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Thomson Scattering Measurements of Saturated Ion Waves in Laser Fusion Plasmas
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We have measured the characteristics of saturated ion-acoustic waves in inertial confinement fusion
plasmas. A 263-nm probe laser has been applied to simultaneous Thomson scatter on both ion-acoustic
waves excited by thermal electrostatic fluctuations and by stimulated Brillouin scattering of a kilojoule
laser beam of varying intensity. The Thomson scattering spectra show saturated ion-wave amplitudes for
intensities above 5 X 10'* W cm™2 consistent with three dimensional nonlinear wave modeling.
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The stimulated Brillouin scattering (SBS) instability re-
sults from the parametric coupling of an intense incident
light wave with an ion-acoustic wave to produce a reflected
light wave. SBS can, in principle, reflect a large fraction
of the incident energy (up to 100% reflectivity has been
observed [1]) and therefore can have a large effect on the
coupling of laser energy into targets. As one increases the
incident laser energy above the SBS instability threshold,
the growth of the SBS instability initially has an exponen-
tial dependence on laser intensity, but this growth is ex-
pected to saturate. Studying SBS saturation in hot, dense
plasmas is important to understand the underlying physics
of laser-plasma interactions and to extrapolate scattered
light levels from current experiments to the plasma condi-
tions expected in inertial confinement fusion (ICF) targets.

Early Thomson scattering (TS) experiments [2-7]
studied saturated ion-wave fluctuations driven by the SBS
instability [8] of long-wavelength CO, lasers in cold,
low-density plasmas. It has been shown that the threshold
for the onset of saturation was consistent with the onset
of nonlinear damping of the ion-acoustic waves by ion
trapping. This effect was found to be important in early
simulations [9], and is presently also observed in particle-
in-cell (PIC) simulations for ICF plasma conditions [10].
The simulations indicate that trapping flattens the ion
velocity distribution function at the ion sound speed and
further induces fluctuations of the ion sound speed itself
due to the bouncing of the trapped ions. While the former
effect reduces linear Landau damping of the ion-acoustic
wave, the latter induces a frequency and k-vector mis-
match for the parametric SBS instability saturating the
ion-wave amplitude by mitigating SBS [11]. However,
recent PIC simulations have further indicated that a
frequency mismatch is followed by the decay of large
amplitude ion-acoustic waves into two daughter ion waves
[12]. This nonlinear saturation mechanism directly limits
the amplitude of the ion-acoustic waves. Such a satu-
ration model is presently being applied to simulate SBS
measurements from ICF hohlraums [13]. Although these
types of simulations indicate the importance of including
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nonlinear damping and saturation into the modeling, there
has up to now been no direct measurements of saturated
SBS ion waves for conditions of interest to ICF [13,14].

In this Letter, we present the first measurements of satu-
rated ion acoustic wave amplitudes in laser plasmas simi-
lar to those anticipated in future ignition experiments. For
these measurements, we have applied ultraviolet TS of
a 263-nm probe beam [15] in well-characterized large
scale-length gas bag plasmas with an electron tempera-
ture of 7, = 3 keV. The temporally resolved TS spectra
show simultaneously the scattering from thermal electro-
static fluctuations and ion-acoustic waves that have been
excited to large amplitudes by SBS from a kilojoule inter-
action beam at 351 nm. By varying the intensity, /, of the
interaction beam, we observe that the ion-acoustic waves
saturate for I > 5 X 10" Wcem™2. These results of the
local TS measurements are also consistent with the ob-
served SBS reflectivity that shows saturation at the 30%
level for these interaction beam intensities.

The comparison with calculations using the laser-plasma
interaction code PF3D [16], in which the incident laser and
reflected light drive ion-acoustic waves by ponderomotive
forces that backscatter, self-focus, and forward-Brillouin
scatter the light, indicates that the saturation is consistent
with 8n/n, = 2 X 1073, Because this ion-wave fluctua-
tion level (normalized to the electron density, n,) is ap-
preciably smaller than the threshold for ion trapping, i.e.,
én/n, ~ 0.2 for our conditions, a simplified nonlinear
damping model has been implemented based on the sec-
ondary decay of ion-acoustic waves [12]. We find that both
reflectivity and TS data can be reproduced with this satu-
ration model.

The experiments were performed at the Nova Laser Fa-
cility at the Lawrence Livermore National Laboratory [17].
Nearly spherical gas bags [Fig. 1(a)] of ~2.5-mm diame-
ter have been heated with nine 1-ns-long frequency-tripled
(B3w) laser beams. The gas bags [14,18] have been filled
with 1 atm of CO, plus 1% Ar (n, = 6 X 10 cm™3)
to approximate the low ion-wave damping that occurs
in the high-Z wall plasma of an ICF hohlraum, where
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FIG. 1. (a) Gas bag target with k-vector matching condition

for scattering of the probe beam from ion waves that are driven
by the interaction beam. (b) The x-ray emission, as a function
of time, during the heating of the plasma together with lineouts.

experiments and calculations have shown large gain values
for SBS [13]. Nine f/4.3 beams delivered a total energy
of 21 kJ in a 1-ns square pulse heating the gas bag plasma
homogeneously to an electron temperature of 7, = 3 keV
as measured with 90° TS.

The interaction beam (a 1-ns-long 3w beam) has been
delayed by 0.5 ns with respect to the nine heater beams. It
was focused into the gas bag plasma with a random phase
plate (RPP) to drive ion waves to large amplitudes in the
direction of the laser. The averaged vacuum intensity of the
interaction beam was in the range of 3 X 103 <1 < 8 X
10" W cem™2. We investigate the ion waves with spectrally
and temporally resolved measurements of the Thomson
scattered 4w probe light and of the total backreflected laser
light from the interaction beam.

Figure 1(a) shows a gas bag target before it has been
pressurized together with a schematic of the laser beams
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and k vectors involved in the TS experiment. We have em-
ployed a 50-J 4w probe laser [15] (A9 = 263.3 nm) which
is essential for this study because it allows us to match the
TS k vector, |k| = 2k** sin(6/2), k** = 277/263.3 nm,
with the k vector of the ion wave driven by SBS from the
3w interaction beam, |k| = 2k3¢, k3® = 277 /351.1 nm.
For this purpose we have observed the TS light at an angle
of § = 97° to the 4w laser using a periscope and a
Cassegrain telescope. We have applied f/10 optics to
image the cylindrical scattering volume of ~100 um
length and a diameter of ~80 wm onto the entrance slit
of a 1-m spectrometer. An optical S-20 streak camera
has been employed, giving TS spectra with a wavelength
resolution of 0.1 nm and a temporal resolution of 100 ps.

The TS volume has been chosen to be at a radial dis-
tance of 800 pm from the gas bag center. Measurements of
the transmitted and backscattered laser power indicate that
the interaction beam power at the scattering volume is at
least 60% of the initial power. At ¢ = 0.8 ns, we find with
standard 90° TS [15] that gradients are small, AT, /T, =
10%, AV /Cy = 5%, where V is the flow velocity and
C; is the sound speed. Two-dimensional x-ray images
[Fig. 1(b)] which measure the gas bag emission with en-
ergies £ < 2 keV with a temporal resolution of 80 ps
further show a homogeneous emission for ¢+ > 0.3 ns, in-
dicating that the gas bags are homogeneously heated [13].
At the edges of the gas bag plasma the images show weakly
enhanced emission (so-called limb brightening) that is as-
sociated with a blast wave which moves towards the gas
bag center with the sound speed. The horizontal lineouts
show that the blast wave passes through the TS volume at
x =08 mmat? = 1 ns.

Figure 2 shows a streak camera record of the temporally
resolved TS spectrum from ion-acoustic wave fluctuations
with wave number k = 2k3“ along with two lineouts.
For this measurement, the 4w probe laser has been on
for 0.5 <t < 1.5 ns coinciding with the duration of the
3w interaction beam, the latter with an intensity of 2 X
105 W cm™2. Weak broadband background radiation can
be identified for the duration of the heater beams, i.e.,
0 <t <1ns. For 0.5<t<1.5ns, we observe three
different regimes of TS, one of which is due to the arrival
of the blast wave at + = 1 ns and which separates the
coherent and incoherent scatterings.

First, for 0.5 < ¢t < 1 ns, the spectrum is asymmetric
and is dominated by the blueshifted ion-acoustic wave. It
is due to coherent scattering [19] off an ion-acoustic wave
which is excited to large amplitudes by SBS from the 3w
interaction beam. The redshifted feature can be identified
on the streak image at 263.7 nm and is due to scattering
off thermal electrostatic fluctuations, resulting in 2 orders
of magnitude smaller intensity.

In the second scattering regime, at 1.0 < ¢ < 1.1 ns, we
observe a sudden enhancement of the thermal feature and a
wavelength shift of the whole TS spectrum to the red by the
ion sound speed. Since this observation coincides with the
expected presence and speed of the blast wave [Fig. 1(b)],



VOLUME 86, NUMBER 12

PHYSICAL REVIEW LETTERS

19 MARCH 2001

inter- probe
action beam
beam
TT thermal
scattering
)
£q blast wave
T ()
E ion wave
|_
heater lon Wave
beams driven by SBS
—t O 7\’0
262 263 264
Wavelength (nm)
Km t=08ns
5
'c
: L
g
S
-02‘ L
‘»
C
[0)
IS
262 263 264
Wavelength (nm)
FIG. 2. (a) Time-resolved Thomson scattering spectrum show-

ing coherent scattering on ion waves driven by SBS, scattering
on the blast wave, and thermal incoherent scattering at late times.
The time sequence of the laser beams is indicated on the left.
(b) Lineouts at t = 0.8 ns and ¢+ = 1.4 ns. The earlier lineout
shows 2 orders of magnitude enhanced scattering compared to
the spectrum at later times. The latter is fit with the theoretical
TS form factor for a gas fill of CO; plus 1% Ar.

we assume that this shifted burst of the scattering signal is
due to enhanced ion-acoustic fluctuations in the blast wave
[20]. We note that these enhanced fluctuations are strictly
in the radial direction parallel to the velocity of the blast
wave and are not associated with a significantly enhanced
electron density. The standard 90° TS which probes ion-
acoustic wave fluctuations in a different direction does not
show these enhanced scattering features.

Finally, for 1.1 < ¢ < 1.5 ns, when the blast wave has
passed through the scattering volume, we measure a stan-
dard, fairly symmetric, incoherent TS spectrum with two
ion-acoustic peaks for wave flucutations copropagating and
counterpropagating along the scattering vector k. The
whole scattering spectrum is slightly redshifted due to

macroscopic plasma motion. For these times there is no
enhancement of the blueshifted ion-acoustic peak due to
SBS although the 3w interaction beam is still on and the in-
stantaneous SBS reflectivity is still high. However, outside
of the blast wave the velocity gradients are large enough
(AV/Cy > 15% from the redshift of the TS spectrum) to
stabilize the SBS interaction locally confirming that hydro-
dynamic waves can produce density and velocity gradients,
preventing the growth of ion waves to large amplitudes
[18,21].

Figure 3(a) shows the intensity ratio of the enhanced
blue coherent scattering amplitude to the intensity of the
thermal red incoherent component for various 3w inter-
action beam intensities. The amplitude of the red compo-
nent at ¢ = 0.8 ns has been assumed to be thermal because
its amplitude is approximately the same as for + = 1.4 ns,
when the whole spectrum can be fitted with the theoreti-
cal TS form factor [15]. The parameters for the fit are
T, =25keV and T; = 1.7 keV, in agreement with hy-
drodynamic simulations. For 3w interaction beam inten-
sities of 7 = 3 X 103 Wem™2, we find that the ratio in
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FIG. 3. (a) Scattering amplitude of the blueshifted ion-acoustic
wave normalized to the intensity of the redshifted thermal peak
for various interaction beam intensities. Amplitudes are for
t = 0.8 ns. (b) SBS reflectivity for no RPP data is observed
to saturate at the 30% level. In both (a) and (b), the PF3D curves
represent modeling.
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Fig. 3(a) is 1.8 and the blue ion-wave amplitude is close
to thermal.

For larger intensities, the ion-wave amplitude grows due
to the SBS instability and saturates for vacuum laser in-
tensities of 7 > 5 X 10'* Wcem™2. Measurements of the
SBS reflectivity at + = 0.8 ns show no increase for I >
2 X 10" Wem™2 [cf. Fig. 3(b)] consistent with satura-
tion. SBS spectra (see also Ref. [18]) are consistent with
the TS measurements showing a narrow feature (AA =
0.25 nm), that is redshifted by 0.8 nm from the incident
wavelength, indicating a stationary plasma at T, = 3 keV.
Since the TS spectra shown in Fig. 2 are also taken from
an almost stationary plasma we conclude that the satura-
tion of the ion-wave amplitude shown in Fig. 3(a) limits
the SBS reflectivity.

The experimental results are compared to PF3D modeling
(see Fig. 3). Nonlinear saturation processes are not self-
consistently included in the PF3D code. The ion-acoustic
wave amplitude has been limited at a level that scales
with the threshold for two-ion-wave decay. By simulating
the propagation and SBS scattering of the 3w interaction
beam through the whole length of the gas bag plasma, we
find that 30% SBS corresponds to an ion-wave amplitude
of 8n/n, = 2 X 1073, Without nonlinear damping, the
simulations show 100% reflectivity and ion-acoustic fluc-
tuations in the TS volume that return to the thermal level
after a short initial burst, both in contradiction with ex-
perimental data. The width of the saturated blueshifted
ion-acoustic resonance [Fig. 2(b)] at# = 0.8 ns is found to
be the same as for the thermal TS spectrum at t = 1.4 ns,
ie.,, AA=0.17 nm. This width gives an upper bound
for a possible frequency mismatch due to ion trapping,
plasma-induced bandwidth, or increased damping (e.g.,
Refs. [22—-24]). Localized heating of the plasma with in-
creasing 3w interaction beam intensity can be ruled out be-
cause the TS spectra observe both the blueshifted and the
redshifted ion-acoustic peak, giving no measurable tem-
perature increase for t < 1 ns.

The saturation level is further tested by postprocessing
the PF3D simulations estimating the TS power from ion
waves driven by the RPP-smoothed interaction beam. The
comparison with the experimental data in Fig. 3(a) shows
that the onset of enhanced TS around 4 X 10'* Wcm™? is
well reproduced, and the calculated scattering off saturated
acoustic waves is of the same order of magnitude as seen
in the experiments.

The amplitude of the TS is proportional to (6n/n,)>L.,
where L. is the correlation length along the direction of the
collecting optics. L. can be approximated by the diameter
of the f/4 interaction beam speckles. The PF3D code gives
a similar result for transverse correlation lengths, which
provides an estimate for the angular spray of the scattered
light and is consistent with the absence of an enhanced
signal at 90°. The remaining small discrepancy with the
nonlinear model might be explained by the uncertainty
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in the absolute measured scattering power introduced by
the Cassegrain telescope (alignment and incomplete sam-
pling). The saturation modeling in PF3D implies no ad-
ditional nonlinear frequency mismatch or shift (which is
consistent with the TS spectrum) so that the three waves
participating in the SBS process keep their phase matching
over the gas bag’s density plateau of ~2 mm. Therefore,
the SBS reflectivity is predicted to scale with the square of
the full length of the gas bag density plateau [Fig. 1(b)],
in agreement with the experimental SBS time history.

In summary, we have shown with ultraviolet TS that
ion-acoustic waves saturate in inertial confinement fusion
plasmas. The experiments have been performed in a well-
characterized gas bag plasma allowing comparisons with
simulations. Modeling, using the code PF3D, has repro-
duced the experimental threshold and saturation behavior
for SBS. Our findings indicate that laser scattering losses
in future ignition experiments might be reduced by con-
trolling the plasma conditions together with the nonlinear
wave saturation processes.
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