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Measurements are reported of the spectral intensity of emissions attributed to stimulated Brillouin
scattering (SBS) of 0.5a&m laser light from an inhomogeneous CH plasma, at densities of interest
to laser fusion or x-ray lasers. The onset of SBS confirms recent theory, and no dependence
of the saturated spectral reflectivity on density or pump strength is seen. The total reflectivity,
which reaches 15%, increases with the spectral width of the SBS. These quantitative data can
test theory and simulations of saturation and also have implications for the National Ignition
Facility. [S0031-9007(96)00528-5]

PACS numbers: 52.40.Nk, 52.25.Rv, 52.35.Nx, 52.50.Jm

Stimulated Brillouin scattering (SBS) is a well-known periments using infrared (C{ lasers or microwaves as
phenomenon in any medium which sustains both electrggumps [10-12]. In contrast, it has fared poorly [2,3]
magnetic and acoustic waves. In SBS, a resonant acougpredicting much-larger-than-observed saturation levels)
tic wave scatters an electromagnetic pump, producing & explaining experiments using pumps of “short” wave-
scattered-light wave. The scattered-light wave then bealength(=1.06 uwm), which is the regime relevant to laser
with the pump so as to amplify the original acoustic wavefusion and x-ray lasers. Measurements of the integrated
through the nonlinear response of the medium. SBS iseflectivity, often reported previously, are inadequate to
relevant to many applications of lasers, where it may beest theory or simulation of saturation. They inherently
useful for phase conjugation or pulse modification, or mayconvolve plasma volume and signal amplitude, since
be detrimental. Intense SBS can deplete the laser poweargions whose flow velocities differ significantly will
can damage laser (or x-ray laser) optics, and in plasmaontribute independently at different frequencies to the
can heat the ions. The growth and saturation of SBS imotal scattering of the pump. Instead, measurements of the
plasmas [1] has proven difficult to understand in experiscaling of the SBS spectral intensity (e.g., Wémm™1)
ments to date [2,3]. In addition, this subject remains arare necessary. We provide such data here and show that
issue for the proposed National Ignition Facility, as de-they rule out some candidate saturation mechanisms.
pletion or even redirection of the laser power can prevent The experiment (Fig. 1) was performed at the Trident
ignition. The present work reports, for inhomogeneoudaser facility [13]. We formed a plasma by irradiating
plasmas, the first confirmation of the onset of SBS prea 6.7 um thick, CH target with175 = 25 J of 527 nm
dicted by recent theory [4] and also reports the first datdaser light in a1.3(=0.1) ns full width at half maximum
regarding the scaling of the saturated spectral intensity (&WHM) pulse of approximately constant intensity. The
opposed to total reflectivity) of SBS from a large, inho- preforming, f/6, laser beam had a nominally flat-topped
mogeneous, flowing plasma. spatial profile and was both defocused and incident at

The present work addresses two specific issues. The 60 angle to form an elliptical,160(=20) wm by
first is the scaling of the SBS onset. While experiments320(+40) uwm spot. A “pump” laser beam, of the same
have long attributed the observed scattered light wittb27 nm wavelength and the same pulse shape, delayed
small frequency shifts to SBS, these experiments have
faced many obstacles and have for the most part been

. . ? 6.7 um CH target
inconclusive [2,5,6]. There are many potential sources
of signal at such frequencies, and few experiments have Rand
. . . om
observed the onset of SBS as an additional confirmation. Phase Plate reform
Recent progress has included observations of the spatial TS eam
profile of the acoustic waves near threshold [7] and of the :fiefggcted \ V
scaling of the SBS onset in homogeneous plasmas [8,9]. [ diagnostic // am
We report here the first confirmation of the theory [4] in . Efm? '
an inhomogeneous plasma. wedged | diagnostics
The second issue is the saturation behavior. Existing splitter pump beam
nonlinear theory has proven sufficient to explain, princi-
pally through ion trapping, the saturation of SBS in ex- FIG. 1. Schematic of the experiment.
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mechanically by 1.6 ns (to 50 ps accuracy) relative to the L — 10
onset of the first beam, irradiated the plasma at normal «

incidence. The pump passed through a random phase = "
plate having 6 mm hexagonal elements, and was focused E 105 g
onto the target using a lens of 120 cm focal length, & 2
stopped tof/8.3. This produced a 11@m diam FWHM z loo 3
laser spot in the plasma, with the most intense speckles < <
having an 11um full width (min to min) and 29Qum "‘U 8
full length. The pump intensity},ump, quoted below is L:Q 405
the average intensity, calculated Bgn, = 0.5E./7A, )

whereE; and 7 are the laser energy and pulse duration,

respectively, andi is the area of a 11@um diam spot. 01 o T oo So0 10

We used whole-beam attenuators to vAfy Distance (cm)

We' made three measurements (.)f t_he reflectivity byFIG. 2. Simulation results at 1.8 ns, corresponding to the
(_:oupll_ng WhOIe'b?am SamP_'e$ of the incident ar_1d reflectedyngitions of Fig. 3(e). Normalizations are indicated on the
light (i) into calorimeters, (ii) into a fast photodiode, and axis labels, and,, is the Ipump in units of 104 W/cm?.

(i) into a fiber optic, which went to a 0.5 m Czerny-

Turner spectrometer and streak camera whose output was

recorded using a scientific-charge-coupled device cameraurn through. The density of the extended plateau region
The resolution in time and wavelength was 230 ps (limitedhen drops below:./4 so that SRS can be driven there.
by the spectrometer) and 1 A, respectively. We sampledt this late time, well after the saturation of SBS, we ob-
the reflected light in arf/6 cone (in two cases we used served SRS from > 0.1n,.

an f/8.3 cone, finding no significant differences). The The simulations at 1.8 ns find the flow velocity, the
three reflectivity measurements typically agreed to withinvelocity gradient, and the velocity scale leng®y /c;) !,
20% whenE; was above 10 J so that the calorimeterto be 5.5 X 107 cm/s, 7.5 X 10® s™!, and 500um, re-
obtained good signals. For each shot, we used the mospectively, atn ~ 0.05n.. Herec;, is the sound speed.
accurate measurement of the reflectivity to calibrate th@he profiles of density and velocity are insensitivég,, -
spectral intensity of the streaked image. The streak cameta contrast,T, at 1.8 ns increases from 400 eV witha 2 J
response was linear for these data. No variations ipump to~1 keV with a 67 J pump. The half maximum
the streak-camera sensitivity in time or wavelength weref I,y is at0.35n. whenT, is 1 keV and ab.27x. when
identified, but such variations potentially could reach aT, is 400 eV.

factor of 2. The observed spectra showed systematic and repro-

These targets are thicker than the “exploding foils”"ducible variations. Figure 3 shows the measured spectral
used in a number of past studies, and reviewed in [14]intensity, I;pec., from six laser shots, witl,,m, as indi-
They might be referred to as “ablating foil” targets. Two- cated. We interpret the observed wavelength as the com-
dimensional, hydrodynamic simulations by thesNEX  bination of an acoustic shift and a Doppler shift (other
computer code [15,16], using a flux limiter of 0.06, sources of wavelength shift are unimportant here). For
provided plasma parameters for the theoretical analysiexample, the data of Fig. 3(f) extend frof23»r. and
Figure 2 shows results for a 67 J pump, at 1.8 ns (200 pklach 0.7 at+3 A to 0.02n. and Mach 2.8 at—15 A,
after the pump onset). We found that, throughout mosbased on the simulations and the ion wave phase veloc-
of the pump pulse, the pump laser is absorbed: & ity in CH plasmas [17].
0.4n., where n. is the critical density of the pump. Figure 3(a) shows weak signals having redshifts of about
The plasma density falls roughly exponentially to lower0—4 A. We provisionally attribute these signals to Thom-
densities, with a characteristic scale length of 228. son scattering from the acoustic noise at comparatively
Electron conduction carries some of the laser energy to thieigh density. Such scattering should be proportional to
ablation surface, which is separated from the absorptiothe local laser intensity, which sufficiently explains the
layer by an extended~300 um) zone of plasma at observed time dependence. The inferred noise spectrum
n ~ 0.3n.. Negligible laser intensity(< 0.1% I,ump) is far (about 16 times) above thermal levels and cannot
penetrates through this plasma to the critical surface, ande isotropic, as no comparable, blueshifted signal is seen.
thus critical-surface phenomena cannot contribute to théThis result is not unique [2].) We would not expect to see
results discussed below. SBS here, as the gain is small even after integrating over

Both the simulations and observations of stimulated Rathe distribution of laser intensities, becaugg,, is well
man scattering (SRS) indicate that the maximum densitpelow the homogeneous damping threshold for convective
remains abov@.1n, throughout the pump pulse. We ob- instability [18], which is about 18 W/cm?. AS I,ym, in-
served no SRS during the growth and saturation of SBSreases above 1®W/cm?, the data show weak SBS which
discussed below. Near the end of the pump pulse (exgrows nonlinearly in time, as shown in Fig. 3(b) and at
cept at the lowest pump energies), the foil is predicted tehorter wavelengths in Fig. 3(c).
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FIG. 3(color). The scattered spectral intensity,., is shown for six laser shots. The numbers indidgig, in units of 108 W/

cm? The contours are spaced by factors of 2/jp., with the highest contour at 50% of the maximum in each case. The
maxima, in W cmi! nm™!, are (a)7.1 x 10'°, (b) 7.1 X 10", (c) 1.4 X 10'3, (d) 4.8 X 10"}, (e) 1.5 X 10", and (f) 1.8 X 10'.

The minimum in the emission at2 A is produced by a dead spot on the photocathode and is not real. The bars are explained in
the text.

Convective amplification, limited by the gradient in perhaps one of these mechanisms (SBS is well known to
flow velocity, provides a good explanation for the dataquench SRS [22]) quenches TPD.
of Figs. 3(c)-3(f). The theory of Ref. [4], which ac- Thermal filamentation of the laser speckles could be
counts for the distribution of intensities in the laser speckplaying some role here, although it is not required
les, predicts that one should sesturatedsignals at each to explain the SBS onset. Once these speckles ex-
frequency for whichl,., is large enough that the convec- ceed the (nonlocal) threshold for thermal filamentation
tive gain of backscattered power, evaluated for an intensit}23,24], the spatial gain for filamentation is large enough
Ioump, is approximately'. We used the simulation results (>100 cm™!) so that they should focus quite strongly.
for each case shown in Fig. 3 to evaluate the convectivdhe hatched bars in Fig. 3(b) show the range of wave-
gain by established methods [18—-20]. The shaded bars iengths over which the threshold for thermal filamentation
Fig. 3 show the range of wavelengths for which the gain(Table 1, Ref. [23]) is exceeded at a perpendicular wave
exceeds!. The data confirm the theory remarkably well number of27 /5.5 um. The comparison suggests that
both in scaling with/,,,mp, and in magnitude. The present thermal filamentation may explain some of the long-term
results are thus the first confirmation, in an inhomogeneousaturation behavior, perhaps by rendering the beam and/or
plasma, of the theory of Ref. [4]. Traditional convective plasma unable to sustain SBS, but we leave to later work
theory, in contrast, would require tht,, be much larger the detailed discussion of this and other long-term behav-
to produce saturation. ior. In contrast, the gain for ponderomotive filamentation

Although the interpretation just given explains the ob-remains small throughout.
servations fairly well, it is worth asking whether this in- The observed scattering also shows systematic satura-
terpretation is unique. We do not believe the observedion behavior. Forl,,,, above about 18 W/cm?, the
signals could be due to an absolute instability, because thagnals increase rapidly to a maximum instantaneous emis-
damping threshold for absolute instability is abové®1//  sion, Ina(A) at each particular wavelength We focus
cm? In addition, there are good reasons, discussed abovigre on the behavior af,a(A), the maximum saturated
to believe that neither critical-surface phenomena nor SR&vel. I.(A) is effectively averaged over one time-
interfere with the observed SBS. Furthermore, much ofesolution element of 230 ps. While the actual maximum
the blueshifted spectrum of Fig. 3 originates from regionemission might be composed of numerous, brief bursts, it
where Landau damping quenches SRS. is not composed of a single, intense maximum because the

While one cannot easily rule out any impact of tworise time and the FWHM of the intense emission are typ-
plasmon decay (TPD), any effect it might have shouldically in excess of 400 ps. The most important property
be localized in wavelength since TPD occurs only neaof I,,(A) is that the innermost contour, which encloses
n./4. As then./4 surface is near the sonic point in the signals within a factor of two of the overall maximum,
plasma, any coupling to SBS of ion waves produced irspans a large inferred range of density [more than a factor
consequence of TPD [21] should alter the emission anddf 5 in Fig. 3(f)]. Moreover, the slight increase IRax(A)
or the time dependence near the unshifted frequency. Nwith increasing blueshift (on the assumption that the instru-
such local effect is observed in the data. TPD is notmental response is sufficiently uniform) is consistent with
predicted to exceed its damping threshold here beforthe gradual decrease in the velocity gradient. The satu-
the gain for SBS and thermal filamentation is significant;rated amplitude of the acoustic fluctuations is thus roughly

81



VOLUME 77, NUMBER 1 PHYSICAL REVIEW LETTERS 1dJdLy 1996

703 have observed small total reflectivities. The evidence
here suggests that such experiments provide incomplete

o °® 3 a @ ~ evidence regarding the level of SBS which will be driven
’Q 102 *E in the National Ignition Facility. In fusion targets on

° ] . 1 % this facility, the laser beams will penetrate plasma in

L N E which there is some gain for SBS across a range of

0.01F 4 01 flow velocities. The issue of the spectral width and
E ] corresponding total reflectivity of SBS in such plasmas
] remains to be addressed.
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