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Abstract

Pulsed laser ablation in liquids (PLAL) is a versatile and sustainable technique for the
synthesis of ligand-free colloidal nanoparticles, but its wider application is limited by
relatively low productivity and insufficient control over particle size distributions. Here,
to advance the technique, we investigate the possibility of combining in one synthesis
process the advantages of two recently developed cost-effective approaches,
multibeam PLAL for productivity increase and donut-shaped laser beams for particle
size modification. Nanoparticles of gold, an iron-nickel alloy, and a high-entropy alloy
were produced in water using single-beam and multibeam configurations with four
and eleven picosecond sub-beams. The effects of beam profile, beam-splitting factor,
and laser fluence on particle yield and size distributions were systematically
evaluated. Splitting donut-shaped beams is shown to offer a similar productivity
increase as Gaussian pulses, and, at moderate fluences, multiple donut beams can
be even more efficient. A single donut-shaped beam generally reduces the particle
size, but, in a multibeam configuration, the reduction effect is hindered by secondary
processes such as the interaction of cavitation bubbles, nanoparticle fragmentation,
and redeposition. The results demonstrate the feasibility of combining donut-shaped
beams with multibeam ablation in PLAL synthesis and identify key process
parameters that have to be optimized to achieve both high productivity and improved
particle size control.

Keywords: beam splitting, donut-shaped beams, laser ablation in liquids,
nanoparticle productivity, size control



1. Introduction

Pulsed laser ablation in liquids (PLAL) has emerged as a versatile and inherently
green route for nanoparticle (NP) synthesis [1-4]. Owing to its one-step nature, the
absence of added chemical reagents, its applicability to a broad range of solid
materials, and the direct production of colloidal NPs suitable for subsequent
processing, PLAL provides a convenient alternative to conventional wet-chemistry
routes for applications in medicine [5-7], catalysis [8,9], sensing [10,11], additive
manufacturing [12,13], and other fields. In the broader context of resource scarcity
and environmental constraints [14,15], the low material consumption and surfactant-
free character of PLAL are particularly attractive.

Despite these advantages, two major limitations still hinder the widespread industrial
application of PLAL-produced NPs: relatively low production rates and insufficient
control over NP size distributions [16]. The first limitation is caused mainly by the
cavitation bubble generated during PLAL, which shields the subsequent laser pulses
thus reducing the ablation rate and hence the NP productivity [2,17,18]. Other
shielding effects, including those caused by persistent microbubbles [19] and
suspended nanoparticles [2,20], as well as redeposition processes [21], and
nonlinear absorption [2,22] can also reduce ablation efficiency in liquids. The second
challenge, namely, obtaining narrow, unimodal NP size distributions, is associated
with several mechanisms involved in NP formation, growth, and fragmentation during
PLAL. The interplay among these mechanisms often results in several NP
populations and, consequently, broad or bimodal size distributions [2,23-26].

Considerable efforts have been made to overcome these two limitations of the PLAL
technique. Various strategies have been employed to increase the ablation efficiency
in liquid environments and thus enhance the NP yield, including optimization of
irradiation conditions [27-30] and target geometry [31-33], the use of liquid-flow
reactors [34,35] and spatio-temporal focusing [22]. A milestone in upscaling PLAL
synthesis was achieved by Streubel et al [17], who demonstrated the industrial-scale
level of NP productivity by using a combination of a high-repetition-rate laser, liquid
flow, and rapid, supersonic scanning of the laser beam over the target, thus
bypassing the cavitation bubble. However, the fast polygon scanner employed in this
approach is an expensive and technically complex component, which may limit its
widespread practical use. More recently, a multi-beam (MB) PLAL technique was
developed [18,36,37] that allows the cavitation-bubble shielding effect to be mitigated
both temporally and spatially through the use of inexpensive diffractive optical
elements (DOEs). The MB-PLAL method has demonstrated NP productivity
comparable to that achieved using polygon scanners, while providing a potentially
more reliable and cost-effective approach.

Extensive research has been conducted to achieve control over size distributions of
PLAL-produced NPs and reduce their width. Several strategies have been developed
including tuning the PLAL processing parameters [2,38-40], quenching of NP growth
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by adding surfactants [41,42], ligands [43], and low-salinity ions [44], varying liquid
media [45], using two-step laser synthesis involving ablation and fragmentation
[46,47]. However, most of the developed NP size-tailoring techniques are not
universal and are effective only for specific materials. Moreover, the addition of
stabilizers compromises one of the principal advantages of PLAL, namely, its ability
to produce surfactant- and ligand-free NPs, and may therefore limit the versatility and
applicability of the resulting colloids. Furthermore, one optimized tailoring parameter
often affects the others. For instance, narrowing the NP size distribution by reducing
laser fluence leads to a drawback of lower productivity [2]. Recently, a new optical
approach was developed to modify the size distributions of PLAL-produced NPs by
using donut-shaped (DS) laser beams instead of conventional Gaussian beams
[37,48]. Experiments with various material classes, including metals, alloys, and
oxides, demonstrated that PLAL with DS beams can significantly reduce patrticle size,
narrow the size distribution, and improve particle sphericity.

In this study, building on these recent developments, we investigated the
simultaneous implementation of MB-PLAL and picosecond DS laser pulses to
combine high productivity and enhanced NP size control within a single PLAL
configuration. Colloidal NPs of three materials, gold, an iron—nickel alloy, and a high-
entropy alloy, were produced in water using this approach. The selected materials
exhibit substantially different thermophysical properties, particularly different laser-
ablation thresholds, while their NPs are also relevant to a wide range of applications.
The resulting colloids were characterized in terms of NP productivity and particle size
distribution. Their characteristics were compared with those of NPs produced from
the same materials using single-beam PLAL with Gaussian laser pulses.

2. Experimental procedure

2.1 Pulsed laser ablation in water

The PLAL set-up is schematically shown in Figure 1. The target is positioned in a
vertical flow-through aluminium chamber (internal dimensions are 85x 30x10 mm3)
using double-sided adhesive tape. The tested targets are polycrystalline Feo.sNios
alloy (1x20x70 mm3, 99.95%, Sindlhauser Materials GmbH, Germany), high entropy
Cantor alloy Coo.2Cro.2Feo.2Mno.2Nio2 (1x20x70 mm3, 99.5%, Sindhauser Materials
GmbH), and Au (1x20x70 mm3, 99.99%, EVOCHEM Advanced Materials GmbH,
Germany). The flow rate of demineralized water (Synergy Water Purification System)
is adjusted to be 300 ml/min using a peristaltic pump that ensures complete filling of
the chamber volume under laminar flow conditions (the Reynolds number is ~ 140).

The targets were irradiated at normal incidence through the chamber glass window
by a Nd:YAG laser (HyperRapid NXT, Coherent Corp., pulse duration 10 ps,
wavelength 1064 nm, maximum power 120 W) at a repetition rate of 400 kHz. The
output beam had a diameter of 5 mm and a Gaussian intensity profile. A galvo



scanner SUPERSCAN 1V-15 (Raylase GmbH, Germany) equipped with an f-theta
lens (focal distance 167 mm) was used to focus and scan the beam at the target
surface with a scanning speed of 20 m/s. The scanning patterns were dependent on
the irradiation conditions as specified in Table 1. The beam power in front of the flow
chamber was varied in the range of 3—-82 W using a laser attenuator and monitored
by a power meter Puls2 (LaserPoint, Vimodrone, Italy). In all experiments, the target
was located at the focal plane, unless specified otherwise, and irradiated for 5
minutes to obtain ~ 1.5 liters of colloid for every PLAL regime.

Three types of spatial shaping of the laser beam were investigated. First, a radially-
polarized donut-shaped (DS) beam was produced from the original Gaussian beam
using a half-waveplate in combination with a S-waveplate convertor (Workshop of
Photonics, Vilnius, Lithuania). The resulting beam shape was controlled using a
beam profiler CMOS-1.001-Nano-UV (CINOGY Technologies, Duderstadt, Germany).
As the polarization of DS pulses was found to barely affect the PLAL-produced NPs
[47], azimuthal polarization was not investigated here. Second, the output beam was
split into n sub-beams using static diffractive optical elements (DOEs) for multi-beam
PLAL. Two different DOEs were placed after the galvo scanner to obtain at the target
either a horizontal line of four spots separated by 0.7 mm (1x4 DOE, 0.28-deg beam
separation angle, HOLO/OR, Ness Ziona, Israel) or a vertical line of eleven spots
separated by 4 mm (1x11 DOE, 1.2-deg beam separation angle, LIMO Lissotschenko
Mikrooptik GmbH, Dortmund, Germany). The DOEs were installed after the lens of
the scanner in order to accommodate the use of a large scanning pattern with the
1x11 DOE. Finally, the DOEs were combined with the DS convertor to investigate
PLAL with multiple DS beams. The NPs produced with the shaped laser pulses were
compared with those obtained in the standard PLAL regime with a single Gaussian
beam at different laser fluences.

The combination of the different shaping elements leads to a large variety of
experimental conditions with different sub-beam energies and fluences. The
investigated ablation regimes are summarized in Table1. The selected set of
conditions enables comparison of different regimes at nearly identical energy and/or
fluence in an individual sub-beam, i.e., at comparable PLAL conditions, in the fluence
range of 0.7-13 J/cm?. The peak fluences for Gaussian beams were evaluated using
an effective spot diameter of 48 um (focal plane, 1/e? criterion) measured for this
setup previously [18]. For donut-shaped beams at the same pulse energy and
focusing conditions as for Gaussian beams, the fluence is lower by a factor of ~ 2.7
[48,49]. Therefore, to obtain identical fluences in individual sub-beams, the pulse
energy of a single Gaussian beam was reduced by a factor of n = 4 or 11 when
comparing with multi-beam PLAL or by a factor of 2.7 when comparing with donut-
shaped beams. Note that the beam splitting with a DOE does not change the shape
of the original beam [18]. Note also, that, due to different splitting angle and beam-
array dimensions of the used DOEs, different beam scanning patterns were used.
For a single beam and 11 sub-beams, this was a hollow spiral with an outer diameter



of 10 mm [50], while for 1x4 DOE, this was a raster pattern over an area of 6x10
mm? [18].

Table 1: Irradiation conditions.

Gauss Donut
Total Sub-beam | Sub-beam | Sub-beam
Power notation power pulse fluence fluence
(W) energy (uJ) (Jlcm?) (Jlcm?)
Po 81.2 203 12.6* 5.0%
Single Po/2.7 32.6 81.5 9.0
beam Po/4 21.8 54.5 6.0 2.2
Po/11 or Po/4/2.7 8.9 22.3 2.5 0.90
Po/11/2.7 3.4 8.5 0.9 _
Po 81.2 50.8 5.6 2.1
DOE T4 Ipu27 32.6 20.4 2,2 )
Po 81.2 18.5 2.0 0.75
DOE 111 ['5 157 32.6 7.4 0.82

* The target was shifted 2 mm out of focus to avoid damage of the chamber window

2.2. Characterization

The productivity of NP synthesis was determined from the target mass loss during
PLAL. The targets were dried in an oven, cooled down on a metallic plate, and
weighed using an analytical balance (Gram, FS220, resolution 0.1 mg) before and
after each PLAL experiment. For NP size characterization, approximately 100 ml of
colloid was collected after 2 to 3 min of irradiation. The obtained sample was drop-
cast and dried on a piece of a <100> silicon wafer, and the deposited NPs were
analyzed using a scanning electron microscope (SEM, TESCAN MIRA3 LMH). For
each sample, several images were acquired at different places of the droplet to
investigate more than 1000 NPs per sample. Particle sizes were extracted from the
SEM images using Imaged. The resulting particle size datasets were subsequently
processed using a dedicated script implemented in OriginPro. The script was used to
calculate, directly from the experimental data, the median size <D>, the median
absolute deviation (MAD), and the robust coefficient of variation, RCV = MAD/<D>
[51], and to perform lognormal fitting of the size distributions. A two-component
lognormal model was used to approximate the bimodal distributions of Au NPs.
Details of the statistical analysis and fitting procedure are provided in the Supporting
Information (SI, Section S1 and Figures S1-1 and S1-2).

3. Results and discussion

Figures 2, 3, and 4 provide an overview of the productivity and size distributions for
PLAL-produced NPs of HEA, FeNi, and gold, respectively. These two key

5



characteristics of the PLAL process are discussed below in the context of various
beam-shaping approaches.

3.1. Productivity

The obtained productivity values in different PLAL regimes are summarized in Table
2. The accuracy of the obtained values is estimated to be within 5% based on 2-3
independent measurements for several selected PLAL regimes and our previous
similar studies [18]. The uncertainty originates mainly from the fact that the PLAL
process is not entirely reproduced under the same irradiation conditions, but not from
the errors in the balance measurement (which are virtually negligible).

Table. 2. Productivity of NP synthesis (in mg/h) for different PLAL regimes. The
values in parentheses indicate the percentage of the productivity of an individual sub-
beam in MB-PLAL compared to the single-beam regime at the same laser fluence.

FeNi HEA Au
on| 38| 55| 24| s 33 &5
Power notation 8 o 8 S S o 85 S o 83
Po 307 227 336 269 204 196
Single Pol2.7 146 159 146
beam Po/4 148 224 187 300 116 190
Po/11 or Pol4/2.7 127 185 116 176 101 27.6
Po/11/2.7 106 84.0 28.8
Po 425 769 496 785 391 482
DOE (72%) | (86%) | (66%) | (65%) | (84%) | (63%)
1x4 | Po/2.7 445 386 316
(88%) (83%) (78%)
Po 1341 886 1318 1109 799 108
DOE (96%) | (40%) | (103%) | (57%) | (72%) | (36%)
1x11 | Po/2.7 796 889 216
(68%) (96%) (68%)

3.1.1. Fluence effect for a single Gaussian beam

Laser fluence is one of the most important parameters affecting the PLAL process
and determining the NP productivity [2]. Above a threshold fluence for ablation, the
ablation rate, and therefore the productivity, increase gradually until reaching a
limitation due to effects such as cavitation-bubble shielding and optical breakdown. In
the absence of these limitations (e.g., when the cavitation bubble is effectively
bypassed), the ablation rate follows the fluence dependence in air, suggesting that
there exists an optimal fluence Fopt with the maximal productivity per average input



laser power [2,17]. According to a simple model [52], the optimal fluence of ultrashort
laser pulses in air can be estimated as

Fopt = €2Fin (1)
where e is the Euler constant and F# is the ablation threshold.

The obtained single-beam productivity values follow the general fluence behavior for
Gaussian beams with a gradually increasing dependence for gold and with signs of
saturation at fluences above ~ 6 J/cm? for HEA and FeNi (Figure 5a). The data
obtained at the highest laser power, P,, were excluded here because they were
acquired using a larger irradiation spot and were therefore not directly comparable
with the remaining data. Figure 5b shows the productivity data normalized to the
average power (i.e., the specific NP yield) as a function of laser fluence. The
expected maximum at an optimal fluence is observed only for gold while HEA and
FeNi exhibit gradually decreasing fluence dependencies.

The expected optimal fluences for an ideal situation of complete bypassing the
cavitation bubble can be estimated using Eq. (1). The single-shot ablation thresholds
in water for picosecond near-IR laser pulses were reported as 3.36 J/cm? for gold
and 1.3 J/cm? for FeNi [21]. Under multi-shot irradiation, as in our case, the threshold
fluence is lower due to incubation effects [53-55]. The decrease of the threshold with
the number of pulses N was found to follow the equation:

Fin(N) = Fin(1)NS- (2)

where Fi(1) is the single-shot threshold and S is an accumulation coefficient whose
value for metals and ps pulses is typically 0.8 [54], although weaker dependencies
were also reported [56]. The average pulse number per spot during our 5-min PLAL
experiment can be estimated as N = 3600 assuming uniform irradiation over the
scanning patterns. Then, taking S = 0.8, we obtain from Eq. (2) the multishot ablation
thresholds of 0.65 J/cm? for gold and 0.24 J/cm? for FeNi. For HEA CoCrFeMnNi, the
multishot threshold for ablation conditions similar to those in this study was reported
as 0.36 J/cm? [50]. The expected optimal fluences, according to Eq. (1), are therefore
4.8, 2.66, and 1.85 J/cm? for Au, HEA, and FeNi, respectively (Figure 5,b).

For all three materials, the experimentally observed PLAL conditions corresponding
to the maximum specific NP vyield are shifted toward lower fluences relative to the
values estimated using the air-ablation model (Figure 5b). This indicates that the
cavitation bubble is not completely bypassed under the considered conditions, which
reduces the NP productivity in the single-beam regimes. Indeed, although the
interpulse distance in our PLAL conditions (50 um for the 400-kHz pulses scanned at
20 m/s) is almost the same as the spot diameter (48 um) and thus the nominal spot
overlap is negligible, the cavitation bubble grows during the interpulse time (2.5 us) to
larger lateral sizes, above 100 um, under the considered conditions [18]. Therefore,
the bubble shields and reflects the incoming next pulse, reducing the productivity
(ablation rate) [2]. The shielding effect is particularly pronounced at high fluences,
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when the bubble grows faster [18,57], and thus the optimal irradiation conditions are
shifted towards lower fluences, and beyond the optimum, the specific NP yield drops
rapidly with fluence (Figure 5b). These limitations for NP productivity can be
overcome by using the multibeam PLAL approach [18,36,37].

3.1.2. Multibeam approach

Beam splitting with different splitting factors has recently been demonstrated as an
efficient and low-cost method to increase the NP productivity of the PLAL synthesis
for Gaussian beams [18,36,37]. The advantage of the approach relies not only on a
larger number of laser beams but, more important, on the possibility of bypassing the
cavitation bubble [18]. Here we demonstrate the increase in productivity by MB-PLAL
of the three studied materials. Figure 6 compares the NP yields for single-beam and
MB regimes at identical laser powers of Po/2.7 and Po (full power) in the case of
Gaussian pulses. Note that, at a fixed total power, the laser fluence of an individual
sub-beam in the MB-PLAL is lower than that in a single beam by the splitting factor n
(Table 1). For all the materials, the MB-PLAL technique offers substantial increases in
net productivity. At a Po/2.7 power, the highest benefit from the splitting is for FeNi, a
material with the lowest ablation threshold and a weak fluence dependence of the
ablation yield (Figure 5a). Thus, a small reduction in the sub-beam productivity with
fluence decreased from 9 to 2.2 J/cm? by the 1x4 DOE is more than compensated by
the fourfold increase in the number of beams resulting in the productivity gain by a
factor k = 3.0 while those for HEA and Au are 2.5 and 2.2, respectively (Figure 6a).
For the 1x11 DOE, the productivity increases by a factor of ~ 5.5 for both FeNi and
HEA, while only 1.5 times for gold. The small increase in the latter case is likely
because of the low fluence in a sub-beam, close to the gold ablation threshold. With
the full power, the productivity gain with the 1x4 DOE for all the materials is reduced
(k=1.5,1.4, and 1.9, for HEA, FeNi, and Au, respectively, Figure 6b), probably due
to limitations imposed by the cavitation bubble, which is fairly large and long-lived at
this fluence. With the 1x11 DOE, the sub-beam fluence is below 1 J/cm?, the bubble-
induced limitations are apparently minor, and the productivity increase factor remains
high (~ 4) for all three materials.

The selected regimes (Table 1) enable us to evaluate potential losses in the
productivity of an individual sub-beam in the MB-PLAL relative to a single-beam
PLAL at identical fluences. The numbers in parentheses in Table 2 represent the
percentage of a split sub-beam productivity compared to the corresponding single-
beam PLAL. With the 1x11 DOE, the efficiency of a sub-beam is close to 100% in
most cases (except for gold, where sub-beam fluences in these MB regimes are well
below optimal values). This is consistent with the large spot separation in this case (4
mm), when significant interaction of simultaneously produced bubbles is unlikely, so
there are no productivity losses. The inter-spot distance is much shorter for the 1x4
DOE (0.7 mm), which may promote bubble interaction [58], thus reducing the sub-
beam productivity to ~85% at Po/2.7 and ~70% at Po (Table 2). The bubble interaction



can also affect the sizes of the produced NPs [58] and thus the spot separation is an
additional important factor in the MB-PLAL regimes.

We should underline that the possibilities of the splitting technique to bypass the
cavitation bubble and to increase the PLAL productivity are not fully exploited in this
study. The pulse repetition rate is fixed here in all the regimes, and thus the
bypassing effect under MB-PLAL conditions is based merely on a smaller size and
shorter lifetime of the bubble induced by a lower-fluence sub-beam. However, the
bubble can be temporally bypassed more efficiently by reducing the repetition rate
and therewith keeping the sub-beam fluence at a fairly high optimal level at the same
total laser power [18,37]. We therefore expect that a considerably higher synthesis
efficiency than that obtained here (Figure 5) can be gained in the MB-PLAL by
choosing a proper combination of the splitting factor, pulse repetition rate, spot size,
and spot separation at a given laser power. Such an optimization is, however, beyond
the scope of this work.

3.1.3. Donut-shaped beams

Introducing a donut shaper into the system modifies considerably the irradiation
conditions and leads to new factors affecting the PLAL productivity. First, the peak
fluence is 2.7 times lower than that with a Gaussian beam at the same pulse energy
[37] that can reduce the ablation rate, in particular at low fluences, near the ablation
threshold. Second, the irradiation spot area with a DS pulse is larger and more
uniformly heated [48], which can be, in contrast, a favorable factor for the
productivity, especially at moderate and high fluences, when the productivity is
expected to have only a weak dependence on fluence, similar to Gaussian pulses
(Figure 5a). Third, due to a larger spot, the lateral size of the cavitation bubble
produced by a DS pulse is also larger, at least at initial stages, which can promote
the bubble shielding effect and interaction of neighboring bubbles, thus reducing the
productivity, especially at high fluences. Finally, the time evolution of the bubble is
more complicated than that induced by a Gaussian pulse with asymmetric expansion
and collapse that reduces the bubble lifetime and apparently affects both yield and
size of the produced NPs [37,48].

The observed trends are consistent with the above considerations. Indeed, the
productivity with a single DS pulse at a moderate fluence of 2.2 J/cm? (Po/4) is 1.5-
1.6 times higher than that with a Gaussian pulse at the same power for all three
materials (Figure 7,a). This is likely due to a larger and more uniformly irradiated DS
laser spot. A similar gain in productivity with the DS pulse is observed at an even
lower fluence (0.9 J/cm?, Po/11) for HEA and FeNi, while for Au the productivity drops
dramatically, ~ 4 times lower than the Gaussian value (Table 2). The latter is
obviously because the sub-beam fluence at Po/11 is too low for gold, near the
ablation threshold. When the fluence of the Gaussian beam is reduced to the same
value of 0.9 J/cm? at Po/11/2.7, the productivity is also low and similar to that of the



DS pulse at Po/11 (Table 2). On the other hand, when the power increases from Po/4
to Po, the productivity of the DS pulses is not practically changed (and even drops for
HEA) while that of the Gaussian pulses still increases (Table 2). This indicates that
the bubble-induced shielding is indeed stronger for DS pulses at high fluences.

Note that at near-threshold fluences, DS pulses do not provide an advantage in
productivity over Gaussian pulses due to a larger irradiated area as observed at
moderate fluences. This may be associated with a more efficient redeposition of the
ablated material back to the target surface in the PLAL process with DS pulses. The
redeposition was shown to be responsible for reducing the material removal
efficiency in liquids, as compared with air, at low fluences, when the ablated layer
does not propagate far from the target and eventually redeposits onto the surface
[21]. With DS pulses, the redeposition effect is likely more pronounced since both the
propagation distance and lifetime of the ablation plasma plume are shorter than for
plasmas induced by Gaussian pulses, as was demonstrated in plasma imaging
experiments [59].

A comparison of the productivities of Gaussian and DS pulses in the MB-PLAL
regimes shows similar tendencies as for single beams (Figure 7b). With the splitting
factor n = 4 at the full power, when the sub-beam fluence is kept at a moderate value
of 2.1 J/lcm?, the DS pulses are again more efficient than Gaussian ones at the same
power and DOE. The gains are 1.8, 1.6, and 1.2 for FeNi, HEA, and Au, respectively,
i.e., close to the increase factor of 1.5-1.6 for single beams. With the 1x4 DOE, the
efficiencies of individual DS and Gaussian sub-beams relative to the corresponding
single-beam PLALs at the same fluence are on a similar level of 70-80% (the number
in brackets in Table 2). This indicates that the DOE does not modify the DS beam
profile and that the simultaneously produced bubbles do not interact significantly. The
obtained productivity increase factors with four DS beams at the full power compared
to a single DS beam are 3.4, 3.0, and 2.5 for FeNi, HEA, and Au, respectively (Table
2), i.e., considerably higher than the corresponding increases for Gaussian beams.
With the 1x11 DOE, when the fluence of individual DS sub-beams is near the
ablation threshold, their productivity is well below that of 11 Gaussian beams (Figure
7b), again in agreement with the above considerations of the low efficiency of low-
fluence DS pulses. Note that the individual fluence of a DS sub-beam in the 11-beam
PLAL at Po was lower than the fluence of the single-beam PLAL at Po/11 (0.75
instead of 0.9 J/cm?, Table 1). Such a difference at this near-threshold fluence level
appears to be significant, and this is why the observed relative efficiency of the split
DS beams (~40%, Table 2) is considerably lower than that of a single DS beam at
Po/11 (70-80%). Nevertheless, the obtained productivities of FeNi and HEA NPs with
11 DS sub-beams are higher than the single-beam values by factors of 3.9 and 4.1,
respectively (Table 2), i.e., the gains are similar to what was obtained with Gaussian
pulses. Only for gold NPs, the productivity of DS pulses with the 1x11 DOE drops
significantly due to the near-threshold fluence in this case.
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Summarizing this Section, we can state that using DS laser pulses in PLAL setups
does not substantially reduce NP productivity, both in single-beam and multi-beam
configurations. Moreover, at moderate laser fluences (several times the ablation
threshold value), DS pulses are more efficient than Gaussian pulses due to a larger
and more uniformly irradiated ablation spot. However, at low near-threshold fluences,
the productivity of DS pulses significantly drops, which may be associated with
enhanced redeposition of the ablated material. Therefore, when choosing the splitting
factor in MB-PLAL with DS pulses, this yield reduction effect should be taken into
account. The observed fairly high efficiency of DS beams is an important factor in the
context of the main motivation of their use, control over the NP size distribution. The
size aspects will be considered in the next Section.

3.2. Size distributions

The results on NP size distributions for different PLAL regimes are summarized in
Figs 2-4, 8, and 9 and Table 3. All the obtained size histograms are approximated by
a log-normal function (by two functions in the case of gold), as illustrated by line
envelopes for selected distributions in Figs. 2-4. The indicated median size values
<D> and the most often appearing data (MOD) values are derived from the log-
normal fits. For gold, the provided <D> values correspond to the dominant small-
particle population of the bimodal fits. The median absolute deviation MAD and the
robust coefficient of variation RCV = MAD/<D> are obtained directly from the
experimental data of NP sizes. All the size distributions obtained in the studied PLAL
conditions and details on the statistical analysis and fitting procedure are given in the
Supporting Information (Section S2, Figures S2.1-S2.6).

Below, the effects of the beam shaping conditions at different laser fluences on the
size distributions of the studied PLAL-produced NPs are discussed.

Table 3. Median size values <D> for the NP distributions obtained under different
PLAL conditions with the median absolute deviation (MAD) in parentheses (in nm).
For Au, the values correspond to the dominant small-particle population.

FeNi HEA Au
Powgr Gauss Donut Gauss Donut Gauss Donut
notation
Po 46 (10) |45 (10) |42 (10) 38 (9) 20 (5) 17 (4)
Po/2.7 46 (10) 41 (10) 17 (4)
Single | Po/4 47 (10) |44 (9) 41 (11) 38 (9) 16(4) 18 (5)
beam | Po/11 or
Pg/4/2.7 51 (14) (43 (13) ]42(10) 40 (11) 15. (4) 12 (3)
Po/11/2.7 | 46 (13) 41 (11) 13 (4.5)
DOE [ Po 44 (9.5) |44 (8.5) |39(10) [40(10) ]20(5) 23 (5)
14 | Po/2.7 47 (9) 42.5 (11) 20 (5.5)
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DOE
1x11

Po

46 (10)

51 (17)

40 (11)

42 (13)

15 (4)

Po/2.7

52 (15)

43 (12)

3.2.1. Gaussian beams

The size distributions of HEA and FeNi NPs can be reasonably fitted with a single
log-normal function (Figures 2 and 3 and Sl), and the derived median NP sizes are
found to be rather fluence-independent with the <D> value of around 41 nm for HEA
and 46 nm for FeNi in the studied fluence range of 0.9-12.6 J/cm?, i.e., laser power
from Po/11/2.7 to Po (Figure 8). Similar mean sizes and weak fluence dependencies
were observed recently for PLAL-produced HEA NPs [18,48]. The relative variations
of the sizes (RCV values) are also practically fixed at ~ 0.25 for HEA NPs and ~ 0.21
for FeNi NPs with a tendency to increase at low fluences for the latter (Figure 9). A
similar trend of increasing the polydispersity index of the FeNi NP distributions with
reducing the fluence was obtained in MB-PLAL regimes [36].

Gold NPs, however, demonstrate a different behavior. Their median sizes are
significantly lower than those of HEA and FeNi NPs, and systematically increase with
the fluence from 13 nm at 0.9 J/cm? to 20 nm at 12.6 J/cm? (Figure 8). Another
difference is that the gold size distributions cannot be adequately described by a
single log-normal envelope and clearly exhibit two NP populations, smaller and larger
ones (Figures 4, S2.5, and S2.6). Such bimodal size distributions are often observed
for noble-metal PLAL-produced NPs [23,25,60,61] and are explained by distinct
formation mechanisms for the small and large populations [26,60]. In our case, the
small NP population dominates, and its fraction increases with fluence (Figure 8).
The RCV values of gold NP distributions are therewith almost fixed at the same value
of 0.25 as for HEA NPs throughout the studied fluence range (Figure 9). An exception
is at the lowest fluence of 0.9 J/cm? when the distribution is relatively broad (RCV =
0.35), possibly due to a low pulse-to-pulse reproducibility of the ablation process at
the near-threshold fluence.

Splitting the Gaussian beams does not practically affect the size distributions of HEA
and FeNi NPs for both 1x4 and 1x11 DOEs (Figures 8 and 9). This indicates that the
DOEs, indeed, do not alter the irradiated spot profile and that the interaction of
adjacent bubbles simultaneously produced with the 1x4 DOE, if it occurs, has little
effect on the size distribution. A slight increase in the median size of FeNi NPs is only
observed at the lowest fluence (1x11 DOE, Po/2.7) compared to its single-beam
counterpart at Po/11/2.7 (52 nm instead of 46 nm, Figure 8) that can be explained by
the poor reproducibility at low fluences. For gold NPs, the situation is again
somewhat different. The median size of NPs produced with the 1x4 DOE for both Po
and Po/2.7 is considerably larger (20 nm) than that obtained in the single-beam
regimes (15 nm) at the same laser fluences (at Po/4 and Po/4/2.7, respectively). This
is likely due to a relatively small separation distance between the spots with the 1x4
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DOE, which results in the bubble interaction and affects, in this case, not only the NP
productivity (Section 3.1) but also their size distribution.

A question arises: why are only gold NPs affected by the bubble interaction while the
median sizes of HEA and FeNi NPs remain virtually unchanged under the same MB-
PLAL with the 1x4 DOE? One can envision a thermal feedback effect of the
neighboring irradiation spots occurring in gold. Indeed, the thermal conductivity of
gold (and particularly its electronic component, which dominates at early ablation
stages [62]) is much higher than that of alloys [63,64], and thus inter-spot heat
transfer can result in heat confinement and potentially affect the gold ablation
process. According to [62,65], the electronic diffusivity aau at a typical for ps ablation
electron temperature of 10* K is ~ 500 mm?/s. The corresponding length of the heat
diffusion zone (aauta)'? at a time ta of the ablation onset (ta ~ 100 ps for ps-laser
ablation [66,67]) is about 0.2 um, i.e., much smaller than both the spot size and spot
separation. Therefore, inter-spot heating has to be ruled out, and the only cavitation
bubble interaction should be presumably considered as a mechanism affecting the
MB-PLAL process.

The maximal bubble heights under the considered conditions of ps PLAL of gold in
water were reported to be 250 um at 2.7 J/cm? [58], 330 um at 3.3 J/cm? [57], and
600 uym at 6 J/cm? [57], while, for HEA, the reported bubble height is smaller, ~100
um at 5 J/cm? [18] (although the values were obtained at different pulse energies and
cannot be compared directly). In any case, the maximal bubble size is smaller than
the spot separation in our experiments with the 1x4 DOE (700 pm), and the
introduced in [58] relevant dimensionless parameter H* (the ratio between double
bubble spatial separation and their maximum height) is expected to be in the range of
1.5-3. At first sight, the bubble interaction should also be ruled out as an explanation
of the DOE-induced modification of gold NP sizes since the NP diameters were found
to be affected by the interaction of two bubbles only at H* < 1 and remained
unaffected in double-pulse PLAL at H* = 1 [58]. However, the situation with multiple
bubbles appears to be more complicated, and the bubble interaction occurs even at
larger H* values. Thus, Bio et al. [68] investigated the dynamics of three identical,
synchronized, symmetrically aligned laser-induced bubbles and demonstrated
significant bubble interactions at fairly large separations. It resulted, for instance, in a
delay in the evolution of the central bubble with its longer lifetime compared to that of
two verge ones even at H* = 3. We believe that such hydrodynamic interaction
among bubbles in the MB-PLAL occurs in our experiments with the 1x4 DOE and is a
plausible explanation for the observed increase in gold NP sizes. In particular, the
extended lifetime of the two central bubbles (serving as NP reactors [69]) allows for
NPs to grow to larger sizes, similar to what happens with gold NPs when laser
fluence is increased in the single-beam PLAL. This interpretation is also consistent
with the relative insensitivity of HEA and FeNi NPs to the beam splitting since the
sizes of these NPs are less affected by laser fluence, i.e., by the size and lifetime of
the cavitation bubble, under the considered conditions (Figure 8).
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The RCV values of the distributions are found to be almost unaffected by the beam
splitting for all the materials (Figure 9). An exception is again for FeNi NPs at the
lowest fluence (1x11 DOE, Po/2.7) when the distribution is broader, probably due to
an instability of the ablation process at the near-threshold fluence resulting in a larger
variation in sizes of the produced NPs.

An additional process that apparently influences the size distribution of NPs
produced under the considered PLAL conditions, especially in the splitting regimes
with the 1x11 DOE, is laser-induced fragmentation in liquids (LFL) [2,70-72]. In LFL,
laser-irradiated colloidal NPs absorb laser energy to transiently pass an excited state
and finally break into small fragments. The LFL method is used efficiently to produce
small, size-controlled NPs from larger NPs [20,46,47,70], often as a separate step in
addition to PLAL, and from microparticles [72,73]. LFL can also occur during PLAL
synthesis if the produced NPs have a sufficiently long residence time in the irradiation
area, but in this case it is considered rather a parasitic process [20] since it is difficult
to control both NP growth and fragmentation simultaneously.

The considered splitting in the PLAL regime with 11 sub-beams is favorable for the
LFL manifestation. With the setup geometry, the flow direction is parallel to the
vertical 11-beam line (Figure S3). Assuming that the PLAL-produced NPs follow the
water flow, their velocity in the chamber can be estimated as 1 m/min. Then the
average residence time of the NPs in a 1-cm spiral sub-beam irradiation area is
about 0.3 s (estimated for NPs produced in central regions), which corresponds to
nearly eight full spiral cycles, and thus the NPs, particularly those originating from the
bottom regions, undergo repeated laser exposure. In most cases, the used laser
fluences are well above the fragmentation threshold (typically below 1 J/cm? for ps
pulses [2,20,72]), and the higher the fluence, the smaller the fragments produced [2].
This is consistent with the increase in the fraction of small gold NPs with increasing
fluence (Figure 8, bottom panel). The highest fractions of small Au NPs are observed,
in agreement with the above considerations, for the 1x11 splitting regime, exhibiting
an unimodal distribution with no statistically resolvable large-particle component at
maximal laser power (Figure 8).

We note that LFL is also more likely to occur under single-beam irradiation than in
the previous experiments [48]. Here, the chamber volume is 5 times larger (25 ml
instead of 5 ml in [48]) and, with a similar flow rate, this results in a lower removal
rate of the produced NPs from the irradiation region, thus giving them a better
chance to absorb laser energy. Combined with a longer irradiation time and a high
NP productivity, this represents favorable conditions for LFL. We believe that this is
the reason for the difference in the size distributions of gold NPs produced under
similar single-beam irradiation conditions, a bimodal distribution in this work and
unimodal one in [48].

3.2.2. Donut-shaped beams
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As for Gaussian beams, the distributions of donut-beam-generated HEA and
FeNi NPs are well described by a single log-normal function, while those for Au NPs
exhibit again a bimodal behavior. A single DS beam results generally in smaller HEA
and FeNi NPs compared to the corresponding Gaussian pulse (Figure 8), in
agreement with the previous observations [48]. This is particularly pronounced at the
tails of the distributions where a large-mass cut-off occurs at considerably smaller
sizes for DS pulses than for Gaussian pulses, e.g., at ~80 and 90 nm, respectively,
for HEA NPs at fairly high fluences (see Figures 2 and S4). For gold NPs, however,
the expected reduction in sizes with the DS pulses is likely masked by the above-
discussed LFL processes. As a result, the observed median sizes and fractions of the
small population are rather identical for Au NPs produced by single Gaussian and DS
pulses (Figure 8).

The RCV values of the NP size distributions obtained with the DS beams are nearly
the same as for Gaussian pulses at around 0.25 (Figure 9). Exceptions are observed
again at the lowest fluence of 0.9 J/cm? (power Po/11), when the RCVs are somewhat
higher, especially for FeNi NPs (RCV = 0.37), i.e., the relative distribution broadening
is even stronger than that for the low-fluence Gaussian beam. This is partly due to
small median NP sizes under these conditions (note that the smallest sizes of FeNi
and Au NPs are obtained here, 43 and 11 nm, respectively, Figure 8). However, other
processes, e.g., the discussed above NP redeposition at low-fluence DS pulses, can
possibly contribute to the observed RCV increase, which requires separate studies.

Splitting the DS beam does not show a distinct reduction in the median NP sizes
compared to split Gaussian pulses, as was expected based on experiments with
single DS pulses here (Figure 8) and in Ref. [48]. The sizes of NPs produced under
multi-donut-beam conditions are either similar to those obtained in the corresponding
Gaussian MB-PLAL or even larger, with similar RCV values (Figure 8). We attribute
this behavior to secondary processes occurring or being promoted under multi-beam
irradiation. Different processes appear to be relevant in the two investigated MB-
PLAL configurations. For the 1x4 DOE, the interaction of individual bubbles is likely
the main contributor because of the relatively short inter-spot distance, as discussed
above in the contexts of productivity (Sections 3.1.2 and 3.1.3) and the sizes of NPs
produced with Gaussian beams (Section 3.2.1). The interaction of adjacent cavitation
bubbles was shown to modify the NP formation process, leading to increased NP
size [58]. For DS beams, the bubble interaction is expected to be stronger than that
for Gaussian beams at the same pulse energy and spot separation due to a larger
spot size [37]. Indeed, the largest size of gold NPs (whose generation appears to be
most affected by the bubble interaction) was observed namely in MB-PLAL with four
DS sub-beams (Figure 8). To avoid the NP size modification by the hydrodynamic
interaction of the cavitation bubbles and thus to obtain an NP size reduction similar to
that with a single DS beam, the sub-beam spot separation should be sufficiently
large, presumably larger than the maximal lateral size of the bubble by a factor of at
least 3-4 [68]. On the other hand, as pointed out in [58], varying the inter-spot
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distance is a distinct novel approach for manipulating the NP size distribution in MB-
PLAL.

For the conditions with the 1x11 DOE, the spot separation is large (4 mm), so the
bubble interaction, even if it exists, is likely a minor factor. Instead, other processes
come into play. The most important one, in particular for gold NPs, as for Gaussian
pulses, appears to be LFL due to our PLAL setup with the vertical spot line (Figure
S3). This geometry results in repeated re-irradiation of the generated NPs and in a
high fraction of the small Au NP population, which is, however, lower than that with 11
Gaussian beams at the same total power (Figure 8), due to a higher laser fluence in
the latter case. The LFL process is expected to be significantly suppressed in the
MB-PLAL by using a setup with a horizontal line of the spot and a vertical liquid flow.
Such an experiment is currently under preparation. Another possible contributor is NP
redeposition, which is expected to be particularly efficient for low-fluence DS pulses,
as discussed above in the context of productivity. The redeposition process is likely to
be size-dependent, but, in contrast to LFL, it leads to an increase of the mean size of
the remaining colloidal NPs because larger NPs are shown to be predominantly
concentrated at the upper part of the cavitation bubble [74] and thus are less affected
by the redeposition. This is, therefore, a plausible explanation of why HEA and FeNi
NPs produced with 11 DS sub-beams (and which are apparently less affected by
LFL) exhibit the highest median size (Figure 8). An increase of laser fluence in the
individual sub-beams would obviously reduce the redeposition effect in this MB-PLAL
regime, but this was impossible in our experiments due to limitations of the laser
power.

4, Conclusions

A new approach to advancing laser synthesis of colloidal NPs is proposed by
combining the advantages of two recently developed PLAL methods, both of which
involve spatial shaping of laser pulses. One method is based on multi-beam laser
ablation created by splitting a laser beam into several sub-beams, which enables a
significant increase in synthesis productivity in a cost-effective way. Another method
suggests using donut-shaped laser pulses instead of conventional Gaussian pulses
to better control the NP size and morphology. A combination of the methods in one
PLAL process is expected to address two main challenges in the use of laser-
produced NPs in real-world applications, relatively low synthesis efficiency and
insufficient control of the NP size distribution.

In this pilot study, NPs of three materials, gold, iron-nickel alloy, and high-entropy
alloy, were synthesized by picosecond laser ablation in water using donut-shaped
pulses in combination with two MB-PLAL configurations, with 4 and 11 sub-beams.
The obtained NPs were compared in terms of productivity and size with those
produced by Gaussian pulses and in single-beam PLAL. The experiments were
performed over a wide range of laser powers, and we were able to compare single-
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beam and multi-beam PLAL processes at the same pulse energy and fluence per
beam.

We have demonstrated that splitting of DS beams into several sub-beams using
static DOEs can be as efficient in terms of NP productivity as that of Gaussian
beams. Moreover, at moderate laser fluences (several times the ablation threshold
value), DS pulses are found to be even more efficient, possibly because of a larger
and more uniformly irradiated ablation spot. At near-threshold fluences, the
productivity of DS pulses significantly drops, likely due to redeposition of the ablated
material. The obtained productivities of DS-beam-produced HEA and FeNi NPs with
the 1x11 DOE are about fourfold higher than those with a single DS beam, i.e., the
gain in productivity is similar to that observed with Gaussian beams. For gold NPs,
the productivity of DS pulses in this MB-PLAL regime is low since fluence is at a
near-threshold value even at the maximal laser power. The highest productivity for Au
NPs was obtained with the 1x4 DOE and was ~2.5 times higher than that with a
single DS beam. We emphasize that the reported productivity values can be
considerably increased in the same MB-PLAL setup by optimization of the laser
repetition rates and fluences.

Regarding the NP size distributions, we observe a reduction of the median size of
NPs produced by DS pulses in single-beam PLAL in agreement with previous
experiments. However, the transfer of this reduction effect to the MB-PLAL
configurations is not straightforward and several pitfalls occur due to secondary
processes modifying the size distributions. Three processes are identified as
potentially important: (a) interaction of individual cavitation bubbles when the inter-
spot distance in MB-PLAL is relatively short; (b) laser fragmentation (in particular, in a
non-optimal MB-PLAL configuration, when NPs produced by a sub-beam are
repeatedly irradiated by other sub-beams); and (c) NP redeposition (particularly
important for low-fluence DS pulses). Mitigation measures to eliminate (or minimize)
impacts of the secondary effects are discussed and experiments involving such
measures are currently under preparation.

Overall, the results demonstrate that DS beams can be successfully implemented in
MB-PLAL without eliminating the productivity advantages of beam splitting. However,
achieving simultaneous improvements in productivity and NP size control requires
careful optimization of both the optical configuration and the liquid-flow geometry.
These findings provide practical guidance for the further development of scalable
MB-PLAL systems combining high productivity with improved control over NP size
distributions.
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Coherent laser
1064 nm

10 ps
400 kHz

Waveplate Donut  Mirroron Scanner
Retarder Shaper Flipmount DOE

Target in flow chamber

Figure 1. Schematic presentation of the PLAL set-up. A donut shaper and a DOE
(1x4 or 1x11) can be placed or removed from the beam path to provide different
combinations of the beam shaping. The beam profiles (bottom left) are acquired prior
to the experiments by flipping a mirror to redirect the beam toward a camera. The
inset at the top shows typical SEM images of NPs of the three materials obtained
with the donut shaper and the 1x11 (scale bar is 100 nm).

23



0.04

0.03 o

0.02 o

0.01 o

0.00

probability density

0.00

0.03 o

0.02

0.01 o

0.00

0.04

0.03 o

0.02 —

0.02 H

0.01 +

0.00

Figure 2. Summary of results for HEA NPs. Left: examples of size distributions of
NPs produced by single Gaussian and DS beams at different powers (top), and by
eleven Gaussian and donut-shaped sub-beams at maximal power (bottom). The lines
represent lognormal fits. The indicated median size, median absolute deviation
(MAD), and robust coefficient of variation (RCV) are derived directly from the particle
size data. The number of measured nanoparticles (N) is also indicated. Right: The
violin plots showing the NP size distributions for all the samples obtained with
Gaussian (top) and donut-shaped (bottom) beams as a function of the total laser
power. The plots for an identical fluence have the same color. The indicated here
mode (orange lines) and median (yellow lines) values are obtained from lognormal
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Figure 4. Same as in Figure 2 for Au NPs. The NP size distributions are
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Figure 8. Log-normal fitted median size of HEA, FeNi, and Au NPs produced under
various PLAL conditions as a function of the total laser power. For gold, the size is
given for the small NP population and the fraction of smaller particles is shown on the
bottom panel. For convenience, the results for donut-shaped pulses obtained at a P
power are placed between P and P/2.7 (the latter corresponds to the same fluence of
a Gaussian pulse at P).
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Figure 9. Robust coefficient of variation (RCV) derived from the measured particle
sizes of HEA, FeNi and Au NPs produced under various PLAL conditions as a
function of the total laser power. As in Figure 8, the results with donut-shaped pulses
are placed between P and P/2.7.
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