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Atmospheric Propagation of Two CO, Laser Pulses

M. Autric,* J-P. Caressa, T D. Dufresne,{and Ph. Bournot§
Institute of Fluid Mechanics, Marseille, France

An experimental investigation has been conducted to study the propagation of a high-energy laser beam
(&B =10 W/em?; F p=10J/ cm?) in the atmosphere. At these intensities and fluence levels air breakdown can
occur because of the interaction of the intense radiation with the aerosol particles naturally suspended in the
path of the beam. An air plasma is created, which expands rapidly and consequently can have a detrimental
effect on the energy propagation. This paper reports, first, the energy transmitted through the breakdown
plasma as a function of the incident average energy density (E7/E; <15% for F;>300 J/cm?) and second, the
possibility of increasing the transmission of the incident energy by the application of a precursor pulse as a
function of the double-pulse separation time (controllable from a few microseconds to 1/10 s). In our particular
experiment, the maximum increase (by a factor of three) is observed for Az =100-200 s, an effect due to the
cleaning effect of the first pulse by vaporizing aqueous aerosol particles.

Nomenclature
ELE; =incident, transmitted energy, J
E} =80% of the total incident energy
Ef =transmitted laser energy with precursor
_ pulse
Fy =average breakdown threshold (fluence)
F, Fy =incident, transmitted energy density,
o J/cm?
F,,Fr =average incident and transmitted energy
L density values on the focal spot
F} =average transmitted energy density with
precursor pulse
FWHM = full width at half maximum
I =focal length in meter
f1D =f-number of the optical system
RH =relative humidity of air
S* =focal spot area that includes ap-
proximately 80% of the total incident
energy
At = double-pulse separation time
W, (t),Wr(t) =incident, transmitted laser powers, W/cm?
Tp = pulse length
g =average breakdown threshold (intensity)
oF =maximum transmitted intensity with
. precursor pulse
Ppeak =maximum intenstiy (top of the spike of the
pulse)
BPeail =average intensity during the tail of the laser
pulse.
Introduction

ULSED high-power CO, laser beams propagating
through the Earth’s atmosphere can be affected by
different linear or nonlinear phenomena such as aerosol and
molecular absorption, scattering, turbulence, or thermal
blooming. The attenuation by the only significant molecular
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absorbers present in the atmosphere (H,0, CO,, and N,) is
relatively low. .

At very high fluxes (107-108 W/cm?) laser-induced
breakdown can occur because of the interaction of the intense
radiation with the aerosol particles naturally suspended in the
path of the beam.'* The study of this phenomenon and of its
importance is the purpose of our work. Numerous published
studies have shown that the presence of these microscopic
particles substantially reduces the breakdown threshold. 8

Previously, we have determined in a realistic atmosphere
outside the laboratory the threshold values necessary for the
air breakdown (intensity 1-2 X 108 W/cm?, fluence 3-5 J/cm?,
and 7,=50 ns).” The experimental results have taken into
account the diffraction of the annular apertured beam,
spherical aberration phenomena induced by the focusing
optical system, spatial and temporal energy density
distributions in the focal spot, size of the focal volume, size
and distribution of the atmospheric aerosol particles
suspended in the breakdown volume.

When the intensity and fluence levels are high enough to
cause the breakdown initiated by the aerosol particles, a high-
pressure, high-density air plasma is created. This plasma
absorbs the incident energy according to the inverse brems-
strahlung absorption process and subsequently develops
axially and radially.®!®!> The development of the plasma
during the first part of the interaction (supported regime
t<T,) has been numerically studied considering three well-
known hydrodynamical models (one-dimensional laser-
supported detonation wave,'* two-dimensional laser-
supported absorption wave,’’ and unsteady laser-supported
wave with spherical symmetry'®) and compared with ex-
periments (time-integrated, streak, and schlieren photographs
recording the plasma luminosity and shock wave) to evaluate
the accuracy of these models.!? Air plasma propagating from
the initiation sites grows to the point where it almost com-
pletely blocks the incident energy.

In the present paper we report experimental results con-
cerning, first, the energy transmitted through the breakdown
plasma as a function of the incident average energy density in
the focal spot and, second, the possibility of increasing the
transmission of the incident energy by the application of a
precursor pulse.

Experimental Setup

The following experiments have been performed with two
TEA CO, lasers, the first of which is capable of producing up
to 200 J with a pulse duration of 2.5 us (laser COCA) and the
second up to 2 KJ in 10 us (laser TEKILA). Both pulses
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consist of an initial high-power gain-switched spike followed
by a high-energy tail. The annular-shaped beams are near
diffraction limited. (External diameter Dcgcs =100 mm,
Drggya =150 mm.) Each laser beam has its own diagnostic
system including a calorimeter for energy control (shot-to-
shot energy variation is better than 10%) and a photon-drag
detector for power control (the temporal shape of the output
pulse is very reproducible). Oscillograms of typical laser pulse
time history are shown in Fig. 1.

In order to focus the laser beam at various distances inside
and outside the laboratory, two types of optical systems have
been used: 1) spherical concave mirrors of focal lengths 5, 10,
and 13 m; 2) optical systems with a ‘‘Cassegrain’> con-
figuration, the focal length of which is controlled by varying
the intermirror distance. These systems are composed by an
on-axis parabolic mirror f71.5 (#=0.65 m, f=1 m) coupled
with an hyperbolic convex mirror. Experiments have been
conducted at distances up to 214 m for the laser COCA
resulting in an f-number of the system up to 428 (beam
diameter on the pupil of the 5 X telescope=0.5 m), and up to
62 m for the laser TEKILA resulting in a f-number of 103
(beam diameter on the pupil of the 4 X telescope, D= 0.60 m).
The experimental setup is schematically represented in Fig. 2.

Experimental Results
Measurements of laser energy transmitted through the
breakdown plasma have been made by using two independent
methods: :
1) Direct measurement of the incident and transmitted
energy by means of calorimeters

E;/E,=F/F,

where F, (J/cm?)=E}/S*. E¥=80% Ep . and S* is focal
spot area that includes approximately 80% of the total in-
cident energy.

2) Measurement of the temporal variation of the incident
and the transmitted power by means of photon-drag detectors
on which the pulse is refocused after attenuation. The energy
balance can be evaluated by successive temporal integration
of the photon-drag recordings

Er(t) _
E; (1)

S;P WT(z)dt/g;P W, (1)dt

For both types of measurements, the laser pulse transmitted
through the breakdown plasma is focused onto the photon-
drag detector or the calorimeter by means of a 18 cm diam 1 m
focal length mirror (M9 in Fig. 2 and M6 in Fig. 8) (the
diameter of the laser spot at surface of this collecting mirror is
maintained to about 6 cm). We have previously verified that
the scattering of the radiation out of the field of the focusing
mirror is negligible. Burn patterns produced on the ther-
mosensitive surface of photographic paper and detailed
measurements of the transmitted laser light both in space and
in time have shown clear evidence that unabsorbed laser
energy arrives in the central region of the beam cross section
after passing through the formed plasma balls. The aspects of
beam trapping and significant energy absorption have been
demonstrated.!’® Measurements of the transmitted energy
have been carried out as a function of the incident average
fluence F,;. In order to vary fluence values in the focal
volume, it is necessary to control either the total energy of the
pulse (laser COCA 0-200 J, laser TEKILA 0-2 kJ) by inserting
terphane attenuators or the focal spot area [proporational to
(f/D)?] by varying the f-number of the optical system.

Figure 3 shows the experimental data obtained with COCA
laser pulses (0<E; <200 J, 0.11<S*<2.2 cm?) inside the
laboratory [f=5 m (f/D=350)], f=10 m (f/D=100) with
normal laboratory conditions (20° C air temperature, 40%
relative humidity); and outside the laboratory [f=55 m
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a) 200 ns/division.

b) 1 ps/division.

Fig. 1 Incident CO, laser pulse shape. For laser TEKILA, E; =1150
J; 7, =6 ps; spike rise time in the ramping portion =80 ns, 80 ns,
FWHM; peak power=10° W; ratio of peak power to tail power =4;
ratio of spike energy to total energy = 0.1. For Laser COCA, E; =160
J; 7, =2.5 ps spike rise time in ramping portion 50 ns; FWHM =50
ns; peak power 0.5x10° W; ratio of peak power to tail power=35;
ratio of spike energy to total energy =0.2.

Fig. 2 Experimental setup. Key: A-attenuators; L1, L2; L3-NaCl
windows; PD-photon-drag detector; ¢, J-calorimeters; PM.-
photomultipliers; C, X, t-cameras; CK-particles optical counter; M1
to M6-plane mirrors; M7-hyperbolic convex mirror; M8-parabolic
concave mirror; M9-spherical concave mirror; Ar, He-Ne-laser probe;
Z-interaction zone. The same experimental arrangement is used for
both lasers (except that the power of the telescope is aitered by
changing the hyperbolic mirror M7).

(f/D=135)], f=110 m (f/D=270) with atmospheric con-
ditions of approximately 10°C air temperature and 80%
relative humidity. For these conditions, air breakdown was
initiated by the spike (50 ns FWHM) early in the pulse for
average intensity and fluence values of 1-2 x 103 W/cm? and
3-5 J/cm?, respectively.® The results show that the trans-
mission decreases rapidly as soon as breakdown occurs.

In the same way, Fig. 4 shows the experimental data ob-
tained with the TEKILA pulse (0<E; <2 kJ, $*=0.24 and 2
cm?) inside the laboratory [f=13 m (f/D =87)] with standard
conditions (20°C, 40% RH) and outside the laboratory [f=62
m (f/D=103)] with atmospheric conditions of approximately
10°C, 65% RH. We note that the ratio of transmitted energy
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Fig. 3 Ratio of transmitted energy to incident energy as a function of
incident fluence. Experimental conditions: 0<E; <200 J; o f=5m,
S*=0.11cm?; = f=10m, $*=0.40 em?; B +£:55m,8*=1 em?;
¢ f=110 m, $* =2.2 cm?. The error bars show the estimated un-
certainty of the energy measurements (10%) and the focal spot size
(10%).
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Fig. 4 Ratio of transmitted energy to incident energy as a function of
incident fluence. Experimental conditions: 0<E; <2 kJ; o f=13 m,
§*=0.24cm? and 0 f=62m, S* =2 cm? at 10-11°C, 54-62% RH; =
f=62m,$*=2 em? at 8-9°C, 67-73% RH.

E| K
1 | .
| et
N
+/‘
0.5 _‘_,_,_/ —
Spike of *
the pulse ‘
+/ i | J
4_//.____‘.____..__—0——0——0—-0——
: I 1 I L } 1
0 2 4 6 Tp RS

Fig. 5 Incident and transmitted laser energy as a fucntion of time.
E;=920 J and F; =368 J/em® at 11°C and 54% RH; length of
breakdown =6 m; + is incident energy,  transmitted energy.

to the incident energy decreases when the incident fluence
increases (for example, 25-30% for F;=0.2 kJ/cm?® and 6%
for F;=1kJ/cm?).

Temporal Effects

For a given value of the fluence, it is possible to find the
variations of the transmitted energy as a function of time
(e.g., E;=9201J, F; =368 J/cm?). See Fig. 5.

Note that the energy (£ =190 I) is rapidly blocked due to
the rapid development of the plasma. However, most of the
transmitted energy comes from the spike (=250 ns), E;=90J
for Ej, oike = 110 J). The laser energy transmitted through the
plasma during the tail of the pulse is very weak (E;=10%
E)).

To measure the transmitted energy as a function of the laser
pulse duration, experiments have been carried out with
different durations of the tail of the pulse (by varying the
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Fig. 6 Transmitted energy as a function of the laser pulse duration
7p. Experimental conditions: f=62 m, f/D=103, $*=2 c¢m? at
=10°C and 65% RH.
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Fig. 7 Aerosol distribution measurements for different relative
humidity and air temperature conditions: 15°C and 45% RH up to
4°C and 90% RH.

duration of the high-voltage discharge). In all the cases, the
spike of the pulse is the same. The pulse duration range is 0.2-
7.5 ps and the corresponding energy values range is 45-640 J
(F;=18-256 J/cm?). We found that for E;>220 J the
transmitted energy does not increase. As an example, for
7p=1.5 ps (E;=220 J), Er=109 J and thus E;/E,=49%;
and for 7, =7.5 us (E;=640J), E;=110J and E/E,;=17%.
These results are presented in Fig. 6. We can then determine
the time of cutoff (=1.5 us) for a given set of conditions.
After this cutoff time, the laser radiation is attenuated almost
completely by the aerosol-induced plasma and the pulse
duration must be limited to this time.

These experiments show that of the physical effects limiting
the propagation of a high-fluence laser beam through the
standard atmosphere, air breakdown is the most detrimental.
With regard to the aerosol particles, the fundamental
quantities required in the determination of the number of
breakdowns and thus of the amount of energy absorption are
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Fig. 8 Experimental arrangement for double-pulse experiments.
Key: A-attenunators; L1, L2, L3-NaCl windows; Ge-germanium beam
splitter; PD-photon-drag detectors; C-calorimeters; Z-interaction
zone; M1, M2, M3-plane mirrors; Md4-annular plane mirror; M3, M6-
concave spherical mirrors.
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Fig. 9 Isointensity contour in the focal region: a) the precursor
pulse, f/D = 130; b) the second pulse, f/D=87. u is external edge of
the beam, e internal edge; the dotted line represents an isointensity
contour (numerical result=0.5% I(o,F) where I( 0,F)=maximum
intensity on the axis in the focal plane).

the concentration and size distribution of the particles. These
quantities have been measured using a particle counter, the
“‘axially scattering spectrometer probe” (ASSP 100) that
measures the 0.5-45 pm particle diameter in four ranges (0.5-
7.5, 1-15, 2-30, and 3-45 pum), each being then equally divided
into 15 linear size intervals. Size distribution measurements
are quite difficult to perform because of the numerous in-
terferring parameters: air temperature, relative humidity,
barometric pressure, wind speed and direction, and the nature
of the aerosol material (index of refraction), as well as the
shape of the aerosols. Figure 7 shows the aerosol distribution
measurements obtained for different relative humidity and air
temperature conditions (hatched area). These measurements
are compared to maritime and rural aerosol models (Lowtran
3B)" and to a R~ dependence model (MacClatchey, Junge).
The number of particles per cm?/um is plotted in a log-log
form as a function of the particle radius. The distribution
function can be approximately represented by!?

f(R) =f,(R;/R)* particles/cm?/pym
and

Ry
Ntotal = SRof(R)dR
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Fig. 10 Laser power transmitted through the breakdown plasma
without a precursor pulse: a) laser power transmitted through the
cleaned zone; b) Az between the precursor and the second pulse =100
us; 1 ps/division. In this case, ¢3/¢r=1.6 and E}/E; =2.5.

where R, and R, are the small and large limits of the radius of
the particles, respectively.

In order to estimate the number density above a critical
radius (for determination of plasma breakdown number
density), we have

Rz
Nritical = S

Reritical

Sf(RYAR
and

N, breakdown = N, critical

where R ;. has been found® equal to 2 um (any particles
with a radius >2 wm can initiate the optical breakdown for
intensities in the vicinity of 1-2x 108 W/cm?). The range of
atmospheric conditions corresponding to our experiments
(15°C, 45% RH to 4°C, 90% RH) is: 10* (10-1/
R)*=<f(R) =10° (10~!/R)#, with R in microns.

The upper edge of the hatched area of Fig. 7 corresponds to
the higher humidity. Although the smaller particles (R<S5
um) are more numerous when the humidity is higher, for
R >5 um the error bars of the measurements of the number of
particles are intermingling whatever the temperature and the
humidity may be. Consequently, it is very difficult to in-
terprete the number of breakdowns and, thus, the beam
blockage as a function of the atmospheric conditions.

Double-Pulse Experiments

Taking into account the high-energy absorption by the air
plasma in the intensity ranges above 108 W/cm? and fluence
ranges above 5 J/cm?, preliminary experiments have been
performed inside the laboratory to study the possibility of
increasing the transmitted energy by the application of a
precursor pulse. Previously published studies have shown that
the air breakdown threshold can be increased by the ap-
plication of a precursor pulse of sufficient energy density.
In the case of a 50 um diam carbon particle, the threshold
breakdown has been increased by a factor of 19 (one-half of
the clean air breakdown threshold). Consequently, the energy
transmission will be better. The main mechanisms concerning
this effect are the vaporization of the aqueous droplets?!-*
(important for small sizes) and the ejection out of the focal
volume (important for large sizes). For instance, for large fog
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droplets, front surface vaporization has been observed and
partially varporized particles can be propelled with a
maximum probability along a direction close to the initial
direction of the laser beam.?>?’ The following experiments
have been performed with the two previously described CO,
lasers. These are individually controlled so that their initiation
can be separated. The possibility of increasing the trans-
mission of the incident energy has been studied as a function
of the double-pulse separation time. This time is defined as
that between the beginning of the two pulses (controllable
from a few microseconds to 0.1 s). The experimental
arrangement allows the coaxial propagation of the two laser
beams. As Fig. 8 schematically shows, superposition of the

two beams is obtained by use of the annular plane mirror My, -

and the two beams after are focused on the same focal volume
by means of a single 13 m focal-length mirror (f/D=130,
S$*=0.53 ¢cm? for laser COCA; f/D=87, §*=0.24 cm? for
laser TEKILA). The experimental conditions are presented in
Table 1.

In order to study the perfect superposition of the break-
down area, the cross-sectional intensity variations along the
beam axis have been measured by burning (with nearly
constant laser intensity) light-blackened photographic paper
sheets. The envelope of the light rays of the second pulse is
contained within that of the initial pulse over a distance of 2
m. This has been controlled by means of a video recordings
and time-integrated photographs. Figure 9 shows the ex-
perimental determination of the isointensity contour in the
focal region for the precursor pulse and the second pulse,
respectively.

Effect of Interpulse Time

These experiments determined the influence of the delay
time At between pulses on the transmission of the laser energy
at the second pulse. £, the transmitted energy when there is a

. 102 10’ 10" &t ps

Fig. 11 Separation time determination for which E}/E; is
maximum; EF =transmitted energy with precursor pulse;
E =transmitted energy without precursor pulse; +, o are photon-
drag measurements and ® calorimeter measurements.
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precursor pulse is compared with E;, the transmitted energy
without the precursor pulse. A similar comparison is made for
the transmitted intensitites ¢F and ¢, (maximum intensity
obtained at the top of the gain-switched spike of the pulse).

Figure 10 contains oscillograms of laser pulses transmitted
through the breakdown area when there is no precursor pulse
and when a first pulse occurs 100 us before the second pulse
arises. Figures 11 and 12 show the beneficial effect of the
precursor pulse. Results obtained from power (photon-drag
detector) and energy (calorimeter) simultaneous measure-
ments cover two series of experiments (+ designates series 1
and o m series 2) performed under very similar atmospheric
aerosol conditions. However, it has not been possible to
measure the concentration of aerosols present in the break-
down zone (the conditions of air temperature and relative
humidity were 20°C and 40%, respectively).

These experimental results show that the transmitted energy
and the maximum transmitted intensity have been raised by a
factor of 3 and 1.7, respectively, for a pulse separation time of
100-200 ps. With no prepulse the transmitted energy E; is
approximately equal to 14 J (=0.11 E;). When the
‘““cleaning’’ effect is maximum, the ratio E}/E is increased
by up t0 0.27-0.33 (E+=401J).

Long Interpulse Times

Generally, at Af ranges of 0-50 us, the plasma initiated by
the precursor pulse develops and absorbs the energy of the
second pulse. When At is larger than 5 ms, the effectiveness of
the precursor pulse is less noticeable because of the return into
the interaction zone of new aerosol particles that are capable
of initiating breakdown again.

Thus, the transmitted energy EF and the transmitted in-
tensity ¢+ drop to their initial values. Actually, taking into
account the zone cleaned up by the first pulse (diameter =1’
cm), a transverse wind of 1 m/s can bring a particle back to
the center of this zone within 5 ms. The influence of the
diffusion and gravity is negligible because in 1 s a 1 um
particle diffuses a distance on the order of 4.10~% cm, while it
falls about 2.10 2 cm under the influence of gravity. A 10 um
particle has a falling speed of about 2 cm/s:

For a double-pulse separation time varying from 50 us to 5
ms, the second pulse meets in the cleaned zone with a
modified repartition and concentration of aerosols. A more
thorough analysis will be performed to determine the im-
portance of the various mechanisms interfering in this

S —
iy

Table 1 Experimental conditions i ]
- - -~ LA e 1 —1
Puise, f, S, Ppeak Prail » Toulse> Eps Fy, v ? 3 4
deg m f/D cm? W/cm®  W/cm? use T J/em? " 10 0 At s
Fig.12 Increase in the maximum transmitted intensity as a function
1 13 130 0.53 4.5x10% 1.0x10% 2,5 100 150 L . .
4 : t1;
2 3 87 0.24 8.0x10° 1.5x108 5 130 430 (2)f the double pulse separation time: + experimen m experiments
Table 2 Experimental conditions
E,, Fy, o7, Ef, Er/Ey, EF/E; Ff,
J J/cm? W/cm? o3/ o7 J E}/E; % o J/cm?
130 430 1.4%108 1.50 48 3 12.5 37 159
200 670 1.9x 108 1.65 54 2.7 10 27 180
280 930 2.0x 108 1.68 41.5 1.9 9 17 158
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Fig. 13 Cleaning effect as a function of the incident fluence of the
second pulse: m E}f/Er; O é7/¢y; double-pulse separation time
At =100 ps.

cleaning effect (vaporization, ejection out of the focal
volume, or fragmentation).

Effect of Second-Pulse Fluence

For a given value of the fluence of the precursor pulse (150
J/cm?) and for a given value of the separation time (1= 100
us), the total energy transmitted through the cleaned zone as a
function of the incident energy of the second pulse has been
investigated. The experimental conditions are compiled in
Table 2. These results are presented in Fig. 13.

We note a reduction of the ‘““cleaning’ effect when the
incident fluence of the second pulse increases. Then, when the
fluence increase, the length of the breakdown zone increases.
Consequently, the focal volume of the second pulse cannot be
completely contained in that of the precursor pulse (cleaned
zone) and air breakdown can occur near the ends. This is an
important limitation.

Conclusion

When intensity and fluence levels are high enough to cause
breakdown, an air plasma is created, leading to almost total
laser energy absorption' (transmission<15% for F,>300
J/cm?). Experiments presented in this paper have shown the
possibility of increasing the transmission of the incident
energy (by a factor of three) through the atmosphere by
cleaning the path of the beam by means of a precursor pulse.

Experiments are now in progress in the laboratory to study
the ‘‘cleaning’’ effect in a large focal volume over long
distances and outside the laboratory with atmospheric aerosol
concentration control.
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