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High-speed imaging of non-photochemical laser-
induced nucleation in aqueous cesium chloridef

Eleanor R. Barber and Andrew J. Alexander (= *

A study of non-photochemical laser-induced nucleation (NPLIN) of cesium chloride in aqueous
supersaturated solutions is presented. Single, unfocused laser pulses (duration 5 ns, peak power density
180 MW cm™~?) of 532 nm laser light were used to induce crystal nucleation, and the resulting dynamics
were studied using imaging at frame rates up to 250000 frames per second (4 us per frame).
Thermocavitation events were observed in a surrounding index-matching fluid, both in the bulk and at
the exterior walls of vials. These events were attributed to heating of solid particles by the laser light.
The cavities were observed to oscillate in size, with the initial expansion and collapse lasting
approximately 50 ps. In some cases, a small persistent gas bubble (lifetime >1 s) was observed after the
cavitation event. Within the supersaturated salt solutions, new objects were observed in the image frame
of the laser pulse, which faded within 20 ps. These objects were attributed to cavitation: this is the first
time that thermocavitation has been observed during NPLIN using an unfocused laser pulse. Crystals
were observed to grow at the locations of cavitation events, and the growth was faster at higher
supersaturations. Crystals were sometimes observed to form in the location of particles that were
observed before the laser pulse, which we consider to be impurity particles that trigger NPLIN. The
results provide direct evidence for the nanoparticle-heating mechanism for NPLIN, which begins with

rsc.li/pccp

1. Introduction

There are a number of techniques available for in situ monitor-
ing of crystal formation and growth." These include neutron
and X-ray scattering methods; vibrational, infrared or Raman
spectroscopy; mass spectrometry; transmission electron micro-
scopy; and NMR spectroscopy. However, the majority of these
techniques are not capable of recording data at the short
timescales of initial crystal formation, which can be in the
range of microseconds to milliseconds, or possibly even shorter
timescales for fast crystallisation processes.” For time-resolved
measurements, temporal control over nucleation is also
required. The study of rapid crystallisation is therefore limited
by the available experimental techniques, both in terms of
crystallisation method and analysis technique.

Most of the fastest data in the literature for the measure-
ment of solution structures following initiation of crystallisa-
tion comes from studies of precipitation reactions using time-
resolved small- or wide-angle X-ray scattering (SAXS or WAXS,
respectively).> In precipitation reactions, a sparingly soluble
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thermocavitation. The possible role of stable gas bubbles in NPLIN of crystals is discussed.

product forms at a high supersaturation from the addition of
two reactants and rapidly crystallises. This method of crystal-
lisation is suited to time-resolved experiments due to the
moderately well-defined starting time. However, there is a
mixing time as well as additional dead time determined by
the apparatus before the first measurements can be made.
Experimental setups are therefore carefully designed to achieve
the fastest measurement time possible. Through the use of
continuous flow techniques and microfluidics, measurements
have been made on the timescale of microseconds. For example,
Marmiroli et al. have studied the formation of calcium carbonate
using SAXS with their first measurement taken 75 ps following the
start of mixing.® The fastest initial measurement reported currently
was recorded by Schmidt et al. for the formation of zinc sulfide.’
A liquid jet of aqueous zinc chloride was injected into an atmo-
sphere of flowing hydrogen sulfide gas, which quickly diffused into
the solution. The first SAXS measurement was taken after 17 ps.
Laser-induced nucleation (LIN) techniques have the potential
to allow access to measurements at even shorter timescales than
precipitation reactions, due to the lack of mixing time or dead
time. Although LIN has been used in multiple studies for the real-
time analysis of crystal formation and growth,'®>° fast measure-
ments have been carried out in only a few instances. Growth
dynamics of potassium nitrate from supersaturated aqueous
solutions were studied by Jacob et al>* following initiation of
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nucleation by a focused laser pulse. The process was monitored by
the measurement of light transmitted through the sample by a
xenon lamp; turbidity due to the scattering from the crystal nuclei
was measured as a function of time. Using this technique,
measurements were made at times shorter than 1 ms. However,
measurements were limited to the millisecond timescale due to
the low molar turbidity coefficient of the system. Optical imaging
can achieve faster measurements. For example, high-speed optical
imaging has been used to observe laser-induced cavitation (using
a focused laser pulse) and subsequent crystal nucleation on a
microsecond timescale.”*®

Non-photochemical laser-induced nucleation (NPLIN) typi-
cally uses unfocussed pulses of laser light, with durations on
the order of nanoseconds, to initiate crystal nucleation.?**° The
use of low pulse energies, with visible or near-infrared wave-
lengths, prevents photochemical damage to the target material.
There have been a number of studies aimed at determining the
possible mechanisms for NPLIN.**** The current understanding
favours the nanoparticle heating (NPH) mechanism. In this
mechanism, the laser light is absorbed by trace solid nano-
particles, which results in rapid heating to a high temperature,
spontaneous vaporization of the surrounding fluid, and subse-
quent collapse of the cavity, i.e., thermocavitation. It is not clear,
however, what stage of the thermocavitiation event causes crystal
nucleation. For example, the expansion of a cavity involves a
hot gas-liquid interface, where solvent evaporation could cause
local increases in supersaturation.”®**3 Alternatively, collapse of
a cavity is expected to produce pressure waves, with regions of
higher density and therefore higher supersaturation. A cavitation
bubble is transient because the hot vapor cools rapidly, typically
within tens of microseconds, and the resulting internal pressure
is insufficient to maintain the void. A gas bubble, by comparison,
has sufficient internal pressure to be stable and persist for some
time. In a recent study, Barber et al. demonstrated that thermo-
cavitation during NPLIN can lead to production of gas bubbles,
and that these may be involved in the nucleation of crystals.*®

In the present work, we report on results from high-speed
imaging of cesium chloride crystals following NPLIN with a
single, unfocussed laser pulse. The primary objective was to
optimise the frame rate and imaging conditions in order to
view crystals as soon as possible after the laser pulse. Imaging
was carried out at frame rates up to 250 000 frames per second
(4 ps per frame). In some cases, nucleation was observed to
occur at particles that were present prior to the NPLIN pulse,
supporting the NPH mechanism. The results reveal the for-
mation of a cavity that precedes the rapid growth of a crystal.

2. Experimental methods

Cesium chloride was used because of its high solubility in water
at room temperature, and the high refractive index (1.640 at
590 nm) of the solid, which aids in contrast for imaging.
Supersaturated aqueous solutions of cesium chloride were
prepared by dissolution of the solid (Sigma Aldrich, >98%)
in ultrapure water (18 MQ cm). Samples with concentrations (C)
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of 11.9 and 13.1 mol kg™" (molality) were made by dissolution
at 65-70 °C, and then transferred into glass vials (diameter
11.6 mm, approximately 1.5 cm®) without filtration. Samples
were cooled to temperatures of 21 or 25 °C, at which the
saturation concentrations (Cg,) of cesium chloride are 11.1
and 11.4 mol kg™ ', respectively.®” Details of the cooling method
are given in the ESI.T The resulting supersaturations (S = C/Cgat)
ranged from 1.05 to 1.18.

Samples were exposed to a single pulse of laser light (pulse
duration 5.0 ns) from a Q-switched Nd**:YAG laser (Continuum
Surelite II-10). Visible laser light (532 nm) was used to simplify
alignment of beams within the imaging setup. The beam diameter
was 3 mm and the incident pulse energies were 65-70 m]J; corres-
ponding to pulse energy densities of 920-990 mJ cm > and peak
power densities of 173-186 MW cm™ 2. After samples had been
nucleated, they were regenerated by heating to be used again.

The peak laser power densities used in the present work
(173-186 MW cm™?) are commensurate with previous studies
of NPLIN for aqueous solutions of KCI (0.5-100 MW c¢m™2),
NaBr (100-450 MW cm ™ 2), urea (20-350 MW cm ™ ?), glycine (80-
910 MW cm ?), and sodium acetate (5-68 MW cm™2).>!3¢38
These power densities are three orders of magnitude lower than
the experiments of Yoshikawa et al (~PW cm ), who used
focussed fs pulses to induce breakdown of the fluid, resulting
in cavitation and bubble formation.**?*

Details of the imaging setup are given in the ESL.{ Imaging
of crystal growth following NPLIN was carried out first using a
low-speed digital camera (Basler, acA2040-90um) and then
using a high-speed camera (Photron FastCam SA1.1), each
equipped with a zoom-lens. The maximum framerates used
were 700 and 250 000 fps for the low and high-speed cameras,
respectively. The sample was immersed in a bath of refractive
index-matching fluid (mineral oil, refractive index 1.42-1.43) to
improve the image quality.®” Sample vials were imaged from
two directions: from the side, with the camera aligned perpen-
dicularly to the NPLIN laser beam, and from the front, with the
camera at a shallow angle to the beam (Fig. S1, ESIt). A notch
filter (Semrock NF01-532U-25) was used to block the 532 nm
pulsed laser light. With the low-speed camera, the system was
illuminated using a continuous-wave (CW) diode laser (488 nm,
Cobalt 06-MLD or Lasertack LDM-488-55-C). The maximum power
of the CW laser beam was 80 mW and the beam diameter was
approximately 1 mm. With the high-speed camera, sample vials
were imaged only from the side direction, illuminated using a
white light-emitting diode (LED) positioned at a downward angle
with respect to the sample vial (Fig. S2, ESIT). At higher frame
rates (>54000 fps) the LED was shone through the sample
directly into the camera, and therefore crystals in the resulting
images appeared as dark objects against a light background.

3. Results

3.1 Millisecond timescale

Imaging from side position. In images recorded with the
low-speed camera in the side position, the frame containing the
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NPLIN laser pulse could sometimes be identified from leakage
of 532-nm light through the notch filter. However, it was also
observed that new objects external to the vial, e.g., stuck to the
outside walls, appeared as a result of the NPLIN laser pulse
(Fig. 1) and remained illuminated by the CW laser. After 0.2 s,
these objects had decreased in intensity, but remained visible
for up to 1.2 s. Based on previous work, we identify these
objects as gas bubbles nucleated by the laser pulse.*® Fig. 1 also
shows a single crystal that was nucleated in the bulk solution,
observed in the same frame as the laser pulse. At 250 fps, the
exposure time per frame was 3864 s, therefore this particle
must have formed within 3.9 ms of the initiating pulse.
Generally, only one or two crystals were observed in the first
frame, with further crystals becoming visible in later images.
At 700 fps, crystals were first observed growing on the vial walls
at 1.3 ms after the laser pulse (Table S2, ESIY).

The brightness of crystals in some cases appeared to fluc-
tuate from frame to frame (e.g., Fig. S4, ESI{). This was at
first considered to be due to rotation of anisotropic crystals.
However, inspection of images taken before the NPLIN
laser pulse showed that stationary dust particles on the outer
vial walls also fluctuated in brightness. The fluctuations were

Before laser
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therefore attributed to the imaging setup, e.g., due to the
illuminating light source.

Imaging from front position. In Fig. 2(a), bright spots (1 mm)
were observed where the CW illumination beam entered (right)
and exited (left) the vial, with the space between being the beam
pathway through the solution. The perspective when viewing
samples from the front position is illustrated schematically in
Fig. S3 of the ESL.{ The NPLIN laser beam propagated in the
opposite direction to the CW beam, and the entry and exit points
became brighter during the image frame of the pulse. The focal
plane of the camera was adjusted to be in the solution behind
the vial wall at the entry point of the NPLIN pulse. A group of 3
crystals was observed growing from the location of particles that
were already visible before the NPLIN pulse: see Fig. 2(b). As the
crystals grew, their size and brightness gradually increased,
and eventually the star-like (dendritic) shapes of the crystals
became apparent. The fractal habit of the crystals results from
the initially high supersaturation causing rapid anisotropic
growth.®® It can also be seen that there was one object prior to
the laser pulse that did not result in a crystal.

Images taken from the front position were also recorded
at an increased magnification. This was not possible with the

Fig. 1 Growth of a cesium chloride crystal (indicated by white arrow) in a supersaturated aqueous solution (C = 11.9 mol kg%, § = 1.05) following NPLIN.
Four consecutive image frames are shown (250 fps, exposure time 3.9 ms). The top image (before the laser pulse) shows multiple reflections of
the 488 nm CW illuminating laser light due to the curved walls of the vial. The incident NPLIN laser pulse (5.0 ns, 532 nm) had an energy density of
950 mJ cm~2. The laser pulse occurred in the second image, evident by the illumination of dust on the outer vial walls (circled), and a particle is already
visible in the centre of the vial. Subsequent images show further growth of the crystal. Brightness and contrast levels in images have been adjusted for
clarity. Scale bar represents 2 mm.
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Fig. 2 Growth of cesium chloride crystals from a supersaturated aqueous solution (C = 11.9 mol kg™, S = 1.05) following NPLIN. The incident laser pulse
(5.0 ns, 532 nm) had an energy density of 990 mJ cm~2. The frame rate was 250 fps and the exposure time was 3.9 ms. (a) In the top image, the bright
area on the left side is the exit point of the CW laser from the vial, while the area on the right is the entry point. The area on the left lights up in the bottom
image as it corresponds to the entry point of the pulsed laser. (b) Four consecutively recorded images (from left to right) followed by an image recorded
264 ms after the laser pulse, showing a close-up view of the area inside the white box outlined in (a). The NPLIN laser pulse occurred in the second image.
Three crystals grow from the location of three particles that were already present before the laser pulse, indicated by numbered arrows. Scale bars
represent (a) 1 mm, (b) 200 um.

camera in the side position because, as noted above, the is decreased. However, with some trial and error, focussing was
external vial walls were important for determining the timing achieved that revealed the star-like shapes of crystals at sizes
of the laser pulse. At increased magnification, the depth of field <100 pm, as shown in Fig. 3.

\ Laser pulse
' &

Fig. 3 Growth of cesium chloride crystals from a supersaturated aqueous solution (C = 11.9 mol kg™, S = 1.05) following NPLIN. The incident laser pulse
(5.0 ns, 532 nm) had an energy density of 990 mJ cm™2. Starting from the top left, the first image was taken within 8 ms of the laser pulse and the time
between images is 20 ms. Of the seven crystals that formed, 6 of these were visible in the first image (white arrows). The star shape of the crystals is
apparent within 40 ms. Brightness and contrast levels of the images have been optimised for clarity. Scale bar represents 500 pm.
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3.2 Microsecond timescale

In images recorded in the side position with the high-speed
camera, particles were observed to appear in the same frame as
the laser pulse, both in the bulk solution and on the vial inner
walls. The particles gradually increased in brightness and size
until they were clearly identifiable as crystals, as illustrated in
Fig. 4. Crystals were sometimes observed to grow from the
location of particles that were present in the solution before the
laser pulse. Usually only a small proportion of crystals that
became visible in later images could be seen in the first frame.

At higher frame rates, images were recorded with the LED
shining directly into the camera. As crystals grow, they appear
darker due to blocking more light, as demonstrated in Fig. 5(a).
Objects were observed in the first or second frame after the
laser pulse. These objects then faded, sometimes to the extent
that they were no longer visible, and they did not grow back to
their initial size until tens or hundreds of milliseconds later,
depending on the sample supersaturation.

At the highest frame rate used (250000 fps) faint objects
were observed in the same frame as the laser pulse: but by the
next frame, the objects had faded. These objects must have
formed within 4 ps of the initiating laser pulse. This behaviour
was observed in both the bulk solution and on the inner vial
wall. Fig. 5(b) shows an example of this in the bulk solution.
After approximately 10 ms, particles were observed growing in
the same locations, and they increased in size until they were
clearly identifiable as crystals. These observations are consis-
tent with the formation and collapse of thermocavities prior to
crystal nucleation, supporting the NPH mechanism for NPLIN.
This is the first time thermocavitation has been observed
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during NPLIN using an unfocused laser pulse. It should be
noted also that no particles were intentionally doped into these
solutions. The active nanoparticles are expected to be impurities
in the as-purchased cesium chloride salt, possibly iron oxide.*

It was observed that crystals grew at a much faster rate in
samples with a higher supersaturation. In order to quantify
this, image analysis software (Fiji) was used.® The 8-bit binary
greyscale images consist of pixels which are one of 256 possible
shades of grey, from 0 (black) to 255 (white). The minimum grey
value of pixels in the area of growth for a single crystal was
recorded for every frame. This method gives an indication of
how quickly the crystal is growing. Crystals chosen for analysis
were those which grew from an object that appeared in the first
frame. Fig. 6 shows a comparison between the growth of
crystals in S = 1.07 (11.9 mol kg™ ') and 1.18 (13.1 mol kg™ )
solutions at 21 °C (note the changes in scale along the time axis
for this graph).

Both samples show a small oscillation in the data with a
period of about 11 ps, which we attribute to fluctuations in the
imaging setup. During the frame in which the laser pulse
occurs there is a rapid transient decrease in minimum grey
value due to the formation of an object, which we assume to be
a cavity. For the S = 1.07 sample, in the following frame, the
grey value returns to approximately the same level as before the
laser pulse, and does not decrease significantly over the next
17 ms. At about 400 ms after the laser pulse, the grey value
shows a clear monotonic decline, indicating continuous growth
of an object, later identified as a crystal. In the final image
recorded, 1940 ms after the laser pulse, the maximum dimen-
sion of the crystals in the sample at S = 1.07 was 80 pm.

Fig. 4 Growth of cesium chloride crystals from a supersaturated aqueous solution (C = 11.9 mol kg™, S = 1.05) following NPLIN. The incident laser pulse
(5.0 ns, 532 nm) had an energy density of 920 mJ cm~2. The frame rate was 8000 fps (each frame 125 ps). Three crystals grow from particles which were
present in the solution before the laser pulse (unlabelled arrows). The arrow labelled 1 shows an example of a single crystal nucleated where no particle
was observed prior to the laser pulse. Later, other crystals become visible. Scale bar represents 400 pm.
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Fig. 5 Growth of cesium chloride crystals in bulk supersaturated aqueous solutions following NPLIN, recorded at different frame rates. (a) Frame rate
180 000 fps (each frame 5.6 us), C = 13.1 mol kg™%, S = 1.18. Two objects appear in the same frame as the laser pulse (indicated by arrows). The objects
fade in intensity over the next 11 us, one remaining visible (top arrow) and one disappearing from view (arrow labelled 1), and then slowly grow again until
they are clearly identifiable as crystals. After 17 ms, other crystals have formed where no objects were previously observed. (b) Frame rate 250 000 fps
(each frame 4 ps), C = 11.9 mol kg%, S = 1.07. Two objects appear in the same frame as the laser pulse (white arrows) but are no longer visible in the next
frame. After 10 ms, two particles are visible growing in the same locations and gradually increase in size until they are clearly identifiable as crystals. In this
particular case, the crystals move upwards as they grow, rather than falling down, probably due to a convection current within the sample vial. Scale bars
represent 300 pm.
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Fig. 6 Plots showing the minimum grey values of pixels from images taken from areas corresponding to a single cesium chloride crystal as a function of
time after the laser pulse. The camera frame rate was 180 000 fps. Lower values represent darker pixels, resulting from less illuminating light reaching the
camera. The crystals chosen each grew from an object that appeared in the first image frame. The frame in which the NPLIN laser pulse was observed
is plotted at 5.6 ps. The two plots represent the crystal growth in solution with different concentrations: C = 11.9 mol kg%, S = 1.07 (orange, circles) and
C =131 mol kg% S = 1.18 (blue, squares). Note the changes in timescale along the horizontal axis.

For the sample at S = 1.18, the grey value does not return to  (>500 ms) the grey value begins to level off, not because the
the same level as before the laser pulse, but gradually decreases crystal has stopped growing, but because it has grown suffi-
over the next 17 ms, indicating that this object is continuously ciently large to block almost all of the light for the area selected
growing and is later identifiable as a crystal. At long times for analysis. At 700 ms after the laser pulse, the crystals in the
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sample at S = 1.18 were approximately 300 pm in dimension.
After this time, it was not possible to measure the crystals
because they overlapped each other in the images.

3.3 Cavitation on the outside of vial walls

With illumination directly into the camera, the appearance of
objects on the outside vial walls (Section 3.1) was seen to be due
to cavitation. Cavities were observed to form both on the outer
walls of the vials and floating within the index-matching oil,
either in the same frame as the laser pulse or in the next frame,
as shown in Fig. 7. In Fig. 7(a), a large cavity (500 um) was
observed to grow rapidly within the first 3 frames (40 us)
following the laser pulse. The cavity collapsed, before growing
back, and continued to oscillate in size. Fig. 7(b) shows a larger
cavity split into two smaller cavities, before reforming into a
single cavity. Larger cavities formed mainly on the surface of
the outer vial wall, but were sometimes observed in the mineral
oil, as shown in Fig. 7(c). It is also clear from Fig. 7(c) that
cavitation can lead to small gas bubbles that persist for tens of
milliseconds.

Fig. 8 shows the time dependence of the cavity diameter for
the event shown in Fig. 7(a). The oscillatory behaviour during
the collapse of cavitation bubbles is well known: the period of
oscillation depends on the liquid density, vapour pressure,
diameter of the cavity, and the proximity to a solid boundary.**
Laser-induced cavitation is usually achieved using focused laser
pulses, and has been most often studied in water.”>*>™ The
cavity collapse generally occurs on a longer timescale to that
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observed here, ie., hundreds compared to tens of micro-
seconds. Due to the lower energy density of unfocused laser
pulses used here, the cavities are smaller, resulting in a shorter
oscillation period.

4. Discussion

The observation of cavitation bubbles outside the vial gives us
confidence in identifying the first objects that form in the
cesium chloride solutions as cavitation bubbles. Moreover, it
was possible in some cases to link the cavitation to a particle
observed in the frames before the laser pulse. Crystals were
subsequently observed growing at the location of cavitation
events. These are significant results, since they provide direct
evidence of the particle heating mechanism for NPLIN.

The cavitation bubbles that formed in the mineral oil
reached sizes of up to 500 um in diameter, with periods of
oscillation on the order of tens of microseconds. The small
bubbles observed after cavitation sometimes survived for
longer than one second before they disappeared, suggesting
that they contained some gas. The cavities that formed in the
supersaturated solutions were visible for <20 ps, and were too
small to accurately measure, being visible only as a few pixels.
There are several possible reasons for the differences in cavita-
tion observed inside versus outside the vial. The impurity
particles outside are likely to be larger, e.g., dust particles,
resulting in the vaporization of a larger amount of liquid, and
larger maximum diameter of bubble.*® The dynamics of cavity

Fig. 7

©
o
-
N

Images of cavitation bubbles on the outside walls of glass vials immersed in mineral oil, following exposure to a laser pulse with an energy density

of 920 mJ cm™2. In each set of images (a) to (c), the laser pulse occurred in the second frame. (a) Formation of a large cavity, which oscillates in size.
Consecutive images with 10 ps between frames. Before the pulse, an object was observed on the surface of the glass (arrow 1); in the same frame as the
laser pulse, a cavity started to form in the same location (arrow 2). The cavity grows to a maximum diameter of 500 um before collapsing and oscillating in
size. Smaller cavities also formed in the oil (e.g., arrow 3). (b) Fragmentation of a cavity into two smaller cavities before recombining. Consecutive images
with 8 ps between frames; the last two images were recorded 650 and 740 ps after the laser pulse. (c) Formation of persistent gas bubbles both on the
glass surface (unlabelled arrows) and within the mineral oil (arrow 1). Consecutive images with 8 us between frames; the last image was recorded 40 ms
after the laser pulse. Scale bars represent (a) 400 um, (b) 200 um, (c) 400 pm.
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Fig. 8 Cavitation bubble diameter as a function of time, measured for the largest bubble that formed in the mineral oil on the outer vial wall, shown in
Fig. 7(a). The first period of bubble growth and collapse (50 ps) is longer than the periods of the second and third oscillations (20 ps).

growth and collapse are complex, and the effects of the liquid
properties are not easy to quantify.*>*”*® One critical factor is
surface tension: a larger surface tension can support a smaller
bubble radius.*’ Conditions which lead to a faster collapse time
are a high surface tension and low viscosity.***° The cesium
chloride solution has a higher surface tension and lower
viscosity than the mineral oil, therefore we would expect
smaller cavities that collapse faster in solution, as was observed
in our experiments.

The small sizes of the growing objects observed in solution
meant that it was not possible to identify them as crystalline
until they reached a size large enough so that either their non-
spherical shape became apparent, or they began to sediment.
As noted above, the transient objects that appeared after the
laser pulse were attributed to thermocavitation bubbles. It is
notable, however, that persistent gas bubbles were observed in
the mineral oil (Fig. 7(c)) that remained visible for up to 1.2 s
following irradiation. As we have discussed previously, the
origin of this gas could be either air that was already dissolved
in the liquid, or gaseous reaction products resulting from the
high temperatures (>1000 K) of the heated nanoparticles.*®
These observations lead us to three possible routes for NPLIN:

(1) Thermocavitation leading directly to nucleation as solute
is accumulated at the expanding cavity interface.

(2) Thermocavitation; incomplete collapse of the cavitation
bubble due to the formation or influx of gas; formation of a gas
bubble; crystal nucleation at the bubble interface.

(3) Thermocavitation; collapse of the cavitation bubble
causing immediate crystal nucleation.

Whether a persistent gas bubble in scenario (2) is involved
in the crystal nucleation, or simply a bystander, is not clear.

This journal is © the Owner Societies 2025

The majority of crystals observed in images such as Fig. 5(a)
could not be associated with a cavitation event. We have found
that if the lighting or focus is not sufficient, then objects are not
visible in our setup. We also expect a range of nanoparticle
sizes, with smaller particles producing cavitation events that
were possibly too weak for us to observe.

We cannot rule out that there are other mechanisms for
NPLIN that do not involve cavitation. Knott et al. have shown
that the peak laser powers (180 MW cm ™ ?) used in the present
experiments with nanosecond laser pulses are insufficient to
cause alignment of molecules.’® It is not clear whether there is
any structuring of CsCl at the interface of impurity nano-
particles prior to the laser pulse, which may assist in the
nucleation process. However, solutions can remain supersatu-
rated for days without nucleating.

We consider whether photochemical reactions occur
together with simple heating of the nanoparticles. Measure-
ments of the nucleation probability for aqueous halide salts
have shown a linear dependence with laser power, ruling out
non-linear multiphoton absorptions: for example, a 2-photon
photochemical process would be expected to show a quadratic
dependence on laser power. Previous work on NPLIN of potas-
sium chloride showed no significant difference in the nuclea-
tion probability (sample lability) at 532 nm and 1064 nm,
suggesting that resonant electronic transitions are not involved.
Moreover, NPLIN has been achieved by intentional doping of a
range of nanoparticles, including Fe;0,, Au, Ag, 316 steel, copper
phthalocyanine and CB,.'***"® This also suggests a mechanism
that is independent of any electronic states of the impurity.
We note that the previous observations of a threshold to the laser
power at which NPLIN becomes possible, is consistent with the
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requirement for a threshold temperature for thermocavitation,
i.e., the spontaneous vaporization of fluid.

The fastest studies of crystal nucleation and growth up to
now have been mostly based on fluid mixing, creating uncer-
tainty in the start time. The resulting high, and undefined,
supersaturations rely on specific methods such as precipitation
of low-solubility products, where the nucleation mechanism
may be different, e.g., possibly via non-crystalline solid inter-
mediates. For the present work, with well-defined supersatura-
tions, a single 5 ns laser pulse starts a sequence of events that
begins with a cavitation event completed within 20 ps. The
cavitation results in an object that grows continuously (faster or
slower depending on supersaturation) until a crystal is clearly
identified. The method we have described opens up opportu-
nities to study the earliest events in the crystal nucleation
process for a range of solute and molten systems.

5. Conclusions

High-speed imaging of NPLIN in supersaturated aqueous solu-
tions of cesium chloride has been carried out. Using a low-
speed digital camera, growing particles were observed within
3.9 ms of the laser pulse in the bulk solution, and within 1.3 ms
of the laser pulse in solution at the vial walls. Using a high-
speed camera, large thermocavitation bubbles (up to 0.5 mm
diameter) were observed to form in the index-matching oil
surrounding the vials, with the initial expansion and collapse
lasting approximately 50 ps. In some cases, persistent gas
bubbles with lifetimes >1 s were observed after cavitation.
Within the bulk CsCl solutions, objects appeared within 4 ps
of the laser pulse, which then faded within about 20 ps. These
were attributed as thermocavitation events, and crystals were
later observed to grow in the same locations. Additionally, both
bubbles (on the outside of the vials) and crystals (in the
solutions) were sometimes observed to form in the location
of particles that were observed before the laser pulse, which we
consider to be the impurity particles that trigger NPLIN.
Altogether, these observations make for compelling evidence
in favour of the particle-heating mechanism for NPLIN in
aqueous cesium chloride, in which thermocavitation occurring
at impurity particles is the cause of crystal nucleation. It is not
clear whether the cavitation induces crystal nucleation directly,
or whether there is an intermediate stage involving persistent
gas bubbles.
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