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The reflectivity of a laser due to stimulated Raman scattering (SRS) from long scale-length hohlraum
plasmas is shown to depend on the damping of ion-acoustic waves. This dependence is observed in
plasmas with either low or high ionization states. Since the SRS process itself is unrelated to acoustic
waves, these data are evidence of a nonlinear coupling of SRS to other parametric processes involving
daughter acoustic waves. [S0031-9007(96)01182-9]

PACS numbers: 52.35.Mw, 52.40.Nk, 52.50.Jm

Control of laser-plasma instability is important for the electromagnetic decay instability (EDI), in which the LW
success of laser fusion [1], particularly indirect drive [2]. decays into an ion-acoustic wave (IAW) and a light wave
For indirect drive, laser beams enter a cavity (called 416,17]. The otheris the Langmuir decay instability (LDI),
hohlraum) made of a material of high atomic numberwhere the SRS LW further decays into an IAW and an-
which reaches a high ionization stale The highZ  other LW [18], as seen experimentally [19]. EDI has a
plasma converts laser energy efficiently into x rays, whicHower threshold than LDI because of the lower damping of
in turn drive the implosion of a fusion capsule. Because othe EDI daughter light wave compared to the LDI daugh-
a relatively long laser-pulse duration, ignition hohlraumster LW. However, if the thresholds for both instabilities
such as those planned for the National Ignition Facilityare exceeded, the one with the highest growth rate should
(NIF) [2], are expected to contain underdense plasmadominate, i.e., LDI. EDI has lower growth because it has
(size ~ few mm) with electron temperatures’() in the  much larger convective losses from the interaction volume
keV range. Present NIF-hohlraum designs rely on thelue to the larger phase velocity of the daughter light wave.
plasma pressure from a He-H gas fill to tamp the intrusion If coupling to LDI occurs, one might expect the SRS
into the hohlraum volume by the Au-wall plasma while level to increase up to the point where the SRS LW
allowing laser propagation inside the hohlraum [3]. Bothamplitude reaches the threshold for LDI [20]. More
in the low=Z fill plasmas and in the high- wall plasmas, correctly, SRS saturation depends on how LDI itself
stimulated Raman scattering (SRS) [4] could be significantsaturates, likely through the further decay cascade of

SRS, the decay of laser light into electron plasma (otLDI daughter LWs. This cascade has been studied in
Langmuir) waves (LWs) and scattered light [4], has beerthe weak-coupling limit, where a finite set of linear
observed [5] and extensively studied in laser-producedWs are excited [21]. Nonlinear theory coupling SRS
plasmas [6,7]. SRS is undesirable not only because ivith Langmuir turbulence [13] is a further advance.
causes losses in driver energy and target illuminatiodiReference [22] presents further numerical simulations
symmetry, but also because LWs trap and acceleratef the nonlinear theory in Ref. [13] and a simplified
electrons which could preheat the fusion capsule [8]. analytical model which agrees with the simulations.

A strategy to minimize SRS is to decrease its spatiaBimilar work has been done by others [23]. The results
gain by decreasing the laser wavelength and increasing tlage: (i) the SRS reflectivity depends on the ion-acoustic
damping ¢.) of the LWs. In the regime of interest, Lan- damping ¢;) of the LDI IAW, i.e., Rsrs * v;/w;, Where
dau damping by electrons is by far the largest contributom; is the frequency of the IAW; (iiRsgs depends weakly
to v., which increases by increasiffy or decreasing the on v,, in contrast to the prediction aRsgs « v, »; in
electron density:,. This strategy has been tested in gasRef. [20].
bags [9] and gas-filled hohlraums [10], which achieve high In this paper, we present novel experimental evidence
T. and long scale lengths, relevant to ignition targets, orthat the SRS reflectivitRsgs depends on acoustic damp-
the Nova laser [11]. The inability to completely suppressing »;, which has been varied in large hohlraum plasmas
SRS in these targets has provided an incentive to furtharsing both high- and lowZ gas fills. We have also stud-
understand SRS. ied the dependence #&fsgs on T, andn,.. In particular,

SRS can couple to other processes, such as stimulatede of highZ gas fills has allowed access to significantly
Brillouin scattering (SBS) [12—15]. Other possible cou-higher T, on Nova. The preceding Letter also reports
pling mechanisms arise from further parametric decay o& dependence aRsgs on v; in high-Z gas-bag plasmas
the SRS LWs via two distinct mechanisms. One is thg24], emphasizing low; and temporal beam smoothing.
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The results indicate that high; is undesirable SRS con-  In order to calculater; [28], the ratio of T;/T, is
trol, contrary to the case for SBS [9,10]. We must ulti- needed. For the period when the interaction beam is
mately learn how to set; to minimize both instabilities.  on, LASNEX predicts a typicall; /T, = 0.2 in the low-

The Nova gas-filled hohlraum used in our study,Z plasmas. In the Xe-doped plasmassNEX predicts
described in Ref. [10], is cylindrically symmetric with a T; = T, due to stronger electron-ion coupling. These
length of 1.6 mm and a diameter of 3.2 mm. All ten laservalues are used to calculatg/ w; in Fig. 1.
beams have a wavelength of 351 nm. They are arranged We have gained confidence in thig/T, values from
in two sets to define twd0° cones with opposing tips LASNEX by testing theT; prediction for a mixture of
along the symmetry axis. All beams enter the hohIraurré—)(e + %Dz_ Detection of D-D fusion neutrons with a
through one of two laser-entrance holes (LEHS), crossintime-of-flight neutron spectrometer [29] allows a sensitive
the symmetry axis 0.1 mm inside their LEH (i.e., 0.7 mmmeasurement of the highest; in the plasma. The
from the midplane). The path from the LEH to the gold observed pealt; range of 6—9 keV agrees WittASNEX.
wall is about 2 mm. Nine of the tefi/4.3 beams (heater This is a test off; at the time of interest becausasNEX
beams) turn on at time 0, reaching approximately 2 TWpredicts that, with higtz, T; peaks at the end of the laser
each in 0.1 ns. Power ramps up to 3 TW at time 1.4 nspulse, not much later as in lo&-plasmas.
when all beams are turned off. An interaction beam is The main uncertainty inv;/w; is due to variability in
turned on at 0.4 ns and kept at constant power for 1 ns. the ratio of7;/T, both because of time evolution during

Various hohlraum gas fills have been used to studyhe interaction pulse, and because of spatial variations
SRS, all at 1 atm pressure and all designed to ionizevithin the target. LASNEX indicates a modest’; /T,
to n./n. = 0.11, wheren, is the critical density above increase monotonically in timeT;/T, evolution is the
which the laser light cannot propagate. The I@wgas main source of the error bars in/w; in Fig. 1.
fills are GH;,, CsDj,, and CER. An illustration of the The interaction beam for these experiments is focused
hohlraum, along with the calculated spatial profiles:of by an /4.3 lens with a 3 m focal length. Best focus is
T., andT; for CsHy, are shown in Fig. 1 of Ref. [10]. placed near the hohlraum midplane so that the distance
For GHy,, T. = 3 keV has been measured [10], in from best focus to both the LEH and the hohlraum wall
agreement with radiation hydrodynamic simulations usings about 1 mm along the beam trajectory. The beam is
theLASNEX code [25]. To maintain the sanfe = 3 keV ~ spatially smoothed by one of two random-phase plates
for CF4, the heater-beam energy is reduced modestly30,31]. They differ in the sizes of their square random-
to compensate for the slightly highér of CF, relative  phase elements, namely 3.1 and 5.8 mm. Givenjthe
to GsHj,. All three gases are predicted haSNEX to  number, the peak of the average-intensity envelope in vac-
exhibit very similar plasma conditions and hydrodynamicuum at both the LEH and wall locations decreases from
evolution. the peak by a factor of 1.6 for the 3.1 mm plate, and

In order to access highé&r,, high-Z gas fills have been by a factor of 2.8 for the 5.8 mm plate. As the inter-
used, i.e., Xe,70% Xe + 30% CsH,, and 50% Xe +  action beam penetrates the target, inverse-bremsstrahlung
50% CsH;,. These fills were shot in two groups: high absorption occurs and the intensity decreases. The net ef-
or low heater-beam energy. In the high-energy case, thiect of beam optics and laser absorption at time 1 ns is
heater beams are fired at full energy to reach the highesummarized in Table | for the shots in Fig. 1. The SRS
T.. Inthe low-energy case, the total laser energy is halvedesults are insensitive to which phase plate is used.
in order to approach th&, with low Z. Spectroscopic
T. estimates have been obtained by detecting the x rays
from then = 4ton = 2 and then = 3 to n = 2 atomic St o] /' '
Xe transitions with Bragg-diffraction spectrometers mated oo 1 /
to time-resolved detectors [26]. These measurements are_ 3o |ac.p.. —F .
interpreted with atomic physics calculations done for < | [mcF, L N |
plasma conditions in the range of interest [27]. Some a 7 b 2 1t e
spatial resolution is obtained by properly selecting the & 2°[ L 0 ! }

S reflectivity

- /
location and shape of the diagnostic holes, and the lines - L 1t ;’ ;
of sight of the detectors. For example, near the LEH we & | h_/{.——. Y + %;_i_
obtain from both transition¥, = 4.0 = 0.5 keV for the L / o
low-energy case anfl, = 6 = 1 keV for the high-energy 9 11 //,—"’ ]
case, consistent withASNEX modeling. o 1 1 F i S —

0.1 0.2 030 0.1 0.2 0.3
normalized acoustic damping (v,/w;)

Plasma conditions during the period when the interac-
tion beam is on are according t@SNEX fairly constant.

Electron density gradients increase slightly as the Walgg'r#'arszhn(f‘vcn ?gf'l‘s&?t(tgﬁ)rgg%cﬂ‘i’&? (rci’(“;hgqiom‘;[]arﬁ“o”

slowly encroaches into the ho'hlraum int_erior and as Fh%as fills. For highz, the high and low-energy cases (labeled by
shock generated by the exploding LEH window moves inthe measured, at the LEH) are plotted with different symbols.
ward. HoweverT, andT; gradients decrease in time. Least-squares linear fits for all three cases are drawn.
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TABLE |. Relative laser intensity at three target locations bremsstrahlung absorption is very different) discount ab-
considering beam optics and calculated laser absorption. sorption of SRS light as the source of the trend. Also,
Plasma RPP LEH Midplane wall we measure lower reflectivities from the high-high-T,
plasmas than from the high; low-T, plasmas. This ten-

Tc')%\?zz 251; mm 1 (2)13 <034 dency is opposite to that one would expect from strong
lowZ 3.1 mm 1 1.20 0.4 absorption of SRS light from deep within the hohlraum.

The data in Fig. 1 demonstrate that the dependence
of the SRS reflectivity on acoustic damping is a gen-
eral effect observed for a wide range &f and T,.

Stimulated Raman and Brillouin backscattering are|n Fig. 1, interaction-beam intensities at the LEH are
detected with the full aperture backscatter diagnostiq2_3_6><1015 W/cn? for low-Z, (2—2.8) X 10" W/cn?
(FABS). FABS is capable of SRS and SBS calorimetry,for high-Z high-T,, and (2.3—2.4%10"> W/cn? for high-
time-resolved spectrometry, and near-field imaging ofz, low-7, plasmas. The observed scaling versysis
the scattered light. SRS light outside the beam cone igonsistent with the linear scaling predicted from SRS satu-
measured to be negligible. ration either by Langmuir turbulence [22] or by EDI.

The backscatter Raman spectra provide informatiorHigh values ofr, cannot compensate and significantly
which generally agrees with the calculated plasma conincrease the reflectivity if; is small. Shots with 67%
ditions in this study. In Fig. 2 we show the time- Xe + 33% H, (not in Fig. 1), having a volume-averaged
dependent streaked SRS spectrum detected by FABS from, /n. = 0.08 but the samé&,, should have a much higher
a hohlraum initially containing 0.97 atm df0% Xe + v, but the same’; as pure Xe. However, with both fills
50% CsH, gas, illuminated with a total laser energy of SRS reflectivities are similar (below 1%).

30.7 kJ. The time-average spectrum peaks at 580 nm, SRS in these hohlraums is apparently saturated rather
which is consistent wit, /n. = 0.1 atT, = 5 keV, the  than in a spatial-gain-limited regime. For example, in
expected volume-average. Shot to shot variations of other GH;, shots with higher interaction-beam inten-
up to £10% in the peak wavelength can occur. sity at the LEH (5 X 10" W/cn?), the SRS reflectiv-

In Fig. 2 the SRS power increases in time, a generaities average 22%, the same as with the typizal X
trend in our data. In keeping with our main result, we 10'> W/cn? in Fig. 1. Thus the dependence of SRS gain
attribute this SRS increase to an increase;@fv; in time  on intensity in linear theory is not manifest here.
corresponding to the predicted increasdjfiT.. We discard the possibility that IAWs from SBS are

The time-integrated SRS reflectivity data are shown indetuning SRS and controlling the observigks scaling
Fig. 1. The three data sets in this figure clearly showwith »; in our plasmas. For example, for CFelative
that as acoustic damping increases, SRS reflectivity into CsD,, the SBS reflectivity is similar£10%), while
creases. Figure 1 (left) verifies the scaling in the casehe SRS reflectivity is an order of magnitude lower (see
of low Z without the potential complication of high Fig. 1). And for GH;, relative to GD;,, the SRS
inverse-bremsstrahlung absorption of SRS light originatreflectivity is modestly higher while the SBS reflectivity
ing deep within the plasma. This would complicate theis lower by an order of magnitude.
interpretation of our measurements. However, low SRS In Fig. 1, the slope oRsgs versusy; depends orf.,.
reflectivities from both CFand Xe (even though inverse- In a sufficiently hot plasma, SRS should saturate via EDI,
rather than Langmuir turbulence, because LDI, i.e., the
necessary first step towards turbulence, is inaccessible.
In the strongly damped SRS regime [21] but below the

T - - | e threshold for secondary instabilities, the LW amplitude
< 480 \'\ 480 E, satisfiesE; ~ RiksI/v., wherel is the laser inten-
B - Gt = | sity. The LDI threshold isE7 ~ v;v, [20]. These re-
2 |f__-— | lations imply Rsgs ~ v2v;/I*. BecauseRsgs < 1, it
& gaod | 580 follows that, giverw; andl, LDl is inaccessible to SRS for
7] S | sufficiently high7, and sufficiently lown,. Well within
. s [ oA LDI accessability, Langmuir turbulence can develop, and
E 20— T “m{:.lnr:,[ﬁ“”'w the dependence dtsgs on v, weakens significantly. If
E 10 |' ". Rsrs is measured, then that contour (rather tigps =
5 || sngl\, image scale 1) demarcates the region of LDI accessibility. Figure 3
T T # shows theRsrs = 0.5,0.05 contours of LDI accessibility
time (ns) spectral power (Jins/nm) for Vi = 0.01 and hot SpOtS with = 1016 W/sz Out-

FIG. 2. The Raman backscatter spectrum is shown for shofIde L%I acc?jsSIbI“ty’ EtDtIhCOILE"gl ?LSO );]IG:SSRE Otc glRS
25102319. SRS time-integrated reflectivity is 11%. Plots of Same dependence on at the reshold), bu

the interaction beam and reflected SRS powers (bottom) and deVvels might be higher. Nonlinear SRS saturation via EDI
the time-integrated spectrum (right) are shown. is being explored in work underway, analogous to that
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