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Laser-plasma interaction experiments have been carried out on the OMEGA laser Eystém
Boehlyet al, Opt. Commun133 495(1997] under plasma conditions representative of the peak

of a 1.5 MJ direct-drive laser pulse proposed for the National Ignition Fa¢hitlf). Plasmas have

been formed by exploding 18—2@m thick CH foils and by irradiating solid CH targets from one

side, using up to 20 kJ of laser energy with phase plates installed on all beams. These plasmas and
the NIF plasmas are predicted to have electron temperatures of 4 keV and density scale lengths close
to 0.75 mm at the peak of the laser pulse. The electron temperature and density of the exploding-foil
plasmas have been diagnosed using time-resolved x-ray spectroscopy and stimulated Raman
scattering, respectively, and are consistent with predictions of the two-dimensional Eulerian
hydrodynamics code SAGER. S. Craxton and R. L. McCrory, J. Appl. Phys5, 108 (1984].

When the solid-target or exploding-foil plasmas were irradiated witH /@8ninteraction beam at

1.5x 10" W/cn?, well above the NIF/8 cluster intensity of-2x 10MW/cn?, stimulated Brillouin
backscattering(SBS was found to be completely inhibited. A conservative upper limit of
direct-backscattered SRS was found to b8% from the solid targets. SRS and SBS are thus
unlikely to have a significant impact on target performance at the peak of the NIF direct-drive laser
pulse. © 1999 American Institute of Physid$§1070-664X99)93405-5

I. INTRODUCTION power is transferred from the incident laser light to lower-

_ - 3 frequency electromagnetic, electron-plasma, or ion-acoustic
CO”St:j“C“O” wnﬂ_a nominal laser e”irgi’] Ofd_l'gjc%v"]* 'Z €X-yation (ko=k,+k,) relationships are satisfigghase match-
pec_te t9 achieve _|gn|t|on n .Ot Irect- and ing). Here, wy and kg represent the pump-wavéase) fre-
indirect-drivé’ configurations. The mission of the University

quency and wave vector. The SRS decay products are an

of Rochester’'s Laboratory for Laser Energetics is to studyI ; | q ttered elect i
the direct-drive approach to inertial confinement fusion® cClron-plasma wave and a scatiered elecromagnetic wave,

(ICF), where the capsule is directly irradiated by a IargeWhiCh are denoted with the subscripts 1 and 2. The TPD

number of symmetrically arranged laser beams. To validatéesults when the incident laser light decays into two electron-
the performance of high-gain, direct-drive target designd’lasma waves. Phase matching occurs for SRS and the TPD

planned for the NIF, an understanding of the laser-plasmaat electron densities, less than or equal to the quarter-
interactions in the coronal plasmas of these targets is essegritical densityn/4. When the phase-matching conditions
tial. These interactions include stimulated Raman scatteringre satisfied for SBS, the incident laser light decays into an
(SRS, stimulated Brillouin scattering(SBS, the two- jon-acoustic wave and a scattered electromagnetic wave.
plasmon decay instabilityTPD), and filamentatiofd. Their A 1.5 MJ, =3 (ais defined as the ratio of the cold fuel
significance for direct-drive capsule performance arises eipressure to the Fermi-degenerate pregsiaser pulse is
therl from detrimgntall(suprathehrmal—elﬁctron geneggg‘ duBlanned for an all-DT direct-drive target design on the RIIF.
to plasma wave-breaking or other nonlinear proce , - ; ;
TPFI)D), or through a redugtion in drive power (E)r drive unifor- This 5pulse has a peak-on-arget mtensﬁy,ta[ of 2

X 10"°W/cn? (summed over all beamsind a foot intensity

mity (SBS, filamentation 3 . "
When the incident laser beam intensity exceeds thé 4x10"*W/cn?. The cluster intensities.,ser (SUmmed

threshold levels for the various parametric instabilities,0Ver four individual beamsare approximately a factor of 10
lower thanly,. The coronal plasma predicted for this de-

P B112.5 Bull, Am. Phys. Soé3, 1639(1999 sign has an electron temperatufg of ~4 keV, a density
aper .5 Bull. Am. Phys. Sod3, . . _ .
finvited speaker. scalg lengthL,=(n./Vng) of ~0.75 mm, anq a veIQC|ty
dElectronic mail: sreg@Ile.rochester.edu gradient scale length., (=cs/Vv, wherecg is the ion
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acoustic velocity and is the velocity of ~0.5 mm at the 25 103
peak of the laser pulse and at densities ohnQ.tb 0.2n,.
While parametric instabilities have been studied extensively 2.0 102
under conditions relevant to indirect-drive IG€the results ~ ~
presented here represent their first study in NIF-scale direct- E L5 i
drive plasmas. 3 10t 5
This paper reports on experiments under plasma condi- 3 L0 2
tions representative of the peak of the NIF direct-drive laser o5l Te ~ 600 eV 100
pulse, since they are the most challenging to create. The ' i‘g;isfo*gnw/cmz I~2x105
experiments were performed on the 30 kJ, 351 nm, 60 beam 0.0 Wiem? 101
OMEGA laser systemwith distributed phase plat¢®PP3® 0 2 4 6 8 10
and f/6 focusing lenses on all beams. The targets, all made Time (ns)

Of_ CH, included explodlng foils and solids. The explodlng FIG. 1. Radius vs time calculated by LILAC for a high-gain, direct-drive

foils prOduceq large, mm-scale plasmas witf+-4 keV and target planned for the NIF with 1.5 MJ ang=3. The dotted area represents

a peak on-axis, between 0.t and 0.21,. These tempera- the solid density region, and the solid lines give the trajectories of the

tures and densities were diagnosed using time-resolved X_ra?'tical, quarter-critical and tenth-critical surfaces. The dashed line indicates

and visible(SRS backscatteringpectrosco respectivel the laser power as a function of time. The cross-hatched areas represent the

. P Py, . P . y: “foot” and “peak” portions of the pulse, for which the calculated values of

and the observations W_ere fo_und to belconS'Stent with 'thglectron temperatur€,, density scale length,(=n./Vn.), and on-target

predictions of the two-dimensional Eulerian hydrodynamicsintensityl (summed over all bearhsre indicated.

code SAGE’ The solid-target plasmas were predicted to

reach similar temperatures and to have similar density pro- o o . .

files below~0.1n.; however, while they lacked the large €aS€ of SRS it is anticipated that the phase-matching condi-

plateau region characteristic of exploding foils, they includedions will be satisfied only for the light within thé/8 NIF

a critical density surface and were in this sense more repré:/uster, so that the appropriate comparison is Wil In

sentative of NIE conditions. the case of SBS, more than one cluster may drive the insta-
When both foil and solid-target plasmas were irradiated?ility, but the relevant threshold intensity is likely to be sig-

with an interaction beam at DELOSW/cn?, the direct-  Nificantly less than . As shown in Table 1) gyseris less

backscattered SBS signal was found to be completely abserifi@n lreshoia fOr all the instabilities during the foot of the

Some direct-backscattered SRS was observed in the soliSer pulse. During the peak of the pulsgseis about an

target plasmas at a very low level, with a conservative uppePrder of magnitude lower thahyesnos for SRS and SBS.

limit of ~5%. These comparisons support the expectation that significant

Simulations of the NIF direct-drive plasmas were carried>RS and SBS will not occur in direct-drive NIF plasmas.

out with the one-dimensional hydrodynamics code LILAC However, the intensities quoted here represent averages over

and are presented in Sec. Il. The production of the longMany speckles produced by the phase plates; inside the
scale-length plasmas on OMEGA is discussed in Sec. [ippeckles the peak intensities may be s_everal times higher. It
together with SAGE simulations. Section IV presents theShould also be noted thatge IS 2.5 times greater than.
characterization of the plasma electron temperature and defgreshoiaor the TPD instability during the peak of the pulse;
sity and comparisons with SAGE predictions. The SRS andhus, the TPD instabilitynot included in the present work
SBS measurements are presented in Sec. V. The main copecause the geometrical configuration is not optimum for its
clusion of this researctSec. V) is that SRS and SBS are not Study needs to be investigated.

likely to have a significant impact on target performance at
the peak of the NIF direct-drive laser pulse. IIl. PRODUCTION OF LONG-SCALE-LENGTH

PLASMAS ON OMEGA

Il NIE DIRECT-DRIVE PLASMAS The long-scale-length plasmas created on OMEGA
made use of a design similar to that used on the former
LILAC calculations of the 1.5 MJg=3 direct-drive tar-
get are shown in Fig. 1. This figure gives the predicted tra- _
jectories of the imploding target, the critical-density surface TABLE I. Parameters for the foot and peak portions of the 1.5 M33,
jec p 9 get, ; y ~~direct-drive target planned for NIF, including coronal plasma conditions and
and thenc/4 andn /10 surfaces. It is seen that the density intensity threshold approximations for parametric instabilities.

scale length and electron temperature increase with time as

the laser pulse makes the transition from the foot to the peak Foot Peak
intensity. The dashed line shows the laser power history. 1, 0.6 keV 4 keV
A summary of parameters for the foot and peak of this L, 0.25 mm 0.75 mm
pulse, including the predicted intensity threshdlgg.snoigfor L, 0-53mm 0.5-1.0 mm
the SBS, SRS, and the TPD instabilities, is given in Table I. o 4x10%wicn? 2x10°Wien?
4x 102 W/cn? 2x 10" w/cn?

Approximations for these thresholds were taken from Kfuer. Leuster

. : . SB 4.6x10"W/cn? atn /10 2x 10" Wi/en? atn /10
These thresholds may be compared with the cluster |nten5|ty|‘:’es:°:ZESR2 £ O 105 W/en?. L 7% 105 Wien?
threshol . -

lcluster 1-€., the intensity summed over the four beams ina | _  (pp) 3.4% 103 W/er? 8% 103 W/en?
NIF cluster, and the total overlapped intensity,. In the
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FIG. 2. Geometry for the formation of long-scale-length plasmas on the
OMEGA laser system(@) A CH foil is irradiated and exploded with primary
(P) and (delayed secondary(S) laser beams(b) A solid CH target is irra- 0 bl
diated with primary and secondary laser beams from one side. In both cases,

the plasmashown schematically by the dashed cujvissirradiated by an
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24-beam OMEGA laser systeth.The 60 OMEGA beams I Absorbed
were divided into various groups that irradiated the target I 1
from different angles and at different timésee Figs. 2 and E 3 Absorption | -
3). Both exploding foils and solid targets were irradiated first 5 Primary b 97| 1
by primary beamgP), whose purpose is to form the plasma, E ST P; 929 |
and then by secondary beaf®, which heat the plasma and hr - o= S  57%)| ]
can be used to control its temperature. The CH foil targets / bl L 9% ]
were 1.2 mm in diameter, a little larger than the laser spot S o ]
diameter, and 18—2@m thick. The solid targets included Interaction ]
1.5-mm-diam planar slabs and partial spheres with thick- P AT i1 ]
nesses greater than 8@m, predicted to result in similar 0 1 4 5
plasma conditions. In both cases, the plasmas were irradiated Time (ns)

by ,an interaction beam of variable timing, incident along theFIG. 3. Timing sequence and total power delivered to the target for 1 ns
initial target normal. flat-top laser pulses used to irradidé exploding foils andb) solid targets.

The timing sequence of the various groups of beams washe interaction beam is fired to probe the NIF-relevant plasma conditions,
similar for foils and solid targets. It is shown in Fig. 3, which which usually occur between 2 and 3 ns, and can be timed to start anywhere
from 2 to 3 ns. The figure also shows the calculated absorbed and transmit-

gIves the time hIStory of the incident, absorbed, and transt_ed powers as functions of time, summed over all beams, and the time-

mitted laser powers. All beams were 1 ns square pulses Witftegrated absorption fractions of the primaRy ,P,), secondary §), and
various delays. The primary beams were split into twointeraction(l) beams.

groups:P,, from 0 to 1 ns, with angle of incidence20°,

and P,, from 1 to 2 ns and incident at40°. For the foil

targets, these beams served to explode the foils. By the end

of the second groupR,) the foils became underdense on producing plasmas with predicted electron temperatures of 3
axis, because the phase-plate focal spot distribution iand 4 keV, respectively.

Gaussian-like with its maximum in the center. This resulted  The DPPs used on all beams except the interaction beam
in some transmitted laser power starting at 1.5 ns, as seen produced a focal-spot intensity distribution whose envelope
Fig. 3(@). The secondary beams arrived from 2 to 3 ns. Theiwas approximately Gaussian in shape with a full width half
absorption fraction is typically high and they are effective atmaximum diameter of 48@xm and a diameter of 95@m
heating a plasma whose volume~d mn?. For the explod- enclosing 95% of the energy. The interaction beam used a
ing foils, the transmitted power increases later in time as thelifferent DPP, designed to produce a similar focal-spot shape
plasma expands. The interaction beam typically providedut scaled down a factor of 2.8 in diameter. The peak inten-
little heating to the plasma and little perturbation to the hy-sity in space and time for a nominal 500 J beam was 1.6
drodynamics, the exception being the solid target after the< 10"°W/cn? for the interaction beam and 2x10“

end of the secondary beams when the interaction beam, W/cn? for the other beams. On most shots 2D $5@as

still present, is strongly absorbed and provides some localised(on all beamy with a bandwidth of 0.25 THz in the
ized heating. uv.

The on-target laser energy was typically 500 J per beam. Contour plots of the predicte@, andn, at 2.6 ns are
The exploding-foil plasmas were irradiated with a total of 19shown in Fig. 4 for the two types of plasma. Below eighth-
kJ of laser energy from 38 beams. Depending on the numbarritical density, the two plasmas have very similar density,
of secondary beams used, the solid targets were irradiateadmperature, and velocity profiles. These are similar to those
with either 19 or 29 beams from one side to deliver 8—12 kJanticipated for the NIF direct-drive target. For the exploding-



Phys. Plasmas, Vol. 6, No. 5, May 1999 Regan et al. 2075

R (a) Exploding foil (b) Solid target 5 T T T T
(a)
T, T, —~
e e % AL |
1 keV 1 keV < SAGE
o
2 1 mm 2 5 3+ —
30\ \ EAN E
n,’ n, Ev oL |
/‘\—‘"‘\ g
=
= L |
8 .
nc/s—‘r Yosn n/2 A Lo 0 . . . .
n/8
1024 E T T T T

F(b)

FIG. 4. Contour plots of ; andn, at 2.6 ns simulated with SAGE fd¢a) an
18-um-thick exploding foil andb) a solid targeta 2-mm-diam CH spheje
1023 ¢

foil plasma, the density profile on axis has a full width at half 1022
maximum of 1 mm. For the solid target, the scale length

L,~0.5mm.

Experiment

Maximum n, at center (cm )

One interesting feature seen in the density contour plot 102 ::_n;/fo _____________ UE
of Fig. 4(a) for the exploding foil is a high-density off-axis i
region, topologically a ring structure. This effect was also 1020 ! ! ! s
found in earlier experiments on the former 24-beam 0 1 2 3 4 5
OMEGA systent! It occurs because the centrally peaked Time (ns)

prlm_ary beams .Cause a more rapld .e_xplosmn of the On_a'XIEIG. 5. SAGE predictions for the time dependencéafT, and(b) n., at
portion Of the foil. The Edge of the.f0|l. 1S Only Weakly heated the center of an exploding-foil plasma. This temperature was diagnosed
by the primary beams. The off-axis ring expands because afsing a tracer layer containing Ti and Ca placed in the center of the target.
heating by the obliquely incident secondary beams, resultin he electron density inferred from the streaked Raman spectrum for a num-
in a flow of mass towards the axis. This compensates fo%er of shots with different interaction beam timings is also plotted.
what would otherwise be a rapid fall of density with respect
to time in the center of the plasma.

The predicted temporal evolution of the temperature and . ]
density in the center of an exploding-foil plasma are plottedfion, €ncountering a wide range of electron temperatures and
in Fig. 5. The temperature rises rapidly around 1 ns when théensities, and interpretation is more complex. Targets with-
thermal front penetrates to the center, and it rises again at @ut microdots were investigated to verify that the microdot
ns when the secondary beams turn on. It falls rapidly at 3 n§id not affect the parametric instabilities or plasma hydrody-
when the secondary beams switch off. The density, which@mics in a significant manner.
has fallen to~n./5 at the start of the secondary beams, stays ~ Stréaked and high-resolution, time-integrated x-ray spec-
betweenn,/5 andn./10 for the next 2 ns as a result of the ra of Ti and Ca tracer elements in exploding-foil plasmas
flow of mass from the off-axis ring seen in Figlat NIF-  Were recorded with flat crystall sp_ectrographs. The t.|me-
relevant conditions are thus maintained throughout the tim&esolved measurement shown in Figaj6was photometri-

period of the secondary bear(®-3 ns. cally calibrated for spectral sensitivity with the time-
integrated measurement shown in Figh)6 The spectral

range was selected to cover teshell emission of Ti and
Ca. Both instruments had similar views of the plasma. The
The electron temperature of the exploding-foil plasmagime-integrated instrument, which was calibrated using mea-
was diagnosed using time-resolved x-ray spectroscopysured crystal reflectivities and published film sensitivities,
High-Z microdots, composed of Ti and C4E000 A thick  utilized an ADP (ammonium dihydrogen phosphater a
and 200um in diamete), were embedded in the center of the PET (pentaerythritol crystal to disperse the spectrum onto
foil targets. They served as tracer elements to diagnose theodak DEF (direct exposure film. The x-ray streak
electron temperature predicted in Figab using the sensi- camerd® utilized a RbAP(rubidium acid phthaladecrystal to
tivity of the K-shell emission lines of Ti and Ca to variations disperse the spectrum onto a fluffy KBr photocathode with a
in the electron temperature for temperatures up to the preé30 ps temporal resolution. The spectra were recorded on
dicted maximum of~4 keV. Exploding-foil plasmas were KodakT-max 3200 film. The sweep speed of the streak cam-
used for the temperature measurement because the tracer eta was measured using a temporally modulated fiducial
ements diagnosed the center of the plasma. In a solid targgiulse. The film from both instruments was digitized using a
a tracer element embedded at some depth in the target movE®S (Perkin—Elmer Photometric Data Systemsicrodensi-
a significant distance through the corona during the interaccometer and corrected for film sensitivity.

IV. PLASMA CHARACTERIZATION
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E FIG. 7. SAGE/FLY predictions of the Ti and Ca,H{e; emission line
ratios (shaded regiontogether with the measured line rati¢srcle sym-
0.0 : . . bols). The shaded region is bounded on the lower side by the FLY predic-
4 5 6 tion using the SAGE-predicted, and on the upper side by the FLY pre-
Photon energy (keV) diction for 1.2 times the SAGH, . Agreement with SAGE/FLY predictions

is found for the measured Ti and Ca line ratios, indicating a fgeatf ~4
FIG. 6. (a) Streaked x-ray spectra ard) high-resolution, time-integrated keV.
x-ray spectra of Ti and Ca in a typical exploding-foil plasma.

The electron temperature was diagnosed using the medéimes. Based on this agreement with SAGE/FLY predictions
sured line ratios of hydrogen- and helium-like charge statefor both line ratios, a peal, of ~4 keV is inferred. The
of Ca and Ti. In the exploding-foil plasmas the ionization opacity of these lines due to self-absorption was established
time of the relevant Ca and Ti ions is longer than the inter-experimentally to be insignificant: when the thickness of the
action time(~1 n9; therefore, a nonsteady-state calculationmicrodot was doubled, the measured intensity doubled. The
of the evolution of the line intensities was required. Usingisoelectronic methdd for measuring the electron tempera-
the time-dependent temperature and density predicted byre was not available due to uncertainty in the relative
SAGE for the target centdsee Fig. 5, the evolution of the amounts of Ti and Ca.
diagnostic linegH, and He of Ti and Ca was calculated The peak plasma electron density in the exploding-foil
with the time-dependent FLY atomic physics cttéhased plasmas was diagnosed using the near-backscattered SRS
on Ref. 15, which solves the ionic rate equations including spectrunf. In the center of an exploding foil, SRS is an ab-
ionization, excitation, and recombinatiamadiative, colli-  solute instability at the peak of the parabolic profile and con-
sional, and dielectronjc The SAGE/FLY predictions of the sequently has an intensity threshold ok T0"*W/cn?. A
Ti and Ca H,:He; emission line ratiogshaded regionare  narrow spectral emission was observed with a time-resolved
plotted in Fig. 7 with the measured line ratisrcle sym-  spectrograplisee Fig. 83)]. The observed SRS wavelength
bols). The shaded region is bounded by the FLY predictiondetermined from the 50% intensity point on the long-
for the SAGE-predictedT, and 1.2 times the SAGE- wavelength side of the narrow peak is compared with the
predictedT,. The Ti measurement extends from just belowwavelength predicted from a SAGE simulation in Figb)3
the lower curve at 2 ns to just below the upper curve at 3 nsiising the following relationship between the density and the
and the Ca measurement is closer to the upper curve at atattered wavelength:

2 2 2 2
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] Spectrograph | Streak
E 500 g camera

400 . SBS
‘ ? . )
Time (ns) camera
800 (b) Compilation of shots FIG. 9. Experimental setup used to measure the SRS and SBS transmitted
' ' ' back through the focusing lens. The calorimeter measured the sum of the
SRS and SBS energies reflected off the pickoff. Significant SRS reflections
2 700 Experiment i were made off each of the pickoff surfaces.
=
=
2 600
e " SAGE prediction aperture pickoff whose front surface was uncoated and
<
2 500k ] whose back surface was ARol ge) coated for 351 nm. The
I back-surface reflectivity in the 400 to 800 nm range lies be-
400 , | i tween 2% and 3% and is close to the reflectivity of the front
2 3 4 surface. This unfortunately degrades the temporal resolution
Time (ns) of the SRS measurements+®50 ps and lengthens the SRS

S ' signals by the same amount.

_FIG. 8._(a) Measur_ed SRS spectrum of an exploding-foil plasma with the A small fraction of the backscattered Iight was directed
interaction beam timed to start at 2 ns, gy measured peak SRS wave- . ical fib isibl h 351
lengths compiled from a series of shots with different interaction beamv12 optical fibers to two visible Sp_eCtmgrap S, oné near
timings compared with SAGE predictions. The vertical lines associated withdm to look for SBS and one covering the 400—700 nm range
the experimental curve itb) represent variations between different shots. to |look for SRS. Both spectrographs were outfitted with
streak cameras. The remainder of the backscattered light was
whereu- is the electron thermal velocite is the speed of measured with an unfiltered calorimetarhich does not dis-

T % b tinguish between SBS and SRS his calorimeter resolved a

!'ght’ Ao is the wavelength of th? |nC|de_nt laser Ilght,_a)ng small fraction of a Joule of light backscattered from the tar-
is the scattered wavelength. This equation was obtained fromet

the dispersion relations and phase-matching conditions fore -

all the waves involved in the SRS. , .
The experimental wavelength data in FigbBrepresent spectrograph with 8 nm spectral resolution coupled to a
streak camera. A 20 m, 50m gradient index fiber transmit-

a series of shots with different interaction beam timings. Th%&fd the SRS light from a pickoff at the backscatter station to

error bars on the experimental data represent the statisticg:}1e entrance slit of the spectrograph. The broad bandwidth of

variation in the measured wavelength over the Compllat'OQhe SRS light necessitated a wavelength-dependent group ve-
of shots. The experimental data of Fighg translated into locity dispersion correction which amounted 165 ns be-

the inferred electron densities, are shown as an overlay ipween 351 and 700 nm. This correction was verified by mea-
Fig. Xb). Frpm bqth fi_gures the agreement between experi-s ring the time delay.between the second-order 351 nm
ment and S|mulat|9n IS seen to be close, a}nd the perICteéﬁgnal and a 700 nm SRS/TPD signal. Any error associated
onsgt c.)f the drop in density around 3.7 ns 1 obs_erved. Th\(lavith this correction is estimated to be50 ps over this spec-
osplllat|ons predlctgd by SAGE are qssomated with the Off"[ral range and consequently negligible. It was found that
axis mass converging onto the axis in a geqmetry with Cy_there was no measurable contribution to the streaked SRS
lindrical symmetry. In the experiment the azimuthal asym-

metries associated with the finite number of beams in eacﬁpe(%trr]ae fgan; 2?::&2?::;}: lﬁ)seaalm; Crermv_Tumer spec-
ring are expected to result in this behavior being average y P

! X . : : rograph with~0.05 nm spectral resolution, coupled to a
out. Both simulation and experiment are consistent with the : .
. . . Streak camera with-50 ps temporal resolution. The back-
production of a plasma with the pealk staying between

) ground light level entering this spectrograph was measured
0.In; and 0.2, for approximately 2 ns. with shots without the interaction beam. For exploding-foil
plasmas, the time-resolved backscatter spectra were domi-
nated by scattered light from the primary and secondary

Signal levels of the direct backscatter of SRS and SB®eams and no SBS feature could be identified. Shots with
from the interaction beam were recorded with the experimenand without the interaction beam at X30™W/cn? were
tal setup shown in Fig. 9. The backscattered SRS and SBRarely distinguishableThis was in contrast to earlier experi-
signals were measured through the focusing lens with a fullments carried out without a DPP in the interaction beam,

The SRS measurement used a 1/3 m Czerny-Turner

V. LASER-PLASMA INTERACTION EXPERIMENTS
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FIG. 10. Streaked spectra around 351 nm of light backscattered frong|G. 11. Same as Fig. 10 but for the solid targgtartial spheres of 2 mm
exploding-foil plasmas through the interaction-beam focus lenggono diametey.

interaction beam(b) interaction beam at 2 ns, arid) interaction beam at 3

ns. A multipulse timing fiducia[shown at the top ofa) and (c) with the

solid line indicating its temporal shapenabled an absolute time origin to . .

be assigned to the backscattered light. The measured streak records of e FIg- 11(b) between 2 and 3 ns corresponds to a 0.1%

four groups of laser beams are also shown. The horizontal dashed line ireflection of the interaction beam from near the critical-
dicates the unshifted laser wavelength. density surface. The total energy recorded by the spec-
trograph was 3.1 J, corresponding to 0.7% of the interaction
beam energy, so most of the energy was in the scatteyed
where the SBS reflectivity exceeded 16%The energy re- beams. The feature after 3 ns in Fig.(d)lis from what
sponse of the SBS spectrograph was estimated using shat®uld, in the absence of the interaction beam, be a rapidly
taken without the interaction beam. In this case, there was noooling plasma. This plasma, which still has a critical-
scattered light in the SRS range, so the energy recorded iensity surface, is strongly absorbit@ose to 100% absorp-
the calorimeter corresponded to the signal in the SBS spedion is predictedl and is locally heated by the interaction
trograph. beam. The observed backscatter is consistent with a back-
Measured backscatter SBS spectra are presented in Figcattered SBS energy fraction of 0.2%. Thus, no significant
10 for the exploding-foil plasmas after the peak density has$SBS was observed in either the exploding-foil or solid-target
dropped to~n./5. The time during which NIF temperatures interaction experiments under NIF direct-drive conditions.
and scale lengths are achieved extends from 2 to 3 ns. Figure Small amounts of SRS were observed in both types of
10(a) shows the temporal evolution of the spectrum near 35plasma. For the exploding-foil plasmas, SRS from the
nm when the interaction beam was not fired and was used telectron-density maximum was used as a density diagnostic
establish the level of background light. The interaction beanisee preceding sectipn For solid-target plasmas, time-
was fired at 2 ns in Fig. 1B) and at 3 ns in Fig. 1@). Since  resolved SRS was measured through the focusing(térexct
there are no significant differences between the three imagebackscatterand at 20° from the backscatter directi@fig.
it is clear that no measurable contribution from the interac-12). Figures 12a) and 12Zb) show the temporal evolution of
tion beam to the signal near 351 nm was observed for eithahe SRS backscatter spectra through the lens, with the inter-
timing. The energy response of the spectrograph places action beam fired at 2 and 2.5 ns, respectively, with peak
upper limit on the SBS reflectivity of 0.1% for these experi- intensity 1.5< 10'>W/cn?. Both images exhibit broad spec-
ments. tral features coincident in time with the interaction beam and
A similar set of streaked spectra is shown in Fig. 11 forextending from 420 to 540 nm. The weak feature at 700 nm
solid-target plasmas. The signal néar0 in all three cases is appears to bay/2 light from the two-plasmon decay insta-
interpreted as light reflected from the critical surface with ability driven by the primary and secondary beams.
Doppler blueshift from the expanding plasma. This is con-  An upper limit on the backscattered SRS energy can be
sistent with the SAGE prediction for the time-dependent ab-estimated from the calorimetry and the SBS signal. As men-
sorbed powefFig. 3(b)]. Less signal is seen during the sec- tioned above, the spectral energy response of the SBS spec-
ond set of primary beams, as they were incident at greatdrograph was determined on shots where the interaction
angles from the collection lens. The feature around 351 nnbeam was not fired. By subtracting the SBS energy in the
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NIF conditions wavelengths in direct backscattering at 3[Rig. 12b)].
It is possible that some SRS was present just outside the
700 f/6 cone of the interaction-beam focusing lens. However,
this is unlikely to be significant, based on the lack of SRS at
600
20° from 2 to 3 ns.
500 Combining the backscatter and sidescatter SRS observa-
tions it is reasonable to conclude that the directionality of the
400 filamentary (low-density SRS signal is due to the “horn
g antenna” effect, which directs the incident 351 nm light into
= the filaments and then funnels the backscattered SRS signal
g through the same horn to the focusing lens. Within the fila-
T% ment the SRS signal is guided by the filament as well as by
z

the SRS gain, while in the region of the horn geometrical
optics is applicable and the backscattered SRS light is guided
by the density structure making up the horn. It is impossible
to determine the exact background density within which the
filaments are created since the SRS wavelength merely re-
flects the density within the filaments. It is clear that the
2D-SSD bandwidth used in this experimé@i25 THz in the

UV) is insufficient to suppress the filamentation.

Time (ns) The density gradient threshold for Raman scattering

dand (e.g., that given by Kruéy yields | ~1.8x 10**W/cn?, and
FIG. 12. Streaked SRS spectra from solid-target plasit@sand (b) di- F it _
rectly back through the lens, with SSD ¢B.25 THz UV bandwidth and SRS would be expected to originate within the speckles pro

(c) at 20° to the lens with SSD off. The interaction beam was timed at 2 n@uced by the phase pIates. Du.ring _the hot NIF-like plasma
in (@ and at 2.5 ns ir(b) and (c). The temporal shape of the interaction phase, however, Landau damping is strong enough to sup-

beam is show_n as an overlay (@ and(b). Th_e targets were flat ie) and press this SRS completely while in the cooling ph§sast
(b) and a partial sphere of 2 mm diameter(@). t=3n9 SRS can occur and is seen between 0.1 and.0.2
This type of Raman scatteringvithout filamentationis still
preferentially directed in the backward direction, but it is
spectrograph from the total energy recorded in the calorimmuch less collimated, which thus allows its observation
eter, the energy in the SRS signal can in principle be estithrough the lens as well as at 20° away from the backscatter
mated. However, due to the shot-to-shot fluctuations in thelirection.
signal levels there is a large uncertainty associated with this
subtraction. In addition, the final turning mirror has.00%
reflectivity at 351 nm but a flat-12% reflectivity between ,; coNncLUSION
400 and 700 nm, further reducing the SRS contribution in the
calorimeter. Taking all these factors into account, the re- Long-scale-length plasmas, with parameters relevant to
sidual SRS energy in the calorimetar @ J with an uncer- the peak of direct-drive NIF laser pulses, have been produced
tainty of 25 J. The upper limit of 25 J corresponds to aand characterized on the OMEGA laser system. Tempera-
maximum SRS backscattered energy fraction of 5%, butures of ~4 keV and densities of-0.2n. have been mea-
clearly a lower value is more likely. An accurate measuresured in agreement with hydrocode predictions and are con-
ment of the SRS fraction will require further experiments. sistent with density scale lengths of0.5-1.0 mm.
Landau damping is very strong in this density- Experiments have shown that these plasmas have an SBS
temperature regimékAp~0.5 at 570 nm during the high- reflectivity of less than 0.1% and an SRS reflectivity of less
temperature portion of the interactiprwhich suggests that than ~5%, even when the interaction beam intensity is 1.5
the observed SRS originates in filaments where Landaix 10™°Wi/cn?, eight times higher than the NIF cluster inten-
damping is strongly reduced. sity. The measured backscattered SRS signals are believed to
A time-resolved sidescattered SRS spectrum from ariginate in filaments at,<0.1n., as otherwise they would
solid target, at 20° from the interaction beam directite  be suppressed by the strong Landau damping that occurs at
normal to the original target surfages shown in Fig. 1&)  the measured temperatures. The threshold intensity for SRS
with the interaction beam fired at 2.5 ns. No SRS is observedas not determined since experiments were not performed
in sidescattering during the hot NIF-like plasma phase bewith a lower-intensity interaction beam. The calculated SRS
tweent=2 and 3 ns, but sidescattering sets in abruptly wherand SBS intensity thresholds were comparable to the inten-
the secondary beams turn off &3 ns. At this time the sity of the interaction beam at 2&L0"°W/cn?; however,
background plasma cools down, although this alone may nainly SRS was observed in the experiment.
explain the abrupt onset of sidescattering. The sidescatter On the basis of these experiments, it is concluded that
SRS appears at longer wavelengtls., higher densitigs SRS and SBS are not likely to present a problem for the
than the filamentary SRS seen in backscattering between é@ronal plasmas at the peak of the NIF direct-drive laser
and 3 ns. This is consistent with the onset of SRS at longepulse. Future experiments on OMEGA will vary the intensity
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