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The propagation and energy coupling of intense laser beams in plasmas are critical issues in
inertial confinement fusion. Applying magnetic fields to such a setup has been shown to enhance fuel
confinement and heating. Here we report on experimental measurements demonstrating improved
transmission and increased smoothing of a high-power laser beam propagating in a magnetized
underdense plasma. We also measure enhanced backscattering, which our kinetic simulations show
is due to magnetic confinement of hot electrons, thus leading to reduced target preheating.

The propagation and energy coupling of intense laser
pulses in underdense plasmas, defined as having elec-
tron density ne < nc ≡ 1021λ−2

µm cm−3 (nc is the critical
plasma density at which the electron plasma frequency
equals the frequency of the incident laser wave, of wave-
length λµm in µm) have been extensively researched, be-
cause of their paramount importance to laser-driven iner-
tial confinement fusion (ICF) [1–3]. For ICF, it is critical
that as much as possible of the laser energy be trans-
ferred either directly to the fuel in direct drive [4], or
to the hohlraum walls in indirect drive [5], and this in a
spatially uniform manner, as the laser’s imprint seeds
hydrodynamic instabilities that limit fuel compression
[6]. Laser-plasma interaction (LPI) can be either ben-
eficial to ICF, e.g. when spatially smoothing the laser
energy distribution [7, 8], or detrimental, e.g. by con-
versely causing strong inhomogeneities in the laser pat-
tern through self-focusing [9, 10], or by inducing energy
loss through stimulated Raman and Brillouin scattering
(SRS and SBS, respectively) [11]. The former scattering
mechanism can further induce, through the generation
of forward-propagating hot electrons, detrimental pre-
heating of the fuel, setting an upper limit on the laser
intensity used in ICF [12].

In the quest for better performance of ICF, apply-
ing external magnetic (B) fields to indirect-drive targets
[13, 14] has been shown [15] to improve the fuel heat-
ing and could help mitigating hydrodynamic instabilities
[16]. Yet magnetization effects can impact the laser prop-
agation [17] and LPI processes [18] in a nontrivial man-
ner, notably in the context of magnetized liner inertial
fusion (MagLIF) [19, 20]. Prior works have investigated,
both theoretically [21, 22] and experimentally [14], how
a B field parallel to the laser path alters the laser propa-
gation and instabilities. However, when the B field is not
simply parallel to the laser, there is yet no clear under-
standing [23–25], nor detailed experimental investigation,
of its effects.

In this paper, we experimentally explore the dynam-
ics of a single laser beam propagating through an un-
derdense magnetized plasma [26–28]. The low-density
plasma explored here (from 0.02 to 0.08nc) is used as
a proxy for the gas fill of indirect-drive ICF hohlraums
(spanning 0.01 − 0.1nc, for a 351 nm laser wavelength
[29]). In our setup, a large-scale (∼ cm), strong (∼ 20T)
magnetic field can be applied to the target, perpendicu-
larly to the laser path. Note that this setup is not geared
to be compact as the one deployed around hohlraums
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[15], but it offers the advantage of being non-destructive,
steady-state (> 100µs) and homogeneous (∼ 1 cm) rel-
ative to the plasma dynamics and scale. Compared to
the unmagnetized case, we report, via time-resolved and
two-dimensional (2D) transverse imaging of the transmit-
ted beam, on enhanced energy transmission and beam
smoothing in a magnetized plasma. These results are as-
cribed to the increased plasma heating due to inhibited
electron thermal transport across the B field [30], as indi-
cated by large-scale, three-dimensional (3D) magnetohy-
drodynamic (MHD) simulations. Furthermore, while the
level of backscattered SRS remains very weak (∼ 10−5 of
the laser energy), it appears to be enhanced in the magne-
tized case. 2D particle-in-cell (PIC) simulations confirm
this trend and reveal that it results from the magnetic
confinement of the SRS-generated hot electrons, a possi-
bly beneficial effect in terms of fuel preheating.
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FIG. 1. (a1) Sketch of the experimental setup (top view, see
text for details). (a2) Time sequence of the preheating (L1)
and interaction (L2) laser beams. (b-c) Temporal snapshots
from the HISAC diagnostic, displaying the transmitted L2
light for a peak electron density ne = 0.04nc and a magnetic
field (b) B = 0 and (c) B = 20T. For visualization purposes,
all panels are normalized to their respective maximum inten-
sity (i.e. the brightest pixel in each image is set to 1) and
share the same colormap.

The experiment was performed at the Laboratoire pour
l’Utilisation des Lasers Intenses LULI2000 facility. As
shown in Fig. 1(a), it made use of two laser beams, both
having a 1.053µm wavelength and a Gaussian temporal
profile with 1 ns full-width-at-half-maximum (FWHM)
duration. The first one (L1), of ∼ 30 J energy, served
to preionize a hydrogen gas jet, delivered by a super-
sonic gas nozzle of 2 mm-diameter aperture. It was
focused to a large spot of 2 × 0.3mm2 (horizontal and
vertical FWHM sizes, respectively), resulting in an on-
target intensity of 3 × 1012 Wcm−2. The main interac-
tion beam (L2), propagating along the x-axis and po-
larized along the z-axis, was shot at the center of the

fully ionized hydrogen plasma, during the falling edge of
L1 [see Fig. 1(a2)]. It was focused using an f/22 lens
into a single speckle of 70 × 70 µm2 (FWHM) size and
∼ 2mm Rayleigh length. It contained a ∼ 50 J energy,
yielding an intensity at focus of I0 ∼ 1.4× 1015 Wcm−2.
Both laser beams propagated at 0.75 mm above the noz-
zle opening. The plasma profile had a length of 1.5 mm
(FWHM), and its peak electron density was varied in
the range ne = 0.02 − 0.08nc by adjusting the backing
pressure of the gas jet system. The underdense plasma
mimics the hohlraum environment where LPI processes
mainly arise in indirect-drive ICF. The external ∼ 20T
B field, generated by a pulsed-power driven Helmholtz
coil [31, 32], was directed along the gas flow axis (i.e. the
positive z-axis).

The transmitted L2 beam was characterized by col-
lecting the on-axis light exiting the plasma using a lens
of aperture (f/10) larger than that of the focusing lens
(f/22). The laser’s focal spot was imaged onto a high-
speed, 2D spatially-resolved sampling camera (HISAC)
composed of a fiber optics bundle coupled to a streak
camera of 30 ps temporal resolution [33, 34]. Addition-
ally, the electron plasma waves were interrogated via
Thomson scattering (TS) of a probe beam of 0.527 µm
wavelength, ∼ 1 ns FWHM duration, and ∼ 300µm fo-
cal spot [30], allowing the electron number density (ne)
and temperature (Te) to be measured at the center of the
focal spot of L2. Finally, both time-resolved and time-
integrated measurements were made of the backscattered
laser light due to SBS and SRS, collected within the full
aperture of the L2 focusing optics, as commonly per-
formed in ICF experiments to assess LPI processes [35].
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FIG. 2. (a) Time-resolved transmitted power through the
gas plasma of peak electron density ne = 0.04nc, magnetized
(red solid curve) or not (black dashed curve), as measured
by the HISAC diagnostic. (b) Time-integrated transmitted
energy (normalized to the incident laser energy), measured
with HISAC as a function of the peak plasma electron den-
sity, with (red) or without (black) the external B field. The
electron density is that of the fully ionized gas jet, based on
off-line calibration with the neutral gas. The horizontal error
bars represent the calibration uncertainty, while the vertical
error bars represent the noise level of the corresponding shots.

We first discuss the increased laser transmission and
smoothing achieved in the magnetized case. Figures 1(b)
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and (c), as well as Fig. 2 summarize the HISAC measure-
ments. The reconstructed HISAC snapshots are shown
in Figs. 1(b) and (c), from 0.4 ns to 1.6 ns after the start
of L2, for a peak density of ne = 0.04nc. In the un-
magnetized case, the transmitted light signal is clearly
decreasing with time, both in strength [Fig. 2(a)] and
size [Fig. 1(b)]. The low absolute level of transmission,
i.e., within 10% of the energy of the incident laser, is
partially due to the laser’s self-focusing and filamenta-
tion through the plasma [9, 10, 12], causing most of the
transmitted beam energy to miss the HISAC collecting
aperture. Strong ponderomotive self-focusing is expected
under our experimental conditions. The associated in-
tensity threshold [11] is indeed around 4× 1012 Wcm−2,
i.e., well below the L2 intensity. Moreover, the self-
focusing growth rate in the unmagnetized regime is Γsf ≃
0.125 (vosc/vte)

2
ω2
pe/ω0 [11] (ω0 is the laser frequency,

ωpe the electron plasma frequency, vte the electron ther-
mal velocity and vosc the electron oscillation velocity in
the laser field), yielding a growth time Γ−1

sf ≃ 0.3 ps
for Te = 100 eV (as inferred from TS), much smaller
than the laser duration. In a magnetized plasma, how-
ever, as indicated by previous measurements [30] and our
numerical simulations (see below), the electron density
is lower and the electron temperature is higher. Since
Γsf ∝ ω2

pe/v
2
te ∝ ne/Te, one expects self-focusing to be

weaker than in the unmagnetized plasma.
This prediction coincides with our observation that, in

the magnetized regime, the transmitted light keeps both
its strength [Fig. 2(a)] and transverse extent [Fig. 1(c)].
Figure 2(a) shows the transmitted light power as a func-
tion of time for a peak electron density of ne = 0.04nc.
More energy is found to be transmitted when B = 20T,
particularly at later times. The fraction of transmitted
to incident light energy is plotted in Fig. 2(b) as a func-
tion of the peak electron density. The applied B field is
seen to enhance the laser transmission over the full den-
sity range investigated, yet the effect is more pronounced
at densities ne ≲ 0.04nc.

The increased laser transmission through the mag-
netized plasma is favored not only by mitigated pon-
deromotive self-focusing, as mentioned above, but also
by reduced absorption in the more dilute and hotter
plasma [30]. These two trends are consistent with the
expected inhibition of the electron thermal transport
across the B field when the electron Hall parameter ful-
fills He = ωceτei > 1 (ωce is the electron cyclotron fre-
quency and τei the electron-ion collision time). Using the
values ne ≃ 0.02nc and Te ≃ 100 eV as estimated from
the TS diagnostic and supported by 3D MHD simula-
tions (Fig. 3), we obtain He ≈ 10, thus indicating strong
electron confinement perpendicular to the B field. Un-
der such plasma conditions, the L2 laser experiences a
lower inverse Bremsstrahlung absorption rate [36], which
is another possible explanation for the increased laser
transmission observed in Fig. 2(b). Note that the ther-

FIG. 3. 3D MHD simulation of the L1 and L2 beam-plasma
interaction: 2D (xz) slices at y = 0 of the (a) electron number
density and (b) temperature, in the (a1,b1) unmagnetized and
(a2,b2) magnetized case. The initial peak electron density is
ne = 0.04nc. All results are recorded at time t = 1ns and
displayed in logarithmic scale.

mal plasma beta is β = 8πnekBTe/B
2 ≈ 5, hence the B

field should negligibly affect the overall plasma dynamics
except for the aforementioned thermal transport.

To go beyond the above estimates, we have performed
a 3D MHD simulation of the L1 and L2 beam-gas in-
teraction with the flash code [37], using the same pa-
rameters as in the experiment. This simulation, which
accounts for anisotropic (electron and ion) thermal diffu-
sion in the magnetized case, aims to predict the macro-
scopic plasma density and temperature evolutions. How-
ever, for the interpretation of the SRS measurement, we
will turn to kinetic PIC simulations. Details about the
MHD simulation setup can be found in the Supplemental
Material [38–40].

The simulated electron density and temperature pro-
files are shown in Figs. 3(a) and (b) at time t = 1ns. As
expected, one clearly observes the formation of a hotter,
partially electron-evacuated channel in the magnetized
plasma [compare Figs. 3(b1) and 3(b2)]. In turn, the
higher electron temperature translates into a faster chan-
nel expansion perpendicularly to the laser path [com-
pare Figs. 3(a1) and 3(a2)]. These results are consis-
tent with the weaker beam self-focusing inferred from the
HISAC measurements. The inhibition of thermal trans-
port across the B field further accounts from the sharper
temperature gradient along the laser path.

We now discuss the results of the backscattered light
diagnostics. We first note that our SBS diagnostic does
not highlight any significant effect of the external B field
on SBS. This is ascribed to the fact that, in our conditions
(ni ≃ 0.02 − 0.08nc, Te ≃ 100 eV, I0 ≃ 1015 Wcm−2),
the backward SBS growth rate, ΓSBS ≃ ωpi

2
√
2
vosc
c ( c

cs
)1/2 ≃

3.6×1012 s−1 (ωpi is the ion plasma frequency and cs the
acoustic speed ∝

√
Te), evaluated in the unmagnetized,

weak-coupling limit [11], weakly depends on the electron
temperature (ΓSBS ∝ T

−1/4
e ) and greatly exceeds the ion
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cyclotron frequency ωci ≃ 1.9× 109 s−1.
By contrast, our measurements reveal an impact of the

20-T B field on backward SRS. Figure 4(a) reports the
SRS data obtained under various density conditions. Al-
though the SRS reflectivity remains weak (∼ 10−5) in
all cases, as expected in our conditions [41], mainly be-
cause of the low plasma density, it is clearly enhanced in
the presence of the B field. Note that while preliminary
studies [18, 25] revealed a mitigating effect of an external
B field on SRS, a more recent work [42] has shown either
a reduction or an increase in SRS depending on the laser
and plasma conditions [42].
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FIG. 4. (a) Experimentally measured backscattered SRS light
energy (normalized to the incident laser energy) for various
peak electron densities, and with (red dots) or without (black
triangles) an external 20 T B field. The horizontal error bars
represent the calibration uncertainty, while the vertical er-
ror bars represent the noise level of the corresponding shots.
(b) Time evolution of the backward SRS reflectivity from 2D
PIC simulations with ne = 0.02nc, Te = 200 eV, a0 = 0.033,
B = 0T (blue dashed curve) or B = 20T (red solid curve).
The two curves are normalized to the maximum value of the
magnetized case, which is reached at around 2.2 ps. Panels (c)
and (d) display the (c) 2D FFT of the simulated longitudinal
(SRS-driven) Ex field (normalized to the incident laser field)
and (d) x− px electron phase space in the (c1,d1) unmagne-
tized and (c2,d2) magnetized regimes, at time t = 5.2 ps, and
in log10 scale.

We have used the smilei PIC code [43] to investigate,
in 2D geometry, the effect of a 20-T external B field on
backward SRS. This field is here directed along the z
axis and the laser propagates along x, as in the experi-

ment. Though, unlike in the experiment, the laser field
is polarized along y in order for the plasma motion to
be confined in the (x, y) simulation plane. The plasma,
initialized with a peak electron density ne = 0.02nc,
and a uniform electron temperature Te = 200 eV, is sub-
jected to a plane laser wave of dimensionless amplitude
a0 = eEy/mecω0 = 0.033. The simulation setup is fur-
ther detailed in the Supplemental Material.

Figure 4(b) compares, with or without B field, the
time histories of the SRS reflectivity. The SRS activ-
ity turns out to wane after ∼ 1.4 ps in the unmagne-
tized case, while in the magnetized case it continues af-
terwards with a bursty evolution. From unmagnetized
linear theory, the fastest-growing wavenumber of back-
ward SRS is kx ≃ 0.25λ−1

D (λD is the electron Debye
length), implying that the instability operates in the ki-
netic regime [44]. This is consistent with the spectral
peaks seen in both configurations at kxc/ω0 ≃ ±1.8 in
the 2D Fourier transforms of the Ex field [Figs. 4(c1)
and (c2)]. Moreover, as the theoretical magnetized SRS
growth rate [24] verifies a0 ≪ 1 and ωce ≪ ωpe, the in-
stability should not be directly affected by the B field
[see details in Fig. S3(b)], which is well corroborated by
the similar evolutions of the SRS reflectivity in Fig. 4(b)
before 2 ps. However, Fig. 4(c2) indicates that in the
magnetized case, the Langmuir waves are excited over
a broader angular range and along significantly oblique
directions (ky/kx ∼ 0.3).

The origin of the enhanced SRS lies in the longitudi-
nal magnetic confinement of the suprathermal electrons
energized by the SRS-driven, nonlinear Langmuir waves.
This is clearly seen by comparing the unmagnetized and
magnetized x−px electron phase spaces at time t = 5.2 ps
[Figs. 4(d1) and (d2)]. Without B field, those electrons
mainly drift along x > 0 whereas in the magnetized case,
they are significantly hotter (reaching vx ∼ 0.25 c ve-
locities, i.e., ∼ 15 keV energies) and, due to magnetic
reflection, move in equal numbers along both x > 0 and
x < 0. The latter behavior is consistent with the es-
timated ∼ 20µm Larmor radius and ∼ 1.8 ps Larmor
period of those electrons. Note that the latter Larmor
period precisely corresponds to the time at which the
SRS activities between the magnetized and magnetized
cases start to depart from each other.

In summary, we have investigated, for the first time
experimentally, how the presence of an external, ∼ 20T
B field can modify the propagation and energy coupling
of a 1015 Wcm−2, 1 ns laser pulse in an undercritical
(ne = 0.02 − 0.08nc) plasma. First, we have found
that the (inverse Bremsstrahlung-dominated) laser trans-
mission can be significantly increased (up to twofold at
ne ≃ 0.04nc) due to the creation of a hotter, more dilute
plasma channel, and that the laser propagation itself is
improved. This is observed as the transmitted light is
less self-focused and more homogeneous – an interest-
ing result for mitigating illumination nonuniformities in



5

ICF scenarios. Second, we have demonstrated enhanced
backward SRS in the magnetized case, which according
to kinetic simulations, arises from the magnetic confine-
ment of the SRS-driven suprathermal electrons. The lat-
ter effect may also be favorable to ICF in lowering the
preheating of the target by these electrons [45]. Finally,
our results could also benefit other branches of research,
such as SRS-based laser compression [46] and amplifica-
tion [47, 48] schemes. The next steps will include sys-
tematically investigating the effect of the relative orien-
tation of the magnetic field versus the laser propagation
axis and polarization, as well as more varied plasma con-
ditions [42].
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