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Abstract Recently, electron‐only reconnection, in which there is no obvious ion bulk flow and ion heating,
has been pervasively observed in the Earth's magnetosphere. In this Letter, we realize electron‐only
reconnection with a guide field in the Keda Linear Magnetized Plasma (KLMP) device. By measuring the
magnetic field, we identify unambiguously a distorted quadrupolar structure of the magnetic field in the out‐of‐
plane direction. At the same time, electrons are obviously heated in the current sheet with the half‐width about
0.8 electron inertial length. The maximum velocity of the estimated electron flow in the reconnection plane is
about eight Alfvén speed.

Plain Language Summary Magnetic reconnection, a fundamental process during which magnetic
field lines break and reconfigure their connectivity, can convert magnetic energy into plasma kinetic and
thermal energy in space and laboratory plasmas. A standard reconnection model with both ion and electron
dynamics has been established to describe the magnetic reconnection observed in space and laboratory plasmas.
Recently, a new type of magnetic reconnection has been pervasively observed in space, called electron‐only
reconnection, in which there is no obvious ion bulk flow and ion heating. Here, we realize electron‐only
reconnection experiments in the Keda Linear Magnetized Plasma (KLMP) device. By measuring the magnetic
fields in a two‐dimensional reconnection plane, we find that the magnetic field in the out‐of‐plane direction has
a distorted quadrupolar structure. Additionally, electrons are obviously heated in a thin electron‐scale current
sheet, and the peak velocity of the electron flow is estimated to be about eight Alfvén speed.

1. Introduction
Magnetic reconnection, which converts magnetic energy into plasma kinetic energy including bulk kinetic energy
and thermal energy (Ji et al., 2022; Q. Lu et al., 2022; Parker, 1957; Sweet, 1958; Yamada et al., 2010), has been
observed ubiquitously in the solar atmosphere (Lazarian & Desiati, 2010; Lin & Forbes, 2000; Tsuneta, 1995),
interplanetary space (Phan et al., 2006; Wang et al., 2023), planetary magnetospheres (Angelopoulos et al., 2008;
Burch et al., 2016; Q. Lu et al., 2024; Nagai et al., 2001; Zhang et al., 2012), and laboratory plasma (Egedal
et al., 2005; Ji et al., 1998; Olson et al., 2016; Sang et al., 2022; Stenzel & Gekelman, 1981; Yamada et al., 2014).
It is generally accepted that magnetic reconnection provides the underlying mechanism that governs explosive
phenomena in space environment, like solar flare and substorm. The motion between ions and electrons is
decoupled during magnetic reconnection occurring in space plasma (Birn & Hesse, 2001; Divin et al., 2012;
Pritchett, 2001; Shay et al., 2001; Wang et al., 2010), which is usually collisionless. The resulted Hall effect leads
to the multi‐scale structure of diffusion region: an electron diffusion region (EDR) with the scale of electron
inertial length is embedded in an ion diffusion region (IDR) with the scale of ion inertial length. In the EDR, both
ions and electrons are unmagnetized, whereas in the IDR, ions remain unmagnetized while electrons are
magnetized (Birn & Hesse, 2001; Burch et al., 2016; Q. Lu et al., 2010; Pritchett, 2001; Zhou et al., 2019; Zong &
Zhang, 2018).

In the IDR, the electrons move toward the X line around the separatrices, and then leave away from the X line
along the magnetic field lines just inside the separatrices after they are accelerated by the reconnection electric
field in the EDR (Cassak et al., 2017; Drake et al., 2005; Fu et al., 2006; Y.‐H. Liu et al., 2017; D. Liu et al., 2021).
The generated in‐plane Hall current generates the Hall magnetic field in the out‐of‐plane direction (Birn &
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Hesse, 2001; Divin et al., 2012; Q. Lu et al., 2010; Nagai et al., 2003; Ren et al., 2005; Terasawa, 1983). In anti‐
parallel magnetic reconnection, the Hall magnetic field possesses a symmetric quadrupolar structure, and such
kind of symmetry can be distorted by the introduction of a guide field (Eastwood et al., 2010; Lai et al., 2015; S.
Lu et al., 2011; Pritchett, 2001; Tharp et al., 2013; Zhou et al., 2018). Now, the Hall magnetic field has been
regarded as the most salient feature in magnetic reconnection.

Recently, a new kind of magnetic reconnection occurring in a current sheet with the width of electron inertial
length has been pervasively observed in the Earth's magnetosphere (Hubbert et al., 2022; S. Lu et al., 2020; Man
et al., 2020; Phan et al., 2018;Wang et al., 2018, 2020). Because there is no obvious ion bulk flow and ion heating,
such kind of reconnection is referred to electron‐only reconnection (Phan et al., 2018; Pyakurel et al., 2019). It
may occur inside or between the coherent structures in turbulent plasma when the size of the reconnection domain
is smaller or comparable to the ion gyroradius (Guan et al., 2023). Compared with ion‐coupled reconnections,
electron‐only reconnections exhibit a higher reconnection rate (Greess et al., 2022; Guan et al., 2023). However,
there is still a debate on the structure of the out‐of‐plane magnetic field in electron‐only reconnection. Laboratory
experiments, an essential tool for studying magnetic reconnection, have also been dedicated to investigate
electron‐only reconnection. Shi et al. (2022) measured electron distribution during electron‐only reconnection in
the PHAse Space MApping (PHASMA) device, and observed non‐Maxwellian electron distributions. In this
Letter, we present the measurements of the out‐of‐plane magnetic field during electron‐only reconnection ex-
periments in the Keda Linear Magnetized Plasma (KLMP) device. A quadrupolar structure of the out‐of‐plane
magnetic field, as well as electron heating, are identified in our experiments.

2. Experimental Setup
The schematic of the magnetic reconnection experiments in the KLMP device is shown in Figure 1. The vacuum
chamber, which is 2 m long and 25.5 cm in diameter, is surrounded by 12 sets of magnetic coils. At one end of the
vacuum chamber, the plasma is generated by a 15 cm diameter oxide‐coated cathode source, which works in the
pulse discharge mode at a frequency of 1 Hz and pulse length of 15 ms. The magnetic field coils create a uniform
axial background magnetic field to confine the plasma and serve as a guide field for magnetic reconnection. There
are two parallel 120‐cm‐long aluminum rods spaced 17 cm apart, which conduct pulse currents in the same
direction and produce the reconnection magnetic field. For efficient use of the vertical probe windows, the rods
are mounted at a 20‐degree angle from the vertical direction.

Figure 1. Schematic of the Keda linear magnetized plasma device.
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Here, argon is used as the fill gas and ionized to produce background plasma with typical electron density of
ne ≈ 1 × 1018 m− 3 and electron temperatures of Te ≈ 5.5 eV. The mean free path for electron‐ion collisions is
about 0.25 m, which is on the same order of the characteristic length (a few 0.1 m), so individual electrons
transiting the current sheet experience few collisions, that is, the plasma is marginally collisional at most. On the
other hand, the effective resistance (the ratio of the out‐of‐plane electric field and current density in the X‐point) is
also an important criterion for collisionless magnetic field reconnection. Based on the measured out‐of‐plane
electric field and current density in the X‐point, the ratio of the effective resistance to the Spitzer resistance is
about 10, which indicates that the resistance term is small and other terms of generalized Ohm's law dominate
(Sang et al., 2022). These results can prove that our magnetic reconnection experiments are in a weakly collisional
regime.

The system size L ≈ 0.1 m is much smaller than the ion inertial length di = 1.44 m, and comparable to the ion
cyclotron radius ri = 0.068 m. In addition, the ion gyroperiod Tci = 437 μs is much longer than the experimental
time tc = 20 μs. These points imply that the ions are unmagnetized, and are not involved in magnetic recon-
nection directly. Therefore, the magnetic reconnection in the KLMP device is electron‐only reconnection.

A probe array is mounted on a two‐dimensional (2D) scanning platform and consists of four Langmuir probes and
three‐dimensional (3D) magnetic probes. The scanning measurement range of the probes is 11 cm × 8 cm with a
step size of 0.5 cm, and the sampling frequency is 2 MHz. The plasma parameters measured by probes include
plasma density, electron temperature and 3D magnetic field. In addition, the out‐of‐plane magnetic field of
reconnection is usually one order of magnitude smaller than reconnection magnetic field, so a small angle de-
viation of magnetic probe can lead to inaccurate measurement of out‐of‐plane magnetic fields. To address this, the
3D magnetic probes were calibrated with the Helmholtz coil which can be turned over in three dimensions,
establishing a mapping relationship between the measured values and the real values. This ensures accurate
measurement of the out‐of‐plane magnetic field, which is related to the Hall magnetic field generated during
reconnection.

3. Experimental Results
In our experiment, reconnection occurs between the magnetic fields produced by two parallel aluminum rods,
where the currents are the same and flow in the y direction. We measure the magnetic field, plasma density and
electron temperature in the reconnection plane, while the current density is calculated according to Ampere's law
μ0 J = ∇ × B. Figure 2 shows (a) the plasma density n, (b) the current density in the y direction jy, (c) the
fluctuating magnetic field in the y direction ∆By = By − Bg, and (d) the electron temperature Te at t = 8.5, 10,
12, and 15μs, while the time evolution of the currents in the parallel rods (Ip) and the current in the denoted region
of Figure 2b (Iy) is plotted in Figure 2e. The currents in the two parallel rods increase continuously over time,
which drives the produced magnetic fields toward the center of the chamber and magnetic reconnection occurs
therein. Initially, the out‐of‐plane current Iy in Figure 2e also increases continuously over time, and the increase
become faster during the time period 7 μs≲ t≲ 8 μs. Magnetic reconnection occurs from about t = 7 μs, and the
generated reconnection electric field accelerates electrons in the y direction, which results in a faster increase of
the out‐of‐plane current Iy. With the proceeding of magnetic reconnection, the plasma moves away from the X
line, and then the plasma density and the current density around the X line begin to decrease after about t = 10 μs.
During magnetic reconnection, we can also find the formation of a thin current sheet along the separatrix line from
the upper left to the lower right, an increase of the temperature in the thin current sheet, and a quadrupolar
structure of the fluctuating magnetic field in the y direction.

Figure 3 plots (a) the fluctuating magnetic field in the y direction ∆By = By − Bg, (b) the current density in the
reconnection plane |jplane|, and (c) the electron flow velocity in the reconnection plane |Ve,plane | at t = 15 μs, when
the amplitude of Hall magnetic field reaches its maximum value. Here, the current density in the reconnection
plane is calculated according to Ampere's law μ0 J = ∇ × B, and the electron flow velocity in the reconnection
plane is estimated with Ve,plane ≈ jplane

en . The Hall magnetic field exhibits a distorted quadrupolar structure, which is
dominated by the fluctuating magnetic field in the y direction. Consistent with the fluctuating magnetic field in the
y direction, there exists strong in‐plane current or electron flow around the X line. Electrons flow toward the X
line from the upper‐left and the lower‐right along one pair of the separatrices, as well as from the upper‐right and
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Figure 2. Time evolution of plasma parameters. (a) the plasma density n, (b) the current density in the y direction Jy, (c) the
fluctuating magnetic field in the y direction ΔBy = By − Bg, and (d) the electron temperature Te at
t = 8.5,10,12, and 15 μs, (e) the currents in the parallel rods (Ip) (black dashed line) and the out‐of‐plane current Iy in the
denoted region of panel (b) with the guide field Bg = 60 G, the red dashed line representing the four selected times. The
magnetic field lines (solid lines) are also plotted in panels (a)–(d) for reference.

Figure 3. (a) The fluctuating magnetic field in the y direction ΔBy , (b) the current density in the reconnection plane
⃒
⃒ jplane

⃒
⃒ (the arrows indicate the direction of current

density), and (c) the electron flow velocity in the reconnection plane |Ve,plane| ≈
⃒
⃒
⃒
jplane
en

⃒
⃒
⃒ (the arrows indicate the direction of electron flow) at t = 15 μs. The magnetic

field lines (solid lines) are also plotted for reference.
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the lower‐left along another pair of the separatrices. After being accelerated
around the X line, electrons leave away toward the upper‐left and lower‐right
along the magnetic field lines.

The maximum value of the electron in‐plane flow is about 8.1 km/ s. In order
to calculate the electron flow velocity related to the electron Alfvén speed, we
still need to know the asymptotical magnetic field strength B0. However, the
currents in the two parallel aluminum rods increase continuously over the
time, and the generated magnetic field is piled up in the upstream of the X
line. It is not easy to estimate the asymptotical magnetic field strength B0.

Figure 4 plots (a) the distribution of current density in the y direction jy, and
(b) the profile of the current density jy along a line normal to the current sheet
(the line passes through the X‐point) at t = 15 μs. Based on the jy profiles
shown in Figure 4a, we can obtain the position of the half width of the current
sheet, and the in‐plane magnetic field at the edge of the current sheet is
considered as the asymptotic magnetic field. The half‐width of the current
sheet can be calculated by fitting the profile of the current density in the
current sheet with that in the Harris current sheet. In the Harris current sheet,
the current density at the half‐width is 40% of that at the center. In this way,
the magnetic field in the plane at the half‐width of the current sheet is about
3 G. The electron Alfvén speed based on the asymptotical magnetic field
strength B0 and the initial plasma density n0 is about 280 km/s, and the
Alfvén speed is about 1 km/s. Consequently, the maximum electron in‐plane
flow velocity is approximately eight Alfvén speed, yet significantly lower
than the electron Alfvén speed.

Based on the profile of the current density jy in Figure 4b, we can estimate that
the half‐width of the current sheet is about 0.8 electron inertial length
(de ≈ 5.3 mm). Kinetic simulations have shown that the half‐width of the
current sheet scales with the electron Larmor radius (Roytershteyn
et al., 2013). In our experiments, the electron Larmor radius in the guide field
is about 1 mm, and then the width of the current layer normalized by the
electron Larmor radius is about 4, which is smaller than that observed inMRX
(Ji et al., 2008), but similar to that observed in TREX (Greess et al., 2021).

The change in the amplitude of the guide field will affect the distribution of
the Hall magnetic field. Figure 5a describes the fluctuating magnetic field
∆By and the current density jy at t = 7 μs when the guide field Bg = 30 G.

At this time, the amplitude of the Hall magnetic field reaches its maximum value. The fluctuating magnetic field
∆By also exhibits a quadrupolar structure. Compared to the results with the guide field Bg = 60 G, the amplitude
of the fluctuating magnetic field ∆By becomes larger, and that of the current density jy is smaller. Figure 5b
describes fluctuating magnetic field ∆By and the current density jy with the guide field Bg = − 60 G at t = 15 μs,
when the amplitude of Hall magnetic field also reaches its maximum value. Compared to the results with the guide
field Bg = 60 G, the fluctuating magnetic field ∆By changes the direction, and the current density is distributed
along the separatrix line from the lower left to the upper right.

4. Conclusions
In this Letter, we report the experimental results of magnetic reconnection with a guide field in the KLMP device.
Reconnection occurs between the magnetic fields produced by two parallel aluminum rods, where pulse currents
in the same direction are conducted. In our experiment, the ion inertial length is much larger than the diameter of
our device, and the ion gyroperiod is much longer than the experimental time. Therefore, we have realized
electron‐only reconnection in our experiments. By measuring the magnetic field, we find that the out‐of‐plane
magnetic field has a distorted quadrupolar structure, and a thin current sheet with the width of about 0.8 elec-
tron inertial length is formed along a pair of separatrix lines. We have also estimated the speed of electron flow in

Figure 4. (a) The distribution of current density in the y direction jy at
t = 15 μs, and the magnetic field lines (solid lines) are also plotted for
reference. (b) The profile of the current density jy along a line normal to the
current sheet at the same time, and the line passes through the X‐point. At the
red line, the current density reaches 40% of that at the center of the current sheet,
and the black dashed lines denote the positions of the half‐width of the current
sheet.
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the reconnection plane, and the maximum value is about 8 Alfvén speed, but much smaller than the electron
Alfvén speed. As the reconnection progresses, electron heating occurs on one side of the separation line. The
experimental results improve the understanding of electron‐only reconnection.

In our experiment, the changes of current density distribution in Figure 2a indicate that the ions still move during
the reconnection process. The electron outflow leads to charge separation, and then an electric field is produced
(Guan et al., 2024). In the experiments conducted in the VTF device (Egedal et al., 2003, 2007), this strong
electric field is found to drive ions to move and change the ion density profile. We plan to further investigate the
electron and ion flow driven by in‐plane electric fields.

Compared with satellite observations, where physical parameters can only be measured along the satellite tra-
jectory, in magnetic reconnection experiments, these parameters can be obtained at any desired points, which
provides us an opportunity to get the whole structure of the out‐of‐plane magnetic field in electron‐only
reconnection. At the same time, we can measure the structure of the out‐of‐plane magnetic field under
different current drive conditions, which is helpful to understand the underlying physical mechanisms.

Data Availability Statement
The Experimental data can be downloaded from “National Space Science Data Center, National Science and
Technology Infrastructure of China” (Yang, 2024).
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