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Nonlinear transmission of laser light through coronal plasma due to self-induced incoherence
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The success of direct laser-driven inertial confinement fusion (ICF) relies critically on the efficient coupling
of laser light to plasma. At ignition scale, the absolute stimulated Raman scattering (SRS) instability can
severely inhibit this coupling by redirecting and strongly depleting laser light. This article describes a new
dynamic saturation regime of the absolute SRS instability near one-quarter of the critical density. The saturation
occurs when spatiotemporal ion-acoustic fluctuations in the plasma density detune the instability resonance.
The dynamic saturation mitigates the strong depletion of laser light and enhances its transmission through the
instability region, explaining the coupling of laser light to ICF targets at higher plasma densities.
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I. INTRODUCTION

While still in the research stage, controlled fusion could
deliver an almost endless supply of power with relatively low
environmental impact and a nearly inexhaustible reserve of
fuel. As evidenced by active research programs throughout
the world, the realization of such a technology would have
lasting impact both geopolitically and for the health of our
planet. In the direct-drive inertial confinement fusion (ICF)
approach, an ensemble of laser beams symmetrically illumi-
nates a cryogenic target containing thermonuclear fuel [1].
The illumination ionizes and heats the outer shell of the target,
creating a pressure that drives inward fuel compression and
outward mass ejection. The mass ejection creates a region of
low-density plasma, or corona, that plays a critical role in
direct-drive ICF: coupling of laser light to the corona deter-
mines the strength of the ablation pressure and, ultimately, the
implosion performance [1,2].

Achieving efficient coupling of laser energy to the fusion
target is arguably the most essential component of direct-drive
ICF. A high ablation pressure requires the transmission of
laser light to deep within the corona where collisions can
efficiently convert electromagnetic energy to plasma thermal
energy. To get there, however, the laser light must propagate
through the outer corona, where it can drive a number of
parametric instabilities [3,4]. In their nonlinear stage, these in-
stabilities can redirect the incident light into unwanted direc-
tions and repartition the light energy into plasma waves. These
waves can subsequently undergo local collisional damping, in
which case the energy is deposited too far from the ablation
surface, or collisionless damping, which creates nonthermal
electrons that can preheat the fuel and reduce its compress-
ibility [1,5]. In either case, the premature depletion of laser
energy in this region presents a significant challenge for
direct-drive ICF.

Within the United States, the primary direct-drive program
has been centered around the Omega laser at the University
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of Rochester, Laboratory for Laser Energetics. Compared to
the National Ignition Facility (NIF), the high repetition rate of
Omega serves as an ideal platform for studying the underlying
physics of direct-drive. However, due to its limited laser pulse
energy (~ 30 kJ), the Omega laser cannot create the condi-
tions required for a burning fusion plasma. Consequently, the
focus has turned to direct-drive implosions on the NIF. With
its larger laser energy (> 1MJ), NIF can drive larger capsules,
which changes characteristics of the plasma, e.g., the corona
has a longer scalelength and higher electron temperature. As
a result, absolute SRS becomes the dominant instability [6] in
contrast to Omega experiments in which two-plasmon decay
(TPD) dominates [4].

In SRS, an incident laser light wave decays into a scattered
Raman light wave and an electron plasma wave [3,6-11]. In
a region near the quarter of the critical plasma density n, =
mewg /4me?, determined by the frequency of the laser wy, the
SRS decay waves can grow exponentially in time as an ab-
solute instability until they nonlinearly saturate [7,8]. Recent
planar-target experiments on the NIF that emulated the plasma
corona of an ignition-scale direct-drive implosion showed a
clear SRS feature originating from close to quarter-critical
density and no clear evidence of TPD [6]. The observations
confirmed theoretical estimates that, because of large density
scalelengths in the plasma corona (~ few hundred microns),
the threshold for absolute SRS would be exceeded. Those
same estimates also suggest that the instability would strongly
deplete the laser light, preventing large transmission deep into
the corona. Hydrodynamic evolution of NIF targets in pla-
nar [6] and polar-direct-drive [12] geometries was consistent
with two-dimensional (2D) hydrodynamic modeling by code
DRACO with the conversion of laser energy into plasma ther-
mal energy without large pump depletion near quarter-critical
density. As a result, a conceptual question emerges: What is a
robust saturation mechanism for the absolute instability near
quarter-critical density that would lead to high transmission of
laser light through the instability region?

This article describes a dynamic saturation regime of the
absolute SRS instability due to self-induced incoherence near
quarter-critical density for conditions relevant to NIF scale
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TABLE 1. Ignition-relevant NIF parameters used in the LPSE
simulations.

Laser wavelength (1) 0.351 um
Scalelength (L) 500 um
Electron temperature (7,) 4 keV
Ion temperature (7;) 2 keV
Ion charge (Z) 3.5
Ton atomic number (A) 27

Density range (0.21100.265) n,

implosions. As the incident light propagates through the
instability region, it drives a primary SRS decay that initially
depletes the laser intensity. The electron plasma waves result-
ing from the SRS decay then undergo a secondary instability
that drives a broad spectrum of low-frequency density per-
turbations similar to the phenomenon described by DuBois
etal. at lower densities [13]. The instability saturates when the
density perturbations reach a high enough level to detune the
primary SRS resonance, establishing a dynamic balance be-
tween the transmitted and scattered laser light. This dynamic,
incoherent saturation mitigates depletion and facilitates the
transmission of the laser light through the instability region,
explaining how light can penetrate deep into the corona to
efficiently drive ICF implosions.

Depending on plasma parameters, the saturation of SRS
has been predicted to take several forms, such as the Lang-
muir decay instability (LDI) (when an electron plasma wave
decays into another electron plasma wave and an ion-acoustic
wave) [13-18], particle trapping [19-23], or SRS rescattering
[24]. These saturation mechanisms were either studied in one
spatial dimension [13,15,16] or in the kinetic modeling of
SRS in low density plasma [19-24] that also considered the
possibility of kinetic transition from convective to absolute
SRS [25]. Previous 2D kinetic modeling of absolute SRS near
quarter-critical density showed saturation through density pro-
file steepening [26,27] or cavitation [28,29] for laser cou-
pling strengths [yA3 = (10" — 10'%) Wpm? /cm? and density
scalelengths <100 wm (where I is the incident laser intensity
and A9 = 27 c/wy the laser wavelength). For NIF implosions,
the intensities are much lower and the scalelengths are much
longer (see Table I), so IpAj < 10'* Wum?/cm?. Further-
more, in contrast to SRS in low density plasma, absolute
SRS near quarter-critical density produces a plasma wave with
a relatively small wave number (k.Ap, =~ 0.15, where k, ~
Q2 /20)A/1 — ne/ne), Ape. = /T, /4w e?n,, n, is the local elec-
tron density, and T, the electron temperature). As a result,
the linear Landau damping is very small (< 1 ns~!) and the
electron plasma waves dissipate primarily through collisional
absorption (~1 ps~'), well before kinetic effects can play a
role. For these values of k.,Ap., one can recall the work of
Sanbonmatsu et al. [30,31] that compared the amplitudes of
plasma waves in fluid and kinetic models for the laser pump
strength, o = Iy/2cn,T,, being either “strong” (o = 0.009)
[30] or “weak” (@ = 0.0028) [31]. In our simulations o <
0.003, and therefore the statement from Ref. [30] that ‘kinetic
effects did not affect the saturation at the lower, “weakly
driven” pump strength’ supports the validity of fluid model
for the plasma parameters in our article.
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FIG. 1. The amplitudes of laser and Raman light waves at
5.4 ps [(a) and (c), respectively] and 8.4 ps [(b) and (d), respectively].
The amplitudes of (e) plasma waves (in terms of wave potential
energy normalized to temperature) and (f) low-frequency density
perturbations at 8.4 ps. The vacuum laser wavelength is 0.351 um.

II. MODEL OF THE INSTABILITY

To investigate the saturation of absolute SRS in the regime
relevant to direct-drive implosions at NIF scale, the laser-
plasma simulation environment (LPSE) [32-34] was em-
ployed. LPSE applies a fluid plasma model to describe the
evolution of the four waves (light, Raman, electron plasma,
and ion-acoustic) and the couplings between them (see the
Appendix). The simulations were performed in two spatial
dimensions (x and y) with s-polarized light (the electric field
vectors of both the pump and Raman light waves were perpen-
dicular to the simulation plane). The laser light was normally
incident on a plasma with linear gradient n = %nc(l +x/L),
where L is the scalelength at the quarter-critical density.

The parameters, which are characteristic of CH plasmas
from DRACO simulations of NIF scale direct-drive implosions,
are listed in Table 1. The ion-acoustic damping was obtained
by solving for the roots of the kinetic dispersion relation for
these parameters: a Landau damping rate of y; = 0.1kc, for
a perturbation wave vector k, where ¢, = /(ZT, + 3T;)/m;
is the ion-acoustic speed and m; the ion mass. At these
conditions, the threshold for TPD is more than three times
higher than the threshold for absolute SRS [6].

Figures 1(a) to 1(d) illustrate the nonlinear saturation
of absolute SRS for laser light with an incident intensity
of Iy =2 x 10" W/cm? (approximately three times greater
than the theoretical instability threshold at these parameters,
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6 x 10'> W /cm? [7]). Early in time, the laser light propagates
through the plasma without scattering, but undergoes a small
amount of collisional absorption, ~2%. Shortly thereafter, the
absolute instability develops. By 5.4 ps, the instability has
strongly depleted the pump [Fig. 1(a)], and the Raman light
[Fig. 1(c)] has grown to an amplitude comparable to the laser
light. This pump depletion stage quickly gives way, 3 ps later,
to a dynamic saturation stage in which the amplitudes of both
the laser and Raman light become nonstationary and spatially
incoherent [Figs. 1(b) and 1(d), respectively].

The development of spatial incoherence in the laser light
can be understood as a two-step process: First, electron
plasma waves amplified during absolute SRS [Fig. 1(e)]
undergo a transverse scattering instability, which pondero-
motively drives low-frequency ion fluctuations [Fig. 1(f)].
Second, resulting low-frequency fluctuations detune the SRS
resonance and the dynamic saturation is established. These
fluctuations also seed near-forward-stimulated Brillouin scat-
tering (SBS) of the incident light wave, i.e., the decay of a
light wave into a scattered light wave and ion-acoustic wave.

III. TRANSMISSION OF LIGHT

The induced spatial incoherence increases the laser light
transmission from 7 = 0.16 in the pump depletion stage to
T = 0.58 in the dynamic saturation stage— a near four times
increase in power transported deeper into the plasma corona.
Figure 2 displays the scaling of the transmission, in both
the pump depletion (red dark circles) and dynamic saturation
(blue light circles) stages, as a function of laser intensity.
At intensities below the absolute SRS threshold (Iy < 6 x
108w / cmz), the transmission is reduced ~2% due to inverse
bremsstrahlung absorption. Above the threshold, the dynamic
saturation increases the transmission well above the levels
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FIG. 2. The scaling of light transmission at the end of the
pump depletion stage (red dark symbols) and during the dynamic
saturation stage (blue light symbols) as a function of the incident
laser intensity, for CH (circles) and Be (squares). Below threshold
(Iy < 6 x 103 W/cm?) neither the SRS instability nor its dynamic
saturation occur, so no red dark symbol is plotted.
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FIG. 3. (a) Transmitted Poynting flux as a function of time and
transverse coordinate y for the laser intensity 2 x 10'* W/cm?, and
(b) the frequency spectra of transmitted light for three incident laser
intensities of 10'* W /cm? (solid blue line), 2 x 10" W/cm? (dashed
green line), and 3 x 10'* W/cm? (dash-dotted red line).

determined by pump depletion alone. Reflection of the laser
light accounts for only ~5% of the drop in transmission.

Figures 1(c) to 1(e) show that the maximum plasma densi-
ties, at which the Raman scattered light and accompanying
plasma waves are observed, are about 0.243 and 0.257 n.,
respectively (~3% lower and higher than the quarter critical
density at x = 0). This is consistent with the frequency match-
ing conditions for the primary SRS instability and previous 2D
and three-dimensional (3D) particle-in-cell (PIC) simulations
of plasmas with shorter density scalelengths (~100 uwm) [35].

To study the dependence of the instability saturation and
the resulting light transmission on the ion species, a set of
simulations was performed for Be with Z =4 and A = 9 and
all other parameters the same as listed in Table I. The cor-
responding ion-acoustic damping was y; = 0.04kc;. Figure 2
shows that the transmission in the pump-depletion stage is
similar for Be and CH. However, in the dynamic saturation
stage, the Be plasma has much higher transmission (blue
light squares) because smaller ion-acoustic damping allows
for larger ion-acoustic perturbations, which are more effective
at detuning SRS.

The transmitted Poynting flux [Fig. 3(a)] and light spectra
[Fig. 3(b)] demonstrate the presence of near-forward SBS.
Figure 3(a) shows the longitudinal component of the transmit-
ted Poynting flux exiting the simulation region as a function
of time and transverse coordinate y for I = 2 x 10'* W /cm?.
During the dynamic saturation stage (time > 7 ps), the Poynt-
ing flux exhibits spatial incoherence with a scale of £ ~ 24
and temporal oscillations with a period t ~ 1 ps. The two are
connected by the ion-acoustic speed ¢y ~ £/7, illustrating that
the low-frequency ion-acoustic fluctuations spatiotemporally
modulate the laser light.

Figure 3(b) displays the frequency spectra of the transmit-
ted light, i.e., the Fourier transform of the temporal correlation
function, calculated for three different incident intensities
during the saturation stage (time > 7 ps). The temporal
incoherence, observable as the spectrum width, increases
with intensity. At the lowest intensity (solid blue line), Iy =
10'* W/cm?, the spectrum is narrowly peaked about the
incident frequency. Stokes and anti-Stokes features appear at
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an intensity of 2 x 10" W/cm? (dashed green line). These
sidebands have a spectral shift of ~10~3wy, corresponding to
the 1-ps oscillations in the Poynting flux and the presence of
near-forward SBS. At the largest intensity (dash-dotted red
line), Iy = 3 x 10" W/cm?, the spectrum has significantly
broadened: large-amplitude SRS-generated plasma waves
drive the transverse scattering instability to a nonlinear state,
creating a broad spectrum of ion fluctuations that enhance
the incoherence.

IV. WAVES INVOLVED IN THE INSTABILITY

Distinct features of the instabilities are clearly observed
in the spatial spectra (i.e., Fourier transforms of the spatial
correlation function) of the waves, illustrating the primary
SRS decay, the transverse instability of the electron plasma
waves, and near-forward SBS [Figs. 4(a) to 4(d)]. These
figures display the spectra for the laser light, Raman light,
electron plasma waves, and low-frequency density fluctu-
ations, respectively. Foremost, the primary decay products
of absolute SRS can be identified as the bright features
near zero k for the Raman light [Fig. 4(b)] and near k, ~
ko and k, =0 for the electron plasma waves [Fig. 4(c)].
Here ky = 2w /Ly is the wave vector of the incident laser
in vacuum.

The electron plasma waves generated from SRS undergo a
decay instability in which their ponderomotive force drives
ion-acoustic fluctuations in the direction transverse to the
density gradient. The fluctuations then small-angle scatter
the electron plasma waves, which, in turn, reinforces the
transverse ponderomotive force. These phenomena can be
observed in Figs. 4(c) and 4(d) as spreading in k, about
ky =~ ko for the electron plasma waves and about k, =~ 0
for the ion-acoustic waves. Figures 1(e) and 1(f) show the
associated transverse ripples in the electrostatic potential of
the electron plasma waves and the density of ion-acoustic

(a) Laser light @ (b) Raman light :2\
I N = [ B g
2r N L > 2r n >
1+ 4H2 B 1+ 41A2 s
< = < p=
~ 0 ~] 2 . (O <> 1 kS
= 08 = &)
_1F — g -1+ 0=
= 1 <= _ | 5
2000 dld L, 2000 df 2
g &
(c) Electron (d) Density _
plasma waves z perturbations 2
T T T g2 £ T T Tm3 E
2 il > 2r nl S
o Ir A1 £ o I 112 g
> 0r — g > OfFf 3 1%
1+ 40 = Q1 - =
I '3
) =
20 dld g 200 df 2
-2-1 0 1 2 ED -2-1 0 1 2 -

k/kg ky/kg

TC14947])2

FIG. 4. The spectra of (a) laser light waves, (b) Raman light
waves, (c) plasma waves, and (d) low-frequency density perturba-
tions in the dynamic saturation stage (at 8.4 ps) for the parameters of
Fig. 1.

waves, respectively. Both waves are colocalized with the SRS
instability region. In Fig. 4(c), the streaking in k, results from
the change in the wave number of the electron plasma waves
as they propagate along the density gradient.

The dispersion relation for the transverse plasma wave
instability (with ion-acoustic wave vector k,) can be obtained
from the equations for the secondary plasma waves and
the ion-acoustic perturbations [3,14]. At its resonance, this
dispersion equation has the form

v+ v+ = %(kycx)lp, (1)

where y is the growth rate, I, = (|Ee|2/16nneT6) is the nor-
malized plasma wave intensity, w, = v/4mwe*n,/m,, and y, is
the damping rate for electron plasma waves. The instability
threshold determined by Eq. (1) is readily exceeded during
the growth stage of the primary SRS instability due to high
plasma wave intensity. For a normalized plasma wave inten-
sity I, = 8 x 1072 and the transverse wave vector k, &~ 0.15k,
observed in Fig. 4(d), y = 2ps’1 consistent with Fig. 1(e).

The low-frequency density perturbations generated by the
transverse instability seed small-angle SBS of the laser light.
This manifests in Fig. 4(a) as the spreading in k, about k, ~
ko. The spreading has an equivalent spatial scale of ~5Aig
and, through the ion-acoustic speed, a timescale of ~1 ps
consistent with Fig. 3(a).

The SRS-generated plasma waves can drive the LDI in-
volving secondary plasma waves with the wave vector k, ~
—ko and the ion-acoustic waves with the wave vector ~2k
[as seen in Figs. 4(c) and 4(d), respectively], and the backward
LDI reduces the intensity of the SRS-generated plasma waves.
At the same time, the secondary waves of the backward LDI
are unlikely to detune the primary SRS because of their di-
rection, whereas the transverse instability generates secondary
waves that can detune the primary SRS resonance.

V. CONCLUSIONS

A novel regime for the saturation of the absolute SRS
instability near the quarter-critical density has been shown to
mitigate pump depletion and increase the transmission of laser
light deep into the corona for parameters relevant to ignition-
scale direct-drive implosions. The enhanced transmission ex-
plains why the temperature inferred in ignition scale experi-
ments agrees with radiation hydrodynamics simulations that
do not include a model for absolute SRS [6,12]. For example,
if the intensity of light reaching the absorption surface was
reduced by a factor of 2 due to pump depletion, radiation
hydrodynamics simulations would predict a ~30% lower
electron temperature [36]. The dynamic saturation occurs
when spatiotemporal fluctuations in the ion-acoustic density
detune the SRS instability resonance. More specifically, the
SRS-generated electron plasma waves undergo a transverse
instability that drives a broad spectum of ion-acoustic fluc-
tuations. These fluctuations also seed near-forward Brillouin
scattering of the laser light. The self-induced spatial incoher-
ence answers a conceptual question in ICF: How does laser
energy reach the inner corona when an absolute instability
region stands in its way?
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APPENDIX

The LPSE model for the dynamic saturation of absolute SRS includes three time-enveloped wave equations for the electric
fields of laser light Ey = Re[Ey(r, t) exp(—iwpt)], Raman scattered light E; = Re[E(r, t) exp(—iw;t)], and electron plasma
wave E, = Re[E,(r, t) exp(—iw,t)], and a fourth, nonenveloped equation for the low-frequency density perturbation én:

.BI:ZO . . c? 24 . a)i(r) - 60(2) . e P
i— +iypoEy+ =—[VE)—V(V-Ey)] - —Ey=— (V-E)E, (AD)
Jat 2wy 2wy dwim,
) ) . 2 . . w2(r) — w? .
i~ biyy o By + ——[V2By — V(V B — By = ————(V - BN, (A2)
ot 2w 2w dwom,
e L ob g Ve 90~ ey N V7Y I o (A3)
I/ 1Ye O K a e — e — . s
Jt v 2w, 2w, 4m,wow) 0
928n én N n N w? .
—— 4 2y,0— —2V¥%n = V2R > 4+ = [Eol> + — B 7 ) |, A4
gz e G avin= e e IR+ (1B 4 TR (A4)

where w, = \/4mwe?(n + 8n)/m, is the spatially dependent plasma frequency, vz, = +/T./m, is the electron thermal velocity, o
denotes a convolution, and yy, i, and y,, are the damping rates for each wave. The carrier frequencies satisfy the Manley-Rowe
relation wy = w; + w,, with the density 7, selected within the range of the simulation, e.g., close to n. /4. Inverse Bremsstrahlung
damping was used for the damping rates of the pump and Raman light waves. The electron plasma waves were damped by both
collisional damping, at a rate of 1 ps~!, and Landau damping. The electron plasma waves were seeded at realistic thermal noise
levels based on the Landau damping, but the absolute nature of SRS makes the results insensitive to the seed level. By retaining
the second-order spatial derivatives in Egs. (A1) to (A4), LPSE avoids making the paraxial approximation and can model waves
propagating in arbitrary directions in inhomogeneous plasmas.

The simulations described by Figs. 1 to 4 were performed in the plasma region of 116 by 80 um, with the incident beam
width of 40 wm. Simulations with a wider plasma (116 by 116 um) and incident laser beam (80 ;«m) exhibited similar instability
evolution and dynamic saturation.
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