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ABSTRACT

Focused irradiation with ultrashort laser pulses realized the fine spatiotemporal control of ice
crystallization in supercooled water. An effective multiphoton excitation at the laser focus
generated shockwaves and bubbles, which acted as an impulse for inducing ice crystal nucleation.
The impulse that was localized close to the laser focus and accompanied by a small temperature
elevation allowed the precise position control of ice crystallization and its observation with
spatiotemporal resolutions of micrometers and microseconds using a microscope. To verify the
versatility of this laser method, we also applied it using various aqueous systems (e.g., plant
extracts). The systematic study of crystallization probability revealed that laser-induced
cavitation bubbles play a crucial role in inducing ice crystal nucleation. This method can be used

as a tool for studying ice crystallization dynamics in various natural and biological phenomena.
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Ice crystallization plays a crucial role in various natural and biological phenomena and
thus has attracted much attention in many scientific and industrial fields. For instance, ice
crystals, including “snow”, show a wide variety of morphologies depending on environmental
parameters, such as temperature and pressure, so their morphological diagrams and growth
conditions have been intensively studied in glaciology, cloud physics, and pattern formation
science!?. Ice crystallization in the presence of biological materials, such as saccharides and
antifreeze proteins (AFPs), has also been considered in cryobiology to elucidate the freezing
tolerance mechanisms of organisms and plants inhabiting subfreezing environments*S. This

knowledge also provides key insights into the development of food processing methods’.

To reveal the ice crystallization mechanisms, the precise measurement of ice crystal
growth was performed by using a crystal seed, which was prepared in advance, for example, by
transporting a seed into a crystal growth cell from a capillary®* 2. However, it is not trivial to
precisely monitor the spatiotemporal dynamics of an early stage of ice crystallization, including
nucleation in bulk water, which starts stochastically and proceeds very rapidly. Indeed,
experimentally investigating ice crystal nucleation using optical microscopy is considerably
challenging because of the contingency of nucleation. To observe such a stochastic and transient
event, a number of studies have proposed using seedless methods to trigger ice crystallization by
external stimuli. One of the major methods is a sudden drop in temperature (called quenching).
However, quenching is not intrinsically suited to controlling ice nucleation in a spatial and
temporal manner; hence, its application is limited to tiny water droplets at extremely low
temperatures (e.g., several microlitres and minus tens of degrees Celsius)'*!° because of limited

camera fields-of-view and very short exposure times. Alternatively, external stimuli, such as



electric effects'®, ultrasound'’, lasers'®!®, etc., have been proposed as a means to

spatiotemporally controlling ice nucleation.

Among these methods, impulse induced by laser pulses is promising for studies of ice
crystals growing in bulk water at very low temperatures (e.g., << -10 °C) and the early stage of
ice crystallization (e.g., nucleation) using optical microscopy. When intensive laser pulses are
focused into liquid through an objective lens, pressure waves and transient vapour/gas bubbles
(cavitation bubbles)??? are generated in nanoseconds to microseconds, which can act as impulse
to trigger crystal nucleation.”> Compared to the use of unfocused pulsed lasers that triggers

nucleation along the pass way of laser via photoelectric fields,!>2*

the impulse that is generated
by the focused irradiation with ultrashort laser pulses could exhibit higher spatial controllability
of nucleation. Actually, several studies have demonstrated the precise control of crystal
nucleation of various compounds such as proteins and organic compounds, by utilizing the laser-
induced impulses®®. Regarding the application of laser-induced impulses in ice crystallization, in
2007, Lindinger et al. demonstrated ice crystallization with focused nanosecond laser pulses with
a wavelength of 1064 nm'8. However, due to the relatively low spatiotemporal controllability
and thermal disturbance of impulses generated by nanosecond laser irradiation at 1064 nm,
detailed dynamics, such as the morphological development of ice crystals from a focal point, are
still unclear. To gain further insights into ice crystallization with higher spatiotemporal

resolution, it is necessary to utilize laser pulses with much shorter pulse durations, which can act

as a fine-tuned, thermal-less trigger for controlling the crystallization of various materials®’.

In this work, we have demonstrated the fine-tuned, spatiotemporal control of ice crystal
nucleation and crystal growth in supercooled water via focused irradiation of ultrashort laser

pulses (picosecond and femtosecond pulses) with the wavelength of smaller optical absorption



by water (i.e., A = 800 nm), which can induce well-localized impulses due to the generation of
cavitation bubbles and shockwaves with small heat effects at the laser focus in liquids via
effective multiphoton excitation. This method could realize the high-speed microscopic imaging
of ice crystallization dynamics with resolutions of micrometers and microseconds. We also
demonstrated the fine control of ice crystallization in various aqueous solutions, such as glucose,
sucrose, AFP, and plant extract solutions. With a sequential pulse irradiation with a repetition

rate of 1 kHz, we observed a stepwise crystal growth that followed each laser irradiation.

Figure 1a shows macroscopic images of ice crystallization in a glass vial induced by
femtosecond laser pulses (7'~ -5 °C, see also Movie S1). After the onset of laser irradiation, ice
crystals were formed from the laser focus (¢ ~ 700 ms) and immediately filled the entire glass
vial. To obtain further insights into the dynamics of laser-induced ice crystallization, we used an
optical microscope combined with a femtosecond (picosecond) laser amplification system.
Figure 1b shows microscopic images of ice crystallization induced with femtosecond laser pulses
(T = -5 °C, see also Movie S2). The black circle shadow observed at the centre of the picture at ¢
= -1 ms corresponds to a bubble that was generated by pre-laser irradiation (in this case, ~ 10
times laser irradiation). The bubbles can mainly be attributed to dissolved gas and/or chemical
products from water (denoted as long-lasting bubbles)*>2°. By repeatedly irradiating with laser
pulses, a single dendritic ice crystal suddenly appeared next to the bubbles (r = 0 ms). The
growth rate of the tip of the ice crystal was 1.3 cm/s on average, which is almost on the same
order as the previously reported value without laser irradiation (~ 1 cm/s)’. It should be noted
that the location of ice crystal generation was within 63 + 32 um (n = 26) from the laser focus,
indicating that the spatial controllability of ice crystallization with a femtosecond laser is better

than that reported in a previous study with a nanosecond laser (~ 300 um)'®.
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Figure 1. Ice crystallization via laser irradiation. (a) Macroscopic and (b) microscopic images of
ice crystallization behaviour triggered by laser pulses ((a) £ = 10 pJ/pulse, At =250 fs, 20 Hz, T
~-5°C, (b) E =3 pJ/pulse, At =150 fs, 20 Hz, T = -5 °C). The yellow arrow indicates the focal
spot. = 0 ms is defined as (a) the timing when the laser irradiation started and (b) the timing of
the laser irradiation that subsequently generated the ice crystal. The scale bars represent (a) 10

mm and (b) 200 um. The images were captured at frame rates of (a) ~ 240 fps and (b) 10000 fps.

Studies of ice crystallization in the presence of biomolecules are crucially important for
elucidating the underlying freezing tolerance mechanisms of animals, plants, and organisms. To
verify the versatility of this laser method for such studies of ice crystallization with additional
components, we then tested the laser-induced crystallization of several aqueous solutions (pure
water, glucose, sucrose, AFP, and plant extract solutions). Figures 2a-2¢ show ice crystals that
were produced in glucose solution, sucrose solution, and AFP solution with femtosecond laser
pulses (7' = -5 °C, see also Movies S3-5), respectively. Ice crystals grown in the presence of

glucose and sucrose (Figure 2a, 2b) showed more branches than those grown in pure water
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Figure 2. Ice crystals produced under various conditions. Ice crystals generated in (a) glucose,
(b) sucrose, (¢) antifreeze protein (AFP) solution by laser irradiation (£ ~ 3 pJ/pulse, At = 150 fs,
(a,b) 20 Hz, (c) 1 kHz, T=-5.0 °C). According to the previous studies?’-?*, freezing temperature
of saccharide solution and AFP solution were estimated to be approximately -5 ~ -4.8 °C and ~ -
4°C, respectively. (d) Dependence of the additive concentration on the growth rate. Ice crystals
generated in extract solution from (e) Secale cereale and (f) Arabidopsis thaliana by laser
irradiation (E ~ 3 pl/pulse, At = 150 fs, 20 Hz, T = -5.0 °C). NA: Non-acclimated plant. CA:
Cold-acclimated plant. (g) Dependence of the culture conditions on the growth rate. The growth
rate was measured for the first 50 ms after laser irradiation, which triggered crystal nucleation.
The black dashed line shown in (d, g) corresponds to the growth rate of ice in pure water. The
sample numbers tested are shown for each condition. The images were captured at frame rates of
10000 fps. The scale bars represent 200 um. Some of the ice crystal images were reproduced

with modification from the literature.?




(Figure 1b). In addition, the number of crystal branches increased with increasing saccharide
concentration. On the other hand, ice crystals in the presence of AFP became needle-like in
shape (Figure 2c¢). Figure 2d shows the dependence of the additive concentration on the crystal
growth rate. The growth rate of ice crystals grown with additives was smaller than that of ice
crystals grown with pure water and tended to decrease with increasing additive concentration.
The tendency of crystal morphology and growth rate of ice crystals grown with laser irradiation

were consistent with those grown without laser irradiation®® 3°.

Moreover, as a complex system, we demonstrated ice crystallization from extract
solutions of Secale cereale and Arabidopsis thaliana with cold acclimation (7= -5 °C, Figure 2e,
2f, see also Movies S6, S7). The morphology of the laser-induced ice crystals was dendritic with
many branches. The growth rate of these crystals (Figure 2g) was lower than that of ice crystals
grown in pure water. Additionally, the crystal growth was significantly decreased in solutions
extracted from plants with cold acclimation that were kept at low temperatures for several days.
These results clearly indicate that the laser-induced impulse enables us to precisely monitor the
dynamics of ice crystallization with various additives including biological samples, providing

important insights into ice-related scientific fields, such as cryobiology.

To optimize the spatiotemporal controllability of laser-induced ice crystallization, we
then explored pulse duration and pulse energy dependences to induce ice crystallization with
fewer laser pulses. We found that irradiation with a pulse duration of 5 ps could effectively
induce ice crystallization even with a single pulse (7'~ -10 °C, Figure 3a, see also Movie S8).
The probability of ice crystal nucleation with a single laser pulse is summarized in Figure 3b. In
the 150 fs pulse case, focused irradiation rarely induced ice crystallization even with the

systematic screening of laser energy (< 4% at £ = 60 pJ/pulse, 0.9% calculated from 1 nucleation
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Figure 3. Ice crystallization via a single laser pulse. (a) Representative ice crystallization
behaviour triggered by a single laser shot (£ = 240 pJ/pulse, At =5 ps, T ~ -10 °C). The images
were captured at a frame rate of 240 fps. A single laser pulse was shot at # = 0 ms. The yellow
arrow indicates the laser focus. The scale bar represents 5 mm. (b) Dependence of the laser
energy and pulse duration on the ice crystal nucleation probability. Here, crystal nucleation
probability was defined as the ratio of sample numbers nucleated to the total sample numbers.

The ratio of the sample number nucleated to the total sample number is shown for each condition.

for 111 times attempts for the entire energy range E = 10 — 240 pJ/pulse). On the other hand, in
the cases of 1, 5, and 100 ps pulse irradiation, a higher probability of ice crystallization was

obtained above certain laser energy thresholds (1 ps: > 180 pJ/pulse, 5 ps: > 60 uJ/pulse, 100 ps:
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> 120 pwJ/pulse), indicating that a certain magnitude of laser-induced impulse is necessary for the
induction of ice crystal nucleation. Their crystallization probabilities increased with increasing
laser energy (1 ps: 5% — 30%, 5 ps: 20% — 80% — 100%, 100 ps: 5% — 15% — 65%).
Figure S1 shows the dependence of the laser energy on the crystal nucleation probability using
10 ns pulses. Crystal nucleation was induced at £ > 1000 pJ/pulse. The probability saturated at
approximately 60% with £ > 1400 pJ/pulse. Our recent work demonstrated crystal nucleation
from glacial acetic acid melt by focused laser pulses and revealed that larger cavitation bubbles
resulted in a higher crystal nucleation probability!. In this study of ice crystallization, we also
found that there is such correlation between the crystallization probability (Figure 3b) and
maximum cavitation bubble radius (Figure S2). For instance, ice nucleation could be induced by
the laser irradiation with the energy that can generate the cavitation bubble with a maximum
diameter of ~ 200 um. Besides, in the energy regime (£ = 60 — 240 pJ/pulse) and pulse durations
(150 fs, 1ps, 5 ps and 100 ps), the cavitation bubble with a 5-ps pulse showed the largest bubble
size and the highest nucleation probability. Moreover, compared with the nucleation probability
in the same laser energy (e.g., £ = 180, 240 pJ/pulse), the order of probability tended to follow
the order of the size of a cavitation bubble (150 fs < 1 ps < 100 ps < 5ps). Such pulse duration
dependence on cavitation bubble sizes is attributed to various factors such as nonlinear
absorption coefficient (almost no one-photon absorption of water at 4 = 800 nm), heat diffusion,

thermoelastic pressure’?>

, which should significantly influence water vaporization at a laser
focus. These results imply that cavitation bubbles play a crucial role in ice crystal nucleation. It

should be noted that the crystal nucleation probabilities using a 5 ps pulse were typically higher

than when using 150 fs, 1 ps, 100 ps, and 10 ns pulses.
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On the basis of the abovementioned results, we carried out the high-speed imaging of ice
crystallization dynamics with a single laser pulse at Az = 5 ps. The representative results are
shown in Figures 4a and 4b-d, where ice crystallization dynamics were observed at 125000 and
62500 frames per second (fps), respectively (7 ~ -10 °C, see also Movies S9, S10). It should be
noted that these frame rates are more than 50 times higher than those in the study of nanosecond
lasers'®. Upon laser irradiation (¢ = 0 ps), a cavitation bubble was formed at the laser focus. The
size reached the maximum radius (~ 400 um) at approximately # = 24 ps. The cavitation bubble
started to shrink and finally collapsed at t = 64 us with showing multiple shrinkage and re-
expansion. Afterwards, long-lasting bubbles appeared and moved away from the laser focus,
which is probably due to the liquid flow induced by collapse of a cavitation bubble. After the
flow was gone, the movement of the long-lasting bubbles slowed down. Approximately 400 s
later, a single ice crystal was observed next to the long-lasting bubbles, as shown in Figure 1b.
The ice crystal grew and finally became dendritic in form. Note that ice crystals were typically
observed at the long-lasting bubbles but not always (Figure S3). Although the cavitation bubble
size for the picosecond pulse at £ = 240 pJ/pulse should be larger than that for fs pulses at £ =3
wJ/pulse (Figure 1b), we found that ice crystals were observed at 77 &= 46 um (n = 28) from the
laser focus typically with long-lasting bubbles, and the spatial resolution of the laser-induced ice
crystallization was still higher than that of the nanosecond laser-induced ice crystallization (~

300 um)'S.

Figure 4e shows the representative time evolution of the ice crystal radius after laser
irradiation. The crystal size increased almost linearly over time. The other attempts that we ran to
collect the data of Figure 4 (not shown here) were almost located between the red and blue lines

in Figure 4e. If we assume that the intersection between the linear fitting and the bottom axis
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Figure 4. High-speed imaging of ice crystallization behaviour. (a-d) Representative ice crystal
dynamics induced by a single laser pulse (E = 240 pJ/pulse, At =5 ps, T ~ -10 °C). The images
were captured at frame rates of (a) 125000 fps and (b-d) 62500 fps. The yellow arrow indicates
the laser focus. The scale bars represent 200 pm. (e) Temporal change in the ice crystal radius
after laser irradiation in Fig. 4b—4d. The growth rates estimated from the slope of the linear
fitting curve are 7-9 cm/s, of which rates are almost comparable to that of without laser
irradiation reported previously®. Uncertainties in the bottom right correspond to a single frame

exposure time (16 ps) and + 1 pixel (4 um).

represents the time of nucleation events, this result indicates that the timing of ice crystal
nucleation is not always the same but fluctuates in the range of several hundred microseconds

after laser irradiation (Figures 4b-4d), implying that several phenomena such as shockwaves,
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cavitation bubbles, and long-lasting bubbles (this will be discussed later) are involved in the
laser-induced nucleation mechanism. It should be noted that, in some events, the intersection
between fitting lines and the x axis (time) in Figure 4e becomes negative values (e.g., a red line).
This means that there is nonlinearity in the crystal growth, i.e., growth rate of ice crystals

presumably slows down because of accumulation of latent heat.

These results indicate that laser-induced ice crystallization with a single pulse enabled us
to observe the crystallization dynamics with an extremely high spatial resolution (~ 100 um) and
frame rate (up to 125000 fps), which are superior to those of a previous study'®. Considering the
frame rate (maximum: 1000000 fps) and field-of-view (~ 1 X 1 mm) of this study, it should be
noted that we can monitor the early stage of ice crystal crystallization dynamics at a speed of
even 10 m/s and more with micrometer spatial resolution, indicating that this laser method can be
a tool for studying ice crystallization dynamics at low temperatures (e.g., << -10 °C), which few
studies have reported thus far. Such microscopic studies of ice crystal growth under extreme
supercooling should elucidate various physical phenomena that occur during the temporal

evolution of the dendritic crystal growth morphology.

In addition to crystal nucleation, we observed a unique stepwise crystal growth behaviour
that followed each laser irradiation. Figure 5a shows the microscopic ice crystallization
dynamics triggered by laser irradiation with a repetition rate of 1 kHz (£ = 1.2 pwJ/pulse, At =250
fs, T = -5 °C, Movie S11). Each laser pulse generated impulses (shockwave, cavitation bubbles
etc.) as shown in Figure 4a-d, which caused the breaking, creation and merging of bubbles. The
temporal evolution of branch length corresponding to L marked in Figure 5a is shown in Figure
5b. We found that the branch growth was transiently accelerated for the first ~ 300 ps after laser

irradiation. Figure 5¢ shows the relationship between growth velocities of the tip of ice crystals

14
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Figure 1. Stepwise growth enhancement of ice crystals triggered by laser irradiation. (a)
Microscopic image of ice crystallization behaviour induced by laser pulses (£ = 1.3 plJ/pulse, At
=250 fs, 1 kHz, T = -5 °C). The elapsed time after the onset of laser irradiation (¢ = 0 ms) is
shown above the photographs. The crystal was observed after 65 ms of irradiation with laser
pulses. The scale bar represents 200 um. Images were captured at a frame rate of 50000 fps. (b)
Temporal change in the crystal length (L) in the time regime of 72.8—77.0 ms. Laser pulses are
introduced at the timing indicated by the blue dotted lines in the graph. (¢) Relationship between

V1 and V> for each shot after crystal growth began.

immediately before and after a laser shot (slope V> and Vi in Figure 5b, respectively). Vi reached
~ 2.8 cm/s, which is much faster than that of as-grown ice crystals (~ 1.0 cm/s)’. Such growth

promotion is probably due to the extraction of latent heat by water flow?® generated by the laser-
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induced impulses. It is known that crystallization from melt-like ice crystallization is

substantially influenced by latent heat**

. The relationship in Figure 5c¢ can be explained by the
following hypothesis. A small 7> means that the crystal generates a large latent heat, whose
extraction produces a large V1. In contrast, a large /> means that the crystals generate a small
latent heat, resulting in a small V. Enhancement of heat transfer is well reported in ultrasound
studies, which can also be explained by water flow>>>¢. Such crystal growth promotion by laser-
induced impulses through focused irradiation into “liquid” is a different mechanism from that of

1”37—40

our previous works where crystal growth was promoted via laser ablation of a “crysta and

will offer a new approach for controlling crystal growth.

In this study, we improved spatiotemporal resolution for imaging of dynamics of ice
crystallization including nucleation at the micrometer and microsecond scales. Such precise
monitoring should be realized by the high spatiotemporal controllability of ice crystallization
with ultrashort laser irradiation. First, an ultrashort laser can locally generate laser-induced
impulses due to the generation of shockwaves and cavitation bubbles at the laser focus. Focused
irradiation with ultrashort lasers in a transparent medium efficiently induces multiphoton
absorption, which makes the excitation volume smaller than the diffraction limit*!. In addition,
we set the wavelength of the incident laser to ~800 nm because water is more transparent at 800
nm than at 1064 nm (absorption coefficient, 800 nm: 0.02 cm’!, 1064 nm: 0.13 cm™)*>*2. We
also used a lens with a higher numerical aperture (NA = 0.4 or 0.25) than that used in a study
with a nanosecond laser (NA is calculated to be ~ 0.16)!®. We consider that the tightly focused
laser pulse, for which water is optically transparent, also contributes to minimizing the excited
volume. Such a smaller excited volume with an ultrashort laser can well localize laser-induced

impulses near a focal spot, which improves the spatial controllability of ice crystal nucleation in
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this study compared to that in the study with the nanosecond laser'®. In fact, the cavitation
bubbles induced by a femtosecond and picosecond laser (radius: 60-330 um, Figure S2) are

smaller than those induced by a nanosecond laser (470—580 pum) by Lindinger et al'®.

Second, an ultrashort laser can suppress the temperature elevation compared with a
nanosecond laser. In the nanosecond pulse excitation process, heat generation by recurring
electron excitation and relaxation results in significant temperature elevation at the laser focus>.
On the other hand, in the ultrashort pulse excitation process, the increase in heat in molecules by
rapid electron excitation and relaxation is preferentially converted into thermoelastic pressure
that induces shock and stress waves*?. The propagation of these waves suppresses temperature
elevation at the laser focus, although it induces pressure depression. Lindinger et al. pointed out
that temperature elevation due to laser irradiation retarded the detection of ice crystals'®, which
may degrade the temporal resolution of imaging for capturing crystallization dynamics.
Therefore, we consider that such a well-localized laser-induced impulse with smaller heat effects
with an ultrashort laser resulted in the precise spatiotemporal controllability of ice crystallization
and thus realized the fine observation of crystallization dynamics in this study. It should also be
noted that the imaging spatiotemporal resolution of ice crystallization in this study was also finer
than that using other external stimuli, such as electric effects*’, ultrasound**, as well as than that
of crystallization from liquid induced by other types of optical effects (e.g., photoelectric

ﬁelds)19, 45—46.

Next, we discuss the mechanism of the laser-induced ice nucleation. As represented in
Figure 4e, the high-speed imaging of laser-induced ice crystallization indicates that crystal
nucleation takes place within ~ 300 ps after the laser shot, implying that several phenomena such

as generation of shockwave, cavitation bubbles, and long-lasting bubbles play a crucial role for
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ice crystal nucleation. When an ultrafast laser pulse with the energy beyond ablation threshold is
shot into water, in a sub-microscond time scale, shockwave generates and propagates away from
a laser focus with the velocity beyond sounds in water (~ 10° m/s). During the shockwave
propagation, water in the region of few tens of micrometers from the focal spot experiences
pressure of GPa to MPa*?. Then a laser-induced cavitation bubble generates and shows repeated
expansion and shrinkage within ~ 10 us after the laser shot. Afterwards, the cavitation bubble
finally collapses in tens of microseconds after a laser shot with generating pressure waves and

long-lasting bubbles remains in water for several seconds.

Past studies reported that transient high-pressure fluctuation with GPa order possibly
triggers crystal nucleation of ice by instantaneously increasing the supercooling degree of
water**’. Under such high-pressure conditions, several tens of Kelvin of supercooling degree
can be expected®, which may be sufficient for induction of homogeneous nucleation of ice.
Lindinger et al. also concluded that shockwave and pressure wave were main factor of laser-
induced ice crystal nucleation'®. Such shockwave can be more localized in case of the focused
irradiation with ultrashort laser pulses, which should improve spatial controllability of crystal
nucleation. In addition, there are also a number of studies insisting that cavitation bubbles also
play a crucial role for ice crystal nucleation by generation of transient pressure wave*s,
enhancement of heterogeneous nucleation®®, inducing streaming flows>!, etc®. It was reported
that laser-indued cavitation bubbles can also induce crystal nucleation of various materials from
solution?* 33, In fact, the correlation between nucleation probability of ice (Figure 3a) and the
size of cavitation bubbles (Figure S2) strongly suggests a crucial role of laser-induced cavitation

bubbles in ice crystal nucleation. Considering the above-mentioned factors, it is reasonable that

ice crystal nucleation soon after laser irradiation (Figures 4b and 4c, red and green plots in
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Figure 4e) is probably attributed to the effect of shockwave and/or cavitation bubble generation.
Then crystals shown in Figure 4d that were formed in later time scale, approximately 300 s
after laser irradiation, are precipitated with long-lasting bubbles that can serve sites for
heterogeneous nucleation.”® Interestingly, we also found that the laser irradiation into the
neighbourhood of pre-existing bubbles that were generated with a prior pulse could drastically
enhance ice crystal nucleation (Figure S4). This result indicates that ice nucleation shown in
Figure 1 and 2 was also attributed to the interaction between laser-induced impulses and long-
lasting bubbles. Overall, the focused irradiation with ultrashort pulses into liquids can provide
various impulses, which can promote ice crystal nucleation with the fine spatiotemporal
controllability (within ~ 100 pm from the laser focus and ~ 300 ps from laser irradiation) against

laser-induced heat jump.

In summary, we realized the fine spatiotemporal control of ice crystallization via focused
irradiation with ultrashort laser pulses. The pulse induced an impulse that generated shockwaves
and cavitation bubble localized near the laser focus. With the benefit of ice nucleation due to the
well-localized impulse, when the observation spot was tuned on the laser focus, crystallization
initiated near the laser focus was observed without blurring. We realized high-speed and high-
resolution imaging. From observations detected at spatiotemporal resolutions of micrometers and
microseconds, we confirmed the morphologies, growth rate, and crystallization dynamics of ice
in various aqueous solutions (pure water, glucose, sucrose, antifreeze protein, and plant extract
solution). A systematic screening of laser parameters (laser energy and pulse duration) revealed
that an ultrashort laser pulse can trigger ice crystal nucleation even with a single laser pulse,
which enables us to observe crystallization dynamics with a resolution of several microseconds

(125000 fps). With a sequential pulse irradiation with a repetition rate of 1 kHz, we observed a
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stepwise crystal growth that followed each pulse irradiation. This phenomenon suggests that a jet
flow with shock and stress wave propagation diffuses latent heat at the growth tip and resets the
growth. Namely, the growth dynamics include growth rates with and without latent heating. We
foresee that this laser method will contribute to the study of ice crystallization in various natural

and biological phenomena and industrial processes.
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