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Anisotropic electron heating during electron-only magnetic reconnection with a large guide magnetic
field is directly measured in a laboratory plasma through in situ measurements of electron velocity
distribution functions. Electron heating preferentially parallel to the magnetic field is localized to one
separatrix, and anisotropies of 1.5 are measured. The mechanism for electron energization is identified as
the parallel reconnection electric field because of the anisotropic nature of the heating and spatial
localization. These characteristics are reproduced in a 2D particle-in-cell simulation and are also consistent
with numerous magnetosheath observations. A measured increase in the perpendicular temperature along
both separatrices is not reproduced by our 2D simulations. This work has implications for energy partition
studies in magnetosheath and laboratory reconnection.
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Introduction.—Magnetic reconnection, which reconfig-
ures the magnetic field and converts stored magnetic
energy into thermal, kinetic, and nonthermal energy of
particles [1–3], is an important particle acceleration
mechanism in magnetized plasmas. In the solar corona,
electrons accelerated during reconnection generate the
hard x-ray emission observed above coronal loops asso-
ciated with solar flares [4,5]. In Earth’s magnetotail,
electrons are energized up to ∼300 keV inside the dif-
fusion region during reconnection [6]. In laboratory fusion
plasmas, bulk electron temperatures above 1 keV and
superthermal electrons up to 100 keV are observed during
the merging of two spheromak plasmas [7] and during
sawtooth instabilities in tokamaks [8,9].
Some processes potentially responsible for electron

energization during reconnection are identifiable by the
directionality of the energization relative to the magnetic
field B. Fermi acceleration of electrons in the parallel
direction occurs in high B-curvature regions [10–12]
while the betatron mechanism energizes electrons in the
perpendicular direction in regions of strongB gradients [13].
When there is a large out-of-plane (guide) magnetic field
Bg, simulations reveal that perpendicular electron heating
tends to be quenched [14,15], and parallel electron heating
results from energization by the reconnection electric
field Erec that is nearly parallel to the local B [16].
Regardless of the acceleration mechanism, converting
the energy associated with particle acceleration into

thermal energy mainly requires additional velocity space
scattering processes, e.g., Coulomb collisions or wave-
particle interactions [17].
Consistent with theoretical predictions, primarily parallel

electron heating was observed during reconnection with
large Bg in Earth’s turbulent magnetosheath [18–21]. A
drawback of satellite observations is that they are made
along a small number of trajectories. So while they can be
effective at revealing local physics, it is challenging to
extract information about 2D and 3D reconnection struc-
tures [22,23]. Such structures can be measured in laboratory
experiments [24–26]. The generation of nonthermal elec-
trons possibly accelerated by Erec was measured in a
reconnecting laser plasma [27]. Only high-energy tails of
electron velocity distribution functions (EVDFs) were
measured ex situ in that experiment. No systematic in situ
measurements of EVDFs along multiple velocity directions
or their spatial distribution have been reported. Such
measurements are critical to the identification of mecha-
nisms responsible for electron energization [3,28,29].
A regime of reconnection, called electron-only recon-

nection since there is insufficient time or space for ions to
couple with reconnection structures [30–32], provides an
opportunity to study electron heating mechanisms more
directly than in fully ion-coupled reconnection. Electron-
only reconnection is thought to be important for energy
dissipation at kinetic scales in Earth’s turbulent magneto-
sheath [20,33–36], bow shock [37,38], and the quiet
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magnetotail [39,40]. Recent simulations of turbulent near-
Sun plasmas [41] suggest that electron-only reconnection
with a large Bg plays a key role in the dissipation of
turbulent energy at the kinetic scale and results in parallel,
i.e., anisotropic, electron heating.
In this Letter, we present direct in situ measurements of

both perpendicular Te⊥ and parallel Tek electron temper-
ature (relative to the local B) and their spatial distribution
in the reconnection plane during electron-only reconnec-
tion in a laboratory plasma. Parallel electron heating
dominates over perpendicular heating along one separa-
trix, with the electron temperature anisotropy Tek=Te⊥
reaching 1.5. The preferential parallel electron heating
and its spatial localization are reproduced in our 2D
particle-in-cell (PIC) simulations, which leads us to con-
clude that electron energization by reconnection electric
field Erec (k to B when Bg is large) is responsible for the
observed electron heating in our experiments. These
observations are consistent with previous experimental
studies that were unable to directly measure temperature
anisotropies or their spatial distribution during ion-
coupled, modest-Bg reconnection [24]. Significant
perpendicular electron heating also appears along both
separatrices and increases with distance from the X point, a
phenomenon not reproduced in simulations. This result
highlights the necessity of measuring multidimensional
EVDFs to determine the full energy budget of reconnec-
tion in laboratory and magnetosheath plasmas.
Experimental setup and temperature measurement.—

Figure 1(a) shows the experimental configuration in the
linear PHAse Space MApping (PHASMA) device [42].
Two magnetized argon flux ropes are launched by drawing
axial current along two plasma columns, separated by Δ ¼
60 mm along the x direction [32,43–45]. Magnetic recon-
nection is driven by the interaction between the two flux
ropes, i.e., they merge and bounce [46–48]. The recon-
nection is firmly in the electron-only regime because the
reconnection duration 20 μs is smaller than one ion
gyroperiod τci ∼ 70 μs and because Δ is roughly 1.5ρs,
where ρs is the ion gyroradius based on the ion sound
speed [32,49–51]. Such a system size is much smaller than
the tens of ρs required for ion-coupled reconnection
[31,52].
To maximize the available reconnection magnetic

energy and experimental repeatability, we create flux ropes
with currents above the threshold of the m ¼ 1 kink
instability [42] but with a discharge period less than one
axial Alfvén time so that kink fluctuations do not have
enough time to grow [48]. Representative in-plane projec-
tions of magnetic field lines measured by magnetic probes
are plotted as black lines in the inset of Fig. 1(a), showing
the typical X-type reconnection geometry [53–56] with two
separatrices denoted by red and blue dashed lines.

The electron temperature anisotropy is measured with
multidimensional incoherent Thomson scattering [57] with
the spatial resolution ≤ 1 mm in the absence of magnetic
probes. In addition to perpendicular injection of laser light
along ki⊥ and collection along ks1 [see Fig. 1(a)] [58], a
parallel injection beam path along kik and collection along
ks2 have been added to enable measuring multidimensional
EVDFs. Thomson scattering produces EVDFs in the
directions of the differences between all of the collection
and injection directions, namely k⊥1 ¼ ks1 − ki⊥, k⊥2 ¼
ks2 − ki⊥, kk1 ¼ ks1 − kik, and kk2 ¼ ks2 − kik, as are
sketched in Fig. 1(b), along with a yellow ellipse represent-
ing an idealized gyrotropic EVDF feðv⊥; vkÞ with different
Te⊥ and Tek. We define the 1D EVDFs in the measurement
directions as feðvk⊥1Þ, feðvk⊥2Þ, feðvkk1Þ, and feðvkk2Þ,
and the associated electron temperatures in each direction
as Tek⊥1, Tek⊥2, Tekk1, and Tekk2, respectively. Since
the electrons are strongly magnetized in this experiment,
we expect them to be gyrotropic, i.e., Tek⊥1 ¼ Tek⊥2, which
we define as Tek⊥. Since kk1 and kk2 are constructed to be
symmetric about the parallel direction (�45°), Tekk1 ¼
Tekk2, which we define as Tekk. From the geometry of the

FIG. 1. (a) PHASMA creates two interacting magnetic flux
ropes (blue) with plasma guns and an anode (gray). In-plane
magnetic field projections (black lines) during pull reconnection
[32] are plotted in the inset. Red and blue dashed lines denote
separatrix I and II, respectively. The 3D Thomson scattering
system includes two injection beams (along perpendicular ki⊥
and parallel kik directions) in light green and two collection optics
(along ks1 and ks2) in dark green. (b) An anisotropic EVDF
(yellow) for gyrotropic electrons with different perpendicular and
parallel temperatures (Te⊥ and Tek) is measured along four wave
vectors, k⊥1, k⊥2, kk1 and kk2. (c) Measured electron temper-
atures Tek⊥ and Tekk around two separatrices (red and blue circles
for separatrix I and II, respectively) and the inflow region (gray
squares). The background color is Tek=Te⊥.

PHYSICAL REVIEW LETTERS 131, 155101 (2023)

155101-2



distribution, the perpendicular electron temperature Te⊥ is
equal to Tek⊥. The parallel electron temperature, derived in
the Supplemental Material [59], is

Tek ¼ 2Tekk − Tek⊥: ð1Þ

Results.—Figure 1(c) briefly summarizes the measured
Tek⊥ and Tekk at different locations, with the background
shading showing electron temperature anisotropy Tek=Te⊥
during the pull phase of electron-only reconnection [48].
Around separatrix I, denoted by the red dashed line in
Fig. 1(a), Tek=Te⊥ (red circles) is considerably larger than
1, with a mean value of 1.3 and a standard deviation of 0.2.
Along separatrix II, Tek=Te⊥ (blue circles) is ∼1, with a
mean value of 0.92 and a standard deviation of 0.08. This
difference from unity is not statistically significant. In
comparison, Tek=Te⊥ in the inflow region (gray squares) is
close to 1, with a mean value of 1.0 and a standard deviation
of 0.08. Thus, the electron temperature along separatrix I is
significantly anisotropic, but not along separatrix II.
Typical EVDF measurements feðvk⊥1Þ, feðvk⊥2Þ,

feðvkk1Þ, and feðvkk2Þ at ðx; yÞ ¼ ð−5 mm;−7 mmÞ
around separatrix I are presented in Figs. 2(a)–2(d) and at
ðx; yÞ ¼ ð7 mm; 0 mmÞ around separatrix II in Figs. 2(e)
and 2(f). Each raw Thomson scattering spectrum is sepa-
rately measured by accumulating 35 reproducible experi-
mental shots and is well fit with single Maxwellian EVDFs
(solid lines). The vertical dashed lines are the thermal speeds
from the fits. The different velocity resolutions arise from the

different magnitudes of k⊥1, k⊥2, kk1, and kk2 in Fig. 1(b).
The cutoff region around 0 km=s in the EVDFs is due
to optical filters used to reject stray light at the laser
wavelength [58]. Some data points around the velocity
corresponding to 528.5 nm are also excluded from the fits
because there is strong emission from an impurity Fe I line.
As expected for strongly magnetized electrons, the spectral
widths at separatrix I of feðvk⊥1Þ and feðvkk1Þ are approxi-
mately equal to those of feðvk⊥2Þ and feðvkk2Þ, respectively,
i.e., Tek⊥1 ≈ Tek⊥2 ¼ Tek⊥ and Tekk1 ≈ Tekk2 ¼ Tekk.
Notably, these two directly measured temperatures Tek⊥ ¼
2.7� 0.1 eV and Tekk ¼ 3.3� 0.1 eV are different enough
that there is a significant electron temperature anisotropy.
Using Eq. (1), Tek is 4.0� 0.2 eV. With Te⊥ ¼

2.7� 0.1 eV, the electron temperature measurements
around separatrix I are clearly anisotropic, indicating
preferential parallel electron heating. The electron temper-
ature anisotropy Tek=Te⊥ ¼ 1.5� 0.1. Around separatrix
II, Tekk ¼ 2.8� 0.1 eV is within measurement uncertainty
of Tek⊥ ¼ Te⊥ ¼ 3.0� 0.2 eV. Thus, Tek ¼ 2.6� 0.2 eV,
Tek=Te⊥ ¼ 0.9� 0.1, and the electron temperatures around
separatrix II are not significantly anisotropic.
Note that electrons both in upstream regions [gray

squares in Fig. 1(c)] and in single flux ropes (see the
Supplemental Material [59]) are measured to be nearly
isotropic. Therefore, the observed electron temperature
anisotropy around separatrix I is strong evidence of electron
heating resulting from guide field reconnection, consistent
with theoretical predictions that a quadrupolar electron
pressure profile arises in order to maintain pressure balance
when the quadrupolar Hall magnetic field is superposed
with Bg [24,49,51,64].
To investigate the nature of the anisotropic electron

energization, Tek⊥ and Tekk are measured throughout the
reconnection plane. Figures 3(a)–3(d) show measurements
at 43 spatial locations [black circles in (a)] that cover most
of the electron diffusion region including both separatrices
and one inflow region. At each measurement location, Te⊥
and Tek are derived and plotted in Figs. 3(a) and 3(b).
The effective electron temperature, Te¼ð2Te⊥þTekÞ=3,
and electron temperature anisotropy Tek=Te⊥ are shown
in Figs. 3(c) and 3(d). Clearly, anisotropic heating
(Tek=Te⊥>1) occurs around only separatrix I [red dashed
line in Fig. 3(d)]. Along separatrix II, there is a very weak
anisotropy, if any, i.e., Tek=Te⊥ is slightly smaller than 1 but
within the measurement uncertainty of being isotropic.
The corresponding 1D profiles of Te⊥, Tek, Te, and

Tek=Te⊥ along separatrix I (red points), II (blue squares),
and the inflow (black open squares) directions [indicated by
red, blue, and black dashed lines in Fig. 3(d)] are presented
in Figs. 3(e)–3(h) for quantitative analysis. For comparison,
the upstream electrons have Te ¼ 2.6 eV. The monotoni-
cally increasing Te increment, ΔTek, reaches 1.4 eV along
separatrix I, whereas Tek decreases within 5 mm from the

FIG. 2. Measured EVDFs around separatrix I [the red dashed
line in Fig. 1(a)]: (a) feðvk⊥1Þ, (b) feðvk⊥2Þ, (c) feðvkk1Þ, and
(d) feðvkk2Þ. Vertical dashed lines denote electron thermal
velocities calculated from Maxwellian fits to the EVDFs (dotted
lines). Semitransparent vertical black and red bars show the
electron thermal velocities for Tek⊥ and Tekk. (e)–(h) Similar to
(a)–(d), but measured around separatrix II [blue dashed line in
Fig. 1(a)]. Anisotropy is the difference between Tek⊥ and Tekk in
(a)–(d).
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X point, ðx; yÞ ¼ ð5 mm;−3 mmÞ, along separatrix II
before later increasing by 0.5 eV further downstream.
Monotonic increases of Te⊥ and Te are measured along
both separatrices.
Discussion.—To identify the electron energization

mechanism responsible for the heating, we estimate the
energy gain rate from different mechanisms. For Fermi
acceleration, electrons gain energy densityWk preferentially
along the parallel direction at a rate Ẇk ¼ ðnekBTek=τrecÞ×
½1=ð1þ 2ðBg=BrecÞ2Þ� ∼ 0.04 W=cm3 [10,16,65], where
the electron density ne ¼ 1 × 1019 m−3, reconnection
magnetic field Brec ¼ 15 G, kB is the Boltzmann constant,
reconnection time τrec is defined as electron transit time to

cross current sheet thickness, and the last term is the
dependence on magnetic field curvature. In betatron
acceleration [13], the perpendicular electron energy density
W⊥ increases at a rate Ẇ⊥ ¼ ðnekBTe⊥=τrecÞ · ðBrec=BgÞ2 ·
ðδ=LÞ2 ∼ 0.02 W=cm3 (see derivations in the Supplemental
Material [59]), where δ and L are the thickness and length of
the electron diffusion region. However, the measured elec-
tron energy density gain rate nekBΔTe=τrec∼4W=cm3 is
too large to be caused by either the Fermi or betatron
mechanisms.
In contrast, the energy density gain rate from the parallel

reconnection electric field Ek is Ekjk ¼Erecjrec∼3W=cm3,
where Erec is nearly parallel to the magnetic field for
Bg ≫ Brec, and Erec ≈ 0.1cAeBrec, assuming a normalized
reconnection rate of 0.1 [31,66–69], cAe is the electron
Alfvén velocity based on Brec [16,24,30], and jrec ¼
5 A=cm2 is the axial current density near the X point.
Note that electron heat losses due to axial advection, axial
conduction, and radiation are approximately 1 order of
magnitude smaller than Ekjk and do not play a significant
role in the observed electron energization. Therefore,
acceleration by Erec is likely the major contributor to
electron energization in our experiment. Preferential par-
allel electron heating during reconnection with large Bg is
consistent with magnetosheath observations [18–21] and a
recent spheromak-merging experiment [70].
We compare these results to a 2D PIC simulation for our

experimental conditions, as described in the Supplemental
Material [59]. The current sheet in the simulation has its
guide field aligned with the initial current, as in the
experiment. As is shown in Fig. 4(a), the simulated electron
temperature anisotropy reaches Tek=Te⊥ ∼ 1.6 and is
localized around separatrix I, which agrees well with the
experiment. The energy density gain rate Ekjk ∼ 20 W=cm3

is 2 orders of magnitude larger than that arising from Fermi
and betatron acceleration, supporting the conclusion that
the nearly parallel Erec is the major driver of anisotropic
electron heating, consistent with previous numerical sim-
ulations [14–16]. No Te⊥ enhancement around either
separatrix is observed in this 2D simulation, as shown in
Fig. 4(b).
There are different possible velocity space scattering

processes that could convert directed (parallel) electron
energy into thermal energy (Tek and Te⊥). Phase mixing has
been proposed for preferential parallel heating around a
separatrix in large-Bg, low-β reconnection plasmas [17] like

FIG. 4. (a) Tek=Te⊥ and (b) Te⊥ in the reconnection plane
obtained from a 2D PIC simulation.

FIG. 3. 2D spatial profile of (a) perpendicular electron temper-
ature Te⊥, (b) parallel electron temperature Tek, (c) effective
electron temperature Te and (d) anisotropy Tek=Te⊥. Black lines
are in-plane magnetic field projections, and 43 dots show the
measurement locations, grouped into regions around the sepa-
ratrix I (red), II (blue), and the inflow (gray). The dashed
rectangle in (c), half of the electron diffusion region, is used to
calculate energy fluxes. The corresponding 1D profiles along
separatrix I [red points for the red dashed line in (d)], II [blue
solid squares for the blue dashed line in (d)] and the inflow
direction [black open squares for the black dashed line in (d)]:
(e) Te⊥, (f) Tek, (g) Te, and (h) Tek=Te⊥. Δs is the distance from
the X point at ðx; yÞ ¼ ð5 mm;−3 mmÞ.
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PHASMA. This process requires that electrons streaming
along B with speed vek resonate with the electromagnetic
field that develops at speed cAe in the reconnection
plane [71]. But vekðBrec=BgÞ∼40 km=s≪cAe∼400 km=s
in the experiment, where vek is the electron thermal speed,
so the required Landau resonance condition is not satisfied.
The measured levels of anisotropy are insufficient to
trigger electron firehose instabilities, nekBðTek − Te⊥Þ <
B2=2μ0 [72,73], where μ0 is the vacuum permeability. The
absence of the firehose instability and the existence of a
strong guide field means that a newly identified kinetic
regime of reconnection with strong electron temperature
anisotropy [74] due to electron trapping [75,76] is also
unlikely to play a role in the conversion of parallel electron
acceleration into heat in our experiment.
Although marginal collisionality is satisfied in the 2D

reconnection plane, i.e., the mean free path of Coulomb
collisions λmfp ≈ 13 mm ∼ 2.6δ, collisions are not ignorable
for electrons transported long distances (10δ − 200δ)
along the axial direction z. Electrons in the outflow region
flowing along the strong guide field continuously collision-
ally relax toward isotropy. Anisotropic temperatures are
sustained for locally heated electrons along separatrix I
because the collisional isotropization rate−ðTek−TeÞ=τiso∼
−20 eV=μs, where τ�iso is the isotropization time [77], is
smaller than the anisotropic heating rate due to reconnec-
tion, i.e., ∼þ 30 eV=μs, assuming only Tek increases (see
the Supplemental Material [59]). Without active anisotropic
heating along separatrix II, the electron temperature relaxes
to isotropy on a timescale of τiso ∼ 0.03 μs < τrec.
The observed increase of Te⊥ with distance from the X

point along both separatrices could result from collisional
isotropization of electrons that have undergone parallel
electron heating (which increases with distance from the X
point) flowing along the guide field. Transport across Bg is
constrained by the small electron gyroradius, so where the
parallel heating occurs in the region around the X point
defines the spatial distribution of the total electron heating
as well. For future work, we will explore electron heating
throughout the outflow region through the 3D PIC simu-
lations like those in Refs. [78–81] that include realistic
collision rates and in laboratory experiments in which the
overall level of collisionality, including electron-neutral
contributions, is varied.
A key aspect of having measurements of parallel and

perpendicular temperatures is a more accurate accounting of
the energy budget during reconnection than has been done
previously [32,82,83]. The electron flow speed obtained
from fits to the EVDFs measured here is smaller than the
measurement uncertainty of �100 km=s. Given this meas-
urement resolution, the upper limit on the electron flow
kinetic energy is 3% of the incoming reconnection magnetic
enthalpy and is ignorable in the energy partition calculation.

The rectangular boundary of thickness δ ¼ 5 mm and
length 2L ¼ 20 mm around the X point in Fig. 3(c) is
used to calculate total electron enthalpy per unit axial
length. The ratio of the increase of electron enthalpy from
the inflow-side edge to the outflow-side edges to the
incoming magnetic enthalpy is around 1. In other words,
far from the X point, 100% of the available magnetic field
energy ends up in electron thermal energy. For the central
half-rectangular boundary withΔs < 5 mm, this ratio drops
to 45%. Therefore, additional electron heating occurs
beyond 5 mm from the X point. Possible heating mecha-
nisms are the thermalization of electron flows in the outflow
region and compressional heating as the outflow runs into
the flux ropes, analogous to heating at dipolarization fronts
in Earth’s magnetotail [84–87].
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