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Langmuir Decay Instability Cascade in Laser-Plasma Experiments
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Thomson scattering has been used to investigate the nonlinear evolution of electron plasma waves
(EPWs) generated by stimulated Raman scattering (SRS). Two complementary diagnostics demonstrate

the occurrence of the cascade of Langmuir decay instabilities (LDI).

The EPW wave-number spec-

trum displays an asymmetric broadening towards small wave numbers, interpreted as a signature of the
secondary EPWs produced in the LDI cascade. The number of cascade steps is in agreement with the
broadening of the associated ion-acoustic-waves’ spectra. The total energy transferred in the EPWs cas-
cade is found to be either less than or of the same order of magnitude as the energy of the primary EPW.
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The control of laser-plasma instabilities represents an
important component of the laser-driven inertial confine-
ment fusion (ICF) research. The future megajoule lasers
[1,2] will give rise to plasma conditions for which these
instabilities might grow at a level so high that the linear
description fails. Their final excitation level will conse-
quently be determined by saturation mechanisms [3] whose
identification and comprehension are prerequisite for an
efficient control. In this Letter, we present new experi-
mental results concerning the nonlinear evolution of the
stimulated Raman scattering (SRS). SRS is the paramet-
ric instability by which the incident laser wave decays
into an electron plasma wave (EPW) and another trans-
verse wave. It could be detrimental in ICF experiments
because the scattered light decreases the laser/plasma cou-
pling [4] and may affect the irradiation symmetry. In addi-
tion, the EPWs accelerate electrons which may preheat the
fusion fuel.

A possible saturation mechanism for this instability
is the coupling of the SRS-generated EPW (henceforth
named the primary EPW, and denoted as EPW1) to the
ion acoustic waves (IAW). Depending on the value of the
quantity kgpwiApe (here kgpw; denotes the EPW1 wave
number and Ap. is the Debye length), this coupling may
give rise to (i) the Langmuir decay instability (LDI) [5] in
the regime kgpwiApe > 0.2 [LDI is the process by which
the primary EPW decays into a secondary EPW (EPW?2)
and an ion acoustic wave (IAW2); this process may repeat
itself, the secondary EPW2 decaying into another EPW
(EPW3) and IAW (IAW3), thus generating the so-called
LDI cascade] and (ii) the Langmuir collapse [6,7] in
the opposite regime kgpw;Ape < 0.2. The EPW1 wave
number in our experiment lies in the domain kgpwiApe ~
0.2-0.3, so that the coupling of the primary EPW to
the IAWs could give rise to the LDI cascade. The LDI
cascade may be viewed as corresponding to an energy
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sink for the primary EPW, because the secondary EPWs
are nonresonant for SRS. Therefore, the LDI cascade
can be expected to be an efficient nonlinear saturation
mechanism for SRS.

The LDI occurrence has been demonstrated in a previous
experiment [8] where the two decay products, namely the
secondary IAW and EPW, were observed simultaneously.
The Thomson scattering (TS) spectra of IAWs exhibited
two components interpreted as the evidence of the first
LDI cascade step. Counterpropagating IAWs (see Fig. 1a)
produced by the initial LDI of the primary EPW and by
the first step in the LDI cascade were respectively probed
by down and up TS giving two peaks in the IAW spectrum
separated by 3.5 A. The next steps in the LDI cascade
could not be resolved, because the large Doppler effect
in the expanding plasma broadened each peak by 0.5 A,
whereas the separation between the peaks corresponding
to the IAWs produced in successive even cascade steps
(IAW2 and IAW4) was 0.2 A only [9].

In the present experiment, we set up a new diagnos-
tic to k-resolve the EPW spectra for a well-defined elec-
tron density in order to eliminate the strong dependence of
kgpwi on the time evolving density. Above a laser thresh-
old of 2 X 103 W/cm?, the k spectra show an asymmet-
ric broadening towards small wave numbers, consistently
with the LDI cascade. This broadening is interpreted as
due to the contribution of the EPWs produced in the LDI
cascade, up to the seventh secondary EPW. Because the
decay products are all probed with a unique TS geome-
try, the k spectra give an accurate measurement of their
relative intensity. These observations are of fundamental
importance in the context of SRS saturation because the
EPW and IAW evolutions determine the energy balance in
the SRS process.

Four beams of the Laboratoire pour 1’Utilisation des
Lasers Intenses (LULI) facility (see Fig. 1b) were used to
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FIG. 1. (a) Wave-vector diagram for the Langmuir cascade of
SRS-driven EPWs. This diagram is for n,/n. = 0.1, where n,

is the critical density at 1 um. ko is the incident laser wave
vector, kgpw; is the EPW wave vector stimulated by Raman

backscattering, kgpw, and kjaw, are the wave vectors of the
EPWs and IAWs produced in step n of the LDI cascade. Their
mgduli are |kgpwa| = lkgpwil — (n — DAk and |kjawa| =
2lkgpwi|l — 2n — 3)Ak with Ak = (2/3Ape)\/Zm,/m;, where
Ape is the Debye length. (b) Experimental setup and wave-
vector diagram for down-TS off an EPW. This latter satisfies

where

]fscalt = kprobe : kEPW and wsc:itl = WEPW,
kprobe(wprobe)s kscalt(ws?atl)’ and kEPW(wEPW) are, reSPECtiVCIY7
the probe, scattered light, and EPW wave vectors (angular
frequencies).

Wprobe —

create and preheat a well-characterized underdense plasma
which then interacts with a fifth beam at fundamental
wavelength (1.053 um, wg) smoothed by a random phase
plate [10] and focused by an F/6 lens with a result-
ing peak intensity of 10'* W/cm?. The last beam, syn-
chronized with the interaction beam, was used as a 3wy
TS probe, the scattered light being collected by an off-axis
parabolic mirror. The SRS EPWs and the EPWs pro-
duced in the successive odd LDI cascade steps were probed
by down-TS, whose geometry is shown in Fig. 1b. For
the measured electron temperature of 0.7 keV, the probed
EPW wave vector is uniquely determined by the elec-
tron density (n./n.) and by the directions of probe and
scattered lights. In order to maximize the TS diagnostic
resolution, we used in our experiment aperture masks so
that the aperture of the probe beam was only 1°, leav-
ing only two free parameters for the TS geometry: (i) the
electron density, n./n., and (ii) the scattered light direc-
tion, 0 (see Fig. 1b). The direction of the probe beam
(63° with respect to the interaction beam) was chosen to
match the down-scattering geometry for probing the pri-
mary EPWs produced by SRS in the backward direction
within 5°, as well as the EPWs generated in the odd cas-
cade steps. The scattered light was analyzed by a diagnos-
tic setup combining a spectrometer, a cylindrical lens, and
a camera, yielding direct measurements of the scattered
light angle, &, and wavelength, Agai [11]. The electron
density was known from the frequency matching con-
dition ne/nc = (3 - /\0/)lscatt)2 (1 + 3klz-EPW)‘-zDe)_l’ and
the EPW wave number could be accurately deduced from
the measurement of the scattered light angle &.

Typical spectra recorded with this diagnostic for differ-
ent incident laser energies are shown in Fig. 2. The collec-
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tion volume was located in the front part of the plasma at
250 um from the initial target plane where we observed
the maximum of Raman activity [8]. The strong depen-
dence of the scattered angle on the scattered wavelength
is due to the dependence of kgpw; on the electron den-
sity. To account for the variation of the density during the
measurements, we have indicated in Fig. 2 (the tilted stray
lines) the w-k relation for the primary SRS-driven EPW.
It can be seen that for all spectra the brightest signal is
along this line, demonstrating that EPW1 corresponds to a
plasma wave satisfying the linear dispersion relation in the
electron density decreasing with time. In the case of low
laser energy (17 J), the (w, k) spectrum shown in Fig. 2a
includes two signals around Ay, = 3880 and 3960 A,
with 6 = 108° and 111°, respectively. All the scattered
light signal falls very close to the EPW1 line, demonstrat-
ing that in the low laser energy case the scattering is due
to the EPW1 only.

By contrast, in the case of higher laser intensities
(Figs.2b and 2c), a large broadening towards smaller
wave vectors is observed in addition to the EPW1 signal.
The broadening is the largest at the wavelength corre-
sponding to the peak of the SRS activity. This one shifts
towards larger densities when the laser energy is increased.
The black curve in Fig. 3a represents, for the spectrum of
Fig. 2b recorded with a laser energy of 24 J, the scattered
intensity integrated over 40 A around Ageart = 3820 A
(ne/n. = 0.055) for which the broadening is maximum,
as a function of the probed EPW wave vector. The signal
has a maximum at kgpw = 1.7w(/c, which is exactly
the expected value of kgpw; for n./n. = 0.055. The
observed broadening can be seen as the contribution of the
EPWs produced in the successive odd LDI cascade steps.
Each LDI step contribution is inferred by decomposing
the measured signal as the sum of successive EPW peaks
whose positions along the wave-vector axis are known
from the LDI resonance conditions. The shape of each
peak is given by the instrumental width resulting from the
finite probe beam aperture and by density integration due
to the finite wavelength resolution. The corresponding
experimental width of 3° (8§k = 0.14wqo/c) is of the
same order as the expected separation between the EPW1
and EPW3 peaks, explaining why we do not observe
separated peaks. The relative intensities of the peaks are
uniquely determined, step by step, by a best fit between
the measured signal and the decomposition into the sum of
cascade peaks. The result is shown by the gray curves in
Fig. 3a. Seven LDI cascade steps are needed to reproduce
the measured broadening. The relative intensity ratio
between the cascade components 1:3:5:7 is measured
to be 1:0.55:0.35:0.2. Assuming that the even cascades
satisfy a similar relation, the total energy transferred in
the cascade EPWs is approximately 2 times larger than
the energy of the primary EPW.

In the high laser energy case of 68 J, Fig. 2c, the scat-
tered intensity is 100 times larger than in the intermediate
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FIG. 2. Spectrum of the light Thomson scattered off EPWs for a laser energy equal to (a) 17 J, (b) 24 J, and (c) 68 J. The kgpw
and wgpw axes are shown in correspondence to the measured parameter 6 and Ay, axes. For these shots, the collection volume was
located in the front part of the plasma at 250 pm from the initial target plane where the maximum of Raman activity was observed.

The spectral resolution is 40 A.

energy case. The scattered intensity at n,/n. = 0.076 and
its decomposition into EPW peaks are plotted in Fig. 3b
as a function of the EPW wave vector. In this case, the
spectrum is steeper than in the middle energy case: The
relative line intensities of the components EPW1, EPW3,
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FIG. 3. (a) Scattered intensity (in arbitrary units) and its de-
composition into the EPW1, EPW3, EPWS5, and EPW7 con-
tributions at n,/n. = 0.055 as a function of the probed EPW
wave vector for a laser energy of 24 J. The corresponding sec-
tion is shown by the dotted vertical line in Fig. 2b. (b) The
same plot as in panel (a) but for the spectrum measured at 68 J
at n,/n. = 0.076. The units are the same in both panels so that
the respective level for these two plots can be compared.
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and EPWS5 are 1:0.33:0.1. The total energy transferred in
the cascade EPWs in that case is found to be less than the
energy of the primary EPW. We therefore conclude that in
the high laser energy case a smaller part of the SRS energy
is transferred into the cascade decay products than in the
medium energy case.

We now show that the broadening of the IAW Thom-
son scattering spectra is in agreement with the number of
LDI cascades deduced from the EPW spectra. Figure 4
shows that the broadening of each IAW TS peak is of the
order of ~1.5 A. Various sources may contribute to the
width of each peak. First, the collected light is coming
from a certain volume of plasma. The variation of the
electron density across this volume produces a variation
of wave number corresponding to a wavelength broaden-
ing of ~0.13 A. The variation of the expansion velocity
produces a broadening of ~0.53 A [9]. The broadening
resulting from these two sources is larger than the spec-
tral resolution, 0.3 A, but cannot account for the observed-
spectral width of 1.5 A. On the other hand, this observed
width can be explained by the fact that each peak is the su-
perposition of light scattered off IAWs coming from four
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FIG. 4. Spectrum of down- and up-TS light off IAWs produced
in the odd and even steps of the LDI cascade. This spectrum is
time integrated over 100 ps around maximum scattered energy.
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odd and even decays. Therefore, the IAWS spectra provide
a complementary signature of the LDI cascade.

Though the two TS data clearly demonstrate the occur-
rence of the LDI cascade of the SRS generated EPW, the
consequence of this cascade on SRS saturation is not im-
mediately clear. The most important questions raised by
our experimental results are the following: (i) Does the
LDI cascade constitute a nonlinear saturation mechanism
for SRS? (ii)) Why does the width of the EPW k& spectrum
decrease with the intensity?

First, the LDI cascade does not give rise to saturation
of the total SRS reflectivity in our experiment, because it
is observed together with an exponential dependence of
the SRS reflectivity on the laser energy [8]. This result
is interpreted by the scenario [8,12] along which SRS es-
sentially develops in those high intensity speckles whose
power exceeds the critical power for self-focusing (SF).
Indeed, the combination of a monotonous density profile
with density modifications produced by speckle SF may
give rise to local density minima, in which SRS becomes
absolutely unstable. On the one hand, the LDI cascade
may effectively saturate SRS in these speckles, as for a
homogeneous plasma. On the other hand, the number of
these self-focused speckles increases with the laser beam
average intensity, resulting in an exponential dependence
of the overall SRS reflectivity on the laser energy in the
conditions of moderate laser energy corresponding to our
experiments. In this scenario, the saturation of the SRS
reflectivity could be observed for higher laser energy only,
namely, in the regime where most of the speckles would
satisfy the SF threshold.

Concerning question (ii), a possible explanation for the
observed smaller number of cascades at higher laser in-
tensity is the spatial scale shortening of the local density
minima produced by the speckle SF. Indeed, the mini-
mum EPW wave number that can be resolved in a den-
sity profile of the form n.(z) = no(1 + Z2/L3) is kin =
(LaApe) Y2, so that the maximum number of cascades is
the ratio kgpwi/kmin. In the case of a medium laser in-
tensity, L, is of the order of the Rayleigh length, L, ~
100 wm, with Ape ~ 0.01 um, leading to a number of
cascades of about 10, which is in qualitative agreement
with Fig. 3a. In the high intensity case, speckle SF is
more significant, leading to smaller L,, which could be
as small as 10 um as seen in simulations [13]. Therefore,
kmin increases approximately 3 times as compared with the
medium laser intensity case, and the number of cascades
decreases by the same amount, as observed in Fig. 3b.

In conclusion, the TS measurements of the EPWs and
IAWS, together with the decomposition of the EPW & spec-
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trum into the sum of the LDI cascade peaks, demonstrate
the occurrence of the LDI cascade of the SRS generated
EPW. For our experimental conditions, the LDI cascade
does not lead to a large energy transfer towards the sec-
ondary EPWs and does not entail overall SRS saturation.
This experimental result is interpreted as supporting the
scenario [12] along which SRS activity essentially devel-
ops in the regime of absolute instability in the density dips
generated by the self-focused speckles.
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