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Stimulated electron-acoustic-wave scattering in a laser plasma
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Intense laser-plasma interaction can be a source of various electronic instabilities. Recently, stimulated
backscattering from a trapped electron-acoustic WOEAS [Montgomeryet al, Phys. Rev. Lett87, 155001
(2001)] was proposed to reinterpret spectra previously attributed to stimulated Raman sc&g8&&drom
unrealistically low densities. By particle simulations in a uniform plasma layer, which is overdense for ordinary
SRS, strong reflection by SEAS at the electron plasma frequency is found. Transient SEAS reflectivity pulsa-
tions are followed by strong relativistic heating of electrons. Physical conditions are explained by three-wave
parametric coupling between laser light, standing backscattered wave and slow electron-acoustic wave. Re-
gions in which SEAS reflection can dominate over SRS are singled out.
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The propagation of a laser light through an underdenséal results from low plasma densitif8] has encouraged fur-
plasma is an active research topic. Much work has been déher investigation of domains and conditions for SEAS.
voted to stimulated Raman and Brillouin scattering instabili-However, under reported conditions the energy in the SEAS
ties, concerning their ability to produce energetic particlegnode still remained well bellow3000 times the observed
that can preheat the core of a fusion pellet. The stimulate§ackward SRS level. o _
scattering from an electron plasma wa@@PW) [Raman _ In this paper,_(_exc_lta_tmn o_f SEAS and |t_s mtgrconn_ectlon
scattering SRS] or ion acoustic wavélAW) (Brillouin scat- with SRS ms_tablllty is mvestlgateq by particle simulation of
tering can be large to reflect a significant part of the lasertN® Propagation of a linearly polarized laser through a plasma
light and decrease the coupling efficiency at the target. adaver placed in vacuum. An electromagnetlc relativistic 1d3v
was shown by experiments and computer simulations, ther@/C code was used. The number of grids was 25 pefw}
can be a rich interplay between these two instabilities3]. (wq Is the laser fre'quen().ywnh minimum 50 pamcles{gnd.
Although understanding of basic principles of laser paramet] he length of a simulation system was 220, and ions
ric coupling to the EPW and IAW is quite satisfactory, the Were kept immobile as a n_eutrallzmg _backgr_ound. The elec-
quantitative predictions are often in large disagreement withrons that enter vacuum bu_|ld a potential barrier that prevents
observations from real experiments. There is a recent ugether electrons from leaving the plasma. However, due to
surge of interest to explain unexpectedly high SRS reflectivStrong heating, some energetic electrons can reach bound-
ity obtained in experiments emulating conditions of Nationalaries of the system. For these electrons, as well as for elec-
Ignition Facility targetg4,5]. tromagnetic waves,_addltlonal_ damplr_wg regions were used. In

More recently, Montgomergt al. reported observation of number of simulations, besides stimulated Raman back-
a novel stimulated electron-acoustic-wave scattefBgAS  Scattering, we hqye obs_erv_ed an intense reflgctlo_n reco_gmzed
to explain “single hot spot” experiments performed at the 8 SEAS |p§tabll|ty, ywth its main contribution in regions
Trident laser facility[6]. Namely, in the linear theory, the With overcritical density for ordinary SRS. Strong SEAS re-
so-called electron-acoustic wavéEAW) exists, i.e., a flection, which can exc_eed several times SRS reflectivity, is
strongly damped linearized Vlasov-MaxwefVM) mode followed by large heating of a plasma. To the best of our
whose phase velocity is between an EPW and an IAW; ofteffnowledge, we are first to report such a plasma behavior.
neglected in studies of wave-plasma instabilities. However, From our simulation data, SEAS is identified as a reso-
analytical studies of nonlinear one-dimensional VM solu-nant three-wave parametric interactidio] involving the la-
tions have found that strong electron trapping can occur evePe" PUMP (o,Ko), the backscattered light wave(,ks) and
for small amplitude electrostatic wave, resulting in un-the trapped EAW ¢, .k,). In the linear instability stage,
damped nonlinear traveling wavegBernstein-Greene- resonant condition&y=ws+ w, andko= —ks+k, are well
Kruskal—like [7,8] or, with the inclusion of small dissipa- Satisfied, while electromagnetic wavesump and Stokes
tion, in weakly damped traveling solutioi§]. The main Wwave satisfy standard dispersion equation) = w}
difficulty in resolving SEAS from the standard SRS in laser-+c?kjs. The backscattered wave is always found to be
plasma experiments is that the backscattered light spectrudriven near critical, i.e.ws~ w, which impliesks~0 and
can cover the nearly continuous broad range of frequenciegs~0 ( wpz[nezl(somy)]l’2 is the plasma frequency; is
due to a simultaneous growth of instabilities at different spathe relativistic factor, and/s=c?ks/w is the light group
tial locations in a nonuniform plasma, complex wave-plasmavelocity ). Therefore, the Stokes sideband is a slowly propa-
dynamics due to the system length, etc. The first observatiogating, almost standing electromagnetic wave. The above de-
of backward SEAS and reinterpretation of earlier experimeneay scheme is observed for a wide range of laser intensities,
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FIG. 1. Spectrum of electromagnetiop) and electrostati¢oot- FIG. 2. Spectrum of electromagnetiop) and electrostati¢bot-

tom) waves in the plasma layen¢0.6n.;, L=40c/wo) for time  tom) waves in the plasma layen&0.4n,,, L=40c/w,) for time

interval two=322-1379. The initial electron thermal velocity is interval tw,=1291-2348. The initial electron thermal velocity is
vi/c=0.28. vi/c=0.2.

plasma densities, and temperatures. It is known that higPnce EAW has died off, dominant ES response is weak
temperatures can significantly alter the growth rates an&PW, which peaks at perturbeg,~0.54w, (the decrease of
sometimes suppress parametric instabilifigg]. However, 0.06 from the initial statge while the decreased Stokes side-

according to Ref[9], efficient excitation of trapped EAW Dand appears ais~0.58»,. Moreover, a blueshifted, modu-
(wa<w)) is to be expected in the range,/v;=1-2 [vp, lated, and mcohergntly broadened EM spectr(fiig. 2) _
andv,= (T/m)2 are the phase and electron thermal veloci-S€€Ms consistent with the three-wave backscatter complexity
ties]. Thus, for SEAS excitation at the threshold, high ther-induced by the nonlinear phase, as predicted recently by
mal velocity, which closely matches the EAW phase velocitySOMe Of these authofS$, 19, _
is important. To illustrate an onset and growth of SEAS in- e propose a SEAS model as a resonant parametric cou-
stability, spectra of electromagnetic-lighEM) waves and Pling of three wavesa;(x,t)exdi(kx—wit)], in a weakly
electrostatigdES) waves are plotted in Figs. 1 and 2. varying envelope approximatidn3—15,

Figure 1 shows discrete spectra in an early phase of SEAS

instability. The density and the plasma length are0.6n,, %0 v 22 _Moaa,, 0
[Ner=n(wo/ wp) ] andL =40c/ wy, respectively, the longi- ot X

tudinal thermal velocity i®,/c=0.28; and the laser strength

is B=(eEy)/(mcwy) =0.3 (E, is the amplitude of the elec- das &:M a*a @
tric field). The backscattered EM wave grows at the electron ot S ax s¥o"ar

plasma frequencyw,~0.72w, (the laser pump line at

wlwy=1 is not shown while corresponding EAW atbvg da, a N

— w,~0.280,. Note that apart from ES noise around a natu- —i TVag Tla8a=Maapas, )

ral plasma mode ¢,~0.720,), ponderomotively driven

nonresonant modes are also pregeot shown in Fig. 1at  whereV;>0 are the group velocitie$,, is damping rate for

second,w=2w, and k=2k, (v,n/c~1.44), as well as at EAW (I'y=T",=0 for light waves is useqd M;>0 are the

zero harmonid12]. From obtained data, it follows that the coupling coefficients, and; are the wave amplitudes, where

phase velocity of the EAW s pn/c= (wo— wp)/Ko~0.41. i=0,s,a, stand for the pump, backscattered wave, and EAW,
In Fig. 2 nonlinearly broadened EM and ES spectra ofrespectively. Since the considered model is a short plasma, in

fully developed SEAS are shown for a plasma with order to get high reflectivity, instability needs to be absolute.

=0.4n,, L=40c/wy, v;/c=0.20, and laser strengtp  With standard boundary conditiora,(0t)=E,, ag(L,t)

=0.3. The instability growth results in the plasma frequency=a,(0t)=0, the backscattering becomes an absolute insta-

decrease and strong electron heating that tends to supprésiity if

the further growth. Above information is reconfirmed in the

post-SEAS stage, after the instability was halfeide infra). L/Ly> /2, 4)
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FIG. 3. Reflectivity in time from the plasma layen<0.4n,,
L=40c/w,) for different initial electron thermal velocities,/c 1l
and3=0.3 G
[13,14), where Ly=(V.V,)Y¥y, is the interaction length 0.1 i
and y,=Eo(M¢M,) 2 is the uniform growth rate. Since ob-
servedV¢~0 for the backscatter, the conditid#) is readily 0.01 E
satisfied L y=~0). Explicit form of Egs.(1) and(2) is easy to -1 )
get (light waves, however for EAW(3) no linear dispersion vx/c

relation in analyt!cal form eX.IStHS—Q]. Since Qam_plng rate FIG. 4. Reflectivity in time(top) and electron velocity distribu-
I',#0, the EAW is characterized by the longitudinal absorp—tion (bottom) in the plasma layer (=0.6n,,, L=40c/wy, £

. . . . cr» ’

tion length L=V, /T,, SEAS-backs_catter instability be- =0.6) fortwy=0 andtwy=1000(after the instability.

comes absolute under an extra conditi@d],

pumpB=0.6,n=0.6n.,, andL=40c/ w,, instability devel-
ops fast and quickly saturates withimy=500. In Fig. 4,
, , ) time evolution of SEAS reflectivity and the electron distri-
In a linear theory EAW is a highly damped mode, so they, ion functionf (v, /c) for the initial (two=0) and the state
absorption Ien_gtH_a is taking small values. However, as fter the instability {wo,=1000) are plotted. This effect,
concluded earlier, the key factor for the onset and growth 0keems related to relativistic interactions, important for, e.g.,
SAES is nearly critical “standing” backward Stokes wave gaq¢ jgnitor research, and will deserve future attention. First
(Lo~0), so thatVs~0 satisfies Eq(5) and also minimizes  ggtimates point out at the relativistic-nonlinear frequency
the threshoIdUIzEO for SEAS instability [14], vo  ghift (NLFS) of the electrostatic wave driven by a laser, as a
>0.50(Vs/Va) ™. ossible causgl2]. At relativistic intensity, large NLF gen-
The temperature effect can be clearly seen near the thresrates hroad ES harmonics which can cover resonant EAW
old intensity for SEAS f~0.3). Since the longitudinal ther- frequency. SEAS resonance is broadened, while instability
mal velocity of electrons can easily increase due to, e.g., thgg, grow rapidly, instead from a low background noise, di-
Raman instability, the temperature in the transverse directioFbCﬂy from a finite ES harmonic, seeded by a laser. As seen

was set to 500 eV, with the longitudinal temperature taken ag, Fig. 4, SEAS produces large relativistic heating that de-
a control parameter. However, we note, that the SEAS instaorms an initial Maxwellian into “water-bag” alike distribu-
bility was readily observed for isotropic distribution, as well.

Lo/L,<2. 5

Just above the threshold, high electron temperature may be 25

essential for an instability growth. This is illustrated by Fig.

3 in which reflectivity R=(S;)/(Sp), S; andS; are Poynting 2t

vectors for reflected and incident waves, respectively,(and >

denotes time averaged valjies shown for 8=0.3, n g 15

=0.4n;,, L=40c/w, at several temperatures,/c=0.19, é

0.20, 0.28, and 0.30. There is an optimum temperature for o Lt

perfect matching with an excited EAW which results in a 05

maximum SEAS reflectivity. Fov;/c=0.2 observed reflec- ’ |
tivity is very high—nearly 140% of the incident laser light. 0 ) . )
One calculates ,,/v~2.64, 2.50, 1.84, and 1.72 fax/c 0 1000 2000m)03000 4000 5000

=0.19, 0.20, 0.28 and 0.30, respectively. For temperatures
<v/c=0.18 andB=0.3 the instability was not observed  giG. 5. Time history of the reflectivity from two connected
during a time period ofwq=5000. plasma layers r(;=0.2n., L;=20c/wg, n,=0.6ny, L,

For laser intensities well above the threshold there ap=8oc/w,, B=0.3). Initial reflectivity bursts from ordinary SRS in
pears no need for high electron temperatures to excite SEA$, are followed at late times by a huge SEAS pulse generated in
For example, already dt=500 eV, with a strong relativistic L,, which is heated by hot electrons from.
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tion and generates highly energetic electrons with main congrown to resonate with EAW to enable excitation of SEAS.
tribution nearv = * v, of the EAW. Therefore, SEAS mediated by SRS becomes a dominant pro-
Finally, we briefly address the question of coexistence angess, as an example of a complex interplay possibly relevant
inter-relation between SRS and SEAS. The simulated systetio our understanding of future experiments.
consists of two connected underdense plasma ldyg@nd In summary, in first particle simulations in a plasma not
Lo, of the lengths 26/w, and 8@/w,, respectively with  accessible to SRS, strong isolated SEAS reflection from
corresponding densities; =0.2n,, and n,=0.6n.,. Initial  trapped EAW was observed near the electron plasma fre-
temperature is taken at 500 eV. Our choice of densitieguency. A three-wave parametric model was discussed, in
makesL, strongly active for the Raman instability, whiley  particular, a role of a standing Stokes sideband for excitation
(overdense for SRSs practically in a role of a heat sink. ot 4 apsolute SEAS instability. While in reported experi-
Simulations show a common picture, an excitation of StroNgnents[6] the SEAS to SRS signal ratio was smaller than
SRS marked by intermittent reflectivity pulsatiofs®e Fig.  15-3 we find conditions in which SEAS dominates over
5, twu<1000) [5,15]. The instability eventually gets sup- siandard SRS. Further study of SEAS role, e.g., in relativistic
pressed by strong heating of suprathermal and bulk electrong,ger plasmas, deserves future attention.
Since hot electrons quickly escape the Raman regiopn (
they enter and heat the sink{). Moreover, a striking fea- One of us(Lj.N.) acknowledges financial support by the
ture emerges at late times, with a reflection of a second inMinistry of Education, Science, Sports and Culture of Japan.
tense pulse much larger than the original Raman sigfigl ~ The authors wish to thank H. Takamaru for his code. This
5, twg~2700). This is readily identified as SEAS which work was supported in part by Project 1964 of the Ministry
originates from the large “sink” once the temperature hasof Science and Technology of The Republic of Serbia.
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