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‘We report on progress in the understanding of the effects of kilotesla-level applied magnetic fields on relativistic
laser—plasma interactions. Ongoing advances in magnetic-field-generation techniques enable new and highly
desirable phenomena including magnetic-field-amplification platforms with reversible sign, focusing ion accel-
eration, and bulk-relativistic plasma heating. Building on recent advancements in laser—plasma interactions
with applied magnetic fields, we introduce simple models for evaluating the effects of applied magnetic fields
in magnetic-field amplification, sheath-based ion acceleration, and direct laser acceleration. These models
indicate the feasibility of observing beneficial magnetic-field effects under experimentally relevant conditions
and offer a starting point for future experimental design.

I. INTRODUCTION

Recent advances in vacuum magnetic-field-generation
techniques'® have renewed interest in the fundamentals
of laser-plasma interaction in the presence of strong mag-
netic fields. In part, this interest has been motivated by
the potential for applied magnetic fields to benefit appli-
cations of laser—plasma interaction at relativistic inten-
sity (Ip = 10'® W/cm? for ~ 1-um wavelength), includ-
ing ion acceleration,” ' inertial fusion energy,!* % and
the laboratory study of astrophysical phenomena.'* 17
From a basic science perspective, the understanding of
the effects of strong magnetic fields in laser-generated
plasma is still rapidly evolving, including the question
of whether laser plasma is diamagnetic or generates
and amplifies magnetic fields,'® 24 the effect of magnetic
fields on electron transport in plasmas and the result-
ing ion dynamics,” 192526 and magnetic-field-associated
changes in the direct laser acceleration of electrons.?7 30

Plasma is conventionally considered diamagnetic and
often acts to exclude magnetic fields, however laser—
plasma interactions have long been known to self-
generate strong fields (e.g., inverse Faraday effect®!:32)
and amplify applied magnetic fields (e.g., flux compres-
sion'®). The spatial localization of hot-electron produc-
tion from an overdense target and the presence of a neu-
tralizing cold return current offers additional opportuni-
ties for magnetic-field generation and amplification as-
sociated with kinetic electron dynamics,?:?%2* among
which is surface magnetic-field generation arising from
the inability of the hot-electron current to change the
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applied field in a conductive opaque target.?! This sur-
face magnetic field can influence later plasma dynamics
including target expansion,?! and may reverse the sign
of the magnetic field generated by laser-driven implo-
sions when it is destabilized.?® The latter case is of par-
ticular interest as a platform for extreme magnetic-field
amplification.?> However, the process underlying the sign
reversal phenomenon®334 has yet to be conclusively set-
tled. In this work, we introduce a computationally ef-
ficient model for studying surface magnetic-field stabil-
ity and demonstrate its ability to predict the sign of the
magnetic field produced in implosions.

Until recently, the effect of applied magnetic fields on
laser-driven plasma expansion and ion acceleration has
primarily been studied in the context of astrophysical
jet dynamics, involving long time scale (~nanosecond)
evolution in sub-100-Tesla magnetic fields.'"3%36 These
studies have necessitated magnetohydrodynamic model-
ing, which eliminated the possibility of considering ki-
netic electron and ion dynamics. The sheath-based ion-
acceleration regime driven by short, relativistic intensity
laser pules, on the other hand, is conducive to multidi-
mensional kinetic modeling. Recent work in this regime
has revealed the possibility of using an applied magnetic
field to reverse the typical outward divergence associated
with target normal sheath acceleration®” into focusing
and improving the ion energy and number.”1938 In this
case, ion focusing, which is highly desirable and much
studied under non-magnetized conditions,** 4! is pro-
duced by eventual magnetization of the electron sheath as
the plasma expands.'® However, observing ion focusing
experimentally will require the spatial scale of the ap-
plied magnetic field to be comparable to or greater than
the focal length. In this work, we introduce a simple scal-
ing model for sheath magnetization and subsequent ion
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focusing, from which we predict that realistic ion focal
lengths are likely compatible with the spatial extent of
currently available applied magnetic fields.

While conventional electron acceleration mechanisms
typically leave the majority of electrons cold either spec-
trally (e.g., wakefield-mediated acceleration*?43) or spa-
tially (e.g., laser—solid, near-critical, and structured tar-
get interactions?*46) after the laser pulsed has passed,
direct laser acceleration (DLA) with an applied mag-
netic field is capable of volumetrically heating electrons
to relativistic energy.?”?%39 In the regime where the ap-
plied magnetic field affects the acceleration dynamics in
a single accelerating laser half-cycle,?” even modestly rel-
ativistic laser pulses (ag = 1, where ag = |e|Ey/mecwy is
the normalized peak laser amplitude for laser frequency
wp) can deliver significantly relativistic electron energy
(y 2 10 or more). A configuration employing a secondary
laser pulse prior to the main accelerating pulse (to pro-
vide the preheating necessary to enter this regime) was
recently demonstrated to heat the majority of electrons
in a large plasma volume to nonperturbatively-relativistic
energy.?? This is the first method to volumetrically gen-
erate relativistically thermal plasma at gas-jet—accessible
density—conditions which are highly desirable for funda-
mental experimental studies in basic plasma physics,*”
astrophysics and laboratory astrophysics,**°3 and laser-
plasma physics.?*®7 In this work, we obtain an estimate
for the average electron energy generated via magneti-
cally assisted direct laser acceleration and evaluate its
efficiency.

In this paper, we build on recent progress in three
broad areas of relativistic laser—plasma interactions with
kilotesla-level applied magnetic fields. In Sec. II, we
present a simplified model for assessing the stability of
the diamagnetic surface field produced by laser irradi-
ation of an overdense plasma with an embedded mag-
netic field and demonstrate a correlation between surface
magnetic-field instability and sign-reversed field amplifi-
cation in laser-driven implosions. In Sec. III, we intro-
duce a model for the length and time scales of sheath
magnetization and ion focusing in sheath-based ion ac-
celeration with an applied magnetic field and predict the
magnetic-field length scale required for ion focusing to be
observed experimentally. In Sec. IV, we formulate predic-
tions for the electron energy and overall laser-to-electron
energy conversion efficiency achievable from magnetically
assisted direct laser acceleration in underdense plasma.
In Sec. V, we summarize and discuss the implications of
this work.

Il. STABILITY OF SURFACE MAGNETIC FIELDS AND
FIELD AMPLIFICATION

In the conventional diamagnetic effect, electrons
streaming through a magnetized region undergo momen-
tum rotation, introducing currents that feed back on the
magnetic field, reducing its amplitude. This feedback

sets an upper limit on the electron current that can be
obtained from momentum rotation, corresponding to the
elimination of the applied magnetic field. In the case
of laser—solid interaction, however, the conventional pic-
ture is altered by the presence of cold electrons within
the solid, which act to prevent the magnetic field from
changing. This screening effect allows the momentum ro-
tation of laser-heated electrons to exceed the usual dia-
magnetic limit. These hot electrons then carry a net
current past the solid-vacuum interface, driving a sur-
face magnetic field with polarity opposite to the applied
field. When the seed magnetic field (Bjy) is perpendicular
to the target-normal direction, the resulting surface field
can exceed the applied field by as much as several orders
of magnitude for a 1D-like laser pulse normally incident
on an opaque target of thickness Az < rg,, where 7y, is
the Larmor radius.!

Although the process described above is a fundamental
feature of laser—solid interaction with an embedded mag-
netic field, the conditions under which it is directly mea-
surable are limited. The surface field exists only within
the hot-electron sheath, which is comparable in size to
the electron Debye length A\p = \/T./47nee? ~ /2w
(for laser wavelength Ao, assuming the electron tem-
perature T, ~ agmec?® and density n. ~ agne, where
ne = mew3 /4me? is the critical density).?! Measurements
of the magnetic field in the sheath region, while exper-
imentally feasible,’® 6! remain challenging. In addition,
the surface field must be comparable in magnitude to the
azimuthal magnetic field produced by the finite laser spot
size®62:63 in order to be visible, which requires a strong
applied magnetic field, By > agmec?/2]e|Ax (Ref. 21).

However, surface magnetic-field generation can also be
indirectly observed through its effect on other processes.
For example, target-transverse surface magnetic fields in-
hibit rear-surface ion acceleration®? and, for a very strong
applied field (such that Az = rp,) favor ion acceleration
from the front target surface.?! In addition, the dynamics
of the surface field can affect subsequent magnetic-field
generation, such as the amplification of magnetic fields in
imploding voids within an opaque target.??33:3464 It was
previously observed that the magnetic field at the inner
surface of a laser-driven microtube target with an em-
bedded magnetic field could become unstable, associated
with density perturbation and eventual filamentation of
the laser-driven surface, and, when appropriately timed,
reach the center of the imploding void and change the
sign of the magnetic field amplified by the implosion.??

In this Section, we introduce a 2D planar configura-
tion for studying surface magnetic-field destabilization
through heating of the cold-electron population, which is
enhanced by surface filamentation. The stability of the
surface field in this planar configuration is found to pre-
dict sign reversal in microtube implosions conducted with
analogous laser and target parameters [shown in Fig. 1,
where planar cases 1(c¢) and 1(e) mock up implosion cases
1(d) and 1(f), respectively]. Our planar configuration
consists of a few-micron-thick opaque target irradiated
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FIG. 1: Planar model capturing surface magnetic-field
stability and sign of the amplified field in implosions.
[(a),(b)] Schematic of surface magnetic-field generation
in (a) planar target and (b) implosion target with either
square (solid line) or circular (dotted line) outer cross
section. (c) Stable surface magnetic field in planar
target with normally incident plane wave pulse
(Ip = 102 W/em®, By = 3 kT) and (d) seed-aligned
amplified magnetic field in square implosion target. (e)
Unstable surface magnetic field in planar target with
two obliquely incident pulses (each with Iy) and (f)
amplified field in circular implosion target. Other
parameters are given in Appendices A1 and A 2.

by one normally incident or two obliquely incident plane
wave laser pulses with periodic transverse boundary con-
ditions. Details of the simulation parameters are given
in Appendix A 1.

The irradiation of a thin opaque target by a nor-
mally incident plane wave laser pulse drives oscilla-
tion of the target surface and imposes periodic spatial
modulation.%® %7 This surface modulation is unstable,
leading to the growth of density and magnetic-field fil-
aments into the target,%¢ % as can be seen for —3 pum <
2 < 0 in the time sequence shown in Figs. 2(a)-2(c). The
growth of these filaments facilitates laser energy deposi-
tion within the target®5%79 and reduces the cold part of

v (um)

z — 4% 1021 W/em?2,-10 fs
Qg — 4 x 102! W/em2, -5 fs
= —4x102! W/em?2,0 fs
ZE —4x102! Wem?2, 7

3 e 1 x 1021 Wem?2, T

& -=1x 1021 W/em?2, +45°, 7

00 02 04 06 08 10

TC16017J1

FIG. 2: Evolution of surface magnetic field and electron
heating. [(a)-(c)| Time snapshots of magnetic-field
evolution for a normally incident plane wave pulse with
4 % 1021 W/em?. (d) Electron velocity distribution
(8 =wv/c). Time is measured relative to when the peak
of the pulse would reach the rear target surface. 7 is the
end of the pulse.

the electron population. In the limit of filament growth
all the way through the target during the laser pulse du-
ration, the cold population can be almost entirely elim-
inated |disappearance of the cold-electron peak in the
4 x 102'W /em? sequence in Fig. 2(d)]. The cold-clectron
population can also be substantially reduced with only
partial filamentation of the target when the laser is in-
cident at an angle, especially in the presence of multi-
ple interfering beams [e.g., £45° case in Figs. 2(d) and
Fig. 1(e), and analogous implosion in Fig.1(f)], which
significantly increases laser absorption.” 7

In a laser-irradiated opaque target with an embed-
ded magnetic field, the cold-electron population carries
transverse current that prevents diamagnetic reduction
of the magnetic field by the hot electrons within the tar-
get bulk, and in doing so facilitates the generation of
the surface magnetic field. The balance between hot-
and cold-electron current breaks down when the major-
ity of electrons in the target are heated, leading to the
disruption of the surface magnetic field. An example
of the disruption of the surface magnetic field as elec-
trons are heated through target filamentation is shown
in Fig. 2(a)-2(c). Although a distinct surface magnetic
field is seen at early time, it breaks up as the filaments
penetrate deep into the target. In conjunction with this
breakup, the magnetic field several microns from the tar-
get surface changes sign from purely seed-field aligned to
partly oppositely aligned [e.g., the blobs of negative field
visible for > 0 in Fig. 2(c)|. This change in the sign
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of the field tens of Debye lengths away from the surface,
i.e. outside the sheath region, is only observed when the
surface field is disrupted; otherwise it maintains the same
sign as the applied field [c.f., > 0.5 pm in Figs. 1(c)
and 1(e)].

In the context of a microtube implosion, whatever
magnetic field is present when ions first reach the center
of the target void will be amplified.?® The stability of the
surface magnetic field in the planar target configuration
thereby functions as a proxy for the sign of the magnetic
field that would be produced in a microtube implosion
with similar parameters. To confirm the predictive ca-
pabilities of this model, we scanned over a number of
parameters that affect electron heating and the growth
of filaments in the target, including laser incidence an-
gle (to represent targets with circular outer cross section
and large spot size), laser intensity, pulse duration, seed
magnetic-field strength, target thickness, and target den-
sity and composition. The parameters used for the planar
model were chosen to match simulations of microtube im-
plosions, covering variation in all the listed parameters.

In all cases, the predominant sign of the magnetic
field a few microns from the rear target surface just af-
ter the end of the laser pulse in the planar model pre-
dicted whether a region of sign-reversed magnetic field
was present in the imploded target. The planar model
reproduces the same trends in magnetic-field sign as the
imploding target studies in Refs. 22,33,34,64. For ex-
ample, the case of a single laser pulse with intensity
Iy = 1 x 10%! W/01112 at normal incidence produces a
stable surface magnetic field, whereas two pulses at 45°
incidence drive the magnetic field unstable, which agrees
with the result in Ref. 33 that implosions with a square
outer cross section amplify the seed magnetic field, while
those with circular outer cross section amplify the origi-
nally surface-generated field. Increasing the laser inten-
sity beyond 2 x 102! VV/cm2 in the normally incident
(square cross section-equivalent) case drives the surface
magnetic field unstable (e.g. 4 x 102 W/cm® shown in
Fig. 2), however, stability is recovered by increasing the
applied magnetic field from 3 kT to 6 kT, in agreement
with the seed-aligned field observed in the intensity scan
in Ref. 64. Stability of the surface field in the planar
model can also be recovered by increasing the target elec-
tron density (e.g., from 50 n. to 200 n.), increasing the
target thickness (e.g., from 3 pm to 6 pm), or decreasing
the pulse duration (e.g., from 50 fs to 25 fs).

lll.  SHEATH MAGNETIZATION

The ability of an applied magnetic field to inhibit elec-
tron motion across field lines, which restricts plasma ex-
pansion for a sufficiently strong target-transverse mag-
netic field,?! is beneficial to ion acceleration when the
magnetic field is aligned in the target-normal direction.
In the limit of a very strong applied field (~ 10 kT),
resonant electron acceleration (weo ~ wp, where wey =

|e|Bo/mec is the cyclotron frequency)?” has been shown
to enhance radiation pressure acceleration.®? However,
10-kT-level fields have a very high energy cost (the field
energy scales as B2) and are far from the currently realiz-
able regime. At lower, experimentally relevant kilotesla-
and 100 Tesla-level fields, applied magnetic fields increase
the energy and number of ions accelerated by rear-surface
sheath-based ion acceleration”™!%3® and reverse the usual
outward divergence characteristic of target normal sheath
acceleration®” into focusing about magnetic field lines.'®

In this magnetized electron sheath acceleration, the
applied magnetic field has beneficial effects in both the
opaque target and the hot-electron sheath. In the target,
the magnetic field assists in the transverse confinement of
hot electrons, resulting in higher accelerating fields that
drop more slowly in time compared to the unmagnetized
case. This effect is most dramatic when the characteristic
thickness of the target plus preplasma is comparable to
or greater than the Larmor radius (Az 2 ri,) and is more
readily observed in 3D simulations than in 2D due to the
artificially slower drop-off of the accelerating sheath field
in 2D (Ref. 10).

The applied magnetic field also magnetizes the sheath,
enabling ion focusing. Magnetization of the sheath is not
immediate, however, since the strong electric field associ-
ated with the hot-electron population initially dominates
over the applied magnetic field. The initial period of ion
acceleration in an unmagnetized sheath allows ions to de-
velop an initial outward divergence (visible in the trajec-
tories in Fig. 3), which later allows them to transversely
overshoot the magnetized electron population, resulting
in a focusing electric field. This focusing field eventu-
ally draws the ions back toward the laser axis, setting up
oscillation of the highest-energy ions about the axis.'°

In this Section, we develop a simple estimate for the
characteristic time and distance scales associated with
magnetization of the hot-electron sheath and the ion
focusing. An understanding of these scales is needed,
for example, to determine the volume of magnetic field
needed to observe ion focusing and evaluate the suitabil-
ity of experimental platforms for magnetic-field genera-
tion. Magnetization of the sheath occurs when the mag-
netic field dominates the electric field in the equation of
motion for hot electrons in the magnetic-field—transverse
direction

dp.

v
DL — fe[BL~ |el% x B, 1)

which requires at a minimum FE, < By.

A simple estimate for the time and distance from the
target surface where this transition occurs can be ob-
tained from 1D sheath theory. Applying the isothermal
Vlasov—Poisson—Boltzmann model for the expansion of a
hot plasma slab, the magnitude of the longitudinal elec-
tric field drops in time as”74

B(t)~ 2

wpit'

(2)
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FIG. 3: Ion focusing in magnetized electron sheath
acceleration. (a) Schematic of ion acceleration with a
target-normal applied magnetic field with proton
trajectories from the 1000-T 2D simulation (see
Appendix A 3 for parameters). (b) Proton trajectories
averaged over all ions above the energies 10, 17, 25, and
4 MeV, respectively (~ 30% below the cutoff ion
energy) from simulations scanning over magnetic-field
strength while keeping the laser waist divided by By
constant. x,, was calculated using these ¢; and the
initial T (exp(—ec/Te) fit just after the peak of the
laser pulse). Thin lines are the solution to Egs. (7) and
(8) with the earliest magnetized points (black markers)
as an initial condition and the best-fit constant
obtained from the 3D case.

where Fy is an initial value, wp; = \/4me?ng/M is an ef-
fective ion plasma frequency for initial hot-electron den-
sity no (in a multi-species plasma, M corresponds to
the lightest species™), and wpit > /2exp(1) (Ref. 73).
The transverse electric field has the same physical origin
as the longitudinal electric field; therefore, it is reason-
able to assume the transverse electric field drops simi-
larly to the longitudinal field in the initially unmagne-
tized sheath. The electric-field magnitude is linked to
the thermal pressure of hot electrons, Fy ~ /4mngTe,
which gives

=

MT,

B0~

‘ (3)

The transition to magnetized behavior occurs when F
becomes comparable to By. From Eq. (3), the time scale
for this to occur is roughly

(4)

which is of the order of hundreds of femtoseconds for MeV
electron temperature and kilotesla-level applied magnetic
fields. Equation (4) suggests that subpicosecond pulses
with moderate intensity have well-separated stages of ion
energization and focusing, in agreement with simulations.

While applied magnetic-field sources'? 6:38.75 are typi-
cally long-lived (~nanoseconds) relative to t,,, the spatial
volume that can be magnetized may constrain their suit-
ability for observing the focusing process. We convert
tm to a simple distance scaling by assuming the velocity
of the ion front v; = \/2¢;/M is approximately constant
over ty,, where ¢; is the ion energy cutoff. The distance
from the target where the magnetization occurs is

]

26;TC
By

()

T~ Ty =

which is of the order of tens of microns for £ ~ 10 MeV,
Te ~ 1 MeV, and By ~ 1 kT.

Following the magnetization transition, the inward-
directed transverse electric field induces ion focusing.
The length scale associated with focusing can be seen
from the equations of motion for the protons at the ion
front, which we consider using a test particle model. We
assume the that the ion energy is fixed and nonrelativis-
tic, such that p; ~ Muw; sin 0, where 0 is the characteristic
divergence angle of the ions. The ion equations of motion
can be written

dsinf [e|Ey

(6)

d’Uit 26;
1
d(v:t =sin6. (7)

In the magnetized regime, the transverse electric field is
associated with charge separation. We assume the elec-
tric field is driven by the the electron density, with negli-
gible contribution from the small population of ions near
the front. Approximating the electron density as uni-
form gives E| = —|e|ner/2. As shown in Fig. 3(a), the
FE, experienced by ions remains approximately constant
in z after the magnetized transition until ions approach
the axis, which is consistent with the near-constant n.
observed in simulations. Assuming the initial electron
density is given by E ~ y/4mn.T. ~ By at the onset of
magnetization, the momentum equation can be written

dsinf o
dt /[ty STTm

(8)

Equations (7), (8), and the initial condition r =
T Sin Oy, where 6y, is the initial divergence angle, im-
ply the natural time and length scales of the focusing
process are of the order of ¢, and xy,, respectively. The
solution to these equations is oscillatory ion motion about
the axis, in agreement with the behavior observed in long
duration simulations.

To probe the validity of xy, as a scaling parameter, we
conducted a series of particle-in-cell (PIC) simulations
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of magnetized electron sheath acceleration from a plastic
(CH) target, varying the applied magnetic-field strength
and the laser spot size, and the simulation dimensional-
ity. Varying the laser spot size changes Ti, and &;, while
changing the simulation dimensionality from 2D to 3D af-
fects €; alone. The details of these simulations are given
in Appendix A 3.

Figure. 3(b) shows averaged trajectories of high energy
protons from the PIC simulations, where each point rep-
resents the average position of all protons within ~ 30%
of the cutoff ion energy. In all cases, the magnetized tran-
sition occurs at approximately 1.4z, [black markers in
Fig. 3(b)|. We then use this point as an initial condition
to solve Egs. (7) and (8) [thin lines in Fig. 3(b)|. The ob-
served ion trajectories are in reasonable agreement with
the constant-density model for an initial perpendicular
electric field at the ion location of 0.1sin 0y,+/2¢;/TeBo,
where the factor 0.1sin#6,, was obtained from the fit to
the 3D trajectory. The agreement with the constant-
density model is expected to be best for 2000 T cases,
which have the smallest value of t,,. Effects neglected in
the model like time evolution of the electron density and
temperature will cause the ion trajectory to be asymmet-
ric about the maximum radius, as can be observed in the
1000 T case, and may result in somewhat longer ion focal
length than predicted by the model.

The constant-density model nevertheless predicts ions
return to the axis around 10-20 z,,, corresponding to
hundreds of microns to millimeters for the electron tem-
peratures, ion energies, and magnetic-field strengths that
can be obtained experimentally. These distances are on a
similar scale to the fields which can be created by state-
of-the-art magnetic field generation techniques.>3® We
therefore predict that observing ion focusing with an ap-
plied magnetic field is feasible, however spatial variation
of the magnetic-field strength may need to be considered
in order to accurately predict the ion focal length.

IV. PLASMA HEATING BY MAGNETICALLY ASSISTED
DIRECT LASER ACCELERATION

Electron acceleration by a relativistic plane wave laser
pulse is conventionally reversible, leading to temporary
energization of electrons in the pulse but no residual heat-
ing of the plasma. The reversibility of direct laser accel-
eration (DLA) can be broken in several ways.2"4376.77
For example, the reflection of a laser pulse from a sharp
transition to overdense plasma non-adiabatically decou-
ples electrons from the pulse at the critical density sur-
face, allowing them to retain energy.”® In underdense
plasma, plasma-generated electric and magnetic fields
break the usual invariants of electron motion.** However,
both of these scenarios typically leave the majority of
electrons sub-relativistic in either momentum or config-
uration space. The use of applied magnetic fields, on the
other hand, can enable volumetric electron heating,?7-2®
potentially to relativistic energies.?"

Substantial effects of applied magnetic fields on direct
laser acceleration may be observed in several regimes.
First, electron acceleration is resonantly enhanced by a
longitudinal magnetic field when wey 2 wo (Ref. 27),
which corresponds to magnetic fields of the order of 10 kT
for 1-um laser wavelength. For weaker magnetic fields,
electrons undergo momentum rotation on longer time
scales than the laser period, under which conditions net
acceleration can involve either the full pulse duration or
a single laser half-cycle. In the former case, momentum
rotation by a magnetic field transverse to the laser propa-
gation direction changes the dephasing rate over the en-
tirety of the pulse duration, resulting in the significant
acceleration when the pulse duration is comparable to
the rotation time.2® In the latter case, an applied field
aligned with the laser magnetic field alters the dynamics
of electron acceleration during a single accelerating half-
cycle.?%30 The electron energy produced by magnetically
assisted DLA in the half-cycle regime far exceeds that of
the many-cycle regime for comparable laser energy; how-
ever, entering the half-cycle regime requires electrons to
be preheated prior to the interaction.3°

In Ref. 30, a short (tens of femtoseconds) laser pulse
and a long (picosecond) laser pulse were combined to vol-
umetrically heat a gas-jet-density plasma to multi-MeV
average energy by successive stages of multi-cycle and
half-cycle magnetically assisted DLA with a 100 Tesla-
level applied field. The attractiveness of this result lies
in the bulk-relativistic nature of the produced plasma,
i.e., the property that more than half of the plasma elec-
trons were heated to non-perturbatively relativistic en-
ergy (v > 2) over a large volume. In this configuration,
the preheating necessary to catalyze the half-cycle ac-
celeration was provided by the short pulse.?® From the
standpoint of future experimental design, it is useful to
consider whether the properties of heating by the long or
the short pulse constrain the final electron energy.

In this Section, we consider the dynamics of electron
acceleration by half-cycle magnetically assisted direct
laser acceleration in a preheated plasma. We demon-
strate that the final energy of an electron is effectively
independent of its starting energy above the preheating
threshold, enabling a semi-empirical prediction for the
average electron energy in this regime. Applying this
single-electron model to a plasma, heating by the laser
is found to be most efficient in a long, (relatively) high-
density plasma with low laser intensity and high applied
magnetic-field strength.

Direct laser acceleration in a plane wave imparts en-
ergy to electrons through work done in the laser polariza-
tion direction (W = —|e| [ @- E di). The laser magnetic
field affects the energy gain process indirectly through
rotation of the electron momentum. An applied mag-
netic field similarly rotates the electron momentum, but
only affects the energy gain process if it can significantly
change the direction of the momentum relative to the
non-magntetized case. To illustrate the conditions under
which the applied magnetic field performs significant mo-
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mentum rotation during a single accelerating laser half-
cycle, we write the electron equations of motion in terms
of the angle the momentum makes with the forward (laser
propagation) direction, p, = [p|cos#. With a y-polarized
laser propagating in = and a z-directed applied magnetic
field,

Weo 1 . da
o by wo + 3 [cos & — 3/Bg] ds

= Lyl , 9
ds  po v[1—(8/Bg) cosb] )
where s = wy(t — x/vy) is the laser phase variable with

phase velocity vg, a is the normalized vector potential,
weo = |e|By/mec is the (nonrelativistic) cyclotron fre-

quency, p1 = y/p3 + p2y (p- is constant), By = vy/c,
and 8 = |p|/yme.

In Eq. (9), df/ds ~ 0 minimizes the rate of change of
the angle with respect to the electron slip in laser phase
and thereby corresponds to the condition about which the
majority of the electron acceleration occurs.?>3% With an
applied magnetic field, the angle given by df/ds = 0 is
only significantly different from the non-magnetized case
when the electron already has energy prior to interaction
with the laser pulse. It can be shown that the condition
on the initial electron energy v; required for the magnetic
field to affect acceleration during a single half-cycle is®°

% 2 fr) 5= =0, (10)

where f is given by f = exp (—2agf). o varies weakly
with ag. For ag = 1, 79 = 0.3y/wo/weo-

When the initial electron energy exceeds 7y, mag-
netically assisted DLA delivers a strong energy kick at
the near-constant angle 6, given by df/ds = 0, with
cyclotron-like electron orbits away from this condition
le.g., the calculated electron trajectory in Fig. 4(a)].
Eventually, cyclotron rotation returns the electron to 6,
facilitating another (positive or negative) energy kick.

The energy kick an electron receives depends sensi-
tively on the starting energy and phase of the electron,
with a maximum value of?’

Ay~ 23232 [20 (11)
Weo

For a single kick, the energy before and after the kick are
correlated [Fig. 4(b), from the solution to the equations
of motion for a single electron in a plane wave|. However,
this correlation disappears during subsequent kicks due
to the sensitivity of the acceleration to the starting phase.
When the laser pulse is long enough to deliver multiple
kicks, the electron energy [e.g., black line in Fig. 4(b)] and
its distribution [collected from varying the initial phase,
black markers in Fig. 4(c)| become effectively indepen-
dent of the starting energy ;. The condition on the laser
pulse duration (7) for the electron to undergo more than
one kick is 7 2 71, where 7y, is the maximum cyclotron
period associated with a single kick 71, = A7, where

(a) Preheated plasma
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FIG. 4: Half-cycle magnetically assisted direct laser
acceleration in a preheated plasma. (a) Example of
many-kick electron acceleration process. (b)
Phase-averaged electron energy from plane wave
calculation versus initial electron energy ~;. Shaded
regions: 90% quantiles for the second and third kicks.
(¢) Electron energy spectrum from simulations with
varying laser pulse duration and plane wave calculation
(sampling 2 < 4 < 5 and initial phase). ap = 1 and
By = 500 T; other parameters are given in
Appendix A 4.

Teo = 27/weo is the nonrelativistic cyclotron period, as-
suming the initial electron energy satisfies 79 < v < Av.

In the multi-kick regime, the characteristic energy of
electrons following the interaction depends on the pulse
duration. When the pulse duration is of the order of
71, (e.g., picoseconds for 100 Tesla-level magnetic fields
and ap ~ 1), a portion of electrons obtain sufficiently
high energy during each kick that their cyclotron period
exceeds the pulse duration, i.e., y7co > 7. These elec-
trons, which represent a substantial fraction of the total
population [including, e.g., the electrons lying above the
shaded 90% quantiles in Fig. 4(b)], are thereby prevented
from undergoing further energy gain or loss. The re-
maining lower-energy electrons have a shorter cyclotron
period, allowing them to experience subsequent kicks, af-
ter which an additional portion will reach and retain high
energy, further depleting the cold part of the population.
Heuristically, this process results in a characteristic elec-
tron energy of the order of 4 ~ 7/7¢o, which is in good
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FIG. 5: Average electron energy from PIC simulations
of magnetically assisted direct laser acceleration with
varying initial fraction of electrons above vy (fhot). The
plasma size is 2¢7, where 7 is the FWHM pulse
duration.

agreement with the electron energy obtained from the
plane-wave calculation.

Using the aforementioned properties of the accelera-
tion process, it is possible to predict the average elec-
tron energy obtained from a laser pulse interacting with
an underdense preheated plasma. For comparison with
the vacuum theory, we conducted 1D PIC simulations
of a Gaussian laser pulse interacting with a fully ion-
ized hydrogen plasma with density 10~%n. with an ini-
tial waterbag energy distribution for the electrons (con-
stant dN/d~ below the cutoff). In addition to varying the
laser pulse duration, intensity, and applied magnetic-field
strength, the cutoff for the waterbag distribution was
varied to control the fraction of electrons (fyot) initially
above 9. The electron energy distribution from PIC sim-
ulations is in good agreement with the phase-averaged
vacuum plane wave calculation |[Fig. 4(c)|. Additional
simulation parameters are given in Appendix A 4.

The average electron energy retained in the plasma
from each PIC simulation is shown in Fig. 5. Assuming
the electrons that are left cold contribute negligibly to the
average energy, the average energy is fairly well predicted
by

(1) = 0.6 fuot— (12)
Tc0
where the value 0.6 was obtained from a fit to the simula-
tion data. The accuracy of the fit is somewhat degraded
at high values of fiot due to the energization of protons
in the plasma at the end of the simulation. This effect is
especially pronounced for 47y, case.
From Eq. (12), the overall efficiency of the energy gain
process relative to the driving laser energy is

asm L
_ Eplasma ~ 16fh;)tE , (13)
Elaser agp Me CTeo
where L is the length of the magnetized plasma. As-

suming fhot is not very sensitive to the weak variation
of 7 with ag, the highest heating efficiency is therefore

expected for small (relativistic) ag, large By, and long
plasmas.

Experimental magnetic-field generation platforms are
currently capable of producing fields hundreds of Tesla
strong over 100-pym to millimeter-scale distances, which
corresponds to L/(c7ep) ~ 10 to 100. Provided the ma-
jority of electrons are sufficiently preheated, Eq. (13)
indicates the conversion efficiency can potentially reach
percent-level for an electron density of the order of 1072
to 1073n, and ag = 1. Such a source of bulk-relativistic,
optically diagnosable plasma is highly desirable for labo-
ratory astrophysics, laser-plasma physics, and fundamen-
tal studies of relativistic effects in plasmas.

V. SUMMARY AND DISCUSSION

In summary, we have presented simple models for
evaluating the feasibility of observing the effects of ap-
plied magnetic fields in three different laser-plasma con-
texts. In laser—solid interaction, target-transverse ap-
plied magnetic fields trigger surface magnetic-field gen-
eration, influencing later plasma dynamics.?! In laser-
driven implosions,?? the stability of the surface magnetic
field was observed to correlate to the final sign of the
amplified field.?® The planar target model introduced in
Sec. II facilitates evaluating the stability of the surface
magnetic field and the sign reversal phenomenon of the
amplified field in implosions, with significantly reduced
computation cost. This model enabled observing the
changes in electron heating that drive the surface mag-
netic field unstable, and predicted the sign of the mag-
netic field amplified in implosions. The planar model may
also facilitate the design of future experiments to observe
the sign reversal phenomenon.

In sheath-based ion acceleration, target-normal ap-
plied magnetic fields improve the accelerated ion energy
and number, and produce ion focusing about the mag-
netic field lines.”1%:38 The focusing phenomenon, in par-
ticular, is highly desirable to combat the typical out-
ward divergence that otherwise reduces ion fluence far
from the target surface. However, the applied magnetic
field must remain sufficiently strong over the ion focal
length in order to observe this effect. Section III pre-
sented simple scaling estimates for the ion focal length,
and the time and distance scales for magnetization of the
electron sheath, which initiates the change in ion diver-
gence. These estimates indicate that current experimen-
tal magnetic-field generation capabilities should be suit-
able for observing the ion focusing effect, which occurs
over a distance comparable to the produced magnetic
field.

Finally, applied magnetic fields facilitate volume-
teric heating in underdense plasma via direct laser
acceleration.?”?® The strongest acceleration is observed
when the magnetic field affects acceleration in a single
half-cycle.??39 Although accessing this regime requires
electrons to be preheated prior to the laser pulse,® its
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ability to produce plasma in which the majority of elec-
trons are relativistic regardless of reference frame makes
it highly attractive as a plasma heating mechanism. Sec-
tion IV introduced an estimate for the average electron
energy that can be produced from an initial preheated
plasma, which increases with increasing pulse duration.
Electron heating was found to be most efficient at low
(but still relativistic) laser intensity, and could poten-
tially reach a few percent of the incident laser energy.
Together, these results highlight the promise of ap-
plied magnetic fields in relativistic laser—plasma inter-
actions. Current magnetic-field capabilities can already
enable novel and highly desirable phenomena relevant to
laser-plasma applications. The continual development of
magnetic-field-generation techniques supports these ef-
forts by opening new parameter regimes to exploration.

VI. DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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Appendix A: Simulation parameters

Simulations were conducted with the open-source
particle-in-cell code EPOCH. All simulations employed
high-order cubic B-spline particle shape, which mitigates
numerical heating” and delivers robust energy conserva-
tion.

1. Planar surface magnetic-field simulations

Planar simulations of surface magnetic-field generation
were conducted in 2D using periodic boundary conditions
and one or two 0.8-pum plane wave laser pulses with 50-fs
duration (full width of sin® profile in |E|) and a nomi-
nal intensity of 102t W/ em?®. In the two-pulse case, the
phase fronts were tilted at +45°. The simulation do-
main was 18 pm in the transverse direction, which was
varied without any qualitative changes in the magnetic-
field profile. The simulation domain was resolved by 50
cells per laser wavelength in each direction. The nom-
inal applied magnetic-field strength was 3 kT, oriented
in the same direction as the laser magnetic field (out of
the simulation plane). The plasma was fully ionized CH
with a nominal electron density of 50 n. and thickness
3 pm, with 200 macroparticles per cell for electrons and
100 for each ion species. The magnetic-field snapshots
shown were averaged over 5 fs.

2. Implosion simulations

Simulations of laser-driven implosions were conducted
with four driving plane wave laser pulses incident on a mi-
crotube target (inner radius 3 pm) with either a square or
circular outer cross section. The plasma, magnetic field,
and initial laser parameters were matched to the planar
target case, although higher spatial resolution (100 cells
per laser wavelength) was used to resolve the imploded
plasma near r = 0.

3. lon-acceleration simulations

Ton-acceleration simulations were conducted in 2D and
3D with a laser pulse with peak intensity 2x10'? W /cm?,
150-fs (FWHM intensity) pulse duration, and 1.06-pum
wavelength. The spot size was 3 pm in the cases with
a 2-kT applied field and scaled with 2 kT/Bj for the
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other cases. The magnetic field was applied in the target
normal (laser propagation) direction. The target was 5-
pm-thick fully ionized CH with a 1.5-pum pre-plasma scale
length [ne o¢ exp(—z/Lye)| with peak electron density
70 n.. The resolution was 30 x 30 and 30 x 20 x 20
cells per laser wavelength in 2D and 3D, respectively.
Electrons (ions) were represented by 50 (25) and 10 (5)
macroparticles per cell in 2D and 3D, respectively, with
150 and 20 ion macroparticles per cell within 0.5 ym of
the rear target surface. The laser was polarized in the
simulation plane in 2D.

4. Direct laser acceleration simulations

Direct laser acceleration simulations were conducted in
1D with a nominally 500 T magnetic field applied in the
same direction as the laser magnetic field. The laser pulse
was temporally Gaussian with a nominal pulse duration
(FWHM in |E|) of 7 = 27, (1.87 ps for 500 T), where
T, = AyTeo |70 is the nonrelativistic cyclotron period,
and A is given by Eq. (11)], nominal peak amplitude
ap = 1, and 1-pm wavelength. The domain was spatially
resolved by 40 cells per laser wavelength. The plasma was
fully ionized hydrogen with density 1073 n. and thickness
L = 2c¢7 (nominally 178 pm), with 100 (50) macroparti-
cles per cell for electrons (protons). The initial electron
distribution was initialized as a waterbag with constant
dN/dy up to a cutoff value Yimax, where ymax was cho-
sen to achieve the desired fraction of electrons above the
preheating threshold vy [Eqg. (10), nominally 1.4]. The
waterbag distribution was chosen to minimize the un-
certainty in fiot associated with the approximate nature
of the prediction for the preheating threshold given in
Eq. (10).
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