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We report on the experimental observation of electron heating in electron-only magnetic reconnection in
laser-driven laboratory mini-magnetosphere on the Large Plasma Device (LAPD) at the University of California,
Los Angeles. In this experiment, a fast-flowing plasma impacts a pulsed magnetic dipole embedded within
LAPD’s magnetized ambient plasma, creating an ion-scale magnetosphere and driving electron-only magnetic
reconnection between the background and dipole field lines. The electron velocity distribution is measured across
the reconnection region using noncollective Thomson scattering, enabling determination of electron temperature
and density. Significant electron heating is observed in the electron diffusion region, increasing from an initial
temperature of 1.8 to 9.5 eV, corresponding to a 40% local conversion of Poynting flux into electron enthalpy
flux. Particle-in-cell simulations that provide insights into the heating mechanisms are also presented.

DOLI: 10.1103/8ctf-q5n3

Magnetic reconnection [1] is a fundamental plasma pro-
cess where the breaking and topological rearrangement of
magnetic field lines abruptly releases stored magnetic energy
to the plasma and drives explosive events in many different
environments across the universe, from planetary magneto-
spheres, pulsars, and solar flares to disruptions in fusion
devices and other laboratory experiments. Magnetic reconnec-
tion can energize the ions and electrons of the plasma through
both directed kinetic energy and thermal heating, and under-
standing the partition of this energy transfer as well as the
mechanisms behind it is necessary to understand the role of
reconnection in particle acceleration, heating, and large-scale
energy transport in space and astrophysical systems.

Recently, enabled by the high-resolution measurements
of the Magnetospheric Multiscale (MMS) Mission [2,3], a
regime of magnetic reconnection has been identified in which
only electrons participate in the reconnection process while
the ion population remains largely decoupled from the dynam-
ics [4,5]. This electron-only reconnection has been observed
in regions of Earth’s magnetosphere [4,6] and in labora-
tory experiments [7—10], and has also attracted interest as
its dynamics may be relevant as the onset of classical ion-
coupled reconnection [11,12] and could also contribute to
magnetic-energy transfer at subion scales within turbulent
cascades [4,13,14]. In recent work, Lunar magnetic reconnec-
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tion from mini-magnetospheres formed by the interaction of
the solar wind with ion-scale crustal magnetic anomalies has
been observed [15], while the demagnetization of the ions
and the small, ion-scale size of the system suggested this
reconnection was electron-only. This in situ observation has
been confirmed by subsequent numerical [16] and experimen-
tal [10] results reproducing mini-magnetospheres and observ-
ing electron-only reconnection. Additionally, the MAVEN
mission enabled the detection of many reconnection events
in martian mini-magnetospheres [17-20], a majority of which
were ion-coupled, but principally because the instruments on
MAVEN cannot resolve the electron scale. Nevertheless, it is
expected that a significant part of the reconnection events on
Mars are electron-only [17,21]; therefore, laboratory experi-
ments of reconnection in mini-magnetospheres would provide
valuable insight into electron-only reconnection in a context
relevant to the Moon, Mars, and other small-scale magneto-
spheres such as near Mercury or Ganymede [22,23].

The question of energy conversion in magnetic recon-
nection is central to understanding its global impact. In
symmetric, ion-coupled reconnection [24-27], most dissipa-
tion goes into ions, with electrons heated locally near the
X line and ions more broadly in the outflows. Guide fields
and asymmetries both tend to enhance electron energiza-
tion [28-31]. In contrast, sub-ion-scale and electron-only
systems produce predominantly electron heating [32]: The
electron-to-ion heating ratio increases as the system size
decreases [33], and Shi er al.[7] found that electron-only
reconnection converts ~70% of the inflowing Poynting flux
into electron enthalpy, compared with ~14% in ion-coupled
reconnection [26]. Shi et al. [8] found that electron heating
was dominated by E|, consistent with the trend that E be-
comes more important as the guide field increases while £
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dominates in antiparallel configurations [34-36]. Our work
further investigates energy conversion in the relatively unex-
plored regime of electron-only reconnection, in a flow-driven,
asymmetric regime without guide field.

In this article, we report the first direct measurement of
electron heating during electron-only magnetic reconnection
in a laboratory magnetosphere, using noncollective Thomson
scattering to obtain spatially and temporally resolved pro-
files of electron temperature and velocity distribution. This
work provides insights into how reconnection fundamentally
transforms magnetic energy into particle energy in an asym-
metric, antiparallel (no guide-field) configuration, probing key
physics of energy conversion in collisionless plasmas. Beyond
its fundamental importance, this dynamic is directly relevant
to space environments such as the Moon and Mars, where
reconnection at ion-scale magnetic anomalies likely occurs on
the electron scale. Because in sifu spacecraft measurements
remain sparse and challenging in these regions, our laboratory
approach provides critical access to understanding how such
systems evolve. We notably observe a fourfold temperature
increase in the diffusion region, as well as a significant conver-
sion from the inflowing Poynting flux to the electron enthalpy
flux that is estimated to be 40%. Particle-in-cell (PIC) simu-
lations provide more insight into the mechanism leading to
electron heating and show that both the energization from
the out-of-plane reconnection electric field and a Fermi-like
reflection energization from outflowing reconnected field lines
contribute to electron heating.

I. EXPERIMENTAL SETUP AND THOMSON
SCATTERING MEASUREMENTS

The experiment is schematized in Fig. 1(a). A high-
repetition-rate (1 Hz), 20 ns laser with 10 J of energy per
pulse is focused on a graphite target and drives a fast-
moving carbon plasma [37,38] that expands into the field
generated by a pulsed magnetic dipole embedded into the
hydrogen background discharge plasma of density np = 1.0 x
10"3 cm~2 and axial magnetic field (By = B2, with By = 210
G) generated by the Large Plasma Device (LAPD) [39]. The
laser-produced plasma (LPP) expands at a velocity Vy = 250
km/s, corresponding to a super-Alfvenic flow with M, =
1.7. The Larmor radius of the coupled background ions is
pu+ = 12.4 cm = 1.7d;. The field of the dipole oriented to
be antiparallel to the background field on the outside, so that
a magnetic null point is formed in the region between the
dipole and the target at y = —10.5 cm (1.5d;), similar to our
previous experiment [10]. The time-resolved magnetic field
is measured with a magnetic flux (B-dot) probe [40] that
is moved between shots to map out the field geometry. We
vacuum-mapped the dipole field in the y-z plane and added
the uniform LAPD field to plot the baseline magnetic field
in the reconnection plane in Fig. 1(d). More comprehensive
measurements of the fields and currents are reported in our
previous work [10].

In our system, the global dynamics of the system involves
motion of the ions. The background ions, along with electrons,
are set in forward motion along the y direction by coupling
with the laser-produced plasma. Still, the dynamics occurs
on subion scales: The typical dipole-field extent is ~1.5d; =
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FIG. 1. (a) Schematic of the experiment on the LAPD. (b) Scat-
tering vector kg — k;. (c) Example of a Thomson scattering spectrum
obtained by averaging over 400 shots (black) and its Gaussian fit
used to retrieve density and temperature (red). (d) Initial magnetic
field in the z-direction B, and magnetic field lines in the reconnection
(Y-Z) plane, measured with a B-dot probe. The centered vertical and
horizontal lines represent the TS measurement regions.

0.8p;, and reconnection persists for only a small fraction of
the ion gyroperiod (7,; = 3.1 us), while the observed current
sheet is electron scale (width 26 = 6d, = 0.1d;). Under these
conditions, reconnection is expected to occur in the electron-
only regime [5], although a weak coupling of the ions through
electrostatic Hall fields may still occur [41].

During the experiment, the variation of the magnetic field
was measured using a magnetic flux probe that was moved
to different position on different laser shots to map out the
fields. The magnetic fields were measured in the XY plane and
in time, but not in the Z direction because of experimental
constraints associated with the Thomson diagnostics. More
extensive, volumetric magnetic and electric field data are pre-
sented in our previous work [10]. Figure 2 shows the evolution
of AB, along the vertical axis and in time, for both the dipole
OFF and ON cases. It shows that the magnetic compression
at the leading edge of the LPP propagates at 250 km/s in both
cases. It shows that the laser-produced plasma flow drives a
compression of the magnetic field at its front, while expelling
it from the area it is sweeping (diamagnetic cavity). This
general dynamics is well understood and has been explored
through many previous experiments on the LAPD [37,38,42].

The electron velocity distribution is measured using a
scanning noncollective Thomson-scattering (TS) diagnos-
tic [43,44] probing a 2 x 2 cm? region around the recon-
nection point, using a 0.5 J, 4 ns, 532 nm laser beam
propagating along x and a fiber bundle collecting the scattered
light, defining a scattering volume ~15 x 0.1 x 0.1 mm?, so
the measurements are well resolved in (y, z) but averaged
along x.
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FIG. 2. Variation of z component of the magnetic field AB, along
the symmetry axis xz = 0 and z = 0 and in time, for (a) the “Dipole
OFF” case and (b) the “Dipole ON” case. The dashed line highlights
a propagation velocity of 250 km/s.

Figure 1(c) shows an example of a TS spectrum and as-
sociated velocity distribution, obtained in the LPP. The drop
in signal level at the center of the distribution is caused by a
physical notch of 1.5 nm width in the spectrometer blocking
stray light from the laser at 532 nm. Two emission lines
from neutral carbon at 529 and 530 nm are visible in some
spectra and removed from the fitting procedure. The electron
temperature is estimated by calculating the width of a Gaus-
sian fit of the electron velocity distribution, and the relative
density is retrieved from the area under the fitted curve and
cross-calibrated with the background density measurement
from the interferometer and Langmuir probe. The electron
flow-velocity in the scattering direction Vj is obtained by
measuring the Doppler shift of the peak of the distribution.
The background electron temperature is measured to be T,y =
1.8 £ 0.4 eV. Since the incident vector k; is purely along x
and the scattering vector Kq purely along z, the TS measure-
ment vector k = kg — K; is at 45° from both x and z axes [see
Fig. 1(b)].

Figures 3(a) and 3(b) show the electron temperature and
density retrieved from Thomson scattering spectra along the
y and z axes, respectively, across the reconnection point lo-
cated at y = —10.5 cm, z = 0, at ¢ = 650 ns, a time at which
magnetic field lines are actively reconnecting. The vertical
profile reveals localized electron heating centered around the
reconnection point, with a peak temperature of 7, = 9.5 +
(3% eV and a corresponding density compression reaching
n. = 1.5-2ny. A second region exhibiting similar heating and
a stronger, fourfold density enhancement is observed fur-
ther from the dipole, for y < —11.3 cm, associated with the
front of the laser-driven plasma. Along the z direction, both
temperature and density remain relatively uniform across the
current sheet.At the reconnection point, the temperature in-
crease is AT, = 7.7 £ (%) eV compared to a location 1 cm
(28) away in the y direction. This corresponds to an order
of magnitude of the enthalpy production rate AH =y /(y —
1) n.kp AT, (26 x 2L)/t > 676 kW/m, with the specific heat
ratio y = 5/3 (we adopt the standard scalar adiabatic closure,
since the measured electron velocity distribution functions
remain close to Maxwellian, and remain consistent with
Refs. [4,7]), the current sheet width 2§ = 10 mm, the cur-
rent sheet length 2L = 30 mm, and the electron transit time
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FIG. 3. (a), (b) Electron temperature and density measured by
Thomson scattering along the y and z lineouts across the reconnec-
tion zone as represented in Fig. 1(c) at # = 650 ns. Each position
data point is obtained from a spectrum averaged over 400 shots.
(c) Electron velocity along k, V; aty = —10.5cmand z = —1.5 cm
(outflow) for different times, measured from the Doppler shift of
the TS spectra. (d) Electron temperature at the reconnection point
y = —10.5 cm and z = 0 with the dipole turned ON and OFF, for
different times of the experiment.

through the current sheet T = §/V;, < 28 ns, where the inflow
velocity is assumed to be equal to or larger than the driving
flow velocity Vj, providing a lower bound on the enthalpy flux.
This can be compared to the dissipated Ohmic power from
the reconnection current flow, calculated using the Spitzer
resistivity: Ponm = anz (2L x 28) =7kW/m ~ 0.01AH, in-
dicating that the vast majority of the heating is not due to
collisional dissipation, but instead arises from collisionless
processes. In order to estimate the fraction of magnetic energy
going toward heating the electrons, we calculate the ratio
of electron enthalpy production to the incoming Poynting

flux: %;’;}Z’AL =40 £ (}})%, using the peak reconnect-

ing magnetic field measured in Fig. 4(g) on the LPP side:
Biec; = 0.57By = 120 G.

Figure 3(c) displays the electron bulk flow velocity pro-
jected along the Thomson scattering vector, V;, measured at
z=—1.5cm and y = —10.5 cm, placing it in the outflow
region. It shows that after 600 ns, a bulk flow along +Kk is
measured, with V; = 310 =+ (}}) km/s. Since the projection
vector is k = —z — x, the positive value V) is most likely
associated with a negative electron outflow V., since the elec-
tron flow in the x direction is expected to be toward the
positive x from the negative reconnection current measured,
and therefore contributes negatively to V. We assume this
contribution from the flow along x is negligible since the
measurement is performed on the very edge of the current
sheet; therefore, the outflow velocity V, can be estimated to
be V. = —v/2V; = —440 + (329) km/s. This outflow velocity
is super-Alfvenic with V, = 3V}, but significantly lower than
the electron Alfven speed V, = 0.07V4,. At t = 750 ns, part
of the LPP has likely reached the measurement point, so the
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FIG. 4. Simulation result at simulation time t = 3.9w;1 and x = 0. The black streamlines represent the magnetic field lines. (a) Normalized
electron density. (b) Normalized out-of-plane current density J,. (c) Electron temperature normalized to the initial temperature. The trajectories
of two electrons gaining a significant amount of energy in the reconnection layer are plotted, with their energy in green-blue color scale. (d)—(f)
Components of the electron temperature 7T, Ty, T.,, respectively, along the x, y, z directions, normalized to the initial temperature. (g), (h)
Vertical lineouts of the out of plane current J, (black), reconnection magnetic field B, (green) and electron temperature 7, (red): (top) in the

experiment, at # = 650 ns, and (bottom) in the simulation.

measured outflow velocity may include a contribution from
the predominantly forward (x-directed) LPP motion that we
cannot fully disentangle.

Finally, Fig. 3(d) shows that when the dipole, and thus
reconnection, is turned off no significant heating is observed at
y=—10.5 cm, z =0, and + = 625 ns while the temperature
has increased to 7, = 11.5 £2 eV when the dipole is on,
confirming this heating is due to magnetic reconnection. Later
on, a higher temperature is also measured in the OFF case,
associated with the propagation of the hot LPP inside the
measurement region.

II. PIC SIMULATIONS AND DISCUSSION

To investigate the mechanisms leading to the heating, we
carried out three-dimensional (3D) PIC simulations repro-
ducing the experiment using the code osiris [45], using a
reduced mass ratio m,/m, = 100. In the simulations, a car-
bon plasma slab modeling the laser-produced plasma moves
toward a dipolar field through a region of magnetized ambient
hydrogen plasma, at a velocity vy, so that the Alfvénic Mach
number is My = 1.5.

Figure 4 shows two-dimensional (2D) maps of different
simulation quantities at a time when reconnection is occur-
ring, and where the piston plasma is close to the reconnection
point, as can be seen through the uniform slab of elevated
electron density in panel (a). A strong electron scale re-
connection current sheet forms at y = —1.55d; with a width
28 ~ 2d, = d;/5 [see Fig. 4(b)]. Figure 4(c) shows significant
heating of the electrons to a peak temperature 7, ~ 3.7T,

around the reconnection point, in a zone of width similar to
the current sheet, as well as in the outflows and the wings of
the magnetosphere. This represents a temperature gain AT =
3.7T,0 — 1.2T,o from a distance of 3§ in y (toward the inside
of the magnetosphere), yielding a ratio of electron enthalpy
production to the incoming Poynting flux (see Supplemental
Material [46]): %’Zﬁfﬁ = 49%, which is comparable to
what we measured rg)‘(perimentally. This fraction of the en-
ergy contributing to heating the electrons can be compared
to previous experimental work. Yamada et al. [26] observed
14% of the Poynting flux going to the electron enthalpy in
ion-coupled reconnection without guide field. On the other
hand, Shi et al. [7] observed a conversion of 70% toward
electron heating in electron-only reconnection with a strong
guide field. Yamada et al. carried out a global, ion-scale en-
ergy inventory across a multi-d; control volume including the
exhaust, while Shi ef al. compared local temperature increases
with Poynting flux at electron scales. Because our analysis
follows this local methodology, it is directly comparable to
Shi er al., whereas the magnetic reconnection experiment
(MRX) result provides a more qualitative reference from a
distinct regime. Figures 4(g) and 4(h) show a comparison of
vertical lineouts of reconnection magnetic field, current, and
electron temperature in the experiment and in the simulation,
highlighting their good agreement, with a localized heating
around the magnetic null point and reconnection current sheet.

Comparing the different components of the electron tem-
perature in Figs. 4(d)—4(f) reveals directional anisotropies
that provide insight into the mechanisms responsible for the
heating. Most of the anisotropy is localized near the recon-
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nection point, where the temperature is dominated by T,.
This points toward the reconnection electric field E, being
responsible of energizing electrons as they enter the electron
diffusion region (EDR) and become unmagnetized. In the
outflow regions, the parallel electron temperature component
T,, dominates, reaching approximately 7,, ~ 1.37,. Farther
downstream in the exhaust, the electron temperature becomes
isotropic again, with all three components contributing com-
parably. We tracked electrons from the simulation that went
through the reconnection region and gained significant energy.
The trajectories of two of these electrons are represented over
the temperature map in Fig. 4(c). Trajectory O is typical
of an electron accelerated by the reconnection electric field
E, [35,47-49]; as it enters the diffusion region, it gets trapped
in the magnetic well and meanders across the width of the
current sheet, thus spending more time interacting with E,.
Trajectory @ is typical of another heating mechanism in the
outflows, similar to the Fermi-acceleration process [50,51],
where electrons travel along field lines toward the recon-
nection point and reflect at the line’s end. As the newly
reconnected field line contracts and straightens outward at the
outflow velocity, it imparts an additional kick to the electron in
the z direction during reflection. The significant contribution
of this mechanism to the heating is an important difference
from what has been recently observed on PHASMA [8] in
electron-only reconnection where the presence of a strong
guide field was preventing its efficiency.

III. CONCLUSIONS

These results demonstrate an important electron heating
associated with electron-only magnetic reconnection in mini-
magnetospheres. We observe a conversion of 40% of the
incoming Poynting flux into electron enthalpy in the cur-
rent sheet (49% in the simulation). While this measurement
provides an initial quantitative picture, further work carry-
ing out a more systematic and global energy balance would
be beneficial to understand energy transfer in electron-only
magnetic reconnection. PIC simulations suggest that elec-
tron heating could be sustained by two distinct processes.
First, electrons gain energy directly from the reconnection
electric field inside the EDR mechanism previously identi-
fied as dominant for electron-only reconnection with a strong
guide field [7,8]. Second, a Fermi-type acceleration operating
in the outflow jets contributes significantly, which was not
the case on previous experiments because the presence of a
strong guide field suppressed it [8]. Future experiments will
assess the experimental relevance and relative importance of
these mechanisms in mini-magnetospheres through measure-
ments of electron-temperature anisotropy during antiparallel,
electron-only reconnection.
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APPENDIX A: ADDITIONAL EXPERIMENTAL DATA

Figure 5 shows that the compression from the LPP pushes
the null-point forward starting at t = 550 ns and evolves on a
timescale on the order of ~100 ns.

Figure 6 shows the current density J, in the XY plane at
a time ¢ = 650 ns where reconnection is occurring. It clearly
shows a negative reconnection current sheet at ~Y = 10 cm,
from which we can identify the current sheet thickness 2§ =
10 mm. The width of the current sheet in not visible in this
plot as this shows the plane perpendicular to the reconnection

plane (YZ2).

APPENDIX B: SIMULATION SETUP

The 3D PIC simulation presented in this work was carried
out using the PIC code osiris [45]. The simulations reproduce
the interaction of an unmagnetized driver plasma with a back-
ground plasma immersed in both a uniform internal magnetic
field By and an externally applied dipolar magnetic field By
(see Fig. 7). A computational domain spanning 10d; x 12d;
x 18d; was used with grid spacing Ax = 0.1d, = 0.014;,
corresponding to 1000 x 1200 x 1800 cells, and eight parti-

o
ABz [G]

-108

02 04 06 08 1.0 1.2
t (us)

FIG. 5. Enlarged and saturated version of Fig. 2(b) that high-
lights magnetic field variation around the null point. The solid line
represent the evolution of the position of the magnetic null point in
time.

023132-5



LUCAS ROVIGE et al.

PHYSICAL REVIEW RESEARCH 8, 023132 (2026)

~10 1 - 24

Y (cm)

-12 -0

Jx [Alcm?]

l s

X (cm)

FIG. 6. Partial current density J, in the XY plane at = 650 ns,
obtained from the magnetic field data J = ﬁv X AB, missing the
dz component as it was calculated from a 2D plane.

cles per cell. The simulation time step is dt = 0.05761/w),
and particles are interpolated with a cubic function.

The driver plasma moves in the y direction with a flow
velocity of vgo = 0.043¢ and it is located between —6 <
v/d; < —4, while the background plasma is located between
—4 < y/d; < 4. Both plasmas have an infinite width. To sim-
ulate the carbon target, the driver ions have a charge of +4
and an ion-to-electron mass ratio of m;;/m, = 1200, while
the background ions have a charge of +1 and mass ratio
of mjp/m, = 100. The plasmas have uniform and equal ion

T
N
Ne =2Zn;

-8 -6 -4 -2

0
Z/d;

FIG. 7. Slice at x = 0 of the initialization of the PIC simulation.
The magnetic field lines are shown in black, and the electron density
in blue. The driver plasma slab is initialized with a uniform velocity
along y: vo; = 0.043c.

density ng9 = ng. The ratio T, /mgv(%0 ~ 5and 7T, = T; is com-
parable to the experiment. In the simulation, the plasma beta is
Bsim = 0.2, which is larger than the experimental beta Bex, =
0.03, but remains in the low plasma beta regime. Moreover,
additional 2D simulations with a lower plasma beta did not
show a large change in the dynamics when going from 8 =
0.2to 8 =0.03.

By and B4 are set to be antiparallel in the z direction.
By = By Z was chosen such that the Alfénic Mach num-
ber My = voq\/fonomio/Bo is equal to 1.5. The dipole is
centered at {y, z, x} = {0, 0, 0} and the dipolar magnetic mo-
ment was chosen such that the magnetosphere’s standoff
distance is Ly, = d;, leading to an initial null magnetic field at
y~ =2.0d;.
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