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Underdense relativistically thermal plasma produced by magnetically
assisted direct laser acceleration
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We introduce the first approach to volumetrically generate relativistically thermal plasma at gas-jet-accessible
density. Using fully kinetic simulations and theory, we demonstrate that two stages of direct laser acceleration
driven by two laser pulses in an applied magnetic field can heat a significant plasma volume to multi-MeV
average energy. The highest-momentum feature is 2D-isotropic, persists after the interaction, and includes
the majority of electrons, enabling experimental access to bulk-relativistic, high-energy-density plasma in an

optically diagnosable regime for the first time.
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The discovery of special relativity in 1905 transformed
the fields of electromagnetism and charged particle kinetics
that, some twenty years later, would coalesce into the field of
plasma physics. Plasmas in which the majority of electrons
are relativistic regardless of reference frame are found, for
example, in astrophysics, where predictions have continually
emphasized the importance of special relativity. However, the
terrestrial study of relativistic effects has been constrained by
the inaccessibility of large-volume, bulk-relativistic plasma
that remains hot without concurrent laser drive. The labora-
tory generation of persistent, relativistically thermal plasma
under optically diagnosable conditions is predicted to enable
new regimes in plasma physics associated with substantial
modification of the plasma response to electromagnetic ra-
diation relative to the nonrelativistic or nonthermal cases,
and is of significant interest in basic plasma physics [1],
laboratory astrophysics [2,3], and laser-plasma physics [4-7].
In addition, laser interaction with already-relativistic plasma
offers laboratory analogs for astrophysical phenomena includ-
ing particle acceleration [8—10], maser emission [11], and
proposed mechanisms for fast radio bursts [12].

The laboratory production of relativistically thermal
plasma suitable for applications is complicated by the need to
heat a large plasma volume while preventing charge separa-
tion return current from spoiling the bulk-relativistic electron
distribution. Laser pulses with relativistic intensity (I > 10'8
W /cm? for Ao = 1 wm wavelength) are capable of imparting
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relativistic energy to electrons, however, in configurations
involving opaque plasma (n, > n., where n. &~ 10?! cm™3 is
the critical density for Ao = 1 um) [13—15] and near-critical
density plasma [16], heating is limited to small spatial regions
due to either the target structure or filamentation. These con-
figurations are also subject to significant return current and
are challenging to optically probe. In the underdense regime
(n. < n¢), laser-driven plasma (wakefield) electric fields can
trap and accelerate electrons [17,18], but leave the major-
ity of the population cold. Direct laser acceleration, on the
other hand, volumetrically accelerates electrons to high en-
ergy [19,20], but imparts negligible lasting energy to electrons
due to the reversibility of the acceleration process. This re-
versibility is disrupted, however, by the addition of a uniform
static magnetic field, enabling dramatic plasma heating.

In this Letter, we propose a method to volumetrically
generate relativistically thermal, underdense plasma. Our ap-
proach leverages two regimes of magnetically assisted direct
laser acceleration (DLA). The energy retained following elec-
tron interaction with a short (femtosecond) laser pulse is used
to catalyze subsequent heating by a long (picosecond) laser
pulse, resulting in a 2D-isotropic momentum spectrum with
relativistic average energy over a significant plasma volume.
This result is robust to finite laser spot size in the magnetic-
field direction, is predicted to occur over a wide range of laser
and plasma conditions, and is accessible using current tech-
nology. The heating process observed in 2D particle-in-cell
(PIC) simulations is consistent with analytic modeling, which
predicts that the combined short pulse, long pulse, and applied
magnetic field produce multi-MeV plasma that persists for
picoseconds following the interaction.

Figures 1(a)-1(c) illustrate the two-stage configuration
for generating relativistically thermal plasma. First, a +x-
propagating, y-polarized relativistic short-pulse laser interacts
with electrons in an underdense plasma with an embedded
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FIG. 1. Generation of relativistic underdense plasma via mag-
netically assisted direct laser acceleration. (a) Illustration of laser
and magnetic-field configuration. [(b), (c)] Example of the energy
gain process for a representative electron interacting with (b) the
short pulse, and (c) the long pulse. W, (W,) is the work done by
the transverse (longitudinal) electric field. (d) Average energy of all
electrons in r < 25 um. Black dotted line: the time the peak of the
short pulse leaves the plasma slab. At the final time shown, the long
pulse intensity has dropped to a,/e at the right edge of the slab.
The nominal case corresponds to both laser pulses and B,y = 500 T,
simulated in the x-y plane.

transverse magnetic field ByZ, imparting net energy as elec-
trons slip through the full pulse duration [Fig. 1(b)]. Second, a
longer laser pulse with the same propagation and polarization
direction interacts with these preheated electrons, deliver-
ing half-laser-cycle energy kicks that promote the electron
to higher-energy cyclotron orbits [Fig. 1(c)]. The result of
these two interactions is a large volume of underdense plasma
heated to relativistic energy.

We demonstrate the realization of this hot plasma regime
using 2D particle-in-cell simulations. For illustrative pur-
poses, we construct a nominal case using a gas-jet-relevant
hydrogen plasma (density 1073n, ~ 10'® cm~3) and weakly
focused laser pulses (f# ~ 90). The short (subscript s) and
long (subscript £) laser pulses are weakly to moderately rela-
tivistic with a peak normalized electric-field amplitude (ag =
le|Ey/mcwy, where wy is the laser frequency) of a; = 5 and
a; = 1. The applied magnetic field is modeled as static and

TABLE 1. Nominal 2D simulation parameters. The delay be-
tween pulses corresponds to a long-pulse amplitude a, /e at the peak
of the short pulse. Simulations were conducted with high-order cubic
B-spline particle shape (which produces robust energy conserva-
tion) using the open source particle-in-cell code EPOCH [21]. The
computational domain was 400 umx400 um with open boundary
conditions.

Laser parameters

Laser polarization y
Propagation direction +x
Wavelength A=1pum
Spot size (Gaussian, FWHM in |E|) 100 pm
Short pulse

Duration (Gaussian, FWHM in |E|) 7, = 20 fs
Peak amplitude ag =35
Long pulse

Duration (Gaussian, FWHM in |E|) 7, = 0.8 ps
Peak amplitude a =1
Delay relative to short pulse 0.67,

Other parameters

Applied magnetic field (B = ByZ) By =500T
Plasma length L =100 um
Electron density n. = 1073 n,
Location of plasma surface x=0

Time when peak of short pulse is at x = 0 t=0
Simulation plane x=y

Spatial resolution 30 cells/Ag
Macroparticles per cell, electron/proton 10/5

uniform with By = 500 T, conditions which are relevant to
laser-driven coil devices [22-25]. Other parameters are given
in Table I.

The interaction of the two laser pulses with the target cre-
ates multi-MeV average electron energy over a large volume
(e.g., r < w/2 =25 um, where w is the HWHM laser spot
size), which persists for picoseconds following the interaction
[Fig. 1(d)]. While the plasma can be heated somewhat by
the short laser pulse and magnetic field alone, significant
relativistic heating requires all three elements of the short
laser pulse, long laser pulse, and applied magnetic field [cf.,
cases in Fig. 1(d)]. The corresponding momentum spectrum is
2D-isotropic [in p, and p,, Fig. 2(a)], with a non-Maxwellian,
flat energy spectrum [Fig. 2(b)]. Magnetic confinement of
hot electrons ensures the density remains close to its starting
value (ne =~ 0.9 +0.3x1073n,), and suppresses return cur-
rent. Unlike conventional laser-based heating methods, the
flat, relativistic feature (y 2 2) includes more than half of the
electron population, i.e., the plasma is relativistically thermal.

These observations are explainable as volumetric heat-
ing by magnetically assisted direct laser acceleration in the
two distinct regimes covered by the short pulse and the
long pulse. While conventional direct laser acceleration in
a plane wave (i.e., with By = 0) is reversible, the addition
of a weak magnetic field transverse to the laser propagation
direction slowly rotates the forward electron momentum into
transverse momentum and introduces multi-cycle and half-
cycle opportunities for irreversible acceleration. During the
interaction of an electron with the short pulse, momentum
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FIG. 2. Characteristic spectra produced by magnetically assisted
direct laser acceleration for (a) momentum in each direction and
(b) y. Spectra correspond to r < 25 um and the final time in
Fig. 1(d).

rotation by the applied magnetic field changes the dephasing
rate R = y — p,/mvy (where vy is the phase velocity) over
many cycles, allowing the electron to retain energy after the
laser has passed [26]. Substantial momentum rotation also
occurs during a single half laser cycle when the interaction
is sufficiently long [27] and can impart higher net energy than
the multi-cycle mechanism. However, entering the necessary
regime for half-cycle magnetically assisted DLA by the long
pulse requires initial heating, e.g., preheating by the short
pulse.

To demonstrate the need for the short pulse to catalyze
heating by the long pulse, we write the electron equations of
motion (see Supplemental Material [28]) in terms of the evo-
Iution of the angle the electron momentum makes with the
forward direction, p, = |p| cos 8, and the electron energy,

dy _ |pyl Bsinf da 0
ds  pi 1—(B/Bs)cosh ds’
A6 |p,| %+ gleosd — /P15 .

ds — pi y[1—(B/By)cosb]
where s = wo(t —x/vy) is the laser phase variable, a
is the normalized vector potential, w.y = |e|By/m is the
(nonrelativistic) cyclotron frequency, p, = ./ pg + pﬁo (p; is
constant), B4 = vs/c, and B = |p|/ymec.

Without the applied magnetic field, there is an angle 6,
given by cos 6, = B/, which results in d6 /ds = 0 and max-
imizes the rate of energy gain or loss [Eq. (1)]. The addition
of an applied magnetic field modifies the angle for which
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FIG. 3. Threshold for energy gain based on model calculations.
(a) Calculated maximum y with a, = 1. Red curve: y; = yy, where
y, is the energy retained following interaction with the short pulse,
and yy is given by Eq. (4). (b) Black: calculated value of y, for the
optimum short pulse duration (y;, is independent of wo/wy). Red: fit
vs & 14 0.11a%. (c) Ay for a single energy kick [Eq. (5)]. In (a),
the short-pulse duration was scaled with (we /@)~ to maintain the
optimal 7, and the long-pulse duration was scaled with (w.o/wg) >/
to keep t,/7, constant, where 7; is the (relativistic) cyclotron period
associated with Ay.

d6/ds = 0to [27]

A _B Do [ 2
0 \/2(1 ﬁ>+2ﬂa@w0_‘/9*+9’"’ 3)

4

in the small angle limit, with da/ds ~a, and 6, =
V2Bwep/agwy. When 6, 2 6,, Egs. (1) and (2) predict
half-cycle acceleration with the constant angle 6,,, in good
agreement with both observed electron trajectories and those
calculated from the solution to the electron equations of mo-
tion in the vacuum plane wave limit [Fig. 1(c)].

However, 6,, = 0, requires electrons be heated prior to
the interaction. The initial yy needed to catalyze half-cycle
acceleration is approximately

ay wo
f‘/Ew_co’ 4

where f is given by f = exp (—2a,f), and accounts for ac-
celeration near 6 = 0 (see Supplemental Material [28]). For
ar =1,y 2 0.3y/wp/weo.

In the two-laser configuration, preheating is provided by
the short pulse through many-cycle magnetically assisted
DLA [26] [illustrated for a single electron in Fig. 1(b)].
Equation 4 introduces a threshold in the short pulse inten-
sity needed to catalyze heating by the long pulse, which is
illustrated in the vacuum plane wave limit (scanning over
the initial laser phase) in Figs. 3(a) and 3(b). The a, used
in simulations is significantly above this threshold, which
makes the heating process robust to wakefield formation.
The predominant effect of wakefield formation is to reduce
the energy retained by electrons following interaction with
the short pulse, via the detrimental effect of the decelerating
plasma electric field on direct laser acceleration [difference
between W, and the theoretical value in Fig. 1(b)]. Overall,
the longitudinal electric field makes no net contribution to the

Yo 2
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energy for the majority of electrons during acceleration by
either the short or long pulses.
The maximum half-cycle energy kick the long pulse can

provide is [27]
Ay ~ 23/2 ai/z /&, (5)
@0

obtained by integrating Eq. (1) over half a laser cycle in the
small angle limit with 6 ~ 6,,, B8 ~ 1, and p,o = 0 [Fig. 3(c)].
The energy imparted by the accelerating halfcycle is at least
partly retained during subsequent laser cycles [the rate of
energy transfer in Eq. (1) decreases with increasing 6]. Cy-
clotron rotation eventually returns the electron to favorable
conditions for energy exchange where it can get another large
kick from the laser, either promoting the electron to a yet-
higher energy orbit [as can be seen in Fig. 1(c)] or resulting in
energy loss. Although electrons typically undergo more than
one half-cycle energy kick in the nominal simulation, the cut-
off energy (where dN/dy drops rapidly) remains comparable
to Ay [Fig. 2(b)].

While 2D simulation demonstrates the feasibility of
producing multi-MeV relativistically thermal plasma under
experimentally relevant conditions, the parameters chosen for
these simulations (to maintain tolerable computational cost)
produce sub-optimal plasma heating. One-dimensional simu-
lation yields a nearly identical hot-electron spectrum as the
2D case [y 2 2 in Fig. 2(b); i.e., the heating mechanism is
fundamentally 1D-like] but overpredicts the average electron
energy by ~2x, due to lower return current in the 1D case (in
2D, return current electrons primarily originate at radii out-
side the central spot). Nevertheless, 1D simulations indicate
that even hotter plasma can be generated by increasing the
plasma size and long-pulse duration, and that heating can be
facilitated by weaker applied magnetic fields.

First, increasing the plasma size increases the average
electron energy by reducing electron interaction with the
plasma-vacuum boundary. The plasma length in 2D simu-
lations L = 100 um is comparable to the Larmor radius of
hot electrons p;, ~ cAy /we, allowing a significant portion
of electrons to encounter the decelerating sheath electric field
during their acceleration, which is detrimental to the half-
cycle energy gain process. Increasing the plasma size results
in saturation of the average electron energy at a few times the
Larmor radius [Fig. 4(a)].

Second, increasing the pulse duration increases the number
of half-cycle energy kicks electrons receive, which increases
the cutoff energy of the flat spectral feature. The long-pulse
duration used in 2D simulations is comparable to the cyclotron
period of hot electrons (7, ~ 7., where 1, ~ 27 p;/c), allow-
ing most electrons to receive one or two significant energy
kicks. As the pulse duration is increased, additional kicks are
allowed, increasing both the cutoff and the average electron
energy [Fig. 4(b)].

Lastly, relativistically thermal plasma can still be pro-
duced at lower, pulsed-power-relevant [29-34] magnetic field
strength. Simulations conducted with a 200-T magnetic field
and scaled pulse durations (w7, and 7, /7, kept constant) ex-
hibit similar saturation behavior with increasing L [Fig. 4(a)]
and similar scaling with pulse duration in the saturated regime
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FIG. 4. Strategies for improving average electron energy in 1D
PIC simulations. (a) Scan over plasma size near L/p; ~ 1 with fixed
duration. (b) Scan over long-pulse duration near t, /7, ~ 1 with fixed
plasma size. p, and 7, are the Larmor radius and cyclotron period
associated with Ay. The starred points are shared between (a) and
(b). The peak of the short pulse is kept coincident with a,/e on the
rising edge of the long pulse. t; = 50 fs for the 200-T cases.

[Fig. 4(b)] as the 500-T case. In agreement with Eq. (5), the
magnetically assisted DLA spectral feature extends to higher
energy in the 200-T case. However, the average electron
energy is somewhat lower due to fewer electrons meeting
the preacceleration requirement for the same a,, as a re-
sult of higher yy and stronger wakefield generation (due to
longer pulse duration and elimination of the weak ~10%
wake damping from the small Larmor radius in the 500 T
case.)

The two-pulse magnetically assisted DLA process is robust
to additional experimental considerations, including increas-
ing the plasma density by an order of magnitude [2D 1072 n,
case in Fig. 2(b)], decreasing the laser spot size by a factor of
two, and finite spot size in the magnetic field (z) direction. 2D
simulation in the x-z plane (which introduces electron motion
along magnetic field lines) features the same acceleration
process as the nominal case and also produces a 2D-isotropic
momentum spectrum [Fig. 2(a)], albeit with somewhat re-
duced average energy [e.g., Fig. 1(d)]. The finite spot size
in the magnetic-field direction additionally sets a picosecond
time scale for dissipation of the hot plasma (based on 100-
pm-scale spot size and the observed (p.)/(y)mc =~ 0.16).

Both stages of magnetically assisted direct laser acceler-
ation are also robust to departure from the idealized initial
conditions of zero initial electron temperature and plasma
and magnetic field uniformity. In simulations replicating
the 1D, 500 T starred configuration in Fig. (4), the final
electron spectrum and average energy remained unchanged
with nonrelativistic initial electron temperature, even be-
yond what might realistically be expected (e.g., 10 keV).
Adding a 50 um linear density ramp to either side of the
plasma slab also had negligible effect. Spatial variation in the
magnetic field changes the optimum conditions for acceler-
ation, but significant variation within the slab is required to
substantially change the plasma heating (the average electron
energy remains within 15% of the uniform case when the
field is varied by ~25%, using a frozen in sin> magnetic field
profile).

As a final note, the two-pulse scheme is advantageous
relative to plasma heating by the short pulse alone. Ay is
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higher than the energy retained following interaction with the
short pulse (y;), even if the combined pulse energy is given
entirely to the short pulse [i.e., a; = 8, compare Figs. 3(b)
and 3(c)]. In both 1D and 2D simulations, both the cutoff
and average electron energy are substantially higher with the
two-pulse scheme (cf., average energy of 1.9 MeV versus 1.1
MeV for the nominal 2D case), and the characteristic flat
energy feature [shown in Fig. 2(b)] is only observed when
both pulses are present. In addition, the two-stage process and
the relativistically thermal plasma it produces is ideal to in-
vestigate astrophysical processes such as maser radiation [11]
and the cosmic ray injection problem [35].

Our 1D and 2D simulations demonstrate that generation
of underdense, relativisitically thermal plasma can be realized
with state-of-the-art or near-term laser [36—-39] and magnetic-
field-generation capabilities [25,31]. Magnetic fields from
200 T to 500 T enable multi-MeV average electron en-
ergy under gas-jet relevant conditions, using kilojoule-class
multipicosecond pulses and 10 Joule to kilojoule-class fem-
tosecond pulses, with an acceleration process that reproduces
important features of cosmic ray acceleration. Plasma heat-
ing by magnetically assisted direct laser acceleration is
thereby anticipated to offer the first practical access to the
relativistically thermal plasma regime, introduce a new labo-
ratory analog for studying astrophysical particle acceleration,
and enable experimental verification of longstanding, foun-
dational predictions in basic plasma physics, laser-plasma
physics, and laboratory astrophysics.
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