) but for nanoparticles target. (c) Spectra in (a) at two selected lateral distances (green:
100 pum; red: 300 um). (d) Spectra in (b) at two selected lateral distances (green: 100 pum;
red: 300 um).

(red dots). It is quite weak at small distances and grow upto maximum when the d ~ 200-300
pm. As a comparison of two regions, we show the distance dependence of H11 in Fig. 3(b) (red).
H11 is selected because it is the strongest harmonic from the near region. In contrast to H13, the
distribution is peaked at a small distance (~ 100 um), as indicated by the vertical red dashed line.
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Fig. 3. (2) H13 and (b) H11 intensities from the plasma plume of indium nanoparticles as a
function of the lateral distance d. Red: 80 ns delay; blue: 50 ns delay.

These results suggest that the plume of NPs seems to have two distinctive zones dominated by
different substances. To probe the temporal evolution of the two groups of substances, we repeat
the distance dependent measurements at a different HP-DP delay (50 ns). Again, we extract the
distance dependence of H13 and H11 and they are plotted in Fig. 3 (blue) together with the
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corresponding results at 80 ns delay. For both harmonic orders, the distributions in the case of 50
ns are peaked at smaller distances relative to the results at 80 ns. This is a direct indication that
the peak positions correspond to two groups of ablated substances moving outward at different
velocities. From the shift of the peak positions divided by the time differences, the velocities of
the two groups of components are calculated to be around 670 m/s and 4000 m/s. Such difference
in velocity [50,51] seems to suggest that for plumes of NP samples, the dominate particles at
near distances are large size clusters or NPs, while for the far distances are small size ions.

While it is clear that the “fast” group contains In* monomers, more concrete evidence is needed
to justify that the “slow” group indeed contains NPs. Although the absence of the enhanced H13
from the “slow” group strongly suggests that there is a lack of In* monomers, one may argue that
the featureless harmonic spectrum might not necessarily be due to NPs, instead it could be due to
neutral In monomers. Here we present two evidences to support our conjecture that HHG from
the “slow” group are contributed by NPs.

The first evidence is based on neutral depletion due to ionization. Neutral In atom has a very
low ionization potential (5.79 €V), so it is readily ionized. Strong-field ionization (using the PPT
model [52]) calculations indicate that the ionization probability saturates at an intensity (<10'3
W/cm?) much lower than our experimental value. Therefore, if an In atom is irradiated by our
DP, it is highly probable to be ionized rapidly while it is just interacting with the rising edge of
the pulse. Subsequently, the central intense part of the DP would interact with the pre-formed
In* ion, which should then lead to the generation of the resonant H13. From the argument above,
we anticipate that the resonant H13 should appear even if the medium only contains neutral
atoms, as long as the DP intensity is sufficiently high. Note that the same argument could not be
necessarily applied to NP, since it is unlikely that resonant harmonic could be generated from NP
at all, as we explained previously.

To confirm that the DP intensity is not a factor for the absence of the resonant H13, we carry
out harmonic measurements at two different DP intensities, 1.6x10'* W/cm? and 5.9x10
W/cm? (lower and higher than the intensity at Fig. 2, respectively). Here we keep d ~ 80 um
and the HP-DP delay at 80 ns. The spectra from bulk In and NPs targets are shown in Figs. 4(a)
and 4(b), respectively. For bulk In, the presence of the resonant H13 is independent of the DP
intensity, as expected. On the other hand, the absence of the resonant H13 from NPs also appears
to be independent of the DP intensity. Increasing the DP intensity only lead to an overall yields
increase and a cut-off energy extension of the cutoff energy. Therefore, this result helps us to rule
out the contribution due to neutral In monomers.
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Fig. 4. Harmonic spectra generated from the plasma plume of In (a) bulk and (b)
nanoparticles target at low (blue, 1.6x1014 W/cmz) and high (red, 5.9x10!4 W/cmz) DP
intensity.

The second evidence is based on measurements of laser power attenuation due to the plasma
plumes [53]. We put a detector behind the plasma plume to measure the power loss of the DP
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Fig. 5. (a) Calculated nanoparticle density as a function of d. (b) Surface morphology of
the indium nanoparticles target after laser ablation.

due to its passage through the plume. We use a weak DP whose intensity is about two orders of
magnitude weaker than that used in HHG experiments to ensure that the measured attenuation (if
any) is not originated from nonlinear processes. The HP-DP delay is set at 80 ns.

Attenuation is determined by comparing the laser power without and with the presence of the
plume (Py and P;). Due to the limited sensitivity of this measurement, the HP intensity used here
(6.1x10'° W/cm?) is higher than that in HHG experiments, so as to make a higher NP density.
For bulk In, the two power values are essentially same within the inherent power fluctuation of
the laser itself, implying no attenuation. This indicates that In monomers (atoms or ions) are
ineffective absorbers or scatterers for 0.8 um laser, as expected.

On the other hand, the attenuation in the case of In NPs is significant, which is a clear
indication of the presence of NPs in the plasma plume. For d <50 um, the DP is attenuated
by up to 30%. Without having to consider nonlinear absorption, the attenuation could be
modelled simply using the Rayleigh scattering theory for small particles together with Beer’s law:
Pi/Py=1- ¢~ (Qsca+Qaps)mr*Nz [53], where r is the particle radius, N is the particle density, z is
the laser-particle interaction length, Osca and Qaps are the efficiency term and the absorption
term in the Rayleigh scattering formula, respectively. These two terms are readily calculated by
using the value of the complex refractive index of In solid. We set r = 20 nm, which is the average
value of the NPs. Figure 5(b) shows a SEM image of the ablated surface of the NPs sample.

We perform the attenuation measurement as a function of distance and use the equation above
to estimate the NP density. The results are plotted in Fig. 5(a), it is found that the distribution
decays to near-zero at about 150 pm, similar to the distance where harmonic signals vanishes
from the “slow” group, as shown in Fig. 3(b). Since the HP intensity used here is higher than
that in the HHG experiments, it is likely that the NPs velocities here is higher. However, we
believe that the increases in velocities are not drastic. It is because in the distance dependent
HHG experiment, we find that if the HP intensity is increased from 1.2 to 4.3x 10'9 W/cm?, the
peak positions of the harmonic distributions for H11 and H13 are shifted up by only ~30% or less.
Regardless, neither the HHG nor attenuation measurements could be treated as a precise way to
actually probe the velocities distribution of the NPs, rather they could only be treated as evidence
which indicate that NPs indeed exist in the plasma. Obtaining a complete spatial-temporal
distribution of the plasma plumes require more demanding techniques such as time-resolved
optical emission spectroscopy [54] or x-ray-absorption fine structure imaging [55], which is
beyond the scope of our study. Nevertheless, our results have already provided clear evidence to
reveal the contributions of NPs and monomer ions in the HHG process.

Although there is a lack of studies on the ablation mechanisms for nano-powders targets, it is
reasonable to anticipate that the process of NPs emission is very different from the case of bulk
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metal. For ablation of bulk metal, the formation of NPs involves ultrafast heating, expansion and
phase transition which are rather complex and require the HP to be in a specific intensity and
pulse duration ranges, therefore the number of NPs in the plumes are limited. On the other hand,
the emission process of NPs from a sample composed of NPs should be more direct, since all
the NPs are “pre-formed” and they are held together just by friction. Therefore, they are easily
removed from the sample surface upon laser irradiation. Nevertheless, although this kind of
plasma plume contain sufficient number of NPs for HHG, the contribution of monomers can still
be very significant and could not be overlooked, as we have demonstrated.

4. Conclusion

In conclusion, we show that, from the laser ablated plume of In nano-powders, there exist two
zones where the high-harmonics are generated by the monomers and NPs, respectively. The zone
far away from the ablation surface gives the resonant H13 which is a signature of the isolated
In* ions; the zone close to the ablation surface gives a “featureless” spectrum by the NPs. The
existence of NPs in the plume is confirmed by attenuation measurements. Our results demonstrate
that accurately distinguishing the contribution of NPs from that of monomers in HHG processes
requires precise selection of the laser-plasma interaction region, a factor which was essentially
overlooked in previous studies.
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