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Pulsed CO2 Laser-Induced Effects on Water Droplets

M. Autric,* P. Vigliano,t D. Dufresne,J J. P. Caressa,§ and Ph. BournotJ
Institute of Fluid Mechanics, CNRS, Marseilles, France

Pulsed high-power CO2 laser beams propagating through the atmosphere can be affected by such different linear
or nonlinear phenomena as aerosol and molecular absorption, scattering, turbulence, thermal blooming, or optical
breakdown, depending on the atmospheric characteristics and laser parameters. An experimental investigation was
carried out to study the pulsed CO2 laser-induced effects on water droplets. Water droplets with radii of 8-400 /im
were irradiated. The average fluences used for the interaction were between 1 and 4 J/cm2 (1.6-6.4 J/cm2 on the
droplet) for a pulse duration adjustable between 2 and 6 /is. Most measurements were made using an Imacon 790
converter camera allowing framing rates of between 104 and 2 x 107 frames/s with fast framing and a scanning rate
of between 1 ns/mm and 1 /is/mm with streak photography. The experimental results presented in this paper identify
four main mechanisms that can occur sequentially throughout the laser interaction, without specifying which domi-
nate over the others: vaporization, deformation, shattering, and propulsion. In particular, with time, evolution of the
hot vapor and shock wave produced by the vaporization of a single water droplet was observed. Evolutions of the
droplet deformation with time is shown. Threshold values and characteristic shattering times of the liquid particles
are given, as well as the drop velocities and ejection directions across the area illuminated by the laser pulse.
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Nomenclature
velocity of sound
specific heat
laser energy
laser fluence absorbed by the droplet
mechanical impulse
latent heat of vaporization
absorption length, ~ 10 fim

mass flux of the vaporized water
average effective overpressure
Mie absorption coefficient
shock wave position
radius of the droplet
final droplet radius
initial droplet radius
temperature
speed of the center of mass
blast wave velocity
ratio of specific heat
kinematic viscosity of water
water density
air density
coefficient of surface tension, ~ 75 dyne/cm for
water
incident laser intensity
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Introduction

PROPAGATION of high-energy laser beams through the
atmosphere is greatly disturbed due to the breakdown in-

duced by aerosols.1"6 In fact, optical breakdown leads to the
formation of an expanding plasma that absorbs much of the
incident laser radiation. In pure air, this phenomenon arises
when the laser intensity is greater than a threshold value on the
order of 3 x 109 W/cm2. Aerosols in suspension in the atmo-
sphere lower the local breakdown threshold values, which thus
depend essentially on the aerosol dimensions. Experimental
studies1 have shown a relationship of D ~1 for D < 10 /^m and
D ~° °7 for D > 10 ^m, where D is the average diameter of the
aerosols. Consequently, by modifying the aerosol granulomet-
ric distribution along the beam path, it would seem to be pos-
sible to increase the transmission of light energy. Experiments
made in and out of the laboratory using a precursor pulse have
shown the existence of an atmospheric "clearing" effect.7"12

This effect is characterized by an increase in the breakdown
threshold and in the energy transmission of the second pulse.
Thus, knowledge of the thermomechanical mechanisms occur-
ing when a laser beam interacts with a water droplet is impor-
tant in order to maximize the propagation of high-intensity
laser pulses, especially for atmospheric conditions such as haze,
fog, or clouds in which airborne particle concentrations are
particularly high and for rain in which the water drops are
large.

Previously published experiments13'14 described the explo-
sive vaporization and shattering of water droplets upon irradi-
ation with a submicrosecond pulse from a 10.6 ̂ m laser. These
works clearly showed front surface heating (droplet radius >
15 jum) and volume heating (droplet radius < absorption
length). More recent results have described and compared
all of these mechanisms at lower intensities with larger
droplets.4-15

An experimental investigation was carried out to study the
pulsed CO2 laser-induced effects on water droplets with radii of
8^00 //in. The average fluences were 1-4 J/cm2 for an ad-
justable pulse duration of 2-6 //s (i.e., intensities of 105-106 W/.
cm2).

The experimental study presented here identifies the four
main mechanisms occurring sequentially throughout the inter-
action: vaporization, deformation, shattering, and propulsion
of the droplet out of the focal volume. In particular, the evolu-
tion with time of the hot vapor and of the shock wave pro-
duced by the vaporization of a single droplet was observed.
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The evolution with the time of droplet deformation is shown.
Threshold values and characteristic shattering times of the
liquid particles are given. Drop velocities and ejection direc-
tions across the area illuminated by the laser pulse are also
presented.

Experimental Equipment
The experimental apparatus is shown in Fig. 1. Water

droplets of radii between 30 and 400 //m were produced using
a classical atomizer and were suspended using spiderwebs
(thread diameter < 10 //m). A liquid aerosol generator devel-
oped at Laboratoire d'Aerothermique de Meudon16 was also
used to produce droplets of 8-30 //m radius. Therefore, no
support was used to hold them, their dimensions being too
small. The drops were exposed to radiation from a cold-
cathode electron CO2 laser gun able to deliver up to 1000 J for
a pulse time of 2-6 us. Pulses consisted of an initial high-power
gain-switched spike (80 ns FWHM) followed by a high-energy
tail. (The ratio of peak power to tail power is about 3 or 4).

An unstable optical resonator (equivalent Fresnel num-
ber = 20) produced an annular-shaped beam (external diam
150mm, internal diam 100mm).

The average fluences used for the interaction were between 1
and 4 J/cm2. The spatial intensity profile across the beam was
measured using a LiTaO3 pyroelectric detector array, which
permitted the introduction of a corrective factor of 1.6 to the
average fluence. Taking into account the uncertainty with re-
gard to the position of the droplet inside the laser beam, the
values of the fluences were given within a percentage error of
about 25%. Checking of the laser pulse shape and the energy
delivered for each shot was carried out by means of a photon-
drag detector and a calorimeter (the shot-to-shot energy varia-
tion was about 10% and the temporal shape of the output
pulse was easily reproducible). The oscillogram of a typical
laser pulse is shown in Fig. 2b.

Most measurements were made using an Imacon 790 con-
verter camera, allowing framing rates of between 104 and
2 x 107 frames/s with fast framing and a scanning rate of be-
tween 1 ns/mm and 1 ̂ s/mm with streak photography. The
photon-drag detector situated near the interaction area trans-
mitted the laser signal; this, coupled with the monitor signal
from the camera then indicated the framing instant, allowing
perfect synchronization of the framing and the interaction. Fig-
ure 2a is an example of this type of recording in the case of a

High speed camera

MO

**He-Nf

Fig. 1 Experimental apparatus (MO-M8 = plane or concave mirrors,
L1-L3 = convergent lenses, P.O. = photon-drag detector, argon = laser
probe, He-Ne = alignment laser, Ph-D = photodetector, Calo =
calorimeter, C.S. = control screen, C = chopper; W.D. = water droplet,
S = stop).

pulse of 180 J for a time of 2 {is and a framing rate of 2 x 106

frames/s.
The framing instant was thus measured to an accuracy of

10 ns for a rate of 2 x 106 frames/s and of 100 ns for a rate of
2 x 105 frames/s. The illumination of the interaction area was
achieved using an argon-type ionic laser. Two helium-neon
lasers helped to center the droplet. A video unit allowed the
particle diameter to be checked up to the instant of the laser
shot.

Experimental Results
High-speed photographs of the irradiated droplet history

allowed us to observe the evolution of the different events that
can occur sequentially. In fact, the experiments carried out
enabled the vaporization of the water droplets to be revealed
during the very first moments of the interaction. This mecha-
nism preceded the deformation of the drop. This deformation
was greater or lesser according to the average incident fluence
and the droplet size. During this phase of deformation, ejection
of liquid matter was observed from the front and then the back
of the particle. The drop might then shatter according to the
degree of deformation occurring.

The experiments presented in this paper were carried out in
a narrow range of fluences.
Vaporization

Figure 3 shows the vaporization phase of a water droplet
with an initial radius R — 305 /xm (surface absorption case)
subjected to a laser beam of average fluence 1.9 J/cm2 (maxi-
mum local fluence«3 J/cm2) for a total exposure time
tp = 2 jus. The time interval between two consecutive frames
was 500 ns and the exposure time of each frame was 100 ns.

Heating of the irradiated side occurred first at a narrow
thickness of the droplet (Labs = 10 ̂ m). When the vaporization

(b)

Fig. 2 Typical oscillogram recordings: a) trace of camera monitor (this
signal gives the time associated with different images); b) laser pulse wave
form.

Fig. 3 High-speed photographs of the irradiated droplet history
[radius = 305 /im, average fluence = 1.9 J/cm2 (maximum local fluence
3 J/cm2), interframe time \t = 500 ns, the laser is incident from the left,
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temperature was reached (reaction time about 1 ̂ us), water
vapor was ejected from the front side.

Under different conditions, we observed the vapor develop-
ment, which was preceded by a rapidly expanding shock wave
propagating in the air at a rate of about 660-750 m/s in the
time interval 0-2.1 ^s (the time for formation and setting in
motion of the shock was estimated at 1.2-1.3 ̂ s). The velocity
then decreased to a value of 500—550 m/s in the time interval
2.1-3. l,us.

Figures 4 and 5 present the evolution with respect to time of
the axial and radial dimensions of the vapor from the initial
droplet diameter. In the case of the axial dimension XA9 the
drop and vapor together were measured, as opposed to the case
of radial dimension YR, where only the vapor phase was taken
into account. The liquid particle radii were between 230 and
300 ^m. The average laser fluences used were 1.8-2.15/cm2 for
a pulse time of 2 ̂ s. The moment t = 0 corresponded to the
arrival time of the pulse at the droplet. The average intensities,
constant for 1 /^s, were about 1.2 and 1.4 x 106 W/cm2.

Note that a non-negligible reaction time was necessary to
heat and then begin to vaporize the water droplet. Taking into
account the expansion velocity of the vapor and the shock
wave preceding it, this time was estimated at 1.2-1.3 jus.

The hot vapor expanded with axial and radial velocities of
about 300-350 m/s in the time interval 0-2.1 /is. These veloc-
ities then decreased to around 200 m/s in the time interval
2.1-3.1 ,us. A large error could have been made concerning the
vapor axial expansion velocity. In fact, the photographs do not
enable the liquid/vapor interface to be observed. Experiments
carried out using a flash x-ray camera could in the future allow
us to follow the evolution of this interface. On the other hand,
an example of streak photography of a droplet is presented in
Fig. 6. This droplet (radius R = 3W^m) was subjected to
pulses of average fluence 1.95 J/cm2 for a total exposure time of
3.5/zs. (The average intensity was 8 x 105W/cm2). The scan-
ning rate used was 2 ̂ s/cm. It is possible to observe, on the
plate, a shock wave being propagated in air during the first
microsecond at a velocity of 638 m/s, preceding the vapor ex-
pansion in which there is a rarefaction fan of velocity 320 m/s.
The average vapor ejection velocity during the first instants of
vaporization varied between 150 and 300 m/s according to the
experimental conditions.

These measurements, deduced from the framing and streak
photographs, show that the shock waves created on the water
droplets were proportional to tl during the first instants of the

t(us)

Fig. 4 Axial evolution of the vapor as a function of time \XA = axial
dimension of the optically dense phase (liquid + dense vapor),
D0 = initial diameter of the droplet (460 < D0 < 600 jim), t = 0, arrival
time of the laser pulse at the droplet, average fluence = 1.8-2.1 J/cm2

(maximum value 1.9-3.3 J/cm2), average intensity = 1.2-1.4 x 106 W/
cm2, laser pulse duration on order of 2 /is].

interaction (about 1 ^us after the start of the motion of the
shock wave) and were afterward proportional to r° 4, in accord-
ance with previously published results.4 Figure 7 compares the
experimental results with the theoretical expansion of a spheri-
cal blast wave described by Sedov.17

The law of motion and the velocity of the shock wave in
spherical symmetry can be expressed by

1/5,2/5

v=2/5(E/p)l/5t~3/5

(1)

(2)

This model is obviously not applicable to the beginning of the
interaction. In fact, when the shock wave started moving, the
laser pulse was not completed. A certain amount of energy
continued to reach the droplet. This could explain the evolu-
tion being proportional to t1 during this sustained phase. The
transition between the sustained and nonsustained phases of
the flow was situated at around 1.5 /is (i.e., about 2.7 ̂ s after
the beginning of irradiation).

By equating the laser energy absorbed with the laser energy
necessary to totally vaporize a water droplet of radius R, we
obtain the approximation,

(3)

(4)

nR2QA(R)

For large droplets: QA w 1 and F = 4/3/0 • Lv - R

For small droplets: QA » R/Labs and F = 4/3p • Lv - Labs (5)

where F is in units of J/cm2.

0 1 2 3 4 tftis)

Fig. 5 Radial evolution of the vapor as a function of time [YR = radial
dimension of the optically dense phase (dense vapor), D0 = initial
diameter of the droplet (460 < D0 < 600 /im), average fluence =
1.8-2.1 J/cm2, average intensity = 1.2-1.4 x 106 W/cm2, laser pulse
duration on order of 2 /is).

1 cm

Fig. 6 Streak photography of an irradiated droplet, 2/is/cm
[radius = 310/im, average fluence = 1.95 J/cm2 (maximum value
3.1 J/cm2), average intensity = 8 x 105 W/cm2]. Note a shock wave
preceding the vapor and rarefaction waves.
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Thus, we can very roughly estimate that an exposure on the
order of 7 J/cm2 is necessary to totally vaporize a water droplet
of radius R = 20 //m, whereas 100 J/cm2 is necessary with a
particle of radius R = 300 /zm. These fluences are much greater
than those used in our experiments. But we were dealing only
with a surface absorption process—heating did not occur
throughout the drop, but rather in only a very thin liquid layer
(Labs = 10 jum). Vaporization effects, deformation, and shatter-
ing were thus observed for much weaker fluences (F w
2 J/cm2). For our experimental conditions using a pulse laser
(large drops), it thus seems that the mechanism of shattering
was more significant than that of total vaporization.

On the other hand, Fig. 8 shows the total vaporization of a
particle of radius 8 /zm (volume absorption process) when ex-
posed to an average fluence of 2.5 J/cm2 (maximum local
fluence 4 J/cm2). This value is slightly lower than the necessary
fluence F « 3.5 J/cm2 obtained by Eq. (5), taking into account
the coefficient of the absorption (QA « 0.8). This is explained
by an underestimation of the average fluence value at the
particle.

A more detailed description can be obtained using Knight's
convective vaporization model18 for droplets of sufficiently
large radius compared to the radiation absorption length
(Labs=10/*m) and for sufficient laser intensities (>104W/
cm2), which was the case in our experiments. Knight's model
uses a Knudsen layer at the liquid/vapor interface, thus treat-
ing the part of the flow outside the local thermodynamic equi-
librium as a discontinuity. Beyond this discontinuity, the flow
is described by a classical method (i.e., "the characteristic
treatment"). The diagrams in Fig. 9 represent the main flow
areas deduced from this model in the form of graphs X-Y and
R-t.

Deformation
Figure 10 shows a water particle of radius R = 126 ̂ m ex-

posed to a laser pulse of average fluence F = 2.6 J/cm2 for a
total pulse time of 3.5 /zs. The interframe time was 5 //s and the
exposure time 1 fjs. After the vaporization phase, which can
still be observed in frame 2, the droplet became deformed,
decreasing in diameter along the laser beam axis and length-
ening along the perpendicular axis. Two dimensionless num-
bers were defined as characterizing the shape change:

R = RQ/Rl and L = L0IL{

where Rl is the radius of curvature of the irradiated face of the
droplet, R0 the radius of curvature of the face not irradiated, L0

DCmm) - I

0.1

I MM Mlf

I I I Mil
o i t (MS)

Fig. 7 Development of shock wave created on a water droplet. Experi-
mental results: ©,A deduced from instantaneous photographs, D---de-
duced from recordings X-t, —— development of a spherical blast wave
with energy absorbed 1.9-3.8 J/cm2.

the dimension of the droplet along the beam axis, and Ll the
dimension of the droplet along the perpendicular axis.

Figure 11 shows the sign conventions adopted for the mea-
surement of the radius of curvature. Figure 12 shows the evolu-
tion of parameter L with time for different experimental
conditions. Generally, the curves decrease until reaching a
plateau value, the decrease being essentially linked to the in-
crease in parameter Lv. For similar laser parameters, the values
of L with time were all smaller because the initial droplet radius
was small. For similar initial droplet radii, L was smaller be-
cause the average laser fluence was high.

Figure 13 presents the evolution with respect to time of
parameter R for the same experimental conditions as those
presented in Fig. 12. The different curves decrease until reach-
ing a minimum value and then increase. Note that this mini-
mum value is a descending function of the initial droplet radius
and an ascending function of the laser fluence brought into
play. The liquid particle deformation can be explained by the
effective overpressure Pe caused by the rapid vapor flow from
the irradiated surface. The characteristic deformation times
were relatively large compared to the laser pulse time, in such
a way that the effective overpressure could be considered to be

Evaporating surface

Water droplet

Contact discontinuity

Ambient air

Laser Beam

Knudsen Layer

Evaporating surface

Q-rarefaction fan

Q-rarefaction fan

Fig. 8 Interaction with smaller nonsuspended droplets [ radius = 8-
30/*m, average fluence = 2.5 J/cm2 (maximum value 4 J/cm2), inter-
frame time = 5 /is, laser incident from the right].
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Fig. 9 Droplet vaporization schematic model.
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created instantaneously at the drop surface. A model described
by Singh and Knight15 could thus be applied to our experimen-
tal case. This model uses a mechanical impulse / per unit sur-
face delivered to the drop, defined by the momentum
conservation equation

(6)

The mechanical impulse / can be expressed as a function of
the average effective overpressure Pe as

I — P • t (1}1 — re Lp \l)

Hypothesizing a cosinal distribution of the vapor pressure
around the drop, we get

F. = -P.max/3 (8)

On the other hand, supposing that the vapor flow is sonic at
the liquid/vapor interface, it is possible to evaluate Pe as a
function of incident laser intensity using the approximation,

Pe y + 1 m • c
$ ~ y m-Lv

*, 24 x 10 -5 (N/cm2)/(W/cm2)

(9)

from which the mechanical impulse is written as

7 = 8 x 10~5(/> - ^ = 8 x \Q~5'F N-s/cm2 (10)

Fig. 10 High-speed photographs of the irradiated droplet history
[radius = 126 jim, average fluence = 2.6 J/cm2 (maximum value
4.1 J/cm2), interframe time Af = 5 jis, laser incident from the left
(f, =3.5/is)].
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Fig. 11 Sign conventions adopted for the measurement of the radius of
curvature.
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Fig. 12 Evolution with time of the parameter L (no deformation was
observed on a drop of 130 /is irradiated with a fluence of 1.45 J/cm2).
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Fig. 13 Evolution with time of the parameter R (same experimental
conditions as those presented in Fig. 11).

LASER

Fig. 14 Shattering of a water droplet [radius = 35 /im, average
fluence = 2.1 J/cm2 (maximum value 3.3 J/cm2), At = 5 /is, laser inci-
dent from the right].

The characteristic forces acting on the fluid inside the drop
can be expressed as a function of / and of R,

Inertia = p(I/pR)2 = I2/p (11)

Surface tension — aR (12)

Viscous force = yp(I/pR2)r2 = Iv (13)

The deformation phenomenon is essentially linked to the
ratio of surface tension and inertia paR/I2.
Shattering

During the deformation phase of the droplet (Fig. 10), pro-
jections of liquid matter from the droplet surface were ob-
served. For numerous test conditions, we noted that these
projections of matter usually took place on the radiated side of
the droplet and reached the opposite side after a time lag of
between 5 and 15 fis. The flow from the irradiated surface can
be explained by the intense heating that boils the water. Sup-
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Fig. 15 High-speed photographs of the irradiated droplet [ra-
dius =400 0m, average fluence = 2.45 J/cm2 (maximum value 3.9 J/
cm2), interframe time Af = 100 0sJ.

posing that the flow from the surface not directly irradiated has
the same origin, the measured time lags correspond to the
propagation velocity across the drop, which was 20-25 m/s.
This velocity corresponds to a hydrodynamic convection flow
carrying vapor bubbles created by the boiling toward the
nonexposed surface. More recent results19 (comparisons of
computed temperature contours to explosive vaporization pat-
terns) show that this ejection of material from the back surface
can be explained by the explosive vaporization from hot spots
caused by electromagnetic heating by the laser pulse (and not
caused by shock wave propagation through the droplet).

For example, we were able to measure, on recordings of
X, t for a drop of 200 0m radius irradiated with an average
fluence of 2.4 J/cm2, ejection of small water droplets 5-10 0s
after the start of vaporization. An ejection velocity of 30 m/s
for these fragments was measured.

The phase just described does not really constitute a shatter-
ing phase that can be considered to be the total shattering of
the particle (Figs. 14 and 15). Figure 14 shows the shattering of
a droplet of radius R = 35 0m subjected to a laser fluence
F = 2.1 J/cm2. The interframe time was 5 0s and the exposure
time 1 0s. The first frame was taken at time t = 1.6 0s after the
arrival of the pulse at the drop. The shattering time (frame 6)
could be estimated as 25 0s after the start of the interaction.

Figure 14 shows the shattering of a drop of radius
R =400 0m (r = 5500s, frame 5) exposed to laser fluence
F = 2.45 J/cm2. The interframe time was 100 0s and the expo-
sure time 20 0s. The first frame was taken at time t — 150 0s
after the start of the pulse. Note that the shattering time is an
ascending function of the initial droplet radius and a descend-
ing function of the laser fluence.

Fig. 16 Shattering limit as a function of the average fluence [——
criteria of theoretical shattering given by Singh (Avco), //// region dom-
inated by forces of viscosity].

1 cm
Fig. 17 Streak photography of the irradiated droplet (streak = 10 0s/
cm, radius = 138/im, average fluence = 2.25 J/cm2 (maximum value
3.6 J/cm2), opening of camera 0.2 /is after laser pulse arrival at drop].

Moreover, according to Figs. 11 and 12, the shattering was
directly linked to the amount of deformation suffered by the
drop. The values L = 0.4 and R = 0 effectively separate all of
the deformation curves into two groups: 1) those resulting in
total droplet shattering (a time existing such that L < 0.4 and
R < 0) and 2) those deforming without shattering (for all times
/, we get L > 0.4 and R > 0).

Figure 16 presents the different shattering experimental re-
sults obtained in a fluence-radius graph. A shattering threshold
fluence (average value) can thus be determined to be situated
around 1.7 J/cm2 in our experiments on particles of radii
greater than 100 0m. Shattering thresholds have also been pro-
posed by different authors. A different criterion linked to the
product of overpressure pe and pulse length tp has been pro-
posed. Below a minimum value of (pe • tp), the drops can be
vaporized on the surface and then deformed. But they do not
shatter. Above this value, drop deformation always precedes
their shattering into satellite drops.

This shattering will take place if the specific impulse deliv-
ered to the droplet exceeds 10-20 dyne • s/cm2 for Singh and
Knight15 (average fluence 0.8-2.5 J/cm2), 30 dyne • s/cm2 for
Kafalas and Ferdinand13 and Kafalas and Herrmann,14

2.7 J/cm2 for Pistoresi,20 and 1.7 J/cm2 or 14 dyne-s/cm2

(maximum value 2.7 J/cm2 or 22 dyne • s/cm2) for drops of
radii greater than or equal to 100 0m for the experiments pre-
sented in this paper. See Fig. 8. These results are all in relatively
good agreement for quite broad experimental conditions (a
factor of 1:3 maximum). Study of the ejected fragments is very
complex. For example, for a drop of 400 0m radius, fragments
of 7-12 0m radii have been observed. Be that as it may, the
fragment dimensions obtained can be evaluated and compared
with the equation15

(14)

Propulsion
Figure 17 is a photograph of the interaction taken in X-t;

the scanning rate was 100s/cm. The droplet radius was
R = 138 0m and the laser fluence F = 2.25 J/cm2. In addition
to the vaporization phase on the side facing the laser beam, we
observed a movement of the droplet. The propulsion velocity
in the case in Fig. 17 was estimated at 7.4 m/s. On this streak
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Fig. 18 Ejection velocity of drops under effect of radiation as a function
of radius. Comparison with the expression U = l.2F/pR with an average
fluence of 2-3 J/cm2 corresponding to the results presented.

photograph, note the water vapor coming from the vaporiza-
tion of the drop about 1.2 /is after the laser pulse arrival. This
vapor developed in about 6 //s. The ejection of matter can very
clearly be seen almost simultaneously from the front and back
faces of the drop, about to 8 /is after irradiation at an average
velocity of about 20 m/s (Ar = 40 /is).

In addition to the vaporization phase on the side facing the
laser beam, we observed a movement of the droplet. Different
experimental results obtained are shown in Fig, 18 for particles
of 35^00 /im radii irradiated with an average fluence of 2.1-
3 J/cm2. These results give the evolution aR ~! and an order of
magnitude for the propulsion velocity; however, they may have
been altered by the presence of the silk thread supporting the
drop. .

We have, on the other hand, calculated the center of mass
velocity U obtained from Eq. (6) as

(15)

We can establish that the measured values of the ejection
velocity of the drops was systematically lower than the calcu-
lated values using the approximation above.

Other Mechanisms
Other mechanisms that can greatly influence the laser beam

propagation in the atmosphere were also observed. These were:
1) The coalescence mechanism of the ejected fragments. For

example, fragments of 5-7 /im radii able to coalesce 10-15 /is
after the start of shattering of a drop of 22 /is radius.

2) A shade effect of large drops on small ones. For example,
a drop of 13 /im radius was completely protected from laser
radiation by another particle (/? = 18/im) at a distance of
20 /im. The latter was vaporized, strongly deformed, and then
shattered 20 /is after the start of irradiation (F = 2.5 J/cm2).

3) Recondensation. We have not been able to observe this in
a very clear way, but it exists and plays a devastating role.

Conclusion
Knowledge of the thermomechanical mechanisms occurring

when a laser beam interacts with a water droplet is important
in order to maximize the progagation of high-intensity laser
pulses, especially for atmospheric conditions such as haze, fog,
or clouds where airborne particle concentrations are high and
for rain where water drops are large. Experiments have been
conducted to identify the main mechanisms that can occur
sequentially throughout laser interaction without defining pre-
cisely which ones, in the experimental conditions studied, dom-
inate with respect to the others. Other experiments are being
planned over a wider range of fluences. In order to learn more

detail concerning the limits of total droplet vaporization, other
experiments on nonsuspended small particles (R < 10 /im) are
in preparation. The recondensation phenomenon undoubtedly
has a great influence on the limitation of the effect of laser
clearing. A more detailed study of these phenomena is envis-
aged. Finally, complete modeling of the different mechanisms
described in this paper has been undertaken.
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