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Observation of ion wave decay products of Langmuir waves generated
by stimulated Raman scattering in ignition scale plasmas
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Thomson scattering has been used to measure the time resolved spectrum of ion wave decay
products from two instabilities which can limit the growth of stimulated Raman scattésiRg.

This experiment detected ion wave decay products far above the thermal level and demonstrates that
SRS produced Langmuir waves undergo the Langmuir decay instability in ignition relevant plasmas.
Product waves of the electromagnetic decay instability were not detecte2D0® American
Institute of Physics.[DOI: 10.1063/1.1590317

Langmuir wave growth and saturation in plasmas is ofjon waves produced by these decay processes have unique
great importance to inertial confinement fusid@F) appli- 414, so thek resolved Thomson measurements can identify
cations, where Langmuir waves can reflect large fractions ofye jnstapility. lon waves are also a clearer indication of the
the incident laser energy via stimulated Raman scattering, qrp instability than the counterpropagating Langmuir wave
SRS! In SRS, the incident laser wave resonantly drives &hat has been observed in some colder plasiis.

Langmuir wave and a scattered electromagnetic fava- The experiments were performed at the Nova laser
derstanding the mechanisms which govern reflectivity undefacility,* with the configuration shown in Fig. 1. The plasma

the conditions of ignition experiments is critical to allow is produced by a gas filled balloon target which is heated by
scaling to fusion reactors. eight 1 ns long unsmoothed Nova beams of 2.5 kJ each at

Recent studies have suggested the importance of Lan@s1 nm?6 All beams are 1 ns in duration, with the interaction
muir wave decays to SRS. Theoretical treatments havBeams turning on 0.5 ns after the heaters.
shown that strongly driven SRS can be affected by Langmuir  Thomson scatteridg of a 263.5 nm low energy50 J
wave decays and collap$e’ Experimental studies of SRS in  F/16 beam was used to detect the ion wave decay products of
large scale plasmas have found reflectivities that scalgRS Langmuir waves driven by a separate SRS drive beam.
weakly with plasma properti€s™® These experiments have The coherent Thomson scatterikgnatching relations deter-
shown that SRS can be limited by nonlinear saturation of thgnine the direction of the scattered light from a given wave,
SRS Langmuir wave; and that the saturation amplitude is and the angle at which the probe must intersect the wave.
dependent on the ion acoustic wave damping rate in thgne frequency of the measured SRS was used to determine
plasma® Two processes in which the Langmuir wave de-i 1 of the SRS Langmuir wave. Models of the decay

cays into an ion wave and a third wave are likely candidate rocesses'S were used to predict the LDI and EDI wakis
to explain this behavior. In the Langmuir decay instability (approximately 2.B,,..,and 1.4,
-~laser - ™Masenr

(LDI), the third wave is a Langmuir wave. This process has,
been suggested as the likely SRS saturation mechanism
many analytic and numerical studi€€,and decay products

. =44
of LDI have been detected in small scale plgsﬁ‘?a%.ln.the spectrometer coupled to a streak camera to provide time and
electromagnetic decay instabilizDl), the third wave is an  ayelength resolution as well as spatial localization within a

electromagnetic wave. This instability has a lower threshold,q|ume of approximately (20@m)°. Only a wave of spe-

than LDI, and also a weaker growth réfe. _ cific k will scatter light into the collector, so that any signal
In t_h's Brief Communication, we pr_esent the first dem- ;4o spectrum indicates a wave at the prediktedthin a

onstration that SRS-produced Langmuir waves decay by thenos (glerance set by the SRS bandwidth and F/numbers

LDI process in ignition-relevant plasmas. We performedyo,, The streaked spectrum was used to identify ion waves

Thomson scattering experiments in which the geometry wagy yhe characteristic narrow features within approximately

sensitive to the ion wave products of either the LDI or they_ .=~0.4 nm of the probe beam wavelengtexact
Ion-acoustic .

EDI process, and observed ion waves only for the LDI casegpitt is influenced by flow conditions in the plasma

For the LDI experiment, the SRS drive beam wavelength
3Electronic mail: geddes@socrates.berkeley.edu was 527 nm to allonk-matched scattering of the Thomson

respectively, and hence

o choose the drive beam location and wavelength as well as
ty position the collection optic. The Thomson scatter signal
is focused by an F/10 Cassegrain optic onto the §li & m
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SRS badkscaer between the unsmoothed and RPP smoothed beams is the

speckle size, which should have a weaker effect on SRS than
statistical properties we are holding constant. The main re-
AT sults are not affected by any possible differences because
both the intensity scaling experiments which indicate SRS
nonlinearity and the Thomson scattering experiments that de-
tect nonthermal ion waves were conducted with defocused
beams without RPPs.

To establish the properties of the SRS Langmuir wave, a
separate diagnostic beam with an SRS backscatter measure-

Probe ment station was run with the same timing, focus, and inten-
FIG. 1. Experimental configuration at the Nova facility. Eight defocused 2.5S|ty as the_ drive beam. Thls_be_am was pomted_gt the. same
kJ beams(not shown were used to pre heat the gas bag target from 0 to 1target radius to encounter similar plasma conditions in the
ns. Experimental beams are on from 0.5 to 1.5 ns. A 50 J probe beam at 2&pherically symmetric plasma as the drive beam but not in-
nm a'ioggg TLh?]mrSnODrscatte“f}? measg‘éesmﬁ?ts Og iO;W?VS;Yd”;/%gm gftersect it. SRS from Nova gasbag targets has not been found
g?gngl was de?ecgteglb;v:vs?rseal?ed 2pectromtle\$r v(v?i?h aocollecti?)n optic p(g[—o_ be hlghly pointing sensitive, so th,at the SRS O]f this beam
sitioned to satisfyk matching between probe, wave, and collector. Asepa-WIII be close to that of the SRS drive beamj This allowed
rate beam with a SRS backscatter measurement is run pointed and focusBg¢asurement of SRS under the same conditions as the decay
in the same way as the SRS drive beam to measure SRS in these conditiomaeasurements.
The SRS measurement from the SRS diagnostic beam
during the LDI measurement is shown in Fig. 2. The scat-
beam. LDI experiments with a 351 nm drive beam wouldtered light observed at 815 nm is SRS from a plasma density
require a sixth harmonic Thomson beam. For the main LDlof approximately 9%, at 2.2 keV. The narrow featuresk
experiments, the drive beam was a defocused@@iGpot at  ~25 nm) at this wavelength is consistent with the formation
the location probed by the Thomson scattering diagnostiof a plateau at 9%—108¢ and T=2.2 keV that encom-
(1o=avg. intensity= 6 x 10** W/cn?). A random phase plate passes the Thomson scattering volume, as predictadby
(RPP smoothed best focus spot of 32am (I,=2 NEX simulations. This feature peaks in the 1.2—1.5 ns period,
X 10" W/cn?) was also used. For the EDI experiment, thewith a smaller level of activityless than 50% of pealearly
drive beam was a RPP smoothed best focus of 320(I;  in the pulse. The broad and larger signals at shorter wave-
=2x 10" W/cn?) at 351 nm. In order to maintain relative lengths are due to SRS in the low density halo plasma out-
density atn,=0.10n, for the LDI and EDI experiments, the side the Thomson scattering volume and formed by blow off
gas mixture in the target was changed. For LDI experimentaround the gas bag. The power scattered in the 815 nm fea-
the gas was §Hg, while for EDI experiments the gas was ture was~0.6% (time averagedof the incident power, and
CsHy,. LASNEX 2D radiation hydrodynamic predictions of this reflectivity varied less than 25% as the drive beam’s
target conditions for both targetcluding pointing, wave- intensity was varied by a factor of @y changing the laser
length, and timing of the beamshow T,~2.2 keV, and energy while focal position was kept constaifthe spectrum
T;~0.3-0.4 keV with a central density plateau at 1% features and the peaking of SRS reflectivity from 8%be-
encompassing the experimental region and with slowlytween 1.2 and 1.5 ns were consistent over three shots. Such a
changing parameters until the arrival of a blast wave at aboutieak dependence on intensity is not consistent with a linear
1.4 ns'® X-ray spectroscopic studies and thermal Thomson
scattering measurements of similar targets have confirmed
the calculation® Plasma conditions were chosen to be rel-
evant to ignition experiment conditions, where it is expected t ns
that a submicrori526 nm or 351 nrnlaser will encounter a S5
mm scale, few-keV plasma of about 180%™’ with SRS
reflectivity of the order of a percent of the incident power
and exhibiting a weak or nonlinearly saturated dependence 1.0
on the incident intensity.

It has been verified experimentally that SRS reflectivity
under both conditions exhibits weak intensity dependence
consistent with nonlinear saturation and percent level reflec-
tivity (below), making the conditions for the LDI and EDI

experiments as similar as possible givenfhlﬂatching con- ) . )
straints. Laser plasma parameters such as volume averaged 5% 10 820, nm

electron vgsc and K\ pepye are also comparable for the 6 FIG. 2. SRS backscatter data from the LDI experiment. The narrow feature
% 10 W/cn? intensity at 527 nm and the>210'° W/cn? at 815 nm indicates scattering from a plasma at approximately 9% critical

: : d 2.2 keV, which is the density in the Thomson scattering volume. The
intensity at 351 nm. Both the RPP smoothed and unsmoo'[h.%?oad spectrum at shorter wavelength is SRS scatter from the blow off

b_eamS_USEd _hagle a StatiSti(?m speckle diStri_bUti_On of _the Nslasma around the target and outside the Thomson scattering volume. Beam
cident intensity”® The only difference found in simulations timing is drawn on the left-hand side.
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three wave process, and is consistent with models of Landfectivity fluctuates much lessconsistent with both the lo-
muir wave saturatiofi. ® calized Thomson scattering measurements and the SRS re-
The LDI ion wave Thomson scattering spectrum is dis-flectivity which integrates over the whole beam path. Similar
played in Fig. 8a), showing a narrow, bright signal within a Thomson scattering results were obtained on three shots with
nm of the Thomson beam wavelength freail.2 to 1.5 ns, the same drive beam set up. The peak Thomson scattering
the same time when the 815 nm SRS feature in Fig. 2 isignal is at least a factor of i(n intensity above the thermal
strong. Drive beam intensity was<6L0** W/cn? at 527 nm.  scattering level in these plasmas, showing that LDI is occur-
The Thomson scatter spectrometer imaged the region ring at rates that drive the ion wave far above thermal levels
=700+ 100 um from the gas bag center on the side closer tovhen SRS reflectivity is large and does not vary linearly with
the drive beam entrance. The presence of a narrow signal fairive beam intensity, which is the primary result of this pa-
above the thermal level indicates a strongly driven wave aper. In addition, the LDI ion waves occur in conditions simi-
the predicted LDk. The main signal is a redshifted line with lar to those where this and previdisexperiments have
two bursts in time at around 1.2 and 1.5 ns. There is ashown that the SRS Langmuir wave was nonlinearly satu-
interuption of this signal and a feature close to unshiftedated and are consistent with LDI saturating SRS.
between 1.3 and 1.4 ns, which is about when the blast wave The measurement of LDI ion waves was repeated at a
crosses the scattering volume. These lines are withifiadius of 406100 um with an increased intensity of 2
Vionacousie=0-4 NM of 263.5 nm, consistent with scattering X 10*> W/cn? produced with the reduced spot size of a fo-
from an ion wave with the predicted LDI wave number in cused, RPP smoothed beam. No activity was observed in
these plasma conditions. The absolute frequency of the linespite of the fact that the intensities were higher than the
may be shifted by flow velocities in the plasma. Similar sig-€xperiments at =700+ 100 xm, consistent with LDI being
nals and shifts have been observed for other ion waves ifost active in the outer region of the gas bag. This is also
Thomson scattering experiments on similar tar§®8imu- ~ consistent with previous measurements and recent simula-
lations also show that during the late time interval when SR3ions by the F3D code which suggest that SRS occurs prima-
is observed{=1.2—1.5 ns), rapidly varying sonic flows ex- fily in the outer regiof-** and with the model of strongly
ist in the vicinity of r=700 um with gradient scale lengths damped Langmuir waves which shows that scattered waves
of 100—-300um which will shift the ion wave frequencies in grow in the direction toward the incident beam.
the scattering volume sufficiently that the frequency of the ~ These experiments were repeated for the EDI ion wave
scattered light is difficult to predict. However, the observa-Using a 351 nm SRS drive beam with an intensity of 2
tion of narrow lines within 1 nm Thomson beam wavelength < 10'> W/cn®. SRS reflectivity under these conditions has
indicates scattering from ion waves which have Epre- been studied previously and exhibits similar reflectivity and
dicted for LDI. saturated intensity scaling to that found here for the LDI
Other features of the Thomson scattering spectrum argonditions* Pointing was varied fromr =700+100 um
also consistent with LDI activity. The ion wave scattering T0M the gas bag center on the side closer to the beam en-
occurs only when SRS backscatter from the density at th§ance tor=400+100 um away from the beam entrance.
scattering volume (9%, or 815 nm is large, i.e., 1.2-1.5 No ion waves abovg thermal Ieve_l were detected in any of
ns. The signal is not present when the SRS drive beam is n&#€ ED! cases studied. The sensitivity of the detector was
fired [Fig. 3b)]. Models indicate that SRS can fluctuate in roughly the same as that in the LDI case for measurements at

small regions of the beam while the spatially integrated refhe location wher? LDI was detected, and should have de-
tected a signats 135 of the LDI signal. At other locations,

due to different filtration and stray light, the sensitivity was

t,ns — — sufficient to have detected a signali; of the LDI signal.

L i - 11 ] The absence of EDI waves suggests that EDI is not playing a
3 “‘? role in saturating SRS in these experiments. The lack of scat-
$ 4.6l Vaw 11 { ] tering at the angle corresponding to the EDI wave number is

also consistent with the detected LDI waves being localized
in wave number, as expected, and not part of a broad spec-
o5k 11 ' ] trum of turbulence as could be produced by other processes.

§,,’ The data have been used together with analytical formu-
%’ 8 5 las to make simple limiting estimates of the possible effect of

sg' O L1 11 i ] the LDI process on SRS in these experiments. The amplitude

s lotsm Jo losm 1 lodsm o Joim of the driven ion wave was estimated using the collective

FIG. 3. Thomson scatter data showif@ LDI ion wave spectrum with  Thomson scatter equation,

drive beam on{b) spectrum with drive beam off. The presence only in the

driven case of strong signal indicates the presence of a strongly driven wave sn\2 p 5 1

at the k of LDI. The presence of narrow features withig, acoustic —| ~16 scattere E (1)
~0.4 nm of\, indicates this signal is an ion wave. Absolute wavelength n Pine. \ N/ KL{L.F

may be shifted by flows in the plasma. The signal is present only when the

drive beam is on and only from 1.2 to 1.5 ns when SRS from the density ; ) i
the scattering volumé% critical, 815 nmis high, indicating it is driven by a¥0|lowmg Ref. 23, WherePgeyncare the scattered and inci

SRS from that density and consistent with LDI activity. Beam timing is dent powers, res_peCt?Velylnnc are the electron den_SitY_ and
drawn on the left-hand side. the critical densityk is the wave number of the incident
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beam,L; is the length of the scattering volume, is the level reflectivity. The electromagnetic decay instability was
smaller of the coherence length of the wave or the specklaot observed in similar experiments. These measurements
size(4 um), &n/n is the electron density perturbation ampli- are the first demonstration that SRS produced Langmuir
tude of the ion acoustic wave, aidis the volume fraction waves undergo Langmuir decay under the conditions ex-
that is SRS active. We can estimate an upper limiEtby  pected in ignition experiments.

requiring that the SRS gain calculated for our conditions is
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