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Effect of Ion-Wave Damping on Stimulated Raman Scattering
in High-Z Laser-Produced Plasmas

R. K. Kirkwood,1 B. J. MacGowan,1 D. S. Montgomery,1 B. B. Afeyan,1 W. L. Kruer,1 J. D. Moody,1 K. G. Estabrook,1

C. A. Back,1 S. H. Glenzer,1 M. A. Blain,2 E. A. Williams,1 R. L. Berger,1 and B. F. Lasinski1

1Lawrence Livermore National Laboratory, University of California, L-473 P.O. Box 808, Livermore, California 94550
2Centre D’Etudes de Limeil-Valkenton, France

(Received 25 April 1996; revised manuscript received 1 August 1996)

The dependence of the magnitude of stimulated Raman scattering (SRS) on ion-wave damping has
been demonstrated in a high-Z plasma. The ion-wave damping is varied in a well characterized Xe
plasma by varying the concentration of a C5H12 impurity. The reflectivity of SRS is observed to
increase with the concentration of the dopant, demonstrating the effect of ion-wave damping on SRS.
The measurements are consistent with models in which the amplitude of the SRS-driven Langmuir
waves are limited by a secondary decay into ion-acoustic waves. [S0031-9007(96)01178-7]

PACS numbers: 52.40.Nk, 52.35.Mw
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The transport of intense laser beams through large
gions of under dense plasmas is important to the achi
ment of indirect drive inertial confinement fusion (IC
[1]. The energy deposition profile of the laser beam in
target is strongly affected by stimulated scattering fr
ion acoustic and Langmuir waves in the plasma crea
when the target material ionizes. These interactions
most simply modeled by the three wave decay proce
of stimulated Brillouin scattering (SBS) and stimulat
Raman scattering (SRS), respectively [2]. However, p
vious experimental observations [3,4] and theoretical s
ies [5–13] provide evidence that the Langmuir waves
the ion acoustic waves are not independent. In fact, in
high-temperature, high-Z plasmas present in indirect driv
targets [1] secondary decay instabilities can limit the S
[9–13]. The SRS-driven Langmuir wave can decay into
ion acoustic wave and either a secondary Langmuir w
(LDI) or a secondary electromagnetic wave (EDI), th
coupling the properties of the Langmuir wave to the pr
erties of the ion-acoustic wave directly. The mechan
for limiting SRS reflectivities by LDI was first describe
by Karttunen [9] and Heikkinen and Karttunen [10], a
was later invoked to explain the SRS spectrum from Au
plasmas [11]. These processes were subsequently s
to occur in numerical simulations [7,8,12]. Recently Ba
[13] suggested that the EDI may also result in a limit to
reflectivity.

In this Letter we present the first demonstration that
SRS reflectivity in a plasma can depend directly on i
wave damping, and find that the SRS reflectivity in o
case is consistent with Langmuir wave amplitudes that
limited by a secondary decay. The experiments are d
in a low density Xe gas target plasma, in which C5H12 is
added as a low-Z impurity. Measurements of x-ray spect
and transmitted light, and calculations all show that va
tion of the concentration of impurities below 10% has v
little effect on the electron density, temperature, or co
sional absorption rate, while calculations indicate the
purities have a large affect on the ion wave damping.
2706 0031-9007y96y77(13)y2706(4)$10.00
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SRS reflectivity, or equivalently the Langmuir wave am
plitude, is found to depend on the impurity concentrat
and thus on ion wave damping, and to track the thresh
for decay of the Langmuir wave. The plasmas produ
in these experiments mimic the properties of the plas
that forms near the wall in an AuHohlraumfilled with a
low-Z gas such as will be used in ignition experiments
lower laser intensity) [1], while providing a uniform an
well characterized plasma. Other experiments in gas fi
Hohlraumshave also shown a dependence of SRS on
wave damping both when the wall is doped with a Be imp
rity to mimic the gradients and time dependence of the w
plasma [14], and when the gas has large fractions of b
low- and high-Z material [15]. However, plasma prope
ties vary along the ray path in those experiments mak
identification of the physical mechanism difficult.

The experiments were carried out on the Nova laser
cility in an approximately spherical plasma produced
ninefy4.3, l ­ 351 nm beams. These heater beams e
produce 2.5 TW of power continuously for 1 ns, with
total power of 22.5 TW. The beams pass through a
mixture at 1 atm of pressure contained inside a 260
thick spherical polyimide shell with radiusr0 ­ 1.3 mm
[16]. The heater beams are aligned to cross at the ce
of the target. The heaters are defocused such that the
converging with a beam radius that is approximately eq
to the target radius, providing spatially uniform heatin
The electrons are heated to a temperature ofTe ­ 3.6 keV
during thet ­ 0.5 to 1.0 ns period when the plasma p
rameters are most constant in space and time [16].
electron density is determined by the initial gas dens
and the average charge state. At this temperature Xe
a charge state of about 40 [17], leading to a density
n ­ 8.5 3 1020 cm23. Since the C5H12 impurity is fully
ionized and carries 42 electrons per molecule, the e
tron density is independent of its concentration to with
#5%. The temperature is determined from measu
ments of x-ray line ratios and x-ray transport modeling
described in Ref. [17] and is in agreement withLASNEX
© 1996 The American Physical Society
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FIG. 1. Calculated electron density, temperature, and a
aged ionization state att ­ 0.7 ns indicate density and tem
perature scale lengths are long.

[18] simulations. Measurements of radiated power
beam attenuation by collisional absorption indicate that
temperature is insensitive to impurity concentration. T
measured transmission of a beam through the plasma
varies only from 1% to 2% when the impurity concent
tion is varied from 0% to 30% and is in agreement w
the simulations, similarly indicating that the electron te
perature variations are smalls#66%d. Measurements o
the radiated x-ray power in the photon energy range
0.2 to 2 keV [20] indicate that the radiated power is c
stant within615% over the same range of impurity co
centration. The lack of dependence of the electron den
and temperature on impurity concentration indicates
the frequency and damping rate of the Langmuir wave
constant.

An interaction beam produces 1.5 TW continuously
1.0 ns with l ­ 351 nm. This beam is delayed 0.5 n
with respect to the heaters and focused at the plasma
ter. Reflectivity measurements are made during the
to 1.0 ns (early) period when the heaters are on, as
as during the 1.0 to 1.5 ns (late) period when the pla
is cooling and less homogeneous. The interaction b
is smoothed by a random phase plate (RPP) and 0
FM bandwidth dispersed across the beam in the near
(SSD), so that its peak intensity and spot size in vacu
are7.0 3 1015 Wycm2 and 177mm FWHM (345mm be-
tween first Airy minima). The plasma properties enco
tered by the interaction beam during the early period
calculated byLASNEX [18] for a 90% Xe, 10% C5H12 gas
mix, indicating a temperature and density plateau nea
plasma edge as shown in Fig. 1. The classical collisio
absorption length for 351 nm light in Xe with a 3.6 ke
electron temperature and8.5 3 1020 cm23 electron den-
sity is 800mm. Therefore, the majority of the backsca
tering occurs outsider ­ 0.5 mm. The downshifted ligh
scattered within 20± of direct backscatter [21] is measur
with a streaked optical spectrometer in the visible, wit
er-
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FIG. 2. (a) Time integrated reflectivity from a target wi
5.5% impurity concentration shows a narrow peak at 575 nm
the 0.5 to 1.0 ns early period. (b) Spectrally integrated po
collected by the SRS and SBS detectors is shown for the
in (a).

spectral range of 400 to 700 nm, and a second spectrom
in the UV, with a spectral range of 346 to 361 nm. T
SRS light detected by the long wavelength spectrom
from an experiment with 5.5% C5H12 impurity is shown
in Fig. 2. During the early period the peak of the spe
trum is at 575 nm consistent with scattering from a Lan
muir wave propagating in a plasma with a density equa
10% of the critical density and a 3.0 keV electron temp
ature comparable to the simulated plasma parameters
r ­ 1.2 mm. After the heaters turn off at 1.0 ns the pe
shifts to the blue indicating cooling and expansion of t
plasma.

Experiments were performed with six different imp
rity concentrations between 0% and 30% C5H12 and ex-
hibit a strong dependence of the SRS reflectivity on

FIG. 3. SRS reflectivities averaged over the 0.5 to 1.0 ns e
period and the 1.0 to 1.5 ns late period are shown vs. impu
concentration. The impurity concentration is interpreted as
ion-wave damping rate and the reflectivity is interpreted as
square of the fluctuation amplitude. Solid and dashed li
represent the EDI and LDI threshold amplitudes for a unifo
beam and parameters relevant to early time data. The
limited reflectivity of a nonuniform beam can be much low
than what is shown as discussed in the text.
2707
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FIG. 4. SBS reflectivities for the same case as in Fig. 3.
the region of 3% to 10% impurity the SBS reflectivity do
not decrease significantly, while the SRS reflectivity increa
significantly.

concentration of C5H12 which is interpreted as a depe
dence of Langmuir wave amplitude on the damping r
of the ion-acoustic wave. The integrated energies fr
the two time periods are expressed as percent reflec
ties of the incident beam power due to SRS and plotte
Fig. 3. A similar analysis has been done for backscatte
light between 350.5 and 352 nm, which is interpreted
SBS backscatter and plotted in Fig. 4. In the integra
data it is clear that late time SRS reflectivities are appro
mately proportional to the impurity concentration for
concentrations studied. The early time reflectivities
proportional to concentration up to 10% and become in
pendent, or a mildly decreasing function, of concentrat
between 10% and 30%. Because the ion acoustic dam
rate is expected to be linear with impurity concentration
this case [22] a linear dependence of reflectivity on
purity concentration is interpreted as a linear depende
on the damping of the ion acoustic wave. The possi
ity that dependence of the reflectivity on ion-wave dam
ing is actually the result of suppression of SRS by la
amplitude ion waves generated by SBS (as discusse
Refs. [3,4] and references therein) is ruled out by in
preting the SBS reflectivity as a measure of ion-wave a
plitude. Note in Fig. 4 that the measured SBS reflectiv
and hence ion-wave amplitude does not decrease mon
ically with impurity concentration. Rather, in the case
early time and 3% to 10% impurity concentration whe
the SRS is increasing proportional to concentration
has a similar time dependence to the SBS, the SBS s
constant (within the630% error bars). Similarly, in the
late time data the SBS is actually increasing with impu
concentration in this range, indicating that the SRS is
reduced at low impurity concentration by large amplitu
ion waves. The SBS is observed to be larger late in ti
most likely because the electron temperature is low lat
time. A similar time dependence was interpreted as “se
ing” of the SBS by the LDI generated ion waves in oth
experiments [5]; however, because the waves are rap
damped and the SBS growth rates are large in this cas
2708
s

e

i-
in
d
s
d
i-

e
-

n
ng

-
ce
-
-
e
in
-
-

n-

d
ys

t

,
in
d-
r
ly
, it

seems unlikely that the early time LDI could be seeding
SBS 0.5 ns later. These observations are the first dem
stration of the direct dependence of SRS reflectivity on
damping rate of the ion acoustic wave. In particular,
early time reflectivity for concentrations between 1% a
10% demonstrates SRS increasing with ion-wave dam
when the electron-ion collision rate, electron temperat
radiated power, and SBS level are essentially constan

A simple model is presented to show how the obser
dependence of the reflectivity on ion-wave damping m
be explained by secondary decay of the Langmuir wa
In this model the intensity profile of the beam and filame
tation are neglected for simplicity, and the Langmuir wa
amplitude is assumed to be in the vicinity of the thre
old for the secondary decay. This threshold for dec
expressed in terms of the density fluctuation, is given
Ref. [9] for LDI and by Ref. [13] for EDI:µ

dn
n

∂
EDI

­ 4kLlD

µ
nia

via

∂1y2µnem

vp

∂1y2

. (1a)µ
dn
n

∂
LDI

­ 4kLlD

µ
nia

via

∂1y2µ nL

vp

∂1y2

, (1b)

wherekL is the wave vector of the SRS generated La
muir wave, niayvia is the normalized linear ion-wav
damping rate,nem is the linear damping rate of the se
ondary electromagnetic wave,nL is the linear damping rat
of the secondary Langmuir wave, andlD is the electron
Debye length. The measured SRS light is interpreted
Thomson scattering off density fluctuations in the scat
ing volume using the following assumptions. For the
experiments the rapid collisional absorption rate of
incident and reflected light determines the size of the in
action region that can be viewed by the backscatter d
nostic. The effective lengthL used is the depth at whic
the attenuation of an incident 351 nm light times the
tenuation of the reflected 580 nm light is equal to1ye The
length L is 300mm in this case indicating that the ob
served SRS comes primarily from the plasma at radii lar
than 1 mm. For perfectly coherent fluctuations the refl
tivity is proportional to this length to the second pow
[10]; however, the finite spectral width observed in Fig
sDk , 5.6 3 105 m21d indicates that in this experimen
the maximum distance over which the radiation can
coherent is given by,c max ­ 1yDk. A finite correlation
length will reduce the reflectivity by a factor of at lea
,c maxyL [8] below the value for coherent fluctuations, gi
ing the maximum reflectivity for a uniform beam as

Rmax ­
1
4

µ
n

nc0

∂2

k2
0LsDkd21

µ
dn
n

∂2

, (2)

wherek0 andnc0 are the wave number and critical dens
of the incident beam. This model indicates that the S
reflectivity is linearly proportional to ion-wave dampin
if the Langmuir wave amplitude does not grow sign
cantly above the secondary decay threshold. This lin
dependence is most clearly observed in the reflecti
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data taken at early time when the impurity concen
tion is less than 10%. For impurity concentrations abo
10% the early time reflectivity is not very dependent
the ion-wave damping. This is likely due the convect
saturation of the SRS generated Langmuir wave be
it reaches the secondary decay threshold. The secon
decay mechanism will determine only the SRS reflectiv
when the primary three wave process is sufficiently str
to drive the Langmuir wave amplitude to the threshold
the secondary decay. Thus at early time and high im
rity concentrations.10%d the secondary decay thresho
is sufficiently high that the SRS reflectivity is likely lim
ited by the convective saturation of the three wave S
process and is therefore observed to be approximatel
dependent of ion-wave damping. The late time data sh
linear dependence of the reflectivity on the impurity co
centration up to much higher concentration. This m
be because at late time the plasma has cooled and t
fore has a higher convective saturation level for the th
wave process, resulting in reflectivities that follow the l
ear scaling with ion-wave damping up to at least 30
as shown in Fig. 3. However, quantitative analysis of
late time data is complicated by variations of the plas
properties in time and space.

As an additional check of the model of secondary dec
the density perturbation is estimated from the measure
flectivity at early time using Eq. (2), and is compared w
that predicted by Eqs. (1a) and (1b). To evaluate Eqs.
and (1b) the damping rates [23] of the Langmuir and e
tromagnetic waves are calculated using the distribu
function expected in a high-Z plasma illuminated with high
intensity light [24]. The thresholds are evaluated assu
ing the average beam intensitys3.0 3 1015 Wycm2d exists
throughout the interaction region, and are shown as s
and dashed lines in Fig. 3. In this case the equilibrium
tribution is a super-Gaussian withn ­ 3.45 (wheren ­ 2
corresponds to a Maxwellian). The estimate shown
the EDI threshold is not changed significantly by inh
mogeneities in the beam profile (i.e., hot spots), but
estimate for LDI may be significantly reduced by inh
mogeneities. This reduction results from the fact that
Langmuir wave Landau damping is strongly sensitive
intensity, as discussed in Ref. [23], so that in a hot s
both the threshold density fluctuation will be much low
and the gain of the three wave SRS process will be m
higher. As a result in a nonuniform beam LDI may be s
nificantly affecting the SRS even when the reflectivity
well below the uniform beam threshold. Comparison
these estimates with data indicates that the average flu
ation amplitudes observed in the experiment at early tim
and when the impurity concentration is between 0%
10% are large enough to excite EDI over much of the be
profile and LDI in intense regions of the beam.

In conclusion, we have observed that the SRS refl
tivity in a high-Z plasma is dependent on the ion-wa
damping when the Langmuir wave properties are h
constant, implying that SRS is limited by a process
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volving ion acoustic waves. Furthermore, the observ
reflectivities are linear with ion-wave damping as e
pected when the electron wave amplitude is limited
EDI or LDI, and the observed wave amplitudes are n
or above the thresholds for those instabilities, indicat
that the reflectivity is limited by the stimulation of io
waves by the Langmuir wave.
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