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Early appearance of crystalline nanoparticles in
pulsed laser ablation in liquids dynamics+t
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The size and crystallinity of gold and silver nanoparticles during the process of pulsed laser ablation in
water (PLAL) is investigated with microsecond and sub-microsecond time resolution. While basic obser-
vations have already been established, such as detection of particles inside the cavitation bubble, trapping
of ablated matter by the bubble or the action of size quenching on a sub-millisecond time scale, the
structure formation mechanism is still a matter of debate. Quantifying the nanoparticle release and crys-
tallinity close to the irradiated metal target by wide and small angle X-ray scattering reveals the presence
of nanoparticles ahead of the developing vapour bubble and inside the bubble. While the (temporal) dis-
tribution is in agreement with a homogeneously particle-filled bubble, solid particles are detected at the
advancing bubble front. Wide-angle X-ray scattering confirms the crystalline nature of these large par-
ticles. This reveals that for picosecond ablation the expulsion of condensed phases of material during the
ablation process adds significantly to the bimodal size distribution, relating to recent models of film lift-
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1 Introduction

Among the many different routes to nanoparticle generation,
pure physical procedures like pulsed laser ablation in liquids
(PLAL) are gaining increased attention. PLAL allows for the
synthesis of particles from a wide range of material classes,
such as pure metals, alloys, organic molecules or even the
generation of hybrid materials."> In many cases the use in
applications is in reach, in particular in view of recent success
in upscaling the process in ablation® or post-synthesis frag-
mentation.” While the general phenomena during the process
are similar for many materials, as well as for different liquids,
the morphology of the particles may vary significantly from
case to case. The particle size distribution is of central
concern, as many applications, such as in catalysis, require
very small particles below 10 nm for an optimal efficiency in
relation to the utilized amount of material. PLAL-produced
noble metal nanoparticles show a marked bi- or multimodal
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off and liquid metal Rayleigh instabilities.

size distribution, particularly when using pico- to nanosecond
lasers.® While a part of the population of large particles and
agglomerates may be produced as a consequence of the inter-
action of the nanoparticles with the dynamics of the bubble, it
has been pointed out recently that phase explosion and, more
specifically, liquid metal droplet jetting from the propagating
metal layer lifting off the target may contribute to the fraction
of large nanoparticles.” This adds a peculiar fact to the tuning
of the nanoparticle morphology, as these large particles of
compact and spherical morphology may be inert to particle
size quenching. The latter has been shown to reduce particle
sizes already for the addition of minute amounts of salt in the
water phase (below millimolar concentration).®® It has been
confirmed that the ionic content within the vapour bubble is
already sufficient to quench particle size growth within tens of
microseconds of both the small particle (primary) and the
large particle (secondary) size fraction.'®'" This quenching,
however, is unlikely to be active within the first few nano-
seconds after laser excitation, when the large spheres form
and solidify. Hence, the current picture is that there is a
primary fraction of small particles growing quickly in the
vapour-metal mixing phase, and a separate fraction of larger
particles. The primary fraction has been linked to the conden-
sation of atom clusters in simulations.”® It can still grow
further, even in the free liquid."® The secondary fraction seems
to originate from two processes: liquid layer break up plus
jetting droplets (that even cross the bubble phase boundary at
the nanosecond time scale, at least for ultrashort pulses at
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high intensity)’ as well as the secondary particle fraction
trapped for tens to hundreds of microseconds inside the
bubble.'* As the large particles have a colloidal nature, their
condensation and crystallisation dynamics require a deeper
understanding.

The characterization of the process poses considerable
obstacles to access the dynamics on a nanosecond to micro-
second time scale as well as quantifying ejected clusters and
nanoparticles in the hierarchical structure formation
process.”'® While metal excitation and mass expulsion
develop on a picosecond to nanosecond time scale, the for-
mation of long-lived plasmas (for nanosecond lasers)">"*!
and the formation of vapour/cavitation bubbles span a sub-
millisecond time scale and macroscopic sizes.>”> Optical
methods are either limited to the macroscale dynamics or to
detection of selected species, such as in laser-induced break-
down. Earlier, we have developed methods to facilitate access
by X-ray probing. Time-resolved small-angle X-ray scattering
(SAXS) with micro beams'*** allows for a temporal and spatial
resolution of emerging nanoparticles, while X-ray imaging
adds the macroscale information®* with a less perturbed view
and nanoparticle sensitivity through dark-field methods.>>>®
X-Ray spectroscopy may even add speciation information.?”>°
SAXS and radiography are sensitive to the mass/size of the scat-
tering objects, but are not able to differentiate if these objects
are in a liquid or solid/crystalline state.

Here we present the first study on the particle morphology
by wide-angle X-ray scattering (WAXS) and SAXS, both to
address crystallinity and sizes, as well as to extend significantly
the time resolution to the nascent phase of the cavitation
bubble, in order to understand whether particles are already
present nanoseconds after the ablation event or would only
gradually develop through nucleated growth inside the vapour
bubble.

2 Experimental
Pulsed-laser ablation setup

The ablation process was performed in a flow chamber with
rapidly pumped water and continuous replacement of the
target. Thus, conditions for repetitive cycles under identical
external conditions were met. The chamber consisted of a 3D
printed vessel, with a liquid volume of 0.5 cm® and a 0.5 cm
thickness along the X-ray beam (see sketch in ESIT). The focus-
ing lens sealed the entry channel for the laser, while the sides
of the chamber were covered by thin poly-imide foils (Kapton,
DuPont) that were replaced frequently. The target, a metal
ribbon of gold (99.9%) or silver (99.9%) was pulled through
the chamber at constant speed, such that the surface was com-
pletely refreshed after about 10 laser shots. A similar setup
had been used earlier.>* The water is pumped from a 20 I reser-
voir of distilled water and replaced regularly.

Laser sources were a 12 ps Nd:YAG-based Q-switched laser
at 1064 nm and 1 kHz repetition rate (Edgewave PX400-2-GM)
at beamline c¢SAXS (Swiss Light Source, Villigen, Switzerland)

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

and a 2 ps Ti:Sa-based regenerative amplifier at 800 nm and 1
kHz (Coherent Legend) at beamline ID09 (European
Synchrotron Radiation Facility, Grenoble, France). Particles for
HR-TEM were obtained at a second regenerative amplifier with
comparable parameters.*® The laser light was focused onto the
target by the plano-convex lens as the chamber wall with an
effective focal length in water of 38 mm.

SAXS and WAXS pump-probe setups

SAXS was recorded with a 6 x 24 pm wide X-ray beam at beam-
line cSAXS that intersected the liquid column parallel to the
target and was perpendicular to both the laser path and the
target motion at a distance of 0.17 mm. Scattered X-rays were
recorded on a pixellated detector (Pilatus 2M) after a 7.1 m
long, evacuated flight path. The detector counting can be
gated active for variable intervals, of 2 and 5 ps length in our
case. The X-ray energy was set to 13.6 keV. Delays between
laser and detector gating were defined by a variable delay gen-
erator (DG645, Stanford Research Instruments). Temporal
overlap was checked by comparing the electronic signals on an
oscilloscope with a precision of at least 0.5 ps.

SAXS and WAXS were recorded with a 60 x 80 pm wide X-ray
beam at beamline ID09 in identical geometry at a distance of
0.2 mm from the target. Scattered X-rays were recorded by a
scintillator-coupled charge-coupled device (Rayonix HS170).
Time resolution was achieved by isolating single X-ray pulses
from the storage ring by means of a mechanical chopper® to
which the laser emission was synchronized at 1 kHz. The
mutual delay can be varied by a combination of picking
different pulses from the oscillator and the phase shift of the
oscillator mode locking. Thus a 5 ps precision is achieved at a
time resolution given by the X-ray pulse length of <100 ps.*?
SAXS was recorded at a 600 mm detector distance, which was
reduced to 120 mm for WAXS. Exposure times for SAXS were 5
seconds and for WAXS 30 seconds, i.e. accumulating scattering
from 5000 and 30 000 shots, respectively. The X-ray spectrum
was quasi-monochromatic after passing a multilayer mono-
chromator centred at 15.2 keV with a 0.2 keV width.

Scattering data analysis and modelling

Raw X-ray detector data were corrected for pixel outliers, a sen-
sitivity map for the pixel detector and flat field for the CCD
detector. Dark and background scattering was derived from
recording data prior to the laser impact, which in practice was
done by tuning the laser-X-ray delays to negative values. The
two-dimensional detector images were in all cases corrected
for the solid-angle coverage of each pixel before azimuthal
integration to obtain a one-dimensional scattering curve S(q)
as function of the scattering vector q. These curves contain the
SAXS signal at low angles and the liquid scattering signal at
large angles. On top of the liquid scattering, powder rings
from the nanoparticles show up, given that crystalline struc-
tures are present in the sample.*

SAXS curves can be modelled to obtain the particles’ sizes
and the particle size distributions. Here, we use a simulation
approach with a reverse Monte Carlo optimization of a wide
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size distribution of presumed spherical particles,* using the
package McSAS by Pauw et al. It allows for a bias-free size dis-
tribution optimization. However, the derived distributions of
volume fractions of particle sizes are not unique. In the mini-
mization process spurious sharp changes in the distribution
of nearby size bins help to minimize the mean simulation
error, but do not reflect real fine structure. A model-free ana-
lysis encompasses the partial integration of the function
5(g)-g* in an interval of (0.003-0.04) A™* and (0.04-0.17) A" to
derive the (partial) Porod invariant for large and small par-
ticles, respectively,>*3>:3¢

Liquid scattering, while constituting the major component
of WAXS, is relatively constant, while a small incremental
change of the function is observed, if water pressure or temp-
erature is changed.®” This faint change can be derived by sub-
tracting steady-state data and be interpreted in the present
case as the volume (and thus pressure change) of the water
phase. Such a change can be initiated by the passing shock
wave or the expansion of the vapour bubble.>’*° In particular,
the wake of the shock wave was seen distinctly after a delay of
150 ns. This change in liquid scattering was removed from the
differential WAXS signal by a polynomial modelling, which
then only contained the powder rings of gold and silver,
respectively. The (111) peak was fitted by a Gaussian function
to derive the width. The Scherrer formula®® links the width to
the crystal domain sizes of the particles, in particular in cubic
symmetry.

The mass intersected by the X-ray beam at a particular time
delay was modelled by assuming (1) a homogeneous and con-
stant filling of the bubble by constant-size particles, so that its
density was reduced with the 3rd power of the bubble size. At
the same time the signal grows with the length of the inter-
section of the X-ray beam path with the bubble. It starts as a
step function, when the bubble touches the X-ray beam, from
where it grows in a sub-linear fashion determined by the geo-
metry. Model (2) assumes that all the nanoparticle mass (with
fixed size distribution) is located not in the bubble interior,
but at the interface between the bubble and liquid.*** 1ts
surface density thus decreases with the 2nd power of the
bubble size. It starts as a step function, when the bubble
touches the X-ray beam. Afterwards it decreases strongly, as
the surface area illuminated by the X-ray beam decreases due
to the geometry.

Optical imaging and ex situ size determination

Optical imaging was performed in an independent run by
gating a commercial CMOS camera (ace, Basler) and using a
5 ps xenon flash lamp (RT Strobe 3000, Rheintacho) with a
diffuser foil. The camera exposure time was set to 10 ps. The
bubble was imaged by a photo objective (Ernitec) and its size
was derived as function of delay after laser excitation®® for a
series of stroboscopic images. A short pass filter at 715 nm
(Thorlabs) removed stray laser light.

Particles were also produced in a semi-batch process”™" at
similar conditions using the 12 ps laser. Particle sizes were
determined by an analytic disc centrifuge (ADC) against a

7,44
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sucrose gradient with photo-optical detection of particles. A
suspension was drop-cast onto carbon-coated copper grids and
imaged by a transmission electron microscope (TEM, Zeiss EM
910, 120 kV). High-resolution TEM was performed on a
machine at the LEM at KIT (FE Titan, 300 kV).

3 Results and discussion

Probing of the ejected particles’ mass was done at a finite, con-
stant height of the probe above the substrate in order not to be
perturbed by the weak tail of the X-ray beam touching the
target. Thus, the recorded temporal evolution contains equally
a spatial dimension of the moving bubble front. Assuming
that the liquid close to the bubble does not undergo strong
convection, the arrival time first probes the material at the
front of the bubble followed by the bubble apex and sub-
sequently the bubble interior. Fig. 1 schematically displays the
intersection of the (expanding and fully expanded) bubble by
the pencil X-ray beam.

The bubble height evolution is shown at the top of Fig. 2
and 3 (time-resolved videographs can be found in the ESI,
S17). In both cases the bubble heights reach a value of about
0.5 mm with lifetimes up to collapse of 85 ps. While the laser
pulse energy for the 12 ps laser (1064 nm) is only 1 m]J, the
pulse energy of the 2 ps laser (800 nm) is 2.7 mJ. Bubble sizes
in each case are similar despite the difference in pulse energy.
Two effects possibly contribute to the difference in coupling
efficiency:"*?
1064 nm, and thus a stronger heating of the water close to the

(i) the higher linear absorption in water at

target; and (ii) the longer pulse length for the 1064 nm
irradiation, which may increase non-linear self-absorption
after breakdown. This latter effect, however is supposed to be
small, given that characteristic time scales in plasma for-
mation (such as thermalization) are supposed to take place on
a >30 ps time scale. At the same time, thresholds for cascade

Laser pulse ‘aus detector

Ao

W//WWW ity 77/

spallation (< ns) bubble formation (~ us) extended bubble (40 ps)

Fig. 1 Scheme of the in situ X-ray scattering setup. The focused X-ray
beam from the synchrotron crosses the ablation interaction zone at a
fixed height above the gold target, while scattering is recorded as func-
tion of delay after laser impact by detectors in small-angle (for size and
mass abundance information) or wide-angle geometry (for crystallinity
information). The images show a still of the vapour bubble at different
delays on the gold target. The sketch below symbolizes the different
nano- to macroscopic evolution steps.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Top: Height of the vapour bubble for excitation with 12 ps pulses
at 1064 nm as function of delay after laser ablation impact on silver
together with a simulation with the RP equation (line). Bottom: Partial
mass of larger silver particles as function of delay (symbols) together
with calculations of model 1 (red line, bubble homogeneously filled with
particles) and model 2 (black broken line, particles residing exclusively at
the bubble interface).

ionization are found to be lower at infrared wavelengths.*’
Bubble sizes on gold are about 10% larger. In general, pulse
length, more than wavelength, in the near-IR to IR is a very
critical factor in laser ablation,®*° in particular, if the emitted
nanoparticles do interact with the laser beam or the plasma.
Also, non-thermalized electrons that escape deeper into a
metallic target might be influenced by laser pulse length.*”

A reasonable modelling can be done by the Rayleigh-
Plesset (RP) equation, although it is known that RP does not
well reproduce the collapse phase, and in particular the size of
the bubble rebound.*®**? The Gilmore equation incorporates
water compressibility and condensation to reach a better agree-
ment with bubble dynamics.>** Nevertheless, we are mostly
interested in the expanding bubble, where virtually no differ-
ences between the RP and Gilmore equations can be found
with appropriate fitting parameters.>?

The particle mass as derived from the partial invariant of
the large particles (20 to 80 nm) is presented in the bottom
part of Fig. 2 and 3. The general evolution displays a sharp rise
directly after laser impact for 12 ps pulses followed by a slight
reduction until the maximum bubble extension. Thereafter the
mass in the X-ray path increases again to drop to a smaller
level after bubble collapse. First, this reveals that large nano-
particles are already present during the early expansion phase
of the bubble. The evolution of smaller (primary) particles
shows a similar course and is given in the ESI (Fig. S4t). Some
nanoparticles may stem from redeposited material, which,

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Top: Height of the vapour bubble for excitation with 2 ps pulses
at 800 nm as function of delay after laser impact on silver together with
a simulation with the RP equation (line). Bottom: Partial mass of large
silver particles as function of delay (symbols) together with calculations
of model 1 (red line, bubble homogeneously filled with particles). The
dashed line repeats the bubble size from the RP fit. Note that the time
axis has been scaled logarithmically in order to highlight the mass abun-
dance before bubble arrival.

however, should have undergone melting and fragmentation
upon re-irradiation. The amount should be far less than the
>10° emitted particles per mm?®, given that the ablated layer
per shot is more than 100 nm. Second, while the initial rise is
related to the nascent bubble crossing the X-ray position, the
subsequent decay reflects particle density inside the bubble.
In order to quantify the behaviour we used the calculated
bubble size evolution (from the RP equation) to estimate the
expected particle mass for model 1. This assumes that the
bubble is homogeneously filled with particles, as has been
described earlier.>® In model 2 the nanoparticles are strongly
coupled to the bubble-water interface and do not exist in the
vapour phase. In each case the volume and surface area inter-
cepted by the 24 x 6 pm sized X-ray beam (cSAXS) are calcu-
lated and related to the total volume and surface of the bubble
by assuming a constant total particle mass. A convolution over
3 ps accounted for time resolution and pulse energy
fluctuations.

The model calculations strongly suggest that the particle
mass is homogeneously dispersed inside the volume of the
bubble, as for a surface-laden bubble the fraction of particles
in the beam would drop very strongly at maximum bubble
extension. The assumption of a constant particle mass inside
the bubble as well as the exclusion of shifts from one size frac-
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tion to the other are certainly a first crude postulation. Indeed,
the mass of large particles at maximum bubble extension is a
bit higher than expected for model 1. One assumption could
be the onset of a growth or aggregation process at the extended
bubble that would feed the large particle-size fraction. In situ
quenching has recently shown that the large particles can be
reduced in number and size already inside the bubble in a
saline solution."®

Nevertheless, the ratio of small-particle mass versus large-
particle mass as displayed in Fig. 4 shows a shift towards
small particles for the extended bubble, followed by a reversal
at bubble collapse. The latter is reasonable, considering the
earlier described agglomeration by retraction of the particle
mass towards the target upon collapse.'*** A feeding of the
large-size fraction, however, would also reduce the shown ratio
at maximum bubble extension.

Therefore we estimate that the slight deviation of the mass
distribution from a homogeneously filled bubble is accounted
for by a slightly shifted distribution of particle sizes within the
bubble. Ibrahimkutty et al.>* have observed that, while the
small particles are distributed in a homogeneous fashion, the
large structures tend to prevail within the upper part of the
bubble. At the same time more mass seems to emerge from
the target with bubble growth. Notably, the ratio of the mass
fraction of small to large particles shows a minimum for the
early bubble touching the X-ray beam. The particle size distri-
bution in Fig. 4 compares the distribution at the bubble touch-
ing the X-ray beam (6 ps delay) with that of the fully expanded
bubble (40 ps). Without over-stretching the results from the
reverse Monte Carlo fit, an excess of large particle around 60
to 100 nm is registered at 6 ps. Primary particles in both cases

-
N

0.2 6us

-
o

====40ps

o
©

o
o

I
~

©
N

volume fraction (arb. u.)

o
o

10 100
particle diameter (nm)

Fig. 4 Results of the reverse Monte Carlo optimization of the SAXS
curves on gold with 12 ps, 1064 nm excitation at two delays of 6 and
40 ps. The size histogram is weighted by the particle mass for better
comparison of the contribution from large particles. The inset displays
the ratio of the mass fraction of the small to large particles as derived
from the partial invariants. The line marks the mass prediction by model
1 for comparison for particle abundance in a homogeneously filled
bubble.
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peak at 7-10 nm, the typical primary particle size range
observed in TEM ex situ during ps PLAL.

Upon bubble collapse the mass detected along the X-ray
beam cross section decreases again as a manifestation of the
particle retraction. As the signal does not decay to zero, one
could reason that some particles may escape the bubble.
However, we are not able to quantify this amount, as at bubble
collapse a variation in bubble lifetimes smears out the collapse
phase in time with this averaging measurement. Therefore the
amount of trapping versus particle escape from the bubble is
difficult to quantify.

The time resolution for the first experiment at beamline
CSAXS (12 ps, 1064 nm) of 5 ps is not high enough to discern
more details in the initial explosion phase. A reduction of
detector gating time would be possible, however, only at the
expense of a signal reduction. The pump probe setup at ID09
(2 ps, 800 nm) allows for a much higher time resolution. The
100 ps X-ray pulse length limit is yet not fully exploited due to
the finite distance from the target. Nevertheless, the first event
that is seen is the passing shock wave at some 150 ns after
laser impact, as seen in Fig. 5, reflected by the pressure signal
from the water phase. Particle mass appearance at a height of
0.2 mm (Fig. 3) starts at around 3 ps, which is earlier than the
bubble front crossing of the X-ray beam. With the bubble
being intercepted by the beam at 6-7 ps, the particle mass of
the large particles peaks similarly to the first setup. Decay with
bubble growth and the second maximum before collapse
follow the model 1 of a bubble filled with particles, as
described above. Therefore, the presence of large particles as
predicted by MD simulations’ is confirmed experimentally
already at the advancing front of the bubble expansion.
Nevertheless, SAXS does not reveal the morphology or crystalli-
nity of the particles, which could be either aggregated primary

51.04 -
o) €
s £
o)
= N
2 )
)
o c
EO.S— =
z
P
G
0.0

10 100 101 102
delay (us)

Fig. 5 Powder intensity (open circles) and crystal domain size (filled
squares) with 2 ps, 800 nm excitation as function of delay after laser
impact on gold. The blue line shows the liquid scattering signal follow-
ing the pressure change in the water phase, the red line represents the
particle mass predicted by model 1. The inset shows selected gold (111)
powder profiles together with Lorentz fits at delays of 8 (open circles)
and 40 ps (open triangles).
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particles in spatial confinement or also incorporating large
spheres.

The latter is probed by WAXS, given that solidified particles
are present. WAXS probes the crystalline lattice, in the present
case the fce structure of gold and silver. WAXS is sensitive to
the size of coherent crystalline domains and not perturbed by
clustered individual particles.

Fig. 5 shows the result of the analysis of the powder rings
on ablated gold. The scattering intensity (open circles) is a
measure for the crystalline mass. It shows a maximum at
delays that correspond to a position within the bubble, but a
weak intensity is already detected before and at the point of the
bubble crossing the X-ray path. At the same time, the width of
the (111) powder peak traces the size of the crystalline
domains. These are, in contrary, largest at the early bubble
expansion (time delay 4-5 ps) with some 15-20 nm domain
sizes. The crystallites within the bubble appear smaller with
sizes down to 8 nm, coinciding with the primary particle sizes
(from SAXS). This, on the one hand, resembles the observation
of increasing ratio of smaller particles inside the bubble as
compared to those at the expansion front of the bubble. On the
other hand, it also documents that at the expansion front there
are already rather large particles present, which are crystalline
in nature and thus have cooled down. In contact with water or
a dense fluid, it is not a surprise that initially hot particles
would cool down within few nanoseconds to crystallize.*”

These large particles may still be in the minority, as the
powder intensity suggests. Nevertheless, in terms of mass and
possible detrimental effects in an application they are well
visible.

In Fig. 6 such objects are displayed, showing the prevalence
of spherical shapes. A magnification of a single sphere shows
some structuring. These patterns are testament to an internal
domain structure. HR-TEM confirms that the crystallites predo-
minantly display lattice plane spacings matching gold (111)
(2.3 + 0.04) A, (see ESI Fig. S51) with a multi-grain morphology.
The detected grain sizes are in the range of 10-20 nm, while
small particles (<10 nm) are often single-crystalline or multiply
twinned. The powder data as well as detailed structures derived
from molecular dynamics simulations suggest that individual
particles are composed of smaller domains (in the size range

-
o

volume fraction (arb. u.)
o
(%))

o
o

10 100
hydrodyn. diam. (nm)

Fig. 6 (a) Mass-weighted gold particle size distribution as measured by
ADC of a collected suspension after semi-batch ablation with 12 ps,
1064 nm pulses. (b) Transmission electron micrograph of a distribution
of gold particles together with a single magnified particle as inset.
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<3 nm). Detailed crystallographic analysis of ps PLAL-derived
Au and AuAg nanoparticles synthesized by in situ PVP size
quenching recently confirmed that each nanoparticle consisted
of only one crystalline domain of 3-5 nm and was not twinned.
This was the case for the pure metals (Ag and Au) and for all
AgAu nano-alloys.”® Note that these primary particles sampled
experimentally in the liquid are considerably larger in size than
the atom clusters simulated (on a ps to ns time scale) in the
vapour phase. Hence, these primary particle fractions may have
a different origin. The SAXS and WAXS data presented here
reveal information about the secondary, larger particle fraction.
Hahn et al. also observed grain boundaries within the second-
ary particle size fraction of silicone-quenched fs PLAL.”” Also
Shih et al. simulated the multidomain structure formation of a
silver droplet jetted in front of the bubble, and this solidified
with cooling rates far from thermodynamic equilibrium.”*®
Hence, although our experimental findings on gold show such
multi-domain particles to be stable in thermodynamic equili-
brium, it does not automatically show that these are the jetted
species. Note that twinning (or multi-domain formation) of
gold or silver nanoparticles is known to be more prominent at
larger sizes, even at thermodynamic equilibrium.

The hydrodynamic size distribution as derived by ADC for
gold particles ablated in pure water (Fig. 6a) shows a consider-
able population of particles above 10 nm in diameter. ADC, of
course, does not distinguish between large agglomerates and
solid spheres, but probes a hydrodynamic quantity.** However,
when quenching the size distribution by adding rock salt, the
resulting particle size distribution shifts to smaller values and
the large size fraction is considerably reduced. Still, a minor
bump of population at around 30-50 nm persists. Size quench-
ing is presently understood as acting on hindering coalescence
during the ripening process, but may not be efficient for the
observed early-phase large spheres. Therefore, the early detec-
tion of large particles coinciding with large crystal domains at
the advancing bubble front shows that (i) the phase explosion
process is active in ablation and (ii) these particles are one
possible source of large solid spheres that may be resistant to
size quenching.

As a side note, the temporal interval between the passing
shock wave at about 150 ns and the arrival of the bubble front
at 4-6 ps seems to be void of particulate mass, that might be
ejected at high speed or dragged by the shock wave. Initial
ablation front speed in simulations” exceeds 500 m s, which
is, however rapidly decelerated by the contact with liquid
water. In the present case of picosecond PLAL the extension of
the weak plasma is limited, so that mass accumulation at a
considerable distance above the target may not been seen.

4 Conclusions

The understanding of the structure formation process during
pulsed laser ablation in liquid requires the disentanglement of
hierarchies in time and space. By using in situ X-ray powder
diffraction with sub-microsecond time resolution we were able
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to get closer to the ablation and the mass ablation event
during ps PLAL. The picosecond laser ablation revealed a size
distribution that bears structural features compatible to an
expulsion event: SAXS and WAXS showed particles appearing
as soon as the bubble front passes the X-ray probed position.
While the bubble front shows an abundance of large struc-
tures, the interior of the bubble seems to contain more small
particles, often named as primary particles. This agrees with
the prediction by Shih et al.,” where the break-up of a liquid
layer and jetting produce large spheres that cool down as soon
as they are in contact with the liquid, and where smaller par-
ticles are formed from atom-cluster-sized seeds in the mixing
region. The temporal mass distribution analysed by WAXS is
compatible with a model of relatively homogeneous filling of
the bubble with particles, rather than the surface being laden
with adsorbed mass.

At the same time, an important amount of large, crystalline
particles with domain sizes from 15 to 20 nm are detected by
WAXS that precede the bubble. These large, compact particles
correlate with observations in ex situ analysis, such as TEM.
Within the bubble interior, the average crystalline diameter
decreases to half of that values (about 8 nm), indicating that
the solid mass condensed inside the bubble gets dominated
by smaller crystals.

The typical bimodal size distribution of ultrashort-pulsed,
aqueous PLAL of noble metals thus shows different sources for
the large particle content. While agglomeration and growth by
coalescence adds to the broadening of size distribution the
large particles produced at the jetting event add to this fraction
and may be less susceptible to size quenching by ligands.

We could confirm that solid matter escapes or precedes the
bubble with large crystalline domains. The domain size of par-
ticles trapped inside the bubble is clearly smaller, with dia-
meters representing the mass-weighted primary diameters
found during ex situ TEM later in the free liquid. The assign-
ment of the large fraction found ex situ to the respective frac-
tion detected by in situ X ray scattering, nevertheless, is a
difficult task. Here, size-quenching experiments (by anions or
ligands™) in future may help to distinguish which species are
affected (i.e., if the crystallite size is affected as well, or only
the mass fraction detected by SAXS).

Getting the whole picture of where and when which species
form inside the cavitation bubble will still need further investi-
gation, stretching MD simulations to longer time scales and
driving in situ X-ray experiments to shorter time intervals.
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