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Magnetic reconnection is a ubiquitous astrophysical process that rapidly converts magnetic energy into some combina-
tion of plasma flow energy, thermal energy, and non-thermal energetic particles, particularly, and energetic electrons'-2.
Various reconnection acceleration mechanisms? in different low-B (plasma-to-magnetic pressure ratio) and collision-
less environments*~ have been proposed theoretically and studied numerically'®-" including first- and second-order
Fermi acceleration'®, betatron acceleration!”’, parallel electric field acceleration along magnetic fields'8, and direct ac-
celeration by the reconnection electric field'?. However, none of them have been heretofore confirmed experimentally,
as the direct observation of non-thermal particle acceleration in laboratory experiments has been difficult due to short
Debye lengths for in-situ measurements and short mean free paths for ex-sifu measurements. Here we report the direct
measurement of accelerated non-thermal electrons from low-f magnetically driven reconnection in experiments using
a laser-powered capacitor coil platform. We use kiloJoule lasers to drive parallel currents to reconnect MegaGauss-
level magnetic fields in a quasi-axisymmetric geometry??-22. The angular dependence of the measured electron energy
spectrum and the resulting accelerated energies, supported by particle-in-cell simulations, indicate that the mechanism
of direct electric field acceleration by the out-of-plane reconnection electric field is at work. Scaled energies using this
mechanism show direct relevance to astrophysical observations. Our results therefore validate one of the proposed ac-
celeration mechanisms by reconnection, and establish a new approach to study reconnection particle acceleration with
laboratory experiments in relevant regimes.

Magnetic reconnection, the process by which magnetic
field topology in a plasma is reconfigured, rapidly converts
magnetic energy into some combination of bulk flow, thermal,
and accelerated particles. The latter is a prominent feature of
presumed reconnection regions in nature, and as such, recon-
nection can be thought of as an efficient particle accelerator in
low-$ (< 1), collisionless plasmas where abundant magnetic
free energy per particle is available. Electron acceleration up
to ~ 300 keV, for example, has been observed in Earth’s mag-
netotail® and the measured spectra in X-ray, extreme ultravi-
olet, and microwave wavelengths from solar flares include a
non-thermal power law component, indicating a large supra-
thermal electron population*®°. Reconnection has been sug-
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gested as the underlying source of these non-thermal elec-
trons. Gamma-ray flares from the Crab Nebula are another
example, exhibiting particle acceleration up to 10'> eV, which
cannot be explained by shock acceleration mechanisms’-%23.

The efficient acceleration of charged particles by mag-
netic reconnection has been studied theoretically and
numerically''=132%2%and various acceleration mechanisms,
such as parallel electric field acceleration and Fermi acceler-
ation, have been proposed16‘19. Howeyver, thus far, no direct
measurements of non-thermal particle acceleration due to re-
connection have been made in laboratory experiments to con-
firm or contradict these mechanisms. Short Debye lengths and
mean free paths have limited most in-sifu and ex-situ detection
of the predicted energetic electrons, respectively, while indi-
rect measurements of energetic electrons are necessarily lim-
ited by specific models assumed for radiation and acceleration
mechanisms?>’~>.
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FIG. 1: Experimental setup of low-3, magnetically driven reconnection using laser-powered capacitor coils. a, The capacitor-coil
target is driven by two long-pulse lasers, passing through the front holes and irradiating the back plate. An electrostatic potential is created
between the (capacitor) plates, and large currents (blue) are generated in the parallel U-shaped coils. The resulting magnetic fields form a

reconnection structure between the coils. Major diagnostics are target-normal sheath acceleration (TNSA) proton radiography and the Osaka
University — Electron Spectrometer. The OU-ESM is positioned 37.5 cm away from the main interaction, at an angle 39° from the vertical. 5
independent channels are situated with 5° between each channel, allowing a measurement of the angular spread of electrons in the azimuthal

direction. Thomson scattering measurements were taken in a similar experiment to diagnose plasma parameters: the green ball shows the
probing volume, and the Thomson scattering wavevector k is also shown. b, A top-down view of the main target is shown, along with the
OU-ESM channel orientation in the azimuthal direction. ¢, A side-on view of the main target shows the relative polar orientation of the
OU-ESM channels. The orange vertical dashed line represents the reconnection plane shown in a, and the green dashed line represents the

reconnection plane that is normal to the OU-ESM line of sight.

High-energy-density (HED) plasmas’®223%3% have re-

cently emerged as novel platforms to study magnetic recon-
nection. In particular, direct measurements of charged particle
spectra are possible due to a large electron mean free path rela-
tive to the detector distance. Importantly, low-f3, collisionless,
magnetically driven reconnection is achievable using laser-
powered capacitor coils?*??, allowing relevant conditions to
astrophysical environments. Here, using this experimental re-
connection platform, we directly detect non-thermal electron
acceleration from reconnection, and combined with particle-
in-cell simulations, infer a primary acceleration mechanism
of direct electric field acceleration by the reconnection elec-
tric field.

Our experiments using laser-powered capacitor coils were
performed at the OMEGA EP facility at the Laboratory for
Laser Energetics (LLE). The experimental setup, with diag-
nostic locations, is shown in Fig. 1. The capacitor-coil target
is driven with two laser pulses, each delivering 1.25-kiloJoule
of laser energy in a 1-ns square temporal profile at a wave-
length of 351 nm. The corresponding on-target laser intensity
is ~ 3 x 100 W/ cm?. Due to the laser interaction, strong cur-
rents are driven in the coils. In targets with two parallel coils, a
magnetic reconnection field geometry is created between the
coils, and in targets with one coil, a simple magnetic field
around a wire is produced, representing a non-reconnection
control case. Further information on capacitor coil target op-
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are absent in non-reconnection cases. Particle spectra from the OU-ESM are presented for 5 experimental shots: 3 two-coil reconnection
cases (a, b, ¢) and 2 one-coil control cases (d, e). 5 colors represent the 5 channels spread in azimuthal angle (Fig. 1b). Despite shot-to-shot
variations in signal level, in the reconnection cases, spectral bumps are observed in the 4070 keV range. These bumps are strongest in
Channel 5, representing a near-face-on view of the target, and decrease with larger azimuthal angle, with the weakest bumps in Channel 1,

representing 19° off normal. Such a trend is noticeably absent in the
appearing to be a spectral bump is observed in e, but it is, in fact, a d
low-energy electrons are preferentially accelerated toward large 6 —

control cases, where overall weaker signal levels are observed. A feature
eficiency in the low-energy range: due to the coil position on the left,
z pitch angle, resulting in an absence in Channels 4 and 5. f, A plot of a

(reconnection) and e (control) shots, Channel 5 are shown with ellipses representing the vertical and horizontal error bars at each point. In the
reconnection case, the bump clearly exceeds error bars, but in the control case, there is no spectral bump beyond the error bars, further

supporting the low-energy deficiency described in e.

eration and design are provided in the Methods section.

The coil current profile can be approximated by a linear rise
during the laser pulse (0 < t < fs ), followed by an exponen-
tial decay after laser turn-off. Target sheath normal acceler-
ation (TNSA)*® proton radiography measurements indicated
a maximum coil current at t,i5c = 1 ns of 57 kA, correspond-
ing to a magnetic field at the center of the coils of 110 T,
with a subsequent exponential decay time of Zgecay = 8.6 ns?'.
During the current rise, the magnetic field strengthens, driv-
ing “push”-phase reconnection, where field lines are pushed
into the reconnection region, and during current decay, “pull”
reconnection occurs, where field lines are pulled out of the re-
connection region®®. Due to the short timescale of the push
phase relative to the pull phase, reconnection is driven more
strongly during the push phase and dominates the duration of
particle acceleration.

We used Thomson scattering to diagnose the reconnecting
copper plasma in a similar experiment on the OMEGA laser,
and found electron density n, ~ 3 x 10'® cm™3, ion density
n;~ 1.7 x 10" cm=3, electron and ion temperatures 7, ~ T; ~
400 eV. Due to the large Z = 18, the ion plasma pressure is
negligible compared to the electron plasma pressure, and the
ratio of plasma pressure to magnetic pressure 3 ~ 0.05. The
experiments are therefore firmly in the low-f3 regime, most

pertinent for particle acceleration in astrophysical conditions.
The Lundquist number is 103 — 10*, representing collisionless
reconnection. The reconnection system size is defined by the
inter-coil distance of L = 600 yum, and when normalized by
the ion skin depth d;, the normalized system size L/d; ~ 1.4.
Due to the small system size, the reconnection is deeply in the
electron-only regime?’, where ions are decoupled.

A time-integrated electron spectrometer — the Osaka Uni-
versity Electron Spectrometer (OU-ESM) — was used to mea-
sure the electron energy spectra. It is located 37.5 cm away
from the coils, at a polar angle of 39° and scans an az-
imuthal range of 179° — 199° with five equally-spaced detec-
tion channels. The OU-ESM channel orientation is shown in
Fig. 1(b,c). Further details regarding the OU-ESM are given
in the Methods section. Particle spectrometer data are col-
lected for a total of five shots, with three double-coil recon-
nection shots, and two single-coil control shots. The OU-ESM
data for the five shots are shown in Fig. 2.

Small differences in the laser energy profile and target prop-
erties between shots causes variations in otherwise nominally
identical cases as seen in Fig. 2. However, focusing on the
angular dependence across the channels for each shot reveals
a key feature in the electron spectra: non-thermal “bumps” in
the reconnection cases that do not appear in the control cases.
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FIG. 3: Particle-in-cell simulation setup of capacitor-coil reconnection demonstrates push reconnection and quadrupole out-of-plane
magnetic fields. a, Schematic of the 2-D cylindrical simulation box used in VPIC modeling, with z the axis of symmetry and R the radial
direction. The azimuthal angle 0 is directed out-of-the-page. Two rectangular coils are situated at R = R,;; with center-to-center separation
of D.,;;. The reference magnetic field By is measured upstream from the coils. Conducting boundary conditions for fields and open boundary
conditions for particles are stipulated. Current is injected in the coils with time, replicating the experimental current profile. Time evolution of
fields are evaluated relative to the current rise time #g, to keep the magnetic field drive consistent. All measurements are taken in the
“zoomed” box area, marked in red. The outer box boundary is not to scale.b-d Profiles of out-of-plane electric current density jg,
out-of-plane magnetic field Bg, and reconnection electric field Eg in the red rectangular zoomed area are shown at ¢ = 1.55 5, overlaid with
magnetic field lines. Bg shows a characteristic quadrupole field structure from decoupled electron and ion flows. A noticeable reconnection

electric field is observed around the current sheet near the magnetic null, with the orientation indicating push reconnection. jg, By, and Eg
are shown in the respective normalized units: jo = eneoc, By = meWpe /e, and Eg = cBy = me@pec/e.

The bumps span the 50 — 70 keV range, and they are most pro-
nounced at the near-normal Channel 5 (¢ = 179°) and weaken
with increasing angle from normal. In contrast, the one-coil
control cases do not exhibit consistent spectral bumps, and
generally exhibit lower signal level. One exception is Fig-
ure 2e, which represents a one-coil shot with the coil on the
left side (as viewed from the front of the target). Due to the
coil magnetic field, low-energy electrons are deflected toward
higher ¢, resulting in an electron deficiency in Channel 5 and
to a lesser extent, Channel 4.

These spectral bumps demonstrate non-thermal electron ac-
celeration, and the detection angle dependence of the bump
sizes suggests a directional anisotropy in the accelerated elec-
tron population. The strongest non-thermal population is seen
in the direction out of the reconnection plane, anti-parallel to
the reconnection electric field, indicating its responsibility for
the direct acceleration.

Interpretation of this particle acceleration mechanisms is
supported by particle-in-cell simulations. We conducted 2-D
cylindrical particle-in-cell (PIC) simulations using the VPIC
code®® in order to model kinetic effects and simulated parti-
cle energy spectra (Fig. 3a shows the geometric setup). The
z-direction is the axis of symmetry, R is the radial direc-
tion, and 6 is the out-of-plane direction. Two rectangular-
cross-section coils are placed in the simulation box, represent-
ing cross-sectional slices of the experimental U-shaped coils.
Reconnection is driven by prescribing and injecting currents
within the coils. We prioritize realistic mass ratio and f3 in the
simulation, at the expense of the reduced but scaled electron
plasma frequency to electron gyrofrequency ratio, Wpe/Qece,
due to the limited computational resources. Further details for
the simulation setup are described in the Methods section.

The PIC simulation results demonstrate strong reconnec-
tion driven by the coil magnetic fields, with a typical out-of-
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FIG. 4: Particle-in-cell simulations of capacitor-coil reconnection validates electron acceleration by the reconnection electric field. a,
The reconnection electric field time-evolution are shown for varying wp, /.. From the period of  ~ (1 — 3)t,s, the reconnection electric
field is prominent. b, The reconnection rate, Ey, is obtained by normalizing the reconnection electric field by the upstream V4 x By, where V4
is the Alfvén speed computed with the upstream magnetic field By and ion mass density in the reconnection region. Ej is generally constant
across the Wpe/Qc. scan. The non-normalized reconnection electric field strength decreases with increasing Wpe/Qce. €, A power law is fit to
the reconnection electric field strength dependence on ®p./Qc.. Extrapolating to the experimental parameters value of ®pe/Qc. = 6.33 gives
Eg =2.18 (1.64,2.92) x 107 V /m (Parenthesized values represent 95% confidence interval). d, The electron particle spectrum is measured
within the zoomed box and with limiting the 6 — z pitch angle to 10°. The particle spectrum for @y, /. = 6.33/4 is shown: t ~ 1.0t (red)
represents a baseline spectrum. The maximum non-thermal tail is seen at # ~ 1.7¢,;5, consistent with the reconnection electric field time
dependence. The non-thermal difference from the baseline spectrum is shown in blue squares. e, Non-thermal difference spectra are shown
for t = 1.7t,i5¢, separated by 8 — z pitch angle. Small pitch angles (near normal to the reconnection plane) correspond to higher-energy tails,
while large pitch angles (near parallel to the reconnection plane) show smaller non-thermal acceleration.

plane quadrupole structure (Fig. 3c), indicative of scale sep-
aration between ions and electrons®**?. In addition, a clear
out-of-plane reconnection electric field is observed around the
X-point, and the orientation of the electric field is consistent
with push reconnection (see Fig. 3d).

To obtain the reconnection rate, the reconnection electric
field is typically normalized by an upstream V4 x By, where By
is the upstream magnetic field strength and V4 = Bo//Hom;n;
is the Alfvén velocity calculated with the ion density at the X-
point. Figure 4b shows that the strongest reconnection occurs
from ¢ ~ tyise — 1. 7t,i5e, for all simulated values of @W,e/Qec.
The diffusion time of the magnetic field through the plasma
explains why this timing does not correspond to the expected
period of push reconnection at ¢ < #j. In nearly all cases,
the reconnection rate reaches maximum values of 0.6 — 0.7,
significantly higher than the typical ~ 0.1 rate expected for
collisionless electron-ion reconnection*': this is typical of
electron-only reconnection, which is characterized by a nor-
malized system size*> L/d; < 5.

The magnitude of the reconnection electric field varies

with @y, /Q¢., since the magnetic field strength scales in-
versely with @p./Qc.. To predict the scaling, we approxi-
mate Eg o< V4 X B o< B? o< (@), /Qce) 2, implying an inverse
quadratic relationship. Plotting the simulated reconnection
electric field strength for various ®p, /Q¢ demonstrates an
inverse dependence (Fig. 4a), consistent with a power law
index of k = —2.137 (Fig. 4c). Extrapolating the reconnec-
tion electric field strength to experimental parameters gives
Eg =2.18 (1.64,2.92) x 10" V /m, with parenthesized values
representing the 95% confidence interval.

Finally, the PIC simulations demonstrate non-thermal par-
ticle acceleration during the push phase of reconnection. Var-
ious filters are applied to the electron population to select the
electrons that best compare to the experimental spectra. First,
to focus on the electrons that are affected by reconnection,
electrons are measured only within the zoomed-in simulation
area shown in Fig. 3a, Second, the 8 — z pitch angle is lim-
ited to select electrons that can escape and be measured by the
OU-ESM detector. For our 2-D axisymmetric simulation, we
do not limit the 6 — R pitch angle, since for any fixed detec-



TABLE I: Comparisons of maximum electron energy between measured values from low-f3 reconnection sources, as a partial
list from Ji & Daughton (201 1)*, and their estimation based on reconnection electric field acceleration, 0.1V4Bd. Here d is a
characteristic acceleration distance which is taken to the system size for maximum energy. Unless explicitly stated, plasmas

consist of electrons and protons.

Low-f plasma Size L (m)|n, (m*3) B (Tesla) | Emax,obs (€V) |Emax.est (€V) |Notes or assumptions

Laser Plasma (this work) 1x1073 | 1x10% 50 (4—7)x10*| 3x10* |Cu™!® plasma

Magnetotail 6x10% | 1x10° | 1x 1078 3% 10° 4x10° |in-situ measurement

Solar Flares**+ 1x107 [1x109]2%x1072| 1x108 6% 1010

X-ray Binary Disk Flares*®*” | 3x10* |1x10%*| 1x10* 5% 108 1x 10" |Cygnus X-3, M = 10M, R =Ry
Crab Nebula Flares’-323 1x10"7 | 10° |[1x1078| 5x10 | 2.4x10' |pair plasma

Gamma Ray Bursts*$49 10* 2x10% | 4x10° 5% 10° 3% 102 |pair plasma

Magnetar Flares” 104 104 | 2x10M | 2x108 5% 1020 |pair plasma, FRB 121102

AGN Disk Flares*-! 3x 101 | 1x10"7 4 5% 108 3x10'7  [Seyfert 1 NGC 5548, M = 108M¢,, R = Ry
Radio Lobes>? 310" | 0.1 [5x10719] 5x 10! 5% 106

Extragalactic Jets> 3%x10" | 3x10" | 1077 7 x 1012 1x10'8 |3C303

tor angle and 6 — R pitch angle, a reconnection plane exists
such that a particle accelerated from that plane would reach
the detector.

Due to the particle injection scheme from 0 < ¢ < fyjge,
the baseline spectrum is taken at ¢ = s, in order to distin-
guish reconnection-accelerated electrons from injected elec-
trons. The reconnection rate evolution shows that reconnec-
tion does not begin until # > s, further validating this ap-
proach. Figure 4d shows the formation of a non-thermal elec-
tron tail. The tail grows larger with time, up to a maximum (at
t ~ 1.7t5), and begins to decay back to a Maxwellian, as re-
connection stops and accelerated particles escape the system
through the open boundaries. The time of the maximally non-
thermal spectrum corresponds well to the reconnection elec-
tric field time dependence, demonstrating push reconnection
as the source of the accelerated particles.

Comparison of the experimental particle spectra with PIC
simulations supports acceleration by the reconnection electric
field as the primary acceleration mechanism that forms the
non-thermal electron tail. This is evidenced by the angular
dependence and accelerated energies of the non-thermal tails
in experimental measurements. The strongest non-thermal
components are seen in Channel 5, corresponding to its near-
normal orientation. The strength of the bump decreases as
the azimuthal angle grows more oblique. Acceleration by the
out-of-plane reconnection electric field would be expected to
produce this angular dependence: electrons with larger pitch
angles would be directed into regions with high field, result-
ing in re-magnetization, preventing the electron from reaching
the detector. This angular dependence of the accelerated elec-
trons is confirmed by PIC simulations, as shown in Fig. 4e,
where non-thermal electrons decrease with increasing pitch
angle from the reconnection electric field direction.

Although the accelerated particle spectrum from simula-
tions could not be obtained for the experimental value of
Wpe /e = 6.33 through scaling due to prohibitive computa-
tional cost (see Methods section), the simulation-determined

scaling of the out-of-plane electric field is well-established.
Using the extrapolated reconnection electric field value Eg =
2.18 (1.64,2.92) x 10’ V/m, a simple estimate for the
expected accelerated electron energy gain becomes AE ~
|g¢| E9d, where ¢, is the electron charge, and d is a charac-
teristic acceleration distance, here taken to be d ~ 1000 yum.
This predicts 16 — 29 keV electrons, which is within a factor
of 2 of the experimental bump of ~ 50 — 70 keV.

Our inference of direct electric field acceleration operating
in the experiments motivates estimating the corresponding at-
tainable particle energies from this mechanism in representa-
tive low-f3 collisionless reconnecting plasmas throughout the
Universe* and comparing to maximum inferred electron en-
ergies from observations. The result is shown in Table 1,
where we have assumed that our experimental implications
for the mostly electron-only reconnection regime can be ex-
tended to electron-ion or pair plasma reconnection regimes.
This leads to the reconnection electric field Eg = 0.1V4B typ-
ically found in collisionless reconnection®!. Therefore, the
upper bound for the energy of the accelerated electrons by the
reconnection electric field is established by Euuxesr = eEgd,
where d is a characteristic acceleration distance which is taken
to the system size, L, for maximum energy.

The estimated maximum energy is within a factor of 2 for
Earth’s magnetotail and Crab nebula flares, implying that if
this mechanism is responsible for acceleration of the most en-
ergetic electrons in these two cases, coherent acceleration over
a distance comparable to the system size is required. In all
other cases, the observed maximum electron energy is well
below the estimated theoretical maximum energy, suggesting
that if this mechanism is at work at all, it must operate over
length scales much shorter than the system size but with prop-
erly distributed spread to populate the whole electron energy
spectra. This is exactly the multi-scale nature illustrated by
the reconnection phase diagram in large systems>*>.

Nonetheless, our laser-powered capacitor coils offer a
unique experimental reconnection platform in magnetically



driven low-f8 plasmas to further study acceleration of elec-
trons (and ions) in various reconnection regimes>** via direct
detection of accelerated particles. The extent to which the
same or different mechanisms of particle acceleration emerge
in different regimes will be of great interest to determine in
future laboratory research and may depend on the particu-
lar reconnection boundary conditions and system geometries.
Although no other mechanisms are excluded, our results re-
ported serve as the first direct confirmation of any hypothe-
sized acceleration mechanism, by magnetic reconnection.

METHODS
Laser-powered capacitor coil target

Laser-powered capacitor coil targets are composed of par-
allel plates (the capacitor) connected by one or multiple wires
(the coils). Holes are formed in the front (facing the driving
laser) plate to allow the laser beam(s) to bypass the front plate
and only hit the back plate. Superthermal hot electrons are
generated during the intense laser-solid interaction, some of
which manage to escape from the back plate. A strong current
is therefore supplied to the U-shaped wires from back to front,
due to the resultant potential difference between the plates.

We use capacitor coil targets made from 50 um-thick cop-
per. The capacitors are formed by two square parallel plates
with length 1.5 mm, with an inter-plate distance of 600 ym.
Two holes of radius 250 um are formed in the front plate to
accommodate OMEGA EP long-pulse beams 3 and 4. The
plates are joined by one or two parallel U-shaped coils, with
rectangular cross-section 50 pm x 100 um. Each coil con-
sists of two 500 um straight sections, joined by a semicircular
section with radius 300 um. In two-coil targets, the coils are
separated by 600 um. Capacitor coil targets are fabricated by
laser-cutting a design in 50 um-thick sheet copper, then bend-
ing the coils into shape.

Particle spectra measurement using OU-ESM

The Osaka University - electron spectrometer is a time-
integrated diagnostic that can provide angular resolution in
either polar or azimuthal angles, relative to the target. This
is accomplished by the use of 5 channels, each separated in
angle by 5°. In the experiment, we chose the azimuthal an-
gle spread, since this pitch angle allows for distinguishing
between acceleration mechanisms in an axisymmetric setup,
with symmetry in the polar direction.

After reaching the spectrometer, an electron first passes
through a pinhole 700 um wide and 2 cm deep. Separa-
tion of electron energies is accomplished with a set of per-
manent magnets placed along the detector line-of-sight, cre-
ating a magnetic field perpendicular to the line-of-sight. The
¥ x B force deflects differently-energized electrons different
distances along the detector length onto a BAS-TR image
plate. In general, impacts closer to the detector entrance

represent lower-energy electrons. In the experiment, mag-
nets were chosen corresponding to electron energies in the
20 keV — 1 MeV range.

The field of view and solid angle subtended by each channel
are defined by the pinhole size p = 700 yum, distance to target
D = 37.5 cm, and pinhole/collimator depth d = 2 cm. The
field of view is given by FOV = pD/d = 13.1 mm, which is
significantly larger than the target size and sufficient to capture
electrons from the main interaction. The solid angle is Q =
P?/D* = 3.5 x 107 sr and provides the primary restriction
for electrons reaching the detector.

The primary sources of error in interpreting OU-ESM data
involve image plate response to energetic electrons and image
plate scanning offsets. The image plate response is taken from
Bonnet et al., 20134, and introduces a 28% uncertainty. In
addition, image plate signals decay with time, so image plates
are scanned at exactly 30 minutes after the shot for consis-
tency in signal level. In interpreting the image plate, defin-
ing the edge of the magnets is critical to an accurate energy
spectrum. Here, an uncertainty of approximately 5 pixels, or
0.5 mm is introduced, translating to an uncertainty in the spec-
trum energy.

Particle-in-cell simulation setup

The 2-D PIC simulation box has dimensions of L, = 4D
and Lg = 2D in the z and R directions, respectively, where
D.oj is the inter-coil distance of L =600 um. To avoid the dif-
ficult boundary at R = 0, a minimum radius of R, = 50 um
was used. Two rectangular-cross-section coils of width I, =
100 um and height [g = 50 um are located at R = 300 um
and z = +D¢.i1 /2 = £300 pm, matching experimental posi-
tions.

In the simulation, lengths are normalized to electron skin
depth d, = ¢/ @y, and times are expressed in terms of the
inverse electron plasma frequency a)p_el. Due to the large
Lundquist number, collisions are turned off in the simulation.

It is computationally untenable to perform a simulation
with completely physical parameters, and so priorities must
be made. An accurate particle spectrum is of great impor-
tance, so reducing ion-to-electron mass ratio m;/m, is unde-
sirable. In addition, the plasma 3 has been shown to be a crit-
ical parameter in particle acceleration®, so we maintain the
physical f in the simulation. To reduce computational time,
we instead use artificially small values of the electron plasma
frequency to electron gyrofrequency @p./S.. By keeping 8
constant, a reduced ®,./Q.. represents an artificially strong
magnetic field, coupled to an artificially hot plasma. Scaling
relations for electromagnetic field strength can be established
as a function of ®,./Q.. in order to extrapolate to physical
conditions. The physical @), /Qce = 6.33, and simulations
are run for reduced values ®,./Q.. = 6.33/3, 6.33/4,6.33/6,
6.33/12,6.33/16, and 6.33/24.

Cell size is limited by the Debye length, so the number
of cells changes with ®,e/Qce. At ®pe/Qce = 6.33/4, the
number of cells is n; x ng = 1440 x 720, spanning L, X Lg =
451.6d, x 225.8d,. 200 macro-particles of each species are



initialized per cell. The achievable cell size and number of
macro-particles per cell also limit a viable scaling of acceler-
ated electron spectra to be established for the small electron
diffusion region where electrons are demagnetized, and thus
are free to be accelerated by the reconnection electric field.

For physical @, /¢ = 6.33, the simulation is initialized
with a uniform Maxwellian plasma with n, = 108 cm=3,n; =
ne/Z =5.6x10'% cm=3, T, = T; = 400 eV to match experi-
mental parameters. Compared to experiment, a lower initial
plasma density is used due to the inclusion of a particle injec-
tion scheme from the coil region. A representative magnetic
field strength By = 50.7 T is taken to be the upstream mag-
netic field at z = —D,;1/4 from the center between the coils.
The simulation f is therefore 0.063. Due to the artificially
reduced @p./Q.. values, ion and electron temperatures and
coil magnetic fields are artificially increased, while keeping
density constant to maintain plasma f3.

Electrically conducting boundary conditions are set for
fields, and open boundary conditions>® are set for particles
in the z and R directions (periodic boundary conditions are set
for 0). The open boundary conditions prevent accelerated par-
ticles that would otherwise escape the system from being re-
accelerated. Our choice therefore prevents an over-estimation
of particle acceleration that would be inevitable with periodic
or reflecting boundaries.

At t = 0, electromagnetic fields are set to 0. The capac-
itor coil currents are modeled by injecting currents with the
following time profile:

Leoil (1) = {IO(t/triSe),

Iy exp(— (l - frise)/tdecay) s

1 <lise

1
t > trise ( )
where tijse = 1 18, fgecay = 8.6 ns, and Iy = 57 kA match ex-
perimental measurements. Currents are oriented into the page
(—0 direction). The coil magnetic fields are then calculated
from the current distribution within the coils.

The reconnection plasma primarily emanates from the
coils, due to ablation of copper plasma by Ohmic heating
within the coils and irradiation by x-rays from the laser inter-
action. In contrast, the plasma generated at the laser spot takes
a few nanoseconds to flow into the reconnection region, and
does not play a significant role in reconnection, particularly
during the push phase. To simulate the coil plasma, we use a
particle injection scheme: a volume injector is implemented
around the coils, with a Gaussian spatial profile (Gaussian
width and height are set to /, and g, respectively), and a lin-
ear time-dependence from ¢ = 0 — 1 ns. The injection rate is
tuned to match experimental density measurements. Without
the particle injection scheme, density voids form around the
coils, as the strong magnetic field pressure pushes out plasma
as the magnetic field diffuses outwards from the coils.
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