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To further advance nanomaterial applications and reduce waste production during synthesis, greener and sus-
tainable production methods are necessary. Pulsed laser ablation in liquid (PLAL) is a green technique that en-
ables the synthesis of nanoparticles. This study uses synchronous-double-pulse PLAL to understand bubble
interaction effects on the nanoparticle size. By adjusting the lateral separation of the pulses relative to the maxi-
mum bubble size, an inter-pulse separation is identified where the nanoparticle size is fourfold. The cavitation
bubble pair interaction is recorded using a unique coaxial diffuse shadowgraphy system. This system allows us to
record the bubble pair interaction from the top and side, enabling the identification of the bubble’s morphology,
lifetime, volumetric, and displacement velocity. It is found that the collision and collapse of the bubbles generated
at a certain inter-pulse separation results in a larger nanoparticle size. These results mark a significant advance-
ment by controlling the abundance of larger nanoparticles in PLAL, where previous efforts were primarily focused
on reducing the average nanoparticle size. The experimentally observed trends are confirmed by numerical sim-
ulations with high spatial and temporal resolution. This study serves as a starting point to bridge the gap between
upscaled multi-bubble practices and fundamental knowledge concerning the determinants that define the final

nanoparticle size. ~© 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.498204

1. INTRODUCTION

Pulsed laser ablation in liquid (PLAL) has emerged as a prom-
ising method for nanoparticle synthesis, owing to its environ-
mental friendliness, versatility, and direct synthesis path that
eliminates the need for purification of the produced nanopar-
ticles. This technique has been successfully applied to synthe-
size nanoparticles from metals [1], oxides [2], semiconductors
[3], and organic materials [4] in a wide variety of liquids rang-
ing from water to organic solvents [5], making it an attractive
option for applications that require high-purity colloidal nano-
particles [6]. Moreover, PLAL not only allows the synthesis of
ligand-free nanoparticles but also iz situ functionalization based
on the selected solvent [7] and/or added electrolytes or ligands

control of the synthesis conditions [10]. The nanoparticles’
atomic elemental composition can be finely tuned by the initial
composition of the bulk target employed [11] or the target
elemental distribution [12], even allowing the controlled syn-
thesis of core-shell bimetallic structures [13]. Single-step nano-
particle  production, surface ligands, and nanoparticle
composition control, together with the upscalability of the pro-
cess to meet industrial requirements [14—18], have widened the
applications of PLAL-synthesized nanoparticles. As a resul,
PLAL-synthesized nanoparticles have been employed in various
fields, including catalysis [19,20], biotechnology [21,22], pho-
tovoltaics [23], nanomedicine [24], and additive manufactur-
ing [25]. Nanocatalysts’ efficiency, for instance, can be

[8,9]. It offers the ability to tune the surface chemistry as well as
the elemental composition of the nanoparticles through careful
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significantly improved by employing PLAL-generated ligand-
free nanoparticles to increase the active sites, together with a
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defined and narrow size distribution that maximizes the sur-
face-to-volume ratio [19,26]. Consequently, the efficient pro-
duction of stable nanoparticles with defined particle sizes to
ensure proper functionality is an important topic and has at-
tracted significant interest [27-29].

Overall, nanoparticle applications in critical human devel-
opment technologies such as energy, health, and structural ma-
terials depend on the possibility of generating nanomaterials
with controlled size, composition, and surface chemistry in a
scalable manner. PLAL fulfills most of those conditions and
has been demonstrated to allow an upscalable synthesis of col-
loidal nanoparticles suitable for the described applications.
However, a critical challenge remains in controlling the size dis-
tribution of PLAL-synthesized nanoparticles, which is crucial
for their functionality and performance in the mentioned ap-
plications. Solving this challenge is vital for establishing PLAL
as a standard nanoparticle synthesis technique in many fields,
particularly those that rely on controlled particle size and sur-
face chemistry.

Previous approaches to influence nanoparticle size distribu-
tion in PLAL required the addition of polymers [30], biomo-
lecules [31], or anions [32] during synthesis. This way,
monomodal nanoparticles with low polydispersity can be pro-
duced by size quenching, but the particular advantages of laser-
generated colloids, i.e., their purity and surface activity, can
be compromised. Modification of the PLAL early dynamics
represents an alternative approach to control nanoparticle size
distribution without the addition of extra chemicals. The high-
intensity pulse interacting with the target induces a fast phase
transition at the liquid—target interface [33]. The interaction
leads to material melting and phase explosion, forming a dense
high pressure and temperature plasma [34]. The generated
plasma plume interacts with the surrounding liquid leading
to the ablated material cooling and solvent vaporization form-
ing the cavitation bubble [35]. Nanoparticle formation takes
place along different pathways, including particles of a few tens
of nanometers directly ejected from the instability of the super-
heated target molten layer [36] and within the cavitation bub-
ble that acts as a micro-reactor for nanoparticle nucleation [33].
Consequently, cavitation bubble features such as dimension,
shape, composition, and dynamics directly influence PLAL
nanoparticle formation [37]. For instance, the size and volume
of the cavitation bubble are influenced by PLAL conditions
such as the viscosity of the liquid media and the laser fluence
[38,39]. In general, an increase in the cavitation bubble average
size and the resulting nanoparticle size distributions are re-
ported at higher fluences [40]. So far, the following approaches
for influencing cavitation bubbles during PLAL have been pro-
posed: the application of external pressure [41], temperature
control [42], and generation of ultrasonic waves in the sur-
rounding fluid [43,44]. By suppressing cavitation bubble size
and collapse time, external pressure and the liquid column
above the target correlate with the size distribution reduction
of nanoparticles formed in PLAL [29]. Temperature variations
affect fluid properties, such as compressibility and viscosity,
consequently indirectly modifying particle formation dynamics
and the nanoparticle size [42]. Through ultrasonic wave exci-
tation in the surrounding media, the plasma formation and

Vol. 11, No. 12 / December 2023 / Photonics Research 2055

cavitation bubble collapse phases are modified [44]. Within
the different parameters influencing the cavitation bubble in
PLAL, temporal and spatial control of the incident pulses
has been barely studied, even though it represents a developed
approach to modify laser ablation dynamics in air [45-47],
influencing the process productivity. Temporally, double-pulse
experiments with delays ranging from the ps [48] to the ms
[49,50] time scale have shown that nanoparticle bimodality
can be reduced by the second pulse interaction with the emerg-
ing spallation layer before cavitation bubble formation [48].
While ps-ms delayed pulses offer the possibility to interact with
the emerging cavitation bubble modifying the produced nano-
particles size [49], synchron double-pulse PLAL with con-
trolled spatial separation has not been studied yet, even
though modification of the laser spatial intensity profile has
been proven to influence cavitation bubble formation and dy-
namics in water [51,52].

The cavitation bubble lifespan ranging from the initial ns
after the pulse impact on the target, up to the ps range
[53], together with its spatial variation during the growth-col-
lapse-rebound phases makes it difficult to direct the characteri-
zation during the complete nanoparticle formation process and
ejection. To address this limitation, computational efforts have
been combined with advanced characterization techniques to
reveal the temporally resolved cavitation bubble effect on
the PLAL synthesized nanoparticles. Molecular dynamics sim-
ulations have been employed to reveal the early cavitation bub-
ble dynamics and nanoparticle formation, revealing the origin
of the nanoparticle size bimodality observed in picosecond
PLAL by different pathways of nanoparticle production mecha-
nism [53-57]. The primary particles, with diameters below
10 nm, are initially ejected to the liquid around five nanosec-
onds after pulse interaction with the target due to the instability
of the target molten layer [33]. The secondary particles within
the bubble, typically >10 nm, are hot in the range of nanosec-
onds, barely cool down, and continue to grow into the micro-
second scale. The temporal (ns-ps) and spatial (pm-mm)
cavitation bubble scales make it difficult for the experimental
efforts to reveal nanoparticle formation within its evolution.
The required sub-ns temporal resolution to characterize the
complete cavitation bubble and nanoparticle formation lifetime
has been only recently experimentally accessed by ps resolved
pump—probe microscopy experiments [53], confirming the
mechanisms previously described by computational methods
[56] such as the plasma formation, dilution, and spallation layer
generation and disintegration, as well as the shock wave propa-
gation and cavitation bubble formation in the initial nanosec-
onds after pulse interaction. Alternative approaches to analyze
the cavitation bubble dynamics and nanoparticle formation are
small angle X-ray scattering (SAXS) [58], time-resolved shad-
owgraphy [59], and optical emission spectrometry (OES) [43].
Although SAXS is a powerful way to characterize particle for-
mation inside the cavitation bubble, detailed analysis is difficult
due to the lack of sufficient temporal and spatial resolution. As
well as being more effective at the early stages of bubble dynam-
ics, OES analysis has a limited spatial resolution. Alternatively,
shadowgraphy is the most commonly used technique for
analyzing cavitation bubble [60], as it offers an acceptable
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compromise among experimental complexity, temporal resolu-
tion (20 ns), and spatial resolution (2 pm) [61].

An approach to understand single cavitation bubble dy-
namics with a higher temporal and spatial resolution is the
development of numerical simulations. Cavitation bubble dy-
namics in the vicinity of a solid wall have been studied exten-
sively in the past years in Ref. [62] and references within.
Excellent agreement has been found between experimental
and numerical results. For bubbles close to the wall (close
to the target), wall-directed ultra-fast needle jets form due
to the impact of radial inflow on the symmetry axis
[62,63]. Bubbles that expand further away from the wall show
more regular jet characteristics due to the pressure difference
over the bubble surface and the formation of a liquid film be-
tween the bubble and wall [62]. These jets occur on different
scales and show a much lower peak velocity than the needle
jets. Less detailed analysis is available for in-phase and anti-
phase interactions of multiple bubbles [64-69]. It has been
found that a weak and a strong interaction regimes exist
for bubble pairs near a wall [69]. The strong regime is char-
acterized by flat bubble shapes with an intermediate liquid
film that can rupture, leading to coalescence of the bubble.
In the weak regime, the bubbles remain separated from each
other over the entire evolution and form a jet toward each
other during the collapse phase. This jet formation is similar
to the regular jet of single cavitation bubbles expanding suf-
ficiently far away from a solid wall [65]. The time and length
scales of the evolution can be well described by an analytical
model including the pressure influence of the secondary bub-
ble [69]. Han et 4l [64] have studied characteristics of in-
phase and anti-phase bubble pairs. They observed that for
anti-phase pairs a counter-jet develops from the secondary to-
ward the primary generated bubble, which can be magnified
by a third anti-phase bubble [66]. In numerical analysis of
bubble pairs, the boundary integral method (BIM) has mainly
been employed with simplifications on the used equation of
state [64,67,70]. These simplifications can strongly influence
the bubble evolution, especially in the late collapse stages
[62,71]. Furthermore, a finite volume discretization of the
governing equations is beneficial compared to BIM by implic-
itly handling complex surface topologies [62]. Even though
there is a growing interest in understanding multiple cavita-
tion bubble dynamics, the influence of the spatial distribution
of the cavitation bubbles in multi-pulse PLAL on nanoparticle
size distribution remains a challenge due to the lack of exper-
imental or numerical approaches describing those PLAL
conditions.

Opverall, there is a missing link between two distinct knowl-
edge fields in PLAL. On the one hand, there is the PLALs
maturity in the achieved upscaling regime that requires millions
of “bubble reactors” initiated per second. And on the other
hand, the basic understanding of the particle formation mecha-
nism during PLAL has reached a high level as well, in particular
for individual bubbles. For example, laser synthesis upscaling
requires higher laser powers, often achieved by higher repetition
rates. During MHz repetition rate PLAL, every microsecond a
new bubble is created, which requires a supersonic lateral offset
of the ablation spot tunable from several to hundreds of
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micrometers [72]. Hence, depending on the repetition rate
and the cavitation bubble’s lifetime, dozens of bubbles will in-
teract with each other during upscaled laser synthesis. Hence,
the question arises of how these bubbles interact with each
other and whether the interaction will affect the PLAL-yielded
particle size. This multiparametric question may be reduced in
time and space, starting with a pair of synchronized bubbles, at
defined lateral offset.

In this contribution, a coaxial shadowgraphy setup is devel-
oped in order to visualize and better comprehend the dynamic
of PLAL cavitation bubble pair interaction on gold as well as a
transparent YAG crystal surface. As the bubble pair’s dynamics
and their morphology will be characterized, the imaging has
been realized both from the top- and side-view angles. This
novel setup is employed to monitor the cavitation bubble evo-
lution in micrometric spatially resolved pulse-pair PLAL experi-
ments, where two synchronized laser pulses of the same energy
are used to irradiate the targets. In this configuration, two si-
multaneous cavitation bubbles form a bubble pair. The behav-
ior of laser-induced cavitation bubbles can be altered by
controlling the distance between them. The proximity between
the bubbles determines whether and how they interact with
each other, leading to variations in their long-term behavior.
Nanoparticle analytics of both the hydrodynamic and primary
particle diameters will give insights if the modified
bubble dynamics affect nanoparticle growth. The observed
trends are compared to high-resolution numerical simulations
of bubble pairs based on a fully compressible finite-volume
discretization.

2. MATERIALS AND METHODS

A. PLAL Nanoparticle Synthesis Setup

The PLAL setup employed for gold (Au) and yttrium alumi-
num garnet (Y3AlsO;,, YAG) colloidal nanoparticles produc-
tion consists of a 10 ps, 100 kHz, 160 W Nd:YAG laser
(Edgewave PX400-3-GH). The targets are ablated in ultra-
pure, deionized water (MilliQ, Millipore) for 5 min inside a
batch chamber with an incorporated stirrer to ensure concen-
tration homogenization and nanoparticle shielding reduction
(as shown in Fig. 10 in Appendix A). Note that addition of
micromolar saline, often used in PLAL of gold for agglomer-
ation and growth inhibition (size quenching) [28], was omitted
to allow the attribution of particle aggregation/growth to bub-
ble dynamics without cross-effects by i situ surface charge de-
livery. It is also important to note that using a nanosecond laser
may produce different results due to its longer pulse duration
and distinct dynamics. A galvanometric scanner (ScanLab,
hurrySCAN 30) operating at 3 m-s™' equipped with an
f-Theta lens (f = 100 mm) directs the ps pulses onto the
Au and YAG targets (pulse energies of 320 pJ and 470 pJ,
and a focal spot size with a diameter of 122 pm and 54 pm,
respectively; equivalent to fluence values of 2.7-20.8 J - cm™).
The selected materials allow us to illustrate the versatility of the
proposed method—Au as a benchmark and the most studied
material in PLAL and YAG as a transparent ceramic material,
allowing top-view shadowgraphy. The produced samples with
this method are later referred to as single pulse ablation or zero
spatial separation.
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B. Micrometer-Resolved Spatially Separated Double-
Pulse PLAL

The described standard PLAL system is complemented with an
electro-optic module that allows spatial beam multiplexing with
adjustable temporal and spatial separation. Temporally
synchronized double pulses with identical pulse energy (£,)
are generated with varying inter-pulse distances to investigate
the effect of simultaneous bubble pair interaction on the
individual bubble dynamics and the produced nanoparticles
[Fig. 1(a)]. Since the cavitation bubble size depends on the
target material, solvent, laser pulse energy, and pulse duration
[6,57], the spatial inter-pulse distances (Ax) are selected taking
as reference the single cavitation bubble height at the maximum
expansion (H ,,) produced with the same pulse energy on each
material, 320 pJ for Au and 470 pJ for YAG. The resulting
bubble heights are 300 pm and 190 pm for Au and YAG, re-
spectively (Fig. 11, Appendix B, Au Ax = 0 pm). Based on
those values, Fig. 1(b) illustrates how the distance between bub-
bles is determined. The size of the cavitation bubble depends
on the material and the applied laser pulse energy. To analyze
the double bubble dynamics independently, there must be a
constant relationship between the spatial pulse spacing and
the maximum size of the cavitation bubble. Thus, the distance
between two cavitation bubbles is determined by the maximum
height of a single cavitation bubble (A ,,,) induced by defined
laser pulse energy. The spatial inter-pulse distances evaluated in
this study are Ax = 0, 600, and 1400 pm for Au, and Ax = 0,
460, and 1075 pm for YAG, corresponding to approximately
single-pulse, 2 times, and 4 times H ,, for each material, re-
spectively. To avoid the influence of successive pulses on the
double-bubble interaction, the laser repetition rate was man-
ually reduced to 10 kHz by a digital delay generator (DDG)
(Stanford Research DG535) in order to provide a wide tempo-
ral window between pulses that allows complete bubble evolu-
tion until the next double-pulse irradiation event. The typical
bubble lifetime for Au and YAG is 45 pis and 40 ps, respectively,
far shorter than the provided 100 ps temporal delay. Despite

(@)
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this, it is worth noting that, in combination with this temporal
delay, the scanner also provides a 300 pm beam displacement.

C. Spatially Separated Double-Pulse PLAL Colloidal
Nanoparticle Characterization

The produced colloidal nanoparticle size distribution and mor-
phology characterization were conducted by scanning transmis-
sion electron microscopy (STEM, Apreo S LoVac, Thermo
Fisher Scientific, 30 kV acceleration voltage). Colloids were
drop-casted on a carbon-coated copper grid and measured within
three days after synthesis to ensure minimum particle growth
effect. High-angle annular dark-field imaging (HAADF) mode
is chosen for Au nanoparticle analysis due to the improved con-
trast that enables the identification of the small nanoparticles. To
verify the particle size distribution, for each double-pulse spatial
separation experiment, approximately 1000 nanoparticles were
measured and analyzed by Image] (ParticleSizer).

An analytical disk centrifuge (ADC, CPS, DC24000) was
used to study the hydrodynamic nanoparticle diameter. The ro-
tor speed is set at 24,000 r/min for all measurements, the density
gradient is built up with sucrose, and reference standard colloid
(PVC, 0.237 pm) is injected before every measurement in order
to increase accuracy. Mass-weighted size distributions are calcu-
lated by the device’s software directly. Seven samples were
analyzed for each double-pulse separation to determine the
reproducibility and uncertainty of the particle size determina-
tion. We conducted a variance analysis for the ADC results
by Tukey’s least significant difference (LSD) test at a 5% level
of significance using the statistical analysis package of
OriginPro 2022.

For further hydrodynamic size distribution analysis within
1 nm to 7 nm, an analytical ultra-centrifuge (AUC, Beckmann
Coulter Proteomelab XL-I, An-50 Ti rotor) was employed at
30,000 r/min. The statistical resolution of AUC is superior to
that of STEM, which is known to be the ideal method for mass-

Time

weighted sizing ultra-small nanoparticles.

Ep2, 12 ! ! Ep1, t1
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AEp=Ep1- Ep2=0
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S b b d
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Fig. 1. (a) Synchronized bubble pairs are generated with the same pulse energy (£,). Configuration to be examined with the process parameters
AE, =0, Ax = Constant, Az = 0. (b) The size of the cavitation bubble depends on the material and the applied laser pulse energy. For inde-
pendent analysis of double bubble dynamics, the relationship between the spatial pulse spacing and the maximum size of the cavitation bubble
should be constant. Therefore, the maximum height of a single cavitation bubble () induced by a defined laser pulse energy is used as a
parameter for choosing the distance between two cavitation bubbles for each material. The spatial pulse spacings for this study correspond to

approximately 0, 2, or 4 times H ,, for each material.
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Through the integration of these techniques, particle size
can be thoroughly analyzed. ADC measurements provide the
hydrodynamic particle modal diameter that represents the size
distribution peak size. Additionally, the STEM outcomes are
used to characterize the Feret diameter of the particles, which
offers an alternative method of measuring particle size based on
the longest distance along the particle’s boundary. These com-
plementary metrics are crucial in scientific analysis, providing
diverse viewpoints on particle characterization and allowing us
to gain a comprehensive understanding of the particle’s size
distributions.

D. Cavitation Bubble Dynamics Recorded by
Shadowgraphy Imaging

Double cavitation bubble dynamics were analyzed at Ax = 0,
2H .. and 4H . inter-pulse distances. To obtain a coaxial
view of the bubble interaction, a high-intensity xenon flash
lamp was used as a light source (Hamamatsu, 1L4633-01) and
a fast-gated intensified charge-coupled device (ICCD) camera
as a detector (Andor i-Star, DH334T-18H-13) modifying the
setup to capture images in two different configurations. The
detailed schematic of the shadowgraphy setup for the top-view
and side-view is illustrated in Figs. 2(a) and 2(b), respectively.
To ensure homogeneous scattering of the flashlight and im-
proved image quality, an engineered top-hat diffuser glass
(Thorlabs ED1-C50-MD) was implemented, which partially
provides visibility inside the cavitation bubbles by enabling
light to enter the bubble from various angles, thereby enhanc-
ing the inner visible area. As YAG crystals only absorb around
16% of the pulse energy at the laser wavelength employed
(1064 nm), the flash system was shielded from transmitted laser
pulses using a short-bandpass filter (Thorlabs FESH0750). In

(@)
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order to capture images from the top view, a long-pass dichroic
mirror (Thorlabs DMLP900R) was placed at 45° in front of the
ablation chamber to allow the laser pulses to pass through and
reflect the visible light to the camera. It should be noted that
top-view shadowgraph imaging is not applicable to gold or any
other opaque materials. Furthermore, a telecentric lens (Sill
Optics, Correctal T/1.5, and Edmund Optics, 4X, 65 mm
CompactTL Telecentric Lens) is positioned in front of the cam-
era sensor [Fig. 2(a)].

In the side-view shadowgraphy setup configuration, the IR
filter and dichroic mirror were removed, and the flashlight sys-
tem was placed in front of the lens [Fig. 2(b)]. A single image is
recorded per laser shot, and the target is shifted by typically
400 pm after each exposure to avoid the effects of surface
changes on cavitation bubble dynamics. Related control experi-
ments are summarized in Fig. 12 in Appendix C. The laser
parameters are described in Sections 2.A and 2.B for the single
and double cavitation bubble dynamics, respectively. The cam-
era was employed as a digital delay generator (DDG) to send
independent trigger signals to the flash lamp and laser at a de-
signed delay time. The laser was always triggered with 0 delay.
The camera and flashlight triggered simultaneously together
with a variety of delay times from 200 ns to 5 s steps to cap-
ture the temporal double cavitation bubble interaction evolu-
tion. All shadowgraph images are labeled with their delay time.
The exposure time was 200 ns for all images. Figure 2(c) shows
a schematic of the double configuration shadowgraphy setup,
allowing us to record a two-dimensional shadowgraph from
both the side- and top-view angles. Note that the term “coaxial”
pertains to the alignment of the camera’s field of view, illumi-
nation source, and image acquisition without inherently imply-
ing simultaneous image capture timing,

(b)

mirror

()

mmemmm e . S — |
[ " ' i
1 ! ! 1
i 1 ! 1
(N - 5 i i
| : ; I
! ! — I

side-view top-view
shadowgraph shadowgraph

Fig. 2. Schematic diagram of coaxial diffuse shadowgraphy system: (a) for top-view angle; (b) for side-view angle. By placing a dichroic mirror at
45° in front of the glass cell, picosecond laser pulses can pass through, ablate the YAG target, and generate cavitation bubbles. The mirror also reflects
the visible flashlight into the camera lens, capturing shadowgraph images from the top-view. (c) Schematic of the side- and top-view imaging

geometry and related two-dimensional shadowgraph projections.
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E. Numerical Simulations of the Double Cavitation
Bubble Dynamics

Numerical simulations were conducted to clarify the impor-
tance of the bubble evolution on the particle size distribution.
Especially, the relevance of the different phenomena that occur
during the bubble lifetime was investigated. Due to the com-
plex and challenging three-dimensional setup, the cavitation
bubble dynamics was assessed in a reduced three-dimensional
axisymmetric space. This allows us to elucidate the underlying
jetting phenomena of bubble pairs that emerge for the inves-
tigated lateral pulse distances without the inclusion of three-
dimensional wall effects. Although the presence of the wall
influences the dynamics of detached bubbles significantly, at-
tached bubbles with zero standoff distance are only slightly af-
fected and resemble an unbounded evolution in time and
length scale [62]. Possible discrepancies are different bubble
shapes [73] or induced ultra-fast needle jets in the very late
collapse stages [62,63]. In the current setup, wall effects are
only included in the simulation with a lateral pulse distance
of Ax = 0 pm to highlight the different jetting phenomena
between single cavitation bubbles and spatially separated, si-
multaneously expanding bubble pairs. For the simulations,
the initial experimental conditions were used as calibration
to approximately match the time and length scales of a single
cavitation bubble with Ax = 0 pm. Therefore, an initially
high-energetic spherical gas bubble (R, = 7.85 pm,p, =
13,900 bar; 1 bar = 10° Pa) expands into a resting liquid at
ambient conditions (p,, = 1.013 bar). Both the gas bubble
and surrounding liquid are modeled with the Noble-Abel
stiffened gas equation of state [74], p(p,e) = (y - 1)pe/
(1/p - b) - y11, where p, p(p, e), ¢ are the fluid density, pres-
sure, and internal energy, respectively, y is the ratio of specific

100
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heats, IT is a constant background pressure, and 4 is the minimal
specific volume. In the current simulations, the liquid is modeled
as a Tait liquid with ITj = 3046 bar,y; = 7.15, and 6 =
0 m?/kg [75]. Inside the bubble, the employed values were
I, = 0 bar,y, = 1.31, 4, = 0.00046 m®/kg. The employed
grid resolution uses 25-30 cells per initial radius. Details on
the implementation, numerical setup, and validation of the flow
solver for cavitation bubble dynamics can be found in Ref. [62].

3. RESULTS AND DISCUSSION

The synchronous pulses with equal energy and varying spatial
separation (Ax) allow investigation of the effect of spatially de-
pendent synergy between the two bubbles on the cavitation
bubbles dynamics and the produced Au nanoparticles. The
studied distances are Ax = 0, 600, and 1400 pm correspond-
ing to 0 (reference single pulse ablation), 2, and 4 times the
maximum height A, of a single bubble, respectively.

The ADC measurements, shown in Fig. 3(a), allow the char-
acterization of the Au nanoparticle fraction comprised in the
5-300 nm range. The results indicate that the mass-weighted
hydrodynamic gold nanoparticle diameter significantly in-
creases for Ax = 600 um (~2H ,,). The nanoparticle diam-
eter increases from the mean peak value of 17.4 nm £ 1.6 nm
at Ax=0pm to 81.3 nm =% 3.1 nm at Ax = 600 pm
(R2H ). A further increase of the inter-pulse lateral distance
to Ax = 1400 pm generates a similar nanoparticle size distri-
bution as the initial Ax = 0 pm case with a mean peak value
of 18.5 nm % 0.3 nm [Figs. 3(2)-3(c)].

The evaluation of the nanoparticle fraction below 5 nm is
performed by AUC measurements that complement the ADC
measurements in the lower size range due to the detection limit
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Fig. 3. Darticle size analysis of Au nanoparticles synthesized for Ax = 0, 600, and 1400 pm. (a) Hydrodynamic mass-weighted particle diameter
distributions measured by analytical disk centrifuge for Au nanoparticles. (b) Mean peak diameter value analyzed by Tukey’s least significance
difference (LSD) test based on ADC measurements. Probability of F-test (p < 0.0001). (c) The number-weighted primary particle diameter dis-
tributions for Au were obtained from particle size analysis of #1000 particles from the STEM images for varied Ax. (d)—(f) HAADF-STEM images
of Au nanoparticles synthesized for Ax = 0, 600, and 1400 pm inter-pulse distances. The scale bar is the same for all images.
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of ADC at low hydrodynamic diameters. It should be taken into
account that low concentrations of the samples derived from ac-
cumulated single pulse ablation lead to strong noise in the sed-
imentation curves of the AUC measurements. Nevertheless, the
results (as shown in Fig. 13 in Appendix D) exhibit the presence
of larger Au nanoparticles with a sharp peak at 5 nm for the
Ax = 600 pm compared to the mean values of 2 nm for
Ax =0, and 1.5 nm for Ax = 1400 pm. The trend in the
nanoparticle size fraction below 5 nm is similar to the one ob-
served for the 5-140 nm fraction, where the double-pulse inter-
pulse spatial separation of Ax = 600 pm (x2H ,,,,) appears as a
sweet spot with larger nanoparticles compared to Ax = 0 pm
and Ax = 1400 pm.

To confirm the statistical significance of the obtained re-
sults, the boxplots in Fig. 3(b) illustrate the differences in mean
size values versus pulse distances for the ADC measurements.
The results of the statistical analysis of variance (ANOVA) are
shown in Fig. 14 in Appendix E. They confirm that Au nano-
particles synthesized for inter-pulse distances of Ax = 600 pm
(~2H ,,,) have significantly (p < 0.0001) larger mean nano-
particle diameter than that of Ax =0 pm and Ax =
1400 pm. Hydrodynamic diameter analysis cannot differenti-
ate between agglomeration/aggregation of primary particles or
primary particle diameter increase. Hence, STEM analysis pro-
vides evidence that also the primary particle diameter increases
at Ax = 600 pum conditions [Fig. 3(c)]. Similar to ADC mea-
surements, a significant increase in Au nanoparticle size at
Ax = 600 pm  (~2H,,,) is observed in STEM images
[Figs. 3(d)-3(f)]. The combined AUC, ADC, and STEM re-
sults allow us to conclude that both the hydrodynamic and the
primary particle diameter significantly increase at lateral inter-
pulse distances of 2H . but are unaffected at 0 or 4H .
Under these conditions, larger solid spheres and stronger aggre-
gation/agglomeration are created by the bubble dynamics.

Now that the influence of the cavitation bubble pair sepa-
ration on the nanoparticle size distribution has been proven for
Au as a reference material in PLAL, the method is extended to
the material YAG to prove the transferability of the bubble pair
effects on the nanoparticle size beyond metal nanoparticles to
the oxide ceramic YAG with completely different optical and
physicochemical properties.

The inter-pulse distance for YAG is defined based on the

cavitation bubble maximum height (H,,) from a single
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bubble YAG in water. The equivalent distances to the Au ex-
periment result for YAG result in Ax = 0, 460, and 1075 pm
corresponding to standard single pulse PLAL, 2 times, and 4
times H ,,, respectively [Fig. 4(a)]. YAG nanoparticle charac-
terization by STEM indicates that increasing the pulse distance
to 2H ., results in a significant increase of the average
primary nanoparticle diameter from 10.5 nm & 0.2 nm at
Ax = 0 pm to 44 nm % 0.4 nm at Ax = 460 pm (F2H ,,).
As observed for Au, when the inter-pulse distance is increased
to Ax = 1075 pm (x4H ), the nanoparticle size distribu-
tion becomes similar to the Ax =0 nm case, 11 nm +
0.2 nm. As reported by Kim and Ryu [76], an average size
of 8.7 nm £ 5.7 nm is expected for PLAL-generated YAG
nanoparticles in deionized water, which agrees with the results
obtained for Ax = 0 pm and Ax = 1075 pm. At these distan-
ces (Ax = 0 pm or 4H ,,), the bubble pairs do not interact;
hence, neither the dynamics is modified nor the nanoparticle
formation mechanism. Furthermore, the YAG nanoparticles
produced remain spherical as illustrated in Figs. 4(b)-4(d).
The results prove that inter-pulse separations of ®2H_,, re-
present a sweet spot where the nanoparticle formation mecha-
nism is modified, generating a significant increase in the
nanoparticle size (both the hydrodynamic and primary particle
diameter) up to a 3.68 factor. This observed unprecedented
nanoparticle size regulator mechanism in PLAL, purely based
on laser beam manipulation, provides opportunities to influ-
ence nanoparticle size (in particular, creating larger particles)
without compromising the purity and surface ligands of the
produced colloids. However, even though the process has been
proven to be material independent with a constant parameter
such as inter-pulse distance relative to the cavitation bubble
maximum height, the undergoing mechanism is unclear, and
only the hypothesis of the generated cavitation bubble interac-
tion supports the finding. To address the fundamental under-
standing of the process, a coaxial shadowgraphy technique
combined with high-resolution numerical simulations is imple-
mented to investigate and analyze the interaction between two
cavitation bubbles and their influence on nanoparticle forma-
tion. This system is adapted to, for the first time, capture the
top viewpoint evolution of the laser-induced cavitation
bubble on a solid surface during PLAL. Figures 5(a) and
5(b) exhibit the cavitation bubbles’ top and side views induced
on the YAG crystal surface underwater. The coaxial top view in

(a) Number-weighted primary particle diameter distributions for YAG obtained from particle size analysis of 21000 particles from the

STEM images for several Ax. (b)—(d) STEM images of YAG nanoparticles synthesized at Ax = 0, 460, and 1075 pm inter-pulse distances. Scale bar

is the same for all images.
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Shadowgraph imaging to exhibit the temporal evolution of cavitation bubble dynamics generated at Ax = 0, 460, and 1075 pm inter-

pulse distances, and visualize the interaction of the two simultaneously generated cavitation bubbles produced with the same pulse energy (470 pJ for
each cavitation bubble) on the YAG crystal surface from (a) top-view and (b) side-view. The 1000 pm scale bar is the same for all image series in
(a) and (b). Magnifications of the bubble pair images at 2H ,,,,, 38 ps shortly before their collapse are highlighted.

combination with the lateral shadowgraphy represents an ad-
vantage in the matching experiment with modeling the 3D evo-
lution of the cavitation bubbles.

Comparing the two viewing angles, Figs. 5(a) and 5(b), it
can be observed that the shadowgraph from above contributes
significantly to a more detailed analysis of the interaction be-
tween the cavitation bubble pairs. A substantial part of the
dynamics’ phenomenology is hidden when characterized by
the standard PLAL bubble shadowgraphy side-view. The bub-
ble shape for Ax = 460 pm (2H,,,) experiences shrinkage
and collapse clearly observed in the top-view [Fig. 5(a)].
Comparison of the coaxial shadowgraph images at different
inter-pulse distances provides valuable information. The cavi-
tation bubble dynamic similarities for the bubble pair at Ax =
1075 pm and the single bubble at Ax = 0 pm can be noticed
from both top and side view angles. From the geometrical point
of view, the bubble pair of Ax = 1075 pm does not indicate
any interaction impact on each other until the collapse phase.
Only in the 38 ps time frame with the appearance of the hori-
zontal jet formation phenomena can the change of the shape of
the bubbles be seen compared to the same time frame for the
single bubble at Ax = 0 pm. The top-view angle shows this
phenomenon more precisely. In addition, the attraction be-
tween the cavitation bubble pair and their rough dynamics
at Ax = 460 pm is also well captured at both view angles com-
pared to the other two spatial distances. The bubble pair move-
ment toward each other and the bubble interaction effect on
the geometry of the bubbles are also evident from the side-view.
The top-view angle provides clear evidence of impact and the

formed horizontal jets’ emergence toward each other at 38 ps,
leading to the bubble pair coalescence at the collapse moment.
Note that the interaction of free laser-induced bubble pairs (in
the water volume without PLAL) is known to create strong ef-
fects on both the shape evolution and jet formation, depending
on the normalized time, size, and distance [64], but such bub-
ble pair phenomena have not been investigated in the PLAL
literature yet.

As discussed before, each view angle gives us two bubble size
evolution parameters, bubble horizontal radius, 2, and bubble
vertical radius, & (from the top view), as well as bubble half-
width, &', and bubble height, 4 (from the side view). As shown
in Fig. 15 in Appendix F, the exact parameters in relation to the
acquired shadowgraphy image view are detailed. The three-
dimensional characterization of the cavitation bubble evolution
is illustrated in Fig. 16 in Appendix G for all inter-pulse sep-
arations. Since the Ax = 0 pm is a single bubble, and the cav-
itation bubble pairs for Ax = 460 pm and Ax = 1075 pm are
spatially separated, only the size evolution of one of the bubbles
was considered.

Considering that nanoparticle concentration is an essential
factor influencing growth and aggregation mechanism within
the cavitation bubble, investigating the volume dynamics of
the induced cavitation bubbles is of particular importance
[29,77,78]. Figure 6 shows the time-resolved cavitation bubble
volume evolution for the different inter-pulse separations.

At inter-pulse distances of Ax = 0 and 1075 pm, the ex-
pansion time until the bubble maximum size is 20 ps, which
is slightly longer than the expansion time until the maximum
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Fig. 6. Cavitation bubble volume evolution during PLAL of YAG
at different spatial bubble pair distances. Expansion and shrinkage

phase for a single cavitation bubble for Ax = 0 pm and one of the
bubbles for Ax = 460 and 1075 pm.

size for Ax = 460 pm of 18 ps. However, changing the inter-
pulse separation does not affect the bubble’s lifetime. Moreover,
the evolution of the cavitation bubble radius shown in Fig. 16
in Appendix G and the comparison of the volume evolution for
a single bubble for Ax = 0 pm and one of the cavitation bub-
bles for Ax = 460 and Ax = 1075 pm shown in Fig. 6 reveal
a slightly lower maximum volume and a little larger cavitation
bubble volume before the collapse phase between the
Ax = 460 pm and the other investigated spatial distances
(Ax = 0 and 1075 pm).

In Fig. 7, the cavitation bubble dynamics for the different
lateral pulse distances is shown for the side-view shadowgraphy
measurements together with the simulation results. Note that a
reduced three-dimensional axisymmetric space was employed,
which does not allow a direct comparison for the top-view.
Upon comparison of experimental and numerical bubble dy-
namics in Fig. 7, a reasonable agreement is observed for the
bubble size and time scale in the expansion phase.
Compared with the experimental results, the simulations indi-
cate a delayed collapse phase for initially separated bubbles.
This delay agrees with the retarding effect of a wall on the

S5 O researcr arco |

bubble evolution [62,79]. Additionally, the experimental bub-
bles for the 2H,, distance migrate stronger toward each other.
A possible reason is the reduced axisymmetric setting, which
neglects the asymmetry of the experimental setup like far-dis-
tant walls and surfaces (i.e., the chamber window and the
liquid—air interface). Such liquid layer thickness effects on
the PLAL bubble dynamics have been investigated in detail
at the example of a wire-shaped target surrounded by a cylindric
liquid hull [80,81] or the decreasing liquid layer height over a
flac target [82]. Furthermore, neither nanoparticles inside the
bubble nor heat transfer between target and bubble is currently
included in the simulations. Nevertheless, experiments and
simulations agree, and the unique merging and collapsing dy-
namics/morphologies observed for 2H . both for Au and
YAG are likely to cause the higher nanoparticle diameters.
For further discussion of the bubble pair dynamics, one
needs to distinguish between wall and inter-bubble effects.
On the one hand, bubble collapse near static, planar walls
(i.e., a target surface) has recently been reported (for bubbles
formed above the wall, not by PLAL) to cause (ultra)fast jets
directed toward the wall [62,63,83]. Such wall-directed jets are
favored, among other conditions, according to simulations of
non-PLAL bubbles [62,83], by axial symmetry of the bubble
and by breaking of spherical symmetry where the bubble ap-
proaches the target surface. In PLAL, breaking of spherical sym-
metry at the bubble-wall contact has been reported as well to be
a key event for bubble collapse. The apparent contact angle
between the bubble and wall determines bubble dynamics.
The competition between capillary and friction effects becomes
evident upon varying viscosity (and surface tension) of the
liquid [73]. On the other hand, a neighboring bubble phase
boundary (bubble wall), as present in bubble pair experiments,
is known to cause jets directed toward the bubble [69,84].
Such inter-bubble jets appear, at defined normalized dis-
tances and delay times, also between two spherical bubbles.
Qualitatively, they are similar to regular jets that occur for a
single cavitation bubble above a static, planar wall [62,64,84].
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Fig. 7. Comparison of the cavitation bubble dynamics between experiments (top row for each Ax) and simulations (bottom row for ecach Ax).
Only for the single bubble evolution Ax = 0 pum, wall effects are included in the simulations.
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Fig. 8. Contours of the non-dimensional velocity magnitude for the wall-directed and inter-bubble jet regimes. Time instances are given in the
upper left corner of each frame, and the black arrows indicate the direction of the velocity. The direction of the jets is indicated with a white arrow.
(a) Formation of a wall-directed jet of single cavitation bubble collapsing at a wall with Ax = 0 pm. The wall is placed at the lower edge of each
image. (b) Inter-bubble jet formation for a bubble pair with Ax = 460 pm. (c) Inter-bubble jet formation for a bubble pair with Ax = 1075 pm.
For Ax = 460 pm and Ax = 1075 pm, only one of the bubbles is visualized, where the second bubble lies on the left. A wall is omitted due to the

employed reduced axisymmetric space.

Details of the occurring jetting phenomena to evaluate its
effect on the nanoparticle size distribution are visualized in
Fig. 8 for the single bubble Ax = 0 pm and for bubble pairs
at Ax = 460 pm and Ax = 1075 pm. When a single bubble
expands near a solid wall, ultra-fast shock-accelerated needle
jets evolve toward the wall in the late collapse stages
[62,63,83]. The needle jets are initiated by radial inflow and
the formation of a cusp at the bubble head [Fig. 8(a)] [62].
Neither in the experiments nor in the simulations, such cusps
are observed in the case of two separated bubbles that expand
simultaneously as a bubble pair. In contrast, continuously ac-
celerated regular inter-bubble jets form pointing toward each
other [Figs. 8(b) and 8(c)]. Hence, the formation of a wall-
directed needle jet is prevented because the formation of the
inter-bubble jet disturbs the axial symmetry of the bubble.
This is evident from comparing the wall-directed jet of a single
cavitation bubble [Fig. 8(a)] with the inter-bubble jet of a far-
distant bubble pair [Fig. 8(c)]. We observe different strengths,
directions, and bubble morphologies. Thus, an influence
on the corresponding nanoparticle distribution would be
expected in case the jetting phenomena are responsible for

the significant, ablation-material-independent nanoparticle size
distribution change. A similar observation is not made for ex-
perimentally measured size distributions for the Ax = 0 pm
and Ax = 1075 pm distances, where similar size distributions
are found. Consequently, we hypothesize that the nanoparticle
size distribution is independent of the morphology, strength,
and size of the generated jet. Comparing the two inter-bubble
jet scenarios (Ax = 460 pm and Ax = 1075 pm), we see
qualitative accordance with reduced velocities inside and out-
side of the more proximate bubbles. This observation agrees
with quantitative analysis of the jet characteristics of single cav-
itation bubbles at a certain distance above a static, planar wall
[62,83]. Since there is a significant shift of the nanoparticle size
distribution between the two bubble pair distances, such lower
jet velocities (or the presence and absence of bubble morphol-
ogy changes in the experimental shadowgraphy at Ax =
460 pm and Ax = 1075 pm, respectively) might affect the
nanoparticle formation and growth. We do not have direct ex-
perimental evidence that would allow us to pinpoint events in-
side the bubble. For that purpose, 77 sizu synchrotron probing
of the bubble pair interior with high spatial and temporal
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resolution would be required, along with single-bubble exper-
imental characterization [58,85,86]. However, some general
hypotheses may be drawn that may be considered in future
in situ experiments or simulations of the bubble’s interior’s mass
flow. A main contribution to increase the nanoparticle size may
be the formation of vortices after jet penetration that enhance
the migration/attraction of the bubbles toward each other.
Eventually, these vortices induce the contact of the initially sep-
arated bubbles during the first collapse [87] or the coalescence
of primary nanoparticles and atom clusters inside the individual
bubble. It may be speculated that once the bubbles merge,
nanoparticles may be released from one bubble and enter
the other with opposite velocity directions. This can lead to
nanoparticle interactions supporting additional particle aggre-
gation, agglomeration, and growth. Hence, anticipating this
kind of mass flow may explain that bubble pairs that remain
separated over the entire evolution (0 and 4/ ,,,,) show similar
particle distributions to single cavitation bubbles, while the ex-
perimental conditions where the bubbles merge (2H ,,,) result
in a larger nanoparticle size distribution.

Figure 9(a) summarizes the influence of the cavitation bub-
ble dynamics as a function of the lateral distance on the PLAL-
synthesized Au and YAG nanoparticles in water. Although
Tomko ez al. reported a qualitative correlation between bubble
volume and nanoparticle size changes [29,88], the nanoparticle
size increase measured for both materials for a double-pulse
separation of 2H ., does not match the volume dynamic
differences measured. Based on cavitation bubble PLAL
SAXS measurements, it has been discovered that the bubble
interface comprises a firm boundary for the nanoparticle ejec-
tion, with most of the secondary particles concentrated near the
ablated target surface when the bubble collapses [85,86].
Moreover, as pointed out by Dell'aglio and de Giacomo
[89], almost all the nanoparticles remain inside the cavitation
bubble until collapse. About 80% of the nanoparticles are
released into the liquid at that moment. Therefore, not the
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bubble’s volume but only the unique interaction dynamics be-
tween the two cavitation bubbles for 2H ,, are responsible for
this severe particle size growth, as confirmed both by the top-
and side-view shadowgraphy setup and the numerical simula-
tions. At 2H ., the two bubbles are attracted to each other, a
phenomenon that does not occur at longer distances where the
nanoparticle size distribution is not affected compared to single
pulse PLAL. In Fig. 9(b), the inter-bubble distance (IBD) and
the attraction velocity at Ax = 460 pm are calculated based on
the YAG-PLAL shadowgraph images [Figs. 5(a) and 5(b)]. The
result shows that these bubbles’ lateral position and symmetry
remain still until the maximum expansion phase. During
shrinkage, they start moving toward each other, changing their
symmetry and displacing along the target surface and colliding
at a speed of 90.38 m -s7!, finally collapsing together. Even
though the volume dynamics (volume shrinkage rate) at this
collision distance is close to the initial state, the cavitation bub-
ble movement on the surface affects the dynamics and kinetics
of nanoparticle growth. Additionally, due to the nanoparticle
release in the collapse phase, the collision and collapse of
the two bubbles at high speed is another influencing factor.
These two factors can both accelerate growth and may play
a role in the observed significant increase in particle size.
The more distant double cavitation bubbles at Ax =
1075 pm collapsed far apart despite slight attraction phenom-
ena (Fig. 17, Appendix H). The cavitation bubble dynamics, in
this case, do not differ from the single bubble scenario.
Consequently, the nanoparticle size distribution is not expected
to be affected, as confirmed experimentally. Simulations show-
ing the trends for the IBD evolution confirm the magnitude of
the bubble attraction speed for the 24, scenario [Fig. 9(b)],
which completely differs from the static bubbles at 0 and
4H .. For the 2H ,, during the expansion phase, the bubble
center remains at its stable initial position. The attraction of the
bubbles toward each other is only initiated in the late stages of
the collapse phase due to the pressure difference between the
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(a) Impact of bubble-height-normalized lateral inter-pulse distance of synchronized bubble pairs on YAG and Au nanoparticle diameters.

Particle size analysis using STEM (primary particle diameter Xc, N ~ 1000) and analytical disk centrifuge (hydrodynamic diameter). (b) YAG
bubble pair experiments at Ax = 460 pm; center to center inter-bubble distance (IBD) measurements (left ¥ axis) are plotted as well as attraction
velocity of the individual bubbles toward each other (right ¥ axis) with the maximum bubble expansion time (¢4, _cxp) referred to as reference

bubble lifetime events.
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bubbles and the surrounding liquid. The maximum approach-
ing velocity is reached after inter-bubble-jet penetration, when
the bubble movement is intensified by the generated vortices
around the torus bubble. As a consequence, (i) symmetry
breaking by synchronized bubble pairs at 2H,, distance,
(ii) inter-bubble jetting that may cause flow vortices, (iii)
counter-directed mass flow of the bubble pairs’ interior inten-
sifying particle coalescence or aggregation rate, and (iv) merging
and collapsing at high speeds during the particle release process
may govern the final nanoparticle size by spatially resolved,
synchronized double pulse PLAL, independent of the ablated
target material.

4. CONCLUSION

In the emerging field of laser ablation synthesis of colloids, cav-
itation bubbles are known to play a key role, not only concerning
upscaling strategies but also as the “reactors” where the final
nanoparticle product is born. From single-bubble experiments,
it is known that particle sizes, in particular the secondary par-
ticles, undergo changes during the bubble’s lifetime and that par-
ticle growth quenching by solutes added to the liquid happens
inside the cavitation bubble. However, the impact of bubble en-
gineering on particle size generated by PLAL, specifically in
terms of lateral inter-bubble interactions, remains a largely un-
charted territory. In this context, synchronized and spadally sep-
arated bubble pairs could be viewed as a model system to explore
these effects. In the present pilot study, a combined imaging,
modeling, and particle characterization analysis of the influence
of the synchronized, spatially offset double pulse-induced cavi-
tation bubble dynamics during laser ablation of Au and YAG in
deionized water is presented. Through the use of a coaxial time-
resolved diffused shadowgraphy imaging setup, the cavitation
bubbles” merging and collapse are observed and evaluated from
both side- and top-views. The study reveals that the interaction
between two simultaneous cavitation bubbles strongly depends
on the lateral offset distance. Additionally, particle size analysis
results indicate that the synthesized nanoparticles’ size distribu-
tion is affected by the interaction of double bubbles at a lateral
distance of 2H ,,, resulting in a significant increase in mean
diameter ranging from 3.2 to 3.7 times. This particle size in-
crease is observed regardless of the ablated material, as demon-
strated with both a noble metal and an oxide target. The
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interacting bubbles exhibit symmetry breaking, leading to dis-
tinct shrinking and collapse morphologies and dynamics.
Interestingly, a unique interaction is observed for both Au
and YAG at lateral inter-pulse separations of 2H ,,, impacting
the bubble dynamics and resulting nanoparticle size distribution.
It is worth noting that the particle growth or coalescence mecha-
nism is affected, leading to an increase not only in hydrodynamic
diameter (indicating agglomeration/aggregation) but also in pri-
mary particle diameter and a significantly higher abundance of
larger spheres when the bubble pair interaction is strong. This
observation suggests an irreversible influence on particle growth
or coalescence, rather than solely causing hydrodynamic instabil-
ities in the liquid phase. When viewed from a top-view angle ata
lateral distance of 2H ,,, inter-bubble jets form just before the
collapse phase, converging toward each other and resulting in
the coalescence of the bubble pair. During their expansion phase,
the cavitation bubbles remain stationary but travel on the surface
toward each other at a maximum speed of 90 m/s, potentially
modifying the nanoparticle formation mechanism within the
bubble interior during merging and collapse, thus leading to in-
creased nanoparticle size. The bubble movement effect on the
target surface was characterized by inter-bubble distance mea-
surements. The observed trends have been confirmed by
high-resolution numerical simulations, showing that totally dif-
ferent jetting phenomena during the late stages of the bubble
collapse set in if a bubble pair is present. Overall, the morphology
change, migration of the cavitation bubbles toward each other,
and eventual merging significantly affect the nanoparticle size
distribution.

This study paves the way toward an expanded understand-
ing of bubble effects on the particle sizes that result from PLAL,
beyond today’s knowledge, which is mainly derived from iso-
lated-bubble theoretical and experimental studies. One may
consider this as a new approach to manipulate nanoparticle size
distribution in PLAL without the addition of extra substances
or external pressure/temperature, demonstrating that modifica-
tion of the interaction between cavitation bubbles significantly
influences the nanoparticle formation mechanism as well.
Practically, this insight may be used to avoid or induce the
nanoparticle size growth by controlling the inter-pulse separa-
tion in synchronous double-pulse PLAL. Nevertheless, the
bubble-pair model system represents an initial step, and it

Nd:YAG 1064nm
ps-Laser

Batch
/ chamber

DDG

PC

Fig. 10. PLAL sectup with the batch chamber was controlled by extending the temporal delay between laser pulses beyond the lifetime of the
cavitation bubbles with a digital delay generator. In this way, the nanoparticles will not be affected by undesirable cavitation bubble interactions with

the next laser pulse.
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serves as a foundation from which further investigations can
explore temporal offsets between bubble pairs (in the microsec-
ond range) and can examine scenarios involving a greater num-
ber of interacting bubbles. These studies would approach
situations where multi-beams are combined with high-speed
lateral beam displacement, leading to advancements in bub-
ble-engineered PLAL.

APPENDIX A: DETAILS OF PLAL SETUP

The PLAL nanoparticle setup with the batch chamber is illus-
trated in Fig. 10.

APPENDIX B: SINGLE CAVITATION BUBBLE
EVOLUTION ON Au SURFACE

Single cavitation bubble evolution on Au surface is shown
in Fig. 11.

APPENDIX C: MULTIPULSE CUMULATIVE
EFFECT

To explore the multipulse cumulative effect, especially in
minute-long PLAL experiments, it is necessary to consider
the repeated irradiation of the same surface position by multiple
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Fig. 13. Mass-weighted particle size analysis of Au nanoparticles
synthesized at Ax = 0,600, and 1400 pm using an analytical ultra-
centrifuge for smaller Au nanoparticles below 7 nm, at 30,000 r/min.

pulses sent through a scanner. Two control experiments were
carried out. In the first case, to examine the nanoparticle (NP)
shielding effect on cavitation bubble size/dynamics, 25 laser
shots were fired on the Au target underwater on the same
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Fig. 11.

Observation of cavitation bubble evolution on the surface of Au target after a single pulse PLAL (Ax = 0 pm).
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Fig. 12. Cavitation bubble height at maximum expansion on Au surface with a delay time of 20 ps, depending on the number of applied pulses at
the same spot to examine the nanoparticle (NP) shielding effect and the change in the target surface.
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Fig. 14. Tukey’s least significance difference (LSD) test, results of
statistical analysis of variance (ANOVA). Red squares indicate the sig-
nificant difference in mean size values between two denoted lateral
distances. Probability of F-test (p < 0.0001).

surface spot in a clean glass cell. The generated colloid was re-
moved, and the glass cell was refilled with ultrapure deionized
water (Milli-Q) without changing the target position. Then the
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are the same parameter (bubble half-width) from two view angles.

26th laser shot irradiated the target at the same spot. The results
indicated that overall below 10% bubble height decreased from
the Ist to 25th laser shot, and the 8% size increased between
the 25th and 26th shot after nanoparticle removal.
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Fig. 16. Cavitation bubble three-dimensional radius evolution as a function of time, based on YAG shadowgraph imaging. Each shadowgraph
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angles, which used a similarity indicator for the shadowgraphy experiments from two angles.
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In the second scenario, to investigate the surface change ef-
fect on cavitation bubble size, 25 laser shots were sent to the
same spot, and the target was moved about 400 pm. Then the
26th laser shot was fired at the new place. Similar to the pre-
vious case, the results show a decrease of <10% in size from the
1st to 25th laser shot and about a 2% increase after the 26th
shot on the new surface spot.

Both control experiments validated the nanoparticle shield-
ing effect and surface effect on cavitation bubble size, which in
both cases were insignificant. Nevertheless, to minimize these
effects on shadowgraphy results, targets were moved after each
acquisition attempt, and the glass cell was cleaned and refilled
with ultrapure deionized water after 100 shots.

APPENDIX D: ANALYTICAL ULTRACENTRIFUGE
ANALYSIS FOR SMALLER Au NANOPARTICLES

AUC results are highlighted in Fig. 13.

APPENDIX E: ANOVA SIGNIFICANCE
DIFFERENCE ANALYSIS FOR Au

Tukey’s LSD test analyzed ANOVA results are shown
in Fig. 14.

APPENDIX F: SHADOWGRAPH VIEWPOINT
DEPENDENT PARAMETERS

Shadowgraph viewpoints and parameters are illustated with de-
tails in Fig. 15.

APPENDIX G: THREE-DIMENSIONAL
CAVITATION BUBBLE RADIUS EVOLUTION

Cavitation bubble radius evolutions in X, Y, and Z axes on YAG
surface are shown in Fig. 16.
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Fig. 17. Center-to-center inter bubble distance (IBD) measure-
ments based on YAG double pulse experiments at Ax = 460 and
1075 pum (left Y axis) are plotted as well as attraction velocity toward
induced cavitation bubbles (right Y axis). All cavitation bubbles col-
lapsed at 40 ps at both Ax = 460 and 1075 pm. Unlike pair bubbles
at Ax = 460 pm, which collide and collapse together, the more dis-
tant double cavitation bubbles at Ax = 1075 pm, despite the pres-
ence of slight attraction phenomena, collapse departed far away
from each other.

S5 O researcr arco |

APPENDIX H: YAG DOUBLE-BUBBLE IBD
MEASUREMENTS

Inter-bubble distance measurements on YAG target at
Ax = 460 and 1075 pm and attraction velocity are illustrated
in Fig. 17.
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