'.) Check for updates

A n l l ADVANCING
nu EARTH AND

. SPACE SCIENCES

JGR Space Physics

RESEARCH ARTICLE
10.1029/2026JA035515

Key Points:

e The time evolution of electron-only
reconnection has been investigated
both in the keda linear magnetized
plasma (KLMP) device and in a dedi-
cated particle-in-cell (PIC) simulation

e The dedicated PIC simulation
demonstrates the absence of obvious
ion outflow caused by reconnection
process

® The electron dynamics responsible for
the Hall magnetic field, as observed in
the KLMP device and simulation, is
elucidated

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

Q. Lu,
gmlu@ustc.edu.cn

Citation:

Hu, S, Yang, F., Lu, Q., Zhang, Q., Xie, J.,
Gao, X., et al. (2026). Electron-only
magnetic reconnection in keda linear
magnetized plasma (KLMP) device:
Comparison between laboratory study and
kinetic simulation. Journal of Geophysical
Research: Space Physics, 131,
€2026JA035515. https://doi.org/10.1029/
2026JA035515

Received 14 APR 2026
Accepted 8 JUL 2026

© 2026 American Geophysical Union. All
rights reserved, including rights for text
and data mining and training of artificial
intelligence technologies or similar
technologies.

Electron-Only Magnetic Reconnection in Keda Linear
Magnetized Plasma (KLMP) Device: Comparison Between
Laboratory Study and Kinetic Simulation

Shihang Hu'”? ©, Fa Yangl’2 , Quanming Lu'? @, Qiaofeng Zhangl’z, Jinlin Xie®,
Xinliang Gao'* (¥, Yangguang Ke'* ©©, Yukang Shu'? (¥, Youran Liu®, Longlong Sang’, San Lu' ©,
Rongsheng Wang'? ¥, and Weixing Ding>

'Deep Space Exploration Laboratory, School of Earth and Space Sciences, University of Science and Technology of China,
Hefei, China, 2Collaborative Innovation Center of Astronautical Science and Technology, Harbin, China, 3School of Nuclear
Science and Technology, University of Science and Technology of China, Hefei, China

Abstract Electron-only magnetic reconnection, a new type of magnetic reconnection characterized by the
absence of obvious ion outflow and heating, has been widely studied by in situ spacecraft observations in space
plasma. This paper presents an experimental investigation of electron-only magnetic reconnection in the Keda
Linear Magnetized Plasma (KLMP) device, complemented by a dedicated particle-in-cell (PIC) simulation.
When reversed magnetic fields generated by two parallel aluminum rods approach and compress each other, a
current sheet forms with a width on the order of the electron inertial length. Magnetic reconnection with a strong
guide field subsequently occurs in this current sheet, and the Hall magnetic field with a distorted quadrupolar
structure is measured. The PIC simulation demonstrates that the current is carried mainly by the electrons, that
the reconnection process does not produce obvious ion outflow. These results indicate that electron-only
magnetic reconnection has been successfully realized in the KLMP device.

Plain Language Summary Magnetic reconnection is a process where magnetic field lines break and
reconnect, releasing stored magnetic energy to heat and accelerate particles. Recently, a new type called
electron-only reconnection has been discovered in space, in which ions remain unresponsive to the reconnection
process. To better understand this process, we reproduced it in a laboratory device called the Keda Linear
Magnetized Plasma. In experiment, two parallel metal rods generate magnetic fields that push against each
other, creating a thin current sheet where reconnection occurs. We also used a computer simulation to model the
same process. The simulation successfully reproduces the experimental results and confirms that the
reconnection is indeed electron-only reconnection. In addition, the simulation helps explain how the motions of
electrons give rise to the characteristic magnetic field structures observed in the experiment. This combined
experimental and computational approach provides a clearer picture of electron-only reconnection, a process
frequently observed in Earth's magnetosphere and other space environments.

1. Introduction

Magnetic reconnection is a fundamental plasma process that rearranges magnetic field line topologies and
converts magnetic energy into particle energy (Biskamp, 2000; Yamada et al., 2010). It plays a key role in
energizing particles and driving explosive phenomena across diverse plasma environments. These include the
solar atmosphere (Cassak & Shay, 2012; Krucker et al., 2010; Masuda et al., 1994), interplanetary space (Gosling
et al., 2005; R. Wang et al., 2023; Z. Wang et al., 2023; Wei et al., 2003), planetary magnetospheres (Dai
et al., 2024; Q. Lu et al., 2022; @ieroset et al., 2001; R. Wang et al., 2010; R. Wang et al., 2024; S. Wang
et al., 2024; Zhang et al., 2012), as well as laboratory experiments (Dong et al., 2012; Egedal et al., 2007;
Frank, 1999, 2025; Huang et al., 2025; Li et al., 2007; Yamada et al., 2006, 2015; Yang et al., 2025). The standard
collisionless magnetic reconnection model features a two-scale structure, comprising the ion diffusion region
(IDR) at the scale of the ion inertial length and the electron diffusion region (EDR) at the scale of the electron
inertial length (Birn et al., 2001; Chang et al., 2024; Kleva et al., 1995; Q. Lu et al., 2010; Ma & Bhattachar-
jee, 2001; Bieroset et al., 2001; Pritchett, 2001; Zhou et al., 2019). In the IDR, the electrons are magnetized, while
the ions are demagnetized. In the EDR, which is embedded in the IDR, the electron motions also become
demagnetized.
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Recently, a new type of magnetic reconnection, electron-only magnetic reconnection, has been observed in
Earth's magnetosphere (Hubbert et al., 2021, 2022; S. Lu et al., 2020; Man et al., 2020; Phan et al., 2018; R. Wang
et al., 2018, 2020). Electron-only reconnection usually occurs in an electron current sheet where the current is
predominantly carried by electrons, with its width on the order of the electron inertial length. Different from
standard reconnection, electron-only reconnection exhibits only the electron dynamics, while ions remain un-
responsive to the reconnection process. As a result, there is no significant ion outflow or heating observed. The
magnetic energy released during reconnection is predominantly converted into the kinetic and thermal energy of
electrons (Guan et al., 2023, 2024, 2025; S. Lu et al., 2022; Pyakurel et al., 2019; Roy et al., 2024). Furthermore,
one pronounced feature of electron-only reconnection is the higher reconnection rate than standard reconnection,
signifying a more efficient release of magnetic energy (Guan et al., 2023; Liu et al., 2025; Q. Lu et al., 2025;
Pyakurel et al., 2019).

In addition to observations in space plasmas, the physical mechanisms of electron-only reconnection have also
been directly verified and studied under controlled laboratory conditions (Greess et al., 2021, 2022; Nirwan
et al., 2025; Rovige et al., 2024, 2026; Sakai et al., 2022; Shi et al., 2022a, 2022b, 2023; Yang et al., 2025). In
Yang et al. (2025), the realization of electron-only reconnection with a guide field in the Keda Linear Magnetized
Plasma (KLMP) device has been reported. In the KLMP experiment, both the spatial and temporal scales are
confined to the electron scale, and a quadrupolar structure of Hall magnetic field, as well as electron heating, are
identified. However, conclusive observational proof for electron-only reconnection was lacking in Yang
et al. (2025). Therefore, in this paper, we perform a particle-in-cell (PIC) simulation to model the physical process
observed in the KLMP experiment. A detailed comparison between the experimental and simulation results
reveals excellent agreement. Furthermore, the simulation results confirm that the physical process observed in the
KLMP device is indeed electron-only reconnection, rather than standard reconnection.

2. Experimental and Simulation Setup

The KLMP experiment is modeled via a kinetic, two-dimensional (2D) PIC simulation conducted with the
EPOCH code (Arber et al., 2015) in the x-z plane. Experimental details can be found in Yang et al. (2025) or the
Supporting Information S1. Under the experimental plasma conditions, the peak plasma density is approximately
1 x 10'2cm™3, the electron temperature 7T, is about 5eV, and the ion temperature T; is roughly 0.1 times the
electron temperature. Accordingly, the density in the simulation is normalized to ny = 1 X 10'2cm™, and the
magnetic field is normalized to By = 15 Gs. This normalization field is determined by equating the magnetic
pressure to the maximum thermal pressure of the plasma: B3/ (2/40) = nokg (T, + T;). A full list of normalized
parameters and their reference values is provided in Table S1 in Supporting Information S1.

Magnetic reconnection occurs in the presence of a guide field B, = 4B,,. The working gas in KLMP is argon (Ar),
corresponding to a mass ratio of m;/m, = 1836 X 40 used in the simulation. The dominant collisions among
plasma particles are electron-electron and electron-ion collisions, with normalized frequencies
Vei/ Wee = Veo/ Wee = 2.97 X 1073, For electron-neutral interactions, the dominant process is elastic scattering
between electrons and Ar atoms, with ve,/we ~ 9.18 X 107, where w,, = eBy/m, ~ 1.06 x 10757
Therefore, a collisionless PIC simulation is sufficient to model the system. Regarding boundary conditions, we
theoretically computed the return current on the vacuum chamber wall to ensure that the magnetic field lines are
tangential to the chamber wall, that is, a conducting boundary condition. Meanwhile, the plasma is absorbed and
removed from the simulation domain upon reaching the vacuum chamber wall (and the current-carrying rods).
Further details on the simulation setup are provided in Supporting Information S1. It should be noted that although
magnetic reconnection in the KLMP is inherently three-dimensional (3D), the PIC simulation used here is 2D. To
better reproduce the experimental physics in the simulation, at each time step, particles that have accumulated an
out-of-plane displacement exceeding 120d, are reset, with their new velocities sampled from a Maxwellian
distribution at the initial temperature. Here, 120d, corresponds to half the length of the current-carrying rods in the
experiment. This approach effectively emulates the experimental condition: particles that leave the reconnection
region along the out-of-plane direction are replenished by incoming particles, rather than being continuously
accelerated by the reconnection electric field.
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Figure 1. Temporal evolution, as measured in the keda linear magnetized plasma experiment, of (a) the out-of-plane current density Jj, (b) the ion density n;, and (c) the
Hall magnetic field AB, = B,(t) — B,(t = 0) at¢/1F = 0.6, 1.0, 1.2, and 1.5. (d) shows the temporal evolution of the out-of-plane current density J, at the X-line.

exp exp
Here, 1138 and JU'T

max

represent the time and the current magnitude at which J; reaches its maximum.

3. Results

Figures 1 and 2 present the experimental and simulation results, respectively, allowing for comparison. Figure 1
shows the temporal evolution, as measured in the KLMP experiment, of (a) the out-of-plane current density J,, (b)
the ion density 7;, and (c) the Hall magnetic field AB, = B,(¢) — B,(t = 0) att/17¥ = 0.6, 1.0, 1.2, and 1.5.
Figure 1d shows the temporal evolution of the out-of-plane current density J, at the X-line, where 38 and JU'F o
represent the time and the current magnitude at which J,, reaches its maximum. Figure 2 presents the same set of
physical parameters, but with data obtained from the simulation. Furthermore, due to the absence of a distinct

peak, the values for ™ and J5™

hax J,max are determined by taking the average over the plateau region (blue-shaded

area) in Figure 2d, representing the characteristic time and magnitude of J,. The experiment and simulation reveal
similar physical processes. Initially, two parallel aluminum rods generate reversed magnetic fields. As these fields
approach and compress each other, a current sheet forms with a width on the order of the electron inertial length.
Magnetic reconnection with a strong guide field subsequently occurs in this current sheet. The current sheet
exhibits distinct spatial and temporal characteristics: Spatially, it is distributed along the separatrix extending
from the upper-left to the lower-right; Temporally, the current density J, first increases to a peak and then decays.
Throughout the reconnection process, the plasma density near the X-line increases. Meanwhile, the distorted
quadrupolar Hall magnetic field also develops. It exhibits larger triangular regions of positive AB,, with smaller
regions of negative AB, near the upper-left and lower-right separatrix. In addition to the consistency in physical
processes, a quantitative comparison between the experiment and simulation is presented below. The measured
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Figure 2. Temporal evolution, as obtained from the simulation, of (a) the out-of-plane current density J,, (b) the ion density »;, and (c) the Hall magnetic field
AB, = B,(i) — B,(t = 0)att/£m

vk = 0.6, 1.0, 1.2, and 1.5. (d) shows the temporal evolution of the out-of-plane current density Jy at the X-line. Here, £5i™ and J5™

max y,max
represent the characteristic time and current magnitude, determined by averaging over the plateau region in (d).

and simulated Hall magnetic fields are comparable, both around 0.04B, ~ 0.05B,. However, the characteristic
time from the simulation, #™ = 3.7 x 103 Q;l, is 1.7 times that of the experiment, &P = 2.2 X 103 Qe_l; the

max max

characteristic current density from the simulation, J;"‘:’mx = 35.4nyeV,, is 2.8 times that of the experi-
ment, JI'E o = 12.6npeV.

Given that both the spatial and temporal scales are confined to the electron scale, the process observed in KLMP is
identified as electron-only reconnection (Yang et al., 2025). However, conclusive observational proof has been
absent. To verify this, Figure 3 shows the temporal evolution, as obtained from the simulation, of (a) the out-of-
plane electron current density J,,, (b) the out-of-plane ion current density J;,, (c) the electron bulk velocity V,,,

and (d) the ion bulk velocity V;, at 7/ tﬂg‘x = 0.6, 1.0, 1.2, and 1.5. The out-of-plane ion current density J;, is three
orders of magnitude smaller than the out-of-plane electron current density J.,, indicating that the current is
predominantly carried by electrons. This identifies the process as electron-only reconnection. However, the
process exhibits a weak yet non-negligible ion outflow V;,, which is one order of magnitude smaller than the

electron outflow V,,. This appears inconsistent with the understanding that no significant ion outflow exists in
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Figure 3. Temporal evolution, as obtained from the simulation, of (a) the out-of-plane electron current density J,, (b) the out-of-plane ion current density J;,, (c) the
electron bulk velocity V.,, and (d) the ion bulk velocity V;, at t/£M = 0.6, 1.0, 1.2, and 1.5.

electron-only reconnection. Further examination reveals that an ion outflow is already detectable at ¢/£m = 0.6,
a time when magnetic reconnection has not been triggered, and it is not localized around the X-line. This suggests
that the observed ion outflow is not caused by magnetic reconnection. Consequently, despite the observed weak

ion outflow, the process remains classified as electron-only reconnection.

To provide additional support for this conclusion, Figure 4 shows the resultant force on ions and the contributions

of its three components at t/£ = 1.2, as expressed by

dv; 1
i dt 4/4 L,_/ n; M
Fa F, P
i3

It can be observed that the force on the ions mi% comes primarily from the electric field force F;; and the
pressure gradient force F; 3, while the contribution from the Lorentz force F;, (macroscopically, the Ampere
force, i.e., the volume integral of the Lorentz force) is negligible. This aligns with the previous conclusion that the

ion outflow does not originate from reconnection. The pressure gradient force arises from the density gradient as
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Figure 4. (a) The resultant force on ions, mi%, as obtained from the simulation at #/£i™ = 1.2. The contributions of its three

components are shown in (b)-(d): the electric field force F;; = eE, the Lorentz force F;, = eV; X B, and the pressure
gradient force Fj; = —1V . P,

shown in Figure 2b, and the electric field originates from charge separation through the following process. When a
driving current is applied to the current-carrying rods, a non-uniform magnetic field is generated, producing a
magnetic pressure gradient force —VB2/ (2;40) that pushes the plasma away from the rods. During this process,
due to their much smaller mass, electrons are more easily accelerated, resulting in charge separation and the
establishment of an electric field. This electric field then pulls the ions along, causing them to move away from the
rods as well. Therefore, the ion bulk velocity is a consequence of the driving source (the current-carrying rods). It
follows that even with a single current-carrying rod (where no reconnection occurs), an ion bulk velocity can still
be generated.

In Yang et al. (2025), we reported the observation of a distorted quadrupolar Hall magnetic field in KLMP. Here,
drawing on the simulation results presented in Figure 5, we further analyze this structure. Figures 5a and 5b show
the Hall magnetic field AB, and the electron bulk velocity V., at ¢/ £im = 1.2. Due to the low bulk velocity of the
ions, the Hall current, which generates the Hall magnetic field, is primarily carried by electrons. Taking the region
withz < 0as an example, the positive AB, triangle is primarily generated by two distinct electron flows: negative
V., in the separatrix region and positive V,, in the inflow region. To analyze the electron dynamics, we consider
the electron momentum equation. Given the negligible electron mass, the inertial term is omitted, yielding:

1
0=—e(E+V,xB)~ VP, 2
€

Taking the cross product of Equation 2 with e, and then dividing by B, yields:

_ & E x (Bye,) V-P.Xx(Bye,)
V.= B + 5 + 5 .
B, By neeBy
Vei Veo Ves

3

Figure 5c demonstrates that V,,, — ZLI Vey,i 1s essentially zero, which justifies the neglect of the electron inertia
term. Figures 5d—5f present the three components of the electron bulk velocity: the field-aligned motion V., the
E X B drift V,, and the diamagnetic drift V. ;. This decomposition clarifies the electron dynamics responsible
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Figure 5. (a) and (b) show the Hall magnetic field AB, and the electron bulk velocity V., as obtained from the simulation at
t/ t;i]‘;’x = 1.2. (c) shows the residual V., — ZLI Vex.i» Where V., ; denote three components contributing to the electron bulk
velocity: V,; = %B; Ver = Exzﬁ; and V3 = M. These three components V., ; are shown in (d)—(f).
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for the Hall magnetic field. The E X B drift contribution V., is negligible. In the separatrix region, the electron
bulk velocity V., is primarily contributed by the diamagnetic drift V,, 3, which arises from the presence of density
gradient as shown in Figure 2b. In contrast, in the inflow region, where B, is relatively large owing to the
proximity to the current-carrying rods, the dominant contribution to the electron bulk velocity V., comes from the
field-aligned motion V., . Importantly, to avoid any circular reasoning (i.e., using the Hall field AB, to explain
itself), we emphasize that this decomposition is physically meaningful only in the presence of a strong guide field,
where By, ~ B, is essentially unaffected by the Hall magnetic field.

4. Conclusions and Discussion

This paper presents an experimental investigation of electron-only magnetic reconnection in the KLMP device,
complemented by a dedicated particle-in-cell (PIC) simulation. The time evolution of reconnection in the
experiment and simulation is compared, and good consistency is confirmed. When reversed magnetic fields
generated by two parallel aluminum rods approach and compress each other, a current sheet forms with a width on
the order of the electron inertial length. Magnetic reconnection with a strong guide field subsequently occurs in
this current sheet, and the Hall magnetic field with a distorted quadrupolar structure is measured. The PIC
simulation demonstrates that the current sheet is predominantly carried by electrons, and the ion outflow caused
by reconnection process is absent. This indicates that electron-only magnetic reconnection has been successfully
realized in the KLMP device. Additionally, we elucidate the electron dynamics responsible for the observed Hall
magnetic field in Yang et al. (2025).

This study employs PIC simulation to further investigate the electron-only reconnection occurring in KLMP.
While the simulation captures the key physics, certain discrepancies with experimental results remain. Numer-
ically, the ratios £m /P = 1.7 and J;i;ax/ Jimax = 2.8 are somewhat large. Physically, the negative out-of-
plane current observed in the experimental results (Figure la) does not appear in the simulation results
(Figure 2a). The primary source of these discrepancies lies in the dimensionality of the model: simulations are
conducted in 2D, whereas the actual KLMP reconnection is a 3D process. Although the velocities of particles
satisfying specific criteria are reset at each time step, the electrostatic field in the out-of-plane direction is absent
in 2D simulation. Furthermore, to maintain quasi-neutrality, electrons in KLMP that flow from the source region
toward the ends subsequently return toward the source. This process results in the negative out-of-plane current
observed in the experiment, a feature that the 2D simulation cannot replicate. Nevertheless, the numerical dis-
crepancies remain within a reasonable range, and the negative out-of-plane current is not part of the reconnection
process under investigation. Therefore, the simulation still captures the essential physics of reconnection in
KLMP.
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Electron-only reconnection is routinely observed in Earth's magnetosphere. Yet single-point measurements
cannot resolve the two-dimensional structure, nor can they unambiguously distinguish the effects of external
driving from intrinsic reconnection dynamics. The combination of laboratory experiment and kinetic simulation
presented here provides complementary insights that can aid in interpreting MMS observations and future
missions. Under the strong guide-field condition—which is typical of many space plasma environments—our
analysis further reveals that the distorted Hall field arises from electron diamagnetic drift and field-aligned
motion, underscoring the essential role of electron dynamics. Therefore, the physical insights gained from this
work are broadly applicable to understanding magnetic energy release in space plasmas.
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