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The dependence of the magnitude of stimulated Raman scattering (SRS) on ion-wave damping has
been demonstrated in a highplasma. The ion-wave damping is varied in a well characterized Xe
plasma by varying the concentration of aHg, 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

The transport of intense laser beams through large reSRS reflectivity, or equivalently the Langmuir wave am-
gions of under dense plasmas is important to the achieveitude, is found to depend on the impurity concentration
ment of indirect drive inertial confinement fusion (ICF) and thus on ion wave damping, and to track the threshold
[1]. The energy deposition profile of the laser beam in thefor decay of the Langmuir wave. The plasmas produced
target is strongly affected by stimulated scattering fromin these experiments mimic the properties of the plasma
ion acoustic and Langmuir waves in the plasma createthat forms near the wall in an AHohlraumfilled with a
when the target material ionizes. These interactions ar®w-Z gas such as will be used in ignition experiments (at
most simply modeled by the three wave decay processdswer laser intensity) [1], while providing a uniform and
of stimulated Brillouin scattering (SBS) and stimulatedwell characterized plasma. Other experiments in gas filled
Raman scattering (SRS), respectively [2]. However, preHohlraumshave also shown a dependence of SRS on ion
vious experimental observations [3,4] and theoretical studwave damping both when the wall is doped with a Be impu-
ies [5—13] provide evidence that the Langmuir waves andity to mimic the gradients and time dependence of the wall
the ion acoustic waves are not independent. In fact, in thplasma [14], and when the gas has large fractions of both
high-temperature, higiz-plasmas present in indirect drive low- and highZ material [15]. However, plasma proper-
targets [1] secondary decay instabilities can limit the SRSies vary along the ray path in those experiments making
[9-13]. The SRS-driven Langmuir wave can decay into andentification of the physical mechanism difficult.
ion acoustic wave and either a secondary Langmuir wave The experiments were carried out on the Nova laser fa-
(LDI) or a secondary electromagnetic wave (EDI), thuscility in an approximately spherical plasma produced by
coupling the properties of the Langmuir wave to the prop-inef/4.3, A = 351 nm beams. These heater beams each
erties of the ion-acoustic wave directly. The mechanisnproduce 2.5 TW of power continuously for 1 ns, with a
for limiting SRS reflectivities by LDI was first described total power of 22.5 TW. The beams pass through a gas
by Karttunen [9] and Heikkinen and Karttunen [10], andmixture at 1 atm of pressure contained inside a 260 nm
was later invoked to explain the SRS spectrum from Au foilthick spherical polyimide shell with radiug = 1.3 mm
plasmas [11]. These processes were subsequently shoj#6]. The heater beams are aligned to cross at the center
to occur in numerical simulations [7,8,12]. Recently Bakerof the target. The heaters are defocused such that they are
[13] suggested that the EDI may also result in a limit to theconverging with a beam radius that is approximately equal
reflectivity. to the target radius, providing spatially uniform heating.

In this Letter we present the first demonstration that thélhe electrons are heated to a temperaturé of 3.6 keV
SRS reflectivity in a plasma can depend directly on ion-during ther = 0.5 to 1.0 ns period when the plasma pa-
wave damping, and find that the SRS reflectivity in ourrameters are most constant in space and time [16]. The
case is consistent with Langmuir wave amplitudes that arelectron density is determined by the initial gas density
limited by a secondary decay. The experiments are donand the average charge state. At this temperature Xe has
in a low density Xe gas target plasma, in whickHg, is  a charge state of about 40 [17], leading to a density of
added as a low# impurity. Measurements of x-ray spectra n = 8.5 X 10?° cm~3. Since the GH,, impurity is fully
and transmitted light, and calculations all show that variaionized and carries 42 electrons per molecule, the elec-
tion of the concentration of impurities below 10% has verytron density is independent of its concentration to within
little effect on the electron density, temperature, or colli-=5%. The temperature is determined from measure-
sional absorption rate, while calculations indicate the im-ments of x-ray line ratios and x-ray transport modeling as
purities have a large affect on the ion wave damping. Thelescribed in Ref. [17] and is in agreement wWithsSNEX
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0 0.2 0406 08 1 1.2 1.4 1.6 FIG. 2. (a) Time integrated reflectivity from a target with
r (mm) 5.5% impurity concentration shows a narrow peak at 575 nm in

the 0.5 to 1.0 ns early period. (b) Spectrally integrated power
FIG. 1. Calculated electron density, temperature, and avereollected by the SRS and SBS detectors is shown for the case
aged ionization state at= 0.7 ns indicate density and tem- in (a).
perature scale lengths are long.

] ] ) spectral range of 400 to 700 nm, and a second spectrometer
[18] simulations. Measurements of radiated power ang, the UV, with a spectral range of 346 to 361 nm. The

beam attenuation by collisional absorption indicate that thegp g light detected by the long wavelength spectrometer
temperature is insensitive to impurity concentration. Th&yom an experiment with 5.5% &8, impurity is shown
measured transmission of a beam through the plasma [1§] Fig. 2. During the early period the peak of the spec-
varies only from 1% to 2% when the impurity concentra-yrym is at 575 nm consistent with scattering from a Lang-
tion is varied from 0% to 30% and is in agreement with yy,,ir wave propagating in a plasma with a density equal to
the simulations, similarly indicating that the electron tem-1qo, of the critical density and a 3.0 keV electron temper-
perature variations are smé#=6%). Measurements of 4y;re comparable to the simulated plasma parameters near
the radiated x-ray power in the photon energy range of — |2 mm. After the heaters turn off at 1.0 ns the peak
0.2 to 2 keV [20] indicate that the radiated power is CON-ghifts to the blue indicating cooling and expansion of the
stant within=15% over the same range of impurity con- pjasma.

centration. The lack of dependence of the electron density Experiments were performed with six different impu-

and temperature on impurity concentration indicates thqtity concentrations between 0% and 30%Hg, and ex-
the frteqltjency and damping rate of the Langmuir wave argipit a strong dependence of the SRS reflectivity on the
constant.

An interaction beam produces 1.5 TW continuously for

. ) . Normalized lon Wave Damping
1.0 ns withA = 351 nm. This beam is delayed 0.5 ns

0.05 0.1 0.15

with respect to the heaters and focused at the plasma cen- 15 , . =5

ter. Reflectivity measurements are made during the 0.5 5 O early /VI

to 1.0 ns (early) period when the heaters are on, as well < oo late y 14

as during the 1.0 to 1.5 ns (late) period when the plasma Z10 |- _ -E'?,: /%7 (5 n/n)?
is cooling and less homogeneous. The interaction beam 5 7 3(x 10%
is smoothed by a random phase plate (RPP) and 0.7 A 2 /

FM bandwidth dispersed across the beam in the near field £ 5 [ 12
(SSD), so that its peak intensity and spot size in vacuum £ g ‘i’ (1) 1
are7.0 X 10> W/cm? and 177xm FWHM (345 um be- @ ? il

tween first Airy minima). The plasma properties encoun- 0 . . \ ) . . 0

tered by the interaction beam during the early period are 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
calculated byLASNEX [18] for a 90% Xe, 10% GH,, gas Impurity Fraction

mix, indicating a temperature and density plateau near thEIG. 3. SRS reflectivities averaged over the 0.5 to 1.0 ns early

plasma edge as shown in Fig. 1. The classical collisiongderiod and the 1.0 to 1.5 ns late period are shown vs. impurity
absorption length for 351 nm light in Xe with a 3.6 keV concentration. The impurity concentration is interpreted as the
electron temperature argls X 10%° cm™3 electron den- ion-wave damping rate and the reflectivity is interpreted as the
PR i _square of the fluctuation amplitude. Solid and dashed lines
f'ty is 800 um. tT_i:jere:fo(r)eS, the m.ﬂ?“g of thﬁ_f?a(;:llfs%?t represent the EDI and LDI threshold amplitudes for a uniform
€ring occurs outsiae = 0.> mm. € downshited lig beam and parameters relevant to early time data. The LDI
scattered within 20of direct backscatter [21] is measured |imited reflectivity of a nonuniform beam can be much lower

with a streaked optical spectrometer in the visible, with ahan what is shown as discussed in the text.
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Normalized lon Wave Damping seems unlikely that the early time LDI could be seeding the
100-00 0.05 0.10  0.15 SBS 0.5 ns later. These observations are the first demon-

'[*lr, o ' stration of the direct dependence of SRS reflectivity on the

g § ? ] damping rate of the ion acoustic wave. In particular, the

2 0] ¢ ® % 1 early time reflectivity for concentrations between 1% and
g1 ® 3 10% demonstrates SRS increasing with ion-wave damping
‘g when the electron-ion collision rate, electron temperature,

® 1 radiated power, and SBS level are essentially constant.

; 0.1 g f:t:y 3 A simple model is presented to show how the observed
b dependence of the reflectivity on ion-wave damping may
o be explained by secondary decay of the Langmuir wave.

0 L L L L L . In this model the intensity profile of the beam and filamen-

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 tation are neglected for simplicity, and the Langmuir wave

Impurity Fraction amplitude is assumed to be in the vicinity of the thresh-

FIG. 4. SBS reflectivities for the same case as in Fig. 3. Inold for the secondary decay. This threshold for decay,

the region of 3% to 10% impurity the SBS reflectivity does expressed in terms of the density fluctuation, is given by
not decrease significantly, while the SRS reflectivity increaseg, o [9] for LDI and by Ref. [13] for EDI:

significantly.

. S on Vie \'?( vem \"/?
concentration of gH,, which is interpreted as a depen- <—> = 4kL/\D< ’“) ( em) ) (1a)
dence of Langmuir wave amplitude on the damping rate "t /EDI Wia @p
of the ion-acoustic wave. The integrated energies from <@> PN <,,ia >1/2<£>1/2 b
the two time periods are expressed as percent reflectivi- nir 0 P \wi w,) (1b)

ties of the incident beam power due to SRS and plotted in )

Fig. 3. A similar analysis has been done for backscatterefyherek. is the wave vector of the SRS generated Lang-
light between 350.5 and 352 nm, which is interpreted agnu!l Wave, via/ wia 1S the normalized linear ion-wave
SBS backscatter and plotted in Fig. 4. In the integrated@mping rateyen is the linear damping rate of the sec-
data it is clear that late time SRS reflectivities are approxiondary electromagnetic wave;, is the linear damping rate
mately proportional to the impurity concentration for all ©f the secondary Langmuir wave, ang is the electron
concentrations studied. The early time reflectivities ard?€bye length. The measured SRS light is interpreted as
proportional to concentration up to 10% and become inde_‘]’homson scatt_erlng off dens_lty fluctuatlo_ns in the scatter-
pendent, or a mildly decreasing function, of concentratioi"d volume using the following assumptions. For these
between 10% and 30%. Because the ion acoustic dampi@(perlments the rapld_ coII|S|onaI_ absorpthn rate 01_‘ the
rate is expected to be linear with impurity concentration inincident and reflected light determines the size of the inter-
this case [22] a linear dependence of reflectivity on jm-action region that can be viewed by the backscatter diag-
purity concentration is interpreted as a linear dependendg@stic. The effective length used is the depth at which
on the damping of the ion acoustic wave. The possibillhe attenuation of an incident 351_ nm light times the at-
ity that dependence of the reflectivity on ion-wave dampienuation of the reflected 580 nm light is equal f@ The

ing is actually the result of suppression of SRS by largdength L is 300 um in this case indicating that the ob-
amplitude ion waves generated by SBS (as discussed gerved SRS comes primarily from the plasma at radii larger
Refs. [3,4] and references therein) is ruled out by inter-th{in 1 mm. Fo_r perfectly_coherent fluctuations the reflec-
preting the SBS reflectivity as a measure of ion-wave amliVity is proportional to this length to the second power
plitude. Note in Fig. 4 that the measured SBS reflectivityl10]; however, the finite spectral width observed in Fig. 2
and hence ion-wave amplitude does not decrease monotofftk ~ 5.6 X 10> m™!) indicates that in this experiment
ically with impurity concentration. Rather, in the case ofthe maximum distance over which the radiation can be
early time and 3% to 10% impurity concentration wherecoherent is given by, max = 1/Ak. A finite correlation
the SRS is increasing proportional to concentration anéength will reduce the reflectivity by a factor of at least
has a similar time dependence to the SBS, the SBS stays max/L [8] below the value for coherent fluctuations, giv-
constant (within thex30% error bars). Similarly, in the N9 the maximum reflectivity for a uniform beam as

late time data the SBS is actually increasing with impurity 1/ n\2 Sn\2

concentration in this range, indicating that the SRS is not Rmax = Z(-) k(%L(Ak)fl(—> , (2
reduced at low impurity concentration by large amplitude nco n

ion waves. The SBS is observed to be larger late in timewherek, andn.y are the wave number and critical density
most likely because the electron temperature is low late iof the incident beam. This model indicates that the SRS
time. A similar time dependence was interpreted as “seedeflectivity is linearly proportional to ion-wave damping
ing” of the SBS by the LDI generated ion waves in otherif the Langmuir wave amplitude does not grow signifi-
experiments [5]; however, because the waves are rapidigantly above the secondary decay threshold. This linear
damped and the SBS growth rates are large in this case,dependence is most clearly observed in the reflectivity
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data taken at early time when the impurity concentravolving ion acoustic waves. Furthermore, the observed
tion is less than 10%. For impurity concentrations aboveeflectivities are linear with ion-wave damping as ex-
10% the early time reflectivity is not very dependent onpected when the electron wave amplitude is limited by
the ion-wave damping. This is likely due the convectiveEDI or LDI, and the observed wave amplitudes are near
saturation of the SRS generated Langmuir wave beforer above the thresholds for those instabilities, indicating
it reaches the secondary decay threshold. The secondatyat the reflectivity is limited by the stimulation of ion
decay mechanism will determine only the SRS reflectivitywaves by the Langmuir wave.
when the primary three wave process is sufficiently strong The authors gratefully acknowledge conversations with
to drive the Langmuir wave amplitude to the threshold forD. F. DuBois (LANL), W. Rozmus (U. Alberta), R.P.
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