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Stimulated Brillouin backscatterin@-SBS from delayed interaction with a preformed, long scale-length
expanding plasma was experimentally investigated in a regime favorable to strong self-fo&@Birand
filamentation. An extremely low backscattering reflectiviof the order of 104) was measured and anoma-
lous time-resolved spectra were observed. Spectral and temporal features of the reflectivity suggest a strong
effect of SF on B-SBS: In the early phase of the interaction SF lowers the B-SBS threshold and possibly leads
to rapid saturation, while in the late phase there is a substantial decoupling of the SBS active regions from the
plasma bulk due to their motion towards the laser beam. This motion is attributed to a moving focus effect
driven by ponderomotive SFES1063-651X99)00601-7

PACS numbes): 52.35.Nx, 52.40.Nk, 52.40.Db

[. INTRODUCTION and measurable quantities ambiguous, including intensity
thresholds, spectrum, or backward reflectivity.
Stimulated Brillouin scatteringSBS is currently a major As an example of such a case we mention the effects of

topic in laser-plasma interaction research, since it is wideljthe interplay between self-focusing or filamentation instabil-

recognized that a control and, possibly, the suppression dfy (FI) and SBS. It was previously proven that the onset of

SBS are of crucial importance in laser-driven inertial con-FI provides an effective threshold to SBS, whose level can

finement fusior(ICF) [1]. The elementary SBS process is the P& consequently reduced by use of beam smoothing tech-
decay of an electromagnetiEM) wave into an ion-acoustic Niques [4]. Experiments using diagnostics such as time-

wave (IAW) and a second EM wave, which propagates pref_resolved imagind5] or Thomson scatterin§6] showed a

erentially in the direction opposite to the incident one. InSpeCkIe or filamentary structure of SBS emitting regions.

principle, the SBS parametric instability may grow to high 'I_'heoretically, it was suggested that the rapid evolution of

. L7 ilaments may strongly influence the temporal evolution of
levels in an underdense plasma resulting in a large amount Y gy P

backscattered laser radiation. Theoretical investigations havao» the amount and direction of the scattered Iigi8]. In
SRR g . & recent theoretical study a quasistatic unified treatment of
shown that SBS generation in “realistic” conditions of in-

geneous plasmas is a complex process. It depgnds on Varioféﬁning a laser power beyond the FI threshfgdl However,
factors such as, for example, the interplay with laser Self'rapid saturation can be produced by flow profile modifica-
focusiljg(SF) and other parametric instabilities and hot spotijons inside the hot spofd.0]. Very recently, kinetic effects
collective effects. in intense hot spots were suggested to affect significantly
Experiments on delayed interaction with preformed, long-SBS[11]. Therefore, in a regime of strong SF many effects
scale-length plasmasee[2], and references thergithave  may influence the level and features of SBS, but a detailed
evidenced a number of features which are not always satigpicture of their relative weight, as well as a definitive esti-
factorily explained, including localization of SBS emitting mate of the importance of detrimental effects of B-SBS, is
regions, large spectral width, and low reflectivity. On thestill lacking.
other hand, it was recently suggested by DrE&Kkthat, ac- In this paper we describe measurements of stimulated
cording to some significant experiments, the importance oBrillouin backscatteringB-SBS from the interaction of a
SBS as a detrimental factor in ICF is actually overestimatedlaser pulse with a preformed, inhomogeneous plasma in con-
The effort towards the control of SBS could therefore beditions favorable to SF: in particular, a highnumber
reduced, with consequent beneficial effects in the develop=15) focusing optics and an IR wavelength\ (
ment of next generation ICF facilities, such as the U.S. Na=1.064 um) for the interaction pulse were used. The ex-
tional Ignition Facility (NIF). However, the verification of periment was designed to investigate the propagation of a
this assumption requires a very detailed and critical analysikaser pulse in a long-scale-length plasma, with the simulta-
of experimental results, since the complexity of the interacneous use of several diagnostics including probe interferom-
tion scenario could make traditional diagnostics less usefuletry, x-ray time-resolved spectroscopy, second-harmonic
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(SH) emission, and B-SBS. A substantial effort has been ‘ , -3
devoted to the production and characterization of the pre- 0.1
formed plasma to obtain well-known and reproducible inter-

action conditiond12]. Significant anomalous features were o
found in the experimental SBS data: the time-resolved
B-SBS spectral reflectivity was found to change dramatically
in time, showing a first sharp, broadband peak followed by a =
weaker narrow-band emission shifting regularly in time to

the blue side of the spectrum, with a second, less intense
peak at later times. The overall SBS reflectivity was ex-
tremely low (10 %). These features were weakly dependent 0.001 L,

L 0
upon the laser intensity which was varied by a factor of 20 0 500 1000 1500
over the set of experimental data shots. The early back- X (um)

scattering peak suggests rapid saturation of B-SBS due to SF o _ _ ) _
in hot spots. By comparison of B-SBS spectral data with FIG_. 1. _Longltudl_nal densny. proflle ob_talned fr{)m |?t3erferom-
optical and x-ray diagnostics we found that the large spectraft"y (thick line), in units of the critical density.=10°* cm™?, and
width of the first peak cannot be explained in terms of Dop_self-consste_nt Ionglt_udlnal velocity proﬁ[da_lsheat in units of the
pler shift from a large plasma region. Also nonlinear opticalSounOI velocitycs, with the assumption of isothermal plasma and
effects, such as self-phase modulation due to further plas %eady'sm_t? p'?‘nar rlydmdynam'cal expansiwme text The initial
A . . . arget position is ak=0.
ionization during the interaction, cannot account for the ob-
served spectral width of the early spectrum. Late spectral
features are consistent with a supersonic motion of thé¢he sound velocitg,=ZT./M, estimated from the density
B-SBS emitting region towards the laser, which is attributedprofile assuming a steady-state planar hydrodynamical ex-
to a backward “moving focus” process, leading to decou-pansion ¢.d,v,=—3,N/N); Z is the average ionization
pling of the interaction beam from the region of maximum degree andV the ion mass. For an Al plasma with,
SBS gain. The speed and direction of the “moving focus” =450 eV andz=11 we findc,=1.3x10’ cms *.
are in good agreement with the nonlinear theory of dynami-  The interaction beam was focused by B#L5 optics, ei-
caI.SF_[13]. .The set of expgrim'ental' results support a SCether in a 150 um circular spot with an approximately
nario in which SBS evolution is driven by SF dynamics, 5 ssian intensity profilétight focus, or in an elongated
V.Vh'ch’ as discussed beIOW' IS requn_5|ble for keeping th.eLSO umx300 um spot(line focug obtained by tilting the
time-integrated backscattering reflectivity very low. focusing lens. The focal depth was about 1.5 mm in a
vacuum, ensuring that the intensity was almost constant over
Il. EXPERIMENTAL SETUP AND PLASMA the whole longitudinal extent of the plasma. The focal spot
CHARACTERIZATION size was definitely smaller than the plasma transverse scale
length (400 wum) to avoid refraction effects at the bound-
aries of the plasma. The intensity of the interaction pulse
EIL) was varied in the range 10— 6x 10 Wcem™ 2 in
Re line focus case and in the range AB*—1.2
X 10'® Wem 2 in the case of tight focus. The far-field im-

The plasma was preformed by laser heating of thin Al foil
targets using four synchronized 600 ps duration, 1.Q58
wavelength laser beams of the Vulcan laser. The beams we
focused withF/10 optics and superimposed in pairs on each

side of the target in a 60Qwm diameter focal spot to provide : . .
a total intensity up to 1.210" Wcm 2. The targets con- 29€ of the beam transverse profile showed intensity modula-

sisted of 0.5 um thick, 400 xm diameter Al dots coated on tions with a contrast up to 50% and a typical scale length of

a thin 0.1 um plastic stripes. Two-dimensional electron @PProximately one-tenth of the spot size. _
density maps were obtained by interferomdtt®,14), using Expenmental data were also obtained using smoothing
a 100 ps, frequency-doubled (0.53m) probe beam set to techniques such as random phase pl&&fP and smooth-
propagate in the direction perpendicular to the main longituing by spectral dispersio(SSD. However, they are not re-
dinal target axis. Consequently, the interferometry channeported here since the effect of smoothing is beyond the aim
also gave time-integrated images of side-emitted secondf the present paper. We only mention that, in the case of
harmonic (SH) light. The electron temperature was moni- RPP, the need of a spot width less than the plasma transverse
tored by means of time-resolved x-ray spectroscidi®l. A  extent posed limitations on the size of their structure, such
600 ps, 1.053xm interaction pulse, incident along the main that both the spot and the speckles size were not largely
longitudinal target axis, was delayed by 2.5 ns with respectlifferent from those obtained without the use of RPPs; con-
to the peak of the heating pulses. A more detailed descriptiosistently, a preliminary analysis of the backscattering data
of the experimental setup can be found ir2]. with RPP smoothing did not evidence substantial differences
The longitudinal electron density profile, i.e., the electronwith the data reported in this paper.
density profile along the main target axis, at the time of In order to investigate B-SBS, the backscattered light was
interaction (2.5 ns after the peak of the heating laser pulse<ollected in the solid angle of thE/15 focusing lens. A
is shown in Fig. 1 N=n./n., n.=1.1x10** cm 2 being calibrated diode was used for energy measurements and a
the critical density for Nd laser light At this time the elec-  3-m spectrometer coupled to an IR streak-camera was used
tron temperatureT,) was 456-50 eV. Figure 1 also shows for time-resolved spectroscopy. The time and spectral reso-
the profile of the longitudinal flow velocityu() in units of  lutions were 100 ps and 1 A, respectively.
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FIG. 2. Time-resolved spectftéop frame$ and time historiegbottom framepof backscattered light from interaction with the preformed
plasma, obtained in the “line focus” configuration for three different intensities of the interaction puls&0'? Wcm 2 (a), 3.3
X 10 W cm 2 (b), 5% 10 Wcm 2 (c). The temporal histories are obtained by integration over the full wavelength range of the spectra.

. EXPERIMENTAL RESULTS show a weaker, narrow-band emission whose frequency
hanges in time; it is characterized by a secondary peak oc-
. . i urring about 500 ps after the first peak, centered approxi-
spectra from the interaction with the preformed Al plasma’mately around the unperturbed laser wavelength. A third
taken in the line focus configuration at intensitigs=7.0  \yeak maximum is also apparent at about 1 ns after the first
X10"® Wem™? (@), 1,=3.3x10" Wem™ (b), and I, peak. In the spectrum at higher intensity, Figc)2 the
=5.0x10" Wcm 2 (c), respectively. In the bottom frames nparrow-band emission is clearly seen to shift in time regu-
the backscattering histories, obtained by integration alongarly from the red side of the spectrum at15 A to the

the wavelength axis, are reported. The spectra show a firgilue side at—10 A, with a typical drift rate of about 40 A/
broadband peak, extending fror30 A to +15 A withre- ns.

spect to the laser wavelength and having an instrument- Figure 3 shows a spectrum taken in the tight focus con-
limited duration of about 120 ps; this early part is ratherfiguration forl, =1.2x 10> W cm™2. This spectrum is very
independent of the laser intensity. At later times the spectrgimilar to the ones of Fig. 2 obtained with the line focus at

Figure 2 shows three representative time-resolved B-SB%
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FIG. 3. Time-resolved spectrutop frameé and temporal his- FIG. 4. Time-resolved spectrufitop frame and temporal his-

tory (bottom framé of backscattered light from interaction with the tory (pottom frame of backscattered light from interaction with the
preformed plasma, obtained in the “tight focus” configuration for solid targetS(nO pretozrmed plasmdor an interaction pulse intensity
an interaction pulse intensity of x2L0'> Wcm™2. of 1.2¢10"* Wem™2,

Ision, which we attribute to the arising phase of SF and its

well below saturation in order to investigate the presence op‘?‘g’&ent effe_cttog SE{E .ﬂ?econcli, Wﬁ d|scus§ t?e Iarg(: tshp(?tc.ttral

spectral modulations in the early broadband emission whicl{! assoclated with the early phase, pointing out that 1

shows a spectral periodicity of roughly 2 A cannot be interpreted in terms of Doppler shift by the flow of
The time-integrated backscattering reflectivity, measure he B-SBS active region. Finally, we Q'SCUSS t_he late B-SBS

in the same conditions as those of Figs. 2 and 3, was found gatgres showing that the_y are consistent with a backvyard

be extremely low and weakly increasing with laser intensity,][nOtlon of the B-SBS region due to a supersonic moving

ranging from 0.8 10 % for I =7x 10 W cm™2 (line fo-  '0CUS Process.

cus to 1.1x10 4 for I, =1.2x10"® Wcm 2 (tight focus.

We notice that the early reflectivity is much higher than the Early backscattering history and reflectivity

time-integrated one. In addition, due to the limited temporal  The early part of the backscattered radiation is the one

resolution, it may be even higher. that gives the major contribution to the total B-SBS reflec-
_Both spectral features and reflectivity data are completelyjyity The backscattering intensity rises up rapidly before the
different from those taken in some reference shots where thﬁeak of the pulse and in a time shorter than the temporal
in.teraction bear_’n was focused Qirectly on the solid targelyesolution(100 pg; moreover, the early temporal history is
without preforming the plasma. Figure 4 shows one spectrurgite independent of the laser intensity. This suggests that
obtained in these conditions at an intensity =5  he packscattering threshold is lower than the lower bound of
X 10" Wem™2. In these shots the backscattering reflectiv-ghe investigated intensity range X203 W cm2), and that
ity ranged between %102 and 2<10°2. The spectra are packscattering saturates very rapidly as the threshold is ex-
similar to those previously obtained in the same experimengeeded.
tal conditions[2,15] suggesting that parametric instabilities  Because of the convective nature of the SBS instability,
occurring at or near the./4 layer, like two-plasmon decay, its onset and saturation are generally correlated with the ex-
may influence significantly SBS enhancing ion density ﬂUC‘_tent of the SBS active region, which in an inhomogeneous,
tuations. These phenomena do not take place, however, §hwing plasma is determined by the density and flow veloc-
the case of the preformed plasma since at the interaction timg, profiles. For nonuniform laser irradiation, hot spot driven
the plasma density is well belom/4. The following discus-  collective effects are also important in determining the total
sion will be limited to the spectra of backscattering from sBs yield. A criterion for nonlinear saturation of SBS in the
preformed plasmas, which are less standard and require @se of a hot spot distribution corresponding to an RPP-

lower intensities. In this shot, the detection level was kep

more involved interpretation. smoothed beam is that the gain fac®r1 [16]. To evalu-
ateG in our experimental conditions we may use the Rosen-
V. DISCUSSION bluth formula obtained from linear convective thediy’]:
. . . L 2 1/2
For the sake of clarity we split our discussion in three (vq/vn) N(I—N)™L,

subsections. First we discuss the early backscattering emis- - 2N IN(L, /L) (1=vy)—2(1—N)|’ @
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whereL,,,L, are the scale lengths of density and flow veloc-Taking F=15, N=0.1, InA=10, andZ=10, we obtaing
ity, respectively, and 4 andvy, are the quiver and the ther- =8 in the plasma bulk. Therefore the SF threshold has to be
mal velocities. According to Eql), the maximum B-SBS evaluated in the thermal regime; using E¢3. and (4) we
gain is expected in the plasma bulk, because of the highdind that the threshold is exceeded if the intensity is above

density and the very large density scale lengitt>L, . 10'* Wem 2. In our experimental conditions, the most im-
SinceN<1, in the plasma bulk of our experimental plasmaportant parameter in keeping the SF threshold low isfthe
G might be roughly estimated as number. Therefore competition between SF and SBS has to
be expected. As pointed out ji3], laser spots undergoing
WT(vq/vth)ZN L, SF are likely to enter the ponderomotive regime as their radii
G~ an, 0.915 2 decrease; as shown in Sec. IV C, late spectral features sug-

gest that late SF might be in the ponderomotive rather than
with 1,5 the intensity in units of 18 Wcm™2; in the calcu-  the thermal regime.
laton we assumedN=0.1, L,=500 um, and T, The early SF has an effect on nascent $838| and may
=450 eV; from the density proﬁle we also calculatgd account for the sudden rise of the backscattered light. How-

=0.7 as the fraction of laser intensity that reaches the bulk ofver, While the same effect is also expected to lead to a
the plasma, taking collisional absorption into account. Theredramatic increase of the B-SBS yield, the reflectivity is very

fore, according to the criterion given above, one may expecllOW- This might be due to the fact that the interaction region
from Eq. (2) that for an intensity of a few times is decoupled from the denser plasma bulk where the SBS

10t Wem 2 B-SBS enters a nonlinear saturation regimegai” is expecteq to be maximum, as guggested by interfero-
because of the strong SBS reflectivity in the most intense hdirams and SH imaged2]. Indeed, rapid SF may lead to a
spots. However, this explanation does not fit well with theloc@l increase of the effectivienumber, making the waist of
extremely low backscattering reflectivity. Theoretical modelsth® focal spot move backwards. In the discussion of late
[16] predict reflectivities almost two orders of magnitude Packscattering in Sec. IVC, it will be suggested that the
larger than our observations; similar values are also obtaineRf0C€ss is dynamical; the laser focus drifts backwards shift-
in experiments designed to test the SBS statistical theory, 489 the interaction region in the plasma blow-off, where the
will be discussed in Sec. V. Nevertheless, if we assume thatBS 9ain is very low. Concerning the early phase, we further
the early reflectivity might approach values of a few percent0t€ that, in a regime of very strong SF, SBS could be ef-
the actual duration of the first pedkasked by the limited fectively quenched rather than enhand@®,18, due, for
temporal resolution in our specirhas to be a few tens of ps. gxample, to the ef_fects of density depletion or flow fluctua-
We point out that these estimates refer to B-SBS into thdions. We also point out that the onset of SF may already
cone of theF = 15 focusing lens. As will be discussed below, [€ave the “total” SBS rate unchanged, but may strongly re-
a relevant part of the light scattered by SBS processes migiffic€ the amount of backscattered light collected into the
fall outside this narrow cone, because of the onset of FI. Small aperture of thé =15 focusing lens, since diffraction is

It is interesting to note that the interferograms reported irenhanced into filaments leading to an'lncreased spread of the
[12], and in particular the SH radiation emitted sidewards'@Ser wave vector, and thus B-SBS light would tend to fall
(which, as discussed below, provide a reliable diagnostic foputside the lens cone. A furth_er cont_rlbutlon t(_) this effect
the localization of the SBS active regiorshowed that the May come from lateral deflection of filaments induced, for

interaction beyond the density maximum was much weakefXxample, by th.e plasma flow in.the direction transverse to the
than in the plasma front side. The pump depletion in thdaser beam axig19]. However, filament deflection should be

low-density plasma blow-off by either B-SBS or collisional weak in our case since the spot of the interaction beam is less

absorption &30%) is unable to fully account for this effect. than the plasma transverse dimension, and thus the flow ve-
According to the analysis above, it is apparent that thdoCity is mainly longitudinal.

B-SBS reflectivity, the duration of the first intense B-SBS

burst, and the localization of the interaction region cannot be B. Early broad spectra

fully explained by “pure” B-SBS models in an underdense  The spectral width of the early backscattering cannot be
plasma irradiated by nonuniform laser light. Indeed, the onfyly explained in terms of the linear theory of B-SBS in an
set of SF in laser hot spots is likely to play an important rolejnnomogeneous flowing plasma. The linear B-SBS shift from
in determining such anomalous B-SBS features. To estimatg,q plasma layer with flow velocity, (in Mach number
the importance of self-focusing in our plasma conditions, wepjtg) is given by
use the nonlinear theory of R¢fl3]. For a “Gaussian” hot
spot, the nonlinear threshold condition for ponderomotive AN/N=(2cs/c)(1+vy), (5)
filamentation is
where the second term accounts for the Doppler shift due to
2.5 10 3F2NNZ 13/ Tyey>1 (3) the flow velocity of the emitting region. Thus, from the
knowledge of the flow velocity profile, the measurement of
while the threshold for thermal filamentation is obtainedthe spectral shift can be used to localize the B-SBS sources

from Eq. (3) multipying the left-hand side by the factor in the plasma. However, applying this analysis to the veloc-
ity profile of Fig. 1, the early backscattering bandwidth cor-
Z2ENIn A\ 22 responds apparently to a large plasma extent extending for
g~2X 10‘2(—2 (4) more than 2 mm from,~+0.8 tov,~—4.7. If we take
A umTiev into account the temperature increase during interaction,
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which is estimated from x-ray spectra to be approximately
200 eV, the B-SBS active region extends frogs + 0.65 to
v,~—3.8. Such a large plasma region is highly unlikely to ~
emit B-SBS radiation at a comparable intensity over its = ‘
whole extent because the density drops more than two order < . - - gr e b
of magnitude from the inner to the outer velocity layer, and ' s —
also the laser intensity decreases considerably. Moreove
there is a clear disagreement with the SH images taken &
90°, which provide a reliable diagnostic of the localization
of SBS sourcef20]. These images show that the most active
region is localized in the plasma front side and extends _» 400 |
roughly 100 um away from the layer of maximum density, 300 |
where the flow is still well subsonic. Thus the early B-SBS

bandwidth cannot be related to the extent of the B-SBS ac: o a mm o
tive region.

There is indeed a variety of effects related to the laser-
plasma interaction which may shift or broaden the SBS spec- FIG. 5. Top frame: x-ray time-resolved spectrum obtained si-
tru.m. For example, collisional absorption COUI_d drive a red'multaneously with the spectrum of Fig(c2 Bottom frame: elec-
shift of SBS via the temperatu_re rnse or by the increase of th'taron temperature and ionization degree as a function of the time
IAW frequency because of kinetic effedts1]; these latter fom the peak of the plasma heating laser pulses, as obtained from
might play a role in the present regime because of the relaz_ray line ratios in the CRE approximatidgisee text In this plot
tively high value ofZ=13, but the redshift turns out to be the peak of the interaction pulse reaching the plasma is located at
quite weak indeed. Among nonlinear optical effects which2 5 ns.
may affect the SBS spectral width, the most relevant is self-
phase modulationSPM of an EM wave traveling in a Al x; jons to Alxil ions; the plasma ionizes during interac-
plasma where the electron density, and thus the refractivgon due to the temperature increase in the interaction region,
index, change in time. The frequency of the EM wave iSyhile rapid ionization processes, such as multiphoton or tun-

(eV)

T
~

90139p UONBZIUOY

e T (V) F«s-wionization degree "3—_ 11

Time (ps)

shifted according to the formule21] neling ionization, are not important at these intensities for
Z>10.
Awlw=(L/2c)(1—-N)~Y%N/4t, (6) If, consistently with the discussion of Sec. IVA, we as-

sume that B-SBS takes place inside the hot spots undergoing

wherelL is the length of the interaction region. According to SF, Eq.(6) can be used to estimate the effects of the density
Eq. (6), SPM will produce redshiftblueshify of either the variations inside the filamefi2,23. Since the onset of SF
pump or the backscattered wave if the electron density deeads to density depletion, a redshift of the emission is ex-
creasegincreasesin time. A change in time of the plasma pected during the initial development of filaments. The time
electron density can be induced during the interaction by twecale may be roughly estimated as the typical hot spot radius,
distinct effects which we discuss separately: further ionizaF X\, divided by the sound velocity: we obtain a time of 100
tion of the plasma by the interaction beam and density evops. For a filament length of ord&”\ and a density variation
lution into filaments due to SF. of 50% we findAN/\=—Aw/w~1.5x10 4, showing that

For what concerns the further ionization of the plasmaSPM due to SF may only weakly affect the red part of the
due to the interaction with the delayed laser pulse, informaearly spectrum. Indeed, a large blueshift could be generated
tion can be acquired from time-resolved x-ray spectra. Onéf one assumes that most of B-SBS originates from intense
of these spectra is shown in Figt@p). This x-ray spectrum hot spots which are unstable and undergo supersonic col-
was taken simultaneously with the B-SBS spectrum of Figlapse. In this case, the relative variationdfmight be posi-
2(c). The collisional-radiative equilibrium model adopted to tive and of the order of unity on a time scale of a few tens of
extract the history of electron temperature and ionization deps, giving, according to Ed6), the correct order of magni-
gree from these spectra was described in REZ]; the re-  tude for the observed blueshift. A qualitatively similar argu-
sults of the analysis for this spectrum are shown in Fig. Sment has been recently invoked to explain the blueshift of
(bottom. We see that due to reionization of the plasma, theransmitted light in the regime of relativistic filamentation
electron density increases during the interaction by approxif24]. It is questionable whether the spectral modulations ob-
mately 5% (assuming a collisional-radiative equilibrium served inside the broad early spectrgparticularly evident
model for the x-ray emissionn a time <100 ps. Such a in the spectrum of Fig. 3, because of the appropriate choice
change in the electron density gives a blueshift of the emisef filters) may be due to SPM. For the spectrum in Fig. 3, as
sion as described by Ed6). However, considering that well as for similar spectra, roughly ¥20 periods are ob-
dN/gt~5x10"2N/(100 ps) even assuming an interaction served; this corresponig3] to a source term duration of the
length ofL=1500 pm corresponding to the focal depth in a order of 20 ps, which might be consistent with the picture of
vacuum(much larger than the effective length of the SBSsupersonic collapse.
active regiof, we obtain AAN/A=—Aw/w~—1.2xX10"4, A more detailed and quantitative investigation of spectral
which is still too small to account for the observed B-SBSSBS maodifications would require numerical simulations of
spectral width. The observed ionization time scale is of theahe same experimental conditions. In general, when B-SBS
order of the inverse of the rate of collisional ionization of originates from filaments in a strongly nonlinear regime, we
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may expect that there are fast and relevant variations afinperturbed profiles of density and velocity of Fig. 1. This
plasma density and flow velocity which may strongly comparison gives a moving focus velocity,-=8c,, for
broaden the B-SBS spectrum. Computation of synthetic Be,=1.3x10" cm/s. This evaluation does not account for the
SBS spectra in numerical simulations accounting selfiocal temperature increase due to collisional absorption and
consistently for SBS and SF would help to identify the re-the local density and flow perturbations which can be pro-
lated physical mechanisms. duced by strong SF and, therefore, it should be considered as
an order-of-magnitude estimate. However, it shows that the
moving focus speed is highly supersonic.
Itis also important to note that the secondary maximum in
As pointed out in Sec. IV B, during the first intense tem-the temporal reflectivity is observed close to the time for
poral burst, B-SBS emission is likely to be in a strongly which the spectral shift is zero, i.e., when the active region
nonlinear regime where the anomalous broadening is due torosses the Mach surface where a resonance in B-SBS gain is
mechanisms possibly related with the evolution of SF.expected under quite general conditions. This is an indica-
Within a time of 100 ps or less, backscattering features aréon, independent of the knowledge of the actual density and
completely different: the B-SBS emission intensity dropsvelocity profiles, that the late backscattering history must be
dramatically, becomes narrow-band, and shifts rather reguassociated with a supersonic motion of the B-SBS active
larly in time from the red to the blue side of the spectrum. Inregion.
this section we will show that the spectral features and the A supersonic “moving focus” in the backward direction
low intensity of late backscattering are consistent with a suhas been predicted by the nonlinear theory of ponderomotive
personic backward motion of the B-SBS active region, dueSF of Ref.[13]. In the ponderomotive regime the focal re-
to a moving focus process driven by ponderomotive SF.  gion is predicted to move backward with a typical supersonic
The low intensity of B-SBS after the first broadband peakspeed of the order afy =~ Fc,, which is consistent with our
gives us confidence in unfolding the late spectrum in term&xperimental data. We note that the effect of the moving
of linear B-SBS shift, Eq(5). From the comparison of the focus becomes important during the laser pulse because of
instantaneous width of the late SBS spectrum with the velocthe large value of thé number. Moreover, Ref(13] also
ity profile in Fig. 1 we obtain a spatial width of about predicts that the dependencewqfir upon the laser power is
200 um for the SBS active region, very similar to the value relatively weak, and is expected to be proportional to the
measured independently by sideward SH emission; we notsguare root of the power in the spot. This result accounts for
that this value is much less than the vacuum focal depth, the little difference in the B-SBS spectra observed in our
typical signature of the onset of SF. The spectral drift to-experiment by varying the laser intensity. It also suggests
wards the blue side shows that the B-SBS active regiomhat the drift velocity is weakly dependent upon the hot spot
moves backward at a supersonic speed, starting from thstatistics, consistent with the little differences observed be-
subsonic region|¢,|<1) with redshift, crossing the Mach tween the data obtained in the line focus or tight focus con-
surface {v,|=1) with zero shift, and finally moving into the figurations, or in the few data taken with RPP smoothing.
supersonic region|¢,|>1) with blueshift. We attribute this We point out that our physical picture of late backscatter-
motion to a “moving focus” process driven by the dynami- ing identifies the B-SBS active region with the moving focus
cal development of SF. As the nonuniform laser beam isvhose features are in good agreement with the nonlinear
focused into the preformed plasma with a lafgeumber, a theory of ponderomotive SF13], where, however, self-
cooperative action of whole-beam SF and Fl is expectedconsistent SBS is neglected. On the other hand, since the
This action first leads to a spatial backshift of the beam waiskevel of B-SBS is very low, it is reasonable to assume that
and a decrease of the longitudinal size of the focal regionB-SBS has to follow the evolution of SF. This picture agrees
influencing the early features of interaction and backscatterwith previously reported numerical simulatiof&|, where a
ing as discussed in the preceding section. Then, due to tHeackward supersonic motion of the B-SBS active regions
progressive density depletion along the beam axis by thdue to dynamical ponderomotive SF was also found. These
action of additive thermal and ponderomotive forces, eaclsimulations of single hot-spot behavior in an initially homog-
laser spot experiences the action of a converging plasma le@nous plasma show that the long-time development of the
whose refractive power increases in time, resulting in a spaspatial patterns of the laser intensity and the SBS active re-
tial backshift of the focal region. This backward motion de-gions may be quite complex. This evolution may lead to the
couples the active region from the plasma bulk leading to gjeneration of a complicated pattern of “SBS-active is-
very rapid drop in the temporal reflectivity. On the otherlands,” where SBS is alternatively activated by the local
hand it is reasonable to assume that this supersonic motidntensity increase or quenched due to dephasing and decrease
may keep the instantaneous B-SBS level low and well belovof the gain length, and is characterized by a burstlike emis-
saturation. Thus this picture is consistent with a very lowsion at later times. Our experimental results suggest a similar
SBS vyield, with respect to what can be estimated, for exB-SBS and SF dynamical interplay; in particular, a third
ample, using convective, steady-state SBS theory to evaluateeak B-SBS burst is visible in the spectra as in the case of
the gain factor as given by E{l) corresponding to the den- Fig. 2. Additional complexity, however, may arise from the
sity and velocity profile of Fig. 1. It also qualitatively ac- inhomogeneity and the flow velocity of the preformed
counts for the observation that late B-SBS emission appeagdasma. Another difference from the simulations of R8&i.
more sensitive to the laser intensity than the early emissionis that thermal rather than ponderomotive forces, seem to be
An estimate of the moving focus speed can be obtainedominant at the initial stage of SEhus also determining its
comparing the instantaneous spectral shift with the initialthreshold in our experiment.

C. Late backscattering features
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Our final point concerns the energy balance, to whichthe B-SBS reflectivity with the laser intensity, up to values of
B-SBS in the solid angle of the focusing lens clearly gives aapproximately 1%. The authors also point out that filamen-
negligible contribution. SBS at different angles was not meatation was not expected to give a dominant contribution in
sured; however, in conditions of strong SF, more preciselyheir experiment, and that experiments in a regime of strong
when the size of the interaction region becomes smaller thahl remained to be done. Our data add a piece of information
the SBS growth length, numerical simulatidi®§ show that  to the study of this regime.
an important fraction of the laser energy is scattered The most recent experiment brought to our attention is
sidewards; in particular, the level of energy backscattered ifat of Chirokikhet al. [2], where SBS in long-scale-length

the narrow focusing angle is expected to decrease stronglp/asmas with 1.054um light and optics withF=3.6 was
as already suggested in Sec. IVA. Investigated. In the same work the experimental results are

compared with a detailed calculation of the SBS reflectivity
in a flowing plasma, accounting for statistical effects but
neglecting SF. Despite the noticeable differences with the
In order to make a proper comparison with other experifegime _of our exper!ment, it is interesting to note that the
ments, we observe that our experimental results are strongfalculation of Ref[2] is, to our knowledge, the only one that
determined by the relatively high value of thaumberF of _predu:ts, for similar preformed plasma conditions, refl_ectl_v—
the focusing optics, which is a crucial parameter for bothlty values as low as those we observed. |0—|owev§r, Chirokikh
nonlinear SBS saturation due to collective hot spot effect§t @l- report a much higher reflectivity<2%), which is in
[17] and the naturdthermal or ponderomotiveof the FI contrast Wl'th' th_e predlpt|ons qf their simulations.
regime[13]. Low values ofF quench FI and the propagation  Finally, it is interesting to discuss to what extent our ex-
of the laser beam can be enhanced by ponderomotive chaRerimental results contribute to the question raised by Drake
neling[25]. Increasing values df lead to a stronger role of 3] in regard to the poor agreement with theory and the ac-
hot spot collective effects, and also to conditions more favoriual relevance of SBS in laser fusion schemes. Concerning
able to SF. the first issue, Drake points out that in many experiments the
Drake et al. [26] performed a detailed quantitative study SBS spectral width is quite broad giving rise to ambiguity in
of B-SBS using 0.53um light with F=8.3, proving the its interpretation. We actually found the SBS spectrum in the
onset and saturation of B-SBS over a large plasma regiof@'y Phase hard to be explained in terms of a simple linear
due to hot spot collective effects; they also pointed out thafN€0ry- The explanation of the spectral width and the strong
thermal FI might have affected long-term SBS to some exblueshift remain open issues, possibly related to the strong
tent, without changing its features dramatically. The reflec8ffect of rapid SF on SBS. However, concerning the late,
tivity reached values up to 15%, much higher than that weaveaker spectral f(_aatures, we f_ound that the exp_lanatlon of the
observed in our experimental conditions of strong filamentaB-SBS spectrum in terms of simple Doppler shift leads to an
tion. interpretation of late backscattering in terms of a moving
A speckle or filamentary structure of SBS sources wadocus effect, which is in reasonable agreement with existing
found in the experiments described fB,6]. Afshar-Rad theories and simglatio[8,12] and may also account for the
et al. [5], using 0.53 wm light with F =10, found that SBS Very low reflectivity. , o ,
was localized in small-scale filaments in a longitudinally ho- __€oncerning the second issue raised in R8}, i.e., the
mogeneous plasma; the filaments scale length and the §BS contribution to the energy balan_ce, the amount of total
intensity threshold were in good agreement with ponderomopackscattered energy we measured in the solid angle of the
tive SF theory. The backscattering reflectivity was of the/1® focusing lens is negligible with respect to the incident
order of 10 2, much higher than that observed in our experi-interaction energy. However, our physical picture indicates
ment. We attribute this difference to the fact that the plasmanat this very low level of reflectivitycomparable to that
is longitudinally inhomogeneous and expanding towards th&/€tected using SSD smoothing, $8@ is not a signature of
laser in our case, thus the motion of the B-SBS active regiof/cient propagation of the laser pulse through the plasma,

towards the low-density plasma blow-off results in a muchSince dynamical SF decouples the focal region from the
lower SBS gain. plasma bulk. Finally, concerning the relevance of SBS to

ICF schemes, we may say that, in our experimental condi-

Labauneet al.[6], using 0.53 um light andF =6 optics, _ / o e i "
have observed that SBS emission at different angles origit-'_ons’ _SBS is not an instability of primary importance, .
nates from different regions of a flowing plasma and, in par-SiNce its features appear to be dominated by the dynamic
ticular, from the front side, resulting in a completely blue- evolution of SF. Therefore, the goal of SBS control basically

shifted backscattering spectrum due to the Doppler effec'ieduces to the issue of SF suppression; to this aim, spatial

from the flowing plasma. Strong pump depletion by B-SBSand temporal b_eam smoothing. techniguds$ retain their'

in the laser hot spots was suggested to explain this effect. AIUE- It is also important to notice that a correct evaluation
discussed in Sec. IV A, in our case this explanation does ncﬁnc SBS yield in a strong filamentary regime requires taking
fit well with the very low backscattering reflectivity and the INt0 account the side-wards SBS contribution to the energy

localization of side SH emission; our data suggest that earlf2lance.
SF rather than pump depletion leads to the localization of

V. COMPARISON WITH OTHER EXPERIMENTS

B-SBS in the front side of the plasma.
VI. CONCLUSIONS
Watt et al. [27] performed a systematic study of the de-
pendence of SBS upda They found that large values &f We studied stimulated Brillouin backscattering from the

lead to a lower intensity threshold and to a rapid saturation ointeraction of a laser pulse with a long-scale-length, expand-
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ing plasma. The preformed plasma was carefully charactemainly accounted by the decoupling of the B-SBS active
ized in terms of density and temperature to obtain reproducregion from the plasma bulk and the enhanced spread of the
ible interaction conditions. The interaction was stronglywave vectors of the scattered waves, both effects being due
qualified by the largd number of the focusing optics. Our to strong SF. Comparison with other experiments demon-
experimental results, including very low backscattered enstrates the key role played by the lohgiuumber of the fo-
ergy and spectral anomalies, show a strong effect of dynamgeusing lens used in our experiment. With respect to previ-
cal self-focusing on B-SBS. In the early phase the onset obusly reported experiments, our data add a piece of
SF strongly influences the rise, saturation, and spatial locanformation on the SBS features in a regime where the SBS
tion of the B-SBS active region. The early spectral featuresinstability is dominated by SF.

tentatively interpreted as due to self-phase modulation ef-

fects, also suggest strong SF effe_cts and possibly filament ACKNOWLEDGMENTS
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