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We consider backscattering of laser pulses in strongly-magnetized plasma mediated by kinetic
magnetohydrodynamic waves. Magnetized low-frequency scattering, which can occur when the ex-
ternal magnetic field is neither perpendicular nor parallel to the laser propagation direction, provides
an instability growth rate higher than Raman scattering and a frequency downshift comparable to
Brillouin scattering. In addition to the high growth rate, which allows smaller plasmas, and the
0.1-2% frequency downshift, which permits a wide range of pump sources, MLF scattering is an
ideal candidate for amplification because the process supports an exceptionally large bandwidth,
which particle-in-cell simulations show produces ultrashort durations. Under some conditions, MLF
scattering also becomes the dominant spontaneous backscatter instability, with implications for

magnetized laser-confinement experiments.

Laser-driven magnetic field generation has produced
kilotesla (10 MQG) field strengths with coil-type targets
[1-7], far beyond what can be achieved with permanent
magnets. These magnetic fields, and the 10 to 100 kT
(100 MG to 1 GG) strengths envisioned for future exper-
iments [8], may enhance inertial confinement fusion (ICF)
[9-11], accelerate particles more effectively [12, 13], and
provide new capabilities for high-energy-density physics
and laboratory astrophysics [14, 15]. Strong magnetic
fields also open a new regime of laser-plasma interaction
(LPI) physics [16], holding both the promise of useful
new nonlinearities and the risk of damaging scattering in
implosion-type experiments.

A problem of particular importance in LPI physics is
the scattering of laser beams from electron or ion waves.
This can be either a deleterious effect, e.g. loss of energy
from stimulated scattering or cross-beam energy transfer
[17-19], or a beneficial instability useful for the construc-
tion of ultra-high-power plasma-based parametric ampli-
fiers [20]. Plasma components in high-power lasers avoid
damage thresholds set by solid-state optics, allowing
extraordinarily-high-peak-power lasers to be envisioned
without prohibitive beam diameters. Parametric plasma
amplification, where a plasma wave compresses a long-
duration high-energy pump into a short lower-frequency
high-power seed, is a key component of proposed plasma-
based laser amplifier chains. Current plasma amplifiers
are based on two established mechanisms: stimulated Ra-
man scattering (SRS) [21-34], where the Langmuir wave
provides high growth rates but large frequency down-
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shifts, or stimulated Brillouin scattering (SBS) [35-49],
where the ion-acoustic wave mediates the interaction,
giving lower growth rates but allowing higher-efficiency
energy extraction and smaller frequency separations be-
tween seed and pump. Initial work has examined how
magnetic fields modify Raman and Brillouin scattering
[50-52] or extended Raman scattering to the upper hy-
brid wave [53, 54], though simulations have been re-
stricted to external fields exactly parallel or perpendicu-
lar to the pump-laser propagation vector (k).

Here we demonstrate that the rich physics of strongly-
magnetized plasma offers a third distinct mechanism for
plasma amplification: scattering from the kinetic exten-
sions of magnetohydrodynamic (MHD) waves, which ex-
hibits an instability growth rate comparable to or higher
than Raman scattering with a much smaller frequency
downshift and appears when the applied magnetic field
is neither perpendicular nor parallel to the laser propa-
gation vector. Since this interaction disappears in un-
magnetized plasma and lacks an analogue in non-ionized
media, we refer to it here as magnetized low-frequency
(MLF) scattering for the mediating plasma response.
MLF scattering is promising for amplification because
(1) the growth rate is larger than Raman scattering,
allowing rescaling for shorter interaction duration and
plasma size, (2) the frequency of the plasma response,
and thus the frequency difference between the two lasers,
is small, reducing the technical difficulty of creating a
suitable seed and leading to higher efficiencies, (3) the
interaction bandwidth is wide, supporting short-duration
pulse generation, and (4), group velocity dispersion in the
magnetized medium is large, permitting self-compression
of broad-bandwidth amplified pulses to ultrashort dura-
tion. In this letter we use particle-in-cell (PIC) simula-
tions supported by an analytic theory to examine MLF
scattering of laser pulses in magnetized plasma.
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FIG. 1. Spectral energy distribution of light backscattered
from magnetized plasma (N = 0.01, 7. = T; = 1 eV,m;/me =
1836) in PIC simulations. The magnetic field By varies be-
tween 100 T and 10 kT at 8 = 75°. The spectra are measured
in vacuum (w/wo = k/ko). Color indicates spectral energy
density logarithmically. (Top) Spectra of the incident and
reflected light. A/Az = 50 and 40 particles/cell.

Consider spontaneous backscattering of a laser (fre-
quency wg) normally incident on an underdense (w, <
wp) semi-infinite homogeneous plasma. For negligible
magnetic field magnitude (By), spontaneous Raman and
Brillouin scattering may both occur. However, a much
more complex picture for backscattering emerges when
the electron cyclotron frequency (2. = eB/m.c) is not
negligible compared to wy, and By and k are neither
exactly parallel nor perpendicular. Figure 1 presents
backscattered spectra for 0.01 < Q./wy < 10 and
0 = (Bo,k) = 75°, calculated using one-dimensional
(1D) three-velocity-component (3V) PIC simulations
(EPOCH [55]). With resolution A/Az = 50 and 40
particles/cell, a linearly-polarized laser (E L Bg) with
normalized field strength ag = eE/mewoc = 0.01 and
wavelength A = 1 pm (I = 1.38 x 10'* W/cm?) strikes
an electron-proton plasma (N = n./n. = 0.01 where n,
is the critical density, temperature T, = T; = 1 eV).
The spectral energy distributions are provided for 300
simulations at varied By after 2 ps. Backscattering for
0 < By < 100 T is invariant with By on this scale.
At By =100 T the spectrum is dominated by Raman
scattering at w = wy — w. and Brillouin scattering at
w = wy — csk &~ wp, where c; is the sound speed.

Above By = 1000 T (Q./wo > 0.1) the spectral en-
ergy distribution changes substantially. When €2, is com-
parable to w, (here we/wy = 0.1), Raman scattering
becomes scattering from the upper-hybrid (UH) wave,
where wyg = w? + Q2 for § ~ 90°; the Raman-UH
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FIG. 2. (a) Backscattered spectra from magnetized electron-
proton plasma (N = 0.01,7. = T; = 1 eV) against 0 at
Qe/wo = 0.75 (Bo = 8100 T), illustrating dependence of
MLF scattering on angle. Dashed lines show analytic pre-
dictions for the kinetic fast wave (P), Alfvén wave (A) and
slow wave (S). (b) Time-averaged backscattered energy over
incident energy for selected angles. The reflected power ra-
tio can briefly climb above 1 due to amplitude fluctuations in
the scattered radiation. The error bar indicates uncertainty
from time-variation of the reflected signal. A/Az = 50 and
40 particles/cell.

line curves towards lower frequencies for larger magnetic
fields. The increased scattering from the UH line near 5
kT can be called two-magnon decay, which occurs when
the incident field decays into two upper-hybrid waves
and is analogous to two-plasmon decay in unmagnetized
plasma. The transition to the upper-hybrid wave moder-
ately improves laser amplification [53, 54], but the most
striking signature in Fig. 1 is the strong scattering that
appears between 0.5 < Q./wg < 1.2 at w/wp ~ 0.99.
As described below, this scattering comes from kinetic
MHD waves, i.e. MLF scattering, and is notable for both
its large strength and small downshift from the pump
frequency.

Figure 2a provides the backscattered spectral energy
distribution at By = 8100 T (€. /we = 0.75), where MLF
scattering dominates for 0 < 6 < 90°. This scattering is
strongest for # around 80° and disappears at 6 = 90°.
When 6 — 0, MLF scattering asymptotes to Raman
and Brillouin scattering. The downshift frequency de-
pendence on angle follows the fluid theory (dashed lines)
and is relatively small for the large angles where the scat-
tering is most powerful.
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FIG. 3. (a) The dispersion relations in magnetized plasma
for right-handed elliptically polarized light (R, black), the
upper-hybrid wave (F, purple) and the MLF waves, which are
the high-k asymptotes of the fast wave (P, blue), the Alfvén
wave (A, red) and the slow wave (S, orange). In the high-
k limit, the MLF waves have negligible group velocity. For
w 2 Qe > we, the dispersion relation of right-handed (R)
elliptically polarized lasers is strongly modified (upper black
curve), producing large group velocity dispersion. Strong in-
teractions only occur between R polarized lasers. Inset: Loga-
rithmic scale. (b) Analytic MLF-scattering growth rates com-
pared to that for unmagnetized Raman scattering (yr) at the
conditions in Fig. 2a. For § = (Bo, k) ~ 75°, mediation by
each MLF branch has a comparable growth rate, so the dif-
ferent branches contribute together over a large bandwidth.
At these parameters the upper-hybrid wave cannot resonantly
interact.

Strong magnetic fields also substantially affect the to-
tal scattered energy. As Fig. 2b illustrates, though previ-
ous work found suppressed backscattering for moderate
applied fields (e.g. < 50 T [52]), backscattering is dra-
matically enhanced when wgy and €2, are comparable. Due
primarily to MLF scattering, the strongest signal occurs
at intermediate § when Q. ~ wp. Interestingly, at even
higher By (Q. > wy), electron responses are suppressed
and there is little backscattering for all ; although the
required fields are large, this regime may ultimately prove
useful for scattering suppression in confinement experi-
ments.

Since earlier analysis focused on 8 = 0,90°, this in-
stability has not previously been captured, but recent
theoretical advances provide a route to understanding
scattering mechanisms at oblique magnetic field angles
[56, 57]. The coupling coefficient for these modes com-
puted from warm-fluid theory [58] is
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where Z; = es/e and My = ms/m, are the normalized
charge and mass of species s, and w, = y/4mnse2/ms. In
the denominator, u is the energy coefficient of a par-
ticipating wave, such that the averaged wave energy
is u|E[?/87. In the numerator, ©° is the normalized

electromagnetic scattering strength, which comes from
the d7(9;A,;)J? term in the third-order interaction La-
grangian and equals the sum of six permutations of @iég,
where ©7 ;; = (ck; - f5 j)(e; - fs1)/w; for wave frequency
w, propagation vector k, and unit electric polarization
vector e where f; = ]Fse, and F, is related to the linear
susceptibility by xs = —w?F,/w?. The thermal scatter-
ing ®* is usually subdominate because ®* oc u2/c?, where
ug is the thermal speed. For counterpropagating lasers
interacting via MLF waves, exact growth rates and fre-
quencies are found from the above general formula by (1)
matching resonance conditions using the wave dispersion
relations, (2) computing the polarization vectors of the
eigenmodes, and (3) finding the linear susceptibility in
a magnetized warm-fluid plasma. Analytic expressions
valid for all angles and not-well-separated frequencies —
the case for the MLF modes — are unwieldy, precluding
inclusion here. Instead, we plot the wave dispersion re-
lations and the growth rates calculated from Eq. 1 in
Fig. 3.

There are three MLF branches in two-species plasmas.
In the low-k limit these branches are the MHD waves,
specifically when w, < €., the Langmuir-type fast (com-
pressional) wave (P), the shear Alfvén wave (A), and the
slow (sound) wave (S). In the high-k limit, these wave
branches continue beyond the validity of MHD, becom-
ing the kinetic extensions of the MHD waves. The three
branches cross and hybridize in a variety of ways de-
pending on 6, the species mass ratio, and the ratio of
¢s and the Alfvén speed va [59]. When Q. > w,. and
vA > cg, the upper branch is the Langmuir wave, the
lower branch is the ion-cyclotron wave, and the bottom
branch is the sound wave for parallel wave propagation.
When the propagation is nearly perpendicular to By, the
upper branch is the lower-hybrid wave, and the frequen-
cies of the other two branches, both proportional to cos 8,
approach zero. At general angles, MLF waves have in-
termediate frequencies and mixed characteristics. For
the large wavevectors relevant for stimulated laser scat-
tering the MLF waves are almost longitudinal and group
velocities are negligible (Fig. 3a).

When wy lies slightly above Q. and Q. > we, the
right-handed (R) elliptically-polarized component of the
laser is strongly-coupled with electron cyclotron mo-
tion, strongly modifying the wave dispersion relation
(Fig. 3a, black). If k is parallel or perpendicular to
By, laser absorption by a single electron is forbidden by
energy-momentum conservation, but at oblique angles
resonant absorption is possible. The resonantly-driven
electron-cyclotron motion produces an enhanced diamag-
netic field. The electron gyrofrequency decreases in this
screened magnetic field. Upon deexcitation, the electrons
emit an electromagnetic wave with slightly-downshifted
frequency, and the magnetic field relaxes to its original
strength. This scattering process involves both the elec-
trons and magnetic field, rather than resonances provided
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FIG. 4. PIC simulations of amplification via stimulated Ra-
man (R), Brillouin (B), and MLF (P,A) scattering. (a) Seed
after interaction in plasma (N = 0.01, L = 175)) with a coun-
terpropagating pump (ao = 0.007, A =1 pm, I = 6.7 X 1013
W /cm?). (b) Spectra of the initial (dashed) and amplified
(solid) seed pulses for each mechanism, together with the
pump. A/Az = 150, 200 particles/cell, Te. = T; = 1 eV
and m;/m. = 1836. For MLF, By = 9900 T and 6 = 80°.
The initial seed intensities are half the pump intensity. Inset:
variation in normalized seed final energy with 7. for MLF
mechanism.

by quasiparticles. MLF scattering therefore has a larger
cross section than both Raman scattering, which re-
lies on plasmons, and Brillouin scattering, dependent on
phonons. At oblique angles, the MLF-mediated growth
rates (Fig. 3b) are comparable to or larger than the Ra-
man growth rate in an unmagnetized plasma of the same
density.

To examine whether the MLF instability is useful for
laser amplification we conducted PIC simulations with a
counterpropagating pump-seed geometry, allowing us to
avoid warm-fluid-model restrictions, check for compet-
ing instabilities and unanticipated nonlinear or kinetic
effects, and capture physics beyond three-wave-coupling,
which is important because multiple MLF branches may
contribute to a single interaction. Figure 4 compares
SRS, SBS, and stimulated MLF scattering. Each case
had the same plasma density (N = 0.01), plasma length
(L =175 pm = 175)) and pump amplitude (ag = 0.007).
The initial seed duration was 400 fs and the pump was
uniform in time. In the magnetized case, both the seed
and pump were elliptically polarized with Stokes param-
eters Q = 0.781y, U = 0.491y, V = 0.381, for propa-

gation through magnetized plasma. Linear polarization
was used for the unmagnetized case. Simulations were
conducted at varied seed wavelength, with the strongest
response for each mechanism presented. In comparison to
SRS and SBS, MLF scattering exhibits a higher growth
rate and broader spectral response; the amplified pulse
has more energy and a shorter duration. To isolate the
new physics, we neglected collisions and chose low tem-
peratures to reduce Landau damping. Wave damping
significantly reduces coupling strength only for T, > 200
eV (Fig. 4b inset), leaving a non-collisional regime for
MLF scattering.

Figure. 4b shows that MLF scattering produces a
broad bandwidth compared to Raman or Brillouin scat-
tering, which results from both the high growth rate of
each MLF branch and the simultaneous contribution of
multiple branches with overlapping spectra to a single
interaction. For these parameters, a particularly strong
interaction is mediated by the Langmuir-type fast wave
with frequency ~ wecos@ (Fig. 3, blue), which corre-
sponds to the response near w/wp ~ 0.98 in Fig. 4b
(orange, P). Additionally, the Alfvén branch with fre-
quency ~ /€.8; cosd provides strong coupling (Fig. 3,
red) and is responsible for the peak near w/wgy &~ 0.995 in
Fig. 4b (orange, A). The slow MHD branch would also
have a large coupling coefficient, but the three-wave reso-
nance conditions cannot be satisfied at these specific pa-
rameters. In short, PIC calculations confirm that MLF-
mediated scattering produces a large growth rate over a
wide bandwidth with a small frequency downshift, sup-
porting the efficient generation of ultrashort high-power
pulses.

Increased group-velocity dispersion provides one fur-
ther advantage in magnetized plasma. Pulse compression
occurs because the seed pulse depletes the pump beam;
only the leading edge of the seed is amplified, so the seed
will be shorter if pump energy can be extracted more
quickly. Some additional self-compression can arise from
dispersion for chirped pulses. For Raman amplification,
shorter pulse duration requires higher plasma density (in-
creasing plasma frequency), but this increases detrimen-
tal secondary effects, including forward scattering, colli-
sional damping, and the modulational instability. Chirp-
ing the seed pulse [60] was proposed to avoid these ef-
fects. Since lower-frequency electromagnetic waves prop-
agate at smaller group velocity, a chirped seed pulse with
Ow/0ot > 0 will self-contract if the plasma end when the
seed pulse is shortest. The equation governing the pulse
envelope b can be written (9; + v40; +i707)b = 0 in the
absence of a pump and the modulational instability. The
group velocity dispersion coefficient is 7 = —%Gvg, where
G = 9%k/0w?. Under the strongly-magnetized condi-
tions in Fig. 4, 7 is almost three orders-of-magnitude
larger than its unmagnetized value and, consequently,
a chirped seed self-compresses within a shorter plasma
length. Additionally, the frequency downshift of MLF



scattering is more sensitive to By and € than plasma den-
sity, relaxing requirements on plasma homogeneity for
resonance condition matching. The highest fields cur-
rently achieved — produced by direct laser irradiation
of solid targets — are stationary and uniform over ~ 1
ps and ~ 10 pm [61, 62]. Although better uniformity
is likely required for pulse compression, the large band-
width of MLF may tolerate fluctuations in field strength
or angle. A strong gradient in a diverging magnetic field
could also be applied instead of density gradients [63]
or pump chirp matching [64] for precursor suppression.
The interplay between field gradients and transverse fil-
amentation instabilities may further affect the process, a
question which remains to be investigated.

Although the By required to see MLF scattering is
high, 5-10 kT (50-100 MG) fields are not far beyond cur-
rent state-of-the-art capabilities. Furthermore, scaling to
longer wavelengths reduces absolute field requirements
because three-wave coupling is governed by Q./wg. For
COq lasers (A = 10.6 um), only 500 T is required. Sig-
natures of enhanced spontaneous scattering may appear
in experiments without counter-propagating beams, clar-
ifying mechanisms of potential damage to laser facilities.

In conclusion, we have demonstrated that kinetic
MHD waves will strongly backscatter a laser propagat-
ing in plasma at an oblique angle to a sufficiently-strong
magnetic field. This powerful backscattering is poten-
tially useful for laser amplification because the instabil-
ity growth occurs more quickly than for Raman amplifi-
cation at the same density, and the frequency downshift
is comparable to that of Brillouin amplification. Addi-
tionally, substantial spectral broadening is observed in
PIC simulations, supporting amplified pulses with ultra-
short duration. The frequency downshift is small enough
and the spectral response sufficiently broad to prepare
the pump and seed from the same source. MLF-wave-
mediated instabilities represent a new class of backscat-
tering mechanisms, distinct from both Raman and Bril-
louin scattering, which may be critical in high-intensity
laser experiments with strong applied or self-generated
magnetic fields.
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