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Particle acceleration induced by magnetic reconnection is thought to be a promising candidate for
producing the nonthermal emissions associated with explosive phenomena such as solar flares,
pulsar wind nebulae, and jets from active galactic nuclei. Laboratory experiments can play an
important role in the study of the detailed microphysics of magnetic reconnection and the dominant
particle acceleration mechanisms. We have used two- and three-dimensional particle-in-cell simu-
lations to study particle acceleration in high Lundquist number reconnection regimes associated
with laser-driven plasma experiments. For current experimental conditions, we show that nonther-
mal electrons can be accelerated to energies more than an order of magnitude larger than the initial
thermal energy. The nonthermal electrons gain their energy mainly from the reconnection electric
field near the X points, and particle injection into the reconnection layer and escape from the finite
system establish a distribution of energies that resembles a power-law spectrum. Energetic elec-
trons can also become trapped inside the plasmoids that form in the current layer and gain addi-
tional energy from the electric field arising from the motion of the plasmoid. We compare
simulations for finite and infinite periodic systems to demonstrate the importance of particle escape
on the shape of the spectrum. Based on our findings, we provide an analytical estimate of the maxi-
mum electron energy and threshold condition for observing suprathermal electron acceleration in
terms of experimentally tunable parameters. We also discuss experimental signatures, including the
angular distribution of the accelerated particles, and construct synthetic detector spectra. These
results open the way for novel experimental studies of particle acceleration induced by reconnec-
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I. INTRODUCTION

Magnetic reconnection is a fundamental plasma process
that converts magnetic field energy into plasma energy
through the breaking and rearrangement of magnetic field
lines." The energy released as the magnetic field changes
topology drives plasma flows, heats the plasma, and acceler-
ates energetic particles. Reconnection is important in the
dynamics of magnetized plasmas in space physics, astro-
physics, and laboratory nuclear fusion devices.”™ Tt is
believed to play a key role in frontier problems in physics,
including the origin of cosmic rays, and is also relevant for
applications such as space weather and nuclear fusion
energy. Observations of explosive events in astrophysics and
space physics, such as solar flares, pulsar wind nebulae,
gamma-ray bursts, and jets from active galactic nuclei, often
indicate rapid energy dissipation and efficient particle accel-
eration, and these systems are likely composed of magne-
tized plasma. Reconnection is a promising candidate to
explain the fast and efficient dissipation of magnetic energy
and the production of the nonthermal particle distributions
inferred to be present in these systems.’

Recently, several groups have used numerical simulations
to investigate the particle acceleration properties of
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reconnection over the large range of conditions spanned by
systems where reconnection is expected to play an important
role.°'> The environment in many magnetized astrophysical
outflows of interest is expected to be in the relativistic regime,
where the magnetization parameter o = B%/4nnm;c* is
greater than one, meaning that the magnetic energy per parti-
cle exceeds the rest mass energy. Studies in this regime have
clearly shown that relativistic reconnection is an efficient
mechanism for converting magnetic energy into relativistic
nonthermal particles. These energetic particles contain the
majority of the total energy released, and the energy spectra
show power-laws with hard slopes that can approach 1 for
large 6.7 In the non-relativistic regime, reconnection has
been shown to energize nonthermal populations of particles,
but it is not clear whether the resulting energy spectra form
power-laws.*1?

These studies have identified many distinct acceleration
mechanisms. The points where the reconnecting magnetic
field vanishes are known as X points, and here the particles
are unmagnetized and can be freely accelerated by the elec-
tric field associated with reconnection. Magnetic island
structures known as plasmoids form as a result of the current
sheet tearing instability,'* and these can have important con-
sequences for the particle acceleration. Particles can be
accelerated by a first-order Fermi process as they bounce

Published by AIP Publishing.
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between the ends of a contracting plasmoid,'' and they can
also be accelerated in secondary reconnection layers that
form as two plasmoids merge together.® The relative impor-
tance of these processes and which are responsible for form-
ing the power-law is not fully understood. It is also
important to note that the majority of the studies of particle
acceleration and reconnection use the kinetic Harris equilib-
rium as initial conditions and employ fully periodic bound-
ary conditions. These very idealized initial conditions
include a preformed current sheet, and recent simulations
without preformed current sheets have shown important dif-
ferences such as significantly softer spectral indices.'® It thus
remains an active area of research to determine the efficiency
of reconnection in accelerating nonthermal particles and how
this depends on the plasma conditions. The ability to study
this process in a finite sized laboratory system with relevant
plasma conditions would be very valuable for advancing our
understanding of reconnection and determining whether it
can account for observational data.

High energy laser facilities, such as the OMEGA laser at
the University of Rochester and the National Ignition Facility
at Lawrence Livermore National Laboratory, can focus kJ to
MJ energies onto sub-millimeter spot sizes over nanosecond
time scales and create high-energy-density (HED) plasma
states in the laboratory. These lasers can ablate plasmas with
keV temperatures when focused onto solid targets. While
the spatial and temporal scales of laboratory plasmas are
extremely different from those in astrophysical systems, the
plasma conditions produced can reach a regime where Ohmic
dissipation is negligible and the governing equations are invari-
ant under scaling transformations.'>'® This allows the design
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of laboratory experiments whose results can be used for the
interpretation of astrophysical phenomena, which has given
rise to the field of HED laboratory astrophysics.'” Over the
past ten years several experiments have been performed using
laser-driven HED plasmas to study magnetic reconnection in
the laboratory."®2° For a review of laboratory reconnection
experiments see Ref. 27. By focusing kilojoule per nanosecond
lasers onto solid targets, expanding plasma bubbles are pro-
duced that self-generate megagauss scale toroidal magnetic
fields due to misaligned density and temperature gradients (the
Biermann battery YV x VT mechanism>*>%). The expansion
of two nearby plasma bubbles can then drive reconnection
between these self generated magnetic fields, or alternatively
an externally imposed magnetic field can be used?* (Fig. 1(a)).
Diagnostics such as proton radiography and Thompson scatter-
ing allow the detailed measurement of the magnetic field and
plasma conditions during the experiments. Several prominent
features of reconnection have been observed in these experi-
ments, including changes in magnetic field topology,'® plasma
heating,** and the formation of plasma jets.'® Reconnection in
laser-driven plasmas takes place in a strongly driven regime,
where the inflow speeds are larger than both the Alfvén and
sound speeds. The high Lundquist number and large system
size relative to the ion inertial length allows a comparison with
astrophysical systems via the previously mentioned scaling
laws. However, it has remained unclear whether nonthermal
particle acceleration could be studied in these systems, and this
is one of the most important signatures of reconnection for
connecting to systems in astrophysics.

In this manuscript, we investigate the particle accelera-
tion properties of magnetic reconnection in laser-driven
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FIG. 1. (a) Experimental geometry of magnetic reconnection in laser-driven plasmas. (b) Out-of-plane current j., with overlaid magnetic field lines. (c) Out-of-
plane magnetic field B,, showing the quadrupolar signature of Hall-mediated reconnection. (d) Out-of-plane electric field E,, showing the motional electric

field in the body of the bubble and the reconnection electric field at the X points.



041408-3 Totorica, Abel, and Fiuza

plasmas by means of ab initio particle-in-cell (PIC) simula-
tions. Using the fully relativistic, state-of-the-art PIC code
OSIRIS®*'* we perform two-dimensional (2D) and three-
dimensional (3D) simulations in the conditions and geome-
tries of laser-driven reconnection experiments. We find that
in the conditions of current experiments, nonthermal elec-
trons can be accelerated to energies more than an order of
magnitude larger than the initial thermal energy. The elec-
trons are energized primarily by direct acceleration from the
reconnection electric field at the X points, and the random-
ness associated with particle injection and escape from the
finite-sized system gives rise to a nonthermal component
with a power-law shape. Simulations for the same plasma
conditions but with an infinite periodic system transverse to
the direction of the flows show a shallower nonthermal com-
ponent that extends to higher energies, demonstrating the
impact of particle escape on the shape of the spectrum.
Electrons can also become trapped in plasmoids and gain
further energy at a slower rate due to the drifting motion of
the plasmoid. Based on these results we derive an analytical
estimate for the maximum electron energy and a threshold
condition for suprathermal energization in terms of experi-
mentally tunable parameters. We investigate the experimen-
tal signatures by considering the angular distribution of the
energetic electron velocities and construct synthetic spectra
for detectors placed at various orientations with respect to
the system, which show that energetic electrons are emitted
in the direction of the reconnection outflows and anti-
parallel to the reconnection electric field. This manuscript
presents a more detailed analysis of recently published
results on particle acceleration in laser-driven reconnec-
tion,” and expands on this original study by presenting new
results on the influence of particle escape and a consideration
of experimental signatures.

The outline of this manuscript is as follows. The details
of the numerical system and the initial conditions of the sim-
ulations are given in Section II. In Section III, we analyze
the 2D simulations in detail and investigate the electron
energy spectrum and acceleration mechanisms, discussing
the roles of the X points as well as Fermi and betatron accel-
eration. We then consider 3D effects, particle escape from
the finite system, and the impact of numerical parameters.
We consider the experimental detection in Section IV and in
Section V we summarize our conclusions.

Il. DESCRIPTION OF SIMULATIONS

To model laser-driven reconnection experiments we use
the particle-in-cell (PIC) method, where the plasma is repre-
sented by a finite number of discrete simulation particles in
position and velocity space.®® A discrete current density is
calculated by weighting the particle positions and velocities
onto a grid that covers the spatial domain. This current den-
sity is then used in Maxwell’s equations to solve for the elec-
tric and magnetic fields, also defined on discrete grids that
cover the spatial domain. The electric and magnetic fields
are then weighted to each particle’s position to calculate the
Lorentz force used to update that particle’s velocity and posi-
tion, and the simulation proceeds in this way in a series of
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time steps. In the PIC method short-range Coulomb forces
are greatly reduced by the use of finite-size particles, which
is ideal for the modeling of collisionless plasmas. Coulomb
collisions can be taken into account in PIC simulations
through the use of a binary Monte Carlo collision opera-
tor.>”*® For this initial study we restrict the simulations to
the collisionless case; the influence of collisionality on the
particle acceleration will be the subject of future work. This
is partially justified by the fact that many of the HED laser-
plasma experiments of interest to our study, where keV tem-
peratures and 1000km/s flow velocities are reached, have
particle mean free paths that are comparable or larger than
the system size. PIC simulations have played an important
role in guiding and interpreting the results of previous
experiments, and the goal of our study was to use this
method to investigate whether these experiments could be
used to study nonthermal particle energization resulting from
reconnection.

The initial conditions of the simulations correspond to a
time partway through the experiment, when the two magne-
tized plasma bubbles are expanding and about to interact.
These initial conditions do not model the initial generation
of the plasma or magnetic field but do capture many features
of the system likely to influence the particle acceleration,
including the finite size which allows particles to escape the
system and the driven inflows. These generic initial condi-
tions can be connected to a number of experimental geome-
tries,> including both self-generated and externally imposed
magnetic fields, and are consistent with previous PIC studies
of laser-driven reconnection.**~*?

The centers of the plasma bubbles are given by the vectors
R = (0,R,0) and R® = (0,—R,0). The corresponding
radial vectors from the bubble centers are r() =r — R(i),
where R is the radius of each bubble when they begin to inter-
act. The initial density profile is given by ny, + n(\) + n®

where n()(r@) = (ng — ny) cosz(%) if 7 <Ry, O other-
wise. Here, n, = 0.01ny is the density of the background
plasma, and Ry, is the bubble radius at the beginning of the sim-
ulation, which we typically take to be 0.9 — 1.0R. An initial
velocity profile is given to each bubble to initiate the expan-
sion, which is given by VU +V® where V()
=V sin(%:))r(” if 7 < Ry, 0 otherwise. The initial magnetic
field corresponds to the sum of two oppositely aligned ribbons,
BY + B2, where BY(r0) = Bof (07 sin(ZE 3" i
Ry — 2L < 1) < Ry, 0 otherwise. Here Lp = R /4 is the ini-
tial half-width of the magnetic field ribbon, and 0) and ¢'*) are
the polar and azimuthal angles, respectively, of spherical coor-
dinate systems originating at the bubble centers. The 2D simu-
lations model the plane parallel to the magnetic field and
containing the centers of the bubbles; in this case, 09 = g /2
and £(0") = 1. For the 3D simulations, f(0") is zero near the
z-axis, rises from O to 1 from 0l — 7/16 to ol — 2n/16, and
similarly from 0% = 157/16 to 0 = 147/16. The rise is
given by the polynomial 10x* — 15x* + 6x> which approxi-
mates a Gaussian shape. This configuration is divergence free
and consists of magnetic field loops that are parallel to the x-y
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plane. For the case of reconnection between self-generated
magnetic fields, these initial conditions are idealized and
neglect small-scale field structures that can arise. In particular,
recent work has suggested the possibility of coupling with elec-
tron scale kinetic instabilities.***> We note that for typical
laser-ablated plasma conditions (e.g., at OMEGA or OMEGA
EP19’24_26’40’41), where near the foils we have T, ~ 100 eV and
n, ~ 10! — 10?2 cm, the electron collisional mean free path
is ~0.03 — 0.3um, which is of the order of or smaller than the
electron skin depth. It is thus not clear whether electron scale
instabilities can develop for such conditions. However, this
deserves more detailed investigation that is beyond the scope
of the current work. The electric field is initialized as
E = —V x B/c, consistent with the initial motion of the mag-
netized plasma, where V =V, = V; at r=0. An initial out-of-
plane current J, is included that is consistent with V x B
= 4T>7TJ and distributed to the electrons and ions by the inverse
of their mass ratio. The majority of the simulations use a box of
size 8R x 2R evolved to 7/t; = 0.5 for 2D, and a box of size
4R x 2R x 4R evolved to t/t; = 0.25 for 3D. Here t, = R/V)
is the relevant timescale for the interaction and the experimen-
tal measurements. The boundaries along the outflow directions,
x (and z for 3D), are thermal re-emitting for the background
plasma particles, absorbing for the plasma bubble particles, and
an absorbing layer*® for the electromagnetic fields. The anti-
symmetry of the system allows the use of periodic boundaries
along the inflow (y) direction. We also perform simulations
with larger domains and without periodic boundaries along the
inflow direction (i.e., modeling the entire bubbles) which con-
firm that the boundaries are not significantly affecting the
results. The open boundaries for the plasma bubble particles
and the electromagnetic fields prevent energetic particles and
radiation from the reconnection outflows from artificially recir-
culating in the system. Many of the previous reconnection sim-
ulation studies use periodic boundaries in the direction of the
reconnection outflows and thus may suffer unphysical effects
from recirculating particles and radiation. If particle accelera-
tion could be studied in the finite-sized systems of laser-driven
plasmas it would yield critical insight for understanding the
role of boundary conditions and particle escape in models of
reconnection.

To enable a study of the particle acceleration process
without the effects of particle escape from the finite sized
system, in Sec. [l G we also use an idealized 2D configura-
tion where the plasma flows are infinite and periodic trans-
verse to the flow. This corresponds to the same initial
conditions as described above, but with the radial vectors
changed to r) =(0,y—R,0) and r® = (0, y+R,0).
These simulations use a spatial domain of size 2L, x 2L, ~
53¢/ wpi % 53¢/ wp; and fully periodic boundary conditions.
We further simplify this system in Sec. IIIE by assuming
uniformity along the x-direction, which suppresses reconnec-
tion and allows us to isolate the process of betatron
acceleration.

To model the plasma conditions relevant for recent laser-
driven reconnection experiments (e.g., those generated with
the OMEGA EP laser’*) we directly match many of the
plasma parameters to their laboratory values. See Table I for
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TABLE 1. Values of the dimensionless plasma parameters estimated from
recent experimental measurements*' and for the simulations studied in this
manuscript. Here S = LV, /1 is the Lundquist number. * While PIC simula-
tions nominally model collisionless systems, in reality a finite numerical col-
lisionality arises from the discrete nature of the simulation particles.

Parameter Experimental Simulation
Mg 0.65-2 2-8
My 1.3-20 4-64

B 8-150 8-128
R/(c/wpi) 10-80 20-26.5
S 80-200 oo*

values of the dimensionless plasma parameters estimated
from recent experimental measurements*' and for the simula-
tions studied below. We model a range of Alfvénic and sonic
Mach numbers within the experimentally accessible range,
MA = V()/VA = 4 — 64 and MS = V()/CS = 2 — 8, Where VA
= Bo/\/4mnom; is the Alfvén speed and Cs = \/ZT,/m; is
the sound speed. We also match the high experimental plasma
beta, which characterizes the dynamical importance of the

magnetic field, f, = B"%”/Tgfn = 2(%—?)2 = 8 — 128. The bubble
radii at the time of interaction are chosen to be R/(c/wp;) ~
26.5 for the 2D simulations and R/(c/w,;) ~ 20 — 26.5 for
the 3D simulations, which are within the experimentally
accessible range*' of R/(c/w,;) = 10 — 100. The initial tem-
peratures T, and T; are taken to be equal and uniform through-
out the plasma. Due to computational expense, the parameters
Cs/c and m;/m,Z (where c is the speed of light, m; and m, the
ion and electron masses, and Z the ion charge) are not directly
matched to experimental values. Instead, in the majority of
the simulations we use Vy/c = 0.1 and m;/m,Z = 128, with
Cs chosen to correctly match M. Using artificial values for
these parameters is a commonly used approximation that
effectively reduces the speed of light and increases the elec-
tron mass, but can still allow for an adequate separation of the
relevant temporal and spatial scales to accurately model the
physical processes. In Sec. IIl G we show how we have varied
these parameters in the range of Vy/c =0.025 —0.1 and
m;/m,Z = 32 — 512 to verify that the main results of this
study are relatively insensitive to their exact values. The field
quantities are represented on a spatial grid with a resolution of
Ax = 0.5¢/wpe >~ 0.04c/w,; and cubic interpolation is used
to weight between the particle and field quantities. The 2D
simulations use a timestep of At = 0.35 w;el and 64 particles

per cell per species, whereas the 3D simulations use a time-
step of Ar = 0.285 a);el and 8 particles per cell per species.

lll. SIMULATION RESULTS
A. General features

To illustrate the main results, we use as a representative
case of the 2D simulation with Mg=2 and M, =4 and ana-
lyze it in detail. The overall evolution of the system is con-
sistent with previous PIC studies using similar initial
conditions.**™ As the plasma flows carry the magnetic flux
into the interaction region at super-Alfvénic speeds, the
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plasma is compressed by the ram pressure and the amplitude
of the magnetic field increases by a factor of ~1.65. A cur-
rent sheet forms (Fig. 1(b)) with a width on the order of the
ion skin depth, ¢/wp;, which is the scale at which electrons
and ions decouple. This decoupling enables fast reconnection
mediated by the Hall effect,*” and the quadrupolar out-
of-plane magnetic field signature of Hall reconnection is
clearly visible in the fields (Fig. 1(c)). The current sheet is
then unstable to the tearing instability and a single plasmoid
is formed that slowly drifts in the direction of the reconnec-
tion outflows as reconnection proceeds. The formation of a
single plasmoid is consistent with linear theory for the tear-
ing instability*® which predicts the fastest growing mode to
be given by k0 = 0.55, where 6 ~ 1.41 c/w,,,- is the half-
width of the current sheet measured in the simulation. For
the range of Alfvénic and sonic mach numbers simulated we
typically observe magnetic field enhancement by a factor of
1.5-5 and the formation of 1-3 plasmoids.

An out-of-plane electric field is present in the current
sheet (Fig. 1(d)), and we have calculated the various terms

in the generalized Ohms law (E = —%%V,‘ x B+ ﬁJ x B
— YPe _medv) 1o confirm that the electric field in the diffu-

sion region is predominantly supported by the Hall and off-
diagonal electron pressure tensor terms. This is in agreement
with previous kinetic studies of reconnection starting from
the Harris equilibrium®’ and laser-driven reconnection.*® At
the X points, where the magnetic field vanishes, this electric
field is almost completely supported by the off-diagonal
electron pressure tensor terms and can be identified as the
reconnection electric field; this is distinct from the motional
electric field that arises from the expansion of the magne-
tized plasma bubble, which is self-consistently included in
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our initial conditions. We observe the typical value of the
reconnection electric field in the diffusion region to be
E ~ 0.5VyBy. In terms of the local Alfvén speed and com-
pressed magnetic field, we find E ~ 0.3V4B at t/t; = 0.25,
when the plasmoid is just beginning to form, which is similar
to the reconnection rates typically measured in simulations
of collisionless reconnection.*’

After the onset of reconnection, the reconnected field
lines drive plasma outflows that escape the interaction region
due to the finite size of the system, similar to the jets that
have been measured in the experiments. An in-plane polari-
zation electric field directed away from the plasma bubbles
is set up as the hot electrons expand faster than the ions
(Figs. 2(a) and 2(b)). For the system size and magnetic field
strength of this simulation, the electrons are strongly magne-
tized, whereas the ions are not. This is visible in Figs. 2(c)
and 2(d) which show the longitudinal component of the
momentum, p,, as a function of the y-axis for the ions and
the electrons. The ions are able to easily penetrate across the
interaction region whereas the electrons are strongly affected
by the magnetic field.

B. Electron spectrum

Figure 3(a) shows the temporal evolution of the electron
energy spectrum, with the different colored lines correspond-
ing to the spectrum at equally spaced times throughout the
duration of the simulation, showing the clear development of
a high energy component that resembles a steep power-law
with energies extending up to =50 kzT,. In Figure 3(b) we fit
the low-energy portion of the electron spectrum at /1, = 0.25
to a Maxwell-Boltzmann distribution, and observe that the

b)

20

10

-40 -30 -20 -10 O 10 20 30 40

z/(c/wpi)

d)
L8
<
3
&
g
~
>
IsH
i 107 @©
20 -10 10 20 3+

u/ (/i)

FIG. 2. (a) E, and (b) E,, showing the in-plane polarization electric field resulting from the expansion of the hot electrons. Longitudinal momentum p, along
the direction of the reconnection inflows for (c) ions, showing the interpenetration of the streams and (d) electrons, showing that the electrons are strongly

affected by the magnetic field in the interaction region.
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FIG. 3. (a) Temporal evolution of the electron energy spectrum, with a power-law of index p = —5.3 plotted for reference (dashed line). (b) Best fit of the low
energy portion of the spectrum to a Maxwell-Boltzmann distribution, and the remaining nonthermal component. Distribution of electron energies along the

direction of the reconnection outflows at (¢) 7/t; = 0.25 and (d) /1, = 0.5.

remaining nonthermal component resembles a power-law
with an index of ~5.3 that starts at ~5kpT, and with an expo-
nential cutoff at ~20kgT,. At the end of the simulation (¢/t,
= 0.5), the nonthermal component contains ~8% of the initial
energy of the electrons that reach the interaction region,
~24% of the energy stored in the initial magnetic field, and
~1% of the total number of electrons initially in the bubbles.

Figures 3(c) and 3(d) show the distribution of electron
energies along the direction of the reconnection outflows at
t/ty = 0.25 and 0.5, respectively. In Figure 3(c) there is a
broad peak centered near x =0, which is approximately the
location of the X point before the plasmoid forms. Figure
3(d) shows a later time, after the plasmoid has formed, where
energetic electrons are seen both to escape in the direction of
the reconnection outflows and to become localized near the
position of the single plasmoid that forms. At this time the
most energetic electrons in the system are seen to be inside
the plasmoid. In a realistic 3D system (which we discuss
below) the electrons trapped inside the plasmoid would also
eventually escape the reconnection region, but orthogonal to
the reconnection plane along the z-direction.

C. Acceleration mechanism

To determine the acceleration mechanism responsible
for producing the high energy tail, we have tracked the
detailed motion of the electrons that attain the highest energy
by the end of the simulation. This has revealed two main
distinct types of behavior, which are illustrated in Figs. 4(a)
and 4(b) by representative example electron trajectories
plotted over the magnitude of the in-plane magnetic field.

Figure 4(a) shows the magnetic field at an early time
(t/t; = 0.25), Fig. 4(b) shows a later time after the plasmoid
has formed (z/t; = 0.5), and the diamonds show the initial
position of the electrons. The inlays show the energy of the
electrons as a function of position along the x-axis, which
shows that in both cases the electrons gain the majority of
their energy in a narrow region along the x-axis. This corre-
sponds to when they interact with an X point, where the mag-
netic field vanishes and the unmagnetized electrons can be
freely accelerated. To separate the contributions to the
energization from the out-of-plane reconnection electric
field and the in-plane polarization electric field, we have
calculated the work done on the electron by each electric
field component individually throughout the simulation
as W; = [jdt (pi/ym.)(—eE;). The evolution of the total
energy and the work done by each electric field component
for the two example electrons is plotted in Figs. 4(c) and
4(d). These plots show that it is the out-of-plane component
of the electric field associated with reconnection at the
X points that is primarily responsible for energizing the elec-
trons. As the electrons oscillate inside the current sheet, they
alternately gain and lose energy from the polarization elec-
tric field, which leads to the oscillations seen in the total
energy superimposed over the growth from the reconnection
electric field. After the electrons have acquired a large out-
of-plane velocity, the in-plane magnetic field rotates their
velocities into the plane where the electrons will either
escape the system (Figure 4(a)), become trapped inside a
plasmoid (Figure 4(b)), or continue to travel along the field
lines circling the bubbles. The example electron that leaves
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the system loses some of its energy when it escapes as it
crosses the polarization electric field (Figure 4(c)), whereas
the electron that becomes trapped inside the plasmoid gains
further energy but at a slower rate (Figure 4(d)).

The energization inside the plasmoid is due to the drift
motion of the plasmoid in the direction of the reconnection
outflows, which leads to the trapped electrons being exposed
to an out-of-plane motional electric field with alternating
polarity (Figure 1(c)) as they circle inside the plasmoid.8
Plasma flowing into the drifting plasmoid from the bounding
X points reduces the bulk flow velocity on one side and
increases it on the other. The net result is that the trapped
electrons are exposed to an average field in the same direc-
tion as the reconnection electric field over each approxi-
mately circular orbit inside the plasmoid, allowing them to
gain further energy. Other particle tracks also show that the
energy gain from the direct acceleration at the X points is
much more significant than the energy gain inside the plas-
moid, and this slow energization is not seen to change the
shape of the spectrum significantly. We also note that we
have simulated the expansion of a single plasma bubble to
confirm that the motional electric field arising from the bub-
ble expansion alone does not significantly energize particles.

D. Fermi acceleration

Previous work has shown that the presence of plasmoids
in the current sheet may give rise to Fermi-acceleration pro-
cesses that can lead to power-law energy spectra.''
However, for the conditions of our simulations, direct accel-
eration by the reconnection electric field at the X points is
the primary energization mechanism, rather than the interac-
tion with plasmoids which only leads to a small energy gain.
The acceleration while trapped inside a single plasmoid can
be considered as a series of Fermi type B reflections,* but is
not a stochastic acceleration process (e.g., diffusive shock
acceleration). Significant Fermi acceleration from the inter-
action with multiple plasmoids is likely to require a larger
system size with a larger number of plasmoids and thus a

more energetic laser drive than that used in current experi-
ments. Our simulation results thus indicate that the power-
law is the result of direct acceleration at X points rather than
interaction with plasmoids. A power-law may result as the
electrons are injected into the current layer at varied distan-
ces from the X points. They will then be accelerated by the
reconnection electric field for varied amounts of time before
the in-plane magnetic fields direct them out of the diffusion
region, establishing a distribution of energies.” This argu-
ment is supported by calculating the spectrum of the elec-
trons in the plasmoid and subtracting it from the spectrum
including all electrons, as shown in Fig. 5. The high energy
tail has a similar shape for the electrons inside and outside of
the plasmoid, indicating that it is established by the initial
acceleration at the X points rather than through interaction
with the plasmoid.

E. Betatron acceleration

In addition to the energization resulting from reconnec-
tion, the electrons can also be energized by betatron acceler-
ation’ as a result of the compression of the magnetic field as
the plasma bubbles expand into each other. This contribution
to the acceleration can be isolated by performing 1D simula-
tions with the configuration described in Sec. II, where the
particles are constrained to move only along the y-axis and
the system is assumed to be uniform along the x- and z-
directions. In this case, the magnetic field is still compressed
as the flows expand, but the uniformity along the x-direction
suppresses reconnection. Figure 6(a) shows the evolution of
the energy of an electron as a function of its position along
the y-axis, which is representative of the energized electrons
in the simulations and illustrates the energy gain from the
betatron acceleration process. The electron gains energy pri-
marily during reflections rather than at the center of the cur-
rent sheet. As the magnetic field enhancement saturates, the
betatron acceleration becomes negligible. Figure 6(b) shows
a similar plot for an electron from a 2D simulation where
reconnection does occur. This plot reveals three phases to
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FIG. 5. (a) Magnetic field amplitude, with a box showing the region used for calculating the plasmoid spectrum. (b) Electron energy spectrum including all
electrons (total), only electrons outside the box in (a) (total-plasmoid), and only those inside the box in (a) (plasmoid).

the acceleration. Initially, the particle gains a small amount
of energy by betatron acceleration (region I). Once reconnec-
tion initiates, the particle interacts with an X point and gains
energy from the reconnection electric field, which is clearly
visible as a nonzero slope when the particle is at the center
of the current sheet (region II). The final phase shows the
small net energy gain once the particle has entered the plas-
moid (region III). For the conditions of our simulations, X
point acceleration is the dominant energization mechanism,
as can be seen in Figure 6(b). For different plasma condi-
tions, betatron acceleration may be the dominant accelera-
tion mechanism.’’ A detailed study of the relative
importance of X point, betatron, and plasmoid related accel-
eration mechanisms and how this depends on the plasma
conditions will be the subject of future work.

F. 3D effects

This 2D model system does not capture the finite size of
the system in the out-of-plane direction. As this is also the

3 2 -1 0 1 2 3 4

y/(c/wpi)

direction the electrons are accelerated along, it is critical to
consider the 3D effects. Using the initialization described in
Sec. II, we have performed full 3D simulations of reconnec-
tion between expanding plasma bubbles for the conditions
Ms=2,M,=4, and R/(c/w);) ~ 20. Figure 7(a) shows the
electron energy spectrum at ¢/t; = 0.25, which exhibits a
high-energy tail with a similar shape to the 2D case, sugges-
ting that the acceleration mechanisms are similar in 2D and
3D. An important difference is that the maximum electron
energy is smaller for the 3D case, which is due to the finite
out-of-plane size limiting the distance over which the elec-
trons can be accelerated by the reconnection electric field to
approximately the diameter of the bubble.

To derive a scaling of the maximum electron energy as
a function of the plasma conditions, we first determine the
effective electric field accelerating the electrons by analyzing
four 2D simulations and one 3D simulation with M¢=2 and
M, ranging from 4 to 32. Figure 7 shows a comparison of
the electron energy spectra at ¢/t; = 0.25 for some of these
simulations. The increase in maximum electron energy with

b)

00 -i5 -10 =05 00 05 10 15

y/(c/wpi)

FIG. 6. (a) Energy as a function of y-position for an example betatron accelerated electron in a 1D simulation. (b) Energy as a function of y-position for an
example electron accelerated by reconnection in a 2D simulation. Regions of betatron acceleration (I), X point acceleration (II), and plasmoid related accelera-

tion (III) are visible.
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FIG. 7. Comparison of the electron energy spectra at ¢/t; = 0.25 for three
2D simulations and one 3D simulation with Mg=2 and M, ranging from 4
to 16.

initial magnetic field amplitude is consistent with the recon-
nection electric field being primarily responsible for energiz-
ing the electrons, and the similar shapes of the spectra
suggest the acceleration mechanisms are similar across these
conditions. From the evolution of the spectra over the dura-
tion of the simulation we obtain an effective electric field
E 4 energizing the electrons.® In all cases the effective elec-
tric field is E.r ~ 0.5VoBo, which is consistent with the typi-
cal value of the reconnection electric field measured in the
simulations. The effective electric field is slightly smaller in
the 3D case, which is due to the electrons not being exposed
to a uniform value of the reconnection electric field as they
travel in the out-of-plane direction.

An estimate for the maximum electron energy can be
obtained using the effective value of the reconnection electric
field, E.rr = 0.5VBy, and the fact that the maximum distance
over which an electron can be accelerated is approximately
the diameter of the bubble. In terms of experimentally tunable
parameters, this gives €uac/kpTe = (M2/M4)(Rp/(c/mp)).
These parameters can be chosen in future experiments to opti-
mize the particle acceleration. For the parameters of the 3D
simulation presented above, this expression gives €./kpT,
= 20, which agrees with the location of the cutoff of the spec-
trum as shown in Figure 7. The condition for electrons to be
accelerated by reconnection to suprathermal energies is then
(M3/M4)(Ry/(c/wpi)) > 1, which is easily satisfied by

a) b)

01
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current laboratory conditions. Using the conditions of two
laser-driven reconnection experiments performed at the
Omega Laser Facility?**' which are estimated to be Mg
~ 25,56, My =20,92, and R,/(c/wp) ~ 80,22, this
model predicts maximum electron energies of €y /kpT,
~ 25,75. The electron temperatures in these experiments are
typically 1 keV, so these would be 25-75 keV electrons.

G. Particle escape and impact of numerical
parameters

The finite probability for a given electron to escape the
system is another important factor that affects the shape of the
spectrum. To determine the influence of particle escape, we
perform 2D simulations with the configuration described in
Sec. II where the system is periodic and infinite transverse to
the plasma inflows, as shown in Figure 8(a). The spectrum for
this configuration compared with the finite case previously
discussed is shown in Figure 8(b), with both simulations hav-
ing the conditions Mg=2, My=4, and R = 27.56/wp,-. For
the case of the infinite system, the high energy tail is steeper,
contains more particles, and extends to higher energies, dem-
onstrating the importance of particle escape for establishing
the shape of the spectrum in the finite sized system. This also
suggests that larger system sizes, such as may be produced in
future experiments with more energetic laser drives, may pro-
vide more favorable conditions for measuring the particle
acceleration.

To determine the influence of the numerical parameters
that are not directly matched to their laboratory values due to
computational expense, we have performed a set of simula-
tions varying these parameters in the range Vj/c = 0.025-0.1
and m;/m,Z = 32 — 512. A comparison of the results of these
simulations is shown in Figure 9. By the end of the simulation
at 1/t; = 0.5, all simulations have formed a number of plas-
moids in the range 68 and of similar size, as shown in Figs.
9(a)-9(c). The electron energy spectra for five simulations
with different numerical parameters are given in Fig. 9(d),
showing similar indices for the power-law tails and only small
variations in the cutoff energy.

IV. EXPERIMENTAL SIGNATURES

The proposed model of particle acceleration for these sys-
tems predicts a number of important experimental signatures

FIG. 8. (a) Out-of-plane current den-
sity j. with overlaid magnetic field
lines for a transversely infinite system
simulation. (b) Comparison of the elec-
tron energy spectra for a transversely
infinite simulation and a standard finite

infinite
— finite

system simulation.
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FIG. 9. (a)-(c) Magnitude of the mag-
netic field at 7/t; = 0.5 for three simula-
tions with Mg=2, M,=4, and
R/(c/wp;) = 26.5, but differing values
for V.=Vy/c and M =m;/m,Z. (d)
Electron energy spectra at t/t, = 0.5 for
five simulations with M¢=2, M, =4,

and R/[(c/wy)] = 26.5, but differing
numerical parameters in the range V =
0.025 — 0.1 and M = 32 — 512.
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that could be used to identify the electrons accelerated by
reconnection. Since the electrons are accelerated along the
z-axis while being deflected by the in-plane magnetic field,
the energetic electrons should escape the system in a fan-like
profile, being emitted both in the direction of the reconnection
outflows and in the direction opposite to that of the reconnec-
tion electric field. The most energetic electrons are expected
to be those that are accelerated by the reconnection electric
field over the longest distance, which would be those that start
from the bottom of the system, are accelerated upwards, and
escape nearly vertically. When the trajectories of the 1000
most energetic electrons from a 3D simulation are plotted
(Figure 10) these features are clearly visible.

300
200

100

@ clo)

00

FIG. 10. Energetic electron trajectories, colored by energy, plotted over an
isocontour of the magnetic field for a 3D simulation with Mg¢=2 and M, =4.
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The spectra previously presented have been integrated
over all of the electrons initially in the plasma bubbles. To
create synthetic spectra similar to what might be measured
by a detector in an actual experiment, we calculate the pitch
angle of each electron’s velocity relative to the direction of
the desired detector location and keep only those particles
within a maximum acceptance angle, which we take to be
10°. Figures 11(a) and 11(b) show the spectra obtained in
this way for detectors receiving electrons from the *x direc-
tions (reconnection outflows) and the *z directions (parallel
and antiparallel to the reconnection electric field). As
expected, the detector receiving the electrons accelerated by
the reconnection electric field shows a high energy compo-
nent in the spectrum, whereas the detector on the opposing
side does not. The detectors in the direction of the reconnec-
tion outflows show a high energy component but with fewer
particles than for the +z detector. The slight asymmetry
between the *x detectors is likely due to the motion of the
plasmoid in the +x direction, resulting in a bump at slightly
higher energies in the spectrum for the +x detector.

Figure 11(c) shows the distribution of energetic elec-
trons with €/kgT, > 15 as a function of the direction of their
velocity, parametrized by the azimuthal and polar angles 0
and ¢. This shows the expected features of energetic elec-
trons escaping vertically (0 near 0) and in the reconnection
outflows (¢ near 0 and *m). The electrons escaping in the
outflows have a significant divergence of their velocity
angles, which is responsible for the lowering of the level of
energetic electrons detected by the *x detectors compared to
the total spectrum. The typical angle of escape can be esti-
mated for an electron energy of €,,/2=1/ 2mer2 as
¢~ VoV~ \/Ma(Zm,/m;)(c/wy)/R). This gives ¢ ~
0.034 for the reduced mass ratio used in the simulation,
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FIG. 11. Synthetic spectra measured by spectrometers receiving electrons traveling in the (a) =z directions and (b) *x directions with a 10° acceptance angle.

(c) Distribution of velocity angle for electrons with €/kgT, > 15, where 0 =0 corresponds to the +z direction and ¢ = 0 corresponds to the +x direction.

which is in reasonable agreement with Fig. 11(c). Factors
contributing to the underestimation are the intrinsic velocity diver-
gence due to the radial bubble expansion and the broadening due
to the in-plane magnetic field pulling escaping electrons away
from the x-axis and towards the bubbles. For a realistic ratio of
m;/m,Z = 3672 for fully ionized ions we estimate ¢ ~ 0.0065,
i.e., energetic electrons escape along the outflow axis.

V. CONCLUSIONS

In summary, by means of ab initio kinetic simulations
of magnetic reconnection in laser-driven plasmas, we have
shown that these systems can accelerate nonthermal elec-
trons with sufficient energy and quantity to be detected in the
conditions of current experiments. A nonthermal component
that resembles a power-law spectrum is established as elec-
trons are accelerated by the X points for varied amounts of
time due to injection into and escape from the current layer.
For the current experimental conditions a few plasmoids
(~1 —3) can be formed, and particles trapped in the plas-
moids can be further, but slowly, accelerated due to the elec-
tric field associated with the motion of the plasmoid. For the
modeled plasma conditions we do not observe plasmoid

merging and the associated acceleration mechanisms. This
would require significantly larger plasma bubbles, which
may be produced at facilities like NIF and will be studied in
future work. These results clearly indicate that laser-driven
plasmas can play an important role in the study of particle
acceleration induced by reconnection.
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