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Angularly resolved observations of sidescattered laser light from laser-produced plasmas
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Small scale structure is observed in angularly resolved measurements of scattered laser light from 1.06
pm laser irradiations of CH targets. The structure size varies as the laser spot diameter is changed. The
structure is consistent with light produced by the stimulated Brillouin sidescattering instability. The
overall angular dependence of the scattered laser light intensity is compared to the distribution predicted
by convective growth of stimulated Brillouin sidescattering. Two-dimensional plasma effects are shown
to be important in determining the angular distribution of the scattered light.

PACS number(s): 52.35.Fp, 52.35.Nx, 52.40.Nk, 52.50.Jm

I. INTRODUCTION

The understanding of the coupling between lasers and
plasmas continues to be a challenging problem. A high
intensity laser can excite parametric instabilities in a plas-
ma, one of which is stimulated Brillouin scattering (SBS)
[1,2]. The SBS instability is a three-wave interaction of
the incident light wave, an ion acoustic wave, and a scat-
tered light wave. The linear theory of SBS growth in an
inhomogeneous plasma for light backscattered in the
direction of the incident laser has been gradually
developed over time [1-9]. Significant growth of SBS
sidescattering can occur in large plasmas; the SBS side-
scattering gain can be as large as, or larger than, that in
the direction of direct backscatter [8,9]. In the past, mea-
surements of sidescattered laser light from laser-produced
plasmas have been limited in number and there have been
no direct comparisons to theoretical predictions. Al-
though the overall angular dependence of scattered light
has been measured with photodiodes [10], this technique
does not resolve structure in the scattered light pattern.
Angularly resolved measurements using burn paper have
been reported [11]; however, this method is sensitive to
only the most intense parts of the scattered light distribu-
tion, has a limited dynamic range, and requires a high
laser intensity to produce detectable signals.

In this paper, we present detailed angularly resolved
measurements of sidescattered laser light from 1.06 um
laser interactions with a low Z target material. We have
used appropriately filtered film as the recording medium
and are able to observe both the angular dependence of
the sidescattered laser light and small scale angular struc-
ture in the scattered light. Both the angular distribution
with respect to the laser polarization and the behavior of
the time and spectrum resolved measurements at fixed
angles are consistent with light produced by stimulated
Brillouin sidescatter. Both analytic theory and simula-
tions, which assume plasmas of infinite transverse extent,
predict localized angular spikes of scattered light, which
could be missed in experiments using discrete detectors.
Our experiments show an angular dependence which can
be reproduced by the analytic theory provided that we
take into account the two-dimensional extent of the SBS
gain region.
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In the remainder of this paper, we first describe the ex-
periment and our observations in Sec. II. In Sec. III, we
describe our calculations of the predicted angular distri-
bution of scattered light based on convective growth of
the stimulated Brillouin scattering instability. The pre-
dictions are compared to simulations of ion fluctuations,
which might be responsible for the scattered light struc-
ture. In Sec. IV we compare the predictions to the obser-
vations and discuss the differences. Our conclusions are
presented in Sec. V.

II. DESCRIPTION OF THE EXPERIMENT

The experiment used one beam of the Janus laser facili-
ty at Lawrence Livermore National Laboratory. The
laser was incident normal to the target, had a wavelength
equal to 1.06 um, and was Gaussian in time with a 1 ns
full width at half maximum. The beam was focused with
an f /2, 20 cm focal length lens. We varied the spot size
between 100 and 500 um, while keeping the laser intensi-
ty I; approximately constant by changing the laser ener-
gy from 11 to 50 J. The target was a 50 pum thick
parylene (carbon-hydrogen) foil which did not burn
through during the laser pulse.

The laser pattern at the target plane was obtained by
an equivalent plane imaging system with a charge cou-
pled device (CCD) camera as the recording medium. Fig-
ure 1 exhibits intensity profiles through the vertical and
horizontal planes of the laser spot for spot diameters of
100, 200, and 500 um. The spot was reasonably sym-
metric with less than 15% variation in diameter between
the two planes. The polarization for most of the mea-
surements described in this paper was oriented vertically.

The scattered light was recorded by Kodak Tri-X film
and each exposure was made using a single laser pulse.
The recording film was placed at an approximately 60°
angle relative to the target plane (see Fig. 2) and either
parallel or perpendicular to the plane of polarization on
different laser pulses. The film was at all times covered
with a 2 mm thick sheet of RG 1000 colored glass, which
not only attenuated visible light but also prevented x rays
and charged particles from reaching the film. On some
exposures, an additional neutral density (with an attenua-
tion factor at 1.06 um of 10) filter was placed in front of
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FIG. 1. The laser focal spot is measured by an equivalent
plane imaging system. Vertical and horizontal intensity profiles
of the laser spot have been taken for the cases where the spot di-
ameter is (a) 100 gm, (b) 200 um, and (c) 500 um. The laser po-
larization was vertical for the data discussed in the text.
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FIG. 2. The orientation of the recording film relative to the
target and the incident laser beam and the target.
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the film. The images were photodensitometered for
analysis. Comparison of test exposures of 1 ns, 1.06 um
laser pulses with different, but known, attenuation al-
lowed us to calculate the relative intensity of the expo-
sure from the film density [12].

We first discuss the angular variation of the scattered
light intensity and then discuss the detailed structure.
Figure 3 shows the results from a single laser pulse of 26
J and 500 pum spot diameter (I; =1.3X 10" W/cm?) in
which separate pieces of film were located in and out of
the plane of polarization. We clearly see a greater angu-
lar extent of the scattered light in the direction out of
plane than in plane. Rotation of the polarization of the
incident laser by a half-wave plate caused the pattern to
also rotate, i.e., regardless of the orientation of the polar-
ization, the scattered light in the out-of-plane direction
was always of greater extent than in the plane of polariza-
tion. This result is in agreement with linear theory [4],
which predicts a cos’$ dependence, where ¢ is the polar
angle around the laser axis and ¢ =0° corresponds to the
plane containing the laser electric field, since the trans-
verse electric fields of the incident and scattered light
waves most effectively couple with the electric field of the
electrostatic ion wave when ¢=0°. Since the propagation
vector of the scattered light wave was perpendicular to its
electric field, this results in a peak in scattered light in-
tensity in the direction ¢ =90°. Our observations show a
different result than that found in Ref. [11], which ob-
served no strong asymmetry relative to the polarization
vector. The difference in that experiment is probably ex-
plained by the difference in the incident laser intensity
used in each experiment; the intensity used in the experi-
ments reported here are one to two orders of magnitude
smaller than those reported in Ref. [11] (10°-10'¢
W/cm?). At such high intensities, the SBS instability,
along with other parametric instabilities [13], is probably
driven nonlinear and laser light can be scattered in the
plane of polarization by high level density fluctuations.

Our observations show that the scattered light is dom-
inated by stimulated Brillouin sidescattered light rather
than by specularly scattered light. We collected the light
scattered at 135° with respect to the incident laser and
resolved it spectrally and temporally using a spectrome-
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FIG. 3. Measured scattered light distribution in the plane of
polarization and out of the plane of polarization. The laser
pulse in this case was 26 J and a 500 um spot diameter.
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ter (1.4 A resolution) and streak camera (20 ps resolu-
tion), respectively. A sample streak is shown in Fig. 4 for
a laser pulse of 50 J and 500 um spot diameter. The scat-
tered signal has a different behavior than specular scatter
in both wavelength and time. The time dependence of
the scattered signal is quite different from that of the in-
cident signal [see Fig. 5(a)]; after an initial burst, the scat-
tered signal is low until the peak of the laser pulse when

Relative Intensity (arb. units)

Relative intensity (arb. units)

80

70

60
50
40
30
20
10

80
70
60
50
40
30
20
10

of
10620

F

a_u Al

T T

—— Sidescatter

Incident

T

T

()

aliaaalay

0
-1.5

-1

-0.5 0 0.

Time (ns)

-

Incident
—— Scattered

10630

10640
Wavelength (A)

10650

10660

FIG. 5. Comparison between the incident laser pulse and the
scattered signal in (a) time and (b) wavelength.
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FIG. 6. Measured scattered light signal in the direction 45°
with respect to the incident laser axis and out of the plane of po-
larization as a function of the incident laser energy. The laser
spot diameter is 500 um.
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FIG. 7. Plot of scattered light intensity as a function of angle
out of the plane of polarization for three different laser spot di-
ameters: (a) 100 um, (b) 200 um, and (c) 500 um.
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the scattered signal abruptly turns on. The scattered sig-
nal is initially blueshifted [see Fig. 5(b)] and is
significantly broader in wavelength than the incident
laser (5 A versus 1.4 A bandwidth). It is difficult to ex-
plain how light reflected from the critical surface (the
surface at which the laser frequency equals the plasma
frequency) can blueshift the laser light since the critical
surface is accelerated away by ablation from the laser (as
confirmed by simulations). There is no obvious mecha-
nism by which the critical surface can increase the band-
width of the reflected light. SBS, on the other hand, is a
known mechanism which can produce both a blueshift
and bandwidth on the scattered light [17,18]. In addi-
tion, the total scattered signal (obtained by integrating
the streak camera signal), grows exponentially with the
incident laser intensity (see Fig. 6), another signature of

(b)

FIG. 8. Sample regions of the scattered light distribution for
three different laser spot diameters: (a) 100 um, (b) 200 um, and
(c) 500 um. Each region was chosen from the center of each
film and has dimensions of 2.5X2.5 cm?.
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parametrically scattered light; the signal from light
reflected from the critical surface should grow linearly.

The overall 6 dependence of the scattered light de-
pends on the laser spot size on the target. The scattered
light covers a broader range of angles as the spot size is
increased. This point is illustrated in Fig. 7 in which we
show data from three separate target irradiations of
different spot diameters (100, 200, and 500 um) but simi-
lar intensity (2.7 X 10", 5.5X10'%, and 2.2 X 10"3 W/cm?,
respectively). The data have been averaged over *+1° in
the ¢ direction.

The detailed structure of the scattered laser light also
undergoes a change as the laser spot size is changed. As
shown in Fig. 8, the scattered light pattern is not uni-
form, but has a structure which is smaller for larger spot
diameters. We will discuss the observed structure and its
relationship to the size of the scattering region in Sec.
IIC.

III. PREDICTIONS OF THE ANGULAR
DEPENDENCE OF SBS

A. Analytic results

In this section we will derive the angular dependence of
the SBS gain. Using this formula, we will calculate the
convective growth of SBS as a function of scattering an-
gle for a plasma profile predicted by LASNEX [14] for the
parameters of our experiment. We then calculate the flux
of the light scattered from the amplified ion acoustic
waves as a function of angle. We take into account the
refraction of the scattered light waves to produce a
theoretical angular scattered light distribution that can
be compared to our experiment.

We will consider convective growth of SBS for scatter-
ing angles between 90° and 180°. Absolute growth of SBS
has been considered but is not applicable here [9].
Growth of SBS due to nonlocal thermal transport [15]
has been discussed recently, but it predicts growth similar
to ponderomotive theory for low Z targets as are used in
our experiment.

The dispersion relation of the ion acoustic wave is
given by (for kA, <<1)

mia=kiacs +kia'u ’ (1)
where w,, (k;,) is the frequency (wave number) of the ion
acoustic wave, ¢, =1/ T, /M, is the sound speed, and u is
the expansion velocity (in this paper we will consider only
the case where u is antiparallel to kj). For SBS to grow

effectively, the following wave number and frequency
matching conditions need to be satisfied:

k,=k;, +k, , (2a)
wy=w; to,, (2b)

where the subscript s refers to the scattered electromag-

netic wave. For the plasmas we have studied,
0;, =0.0010,, s0 ® ~w, and
ki, ~2kysin(6/2) , (3)

where 0 is the angle of the scattered electromagnetic
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wave with respect to k, (6=180° is direct backscatter).

We will consider convective growth of SBS for the case
of k, parallel to both Vn and Vu, but with arbitrary
scattering angle. According to convective theory
[3,8,16], the instability grows by e ¢ where the convective
gain G is given by

G =27y§/ 1KV Vs 1| (4)

where 7, is the homogeneous growth rate given by (as-
suming a weak coupling between the pump wave and the
ion wave) [2]

172
Vo

o=, 20 ko ¢ sin(6/2)
0 Trige

5
Wy € 2 5

and w, (ky) is the incident laser frequency (wave num-
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(4) is given by
k,=dk, ,/dz —dk,, ,/dz —dk,,/dz , (6)

where z denotes the direction parallel to the target nor-
mal and the subscript z denotes the component of the
wave numbers in the z direction. The group velocities of
the ion acoustic wave and the scattered light wave are
represented by v,, and v, respectively. Their z com-
ponents are given by

c
vs’z—w—(wf—mf,e)l/z cos6 (7a)
N

and

Vi, =[c; —usin(6/2)]sin(6/2) , (7b)

ber), w,; is the ion plasma frequency, and v, is the elec-  where u is the expansion velocity.
tron quiver velocity. The wave vector mismatch «’ in Eq. We find that
J
, . Wy ¢ N,
KLv1,05,| =[1—M sin(6/2)] 2 I, n—c( cos6—1)
—(1/2L4)+[sin(6/2)/L,]
—k. _ 172
iaCCs [ Sn(0/2)—M cos@(1—n,/n_) (8)
l
and wave from thermal fluctuations to saturated levels, since
fluctuations of &n/n > 1 are physically unrealistic. One
(m/4)(vy /v, ) (n /n, koL, estimate of this range is given by Ref. [19] as 10°. We
; |D| ’ 2)  have chosen to restrict ¢ to less than 105 the overall an-
gular distribution is not sensitive to the gain limit, al-
where though the value of the peak gain is very sensitive. In

D=(L,/2Ly)(n,/n, ) cos6—1)[1—M sin(6/2)]
—2(1—n,/n_)sin(6/2)cosb| sin(6/2)—L, /2L ]
X[1—Msin(6/2)]/[ sin(6/2)—M] . (9b)

The gradient scale lengths L,, L, and Ly are defined as
L,=c,(du/dx)"!, Ly=T,dT,/dx)"}, and
Ly=n,(dn,/dx)”!. We find that for direct backscatter
(6=180°), the gain formula reduces to that presented in
Refs. [17] and [18].

Equation (9) predicts a very large sidescatter gain for
scattering angles in the plasma near 6=90°. This result is
a consequence of the group velocity of the scattered light
wave approaching zero at 6=90° [see Eq. (7a)]; the physi-
cal interpretation of this result is that, for a system of
infinite transverse width, near 6=90°, the scattered light
wave propagates distances which are very long compared
to the axial mismatch length before the wave refracts out
of the phase-matching region. This problem has been
avoided in previous discussions by restricting the use of
Eq. (9) to certain regions of the plasma, e.g., M >>1 [8] or
n/n,<<1 [9]. We want to calculate the scattered light
distribution from the entire plasma profile; for the pur-
poses of this section we will use the fact that there is an
implicit limit to the amount of growth of ion acoustic

practice, the finite width of the plasma, the consequences
of which we will discuss in Sec. IV, will restrict the sides-
catter gain below the limit we set here.

Refraction of the scattered laser light significantly
changes the angular distribution of the observed scat-
tered light compared to that of the scattered light wave in
the plasma. We formulate the refraction of the scattered
light wave by allowing the wave vector to change in mag-
nitude as it propagates into the vacuum due to the
change in the plasma density while requiring the y com-
ponent of the k vector to remain constant by conserva-
tion of y momentum. One can derive the following trans-
formation, which is equivalent to Snell’s law:

sinf,,,=(1—n, /n,)"?sind , (10)

where 0 is the scattering angle in the plasma and 0, is
the observation angle in the vacuum. We then use the
following equation [Eq. (25) of Ref. [20]] to calculate the
scattered flux per unit solid angle per unit wavelength of
light from a given gain:

2
_ ckgTy £ o} c0s“0 51

G_
I3 e (e"—1),

2 2, 212
20, (€c08°6,ps— 0, /)

(1
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where kg is the Boltzmann constant and E"' =1 is the
transmission coefficient for light propagating from the in-
teraction region to the vacuum.

We evaluate the angular distribution of SBS light using
hydrodynamic profiles predicted by LASNEX simulations.
The electron density, sound speed, and expansion velocity
profiles at the peak of the laser pulse are shown in Fig. 9.
We consider the profiles only at the peak of the laser
pulse since we observe the maximum sidescatter signal
near the peak of the laser pulse [see Fig. 5(a)]. The plas-
ma parameters in each zone of the hydrodynamic simula-
tion are used to evaluate Eqgs. (9)-(11) to give the scat-
tered light contribution for each observation angle. The
amount of scattered light from each zone is subtracted
from the incident laser intensity before calculating the
next zone which is closer to the target.

The calculated angular distribution, which is the sum
of the contributions from each underdense zone, is shown
in Fig. 10. The scattered light peaks very strongly
around an observed scattering angle of 130°. The scat-
tered light at the peak of the angular distribution origi-
nates primarily from a zone with n, =0.4n,. The calcula-
tion shows a much stronger peak and a broader angular
spread which, while it agrees with the simulation results
discussed below, is quite different from the observations
of our experiment. In Sec. IV, we show that the assump-
tion of a one-dimensional (1D) plasma that underlies our
calculations is invalid and localization of the scattering
region is required to match the experimental results.

B. Simulation results

We have also used simulations to study Brillouin
scattering. The simulations serve as a check on the ana-
lytic theory presented in the preceding subsection and al-
low for the visualization of the ion density fluctuations
involved in the instability. Here we briefly describe some
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FIG. 9. Calculated one-dimensional LASNEX profiles for a
solid CH target with 1.06 um light at I; =1X 10'* W/cm?. The
time frame is at the peak of a 1 ns Gaussian pulse. Shown are
the relative density profile (n /n_), the sound velocity profile (in
units of 10® cm/s), and the expansion velocity profile (in units of
10® cm/s).
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FIG. 10. Scattered light intensity versus angle calculated
from the analytic formulation for sidescatter.

simulations using a two-dimensional one-fluid plasma
model [21] that follows the behavior in the plane orthog-
onal to the direction of polarization of the light. Al-
though this model does not include kinetic effects for the
ions, it enables us to obtain some estimates of the angular
behavior of sidescattering in larger systems than those
which can be conveniently handled in a particle code.
These simulations indicate that Brillouin sidescattering
gives rise to angular lobes in the intensity of the reflected
light. These lobes are preferentially out of the plane of
polarization.

A simple example will be discussed. In this example,
the plasma consists of a linear density ramp, rising from
n =0.3n_ to 1.2n_ in a distance of 12.84,. The system is
periodic in the other direction, which is the direction of
the magnetic field of the incident light. The incident
light intensity is 2.7 X 10'* W/cm?, the electron tempera-
ture is 0.5 keV, the viscous damping is small, and the
mass ratio is 100. Absorption at the critical surface is
crudely modeled by means of a collision frequency with a
Lorentzian shape peaked at the critical density.

Figure 11 shows a surface plot of ion density at time
oot =3770. Note the two-dimensional lattice of ion fluc-
tuations that has been driven up by the back- and side-
scattering in the underdense plasma. In this example,
about 14% of the incident light is absorbed at the critical
density (no inverse bremsstrahlung is included). The an-
gular distribution of the scattered light, which includes
light that is reflected at the critical surface, is shown in
Fig. 12. Of particular interest are the angular lobes in the
reflected light as a result of Brillouin sidescatter. Note
that sidescattered light comes out of the plasma in this
example with angles of about 143° to 157°, consistent with
90° sidescatter taking place at n, about 0.6-0.9n,. Since
this scattering preferentially occurs out of the plane of
polarization, these angular lobes will be dominant in that
direction.

This result is consistent with the results of analytic
theory (see Fig. 10). The small difference in the scatter-
ing angle (10°-20°) of the lobes predicted by the two
methods is probably because the density profile used in
the simulation was steeper than was used in Sec. IIT A.
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FIG. 11. Ion density surface after irradia-
tion by plane s-polarized light incident from
the left. The initial plasma density profile con-
sisted of a linear ramp 0.3-1.2 times the criti-
cal density in 12.8 vacuum wavelengths and
was 10 wavelengths wide. The height of the
line is proportional to the relative density at
that position. The electron temperature is 0.5
keV, the laser intensity is 2.7 X 10'* W/cm?,
and the snapshot is taken at time 600 laser cy-
cles.

C. Small scale structure

The presence of a laser speckle pattern in the scattered
light distribution from laser-produced plasmas has been
previously discussed and presented for light backscat-
tered into the focusing lens [22]. The speckle size pro-
vides a valuable indication of the size of the scattering re-
gion.

The size of the speckles at the film plane o is given ap-
proximately by [23]

o=~1.2Az/D , (12)

where A (=1.06 um) is the laser wavelength, z (=10 cm)
is the distance between the scattering point and the

FIG. 12. Polar plot of the intensity of the reflected light
versus angle, averaged from 500 to 600 laser cycles. The rippled
ion density shown in Fig. 7 backscattered and sidescattered the
light into this pattern.

recording film, and D is the diameter of the scattering re-
gion. Equation (12) predicts that the speckle size should
decrease as the scattering region increases, which is ob-
served in Fig. 8.

If we compare the size of the source region given by
Eq. (12) to the laser spot diameter at the target, we find
that the scattering region is the smaller of the two. Table
I lists the source size calculated from Eq. (12) using the
measured speckle size from the film data. It can be seen
that the scattering region is at least a factor of 2 smaller
than the laser diameter.

IV. DISCUSSION

The angular distribution of the scattered light observed
in the experiment differs from that predicted in the
preceding section. The difference is explained by the
two-dimensional plasma distribution produced in the ex-
periment which limits the SBS growth due to finite gra-
dient scale lengths and finite extent of both the plasma
and the pump laser.

As the spot diameter increases, the hydrodynamic ex-
pansion of the ablated plasma from a planar target
changes from a two-dimensional expansion to a one-
dimensional expansion. The transition occurs when the

TABLE 1. Dependence of scattering size D on the focal spot
diameter as calculated from Eq. (12) using the measured speckle
size.

Spot diameter (um) o (um) D (pum)
100 53 24
200 2.7 47
500 0.8 159
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laser spot diameter is approximately equal to ¢, 7, , where
7, is the laser pulse length [24]. For the conditions of the
experiment described in this paper, ¢;~3X 10 and 7, =1
nsec, so two-dimensional expansion is expected for spot
diameters less than 300 um. Small spots also reduce gra-
dient scale lengths which result in reduced SBS growth.

The effect of the two dimensionality of the gain region
is to limit SBS sidescattering growth. For direct side-
scatter, the analytic theory predicts large gain because
the interaction waves remain in the matching region until
the scattered electromagnetic wave refracts out of it. If
the electromagnetic wave leaves the plasma due to its
finite extent, then the gain will be less than that predicted
in Sec. III. We estimate the upper bound for the intensi-
ty gain to be

G =2K,L(6,), (13)
where [25]
2 r, r, r
S AR R A U Wk W 2 (OO
vsvia 4 vs Vig 2 Ug Vig

is the homogeneous gain including the damping on the
ion acoustic wave (I',) and the electromagnetic wave
(I';). We neglect the damping on the electromagnetic
wave. The damping on the ion acoustic wave in a CH
plasma has been calculated recently [26] using a multiple
kinetic model which takes into account multiple ion
acoustic modes because of the presence of two atomic
species. For T,~0.8 keV and T;=~0.3 keV, the model
predicts moderate damping (I';~0. 1w, ).

The result of limiting the transverse gain size is shown
in Fig. 13. We have chosen the homogeneous growth
length L (6,) to be L /sin(6,), where L is the gain length
in the direction transverse to the laser axis. The detailed
functional form of L (8, ) does not appear to be important
as long as its value for direct backscatter, the direction
for which we expect the inhomogeneous gain formula to
be valid, is larger than the inhomogeneous mismatch
length. As the size L is decreased, the angular extent is
also decreased. The size of the gain region is also smaller
than the initial laser spot size and is in qualitative agree-
ment with the size of the gain region inferred from the
speckle size (see Table I). Note that if we allow the trans-
verse growth length to be as large as the spot size [see
Fig. 13(d) where L =500 um], there is a significant
disagreement with the observation.

The calculations (see Fig. 13) imply that the ion wave
loses coherence with the pump wave within 30—-60 pm,
which results in limited volumes of sufficient coherence
for the ion wave to give large sidescatter. There are
many processes such as competition between ion modes,
turbulence, profile modification, or competition with
stimulated Raman scattering which could produce this
loss of coherence. The scattering volume can also be re-
duced if the laser beam filaments or self-focuses [28~31].
It is unlikely that this is due to ponderomotive filamenta-
tion which will produce hot spots of dimension ~30 pm
where the growth rate is maximized. If hot spots this size
were contributing to SBS, then the source size would
remain constant regardless of the laser spot size and the
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scattered light distribution should be independent of the
spot size, provided the laser intensity remains above the
filamentation threshold.

Whole beam self-focusing of the beam can occur due to
thermal filamentation which favors growth of filament
sizes comparable to the laser beam diameter. The thresh-
old intensity for thermal filamentation is [27]

TrevA2
1,~2X10"(n, /n, ’—£ W /cm? , (15)
e Z*2L2
o
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FIG. 13. Plots of calculated scattered light distribution using

Egs. (9)-(11) and assuming transverse gain lengths of (a) L =30

pm, (b) L =40 pum, (c) L =60 um, and (d) L =500 um. The an-

gular distributions of (a)-(c) have angular distributions which
are similar to the experimental results of Fig. 7.
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where Ty is the electron temperature in keV, A, is the
laser wavelength in micrometers, Z*=(Z2) /{Z ) where
Z is the charge state, and L, is the density gradient scale
length in micrometers. Choosing n,~0.5n,, T,.y~0.8,
Z*=5, and L,=300 pm to match the experiment pa-
rameters gives I, ~2.5X 10> W/cm?, which is about the
experimental intensity range.

V. CONCLUSIONS

Detailed measurements of laser light scattered from
laser-produced plasmas show structure and angular dis-
tribution that evolve as the laser spot size is changed.
The angular distribution is limited by two-dimensional
plasma gradients that reduce stimulated Brillouin side-
scattering in small plasmas. Even the largest spot diame-

ter (500 um) examined in this paper has some 2D effect
and does not replicate the predictions of 1D models.
Scattered light also exhibits structure, which we at-
tribute to laser speckle. Speckle is independent of de-
tailed structure that light scatters from, but can give an
important indication of the size of the scattering volume.
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FIG. 11. Ion density surface after irradia-
tion by plane s-polarized light incident from
the left. The initial plasma density profile con-
sisted of a linear ramp 0.3-1.2 times the criti-
cal density in 12.8 vacuum wavelengths and
was 10 wavelengths wide. The height of the
line is proportional to the relative density at
that position. The electron temperature is 0.5
keV, the laser intensity is 2.7 X 10" W/cm?,
and the snapshot is taken at time 600 laser cy-
cles.
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FIG. 4. Streak record of scattered light in the direction 45°

with respect to the incident laser axis and out of the plane of po-
larization.
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FIG. 8. Sample regions of the scattered light distribution for
three different laser spot diameters: (a) 100 um, (b) 200 um, and
(c) 500 um. Each region was chosen from the center of each
film and has dimensions of 2.5X 2.5 cm?.



