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We performed two-dimensional simulations of turbulent laser-plasma instabilities in the presence
and absence of external magnetic fields using the Laser Plasma Simulation Environment (LPSE)
code. The results demonstrate that, in the presence of a magnetic field, the transition from ballistic
to gyrating electron motion enhances the energy transfer from electron plasma waves to the electron
population. Although stronger magnetic fields produce a larger population of hot electrons, these
electrons tend to remain confined near the quarter-critical density, where the instabilities also local-
ize, thereby reducing the potential for hot electron transport deeper into the target. Additionally,
we present a scaling analysis that quantifies hot electron generation as a function of plasma electron
temperature, density scale length, and applied magnetic field strength. These findings may have im-
portant applications for controlling hot electron flux and mitigating preheat in inertial confinement

fusion targets.

I. INTRODUCTION

Strong nonlinear coupling between a laser drive and
a plasma arises when the laser drive is in the range of
IN3 ~ 10'% — 10'® Wpm?/em? and pulse durations the
order of 0.1 — 10 ns (where I is the laser intensity and
Ao is the laser wavelength in pm). This coupling leads
to the onset of laser-plasma instabilities (LPIs), includ-
ing three-wave decay processes [1, 2], resonant absorp-
tion [3], filamentation [4-6], self-focusing [7], and strong
plasma turbulence [8-10]. In a three-wave decay process,
a "mother” wave decomposes into two ”daughter” waves
up to the plasma critical density n. = 1.1 x 1021 /A§
cm™3 [11], obeying matching conditions both in wave
number (conservation of momentum) and frequency (con-
servation of energy) [12]. The most relevant three-wave
decays are Stimulated Raman Scattering (SRS) [13-15],
Two-Plasmon Decay (TPD) [16-18], Stimulated Bril-
louin Scattering (SBS) [19], and Langmuir Decay Insta-
bility (LDI) [20-22]. Moreover, ”strong” Langmuir tur-
bulence, also referred to as Langmuir wave (LW) collapse
or cavitation, can be generated by low-wavenumber elec-
tron plasma waves (EPWs) from LDI cascade [8, 23, 24].
These LPIs play a central role in inertial confinement fu-
sion (ICF) schemes [25, 26], where they can divert laser
energy away from the target and/or drive the produc-
tion of hot electrons (HEs). While HEs can enhance
shock compression and benefit certain ICF designs [27],
they can cause detrimental preheating of the target [28].
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Thus, understanding and controlling LPIs is essential for
achieving optimal performance in ICF experiments.

In parallel, magnetized inertial fusion (MIF) schemes
[29-33], the role of self-generated magnetic fields in non-
ideal direct-drive ICF [34], as well as magnetized plasma
dynamics in Z-pinch machines [35-37], are attracting
growing research interest. ICF implosions are typically
fast enough that magnetic B-field lines are ”frozen-in”
to the compressing target [38], amplifying a seed field
of 1—10 T to values of 10> —10* T. This amplified
B-field enhances « particle confinement and suppresses
heat transport perpendicular to the magnetic field [39-
41], thereby relaxing ignition constraints. In addition,
magnetic tension can also influence hydrodynamic insta-
bilities [42, 43].

While significant attention has been devoted to the
core dynamics of magnetized imploding targets, compar-
atively few studies have examined the effects of magnetic
fields on HE-generating LPIs within the coronal plasma.
Early theoretical work by Sagdeev and Shapiro [44] and
Dawson et al. [45] explored fundamental aspects of mag-
netized wave dynamics, while more recent studies by
Winjum et al. [46, 47], Yao et al. [48] and Li et al. [49]
investigated specific LPT mechanisms in detail. In partic-
ular, references [46-48] analyzed the impact of magnetic
fields on low-density SRS subject to spatial amplification,
whereas [49] focused on TPD near n./4.

The objective of this work is to extend previous studies
of LPI and HE generation in the presence of a magnetic
field, building on earlier investigations [46-49]. To this
end, we employ the hybrid simulation code Laser Plasma
Simulation Environment (LPSE) to examine instabili-
ties arising near quarter-critical density (n./4), including
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SRS, TPD, LDI, and plasma turbulence. Our simulations
show that applying a B-field reduces EPW activity, in-
creases the HE population, and decreases the HE energy
flux perpendicular to the B-field direction. In contrast
to previous studies [46—49], we survey a wider param-
eter space - electron temperature, density scale length
L, = (dlnn./0x)~!, and magnetic field strength — to
systematically assess the influence of the B-field on LPIs
around n./4. A key novelty of this work is the explicit
inclusion of plasma turbulence (LDI and LW collapse),
which, to the authors’ knowledge, has not been consid-
ered in prior studies, enabling a more comprehensive view
of magnetized LPI evolution at n/4.

The results of this work suggest that preheat of ICF
targets by hot electrons could be mitigated in unstable
regions where applied or self-generated B-fields persist
perpendicular to the laser drive. Conversely, in Magne-
tized Liner Inertial Fusion (MagLIF) experimental plat-
forms [33, 36], the imposed axial magnetic field enhances
heat confinement by guiding the HEs along the cylinder
target axis, enabling more efficient laser preheating of the
plasma prior to liner implosion.

The organization of this paper is as follows. Section IT
describes the LPSE simulation code and the parameter
sets employed. Section III presents differences in activity
and field structure for electron plasma waves, ion acous-
tic waves, and Raman light between unmagnetized and
magnetized (30 T) cases. Section IV provides an estimate
of the B-field’s impact on individual LPIs by analyzing
laser transmissivity. Finally, Section V focuses on differ-
ences in electron motion and HE generation, and presents
a preliminary exploration of how magnetic field strength
influences outcomes while varying the plasma electron
temperature and density scale length.

II. SIMULATION SETUP

To investigate the effect of a magnetic field on LPIs
(here including SRS, TPD, LDI, and LW collapse) near
quarter-critical density, we used the hybrid fluid code
Laser Plasma Simulation Environment (LPSE) [50, 51].
LPSE solves a set of time-enveloped field equations for
laser light, Raman light, and EPWs, while ion acoustic
waves (IAWs) are treated with linearized hydrodynamic
equations [14]. Both EPW and IAW responses are lin-
earized for small perturbations relative to the background
density. The code allows investigation of individual LPITs,
such as SRS or TPD, or a combined system where a single
equation incorporates the perturbed electric field repre-
senting both EPWs and scattered light. Landau damping
is included in the response field and applied in k-space
to the longitudinal (electrostatic) part of the field. LPSE
also features a kinetic module (hybrid particle evolution,
HPE) that tracks virtual macro-particles (the order of
~ 10! electrons per particle) in the evolving EPW field.
Particle trajectories evolve under the E + v x B Lorentz
force, and the velocity distribution function (VDF) at

each time step is used to calculate the Landau damping
coefficient:

3 mw) A(F)(v,t) .
Yty = T [ aw D 50— ke0) )
where (F)(v,t) is the spatially averaged VDF [52].

In the presence of a perpendicular B-field, electron tra-
jectories are influenced not only by the Lorentz force,
but also by an oscillation motion that arises when par-
ticles become trapped in regions where the EPW field is
strongest [46], close to n./4. Through this process, elec-
trons gain energy from the EPWs until they reach a de-
trapping velocity threshold (v, = cEy /By, where X is the
direction of laser propagation and ¥ is the direction per-
pendicular to the laser), at which point they are released
from the LPI front with increased energies and a corre-
sponding larger Larmor radius ry, = mvy /|q|Bo = vy /we
(with w, the cyclotron frequency). This phenomenon is
known as “surfatron” in plasma-based electron accelera-
tors [53, 54].

We explored different plasma and B-field initial
conditions in the LPSE simulations. Electron and
ion plasma temperatures of T.=1,3,4 keV and
Ti = 0.33,1,1.33 keV respectively, and density scale
lengths of L, = 150,200,250 pm were studied, with
the plasma density profile taken as exponential. For
L,, = 250 pm, densities spanned ne/n. = [0.19-0.27]. The
case To =3 keV, L, =250 pm serves as a reference
throughout this work for unmagnetized versus mag-
netized comparisons. For L, = 150 and 200 pm,
density intervals were adjusted to ~ [0.16,0.284] and
~ [0.177,0.275] respectively, ensuring identical simula-
tion domain sizes and consistent n./4 positions. This
consistency allows equivalent electron sampling from
the HPE module across all cases. Simulations cov-
ered an 88 x 10 pm? domain, with a 4320 x 490 grid
and approximately 17.2 cells per laser wavelength. The
laser was a p-polarized plane wave with vacuum inten-
sity I =7 x 10 W/cm?, injected from the low-density
boundary. These laser-plasma conditions have been cho-
sen to represent relevant direct-drive ICF conditions for
OMEGA [26], as well as early-MagLIF [55] scenarios.
However, this work is mainly focused on three aspects.
Firstly, the enveloped EPWs mean that the investigation
occurs in a specific density interval near n./4. While the
behavior of TPD and absolute SRS are well described
in this interval, the behavior of convective SRS has not
been taken into account. Secondly, the focus has been on
p-polarized light, which can influence the dominance of
one instability over the others near n./4. And thirdly, the
single beam configuration we adopted means considering
a simple model, useful for making a comprehensive pa-
rameter scan as in our work, but cannot take into account
multi-beam effects [56]. The possibility of exploring dif-
ferent density intervals for convective SRS, a more com-
prehensive polarization configuration by adding a mix-
ture of both s- and p-polarization, and to take into ac-
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count multi-beam effects, can be interesting topics for fu-
ture research. The external magnetic field, Beyt, was ap-
plied uniformly perpendicular to the 2D simulation plane
(z direction), ranging from 0 T to 45 T. Normalized cy-
clotron frequencies w,/wy were ~ 2 x 10~3; correspond-
ing thermal gyroradii were r, ~ 1.78 ym for T, =1 keV
and r. ~ 3.08 pm for T, = 3 keV. Simulation time was
set at tgim = 12 ps, with sampling time of ~ 0.4 ps. Par-
ticles tracked by the HPE module were injected at ini-
tialization. Thermalizing boundaries were imposed in the
longitudinal (X) direction, and periodic boundaries in the
transverse (§) direction.

In order to include a physically accurate description
not only of LPIs, but also of LW collapse, both the HPE
module and Eq. 1 follow the quasi-linear Zakharov model
(QZAK) described in [57]. This model follows three main
validity conditions which we verified for our simulation
cases. Firstly, the Langmuir wave field must be weak
enough so that |Epwz/47ne Te | < 1, reaching ~ 1072
for the strongest fields recorded in our simulations; sec-
ondly, the Langmuir wave spectrum needs to develop fast
enough to prevent particle trapping. Similarly to [57],
our simulations show the LW Fourier spectrum develops
in a fraction of a picosecond (~ 0.4 ps). And finally, the
particle population needs to provide a uniform particle
distribution so that a global average can be computed.
Since the HPE module tracks a population of ~ 10% in
our simulation, this requisite is being satisfied as well.

Unmagnetized simulations typically reach quasi-
stationary conditions by ~ 5 — 6 ps. However, since elec-
trons in LPSE do not experience collisions, the B-field
can keep the electrons trapped within the simulation
domain indefinitely. As a result, for sufficiently long
simulation times (40-50 ps), the EPW average energy
density in the simulations decreases towards zero due
to persisting Landau damping. Estimated electron-ion
collision timescales are To; ~ 12 ps for 25 keV electrons
and Te; ~ 31.25 ps for 50 keV electrons. A 25 keV elec-
tron energy corresponds to a thermal velocity that be-
gins to strongly resonate with the EPWs’ phase velocity
(vph ~ 3 —5vre). A 50 keV electron energy is instead a
typical cutoff energy above which the electrons are con-
sidered “hot” enough to pose preheat concerns [26, 58].
Because 25 keV electron-ion collision timescale is com-
parable to the simulation time and represents a lower
bound for energy deposition, and as the reduction in
EPW energy density remains limited by this time, HE
production can be considered quasi-stationary over the
simulated timescales.

A further consideration is that a sufficiently strong B-
field could alter plasma-wave dispersion relations. To
assess this, we estimated the ratio of the cyclotron
frequency (wc) to the plasma frequency (wp). For a
Ao = 0.351 pm laser and a T, = 3 keV plasma
with applied B-fields of 15 T and 45 T, evaluated at
quarter critical density (n./4), the respective ratios are
we/wp =~ 1—3x 1073, These values indicate that any
modifications to the dispersion relations due to the im-

posed B-field are negligible under the current simulation
conditions.

III. SIMULATION RESULTS

A comparison of the EPW potential between unmag-
netized (0 T) and magnetized (30 T) cases is shown
in Fig. 1. Panels la and 1b display the real compo-
nent of the EPW potential at 10.8 ps. The EPW po-
tential exhibits turbulent behavior, attributed to both
LDI and LW collapse. The highest potential is localized
near quarter critical density n./4 (black dashed line) at
X ~ 68 pm. This spatial structure is driven by tempo-
ral growth of SRS and TPD instabilities near quarter
critical, leading to absolute SRS/TPD. During the sim-
ulation, these instabilities propagate toward lower den-
sities (Fig. 1a) and undergo spatial amplification (con-
vective SRS/TPD) [59]. When a magnetic field is intro-
duced (Fig. 1b), the backward propagation of EPWs is
restricted closer to n./4, and the EPW potential at lower
densities is significantly reduced. For the 30 T case, the
strongest EPWs are confined between 40 — 65 pm, com-
pared to the broader 20 — 65 pm region observed without
magnetization.

Figs. 1lc and 1d present the EPW potentials in
Fourier space. These plots reveal the charac-
teristic “lobed” structures of TPD growth [17] at
[kx, ky] ~ [-0.8,+0.8] (appearing only in the 0 T case)
and at [ky, ky] ~ [1.8,+0.8] (visible in both 0 T and 30 T
cases). Turbulence from LDI cascades [22] and LW col-
lapse [23] results in homogeneous wave emission, with
random EPW modes distributed in a circle centered at
[kx, ky] >~ [0,0]. Backscattered SRS-generated EPWs are
weak in the 0 T case, evident only near [ky,ky| ~ [1,0];
these features are likely obscured by turbulent wave emis-
sion from TPD due to a comparatively weaker SRS sig-
nal. The boundary of turbulent EPW emission is de-
marcated by a white dashed circle in plots (correspond-
ing to kgpwApe 2 0.3, where Ap. is the Debye length);
beyond this, strong Landau damping occurs, causing a
rapid decrease in EPW amplitude. The 30 T magnetic
field reduces the radius of the homogeneous emission cir-
cle, and modes outside [ky, ky| ~ [£0.5, £0.5] are weaker,
highlighting a suppression of EPW activity relative to the
unmagnetized scenario.

The results in the magnetized case can be interpreted
by examining the electron and EPW dynamics at lower
densities, specifically in the region around 25 — 50 pm in
Fig. 1b. Here, EPWs exhibit higher wavenumbers and
therefore lower phase velocities. The gyration motion
of electrons under the influence of the applied B-field
causes them to be trapped near EPWs between ~ 25 ym
and n./4, increasing the probability for resonance be-
tween the electron longitudinal velocity component and
the EPW phase velocity [46]. As a result, more electrons
are accelerated to higher energies by acquiring energy
from the EPWs, leading to more HEs. In turn, this in-
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FIG. 1: Real component of the electron plasma wave potential in real (a),(b) and Fourier space (c), (d) at ~ 10.8 ps, in the
unmagnetized (0 T, left) and magnetized case (30 T, right). The black dashed line in a),b) represents the position of n./4,
while the white dashed circle in ¢),d) represents kgpw Ape >~ 0.3.

creased HE population leads to stronger EPW Landau
damping in the plasma. The probability of resonance is
particularly high for EPW modes with large wavenumber
k (and thus lower vy}, ), which are found at densities below
n./4, in the ~ 25-50 pm region. These resonant electrons
typically lie in the mid-energy range (¢ ~ 20-35 keV),
where their thermal velocity matches vy, ~ 3-5 vre. The
net effect is a reduction in EPW mode amplitude in
Fourier space (Fig. 1d) and the suppression of EPWs
in real space within 25-50 pm, as highlighted in Fig. 1b.
Further quantification is given in Fig. 2a, which com-
pares angle-averaged Landau damping as a function of
kApe for 0 T and 30 T cases. Above kApe ~ 0.12, Lan-
dau damping in the 30 T case consistently exceeds that
in the 0 T case, explaining the diminished EPW presence
seen in Fig. 1d when compared to Fig. 1lc. This mech-
anism, where electron gyration enhances HE production
and thus Landau damping, is also supported by previous
work [60], which predicts that a sufficiently strong mag-
netic field can increase Landau damping provided that
7y = t;/t. approaches 0.1—1 (¢;: trapping time; . ~ w; '
cyclotron time). In our simulations, with ¢; ~ 0.1 — 1 ps
and B-fields between 15-45 T, we find v ~ 1072-10°,
corroborating the observed enhancement of EPW Lan-
dau damping due to the applied B-field.

Expanding upon the previous analysis, Fig. 2b shows

the spatially averaged EPW energy density as a function
of time, including various B-field strengths (from 0 T to
45 T). At early times (from 0 to ~ 2.5 ps), the instabili-
ties grow exponentially in time. Around ~ 2.5 ps, effects
from LDI, cavitation, and HE generation begin to appear,
driving saturation of SRS and TPD. The EPW energy
density subsequently stabilizes, reaching quasi-stationary
levels by ~ 4.5 ps, which persist until the end of the sim-
ulation. In the absence of a magnetic field, strong energy
fluctuations occur due to laser pump depletion; these
oscillations diminish as the B-field strength increases.
The average EPW energy at 15 T is similar to the 0 T
case, from which can be deduced that the magnetic field
strengths that begin to significantly modify LPIs are in
the range of ~ 10! T. Additionally, the quasi-stationary
EPW energy density decreases with higher B-field, drop-
ping from ~ 11 kJ/cm? at 15 T to ~ 6-7 kJ/cm? at
45 T. This trend highlights the suppressive impact of the
magnetic field on EPW energy, consistent with enhanced
Landau damping and reduced instability saturation ob-
served in magnetized scenarios [61, 62].

Having examined EPWs, we next evaluate the ef-
fects of magnetization on other plasma waves, specifically
Raman-scattered light and IAWSs. Fig. 3a and b show the
spatially averaged Raman scattered light field (i.e. the
transverse component of the response field E; in units of
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FIG. 2: a) Angular average of the EPW Landau damping
from the 2D simulations, as a function of kApe, both for the
unmagnetized (blue) and 30 T (red) case. b)
Spatially-averaged EPW energy density as a function of
time, for different applied magnetic fields.

Vosc/C) as a function of laser propagation direction and
time. Initially (up to t ~ 2 ps), Raman light grows ex-
ponentially and propagates toward regions of lower den-
sity. This growth diminishes around t ~ 3 ps, coinciding
with the onset of Langmuir turbulence from LDI, LW col-
lapse, and increased hot electron generation. Afterward,
the Raman light field is greatly weakened but remains
observable: for n, > n./4, fields are vese/c ~ 5 x 1074,
while for n < n./4, they range from 4 — 5 x 1073, Be-
low n./4, regions of elevated Raman activity emerge in
both the 0 T and 30 T cases, similar to the EPW po-
tential distributions in Fig. 1. This is visible in the real-
space plots at 10.8 ps (Fig. 3c and d), which reveal high-
activity regions overlapping with those found for EPWs.
‘While backward-propagating Raman waves obscure ex-
act boundaries of these regions, the most notable feature
is the concentration of strong Raman fields in the mag-
netized (30 T) case, localized within 40-65 pm, similar
to the corresponding EPW-dominated region in Fig. 1b.
These areas result from SRS acting where electron den-
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FIG. 3: a),b) y-averaged absolute value of the Raman
electric field as a function of the x coordinate and time.
¢),d) longitudinal Raman electric field (in units of vesc/c) as
a function of 2D space at the same time as Fig. 1, 10.8 ps.
The white dashed line is the n./4 position.

sity fluctuations (or EPWs) maximize coupling to the
incident laser, thus driving stronger backscattered Ra-
man waves. Notably, the amplitude of the Raman light
field is an order of magnitude lower than the EPW field.
By analyzing Figs. 3c and d, we estimate the average Ra-
man reflectivity at the left boundary (far from n./4) to
be about 1%-2% of the total laser energy. In contrast,
laser transmissivities for 0 T and 30 T cases (see next
section) are ~ 45%-55%, inferring that TPD dominates
energy dissipation over SRS during the simulation, where
absolute TPD is bound to grow. This is consistent with
expectations for p-polarized laser light (where TPD is
active), whereas s-polarization would suppress TPD and
favor SRS [63-65]. This dominance of TPD over SRS is
limited to the region near n./4. As specified in Section II,
the simulations do not take into account the important
role that convective SRS has in absorbing laser energy
even before the drive light reaches quarter critical, which
could be an interesting point for future research.
Finally, we assess the behavior of IAWs and low-
frequency density perturbations. Figs. 4a and b dis-
play the normalized low-frequency electron density per-
turbation (dn;/ng), a diagnostic for IAW and LDI activ-
ity. These waves are spatially confined to regions simi-
lar to the EPW potentials shown previously in Fig. 1.
In Fig. 4c, the time evolution of the spatially aver-
aged ony/ng is shown for different B-field strengths.
The evolution of dn;/ny parallels that of the EPW en-
ergy density, with rapid growth beginning around ¢ ~
2.5 ps—consistent with the onset of LDI and associated
saturation seen in Fig. 2b. As the system reaches quasi-
stationary conditions at ¢ ~ 5 ps, the mean IAW sig-
nal is slightly higher in simulations with applied (15, 30,
and 45 T) magnetic fields compared to the unmagnetized
(0 T) case. However, as B-field strength exceeds 15 T,
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FIG. 4: 2D map of the low-frequency electron density
perturbation normalized to the envelope density dni/no,
indicating IAW activity, both in the a) unmagnetized and b)
magnetized case at 10.8 ps. The dashed black line is the
n./4 location. ¢) root mean square spatial averaged dneir/ng
signal and d) caviton correlator parameter Ceorr as a
function of applied B-field. Te = 3 keV and L, = 250 pm in
every plot.

the TAW signal declines, with the 15, 30, and 45 T curves
closely grouped. Overall, these results indicate that in
magnetized simulations (B > 0 T), IAWs are more spa-
tially confined, and the low-frequency density perturba-
tions are concentrated where EPWs remain active. While
TAW amplitudes are enhanced locally, stronger B-fields
reduce their overall activity region, leading to a net de-
crease in the mean signal for higher field strengths.

This enhancement of low-frequency electron density
perturbations signals an increase in Langmuir turbulence
activity, specifically LW collapse, within the simulation
domain. Any LPI generating an EPW as a daughter wave
can launch subsequent LDI, including secondary EPWs
from LDI itself if their matching conditions are met. This
process creates a “cascade” of LDIs, in which the EPW
wavenumber kgpw decreases at each decay step by a fac-
tor Ak = (2/3)[cs/(vreApe)] [22]. As the cascade pro-
ceeds, low-wavenumber EPW modes (corresponding to
long-wavelength density perturbations) accumulate near
n./4. When these EPWs reach sufficient amplitude, they
drive the formation of pronounced density depressions
(“cavitons”), which subsequently collapse on a timescale
teollapse, generating strong Langmuir turbulence [23] that
detune TPD-generated EPWs [64]. A quantitative mea-
sure of LW collapse and caviton formation is provided by
the “caviton correlator,” whose temporal evolution for
various B-field strengths is shown in Fig. 4d. This diag-
nostic, defined in [66, 67], captures the prevalence and
dynamic evolution of cavitons, offering a direct indicator
of Langmuir turbulence in the system.
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FIG. 5: Laser transmissivity as a function of time for a) the
complete system with SRS, TPD and LDI/LW collapse for 0
T (purple) and 30 T (orange); b) SRS only and ¢) TPD only,
in the unmagnetized (dashed) and magnetized (full line) 30
T case, and in the absence (blue) or presence (red) of IAWs
and turbulence, be it from LDI or LW collapse. The
simulations have parameters Te = 3 keV and L, = 250 nm.
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The caviton correlator, Ceop, quantifies the spatial
correlation between IAW-driven density depressions and
EPW field peaks. A value of C.oy 2 0.5 indicates a
strong correlation and signifies vigorous Langmuir wave
(LW) collapse activity in the plasma [67]. As shown in
Fig. 4d, after the system reaches quasi-stationary condi-
tions, Ceopy remains relatively weak in the unmagnetized
(0 T) case, at approximately 0.25, but increases notice-
ably with stronger magnetic fields. This trend is consis-
tent with the observed rise in the number of IAW den-
sity depressions (i.e., cavitons) evident in the 30 T case
(Fig. 4b) compared to the 0 T scenario (Fig. 4a). This
enhancement is likely due to the preferential damping of
high-k EPW modes by the magnetic field, allowing low-
k (long-wavelength) EPWs to dominate and form dense
caviton structures more readily. Thus, stronger B-fields
promote both the occurrence of cavitons and the manifes-
tation of pronounced LW collapse activity in the system.

Ccm“r = (2)

IV. TRANSMISSIVITY

Fig. ba shows the time evolution of the laser transmis-
sivity for plasma parameters T, = 3 keV and L, = 250
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pm, comparing unmagnetized (0 T) and magnetized
(30 T) cases. Initially, the laser transmits fully (100%),
but transmissivity declines as LPIs, turbulence, and
hot electron generation develop, until reaching quasi-
stationary conditions. Notably, the 30 T case maintains
a consistently higher laser transmissivity, approximately
8% — 10% greater than the 0 T case, improving from
about 38% — 40% to 45% — 50%. This enhanced trans-
missivity is primarily attributed to the suppression of
EPW activity in the magnetized plasma, which reduces
pump depletion.

To disentangle the contributions of the two primary
parametric instabilities, SRS and TPD, to the observed
reduction in laser transmissivity, we performed a series of
simulations in which only SRS or only TPD was allowed
to operate, both with and without saturation effects from
LDI and turbulence, and in unmagnetized and magne-
tized conditions. This allowed us to assess the individ-
ual and combined impacts of the magnetic field on each
instability. It should be noted that isolating individual
instabilities in simulation is not physically rigorous, since
in realistic plasma environments, competition and non-
linear interactions between instabilities naturally drive
the system toward quasi-stationary conditions. Nonethe-
less, this approach provides valuable insight into how an
applied magnetic field affects the dynamics of each insta-
bility in isolation.

Fig. 5b explores laser transmissivity in simulations
where only SRS is active, under various conditions. Red
and blue lines indicate simulations with and without tur-
bulence, respectively, reflecting the inclusion or exclusion
of ITAWs (which permit LDI and LW collapse). Solid
and dashed lines distinguish magnetized (30 T) and un-
magnetized cases (0 T). When IAWs are absent, neither
pump depletion nor hot electron generation suffices to
saturate SRS; instead, the instability grows unchecked,
rapidly absorbing all laser energy, and the transmissiv-
ity drops to nearly zero after ~ 2.5 ps.. The introduc-
tion of a magnetic field has no appreciable effect on this
outcome, indicating that neither ballistic nor gyrating
electrons substantially affect SRS activity under these
conditions. This behavior is consistent with systems
dominated by backscattered SRS [13]|, wherein EPWs
generated parallel to laser propagation do not provide
significant resonance with electrons regardless of their
trajectories. Adding turbulence via IAWSs introduces a
strong saturation mechanism for SRS, dramatically in-
creasing laser transmissivity to nearly 60%. However, in
this regime, the presence or absence of an applied B-field
does not further alter transmissivity outcomes. Although
the EPW potential becomes more turbulent (reflected by
a full circle of EPW modes in Fourier space) when IAWs
are present, its amplitude is roughly four times lower
compared to cases with pure SRS alone. Overall, these
results demonstrate that, when SRS dominates, hot elec-
tron generation and energy depletion are largely inde-
pendent of both turbulence and the electron trajectories
induced by the applied magnetic field.

In contrast, Fig. 5¢ examines simulations where only
TPD is active, structured analogously to the SRS-only
results, i.e., with and without IJAWs (turbulence), and
with or without a magnetic field. In the absence of
TAWs and without a B-field, laser transmissivity reaches
a quasi-stationary value near 20%. When a 30 T B-field
is applied (still without IAWs), there is an initial de-
crease in transmissivity similar to the 0 T scenario up to
t ~ 5 ps. However, starting from 4 ps, laser transmis-
sivity rebounds and nearly restores to 100%—indicating
an almost complete suppression of TPD in the magne-
tized case. This behavior results from the lack of satu-
ration mechanisms such as LDI: with no decay process
to break up high-k EPW modes, the combination of low
TPD phase velocities and enhanced electron gyration en-
ables more electrons to resonate with the EPWs, thereby
strongly increasing Landau damping and suppressing the
instability. Introducing turbulence via IAWs mitigates
this effect. In these cases, high-k, low-v,, EPW modes
are promptly removed by LDI, enabling effective absorp-
tion even in the presence of a strong B-field. Quantita-
tively, the difference in quasi-stationary laser transmis-
sivity is approximately 10%, mirroring the trend seen in
the combined SRS+TPD results of Fig. 5a.

Taken together, the results in Fig. 5 demonstrate that
an external B-field substantially suppresses TPD activ-
ity, while SRS remains largely unaffected. This distinc-
tion persists regardless of the development of turbulence
from LDI and Langmuir wave collapse (introduced via
the presence or absence of IAWSs). It should be empha-~
sized that, under the conditions explored here, namely a
p-polarized laser drive, TPD is the dominant instability
near n./4; as such, the simulation outcomes primarily re-
flect B-field effects on TPD rather than SRS. Exploring
s-polarized scenarios would be a valuable extension for fu-
ture work, as these would emphasize SRS and allow for a
systematic study of its magnetic field sensitivity [61, 62].

V. HOT ELECTRON GENERATION

Next, we examine hot electron (HE) generation by
comparing results from unmagnetized and magnetized
simulations. Figs. 6a and 6b illustrate the velocity dis-
tribution function (VDF), in units of (m/s)~2, for the
0 T and 30 T cases, respectively, in 2D velocity space.
In both cases, the majority of plasma electrons follow
a Maxwell-Boltzmann distribution in velocity space, re-
flecting a thermalized bulk population, while HEs be-
long to the high-energy tail departing from this distribu-
tion. In the unmagnetized case (Fig. 6a), HEs exhibit a
strongly preferential emission in the forward (laser prop-
agation) direction and tend to propagate toward higher-
density regions. In contrast, backward-directed HE gen-
eration is substantially weaker.

In contrast, the magnetized case (30 T) depicted in
Fig. 6b reveals a markedly different velocity distribu-
tion for the hot electrons. Here, the VDF shows that
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FIG. 6: Time average of the velocity distribution function
(VDF) in 2D velocity space in a) the unmagnetized and b)
the magnetized (30 T) case. ¢) Angular average of the VDF
for 0 T, 15 T, 30 T, and 45 T. Plasma parameters are
Te = 3 keV and L, = 250 pm in all plots.

HE emission becomes much more isotropic, forming a
“cloud” of energetic electrons distributed around the
Maxwell-Boltzmann core, rather than being preferen-
tially beamed forward as in the 0 T scenario. This
isotropic distribution arises as electrons undergo rapid
gyromotion due to the applied magnetic field, effectively
randomizing their emission directions relative to the laser
propagation axis. Despite this change in angular distri-
bution, the maximum electron speeds in both unmagne-

tized and magnetized cases reach |v|/c ~ 0.55 — 0.6, cor-
responding to energies of approximately 100-130 keV.
Thus, while the B-field alters the directionality of HE
emission, maximum electron energies remain similar
across both cases.

Fig. 6¢ displays the angularly averaged VDF for ap-
plied B-field strengths of 0 T, 15 T, 30 T, and 45 T.
Above v/c ~ 0.42 (corresponding to ~ 52 keV), the HE
tail grows substantially with increasing magnetic field:
relative to the unmagnetized case, the HE population
increases by a factor of 2 at 15 T and nearly 8 at 45 T,
corroborating findings from Ref. [49] that magnetic fields
enhance HE generation. Additionally, the magnetized
simulations exhibit a 25% — 50% rise in the number of
electrons at the distribution’s tail (v/c ~ 0.25-0.325, or
17-30 keV) compared to 0 T. In the absence of a mag-
netic field, HEs are primarily generated from the tail of
the Maxwellian distribution and gain further energy via
staged interactions with the LPI front at n./4, as pre-
viously described in Ref. [68]. However, in the presence
of a strong enough B-field, electron gyromotion enables
multiple crossings of the LPI front, increasing the reso-
nance probability both for mid-energy (17-30 keV) elec-
trons and for HEs (2 50 keV). This enhanced resonance
boosts the HE population, which in turn raises the EPW
Landau damping rate, compounding the stronger spatial
confinement of EPW activity observed in Section III.

To further elucidate electron gyration and energy gain
mechanisms, we analyze representative particle trajecto-
ries from the 30 T, 3 keV, 250 pm simulation. Figs. 7a
and b illustrate two particle paths in real space, a ther-
mal electron and a HE, with their respective start points
(black dots) and endpoints (red dots) marked. Colors
along each trajectory indicate instantaneous electron en-
ergy. Both electrons start with gyromotion defined by
their Larmor radius, which scales with energy. The ther-
mal electron traces a relatively stable orbit (p; ~ 5-
6 pm), consistent with its Maxwell-Boltzmann energy
(2-3 keV). The HE, on the other hand, begins with a
much larger orbit (pr ~ 15-16 pm, 20-22 keV) and un-
dergoes a dramatic increase to py, ~ 30-31 pm (90 keV)
after interacting with strong EPW fields near [z,y] =~
[60,70] pm. The HE momentarily reaches 160 keV be-
fore stabilizing near 90 keV due to ongoing energy ex-
change with the EPW region close to n./4. The thermal
electron’s path is heavily perturbed by turbulent EPW
low-wavenumber modes, resulting in a chaotic trajectory.
Conversely, the HE trajectory remains ordered; its high
energy allows it to stay resonant with the EPW field and
avoid significant disruption by low-frequency turbulence.
Notably, the HE also displays a guiding center drift by
electric field effects that is proportional to (E x B)/B?,
a feature absent in the thermal electron’s more turbulent
trajectory.

Fig. 7b presents the same thermal and hot electron
(HE) trajectories as Fig. 7a, now mapped in 2D veloc-
ity space. Like the frameworks in Winjum et al. [46]
and Li et al. [49], this plot uses line color to represent



AlIP
Publishing

£

80 160
140
120
100
80
60
40
20

% 20 40 60 80 ™o
X [um]

0.6 : e start 9000

e end

Electron energy [keV]

8000

7000

Time [wp!]

6000

5000

-0.5 0.0 0.5
Vy/C

FIG. 7: a) Particle trajectories in 2D real space and b)
velocity space of a thermal plasma electron and a HE. Both
plots are in the magnetized, 30 T case. The simulation
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time (normalized to the laser frequency wp) and marks
trajectory start/end points as before. The thermal elec-
tron’s path confirms it acquires little additional energy;
its velocity distribution remains tightly grouped and con-
sistent with Maxwellian thermal motion. In contrast, the
HE exhibits intermittent, strong oscillations in velocity
space, most notably as its longitudinal velocity compo-
nent grows larger than the transverse one. In these in-
tervals, the electron becomes “trapped” by EPWs at the
LPI front, gaining energy through successive bounces.
Once its transverse velocity reaches the detrapping value,
vy = cEx /By, the electron escapes, having increased its
energy and Larmor radius. This bouncing and detrap-
ping mechanism contributes to energy growth for both
forward and backward-directed electrons, in agreement
with prior studies of TPD-driven acceleration [49]. Com-
pared to previous work [46, 49], we observe a narrower
range of transverse velocities where these bounces occur,
most likely due to enhanced Langmuir turbulence and
stronger EPW mode saturation from LDI and LW col-
lapse, which were not included in these previous works.
As a result, energy growth is gradual, accumulating over
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FIG. 8: a) Time-averaged normalized electron energy flux
at the simulation right boundary (high-density side) as a
function of electron energy, for the magnetized and
unmagnetized cases. Plasma parameters are Te = 3 keV and
L, = 250 pm. b) Fraction of HEs leaving the simulation
right boundary as a function of applied B-field strength.
Plasma parameters are varied, with Te = 1, 3,4 keV and
L, = 150,200, 250 pm.

several orbits, rather than manifesting in a single, sudden
burst. Rare events of strong EPW-electron resonance,
such as the one at twy ~ 6500, produce multi-stage ac-
celeration and larger Larmor radii [68], echoing known
mechanisms in unmagnetized plasmas. Importantly, the
increased confinement provided by the applied B-field
allows electrons to spend more time near the LPI re-
gion around n./4, increasing the likelihood of these rare,
energy-boosting encounters.

Fig. 8a presents the normalized HE energy flux at
the simulation right boundary (high-density side) under
quasi-stationary conditions for different B-field strengths.
In the unmagnetized scenario, the fraction of HEs leav-
ing the simulation right boundary is fyg ~ 14.7%, with
an average HE temperature of Typ ~ 23 keV. When
a strong magnetic field is applied, the HE flux is re-
duced by up to a factor of 5 in the 45 T case with
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fug ~ 2.8%, while the average HE temperature reaches
Tug ~ 53 keV, which is nearly 56% higher than for
the unmagnetized case. These findings complement the
demonstration of enhanced HE production and heating
found in Fig. 6¢ and Ref. [49]. Importantly, Fig. 8a con-
firms that, while a magnetic field increases HE produc-
tion (Fig. 6¢), it also strongly confines these HEs near
the n./4 region. Effectively, fewer HEs can penetrate to
higher densities, thus mitigating the risk of preheat in an
ICF scenario despite higher average HE temperatures.
While we primarily focused before on simulations with-
out and with a 30 T B-field to highlight the con-
trast between magnetized and unmagnetized regimes (at
Te =3 keV and L, = 250 pm), these cases form part
of a broader parameter scan designed to map magne-
tized LPI behavior near quarter-critical density. Fig. 8b
summarizes the scan results, plotting the HE frac-
tion as a function of magnetic field strength for varied
plasma conditions. The scan encompasses 20 simulations:
T.=1,3,4 keV; L, = 150,200,250 nm; and B-fields of
0, 15, 30, and 45 T. The trend is clear: stronger B-fields
consistently reduce the HE flux at the simulation right
boundary. In the most energetic configuration (4 keV,
250 pm), the fraction of HE leaving the right boundary
drops sharply, from fyg ~ 24.5% at 0 T to ~ 5% at 45 T.
Examining the HE fractions for constant L, but vary-
ing electron temperatures T., we observe that raising
T, consistently increases this fraction, for both 0 T and
magnetized cases. This trend aligns with the expecta-
tion that EPW collisional damping, vgpw = vei/2 o
Te 3/ 2, becomes weaker as T, increases. In cooler plas-
mas (T. = 1 keV), stronger collisional damping severely
suppresses HE production: the calculated EPW damp-
ing rates are vELW ~ 0.78 ps7! for T, =3 keV,
Ly, = 250 pm, rising to 3.46 ps~! for Te = 1 keV.
Turning to the density scale length parameter (L)
scan at fixed electron temperature (T, = 3 keV), we find
that the HE fraction is strongly influenced by L,,. For the
largest scale length (250 pm), fyg declines sharply from
about 15% to 4% as the applied B-field increases from 0 T
to 15 T. In contrast, reducing L,, mitigates this drop, as
seen in the 200 pm and 150 pm curves. Physically, a
shorter density scale length limits the region where LPIs
form, which reduces electron resonance with instabilities
and lowers the HE fraction. This effect is seen in both
magnetized and unmagnetized cases [69, 70]. Therefore,
reducing L, consistently decreases HE production and
diminishes the influence of the magnetic field.

VI. CONCLUSIONS

This work presents a comprehensive analysis of
laser—plasma instabilities near quarter-critical density
(n./4), including SRS, TPD, LDI, and LW collapse, both
in the absence and presence of applied magnetic fields.
Using 2D LPSE simulations, we mapped spatial fields of
EPWs, Raman scattering, and IAWSs. Application of a
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magnetic field confines EPW activity to a narrower region
near n./4 and enhances Landau damping, as confirmed
by Fourier-space diagnostics. The Raman and IAW fields
similarly exhibit signatures of increased EPW localiza-
tion. Additionally, cavitation and LW collapse activity
are observed to intensify with increasing magnetic field
strength.

To determine the influence of each instability and tur-
bulence with the applied magnetic field, we conducted a
series of simulations that selectively enabled only SRS,
only TPD, or both, with IAWSs either included or ex-
cluded, and with either 0 T or 30 T. The SRS signal is
strongly affected by the inclusion of IAWs, which act as a
saturation mechanism, but shows little sensitivity to the
magnetic field, noting that the use of p-polarized light
in these simulations preferentially energizes TPD over
SRS. In TPD-only runs, near-total absorption of EPWs
occurs when IAWs are excluded, while including IAWs
introduces plasma turbulence that stabilizes both TPD
growth and the effect of gyrating electrons by the ap-
plied magnetic field. Finally, when both instabilities and
TAWs are present, adding a 30 T magnetic field increases
laser transmissivity by roughly 10%, due to the increased
damping of TPD.

Velocity distribution function (VDF) analysis reveals
that, in the presence of a magnetic field, hot electrons
are emitted isotropically rather than predominantly in
the forward direction. This isotropy arises as electron
trajectories transition from a ballistic to a gyrating mo-
tion under the influence of the applied B-field. The over-
all HE population grows with increasing B-field, which in
turn enhances EPW Landau damping and confines EPW
activity closer to n./4. Particle trajectory analysis con-
firms that gyrating electrons repeatedly traverse the LPI
region near quarter-critical density, enabling multiple op-
portunities for energy gain and HE generation. On the
other hand, stronger magnetic fields also restrict the HE
flux toward higher densities. Therefore, while magneti-
zation increases the total number of HEs and the average
temperature of HEs streaming towards higher densities,
more electrons remain confined near n./4 overall, mini-
mizing preheat risk in ICF targets.

Finally, we carried out a scaling analysis of the HE
fraction reaching the high-density side of the simulation
across a range of plasma conditions, varying electron tem-
perature (Te), density scale length (L,), and magnetic
field strength (15-45 T). An increase in plasma temper-
ature was found to raise fyg in both unmagnetized and
magnetized plasmas. By contrast, reducing the density
scale length not only decreased the overall production
of HEs, as expected, but also softened the drop in fuyg
observed when transitioning from unmagnetized to mag-
netized conditions.

These findings advance the understanding of mag-
netized laser—plasma interactions and suggest that hot
electron preheat in ICF can be reduced by applied or
self-generated magnetic fields persisting around quarter-
critical density. Magnetic fields can also enhance laser
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heating in plasmas (such as in MagLIF) by increasing
hot electron generation from LPIs and simultaneously
confining these electrons within the heated region. Addi-
tionally, the radiation from gyrating electrons (at the cy-
clotron frequency) presents opportunities for THz wave
generation. Future work should investigate more com-
plex geometries between the laser and magnetic fields to
further quantify the impact of magnetic confinement on
LPI-driven hot electron generation and transport, with
broader implications for optimizing fusion energy and ad-
vancing plasma diagnostics.
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