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Sub-picosecond chirped laser pulse-induced airflow and water condensation were investigated in a cloud chamber.
The results indicate that the positively chirped sub-picosecond laser pulses generate a more uniform intensity dis-
tribution inside the plasma column, leading to a weaker airflow and an elliptic-shaped snow pile. The negatively
chirped sub-picosecond laser pulses generate a spark-like intensity distribution inside the plasma column, which
produces a wider range of airflow and a round snow pile. The amount of snow weight and the concentration of
NOj3 are found to be dependent on the intensity distribution inside the plasma column. The visibly stronger plasma,
column generates much more snow and a higher concentration of NO3 . These experimental results provide a refer-
ence for sub-picosecond laser-induced water condensation in realistic atmospheric conditions.
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Weather modification, in particular man-made precipita-
tion, has always been a high aspiration of humanity. Its
primary aim is the prevention of disasters, such as damage
caused by hail, flood, or heavy snowfall, and other extreme
weather conditions, such as drought. However, the colloi-
dality of particles in a cloud is generally stable, and thus
precipitation cannot be achieved easily. Weather modifi-
cation breaks this stable colloidality of cloud droplets
under the appropriate conditions; thus, it improves or re-
duces the precipitation yield. Until now, the widely used
traditional methods are spraying either silver iodide or dry
ice seeds into supercooled clouds to generate more ice nu-
clei. Further, seeding dry ice into the cloud also decreases
the local temperature in the cloud, which facilitates the
production of air disturbance and triggers the coagulation
of small particles. Dry ice and silver iodide are first found
to be able to trigger the generation of lots of ice nuclei in
the well-known experiments by Langmuir and Schafer in
194653, Subsequently, seeding dry ice into supercooled
clouds by aircraft was conducted later in the same year.
For warm clouds, hygroscopic salts, e.g., NaCl, are often
chosen as seeds to produce large-sized water droplets. In
recent years, laser filament-induced water condensation
has been investigated widely and developed both in the
experimental cloud chamber and in an atmospheric envi-
ronment®2, Compared with the traditional method, laser-
based weather control does not depend on the aircraft or
rocket, which is easy to perform in local weather control,
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and the cost is also lower. It is friendlier to the environ-
ment because no extra catalyst is seeded. Nanometer to
sub-micrometer-sized aerosols, including hygroscopic ni-
tric acid or ammonium nitrate, along with trace gases,
such as SO, and oxidized volatile organics, can be pro-
duced by femtosecond laser filaments through complex
photochemical reactions22. These byproducts are shown
to be providing major ingredients for the cloud condensa-
tion nuclei (CCN) in femtosecond laser-induced condensa-
tion. Small particles can grow under the proper
temperature and water vapor content. Airflow, including
turbulence and vorticesZ3 also facilitates the particle
growing until precipitation, where a supersaturated con-
dition is created by the mixing of airflow with a larger tem-
perature gradient™?), The maximum velocity of the
airflow around the filament approaches 100 cm/s?. Laser
filaments can be created and controlled remotely, which
last for tens and even hundreds of meters in the atmos-
phere®) and have been demonstrated to be able to trans-
mit through clouds or strong extended turbulence®2,
The energy deposited by the incident laser pulses into
the filament can reach 18% or even higher, depending
on the external focusing condition. Moreover, the use
of a multi-terawatt high-intensity laser also induces the
generation of multiple filaments2), and a macroscopic ef-
fect is expectable. Therefore, laser filaments are a prom-
ising alternative way of seeding into clouds for weather

modification applications.
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In our previous study, longer ~350 ps laser pulses were
demonstrated to be able to induce water condensation by
explosion and the breakdown of water droplets instead of
the formation of filaments in air??. In this work, shorter
sub-picosecond laser pulses were used. The intensity dis-
tribution inside the plasma column can be controlled by
the change of pulse chirp; thereby, the airflow and the
amount of water condensation induced by the laser are
controlled correspondingly. Picosecond lasers have unique
advantages in achieving higher average power and induc-
ing avalanche ionization, which has been reported to be
able to increase the plasma density by 3—4 times compared
to that of the femtosecond laser?. Recently, terawatt pi-
cosecond laser pulse-induced filamentation in air has been
investigated, which provides the possibility to produce a
broad, fully ionized air channel. This is beneficial for the
application of picosecond laser-induced water condensa-
tion in realistic atmospheric environments.

The experimental setup is the same as that described
in our previous experimentsZ2, An 800 nm regenerative
Ti:sapphire laser amplifier emitting pulses at
27 fs/7.5 mJ/1 kHz was used in our experiments. The
pulse duration can be broadened to about 1 ps by a
pair of optical gratings located in the laser compression
cavity. The pulses were focused by a f =30 cm lens
into a cloud chamber with a size of 0.5 m (length)x
0.5 m (width) x 0.2 m (height). The side Mie scattering
pattern of the airflow was recorded using a digital
camera (Nikon D7000), where a continuous wave
(CW) 532 nm laser beam with 2.5 W output power
was used as the probe laser, following the expansion
of its diameter, and truncated by a 30 mm (height) x
6 mm (width) slit. The vertical temperature gradient
was maintained in the chamber by using a refrigerating
machine to cool the bottom base plate to a temperature
of —50°C. The walls and the top cover were covered with
2-cm-thick insulation materials during the experiments.
A reservoir filled with distilled water was mounted at a
height of 17 cm above the cold bottom plate inside the
chamber. The height of the laser propagation axis, rel-
ative to the cold bottom plate of the cloud chamber was
set to 10 mm, where the relative humidity (RH) reached
its maximum value of ~57.6% at approximately
—11.2°C, based on the measurements by a hygrometer.

The plasma columns and their corresponding grey
values generated by positively and negatively chirped
sub-picosecond laser pulses are shown in Figs. 1(a) and
1(b), respectively. The pulse duration was measured at
the laser exit. The grey values of the plasma columns were
analyzed by ImagelJ software, which were transversely
integrated. As the images of the plasma columns were
captured by a Nikon camera in our experiments, the
quantitative results for the intensity inside the plasma
column could not be obtained from the profiles, but a
qualitative result could be acquired. A higher grey value
of the plasma column implies stronger ionization inside
the plasma column. It is known that the critical power
for self-focusing in air is in the order of a few gigawatts
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Fig. 1. Plasma columns and their corresponding grey values
generated by (a) positively and (b) negatively chirped sub-
picosecond laser pulses with a pulse duration of (a) ~0.92 ps
and (b) 0.97 ps at a laser power of 6.5 W, respectively. The im-
ages of the plasma columns were captured by a camera (Nikon
D7000: shutter speed S =1/40s, f number F =25, light
sensitivity ISO = 1600).

(GW)ZZI The peak power is ~6.5 GW in our experi-
ments. In addition, the Rayleigh range of the focused
beam is given by z, = 7w?n/1, where the waist spot radius
is @ =12.74 pm, calculated from the initial spot size
(12 mm in diameter) and the focal length of lens
(f = 300 mm); n is the refractive index of air, for which
the Rayleigh range is zy = 637 pm. The lengths of the
plasma columns in Fig. 1 are ~2.2 mm, which are close
to the Rayleigh range. Therefore, the geometric focusing
or weak self-focusing is dominant in the formation of the
plasma column. It is seen that a bright area with the
strongest ionization appears in these two cases, especially
for negatively chirped pulses. The intensity of the bright
area can be controlled by the chirp value; however, its
place does not change with the chirp. This shows that
the area with the strongest ionization corresponds to
the geometric focus of the lens.

We also investigated the effects of pulse duration on ion-
ization. The pulse duration was measured at the laser exit.
It is found that both the length and the intensity of the
plasma column, which initially have a uniform intensity
distribution, decrease with the widening of the pulse du-
ration, and then, following this, a brighter ionization area
at the focus of the lens appears suddenly inside the plasma
column. This strong ionization area becomes the brightest
at a certain pulse duration (~512 and ~676 fs for positive
and negative chirps, respectively), and then it becomes
weaker and weaker until a short plasma column with a
uniform intensity appears again (~1.1 ps for both positive
and negative chirps) with the continuous broadening of
the pulse duration. With the broadening of the pulse
duration, the geometric focusing overwhelms the self-
focusing effect. At that time, the intensity is the strongest
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around the geometric focus inside the plasma column,
where the strongest ionization of air occurs. The strong
ionization area induced by negatively chirped pulses is al-
ways brighter (stronger) than that induced by positively
chirped pulses at the same pulse duration. This is not
solely due to the group velocity dispersion in the propaga-
tion distance, because the increase or decrease of the pulse
duration measured to be about 52 fs after the positively or
negatively chirped laser pulses propagated from the laser
exit to the focus of the lens, respectively. This change of
pulse duration is larger than that by the group velocity
dispersion in the propagation distance. Besides, the
free electrons give rise to anomalous group velocity
dispersion®, which cannot provide the compensation
for the propagation of negatively chirped pulse. Self-phase
modulation (SPM) in the neutral gas, plasma, and
electrons leads to a spectral red/blue shift and (or)
broadening /narrowing®2%. Spectral broadening or nar-
rowing would make the duration of the output pulse
shorter or longer than the initial value, which depends
on laser power, nonlinear propagation distance, initial
chirp, etc.Y. Based on our experimental results, the neg-
atively chirped laser pulses probably lead to a broader fre-
quency spectrum followed by shortened pulse duration
by SPM. Therefore, the plasma column induced by nega-
tively chirped laser pulses is visibly brighter.

Figures 2(a) and 2(b) show the airflow motion gener-
ated by the plasma columns with the positively and neg-
atively chirped laser pulses, respectively. It is found that
the velocity of the airflow is much larger (~2.0 cm/s), and
a wider range of turbulence is visible for the case of using a
negative chirp. Two vortices are generated just below the
plasma column. They are similar to the vortices for the
30 fs laser™2!, but different from those for the 350 ps laser
pulses, where the aligned discrete sparks and updraft are
induced??. This indicates that the filamentation or con-
tinuous ionization is the key to the formation of vortices.
There is a weak scattering area between the two vortices
below the plasma column [the area pointed to by red ar-
rows in Figs. 2(a) and 2(b)], which corresponds to the
strongest ionization. Stronger ionization produces more

Laser propagation direction

Fig. 2. Airflow generated by (a) positively and (b) negatively
chirped sub-picosecond laser pulses with a pulse duration of
(a) ~0.92 ps and (b) 0.97 ps at a laser power of 6.5 W, respec-
tively. The images were captured by a Nikon D7000 camera
(S=1/50s, F=3.2,1SO = 1600).

heat release and a stronger shock wave; hence, the airflow
with a higher velocity is induced. The high-speed airflow
blows the larger-sized particles between the vortices aways;
therefore, the strong scattering by particles is not
observed.

When no laser was shot, the snow formed on the cold
plate after an irradiation of 1 h exhibits ramiform struc-
tures, as shown in Figs. 3(a) and 3(b), with a size of about
5-8 mm. A small snow pile was produced below the plasma
column for both positively and negatively chirped sub-
picosecond lasers, as shown in Figs. 4(a) and 4(c), respec-
tively. The shape of the snow pile induced by positively
chirped laser pulses is elliptical (the ellipticity of the snow
pile is 0.657 rad), and it is round when induced by nega-
tively chirped laser pulses. These results are due to the dif-
ferent diffusions of airflow from the different intensity
distributions inside the plasma column. For the plasma
column with negative chirp, the strongest ionization area
has almost the same size in both the parallel and the
perpendicular direction to the plasma column, and so does
the induced airflow pattern. Thus, the snow pile formed
below the plasma column tends to exhibit a round shape.

Fig. 3. (a) Snow on the cold plate without laser shooting.
(b) Close-up view of part of the snow in (a). The shooting con-
ditions of the camera are S = 1/40 s, F = 3.2, and ISO = 1600
for (a), S =1/40 s, F = 5.0, and ISO = 1600 for (b).

(a)

Snow pile

Snow pile

Fig. 4. Snow piles on the cold plate with (a), (b) positively and
(c), (d) negatively chirped sub-picosecond laser pulses at a laser
power of 6.5 W with a pulse duration of (a), (b) ~0.92 ps and (c),
(d) 0.97 ps, respectively; (b) and (d) are close-up views of (a) and
(c). Panels (a), (c¢) and (b), (d) are in the same scale. The shoot-
ing conditions of the camera are S = 1/50 s, F' = 3.2, and ISO =
1600 for (a), S =1/50s, F = 5.0, and ISO = 1600 for (b), and
S =1/40 s, F =5.0, and ISO = 1600 for (¢) and (d).
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The structure of the snow particle is also ramiform, as
shown in Figs. 4(b) and 4(d), but the sizes decrease signifi-
cantly compared to the background snow. It is about
1.5 mm for the positively chirped laser pulses, and only
~0.5 mm for negatively chirped laser pulses. This is be-
cause of the stronger ionization inside the plasma column
generated by the negatively chirped pulses, which leads
to stronger photochemical reactions and higher density
aerosols. At the same time, the explosion effect of particles
around the plasma column is also enhanced. Therefore,
the snow particles formed by negatively chirped pulses
are much smaller and denser.

We also measured the dependences of the amount of
small snow piles below the plasma column and the concen-
tration of NOj3 in the melted water in the pulse duration,
as shown in Fig. 5. The amount of the snow pile decreases
with the broadening of the pulse duration, but it is much
more for negatively chirped pulses because of the stronger
ionization in the plasma column. With the widening of the
femtosecond pulse duration to about 1 ps at a fixed aver-
age power, the pulse peak intensity decreases step-by-step.
Consequently, the amount of snow on the cold bottom
plate reduces correspondingly. We deduce that a higher
average power but with a lower peak intensity is required
for a sub-picosecond laser in order to produce the same
snow amount as a femtosecond laser due to the avalanche
ionization induced by longer pulses. The concentration of
NO3 in the melted water was also measured by an ion
chromatograph (DionexICS-5000+), which follows the
same trend as the amount of the snow piles. The concen-
tration of NOj3 is in the range from several to tens of parts
per million (ppm: mass ratio), depending on the pulse
duration, that is, the ionization of the plasma column.

When an intense laser beam propagates in air, the
formed plasma column can ionize or dissociate air mole-
cules and produce high concentrations of O3 in the active
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Fig. 5. Dependence of the amount of small snow piles below the
plasma columns (black circles and red squares, left scale) and
concentration of NOj in the melted water (green triangles
and blue stars, right scale) in the pulse duration of positively
(black circles and green triangles) and negatively chirped pulses
(red squares and blue stars), respectively. There is no chirp for
the 27 fs pulse duration. The pulse duration was measured at the
laser exit.

volume®, which triggers oxidation reactions of nitrogen

and results in the generation of NOz, which finally con-
denses in the form of HNO3 or NH3;NO;%. These hygro-
scopic HNO3; and NH3NO; provide major condensation
nuclei into a cloud. Meanwhile, intense airflow motion
can also be generated after the firing of laser plasma col-
umns into the cloud chamber. The initial CCN around the
plasma columns move with air convection-induced mixing
and grow into large particles because of the frequent col-
lision in the vortices, where supersaturation is created
by mixing air with a large temperature gradient™, A
stronger plasma column generates stronger airflow mo-
tion. This accelerates the growing of CCN and produces
more snow precipitation. More snow formation also in-
creases the release of latent heat of condensation, which
can further accelerate the airflow mixing.

In summary, we investigated sub-picosecond chirped la-
ser pulse-induced airflow and water condensation in an ex-
perimental diffusion cloud chamber. The control of the
airflow and water condensation can be realized by adjust-
ing the intensity distribution inside the plasma column by
using positively and negatively chirped laser pulses. The
positively chirped sub-picosecond laser pulse generates a
more uniform intensity distribution inside the plasma col-
umn. This leads to a weaker airflow and an elliptic-shaped
snow pile. The negatively chirped sub-picosecond laser
pulse produces a spark-like intensity distribution inside
the plasma column, which results in a stronger diffusion
airflow and a round snow pile. Both the amount of snow
weight and the concentration of NO3 in the melted water
decrease with the broadening of the pulse duration regard-
less of the positively or negatively chirped laser pulse.
However, the amount of snow weight and the concentra-
tion of NO3 in the melted water are much larger in the
case of the negatively chirped laser pulses because of
the stronger ionization in the plasma column. Picosecond
laser systems have simpler construction and higher stabil-
ity, as well as higher output power developed in recent
years, which probably provide an alternative way for
the application of laser-induced water condensation in
realistic atmospheric conditions.
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