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We show via particle-in-cell simulations that small normalized magnetic fields (we/wp < 1) can
significantly modify the evolution of backward stimulated Raman scattering (SRS) in the kinetic
regime due to the enhanced dissipation of nonlinear electron plasma waves propagating perpendicular
to magnetic fields. A magnetic field applied perpendicularly to the electron plasma wave (and driving
light wave) increases the SRS threshold for kinetic inflation and decreases the amount of reflectivity
when SRS is driven significantly above threshold. Analysis indicates this arises because trapped
electrons are accelerated as they surf across the wave, leading to the continual dissipation of the
electron plasma waves over a wider range of wave amplitudes. The reduction in SRS reflectivity
is most significant for a purely perpendicular field, though reduction also occurs for other angles;
a parallel field can slightly increase single-speckle SRS but decreases multi-speckle SRS. These
simulations demonstrate the significance of magnetic field contributions to nonlinear electron plasma
wave damping with respect to nonlinear parametric decay instabilities; the simulation parameters
are directly relevant for SRS in inertial confinement fusion devices and indicate that approximately

30 Tesla magnetic fields might significantly reduce SRS backscatter.

The nonlinear damping of an electron plasma wave
(EPW) propagating perpendicularly to a magnetic field is
a topic of fundamental interest, albeit one which has not
been very widely studied. Sagdeev and Shapiro [1] and
Dawson et al. [2] realized over 35 years ago that EPWs in
such a scenario can be profoundly affected by even weak
fields due to the fact that trapped electrons (those mov-
ing near the EPW phase velocity vy) in an average sense
all get accelerated perpendicularly across the wave front,
continually extracting energy from it. The “surfatron”
electron acceleration mechanism has been studied with
respect to particle accelerators [3], astrophysical parti-
cle acceleration in shocks and upper-hybrid waves [4, 5],
and phasespace hole dynamics [6], but the concomitant
wave damping has not been appreciated in any signifi-
cant context and has been studied by only a few authors
[7, 8.

The damping of kinetic EPWs in even weak magnetic
fields could have potentially dramatic consequences for
instabilities whose evolution is sensitive to the nonlinear
damping of large-amplitude EPWs. For example, in the
stimulated Raman scattering (SRS) of a laser beam in in-
ertial confinement fusion (ICF) [9], where the laser light
decays into scattered light and electron plasma waves, the
EPWs evolve in a regime in which resonant wave-particle
interactions reduce the EPWs’ damping rate (leading to
kinetic inflation [10, 11]), alter its frequency, bend its
wavefronts, change its envelope shape, and couple it with
other plasma modes (e.g., [12-16]). Interestingly, mag-
netic fields are increasingly being studied in the context
of ICF, including for MagLIF [17, 18]; for imposing ex-
ternal magnetic fields to affect implosion dynamics, fu-
sion reactivity, and hot electron propagation [19-21]; and

potentially for applying external magnetic fields to al-
ter SRS dynamics by increasing the electron temperature
[22] or limiting electron motion transverse to laser speck-
les [14]. However, the consequence of magnetic fields to
the kinetic evolution of EPWs, and thereby its conse-
quence for the detrimental SRS instability, have not been
studied.

Here we show for the first time that applying an exter-
nal B-field perpendicularly to EPWs in SRS can quench
the instability. This limiting effect on SRS is due to the
damping effect on nonlinear EPWs propagating across
an external B-field. The amplitude of magnetic fields
required to significantly reduce SRS are dependent on
the parameter regime, though for the cases considered
here are on the order of 10’s of Tesla. It is outside the
scope of this article to examine how such fields might
be realized experimentally within ICF-relevant plasmas,
but our parameters are within the ranges recently stud-
ied by other authors in experiments and/or rad-hydro
modeling [19-27]. We note that even though the plasma
B is very large, rad-hydro modeling has shown that the
applied magnetic fields persist [21]. In addition, fields
of the strength considered here can be self-generated in
ICF-relevant plasmas [28, 29].

We consider parameters where @, = w./wp, < 1, where
w. and w, are the electron cyclotron and plasma frequen-
cies, respectively (@w. = 3.3 X 10°Bresia/(Nem-3)"/?). In
this regime, the EPW’s real frequency is essentially its
unmagnetized value (and Faraday rotation of the light
waves is negligible for magnetic fields aligned with the
laser). Furthermore, we study parameters for which SRS
is in the strongly damped regime but for which the EPWs
in SRS evolve toward undamped modes in an unmagne-



tized plasma due to resonant wave-particle interactions,
i.e., for conditions in which the EPW Landau damping
rate yrp is comparable to or greater than the temporal
SRS growth rate [30] and in which vz p is smaller than

the trapped particle bounce frequency wp = \/eFEok/m,
where Ey and k are the EPW’s amplitude and wavenum-

ber. We note that wg/w, = % >~ /e, where € is Ey
P

normalized to the cold wavebreaking value [31].

As shown in Dawson et al. [2], for an EPW of the form
E = Eysin(kx — wt)Z propagating perpendicular to a
field B = By2, the equations of motion for an electron in

the wave frame are: ¥, + wpv. = —w?2vy and vy = W,
cVe Yy 9

where wl = Jw? + w3 cos(kx) and primed quantities ()
are defined in the wave frame. A resonant electron will
execute bounce motion at roughly the modified frequency
wlz while it is accelerated (deflected) transversely across
the wave front. As this occurs, the resulting v, By force
causes the electron to slowly drift backwards in the wave
frame. In 1D, and if the electron starts near rest at the
bottom of the wave’s potential (—e@), i.e., at a zero of the
electric field where its slope is positive, the particle will
continue to execute this modified bounce motion until
the F, + U—'yBo force vanishes, at which time the electron

will be detrapped with vy = cg However, if the elec-
tron starts at different locations in the potentlal well, or
if it begins with a large v, as might occur if the trapping
width is large, then it can exit with a value of v, more
than an order of magnitude less than ¢Z= n . Furthermore,
for SRS in high energy density plasmas, there is a spec-
trum of plasma waves, the plasma wave amplitudes and
phases are continually changing, and relativistic effects
can be important. For ICF parameters, g—z > 1 but rel-
ativistic corrections and additional detrapping processes
can be present. Even in 1D, the de-trapping is more com-
plicated because the wave amplitude and phase velocity
are evolving and the wave is not monochromatic. In 2D
and 3D, an electron moving across the wave front of a
finite-width wave can additionally be detrapped because
it leaves the wave. Nevertheless, in all cases, by acceler-
ating across the wave front all trapped electrons will now
only extract energy from the wave.

To study how this nonlinear damping affects SRS, we
carry out one- and two-dimensional (1D and 2D) simu-
lations using the electromagnetic particle-in-cell (PIC)
code OSIRIS 4.0 [32]. The electrons have a temper-
ature T, = 3 keV and slight linear density gradient
ne = 0.128 — 0.132n.. (kAp ~ 0.30 for backward
SRS); ions are fixed to focus solely on SRS interac-
tions. We simulate an /8 speckled laser beam of wave-
length A\g = 0.351um, and in the single-speckle case
we emulate a single f/8 speckle with a Gaussian laser
beam with focal width fAg = 2.8um (intensity full-width
half-max) launched from an antenna at the boundary.
The quoted laser intensities are at the focus and range
over 6 x 101* — 5 x 10> W/cm? (where the normal-
ized field of the laser eE/mcwy = eA/mc? = 85 x
10710/ T(W/em2) Ao (um) = 0.00735—0.0212). The laser

propagates along & and is polarized in the 2D plane in
U; Best 1s applied in Z, though similar results have been
seen by applying Be,: in the ¢ direction. The 2D laser
profile is only finite-width in ¢, so resonant electrons can
only be kicked out of the speckle by traveling in the ¢
direction. We used 512 (256) particles per cell in 1D
(2D) simulations with cubic interpolation, a grid with
10740 x 1194 cells, and a simulation box of size 120 x 20
pm?. The length corresponds to the central portion of
an f/8 speckle of length 5f2\g = 120um. We simulate
approximately 6 ps in time. The multi-speckle simula-
tions have a width of 42 um (approximately 15 speckle
widths) with absorbing boundaries for the fields and
thermal-bath boundaries for the particles in & but peri-
odic boundaries in . For the single-speckle simulations,
we use absorbing and thermal boundaries in both & and
9 in order to prevent the speckle from interacting with
energetic particles and scattered light that would other-
wise re-circulate in the transverse direction. This has the
further consequence that exiting particles do not retain
their gyro motion when crossing the boundary. However,
single speckle simulations with periodic boundaries show
similar features. Furthermore, the single speckle simu-
lations here are illustrative of the relevant physics and
the multi-speckle simulations retain all proper cyclotron
motion of the particles.

Byt ranges up to 50 T. For Bey = 15 T (60 T), the
normalized cyclotron frequency @. = 0.001 (0.005). In
a plasma with T, = 3 keV and T; = 1 keV, the Larmor
radius for a thermal electron is 7. = 8um (2 pm) and for
a thermal proton is 7; = 20 mm (0.5 mm). The electron
(ion) cyclotron period is on the order of a picosecond
(nanosecond). For the single-speckle SRS shown here,
the speckle width is on the same order as r. (several
microns) and the time for an e-folding of SRS is on the
order of the gyro period (picoseconds). The ions will
execute a gyro period on a time scale much longer than
the timescales of interest for the kinetic bursts of SRS.
We have performed several mobile ion simulations and
found the conclusions drawn here to be unchanged.

The ability of an external magnetic field to decrease
SRS activity is evident in 1D simulations (12, i.e., one
spatial but three velocity components). Figure la shows
the spatio-temporal behavior of EPWs for 1D simulations
with T, = 3keV, Iy = 3 x 101W /cm?, and Be,; = 0 and
30T. For B.,; = 0, strong SRS is seen with the growth
and convection of EPWs over most of the simulated do-
main and time; SRS EPW amplitudes in this regime can
be on the order of ¢ ~ 0.1. With B.,; = 30T, on the
other hand, the EPW behavior is much more limited in
time for each burst of SRS, the EPW peak amplitudes
are slightly lower, and the total time-averaged reflectivity
level is decreased. To demonstrate the increased damping
of EPWs in the presence of B.,, we did two exactly sim-
ilar simulations with the exception that the driving laser
was turned off after wot = 4300. Figure 1b shows that, for
Beyt = 0, the SRS-driven EPWs continue to propagate
relatively undamped after the laser is turned off, whereas
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FIG. 1: (a) Time vs space plots of EPW activity in a continu-
ously driven system with Bey: = 0 (left) and 30T (right); (b)
similar plots when turning the driving laser off at wot = 4300;
and (c) time-averaged reflectivity vs laser intensity for several
magnetic field amplitudes and orientations in continuously
driven simulations.

for Be,+ = 30T they are very quickly damped after the
laser turns off, supporting the argument that one must
account for the additional damping of nonlinear EPWs
in magnetic fields in order to accurately determine the
dynamics of SRS in these scenarios.

Time-averaged reflectivities across a range of laser in-
tensities and B-field amplitudes are shown in Figure lc.
At the kinetic threshold where SRS just begins to re-
flect light, B.,; decreases the reflectivity to 0. For larger
intensities, the reflectivity can be decreased by at least
50%. For constant laser intensity, the reflectivity de-
creases for increasing B.,:, though the decrease appears
to asymptote and progressively larger B.,: are not al-
ways able to decrease these 1D reflectivities to 0. We
also show two curves for B.,; oriented in the x-z plane at
angles of 30 and 60 degrees relative to . The reflectivity
decreases progressively more as the orientation increases
from 30 to 60 to 90 degrees, demonstrating that even if
Be: is not purely perpendicular, the component along
the perpendicular direction can still have a similar effect
on SRS. The effect of geometry is an area for future work.

To investigate the mechanism behind this decrease in
SRS, we show illustrative plots of electron phasespace
in Figure 2. One representative trapped particle orbit
is shown in Figure 2a in p,p, phasespace, where unper-
turbed electrons gyrate counter-clockwise in the B-field.
The shown particle approaches the EPW phase veloc-
ity (pz/mec =~ 0.3) and oscillates about this value as it
bounces in the wave. While it is trapped, the electron
is accelerated across the EPW wavefront in p,. Even-
tually the particle detraps, at which point it continues
executing cyclotron motion with a larger energy. The
particle gains enough momentum in ¢ that its correct
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FIG. 2: (a) One particle track plotted in pyp, space over
wot = 0 — 7500. (b) Domain-averaged pyp. space near the
time of initial SRS saturation for Bey: = 0 (top) and 30T
(bottom).

velocity in v, must be considered relativistically, illus-
trating that for ICF parameters relativistic corrections
need to be included. In addition, it is accelerated to an
energy of approximately 75 keV; if such particles are not
confined by the B-field and escape towards the fuel tar-
get, they could be a pre-heat threat. The acceleration
of many electrons in such a manner is evidenced in Fig-
ure 2b. For the case with B.,; = 0, particle acceleration
by SRS-generated EPWs is predominantly in the p, di-
rection and up to a maximum of p,/mec = 0.5. For
B¢z = 30T on the other hand, trapped electrons with
Pz/Mmec =~ 0.3 are accelerated in p, (and accelerated to
momenta > 0.5); once detrapped, these energetic parti-
cles gyrate about the field, as evidenced for example by
the range of energetic particles with p, /m.c < 0.3 and
py/mec > 0.3. This cross field acceleration mechanism
is sufficient to disrupt the nonlinear damping of EPWs
during and after SRS saturation and to severely impact
the time-averaged behavior of the instability.

We next look at simulations of SRS in single laser
speckles with Iy = 3 x 10'® W/cm?. Figure 3a shows the
time-averaged reflectivity as a function of B-field strength
for orientations both parallel and perpendicular to the
laser ko (& and Z directions, respectively). As the B-field
increases in magnitude, the reflectivity decreases signifi-
cantly for the perpendicular case while increasing slightly
for the parallel case. For these single speckle simulations,
the waves have a finite width and the B-field can now not
only accelerate trapped particles across the EPW wave-
fronts but also deflect them out of an unstable region in
physical space. This results in a novel kinetic evolution
of finite-width EPWs, as evidenced in Figure 3b, where
snapshots of nonlinear EPWs for B.,; = 0 and 50 T are
shown. For Bg;: = 0, the wavefronts are bowed sym-
metrically about the central axis due to the nonlinear
frequency shift on either side of the EPW and the wave
is broken up due to the trapped particle modulational
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FIG. 3: (a) Time-averaged SRS reflectivity as a function of
B-field amplitudes. (b) Snapshots in time of 2D EPWs during
SRS.

instability. When there is a perpendicular B..:, on the
other hand, trapped particles traveling in & are accel-
erated in the g-direction by B.,:, resulting in nonlinear
damping that is different on the top-half of the EPW
than on the bottom-half. The wavefronts are bowed on
the bottom half of the spatial domain but, in the top
half of the domain, the EPW packet is much lower in
amplitude and more disrupted in space.

Although not shown, for B.,; parallel to kg, there is
negligible visible difference in EPW behavior outside of
what looks like statistical variability, though the EPW
activity grows over a longer part of the spatial domain
than in the case with B.,; = 0. With B, aligned
with the wave vectors of the incident laser and the SRS
EPW, the trapped particles gyrate in § and Z and, in
the absence of relativistic mass corrections, they still ex-
ecute normal bounce oscillations in the parallel direction.
Since they are more strongly confined to the speckle re-
gion, there is less trapped-particle side-loss and the SRS
ends up being more 1D-like. This can give more SRS
and higher reflectivity, though here the gyroradius of an
electron moving at the phase velocity is larger than the
speckle width and the increase in SRS is relatively slight.

Finally, we simulated SRS in a multi-speckled laser
beam with I . = 8 x 10! W/cm2. The incident laser
profile is shown in Figure 4a. SRS in multi-speckled laser
beams can grow as a collective phenomenon due to the
spray of waves and particles out of an SRS-unstable re-
gion [14, 33, 34]. Consequently, the effect of B, on
multi-speckled SRS depends not just on its influence on
single bursts but also on its effect on how waves and
particles generated in one burst can travel into other re-
gions that have not yet become unstable. While we have
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FIG. 4: (a) Representative snapshot of the incident laser en-
velope early in time. (b) Snapshots in time of EPW activity
for Bezt = 0, 20T parallel, and 20T perpendicular; (c) Time-
averaged reflectivities for different Beg:.

shown that B.,; aligned with ky can act to enhance SRS
activity, it also limits the transverse motion of trapped
particles, and this in turn limits collective multi-speckle
SRS (as was hypothesized by Yin et al. [14]). Figure 4b
shows it is difficult to distinguish the EPW activity gen-
erated by SRS bursts in a case with no B field versus that
with a 20 T field aligned with k.

For B.,: perpendicular to kg, on the other hand, the
decrease in plasma wave activity (fourth plot from left)
and reflectivity (right plot) is much more pronounced.
This appears to be due to several reasons. First, the
crossed B-field can prevent an undamped EPW from
forming, thereby greatly reducing the number of speckles
that are above the laser intensity for kinetically inflated
activity. Second, SRS activity in above-threshold speck-
les is reduced by EPW damping in the crossed B-field.
Third, the impact of SRS from above-threshold speckles
on neighboring speckles is reduced, both because their
production of scattered light waves and trapped parti-
cles is reduced and because it is more difficult to trigger
SRS in neighboring below-threshold speckles since they
are “further” from threshold. Finally, the spatial range
of trapped particles is confined more closely to existing
regions of instability by the cyclotron motion due to Beg.

While we have shown that magnetic fields may dramat-
ically affect the evolution of SRS, changing the threshold
of SRS in a density gradient may make SRS grow pre-
dominantly at higher densities, or lower kAp, and SRS in
higher density regions may have higher saturation levels.
Furthermore, B-fields could potentially increase (rather
than decrease) SRS by interfering with the nonlinear fre-
quency shift and limiting the effect of detuning which can
saturate SRS. Bandwidth (ISI [35] and SSD [36]) and/or
STUD pulses [37-39] combined with magnetic fields may
work well, as the EPW may dissipate more strongly dur-
ing times when the laser is“off” at some spatial location.
Finally, other instabilities may be affected by B fields,
such as the two plasmon and high frequency hybrid in-
stability. The kinetic evolution of nonlinear plasma waves
in weakly magnetized plasmas is therefore a ripe area for
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