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Pair-loaded electron-only magnetic reconnection using laser-driven capacitor coils
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We propose and simulate a laboratory platform to study the effects of positrons in magnetic reconnection
using laser-driven capacitor coils. Using particle-in-cell simulations, we show that externally injected MeV
electron-positron pairs are trapped in the coil current sheet, significantly modifying the reconnection dynamics
and particle acceleration. These pairs increase the reconnection rate by a factor of approximately 8, which
Ohm’s law decomposition reveals to be driven by the divergence of the generalized pressure tensor. Based on
their high energy and magnetization, the pairs also substantially broaden the diffusion region. Particle tracking
simulations in realistic coil magnetic fields further demonstrate that injected pairs can remain confined for several
picoseconds, providing conditions for sustained interaction with the reconnection region. These results establish
a near-term pathway to first laboratory studies of positron-influenced reconnection, bridging high-energy-density
experiments with pair-dominated astrophysical environments.
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I. INTRODUCTION

Magnetic reconnection is a widely studied process in both
the astrophysics and laboratory astrophysics communities
[1,2]. This ubiquity comes largely from the numerous en-
vironments in our universe where magnetic reconnection is
believed to occur and the demonstrated success of laboratory
experiments in creating conditions relevant to these environ-
ments [3–8]. Magnetic reconnection, the process whereby
magnetic field energy is rapidly converted to particle kinetic
energy, has been invoked in various systems as the cause of
highly energetic phenomena, e.g., solar flares [9], and may
be responsible for high-energy particle generation from the
extreme environments surrounding magnetars [10].

The theoretical studies of magnetic reconnection cover a
large parameter space of field strengths, plasma densities,
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and plasma composition. These properties can greatly affect
the rate of reconnection and the form of acceleration that
may occur [11]. Laboratory experiments similarly study a
wide range of parameters [4,12,13]; however, there exists a
significant discrepancy in the plasma composition considered
in theory and experiment, specifically in the extreme astro-
physics community. Due to the energetic conditions in the
extreme environments considered by this community, e.g.,
surrounding black holes, pulsars, and active galactic nuclei
jets, there should be significant electron-positron pair creation
[14,15]; therefore reconnection happening in these environ-
ments should be partially or fully composed of pairs [16,17].
The dynamics of pair reconnection or mixed pair-ion re-
connection can greatly differ from electron-ion reconnection
[18–25].

There is significant interest within the laser-plasma com-
munity in producing sufficient pairs to generate plasmas
to study plasma processes. These efforts focused on a few
experimental schemes for pair production based on the Bethe-
Heitler process as recently reviewed by Chen and Fiuza [26].
In the most commonly used “direct” method, a laser incident
on a high-Z target accelerates electrons. These electrons gen-
erate high-energy photons through bremsstrahlung that can be
of sufficient energy to generate pairs when interacting with
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the Coulomb fields of the high-Z target. Experimentally, this
process has generated ∼1012 pairs using relativistic intensity
kilojoule-class lasers [27]. Magnetic mirror schemes have
been used to trap the generated pairs for future basic plasma
studies [28]. However, the use of laser-generated pairs has
been limited [29].

While the study of plasma processes with pairs has gen-
erally been viewed to be limited due to the pair density
requirements, here we consider a pair-loaded electron-only re-
connection platform that may be implemented using currently
available lasers. Theory and simulation are used to study the
injection of pairs into a laser-driven magnetic reconnection
platform and the reconnection physics that may be enabled
by this platform. We build from the capacitor coil platform
[30] that has provided important insight into reconnection dy-
namics [31] and particle acceleration [32]. We find that pairs
may be injected into the coils and confined over several pi-
coseconds based on magnetic field strengths from short-pulse
driven coils [33]. Depending on the density of injected pairs,
they may either act as a tracer of the reconnection process
or significantly modify the reconnection dynamics and energy
gained. The experimental implementation of this concept will
significantly reduce the expected timeline for reconnection
studies including positrons, providing insight into reconnec-
tion as it happens in the most extreme environments in the
universe using currently available kilojoule laser systems. Fur-
thermore, the method of injection can be interpreted as an
analog for pair injection in reconnection with strong magnetic
fields where the effects of pair creation have seen significant
interest [34,35]. More broadly, this platform demonstrates a
new path for plasma physics in which currently available
pairs can be applied to study fundamental plasma processes
in mixed pair-ion plasmas. While the analysis here is closely
tied to a particular geometry and a set of plasma condi-
tions, the concepts developed, e.g., the injection of pairs into
coils, should be applied to other fundamental plasma physics
studies.

II. PROPOSED EXPERIMENT

Figure 1 demonstrates the concept for the experiment de-
signed around a laser-driven capacitor coil. The capacitor coil
target consists of two 1.5 × 1.5 mm2 foils connected by two
wires separated by ∼600 µm. The backplate is irradiated by
a laser pulse, heating electrons and driving the formation of
a plasma plume and an electric potential between the plates.
This potential results in a return current that runs through the
wires, generating magnetic fields. These azimuthal magnetic
fields are antiparallel in the region between the wires and can
reconnect. Recent results using a 15 ps duration, intense IL ∼
1019 W/cm2 laser pulse demonstrated a current of 120 kA
and a few hundred tesla magnetic fields [33]. A thick Au foil
is irradiated by a second high-intensity kilojoule laser pulse,
generating a high-divergence beam with a duration similar to
that of the laser pulse [26]. The target angle and position must
be chosen to maximize injection and confinement of pairs as
will be discussed later in this paper.

Without the inclusion of pairs, the capacitor coil drives
electron-only push-type reconnection [36]. The coils are ion-
ized by Ohmic heating and x-rays from the laser interaction on

FIG. 1. Proposed experimental concept where pairs from a laser-
irradiated Au foil are injected into the coils of a laser-driven capacitor
coil. Magnetic fields produced around the legs of the coil create a
reconnection configuration. The submillimeter separation between
the legs allows for electron-only magnetic reconnection with pair
loading. Injected pairs are represented by green and blue spheres.

the backplate, forming a plasma. Growing magnetic fields are
simultaneously generated around the coils that expand with
magnetized electrons into the midplane where reconnection
occurs. In nanosecond long-pulse laser-driven reconnection,
the measured electron density is ne ∼ 1018 cm−3 [31] and is
similarly dense on the nanosecond timescale for short pulse
interactions [37]. The distance between the coils is approxi-
mately one ion skin depth for a Cu ion plasma and previous
experiments have observed electron acceleration consistent
with electron-only reconnection [32], a regime relevant to the
Earth’s magnetosheath [38].

III. EXPERIMENTAL CONDITIONS

Let us first consider the necessary conditions for pairs
to support reconnection alone. They must have a sufficient
density to sustain a current sheet and must exist over a
large enough volume to support the current sheet and allow
reconnection. The minimum density can be estimated from
Ampere’s law using a current sheet of thickness δ across
which the B-field varies due to a current density j = B/μ0δ.
The current density can be formed by relativistic pairs drifting
in opposite directions approximately at the speed of light. If
the density is large, the current sheet width will become very
small; however, it is limited to be larger than the electron
skin depth de = c/ωp, where ωp is the plasma frequency.
For the pairs to be magnetized and reconnect, the separation
between the coils Lsep must be larger than the Larmor radius
rL = p⊥/eB, where p⊥ is the momentum perpendicular to the
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magnetic field. With a separation between the coils of Lsep =
600 µm and a 120 kA current, as demonstrated experimentally
by Gao et al. [33], a magnetic field of 100 T at 150 µm from
one of the coils is expected. Using the conditions that both the
minimum current sheet width and rL are smaller than Lsep/4
predicts that reconnection should be possible for few MeV
pairs (γ < 10) with densities >1016 cm−3. Note that the fields
used here are near the peak fields generated by the coil. It will
therefore be necessary to inject the pairs just before the coil
fields have reached their peak strength such that the pairs are
trapped, but will still be driven into the midplane as the fields
continue to increase in strength.

To understand how this density of MeV pairs can be
achieved, we can consider the properties of experimentally
demonstrated beams [26]. The pairs with properties most
similar to what is required here were generated in the interac-
tion of high-energy laser pulses with thick Au targets. These
beams generated either at OMEGA EP [39] or at the Texas
Petawatt [40] had durations of a few picoseconds, energies >5
MeV, positron to electron ratios >0.2, and positron numbers
1010–1012. The divergence (<50◦ full width at half maximum)
and spot size of the pair beams were large, which limited the
density. However, in the case of the capacitor coil, injected
pairs can travel freely along magnetic field lines and fill the
area around the coils. For coils with Lsep = 600 µm, let us as-
sume that the filled area will be ∼1 × 1 mm2. A lower bound
on the layer thickness is the Larmor radius, which is ∼20 µm
for 1 MeV pairs. To achieve a density of 1016 cm−3, this
requires at least 2 × 1011 pairs. This is just within the bounds
of what has been demonstrated experimentally. However, due
to the time variance of the fields and imperfect trapping, it is
unlikely that reconnection can be supported by pairs alone.
Instead, a more realistic experiment using currently available
lasers is to introduce pairs into a current sheet that has al-
ready formed. However, the multi-MeV pairs that have been
demonstrated experimentally have energies slightly greater
than what can be trapped by the fields of the capacitor coil.
It will therefore be necessary to optimize for the generation of
MeV pairs instead of multi-MeV pairs, which can be done by
increasing the radius of the Au target [41].

IV. RECONNECTION DYNAMICS

To understand how electron-only reconnection is affected
by the injection of pairs, two-dimensional (2D) simulations
were run using the particle-in-cell code VPIC [42]. These
simulations are modified from those of Chien et al. [32]
that were able to provide insight into experimental data on
electron acceleration from nanosecond laser-driven capacitor
coil reconnection. Modifications have been informed by our
recent experimental results on short-pulse laser-driven capac-
itor coils [33]. Currents were injected in circular regions with
a radius of 25 µm and separated by 600 µm with a linear rise
over 100 ps to a peak current of 120 kA. While the rise time
for the current in these coils has not been measured, recent
measurements under comparable conditions have shown simi-
lar rise times [43]. A neutral electron-ion plasma was injected
with a reference density n0 = 1016 cm−3 from the coils, as
would be expected from short-pulse driven coils for these
early times. The ions had an ionization state Z = 20 and a

normalized mass 63.55 times the mass of a proton to represent
a partially ionized Cu ion. A uniform density of 1015 cm−3

was initialized throughout the box, which was found to reduce
growing fields that affect numerical stability at the boundaries.
The electrons and ions in the initial and injected populations
had a temperature of 10 keV. At this temperature, the chosen
cell size �x = �z = 0.1LD = rL/3 = de/71, where LD is the
Debye length, rL is the Larmor radius, and de is the electron
skin depth. All particles were injected or initialized with 100
particles per cell, which was found to be sufficient to resolve
the reconnection physics and particle acceleration. Absorbing
boundaries were used for particles and fields. A large box with
dimensions of 3 mm × 3 mm was used to remove boundary ef-
fects from the reconnection dynamics. While the electron-ion
plasma was injected on a linear ramp, the electron-positron
pairs were injected as a monoenergetic 1 MeV population
with a constant injected density from 50 to 60 ps. The initial
direction of propagation for each particle in the population
was sampled from a random uniform distribution. This was
done to create a simplified version of the beam as it would
be injected from a 10 ps laser pulse interacting with an Au
foil and trapped between the coils. Motivation for this injected
population will be demonstrated later in this paper.

Figure 2(a) shows the evolution of a simulation where the
density of the pairs is approximately 30% of the background
electron density in the current sheet. Prior to the pairs being
injected, this system evolves and reconnects. With the chosen
initial and injected densities, sufficient time is required for the
density to build up and support the current sheet. The pairs
are injected at 50 ps, a time when reconnection is already
occurring; however, their arrival sparks several changes in
the reconnection dynamics. As the pairs are injected, they
greatly increase the reconnection rate REDR = Ey/VAeB0, cal-
culated using local values at z = 1de, i.e., in the upstream
of the electron diffusion region (EDR). This is the method
reported by Liu et al. for electron-only reconnection [44], but
with a relativistic Alfvén speed VA = c

√
σ/(1 + σ ), where

σ = σcold,e = B2/μ0(ne + np)mec2 is the magnetization of the
electrons with density ne and positrons with density np. In
Figs. 2(b) and 2(c), the y-directed reconnection electric field is
shown for a simulation without and with the injection of pairs,
respectively. The E field has been time-averaged over 0.6 ps,
spatially averaged over the interval x = [−7.1, 7.1] µm, and
normalized by VAeB0 taken at de, which is marked by a gray
region in both plots. We observe a factor of approximately 8
increase in the reconnection rate with the injection of pairs.

To understand the increase in the reconnection rate, we
decompose the E field into the terms given by the electron-ion
Ohm’s law in Fig. 2(b) [45] and the relativistic electron-
positron-ion Ohm’s law in panel (c) [25] (see Appendix for
details on these equations). In Fig. 2(b), we observe that the
electron pressure term E∇·Pe dominates within the EDR and
the Hall term EH ∝ (J × B)y dominates outside the EDR. In
addition to the term E∇J , these terms make up the right-hand
side (RHS) of Ohm’s law ERHS, which is close to the left-
hand side (LHS) ELHS = Ey + (vi × B)y. We have neglected
E∂t , which is small and affected by the injection of particles
at the coils. In Fig. 2(a), row 3, we observe a significant
increase in the quadrupolar magnetic field. Therefore, it may
be expected that the Hall term would explain the increase

043004-3



BRANDON K. RUSSELL et al. PHYSICAL REVIEW RESEARCH 8, 043004 (2026)

FIG. 2. Two-dimensional VPIC simulation of reconnection with pair injection with a density ∼30% of the background electron-ion plasma
in the current sheet at the time that pairs are injected. The evolution of the out-of-plane current density Jy, electron density, and out-of-plane
magnetic field By is shown in panel (a), where 1 MeV pairs are injected from 50 to 60 ps. In row 3, arrows show the direction of the in-plane
current. Panels (b) and (c) demonstrate the decomposition of the reconnection electric field into the terms given by Ohm’s law at t = 57.96
ps for a simulation without and with the injection of pairs, respectively. The electric field has been normalized by the electron Alfvén speed
VAe multiplied by the magnetic field B0 calculated at z = 1de at t = 57.96 ps. This region has been marked in gray in panels (b) and (c). See
Appendix for the definition of the Ohm’s law terms that are labeled in panels (b) and (c) with colors matching the corresponding lines.

in the reconnection rate; however, this is not the case. In
Fig. 2(c), Evb± + Evbp, which is conceptually similar to the
electron-ion Hall term, shows a similar amplitude to the Hall
term in the case without injection. Instead, it is the terms
E�+ and E�−, coming from the divergence of the off-diagonal
elements of the generalized pressure tensor for the positrons
and electrons, respectively, that dominate the electric field.
Additionally, while de is similar for both cases, (E + ve × B)y

is significantly broadened and gains two peaks with the injec-
tion of pairs. Due to their much higher energy, the pairs have
an effectively larger diffusion region given approximately by
the region where the Larmor radius is greater than the distance
to the x point, i.e., rL(z) � z with the x-point at z = 0. This
region has been marked in light gray in Fig. 2(c). In summary,
when high-energy pairs are injected, they increase the recon-
nection rate by increasing the plasma pressure and adding a
diffusion region that is defined by the magnetization of the
injected pairs.

Notably, this system has σcold,e ∼ 0.16 at z = 1de and
exceeds unity further into the upstream, indicating that the
inflowing plasma transitions into the relativistic regime for
electron-only reconnection. It is therefore expected that the
particles should gain a significant amount of energy exceeding
their rest mass. The pairs start at 1 MeV, and after less than
10 ps, the injected electrons gain 1.8 MeV, the background
electrons gain 1.9 MeV, and the injected positrons gain 2.2
MeV. Injecting with only a single coil (no reconnection)
gives an energy gain of 1.6 MeV for injected positrons and
electrons and 1.4 MeV for background electrons. With two

coils and no injection, the background electrons only gain
0.8 MeV. While this shows that the pairs are energized by
reconnection, measuring this change in energy may be masked
if experimental noise is significant. Furthermore, the effects
of the three-dimensional (3D) reconnection geometry on the
acceleration of these particles should be understood; however,
this is outside the scope of this study.

V. INJECTION OF PAIRS

Finally, we must consider how the pairs will be injected
into the coils and how they can be sustained for the sev-
eral picoseconds necessary for acceleration. We calculate the
magnetic fields of the coils using the Biot-Savart law and
propagate particles in 3D through these fields using the rel-
ativistic Boris pusher implemented in the code PLASMAPY

[46]. While electric fields are generated from the time-varying
magnetic field, these fields do not appear to be significant
from our experimental results [47]. A beam consisting of 104

positrons was injected at (x, y, z) = (−1, 0.4, 0) mm with an
angle of 30◦ from the x axis toward the y axis. The beam
had a Gaussian energy spread σE/E0 = 10%, a Gaussian
distribution in solid angle with a 1/e half-angle divergence
θ0 = 15◦, and a Gaussian transverse profile with 1/e radius
r0 = 250 µm. Figure 3 shows the amount of time that these
particles stay in each part of the simulation domain integrated
over the z direction in panel (a), the y direction in panel (b),
and divided by the total number of particles. This average
dwell time is diffuse, showing the many trajectories particles

043004-4



PAIR-LOADED ELECTRON-ONLY MAGNETIC … PHYSICAL REVIEW RESEARCH 8, 043004 (2026)

FIG. 3. Trapping of positrons between the coils using the mag-
netic fields 50 ps into the 100 ps current rise time. Panels (a) and
(b) show the integrated time spent by pairs in the x-y and x-z planes,
respectively. Trapped trajectories of positrons are shown with over-
lays for the coil positions in blue. The fraction of particles within the
red rectangle in panels (a) and (b) is plotted in panel (c), showing
trapping over several picoseconds.

exit and enter the coils along; however, it peaks between the
coils where particles spend the most time. Particles bounce
between the coil fields and perform several orbits as shown.
However, many particles do not follow trapped trajectories
and quickly leave the coils. To quantify this, the fraction of
particles within the volume marked in red in Figs. 3(a) and
3(b) was calculated and plotted in panel (c). Almost 60% of
particles make it into this region with approximately 50% of
those lasting more than 4 ps. For a real pair beam with a
duration of ∼10 ps, this means that particles from the front
of the beam will continue to exist between the coils as more
pairs are injected, increasing the density. The chosen angle
for injection was found by integrating the surviving fraction
over time for several beam angles. We find that the injection
is robust, showing similar values for the integrated surviving
fraction for ±10◦ from this position. However, it should be
noted that the angle to trap electrons and positrons is not the
same, likely resulting in the injection of unequal numbers of
electrons and positrons.

VI. CONCLUSIONS

In conclusion, we have proposed a magnetic reconnection
experiment to study the effects of positrons. This experiment
was based on the well-tested capacitor coil platform that was
recently driven by relativistic-intensity short-pulse lasers [33].
We have demonstrated that pairs from laser-driven Au foils
are readily injected into these coils, can exist in the current

sheet for several picoseconds, and significantly modify the
reconnection dynamics. Our simulations are based on those
that were used to provide insight into experimental data from
long-pulse driven capacitor coils [32] modified for the con-
ditions of short-pulse driven coils [33]. The reconnection
platform is inherently 3D, while the simulations performed
here are limited by computation cost to two dimensions. We
expect 3D effects including the formation of instabilities will
be important, as found in long-pulse driven coils [31]. How-
ever, notably the drift-kink instability which is commonly
found in 3D reconnection should be stable for the measured
and simulated plasma conditions [48].

The simulations show significant modification to the re-
connecting fields, dynamics, and the accelerated particles.
Experimentally, these can be diagnosed using electron-
positron spectrometers and proton radiography. The dramatic
effect of injected pairs points to the need for a new set of
theory that should be established whereby pairs are injected
into current sheets, which can complement recent work on
initially mixed pair-ion reconnection [25]. There are many
regions in the universe where pairs from an external source
may be expected to be injected into a reconnecting system.

Finally, these results demonstrate that positron-influenced
reconnection can be studied with existing kilojoule-class
lasers, bridging the gap between laboratory experiments and
pair-dominated astrophysical plasmas. More broadly, this
work demonstrates that currently available pair beams may be
immediately applied for a new class of mixed pair-ion experi-
ments, opening a new path for laboratory plasma physics. The
techniques developed here and the generation of mixed pair-
ion plasmas should be applied to other fundamental plasma
studies.
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APPENDIX: OHM’S LAW CALCULATION

In this paper, we apply two versions of Ohm’s law: one to
decompose the reconnection electric field in an electron-ion
plasma, and another for an electron-positron-ion plasma. The
former is modified from that found in the review by Liu et al.
[45] and the latter in the recent work of Imbrogno et al.
[25]. The electron-ion Ohm’s law is derived from the electron
momentum equation in a collisionless plasma assuming that
the electron velocity ve is much larger than the ion velocity
vi such that the current J ≈ −eneve, but without making the
assumption of neutrality (ne = Zni) that was made by Liu
et al. [45]. It is written in SI units as

E + Zni

ne
vi × B = J × B

nee
− ∇ · Pe

nee
− me

e2

(
J

nee

)

· ∇
(

J
ne

)
+ me

e2

∂

∂t

(
J
ne

)

= EH + E∇·Pe + E∇J + E∂t , (A1)

where Pe is the electron pressure tensor, ne is the electron
density, ni is the ion density, Z is the ionization state, and me

and e are the electron mass and charge, respectively. These
terms are plotted in Fig. 2(b). On the right-hand side of the
equation, we find, consistent with previous work, that the first
term dominates just outside the EDR, while the second term

dominates within the EDR. The third term adds a small contri-
bution, while the final term is found to be small and negative
in our simulations. The injection rate directly contributes to
this term, making it sensitive to the coil driving conditions
rather than the reconnection dynamics alone. It has therefore
been neglected from Fig. 2(b). Finally, we note that outside the
EDR the electron to ion velocity ratio is only approximately
2.5 and the system is not neutral further from the current
sheet. While the velocity ratio appears to have a small effect
on electric field decomposition, the non-neutrality near the
coils is important, necessitating the more general derivation
of Ohm’s law.

The electron-positron-ion Ohm’s law was derived relativis-
tically and is given by [25]

E = m−
e2N

∂J
∂t

− 1

N (n+V+ + n−V−) × B

− 1

N npVp × B − 1

eN ∇ · �−

+ 1

eN ∇ · �+ + m−
mp

1

eN ∇ · �p

= E∂t + Evb± + Evbp + E�− + E�+ + E�p. (A2)

Here, the electrons, positrons, and ions are denoted by the
subscript a = −,+, and p, respectively. The total current den-
sity is given by J = 
aqanaUa, where Ua = γ Va is the bulk
four-velocity, with Va as the three-velocity and γ the Lorentz
factor. The effective number density N = npm−/mp + n+ +
n−, where ma is the mass and na is the density of each species.
The generalized pressure tensor �a = Pa + manaVaUa in-
cludes the bulk contributions that are excluded from Pe in
Eq. (A1). In our analysis, we neglected the E∂t term, which is
unphysical as pairs are injected continuously near the x point,
breaking the conservation of momentum. We also neglected
E�p, which is much smaller than the other terms for our
conditions.
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