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Significant particle energization is observed to occur in numerous astrophysical environments, and

in the standard models, this acceleration occurs alongside energy conversion processes including

collisionless shocks or magnetic reconnection. Recent platforms for laboratory experiments using

magnetized laser-produced plasmas have opened opportunities to study these particle acceleration

processes in the laboratory. Through fully kinetic particle-in-cell simulations, we investigate accel-

eration mechanisms in experiments with colliding magnetized laser-produced plasmas, with geom-

etry and parameters matched to recent high-Mach number reconnection experiments with

externally controlled magnetic fields. 2-D simulations demonstrate significant particle acceleration

with three phases of energization: first, a “direct” Fermi acceleration driven by approaching magne-

tized plumes; second, x-line acceleration during magnetic reconnection of anti-parallel fields; and

finally, an additional Fermi energization of particles trapped in contracting and relaxing magnetic

islands produced by reconnection. The relative effectiveness of these mechanisms depends on

plasma and magnetic field parameters of the experiments. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4993204]

I. INTRODUCTION

A key feature of explosive processes in astrophysical

plasmas is the acceleration of particles to form populations of

super-thermal, energized particles. Indeed, much of the evi-

dence of these explosive events arrives due to these particles,

either directly as particles in the form of cosmic rays or via

their radiation. The acceleration processes are believed to

occur most naturally alongside processes which convert

energy, such as the thermalization of kinetic energy in colli-

sionless shocks or dissipation of stored magnetic energy by

magnetic reconnection. Collisionless shocks1 thermalize

kinetic energy and convert a fraction of this energy to ener-

gized particles, including cosmic ray acceleration in super-

nova remnants2 and gamma-ray bursts.3 Meanwhile, magnetic

reconnection4 has been proposed to be the driver of particle

acceleration in many complementary magnetically dominated

cases, including Earth’s magnetotail,5–7 solar flares,8 white

dwarfs,9 the Crab nebula and pulsar,10,11 and extragalactic

jets.12 In Earth’s magnetotail, the Cluster spacecraft mission

observed energetic electrons up to>100 keV in magnetic

islands in reconnection regions.13 In these collisionless astro-

physical plasmas, kinetic plasma processes govern the interac-

tion and particle acceleration processes, including shock

formation, self-generation of magnetic fields by kinetic

plasma instabilities, and magnetic field destruction by recon-

nection. Particle energization during reconnection has also

been observed in laboratory experiments.14,15

Within both reconnection and shock systems, energiza-

tion occurs through two prominent paradigms: (1) the Fermi

acceleration process where particles accelerate by repeated

scattering of converging “walls”1,16 and (2) x-line accelera-

tion mechanisms,5,6,12,17,18 where particles demagnetize near

x-point magnetic nulls and are directly accelerated by the

large inductive reconnection electric fields. Interestingly,

both these processes can play a role in the same system,

cooperating or competing to accelerate particles. For exam-

ple, in high-Mach number collisionless shocks, embedded

small-scale reconnection and X-line acceleration may be

important to pre-accelerate particles up to energies where the

classical diffusive shock acceleration becomes efficient.19

Similarly, the Fermi process is an important paradigm for

particle acceleration in reconnection, both in compression

from inflow to reconnection outflow20 and in contracting

magnetic islands.21,22

The development of experimental platforms with laser-

produced plasmas has opened opportunities to study and

compare these particle acceleration processes in the labora-

tory. Magnetic reconnection experiments have been con-

ducted in laser-produced plasmas by colliding magnetized

plasma plumes, where the magnetic fields are self-generated

in the plasma by the Biermann battery.23–25 Experiments

have reported significant particle acceleration into the MeV

range, substantially above the nominal keV temperature of

the laser-produced plasma.26,27 Simulations have demon-

strated how a strongly driven reconnection occurs28,29 and

can drive acceleration processes;30–33 however, the

extremely high energies reported from the experiments are

not yet really understood theoretically. Second, recent

experiments have also demonstrated progress towards labo-

ratory generation of magnetized collisionless shocks, includ-

ing generation of low-Mach number subcritical shocks34 anda)wfox@pppl.gov
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high-Mach number supercritical magnetized shocks.35 In

weakly magnetized counterstreaming plasmas, the ion-

Weibel instability has been observed;36,37 this instability is

proposed to generate the turbulent magnetic field required

for the formation of the collisionless Weibel-mediated shock,

which is an important shock mechanism in very high-Mach

number regimes.

In this paper, we study particle acceleration in colliding

magnetized laser-plasmas in the context of a newly devel-

oped laser-driven reconnection experiment,38 which differs

from those mentioned above in that the magnetic field is

externally imposed and controlled. The initial magnetic field

is generated by the Magneto-inertial Fusion System

(MIFEDS) pulsed power system at Omega.39 Peak magnetic

fields of order 8–10 T at the target surface are obtained and

for a magnetic reconnection geometry vary roughly linearly

across the 4.5-mm gap between the two targets, reversing at

the midplane between them. This magnetic field is embedded

into expanding plasma plumes by choreography of the

applied magnetic fields and a low density background pre-

plasma source. Subsequent plasma ablation from targets near

the MIFEDS conductors drives expanding plasma plumes

into this preformed magnetized plasma, which sweeps up the

plasma and magnetic field into high-Mach-number magne-

tized flows. The collision of two opposing flows, carrying

opposite magnetic fields, then drives magnetic reconnection.

The typical experimental parameters are summarized in

Table I. The experimental platform is highly flexible, allow-

ing the comparison of the collision of parallel fields, or anti-

parallel fields, or unmagnetized plasmas, and variations such

as tilting the conductors to obtain guide field reconnection

geometries are possible.

The goal of this paper is to demonstrate, with simula-

tions, electron energization in these colliding plasmas, to

document how astrophysically relevant particle acceleration

mechanisms can be studied in the laboratory. The details of

the initial design of the experiments and other physics, such

as multiple-plasmoid reconnection, will be presented in a

separate publication. Recent publications have explored elec-

tron energization mechanisms using the simple colliding

bubble models first used in Refs. 28 and 29 and have identi-

fied Fermi-acceleration31 and x-line acceleration32,33 and

even identified energized populations with power-law-like

slopes. The present work considers electron acceleration in

the context of, and with well-matched parameters to, the

recent reconnection experiments with externally controlled

fields,38 in a simulation model which includes the entire evo-

lution of the experiment. The simulations show energized

particles to significant energies (�50�) above the nominal,

thermal energy, with qualitatively similar mechanisms to

those described above. However, we find that the particle

spectral populations do not form power-laws so much as

multi-component Maxwellians, with bulk and heated sub-

populations. In this system, we identify three electron accel-

eration mechanisms: (1) a “direct” Fermi acceleration as the

two plumes approach each other, and particles reflect

between the magnetic field at the edge of the two plumes,

gaining energy from each bounce (to our knowledge, such a

simple Fermi acceleration, interestingly similar to Fermi’s

initial proposal,16 has not previously been observed in the

laboratory); (2) an X-line particle acceleration in the multi-

island reconnection driven as the opposing high-Mach-num-

ber flows collide; and (3) a Fermi-like energization of par-

ticles trapped in contracting magnetic islands formed by

reconnection. We first describe our simulation setup and

then proceed through analyzing these acceleration processes,

including both simulation results and physical estimates.

II. SIMULATION SETUP AND OVERVIEW OF RESULTS

The particle-in-cell code PSC40 has been adapted to simu-

late the experiments of Ref. 38 from beginning to end, starting

from the vacuum magnetic fields embedded in a low density

background plasma and including the ablation from solid sur-

faces which drives the counter-propagating magnetized flows

and eventually flow collision and reconnection. Figure 1 shows

the evolution of the plasma density and magnetic field.

Figure 1(a) shows the initial condition, showing the vac-

uum x-point magnetic field threaded by the low-density

background plasma. The source of the field is currents car-

ried in the two regions marked “MIFEDS-conductors” which

have a similar geometry to the experiment. The subsequent

evolution is driven by the sourcing plasma near the edges of

the MIFEDS, forming the ablation plumes which expand and

sweep up the background plasma and magnetic field [Fig.

1(b)]. Sourcing a high-temperature plasma on the foil surfa-

ces mimics the laser ablation and naturally forms classical,

high-Mach-number “ablation” flows off of each conductor.

The present simulations are very similar to those presented

in Ref. 38, where the basic results of the sweeping up of flux

and field were found to be in very good agreement with the

observation of compressed magnetic field “ribbons” expand-

ing from each target.

The magnetic field lines are plotted as contours of the

flux function W, defined such that Bx;z ¼ ŷ �rW. The

expanding plumes sweep up the magnetic field and back-

ground plasma and collide at the midplane. As the plumes

TABLE I. Typical parameters of the experiments of Ref. 38.

Physical parameters:

Ablation density nab 6� 1026 m�3

Ablation temperature Tab 750 eV

Ion species CH (50/50)

Separation of plumes 2Ls 4.5 mm

Initial B field at conductor 8 T

Ion skin depth di0 at nab 12 lm

Sound speed Cs 2� 105 m/s

Dynamic time Ls/Cs 11 ns

Inflow velocity Vin 1� 106 m/s

Collision time t? 2.8 ns

Compressed B field B? 25 T

Dimensionless parameters:

System size 2Ls/di0 360

b0 ¼ 2nabTab=B2
0 1200

B compression ratio B?/B0 3

observed collision time t?/(Ls/Cs) 0.24

Mach number M 5
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approach, significant compression of the magnetic fields

occurs (c). Finally, the collision of plumes drives magnetic

reconnection with a supersonic inflow [(d) and (e)], where

the current sheet is observed to break into a small number of

plasmoid or magnetic island structures (typically 1–3 at these

parameters). The reconnection process is similar to that

reported in previous simulations of laser driven reconnec-

tion,28,29 although the Mach number of the inflows is 2–3x

higher in this case.

The key to matching the simulation to the experiment is

to match a set of ion-scale dimensionless parameters follow-

ing the method of Ref. 29, and the parameters are summa-

rized in Table II. Due to computational constraints, the full

system size (2Ls/di) was not able to be fully matched in the

present simulations (�360 in the experiment vs. 150 here);

accordingly, the plasma b was also decreased to better match

the normalized magnetic flux ðLs=qi / Ls=di0=b
1=2
0 Þ. While

the simulations at these parameters already show multiple-

island reconnection dynamics, since we do not precisely

match these parameters, there may be some quantitative

deviation of the observed reconnection, such as the number

of magnetic islands produced.

We briefly describe the methodology to match simula-

tion parameters to experiments and radiation-hydrodynamic

simulations. To define the parameters of the sound speed and

skin depth in the simulation, we directly measure in the

simulation the (nearly iso-thermal) temperature of the

expanding plume to define Tab and measure the ablation den-

sity nab at its characteristic knee which forms at the sonic

point of the ablation flow near the target. Similar procedures

were first used to measure the same parameters in DRACO

radiation-hydrodynamic simulations to establish the parame-

ters for the PSC simulations. The characteristic ion skin

depth di0 which determines the scale of the experiment in

plasma units is determined from nab. We scale time to units

of the dynamic time Ls/Cs, where 2Ls is the separation of the

targets and Cs is the plasma sound speed based on the mea-

sured plume temperature. In this time-scale, we obtain a very

good agreement with the experiment on the time of collision

t? of the plumes because the Mach number M� 5 of the sim-

ulation flow is very similar to the experiment.

III. DIRECT FERMI ACCELERATION

We first consider the “direct” Fermi acceleration

between the two expanding plumes. We call this a simple or

“direct” Fermi process because it is the closest in spirit to the

classical picture of Fermi acceleration between multiple

expanding magnetized clouds.16 During the plasma plume

expansion stage, the magnetic fields are compressed into

“ribbons” which act as moving walls. Particles are reflected

back and forth between the two plumes to gain significant

energy. Following the classical “rich-get-richer” nature of

the Fermi acceleration, the most energetic particles are able

to traverse the system the most number of times and there-

fore are able to gain the most energy. This phase of the

acceleration is driven by the time-dependent converging

flows of the two ribbons, and it precedes the onset of recon-

nection; for this reason, the direct Fermi phase is different

from Fermi acceleration associated with reconnection cur-

rent sheets20 or in compressing magnetic flux ropes.21

Figure 2 shows the results for the Fermi acceleration

phase of the experiments. Simulations are conducted for

both colliding parallel [(a) and (b)] and anti-parallel fields

[(c) and (d)], which allow different Fermi acceleration

behaviors. The figures show the magnetic and inductive elec-

tric fields at a time shortly before the plumes collide and

FIG. 1. Overview of electron density and magnetic field evolution, taken at 5 representative times of the system evolution, from initial plasma plume forma-

tion, expansion, through driven magnetic reconnection, and particle acceleration. The magnetic field lines are represented by contours of the flux function W.

TABLE II. Particle-in-cell simulation parameters.

Ion-Scale parameters:

System size 2Ls/di0 150

Foil width 2Lf/di0 50

b0 ¼ 2nabTab=B2
0 400

Ablation density n0 1

Background density nbg/n0 3 � 10�3

Electron-scale parameters:

Mass ratio Mi/Zme 100–200

Speed of light mec
2/Tab 52

Results, at reconnection:

Collision time t?/(Ls/Cs) 0.24

B compression ratio B?/B0 3
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reconnect, along with characteristic particle orbits obtained

from particle tracking. The electric fields are largely

motional V�B electric fields associated with the moving

magnetic ribbons. The energy evolution of the tracked par-

ticles is shown in Fig. 2(e), which shows that electrons in the

anti-parallel field case are able to execute a large number

multiple Fermi bounces between the approaching magnetic

ribbons. Meanwhile, in the parallel field case, because of the

strong uniform field, electrons are not able to cross the gap

and only experience a compressive energization late in time.

The overall distribution function generated from the Fermi

acceleration is shown in Fig. 2(f), which shows a greater

energization in the anti-parallel case. Distribution functions

are averaged over the dotted box shown in Fig. 2(a).

Here, we compactly review the Fermi acceleration pro-

cess to motivate comparisons to our PIC results shown

below. When an incoming particle interacts with the moving

wall, it reflects with equal and opposite momentum in the

wall frame. We consider the non-relativistic case for simplic-

ity, where the change in energy from one reflection,

DE � 2mvwv, to the lowest order in vw� v, where

v ¼ ð2E=mÞ1=2
, is the particle velocity. The time between

reflections is Dt ¼ ‘=ðvþ vwÞ � ‘=v. Combining these rela-

tions, we find dE=dt ¼ 4ðvw=‘ÞE ¼ �2ð_‘=‘ÞE, giving the

well-known relation for first-order Fermi acceleration where

the rate of energy increase is proportional to the energy, and

furthermore that (E‘2)¼ const, which is also a consequence

of the adiabatic invariance of the longitudinal action
Þ

pd‘.
We can make a few estimates pertaining to which particles

can enter the Fermi process for our geometry. The region

between the approaching magnetic walls is not completely

field-free, which imposes a minimum energy for electrons to

cross the gap. We first calculate this for the anti-parallel case,

assuming that the field in the gap is the initially applied revers-

ing vacuum field. Since the field in the gap is linearly varying,

the relevant quantity describing electron motion is the meander-

ing orbit width, qm ¼ 2ðmev=eB0Þ1=2
, where B0 ¼ dB=dxjx¼0.

In order to traverse the region between the two colliding shells,

the electron “meandering orbit width” must be larger than the

gap between the shells. This gives an estimate of the time when

a given particle begins to traverse between the two walls. We

define LB0 ¼ B0=dB=dxjx¼0. Modeling the initial reversing

vacuum magnetic field profile, as that between two parallel

thin-foils, with separation 2Ls as before, and using the height of

the foils, we find 2Lf ; LB0 � ðp=4ÞL2
s=Lf � 4 mm for typical

parameters. From this, we find

qm � 300 lm
B0

10 T

� ��1=2 E
100 eV

� �1=4

: (1)

This illustrates first that many particles may relatively easily

enter the Fermi process and that high energy particles enter

it sooner. However, we also note that increasing the applied

magnetic field weakens the direct Fermi phase by foreclosing

the phase space of particles that can first traverse the gap.

Finally, in the case that the fields do not reverse at the center,

i.e., in the parallel field case, then it is nearly impossible for

electrons to traverse the gap. This is demonstrated in Figs.

2(a) and 2(b), where we observe that the parallel field case

does not allow significant Fermi acceleration.

There is also a corresponding maximum energy that can

be reached, beyond which the electron gyroradius becomes

larger than the magnetic ribbon. Applying flux conservation

in the compressing ribbons, we get

pmax=mec ¼ ðe=mecÞ �
ðLs

0

B dx; (2)

� 6
B0

10 T

� �
Ls

2mm

� �
: (3)

For the typical parameters, this corresponds to a very high,

relativistic energy and indicates that very significant

FIG. 2. Particle tracking results for the Fermi acceleration phase of the

experiment. Bz (a) and Ey (b) for colliding parallel magnetic fields and Bz (c)

and Ey (d) for colliding anti-parallel magnetic fields are shown. Electron

orbit bouncing between colliding plumes (e) and electron distribution func-

tion at times before reconnection (f), showing significant heating of the dis-

tribution. The distribution function has been averaged over the dotted box

shown in (a) and (c). The spectra are shown on log-linear scales, and we

note that the tail population f(E) is approximately Maxwellian at

Teff� 2.9Tab, very significantly heated over the initial ambient population

temperature Tbg,0� 0.2Tab.
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maximum energies can potentially be obtained. Accordingly,

the maximum energies will more likely be set by the com-

pression ratio following the Fermi scaling E‘2 ¼ const.

Typical compressed reconnection current sheets of order the

local ion skin depth di are observed,38 which can be narrower

than the initial injection scale qm for the large plasma betas

of this system.

Returning to the particle tracking results, in Figs.

2(c)–2(e), we observe Fermi acceleration for the compress-

ing fields in the anti-parallel case. The particle shown is able

to traverse the full gap about 10 times and is accelerated up

to about 30 times the characteristic thermal energy Tab of the

piston plumes. The energy gain ratio is in reasonable agree-

ment with the change in the width of the bounce points of

the particle motion, following the Fermi scaling E‘2 ¼ const.

Interestingly, during each bounce, there is a transient

increase in kinetic energy as the particles reflect at the walls;

this is due to the interaction of the particle with radial elec-

tric fields in the wall associated with charge separation.

These electric fields contribute to “softness” to the walls

which decrease the efficiency of the Fermi process compared

to idealized rigid walls.

The particle distribution function in energy is shown at

the end of the Fermi phase in Fig. 2(e), which shows that a

significant population of electrons is energized by the Fermi

acceleration. While we observe that the gap plasma is

strongly heated during the Fermi compression, we also find

that the heating is less than predicted by the E‘2 ¼ const

scaling derived above. The deviations from the ideal analysis

can arise (1) because the ideal “rigid-wall” approximation

breaks down due to particle gyration in the walls; (2) due to

the loss of particles vertically from the gap region; and (3)

due to the equipartition of a fraction of the energy into other

dimensions (y, z) from the compression direction (x), espe-

cially by gyration into the y direction.

Finally, we note the importance of convergence testing

for electron acceleration processes in explicit PIC simula-

tion. For example, in the Fermi acceleration process, we cal-

culate the meandering width in simulation units, qm/di0

qm

di0
¼ Zme

mi

� �1=4 LB0

di0

� �1=2

b1=4
0 : (4)

The appearance of a residual electron-mass term (�m1=4
e )

indicates that even if geometry LB0/di0 and the plasma energy

(b0) are matched between the experiment and simulation, in

principle, full-mass ratio simulations may be required to con-

verge the accelerated spectrum to the physical system. With

this in mind, we conducted simulations varying Mi/

Zme¼ 100–200, which appear to show reasonable conver-

gence on the acceleration processes; we return to the mass

ratio comparison below.

IV. X-LINE ACCELERATION

Continuing past the Fermi acceleration phase, the two

plumes soon collide with each other, driving the reconnec-

tion of the anti-parallel magnetic field and additional particle

acceleration. The strong inductive fields generated in the

reconnection events and release of magnetic energy provide

energy available for particle acceleration. Near the X-lines,

electrons are demagnetized and can therefore be efficiently

accelerated by the inductive electric fields associated with

the reconnection. The acceleration of particles along an x-

line is determined by a balance of energy gain through drift

along the inductive electric field and ejection from the x-line

region. This process has been modeled by a number of

authors and leads to analytic predictions of the spectrum of

accelerated particles.10,17

Two important constraints on the maximum accelerated

energy can be calculated, namely, the maxima due to the

finite magnetic reconnected flux and due to the finite system

length. During the x-line acceleration process, the canonical

momentum py – eW is conserved, where the magnetic flux

function W is defined such that Bx;z ¼ ŷ �rW. This conve-

niently relates the acceleration of a particle to the change in

magnetic flux at the location of the particle, physically

through the inductive electric field Ey¼ –@W/@t. In the x-line

acceleration, the most-accelerated particles sit near an x-

point and experience the acceleration by the entire reconnec-

tion event DW. The maximum momentum gained by a parti-

cle is therefore related to the total magnetic flux “loaded”

into the system between the initial vacuum region and the

target foil where the particles are born

jDpyjmax ¼
����q
ð

Eydt

���� ¼
ð

B dx: (5)

Interestingly, this is an identical condition to the maximum

Fermi acceleration above.

A second constraint arises because the particles can only

be accelerated over the finite length of the system. The phys-

ical system (as do most reconnecting systems) has a 3-D

structure in this direction, and the finite length in this direc-

tion limits the maximum energy gain. Such a finite length is

not included in 2-D simulations (or 3-D periodic systems)

and may modify the results, as was considered for model col-

liding bubble simulations of Ref. 32. We make simple esti-

mates for the present system. In the present context, we

consider colliding plasmas where the acceleration length

Ly� 3 mm, as set by the area of the targets irradiated by the

lasers. Then, the maximum energy from acceleration is of

order

DEmax ¼ e

ð
Eydy; (6)

� 75keVð Þ E

VinB?

� �
Vin

106m=s

� �
B?

25T

� �
L

3mm

� �
; (7)

which is a stronger constraint on energization than the total

flux conversion constraint above but nonetheless is a signifi-

cantly superthermal energy compared to nominal plasma

temperatures in the system.

Finally, we also consider the Dreicer electric field

which is required for significant runaway of accelerated

particles in the face of Coulomb collisions. The Dreicer

electric field is EDr¼Te/kmfp, and applying similar esti-

mates, we obtain

092901-5 Fox et al. Phys. Plasmas 24, 092901 (2017)



E=EDr � 4
E

VinB?

� �
B?

25T

� �
Vin

106m=s

� �

� ne

1025 m�3

� ��1 Te

500 eV

� �
: (8)

The Dreicer parameter greater than 1 indicates that we can

expect a collisionless particle acceleration process.

Returning to the simulations, Fig. 3 shows the evolution

of the plasma and X-line accelerated particles at the times

near the reconnection in the simulations. Due to instability in

the reconnection region, the current sheet is observed to

break up by the tearing instability into a few numbers of X-

lines and O-lines (magnetic islands). The top two panels

show the compressed, reconnecting component of the mag-

netic field (a) and inductive electric fields (b). In between the

plasmoids, x-points form where large inductive electric fields

(jEyj � 30B0Cs) are sustained. The large multiplier results

from the strong compression of the magnetic fields into the

ribbons and supersonic driving flows. Figure 3(c) shows the

orbit of an accelerated particle which receives a large and

prompt acceleration as it traverses an x-point.

We observe significant energetic electron tails generated

due to X-line acceleration, as shown in Fig. 3(d). X-line

acceleration in these parameters accelerates particles up to

50 times the initial plume thermal energy. For typical initial

temperatures near 1 keV, this corresponds to a final energy

near 50 keV, which may be possible to observe in experi-

ments. We have conducted simulations with larger initial

applied fields, which produce more-energetic tails. As is eas-

ily understood from the scaling estimates above, this is due

to (1) larger flux available for reconnection and (2) increased

electric fields for the larger inflowing magnetic fields.

Figure 4 shows in greater detail the evolution of the

electron spectra in the simulation. Particle tagging allows

FIG. 3. Electron acceleration by x-line acceleration. The magnetic field distri-

bution (a) and electric fields (b) at the time of peak magnetic reconnection,

overplotted with a particle which gains significant x-line acceleration, shown

in energy-space in (c). The energization of the whole distribution function (d)

at times just before and after reconnection, averaged over the box in (a). The

spectra are shown on log-linear scales, and we note that the tail population

f(E) is approximately a heated Maxwellian with the temperature indicated.

FIG. 4. Electron distribution functions as a function of time through the col-

lision and acceleration processes of the (a) piston and (b) background plasma

populations. (c) Comparison on the same scale of the energy (c) and momen-

tum (d) distribution function of the piston and background electrons at late

time tCs/L¼ 0.43, for both mass ratios.
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separation of the spectrum of particles which are from the

piston blowoff (a) versus the background particles (b).

Interestingly, it is the background particles that gain the lion

share of the acceleration. This is because this population is

on the converging side of the ribbons for the initial direct

Fermi phase and subsequently is the population closest to the

x-point for reconnection acceleration. Figures 4(a) and 4(b)

show the spectra of each population normalized to itself to

show the overall energy structure; however, Fig. 4(c) shows

a final, total energy spectrum combining the populations on

an even footing. This shows that the final spectrum assumes

a two-component structure, with a thermal population and

tail population; the tail population is nearly entirely com-

prised of initial background particles. Figure 4(d) shows the

spectrum in momentum space; this demonstrates that the

energization acquires a clear directionality (as driven by

reconnection electric fields) and is not just a thermal broad-

ening. The final tail temperatures (Ttail� 5Tab) imply a tail

energization significantly beyond bulk heating magnitudes

0:015B2
up=2l0n � 0:05Tab observed in simulations41 and in

magnetosphere reconnection.42

The combined spectrum shows the richness of the phys-

ics involved in this system and cautions against immediate

comparisons to, e.g., power law distributions. We note that

power-law distributions have been observed in reconnection

in relativistic43 and non-relativistic regimes44 but only at low

plasma beta, whereas the plasma beta in these experiments

is> 1. Those works argued that power-law formation

requires a regime with long injection times and steady recon-

nection that is sustained for many acceleration times

(tacc ¼ E= _E for particles accelerated by the Fermi process) to

erase “memory” of the initial distributions and to draw out

observable decades of power-law behavior. This favors low

beta reconnection (for short acceleration times) and steady

state systems. As shown, the dynamics in the present system

appears to be highly impulsive, where the Fermi process pre-

dominantly heats the initial distribution, as calculated in Sec.

III. This behavior has also been noted in other reconnection

simulations.45,46

Finally, the figure also compares results at mass ratios

Mi/Zme¼ 100 and 200, illustrating a reasonable convergence

of energization with respect to electron mass. These explicit

PIC simulations were run at a reduced mass ratio for compu-

tational reasons. In principle, the electron acceleration pro-

cesses may retain a mass-dependence, as illustrated above in

Eq. (4) relevant to Fermi acceleration. Furthermore, for large

electron mass, other effects such as the accelerated electron

gyro-radius becoming comparable to the island size may

intervene. For these reasons, it is important to demonstrate a

convergence in acceleration results with respect to the mass

ratio, and we note that we have indeed obtained reasonable

convergence for the main results here.

V. ACCELERATION IN MAGNETIC ISLANDS

During reconnection in this system, the current sheet

breaks into a number of plasmoid structures due to tearing

instability,29 forming a chain of X-points and O-points.

These islands trap and guide the accelerated electrons, and

the subsequent contraction of the magnetic islands can pro-

vide a final step of energization. Typically, at the O-points,

we observe significantly weaker electric fields than at neigh-

boring X-points, as would be predicted since the fields there

only arise due to a pure magnetic annihilation rather than

reconnection. Away from O-points, however, the contraction

of the islands induces a net electric field averaged over the

flux surface in the island, giving rise to continued energiza-

tion. This island contraction has been proposed to be very

important for the energization of the highest energy particles

produced by reconnection, by initiating a (second) Fermi-

acceleration process for the high energy particles which wan-

der the reconnection layer and interact with multiple recon-

nection outflows.21,22 The O-points also serve to confine the

energized electrons. Figure 5 shows the acceleration of par-

ticles trapped in contracting magnetic field structures after

magnetic reconnection. The island, formed during reconnec-

tion (a), progressively becomes more round and decreases in

area (b). Associated with this, the tracked particle shows 3

different phases of energization (c), namely, the direct Fermi

acceleration (tCs/L¼ 0.2–0.27), followed by a prompt x-line

acceleration (tCs/L¼ 0.28), followed by a slower energy

gain during the contraction and relaxation of the field (tCs/

L¼ 0.28–0.36). It is interesting that the particle does not tra-

verse the whole island but remains trapped to one

FIG. 5. Particle acceleration in the last phase when trapped in magnetic

islands, which become round in shape between tCs/L¼ 0.28 (a) and tCs/

L¼ 0.36 (b). The yellow curve overplots a trajectory of an accelerated parti-

cle, shown in energy space in (c), which has a prompt x-line acceleration

during the burst of reconnection near tCs/L¼ 0.27, followed by a slower

energization. (d) The evolution of the distribution function through the end

of the simulation.
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hemisphere, likely owing to extra electric and other magnetic

field structures near the island. The overall distribution func-

tion (d) shows additional energization of the tail population

through the contraction phase.

VI. DISCUSSION AND SUMMARY

2D simulations of laser-driven magnetic reconnection

experiments with externally controlled magnetic fields have

been performed to investigate particle energization pro-

cesses.38 The simulations observe three phases of energiza-

tion, Fermi-acceleration in the initially converging

magnetized plumes, x-line acceleration during reconnection,

and further energization in contracting plasmoids. We find

that the Fermi process tends to weaken with the increasing

externally applied magnetic field, and it depends on having a

weak magnetic field between the plumes to allow electrons

to transit back and forth and enter the Fermi process. This

process may also be present in laser-driven magnetic recon-

nection where the magnetic fields are generated by the

Biermann battery effect. The Fermi acceleration phase is fol-

lowed by x-line and contracting-island Fermi acceleration

results in the strongly driven magnetic reconnection. The

reconnection electric fields obtained using the typical param-

eters from recent experiments are significantly super-

Dreicer, allowing for collisionless particle acceleration. The

x-line acceleration increases with an applied magnetic field;

therefore, as the magnetic field is scanned, the overall energi-

zation process changes from an x-line-acceleration domi-

nated regime at a strong field to a Fermi-dominated regime

at a weak field.

Beyond motivating future experiments, these simula-

tions motivate follow-up theoretical efforts to understand the

energization mechanisms and the associated scalings in

greater detail. It will be valuable to specialize previous

Fermi and x-line acceleration models17 for the details of

these systems. For example, in the x-line acceleration case, it

appears that it will be important to account for the strong

time dependence of the highly impulsive reconnection in

these systems. Finally, 3-D simulations will be invaluable to

determine if the X-line and O-lines remain efficient and sta-

ble accelerators in full 3-D systems.22

Particle acceleration is observed by remote sensing both

at our sun and in distant astrophysical plasmas. A significant

challenge is to comprehend acceleration processes in these

systems, where there is a very significant scale separation

from global scales to ion and electron kinetic scale current

sheets where reconnection and energy conversion may occur.

The conceptual breakthrough has been understanding how

the tearing or plasmoid instability breaks large current sheets

into a fractal collection of smaller current sheets down to the

kinetic scales where rapid reconnection and particle acceler-

ation can occur and then the role of the Fermi process for

acceleration in this multiple-island regime. This paper shows

how controlled laser-driven reconnection experiments offer

significant opportunities to push reconnection experiments

into this large-system-size regime (L/di� 1) and study parti-

cle acceleration in the presence of multiple interacting mag-

netic islands.
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