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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 wave~SEAS! @Montgomeryet al., Phys. Rev. Lett.87, 155001
~2001!# was proposed to reinterpret spectra previously attributed to stimulated Raman scattering~SRS! from
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 underde
plasma is an active research topic. Much work has been
voted to stimulated Raman and Brillouin scattering instab
ties, concerning their ability to produce energetic partic
that can preheat the core of a fusion pellet. The stimula
scattering from an electron plasma wave~EPW! @Raman
scattering~SRS!# or ion acoustic wave~IAW ! ~Brillouin scat-
tering! can be large to reflect a significant part of the la
light and decrease the coupling efficiency at the target.
was shown by experiments and computer simulations, th
can be a rich interplay between these two instabilities@1–3#.
Although understanding of basic principles of laser param
ric coupling to the EPW and IAW is quite satisfactory, th
quantitative predictions are often in large disagreement w
observations from real experiments. There is a recent
surge of interest to explain unexpectedly high SRS reflec
ity obtained in experiments emulating conditions of Nation
Ignition Facility targets@4,5#.

More recently, Montgomeryet al. reported observation o
a novel stimulated electron-acoustic-wave scattering~SEAS!
to explain ‘‘single hot spot’’ experiments performed at t
Trident laser facility@6#. Namely, in the linear theory, the
so-called electron-acoustic wave~EAW! exists, i.e., a
strongly damped linearized Vlasov-Maxwell~VM ! mode
whose phase velocity is between an EPW and an IAW; o
neglected in studies of wave-plasma instabilities. Howe
analytical studies of nonlinear one-dimensional VM so
tions have found that strong electron trapping can occur e
for small amplitude electrostatic wave, resulting in u
damped nonlinear traveling waves~Bernstein-Greene
Kruskal–like! @7,8# or, with the inclusion of small dissipa
tion, in weakly damped traveling solutions@9#. The main
difficulty in resolving SEAS from the standard SRS in las
plasma experiments is that the backscattered light spec
can cover the nearly continuous broad range of frequen
due to a simultaneous growth of instabilities at different s
tial locations in a nonuniform plasma, complex wave-plas
dynamics due to the system length, etc. The first observa
of backward SEAS and reinterpretation of earlier experim
1063-651X/2002/66~3!/036404~4!/$20.00 66 0364
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tal results from low plasma densities@6# has encouraged fur
ther investigation of domains and conditions for SEA
However, under reported conditions the energy in the SE
mode still remained well bellow~3000 times! the observed
backward SRS level.

In this paper, excitation of SEAS and its interconnecti
with SRS instability is investigated by particle simulation
the propagation of a linearly polarized laser through a plas
layer placed in vacuum. An electromagnetic relativistic 1d
PIC code was used. The number of grids was 25 per 1c/v0
(v0 is the laser frequency!, with minimum 50 particles/grid.
The length of a simulation system was 220c/v0 and ions
were kept immobile as a neutralizing background. The el
trons that enter vacuum build a potential barrier that preve
other electrons from leaving the plasma. However, due
strong heating, some energetic electrons can reach bo
aries of the system. For these electrons, as well as for e
tromagnetic waves, additional damping regions were used
number of simulations, besides stimulated Raman ba
scattering, we have observed an intense reflection recogn
as SEAS instability, with its main contribution in region
with overcritical density for ordinary SRS. Strong SEAS r
flection, which can exceed several times SRS reflectivity
followed by large heating of a plasma. To the best of o
knowledge, we are first to report such a plasma behavio

From our simulation data, SEAS is identified as a re
nant three-wave parametric interaction@10# involving the la-
ser pump (v0 ,k0), the backscattered light wave (vs ,ks) and
the trapped EAW (va ,ka). In the linear instability stage
resonant conditionsv05vs1va andk052ks1ka are well
satisfied, while electromagnetic waves~pump and Stokes
wave! satisfy standard dispersion equationv0,s

2 5vp
2

1c2k0,s
2 . The backscattered wave is always found to

driven near critical, i.e.,vs'vp which implies ks'0 and
Vs'0 „ vp5@ne2/(«0mg)#1/2 is the plasma frequency,g is
the relativistic factor, andVs5c2ks /vs is the light group
velocity …. Therefore, the Stokes sideband is a slowly pro
gating, almost standing electromagnetic wave. The above
cay scheme is observed for a wide range of laser intensi
©2002 The American Physical Society04-1
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plasma densities, and temperatures. It is known that h
temperatures can significantly alter the growth rates
sometimes suppress parametric instabilities@11#. However,
according to Ref.@9#, efficient excitation of trapped EAW
(va,vp) is to be expected in the rangevph /v t51 –2 @vph
andv t5(T/m)1/2 are the phase and electron thermal velo
ties#. Thus, for SEAS excitation at the threshold, high th
mal velocity, which closely matches the EAW phase veloc
is important. To illustrate an onset and growth of SEAS
stability, spectra of electromagnetic-light~EM! waves and
electrostatic~ES! waves are plotted in Figs. 1 and 2.

Figure 1 shows discrete spectra in an early phase of SE
instability. The density and the plasma length aren50.6ncr

@ncr5n(v0 /vp)1/2# andL540c/v0, respectively, the longi-
tudinal thermal velocity isv t /c50.28; and the laser strengt
is b5(eE0)/(mcv0)50.3 (E0 is the amplitude of the elec
tric field!. The backscattered EM wave grows at the elect
plasma frequencyvp'0.72v0 ~the laser pump line a
v/v051 is not shown!, while corresponding EAW atv0
2vp'0.28v0. Note that apart from ES noise around a na
ral plasma mode (vp'0.72v0), ponderomotively driven
nonresonant modes are also present~not shown in Fig. 1! at
second,v52v0 and k52k0 (vph /c'1.44), as well as a
zero harmonic@12#. From obtained data, it follows that th
phase velocity of the EAW isvph /c5(v02vp)/k0'0.41.

In Fig. 2 nonlinearly broadened EM and ES spectra
fully developed SEAS are shown for a plasma withn
50.4ncr , L540c/v0 , v t /c50.20, and laser strengthb
50.3. The instability growth results in the plasma frequen
decrease and strong electron heating that tends to sup
the further growth. Above information is reconfirmed in th
post-SEAS stage, after the instability was halted~vide infra!.

FIG. 1. Spectrum of electromagnetic~top! and electrostatic~bot-
tom! waves in the plasma layer (n50.6ncr , L540c/v0) for time
interval tv05322–1379. The initial electron thermal velocity
v t /c50.28.
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Once EAW has died off, dominant ES response is we
EPW, which peaks at perturbedvp'0.54v0 ~the decrease o
0.06 from the initial state!, while the decreased Stokes sid
band appears atvs'0.58v0. Moreover, a blueshifted, modu
lated, and incoherently broadened EM spectrum~Fig. 2!
seems consistent with the three-wave backscatter comple
induced by the nonlinear phase, as predicted recently
some of these authors@5,15#.

We propose a SEAS model as a resonant parametric
pling of three wavesai(x,t)exp@i(kix2vit)#, in a weakly
varying envelope approximation@13–15#,

]a0

]t
1V0

]a0

]x
52M0asaa , ~1!

]as

]t
2Vs

]as

]x
5Msa0* aa , ~2!

]aa

]t
1Va

]aa

]x
1Gaaa5Maa0* as , ~3!

whereVi.0 are the group velocities,Ga is damping rate for
EAW (G05Ga50 for light waves is used!, Mi.0 are the
coupling coefficients, andai are the wave amplitudes, wher
i 50,s,a, stand for the pump, backscattered wave, and EA
respectively. Since the considered model is a short plasm
order to get high reflectivity, instability needs to be absolu
With standard boundary conditionsa0(0,t)5E0 , as(L,t)
5aa(0,t)50, the backscattering becomes an absolute in
bility if

L/L0.p/2, ~4!

FIG. 2. Spectrum of electromagnetic~top! and electrostatic~bot-
tom! waves in the plasma layer (n50.4ncr , L540c/v0) for time
interval tv051291–2348. The initial electron thermal velocity
v t /c50.2.
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@13,14#, where L05(VsVa)1/2/g0 is the interaction length
andg05E0(MsMa)1/2 is the uniform growth rate. Since ob
servedVs'0 for the backscatter, the condition~4! is readily
satisfied (L0'0). Explicit form of Eqs.~1! and~2! is easy to
get ~light waves!, however for EAW~3! no linear dispersion
relation in analytical form exists@6–9#. Since damping rate
GaÞ0, the EAW is characterized by the longitudinal abso
tion length La5Va /Ga , SEAS-backscatter instability be
comes absolute under an extra condition@14#,

L0 /La,2. ~5!

In a linear theory EAW is a highly damped mode, so t
absorption lengthLa is taking small values. However, a
concluded earlier, the key factor for the onset and growth
SAES is nearly critical ‘‘standing’’ backward Stokes wav
(L0'0), so thatVs'0 satisfies Eq.~5! and also minimizes
the threshold E0 for SEAS instability @14#, g0
.0.5Ga(Vs /Va)1/2.

The temperature effect can be clearly seen near the thr
old intensity for SEAS (b;0.3). Since the longitudinal ther
mal velocity of electrons can easily increase due to, e.g.,
Raman instability, the temperature in the transverse direc
was set to 500 eV, with the longitudinal temperature taken
a control parameter. However, we note, that the SEAS in
bility was readily observed for isotropic distribution, as we
Just above the threshold, high electron temperature ma
essential for an instability growth. This is illustrated by F
3 in which reflectivity (R5^Sr&/^S0&, Sr andSi are Poynting
vectors for reflected and incident waves, respectively, an^&
denotes time averaged values! is shown for b50.3, n
50.4ncr , L540c/v0 at several temperatures,v t /c50.19,
0.20, 0.28, and 0.30. There is an optimum temperature
perfect matching with an excited EAW which results in
maximum SEAS reflectivity. Forv t /c50.2 observed reflec
tivity is very high—nearly 140% of the incident laser ligh
One calculatesvph /v t'2.64, 2.50, 1.84, and 1.72 forv t /c
50.19, 0.20, 0.28 and 0.30, respectively. For temperatu
<v t /c50.18 andb50.3 the instability was not observe
during a time period oftv055000.

For laser intensities well above the threshold there
pears no need for high electron temperatures to excite SE
For example, already atT5500 eV, with a strong relativistic

FIG. 3. Reflectivity in time from the plasma layer (n50.4ncr ,
L540c/v0) for different initial electron thermal velocitiesv t /c
andb50.3
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pumpb50.6, n50.6ncr , andL540c/v0, instability devel-
ops fast and quickly saturates withintv05500. In Fig. 4,
time evolution of SEAS reflectivity and the electron dist
bution functionf (vx /c) for the initial (tv050) and the state
after the instability (tv051000) are plotted. This effect
seems related to relativistic interactions, important for, e
fast ignitor research, and will deserve future attention. F
estimates point out at the relativistic-nonlinear frequen
shift ~NLFS! of the electrostatic wave driven by a laser, as
possible cause@12#. At relativistic intensity, large NLF gen-
erates broad ES harmonics which can cover resonant E
frequency. SEAS resonance is broadened, while instab
can grow rapidly, instead from a low background noise,
rectly from a finite ES harmonic, seeded by a laser. As s
in Fig. 4, SEAS produces large relativistic heating that d
forms an initial Maxwellian into ‘‘water-bag’’ alike distribu-

FIG. 5. Time history of the reflectivity from two connecte
plasma layers (n150.2ncr , L1520c/v0 , n250.6ncr , L2

580c/v0 , b50.3). Initial reflectivity bursts from ordinary SRS in
L1 are followed at late times by a huge SEAS pulse generate
L2, which is heated by hot electrons fromL1.

FIG. 4. Reflectivity in time~top! and electron velocity distribu-
tion ~bottom! in the plasma layer (n50.6ncr , L540c/v0 , b
50.6) for tv050 andtv051000 ~after the instability!.
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tion and generates highly energetic electrons with main c
tribution nearv56vph of the EAW.

Finally, we briefly address the question of coexistence
inter-relation between SRS and SEAS. The simulated sys
consists of two connected underdense plasma layersL1 and
L2, of the lengths 20c/v0 and 80c/v0, respectively with
corresponding densitiesn150.2ncr and n250.6ncr . Initial
temperature is taken at 500 eV. Our choice of densi
makesL1 strongly active for the Raman instability, whileL2
~overdense for SRS! is practically in a role of a heat sink
Simulations show a common picture, an excitation of stro
SRS marked by intermittent reflectivity pulsations~see Fig.
5, tv0,1000) @5,15#. The instability eventually gets sup
pressed by strong heating of suprathermal and bulk electr
Since hot electrons quickly escape the Raman region (L1)
they enter and heat the sink (L2). Moreover, a striking fea-
ture emerges at late times, with a reflection of a second
tense pulse much larger than the original Raman signal~Fig.
5, tv0'2700). This is readily identified as SEAS whic
originates from the large ‘‘sink’’ once the temperature h
03640
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grown to resonate with EAW to enable excitation of SEA
Therefore, SEAS mediated by SRS becomes a dominant
cess, as an example of a complex interplay possibly relev
to our understanding of future experiments.

In summary, in first particle simulations in a plasma n
accessible to SRS, strong isolated SEAS reflection fr
trapped EAW was observed near the electron plasma
quency. A three-wave parametric model was discussed
particular, a role of a standing Stokes sideband for excita
of an absolute SEAS instability. While in reported expe
ments @6# the SEAS to SRS signal ratio was smaller th
1023, we find conditions in which SEAS dominates ov
standard SRS. Further study of SEAS role, e.g., in relativi
laser plasmas, deserves future attention.
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Škoric et al., Phys. Rev. E53, 4056~1996!.
4-4


