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We investigate the interaction of ultrashort laser filaments with individual 90-um ice particles, representative of
cirrus particles. The ice particles fragment under laser illumination. By monitoring the evolution of the
corresponding ice/vapor system at up to 140,000 frames per second over 30 ms, we conclude that a shockwave
vaporization supersaturates the neighboring region relative to ice, allowing the nucleation and growth of new ice
particles, supported by laser-induced plasma photochemistry. This process constitutes the first direct observation of
filament-induced secondary ice multiplication, a process that strongly modifies the particle size distribution and,

thus, the albedo of typical cirrus clouds.

INTRODUCTION

Cirrus clouds are ice particle clouds (1) that cover up to 30% of the
upper troposphere (altitude, 6 to 12 km) (2). Their impact on the al-
bedo, or reflectivity, of Earth is highly dependent on the shape and
size distribution of the ice particles (3). Cirrus clouds consist of two
families of ice particles, depending on the cooling rate during their
formation. Slow cooling yields crystalline platelets, whereas fast cool-
ing results in spherical, polycrystalline ice particles (4). To date, the
interaction of ultrashort, intense laser pulses with the latter is unknown
and can be expected to be very rich because these particles exhibit
both the spherical shape of liquid droplets, which allows internal
focusing of the incident light, and a solid-gas interface reminiscent
of the interaction of light with ice surfaces in the context of, for ex-
ample, laser ablation.

In the case of micrometric liquid droplets, phenomena such as
Rayleigh-like jets (5), water film formation, bubble cavitation, and
shockwaves are observed for laser intensities ~1 to 10 TW/cm?® (6-11).
The laser is focused by the curved surface of the droplet onto a hot
spot that has a diameter of a few micrometers (12, 13) with local in-
tensities in the range of 10'> W/cm®. This is sufficient to ionize water
beyond the critical electron density (1.7 x 10*' cm™ at 800 nm) (14). The
generated plasma efficiently absorbs the whole laser energy coupled
into the particle and acts as a white-light nanosource (15), with wide-
ranging applications from atmospheric remote sensing to drug deliv-
ery (16). At higher incident intensities (>10 TW/cm?), ionization
occurs at the surface of the water droplet as well, which partially
shields the penetration in the liquid (17).

The interaction of high-intensity lasers with the surface of solid ice has
been extensively investigated in the context of laser ablation (18, 19).
During femtosecond laser interaction with the solid surface, energy is
absorbed via multiphoton, tunnel, and impact ionization (20), with ioniza-
tion rates of ~10" s™". Electron and phonon relaxation occurs on a pico-
second time scale, accompanied by an equivalent rapid rise in the material
temperature and pressure, which is faster than thermal diffusion to
neighboring regions, ~107® s. This leads to a microexplosion (that is, a
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shockwave emission of up to several gigapascals), ultrafast melting and
vaporization, matter ejection, and subsequent resolidification.

The femtosecond irradiation of a spherical micrometric ice particle
can be expected to exhibit similar features of plasma generation and
shockwaves. However, the micrometric particle size affects the diffusion
of heat and the propagation of shockwaves. Furthermore, the high surface-
to-volume ratio strongly affects the energy balance. A fundamental ques-
tion is the assessment of phase transitions, such as melting, vaporization,
and sublimation during or after the interaction with the laser pulse.

Although these processes at play have already been identified in
liquid droplets and/or at solid interfaces, their relative contribution
and their interaction in micrometric ice particles are unclear. For ex-
ample, the amount of water vaporized and the associated time scales
are unknown to date, although they are critical to predicting the sub-
sequent evolution of the air mass around the particle.

Here, on the basis of direct video recording at a rate of up to
140,000 frames per second (fps), as well as mass and energy budgets,
we investigate the interaction of ultrashort, intense laser pulses with
cirrus-like ice particles. The ice particle simultaneously shatters and
partially evaporates, releasing water vapor until supersaturation is
reached and triggers the nucleation and growth of new, smaller ice par-
ticles. Such nucleation, increasing the particle number density and
decreasing their average size, constitutes the direct observation of
filament-induced secondary ice multiplication (FISIM) in cirrus-like
clouds (2I), in which ultrashort laser pulses induce an up to 100-fold
increase in particle density that could modify their albedo and radiative
forcing properties. Furthermore, the possibility of initiating laser-induced
shockwaves in ice could lead to a new method of generating gigapascal
pressures for the formation of rare or superionic ice structures (22).

RESULTS

As displayed in Fig. 1, each individual ice particle is injected into an
electrodynamic Paul trap as a distilled water droplet, using a piezo-
injector. It homogeneously freezes into a 90-um ice particle during
its descent into the trap, which is kept at a temperature of —41°C (that
is, below homogeneous freezing) by a copper cold finger. Two open
ports (3 mm in diameter) on both sides of the trap allow the laser to
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Fig. 1. Experimental setup. A single ice particle is levitated in a quadru-
polar Paul trap and irradiated by a high-intensity laser filament. Particle ex-
plosion and vaporization and subsequent secondary ice formation are
recorded by a digital camera at 140,000 fps.

irradiate the ice particle without interacting with windows. Because the
trap is open and much colder than the ambient air, the equilibrium
relative humidity with respect to ice is close to 100% in the trap center.
A Tisapphire chirped pulse amplification laser system delivers 50-fs
pulses with energies of up to 3.5 mJ at 800 nm. The laser beam is slight-
ly focused (f = 2 m), generating an approximately 2-cm-long filament in
the air through the trap center. Laser filaments (23-26) originate from a
nonlinear self-guided propagation regime of high-power, ultrashort
pulses. They rely on the interplay between self-focusing by the Kerr ef-
fect and defocusing caused by the ionization of the medium (here, the
surrounding air), yielding a dynamic balance for intensities ~1 x 10" to
5 x 10" W/cm? (27) over a diameter of ~100 to 200 um. Only a small
fraction (~100 to 200 pJ) of the total laser energy is contained in the
filament, with the remaining being held in a surrounding energy reser-
voir (21-23) of the size of the geometric waist. Because of their unique
properties (extended plasma channels, high intensity inducing efficient
photochemistry, coherent supercontinuum generation, self-guiding,
etc.), laser filaments have been identified as attractive candidates for at-
mospheric sensing and for modulating atmospheric processes (21, 28-30).

Ice particle shattering
The evolution of each ice particle after interaction with the laser is
monitored at a rate of up to 140,000 fps by an ultrafast camera
equipped with a microscope objective (x5) and an illuminating light-
emitting diode (LED). Because of the fast cooling rate experienced by
the droplet during its descent in the Paul trap, the ice particle exhibits
an almost spherical, polycrystalline structure (Fig. 2) (31). When the
laser hits the particle (t = 0), “hot spots” of scattered laser light and
plasma emission are observed close to both the illuminated and shad-
ow faces of the particle (Fig. 2, A and B). The scattering intensity
distribution is different from that of a spherical liquid droplet because
of the polycrystalline structure of the ice particle and surface roughness.
At 2.8 m] (Fig. 2C), the entire particle is illuminated, locally saturating
the image. Because of the relatively strong focusing of the beam, the
usual intensity clamping process (27) is not fully active, which explains
the differences in plasma emission between 1.8 and 2.8 m].
However, the initial energy and plasma distribution within the par-
ticle does not significantly affect the fragmentation dynamics of the
particle (f = 7 ps or t = 12 ps; right column of Fig. 2). Indeed, the
pattern of fragmentation on the first frame after illumination is qual-
itatively similar for all incident laser energies and highly reproducible
from one experimental realization to another. Typically, 10 to 15 frag-
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ments with a diameter of 5 pm are visible within the depth of field of
the camera (Fig. 2), which can be geometrically extrapolated to a total
of ~50 to 100 particles in the cone covered by the fragments. These
fragments account for only a few percent of the initial mass. Simulta-
neously, a fragment with a diameter of 83 + 5 um, bearing three-
quarters of the original particle mass of the particle, is ejected backward.
Therefore, 10 to 15% of the initial mass is missing, indicating that it has
been vaporized in the surrounding air within a few microseconds.

Nucleation of new ice particles

At later times (Fig. 3 and movie S1), more than 10 freshly grown static
particles of at least several micrometers appear within the depth of
field of the imaging system in the trap center (from t = 24 ps in
Fig. 3 and from t = 12.1 ms in Fig. 4). In contrast to the fragments
resulting from particle shattering that are ejected with momentum
from the explosion, these particles have no kinetic energy and stay
in the trap over times of up to milliseconds. In Fig. 4 and in movie
S2, we see a few tens of new ice particles, with an average diameter of
~5 um, periodically reilluminated by scattered light from later laser
shots. These particles are visible 12 ms after the first illumination by
a filament and 2 ms after a second filament. They are generated along
the trajectory of the main fragment. One such static particle, located
~200 um away from the initial position of the parent particle, was
monitored over 30 ms, starting from ¢ = 900 ps (Fig. 5). This particle
starts to grow after reillumination by a second laser filament (# = 10 ms).
In the early stage of its development, the particle is obviously non-
spherical and spins rapidly until £ = 12 ms. The second and third re-
illuminations (¢t = 20 and 30 ms, respectively) further promote particle
growth, reaching a diameter of 40 um after only 30 ms. Accordingly,
the rotation slows down because of the mass increase (Fig. 5 and
movie S3). The particle also reshapes while growing: after t = 17 ms, it
becomes a triple-column crystal, typical of ice growth at temperatures
close to 236 K (-37°C) in a supersaturated atmosphere (32).

DISCUSSION

Energy budget in the particle
To understand the processes at play during particle shattering and
partial vaporization, and during the recondensation of new particles,
we evaluated the mass and energy budget associated with the different
relaxation steps and processes: plasma generation and heating, shock-
wave formation, fragmentation and ejection of fragments, radiative
emission, melting, and vaporization leading to supersaturation in
the surrounding air. We estimated the energy deposited in the hot
plasma by considering an incident intensity of ~5 x 10> W/cm® [rep-
resentative of a laser filament (25-27)] on the 90-um particle and a
coupling efficiency of ~50% based on Snell’s law with an internal re-
fractive index of n = 1.31. The internal focusing of the light via
spherical interface of the particle ensures efficient multiphoton, tunnel,
and impact ionization at the internal focus; leads to the critical elec-
tron density (1.7 x 10*! cm™) (14) within the first few femtoseconds
of the pulse; and results in a local opaque plasma that absorbs about
95% of the incident energy (9, 10). As a result, ~100 pJ is deposited at
the plasma hot spot, leading to particle fragmentation.

Tracking the position of each fragment ejected during particle shatter-
ing over several successive images for 152 fragments over 25 experimental
realizations yields an average ejection speed of 5 + 3 m/s (fig. S1), with
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Fig. 2. Laser-induced droplet explosion. (A to C) The laser energy is (A) 1.8 mJ, (B) 2.3 mJ, and (C) 2.8 mJ. At t = O us, scattered laser and white light from
the plasma hot spots are visible, as expected for a transparent sphere. Fragmentation is visible in the last frame of each sequence.

no significant dependence on the incident laser energy. This speed
corresponds to an average kinetic energy of 1 pJ per particle. Simulta-
neously, the main fragment is kicked backward by the explosion at a
speed of 5 + 2 m/s, corresponding to a typical kinetic energy in the
5-nJ range, again independent from the incident energy. The total kinetic
energy of the system (parent particle and 100 fragments) is therefore
negligible as compared to the total deposited energy of 100 pJ.
Similarly, the cohesive fracture energy of ice lies in the electron volt
range per molecule (33). As a consequence, the cleaving and fracturing
of the ice particle require energy in the nanojoule range and is negli-
gible. The laser energy deposited in the particle is therefore almost ful-
ly available for the generation of an internal shockwave resulting in
heating, melting, and vaporizing water (9-11). Stationary dissipation
occurs on the millisecond time scale due to the low thermal conduc-
tivity of ice (0.024 W/cm K at 250 K) (34). For example, 3 ms is required
for 100 pJ to spread over 2% of the particle volume. This is much too
slow to account for the observed particle shattering and partial vapor-
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ization over ~10 ps. Therefore, the energy transfer has to occur through
a much faster process, namely, a shockwave.

Shockwave-induced vaporization

To estimate the pressure Py within the shockwave and the velocity v, of
its wavefront, we can first rely on the hydrodynamics equations (35, 36) E, =
PyVyand vy = (Po/ po)” 2, where E, = 100 pJ is the initial energy stored in
a plasma volume Vj, and py is the density of ice. Because of the internal
focusing properties of the spherical particle, the initial electronically hot
plasma (ions do not move over the 50-fs time scale of the laser excitation)
is localized in a cylindrical volume with a radius of ~5 pum [calculated and
measured by pump-probe diffraction on droplets (5)] and a length of
~10 um (6). This leads to a V, of ~800 um?>, a velocity of the shockfront of
~10* m/s, and a shockwave pressure, Py, of ~120 GPa. Such pressure is
significantly larger than that observed in the case of laser-induced shock-
waves in bulk water (<30 GPa) (9, 37-39) and is due to the tight internal
focusing effect in spherical particles. Indeed, pressures on the order of
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terapascals have been measured for shockwaves in sapphire using very The moving pressure front leads to heating (9, 43, 45, 46) of the ice
tight focusing (26). particle at the nanosecond time scale. The radius R of the region swept
A shockwave of this magnitude will likely partially vaporize ice par- by the shockwave can be estimated as a function of the shockwave
ticles through pressure-induced vaporization, similar to that observed  energy E, (14): R = (3Ey/4mY)"? where Yis Young’s elastic modulus for
in microexplosions in other solids (33, 40). This has been reported inice, ice [between 1 and 9 GPa (47)]. That is, the energy E, required to produce
in meteor collisions on ice surfaces (41), and in recent laboratory mea-  a shockwave over a volume Vy is Ey = VY. As the energy absorbed in the
surements, where a Hugoniot shock led to incipient melting at pressures  hot spot is 100 uJ, a distance between 13 and 28 um is swept by the shock-
greater than 0.6 GPa and complete melting at pressures greater than  wave before it becomes a sound wave. The corresponding volume covers
2.5 GPa (40, 42-44). 2 to 24% of the particle. Such volume is likely to experience ultrafast

Fig. 3. Formation of new ice particles. This formation follows the explosion of an ice particle induced by a single incident laser pulse of 50-fs duration
and an energy of 3.5 mJ. The frame interval is 12 us, and the exposure time is 1 ps. The full sequence is available as movie S1.

Fig. 4. Formation of new, homogeneously frozen ice particles. It follows the explosion of an ice particle. (A) Particle before the laser illumination. (B) Laser
illumination. (C) Particle explosion. The main fragment is ejected backward and leaves the field of view, whereas many smaller particles are ejected from the
shadow face. (D to F) Formation of smaller particles along the trajectory of the larger fragment after further illuminations by the laser filament. See movie S2.

Matthews et al. Sci. Adv. 2016;2:€1501912 20 May 2016 4 of 7

/T0Z ‘vT 1snbny uo /610 Bewasusids sasueApe)/:diy woly papeojumoq


http://advances.sciencemag.org/

RESEARCH ARTICLE

Fig. 5. Growth of a stable particle. The particle has an initial diameter of 18 um, 200 um away from the initial particle position. After a reillumination at t =
10 ms, it grows up to 40 um, with a progressive change in structure. At t = 26 s, it takes the form of a triple ice rod. Simultaneously, a smaller particle
evaporates. The full sequence is available as movie S3.

heating from the laser-induced shockwave. This vaporized fraction is
consistent with the analysis of the high-speed video frames (Figs. 2 and
3): the laser reduces the diameter of the parent particle by 8% on average,
corresponding to 20% of the initial particle volume ablated on the shadow
side of the particle. On the other hand, the already mentioned 100 frag-
ments with a diameter of 5 um account for a few percent of the volume of
the initial 90-um-diameter particle. Therefore, 10 to 15% of the parent
ice particle mass is available for vaporization.

Local supersaturation and new particle formation
A vaporization of 10 to 15% of the initial particle mass is also consistent
with the energy budget of the process. Consider a typical value for the
specific heats of ice and water (2.11 and 4.2 J/g K, respectively) and
latent heat of fusion (334 J/g) and vaporization (2260 J/g). The specific
energy required to vaporize ice from an initial temperature of —41°C
amounts to 3100 J/g. The available 100 uJ can therefore vaporize 30 ng
of water, 10% of the 300 ng of the parent particle, which is again con-
sistent with the 2 to 24% obtained based on the volume swept by the
shockwave radius. Because the internal energy of water is a state function,
the pathway followed for vaporization (for example, melting followed by
vaporization or sublimation) does not influence the energy balance.
Such release of substantial amounts of water into the gas phase around
the particle induces supersaturation in the center of the trap, which is a key
ingredient that allows the nucleation of new particles. Because the trap is in
a thermodynamically stable regime before the particle is introduced, its
relative humidity with regard to ice cannot exceed saturation, that is,
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3.5 x 10" molecules/cm® (9 x 1078 g/cm3) at —41°C. Even with the as-
sumption that all water molecules available inside a volume of 1 mm?’
would condense, they would only form a single particle of only a few mi-
crometers in diameter, much less than what is actually observed (40 um
after 30 ms; see Fig. 5 and movie S3). Furthermore, diffusion of water
from the laboratory (T'= 20°C, relative humidity = 40%) to the center of the
trap through the open ports would have a time constant on the order of
1 min, which is much slower than the microsecond to millisecond time
scale of the observed ice particle growth. Therefore, significant particle
nucleation cannot occur without the supply of water vapor from the ini-
tial ice particle.

Evaporating 5 x 10* um® (10%) from the parent ice particle corre-
sponds to 1.5 x 10" molecules, which can induce saturation (S=1) in the
air surrounding the particle over 1 cm?, or Sjo, = 4 over 250 mm?, or
Stomo = 15 over 66 mm® (21, 48). These values of supersaturation cor-
respond to the thresholds of ion-induced nucleation and homogeneous
nucleation, respectively (21). Such large, highly supersaturated volume
that is associated with the products of the plasma photochemistry in-
itiated by the laser pulse allows the massive nucleation and growth of
new particles (28, 29, 49, 50). This process was previously proposed for
interpreting results observed in a large cloud chamber and named
filament-induced secondary ice multiplication (FISIM) (21).

Growth of new ice particles

The speedup of particle growth by laser reilluminations can be under-
stood by considering the laser action on the atmosphere that is due to
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not only the filaments but also the energy reservoir, that is, the fraction
of the laser power that is not guided into the filaments (5I). At the
time of reilluminations (f > 10 ms), no particle is directly hit by the
laser filament: the fragments can be as far as several millimeters away
from the beam axis, whereas the growing particle is offset by 300 um
from the trap center. They are therefore hit by the moderate-intensity
photon bath (<1 GW/cm?®) rather than by the filament itself, preventing
any shattering of either the growing particle or previous fragments.

On the other hand, the photon reservoir is sufficiently intense to
activate the plasma photochemistry typical of laser-induced condensa-
tion and particle growth (21, 27-29, 49, 50). It therefore releases con-
densable and/or hygroscopic species such as ozone, nitrogen oxides,
*OH radicals, or oxidized organics close to the growing particle. The
high concentration of these species (52) allows very fast growth rates
observed in the image sequence in Fig. 5, yielding particles of some
tens of micrometers within milliseconds, in line with previous obser-
vations and modeling of laser-induced particles (28, 29).

Thus, we expect that the formation of new particles occurs in two
steps. The high local supersaturation first allows a rapid nucleation of
water vapor, below —37°C. This nucleation is assisted by the filament
plasma products generated in the very vicinity of the particle. Subse-
quently, the particles freeze homogeneously and survive as the tem-
perature stays below —37°C. The laser might also contribute to
particle growth by increasing the diffusion of water vapor and particle
coalescence due to the convection and the thermal shockwave that is
also generated in air by the filaments (53, 54).

CONCLUSION

As a conclusion, we have observed the effect of laser filaments
illuminating individual 100-um ice particles, as well as the subsequent
evolution of the interaction region, over up to 30 ms. Internal focusing
of the incident light produces a plasma hot spot that absorbs almost
the whole incident laser energy. The resulting shockwave partially va-
porizes the ice. This partial vaporization induces strong local super-
saturation relative to ice in the surrounding air, allowing the
nucleation of particles in the trap center (21). Supported by laser plasma
photochemistry triggered by the subsequent laser pulses, these newly
nucleated particles grow up to 40 um. This process drastically affects
the cloud size distribution, with an increase in the particle number den-
sity together with a decrease in their average size. This process is asso-
ciated with a net increase in the total mass of condensed water, as
observed in FISIM (21I). Besides providing a description of laser inter-
action with a system that shares properties with spherical liquid droplets
and air-ice interfaces, our results open prospects to modifying the par-
ticle size distribution and, thus, the albedo of cirrus ice particle clouds.

MATERIALS AND METHODS

As shown in Fig. 1, the experiment relied on a piezoelectric injector
that launched negatively charged, distilled water droplets of ~90-um
diameter into a Paul trap kept at a temperature of —41°C by a copper
cold finger. The temperatures of the air in the trap and in the copper
cold finger were measured with two platinum thermocouples. As
detailed elsewhere (55, 56), the trap consisted of three hyperbolic elec-
trodes, through which ac and dc electric fields were applied to create a
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saddle-shaped electromagnetic potential. The water was injected from
the top as a liquid droplet that froze homogeneously during the 80 ms
of its descent into the trap. Because the trap was open and much
colder than the ambient air, the equilibrium relative humidity in the
trap center was close to 100% with respect to ice. The particles were
illuminated by a laser diode. Their Mie scattering pattern was observed
by a two-dimensional charge-coupled device (CCD) to determine the
size of spherical particles or to assess its nonsphericity. On the same
port, a beam splitter sampled a fraction of the particle scattering on a
CCD line array to measure the height of the particle within the trap and
provided feedback to adjust the voltage to the dc electrodes and stabilize
the height of the droplet within the trap. Two open ports (3 mm in
diameter) on both sides of the trap allowed the laser to hit the particles
in its center. A Ti:sapphire chirped pulse amplification system delivered
50-fs pulses with an energy of up to 3.5 mJ at a wavelength of 800 nm.
This beam was focused (f = 2 m) into a 2-mm-diameter beam waist,
generating a self-guided filament in the trap center.

The video recording system used an ultrafast camera (Phantom
v.7.3, up to 200,000 fps, 600 x 800 pixels, 22 um x 22 um each)
through a x5 imaging system, with a field of view of 2.64 mm, a res-
olution of 4.5 um/pixel (allowing the observation of particles that were
2 um or larger), and a depth of field of 8 um. The particles were back-
illuminated by an LED, in a Kohler arrangement (57). The viewing
angle was 45° from the laser direction. To fulfill the Scheimpflug con-
dition (58) and provide a sharp image along the beam axis, the camera
image plane was tilted accordingly.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/5/e1501912/DC1

movie S1. Explosion of an ice particle illuminated with a high-intensity laser.

movie S2. Formation of new ice particles.

movie S3. Growth of an ice particle nucleated in the Paul trap.

fig. S1. Probability distribution function of the ejection speeds of the fragments.
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