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ABSTRACT

Using incoherent Thomson scattering, electron heating and acceleration at the electron velocity distribution function (EVDEF) level are
investigated during electron-only reconnection in the PHAse Space MApping (PHASMA) facility. Reconnection arises during the merger of two
kink-free flux ropes. Both push and pull type reconnection occur in a single discharge. Electron heating is localized around the separatrix, and
the electron temperature increases continuously along the separatrix with distance from the X-line. The local measured gain in enthalpy flux is
up to 70% of the incoming Poynting flux. Notably, non-Maxwellian EVDFs comprised of a warm bulk population and a cold beam are directly
measured during the electron-only reconnection. The electron beam velocity is comparable to, and scales with, electron Alfvén speed, revealing
the signature of electron acceleration caused by electron-only reconnection. The observation of oppositely directed electron beams on either side
of the X-point provides “smoking-gun” evidence of the occurrence of electron-only reconnection in PHASMA. 2D particle-in-cell simulations
agree well with the laboratory measurements. The measured conversion of Poynting flux into electron enthalpy is consistent with recent observa-
tions of electron-only reconnection in the magnetosheath [Phan et al., Nature 557, 202 (2018)] at similar dimensionless parameters as in the
experiments. The laboratory measurements go beyond the magnetosheath observations by directly resolving the electron temperature gain.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082633

I. INTRODUCTION

Magnetic reconnection is a universal process converting mag-
netic energy into thermal and kinetic energy of a plasma through the
change of magnetic topology." One important question about recon-
nection is what fraction of the energy released is delivered to the elec-

region of magnetic reconnection and energy dissipation where mag-
netic field lines break and reconnect.”’ However, under some circum-
stances, e.g., in the turbulent magnetosheath, the characteristic scale
lengths of the current sheets (the size of the reconnection region) are
smaller than the ion kinetic scale.”” With such an ordering of length

trons and the ions. The distribution of energy plays a key role in
looptop x-ray production in solar flares,” energetic particle injections
following geomagnetic substorms,” and heating and acceleration of
particles in tokamaks,”” and has been studied observationally,‘\' 12
experimentally,’” '” and theoretically or numerically.'*""”

Although reconnection powers these various explosive phenom-
ena at macroscopic scales, it is governed by processes at the micro-
scopic, kinetic scale of ions and electrons.”’ In the typical reconnection
picture, both electron and ion diffusion regions exist and define the

scales, there is not sufficient space or time for ions to fully participate
in the reconnection process. The result is that the cascade of energy to
smaller length scales in magnetized turbulent plasmas is then mediated
by electron-only reconnection rather than ion-coupled reconnection.”

The occurrence of electron-only reconnection has been con-
firmed in Earth’s magnetosheath downstream of a quasi-parallel bow
shock. Phan et al.”* reported observations of Alfvén speed electron jets
in opposite directions on either side of a reconnection X-point.
Throughout the spacecraft trajectory through the magnetosheath, no
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Alfvénic ion jets associated with the reconnection were observed. Phan
et al. described these observations as definitive evidence of the occur-
rence of electron-only reconnection. Two-dimensional (2D) particle-
in-cell (PIC) simulations have shown that ions start to decouple from
the reconnection process when the island-to-island system size A
drops below 40 times the ion kinetic scale.”” The reconnection rate
and electron outflow speed are significantly higher in 2D electron-only
reconnection than in ion-coupled reconnection” and can be even
higher in 3D electron-only reconnection.”® Therefore, electron-only
reconnection is an ideal candidate to explain small-scale energy dissi-
pation in magnetized plasma turbulence” ' and near collisonless
shocks.””* However, little is known about how energy conversion
during electron-only reconnection differs from fully ion-coupled
reconnection.'>** Half the available magnetic energy was measured to
be converted into bulk electron kinetic energy, and the other half was
inferred to be transferred into electron thermal energy, but no direct
measurement of electron heating was possible in the Phan et al. obser-
vations.”* For those specific observations, the expected electron heat-
ing amount of several eV was smaller than the electron temperature
measurement uncertainty, and the details of the electron velocity dis-
tribution function (EVDF) around the electron Alfvén speed are not
accessible due to a low energy cutoff of the instrument.”” No system-
atic observational or numerical studies of electron heating and acceler-
ation in electron-only reconnection have been carried out to date.

The details of electron and ion velocity distribution functions
(EVDFs and IVDFs) at the kinetic scale provided by satellite mis-
sions’*** and simulations™” are essential to investigate energy conver-
sion during magnetic reconnection, especially for the exploration of
the relevant kinetic physics. However, complementary laboratory
EVDF and IVDF measurements at the kinetic scale are still lacking."’
Kinetic-scale measurements in laboratory experiments have enabled
the identification of the electron diffusion region in reconnection.'""*
Bulk electron and ion heating at the kinetic scale have been reported
in laboratory reconnection studies' ***** through electrostatic probe”’
and spectroscopic’® measurements that do not resolve EVDFs.
Thomson scattering diagnostics have been deployed in high-energy-
density reconnection experiments.”” However, they are usually oper-
ated in the coherent regime, where assumed models of the EVDFs are
used to interpret the measured spectra. Therefore, those measurements
are not a direct EVDF measurement.” Another diagnostic used in
high-energy-density reconnection studies is an electron magnetic spec-
trometer, which directly measures EVDFs but in an ex situ man-
ner.””  Thus, fusion and heliospheric-relevant laboratory
reconnection experiments have heretofore not directly measured
EVDFs at kinetic scales.”’ >

In this paper, we report details of the formation and diagnosis of
two interacting flux ropes in the PHAse Space MApping (PHASMA)
facility that result in electron-only magnetic reconnection and the
direct measurements of EVDFs at the electron kinetic scale during this
reconnection using an incoherent Thomson scattering diagnostic. To
address electron energy conversion issues relevant to electron-only
reconnection in the magnetosheath, we explore reconnection at nor-
malized plasma parameters comparable to the Phan et al. observa-
tions™ (see Table I). The ratio of the guide magnetic field B, to the
reconnecting field B, is relatively large, around 10, for both systems.
The scale of difference between the ion and electron scales is p,/d,,
where p; is the ion gyroradius based on the ion sound speed and d, is

ARTICLE scitation.org/journal/php

TABLE 1. Plasma parameters for PHASMA and the magnetosheath electron-only
reconnection event studied by Phan et al.**

By o /@ = DinckpAT, - Ve

Brecx de ﬁe Bfecx/:“o VAe

PHASMA 10-25 30 0.01-0.05 0.7 0.6-1
Magnetosheath 8 23 0.3 0.5 0.45

the electron inertial length. For both systems, this ratio falls in the
range 20-30, similar to the well-studied parameter regime for fusion.”
The electron plasma beta 5, < 0.05 in PHASMA is smaller than the
0.3 value in the magnetosheath, but both are much smaller than 1.
Remarkably," the observed electron heating characterized by the ratio
[7/(y — 1)|nckgAT./ (B, /1) is quite similar, 0.5-0.7, where n,,
AT,, kg, 1o, and y are electron density, electron temperature increase,
Boltzman’s constant, vacuum permeability, and the ratio of specific
heats. The electron jet speeds V, normalized to the electron Alfvén
speeds V,, based on B, are in the range of 0.5-1, similar to those
seen in the magnetosheath.

This paper is organized as follows: the experimental apparatus
used to implement and diagnose magnetic reconnection between two
flux ropes are described in Sec. II. The incoherent Thomson scattering
system that provides direct measurements of EVDFs at the electron
kinetic scale is also highlighted. In Sec. I, the dynamics of two inter-
acting kink-free flux ropes is presented, where both push-type and
pull-type reconnection are identified in a single discharge. The plasma
parameters place the reconnection firmly in the electron-only regime.
Electron heating is found to be localized around the separatrix in Sec.
IV. The electron enthalpy gain and its dependence on the reconnecting
and guide magnetic field strength are also reported. Non-Maxwellian
EVDFs with electron beam structures are presented in Sec. V, reveal-
ing that electron acceleration arises from electron-only reconnection.
In Sec. VI, a series of 2D PIC simulation specifically designed for this
reconnection experiment successfully reproduce the observed electron
heating results. A brief summary of this paper is given in Sec. VII.

Il. EXPERIMENTAL APPARATUS
A. Flux rope experiments in PHASMA

PHASMA is a linear plasma facility capable of investigating vari-
ous space plasma phenomena in the laboratory. PHASMA is equipped
with both static helicon and pulsed gun plasma sources.”"”” Figure 1
shows the experimental configuration used to initiate magnetic recon-
nection. The approach is similar to that used in previous linear recon-
nection devices.”* >® Two 1-m long argon plasma columns embedded
in a uniform axial magnetic field B, are formed by plasma guns 1 and
2 (left side), separated by A = 60 mm in the x direction. Subsequently,
axial electrical current Ij;,s is drawn through the plasma columns by
applying an electric potential between the plasma guns and a conical
external anode (right side) to generate two flux ropes (blue columns).
The conical external anode has a hole at its apex for diagnostic access.
As the system of two flux ropes evolves (see Sec. III B), magnetic
reconnection between their magnetic fields arises.™

Reconnection in PHASMA can be reasonably treated as quasi-
2D case locally given the strong guide field used in these experiments,
though some 3D effects are, indeed, expected considering the system
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Thomson Scattering

FIG. 1. The experimental apparatus for electron-only reconnection in PHASMA.
Reconnection takes place between two flux ropes (blue columns), generated by
two plasma guns (left) and an external anode (right). The key plasma diagnostics
are a magnetic probe array, a fast camera, and Thomson scattering.

evolution along the out-of-plane direction, such effects as have been
identified in other devices.”’ For this work, the suite of diagnostics
focuses on one axial plane (pink color). A linear magnetic probe array
composed of 17 By, coils (along the probe shaft) and 17 B, | coils (per-
pendicular to the probe shaft) scans radially over 13 locations to map
the repeatable 2D magnetic reconnection topology. For each radial
location, four discharges are recorded. The 2D magnetic field vectors
B, = (B,,B,) at 221 locations are obtained from B, and B, mea-
surements. The projection of the magnetic field lines on the xy plane is
estimated from the lines of constant magnetic flux function v calcu-
lated using B, = zx V). The flux function technique rigorously gives
projections of magnetic field lines in 2D systems and is approximately
valid for our quasi-2D experiments because of the relatively large
By /Byecx ratio and small B..””°" A fast camera records the visible emis-
sion light intensity of plasmas escaping through the hole at the apex of
the external anode, providing extra information about particle energi-
zation in the axial direction arising from the reconnection. The inco-
herent Thomson scattering diagnostic is implemented for the direct
EVDF measurements in a similar axial plane to the magnetic probe
array.

B. Thomson scattering system

While the details of the incoherent Thomson scattering system
have been described elsewhere,”” we highlight the relevant features
enabling the electron heating and acceleration measurements in this
study. The Thomson scattering diagnostic provides direct EVDF mea-

surements along the differential wavevector direction K=k —k,

where l;; and IE; are the injection and scattering wavevectors, respec-
tively, as shown in Fig. 2(a). In our experiment, the measured EVDFs
are along the azimuthal direction 0 = 22.5° in the xy plane. Several
measures are taken to suppress the stray light at the wavelength of the
injected laser beam, 532 nm. These include Brewster windows, planar
baffles, and a beam dump. Taking advantage of the highly localized
measurements possible with Thomson scattering, we are able to per-
form EVDF measurements at and below the electron inertial scale
d, = 1.7 mm. As is shown in the inset panel inside the magenta dashed
rectangle, the beam profiler image shows that the overlapping volumes
of the injection and collection beams are <0.5 x 0.5 x 1.0 mm”.

A small relative T, measurement uncertainty 0.1eV, ie., < 5%,
achieved by our Thomson scattering system is critical for this
experiment, given the expected electron heating amount is sub-eV.
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FIG. 2. (a) Schematics of the injection and collection optics of the Thomson scatter-
ing system. The measurement wavevector k is shown as the green arrow with an
azimuthal angle of 22.5°. Shown inside the magenta dashed rectangles are the
dimensions of the injection and collection beams as imaged with a beam profiler
(before they overlap at the measurement location). (b) An example Thomson scat-
tering spectrum (black points and shaded errorbar). The resultant Maxwellian fit is
plotted as the red line with a vertical red dashed line denoting the 1/e spectral
width. Spectra of stray light (green dashed line) and plasma self-emission light
(blue line) are also included. (c) and (d) Relative variance of spectral intensity and
fitted T, values as a function of shot number N. The gray shading indicates the
region where Thomson scattering measurements have stabilized.

Figure 2(b) shows an example Thomson scattering spectrum (black
dots) obtained by accumulating spectra from 40 repeatable discharges.
For reference, the spectrum of the stray light is plotted as the green
dashed line, and the intensity of self-emission light from flux ropes is
negligible as shown by the blue line. The red solid line presents the fit-
ted Maxwellian profile with the vertical red dashed line denoting the
fitted 1/e spectral width, resulting in T, = 3.2 eV. To estimate the
errorbar of the T, measurement, we plot the T, values derived via
Maxwellian fits to the spectra accumulated from the first N repeatable
discharges against the shot number N in Fig. 2(c). At the same time,
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the standard deviation of the raw spectra accumulated from the first N
shots from the fitted Maxwellian spectra is calculated as a relative vari-
ance and is shown in Fig. 2(d). The T, values settle down to around
3.2eV after 10-20 shots, while the relative variance trace passes a
“knee” and flattens out to around 0.02 for N > 20. Therefore, we use
the standard deviation of T, values for N = 2040 as the uncertainty
in the T, measurements, 0.1 eV in this case. The gray shading around
the data points in Fig. 2(b) shows the variance of the Thomson scatter-
ing spectrum intensity at each wavelength for shots N = 20—40.

I1l. EXPERIMENTAL PLATFORM OF ELECTRON-ONLY
RECONNECTION

A. Kink-free operation regime

Experimentally, two requirements have to be satisfied to enable
the study of electron heating and acceleration during electron-only
reconnection in PHASMA. First, the magnitude of electron heating
AT, caused by magnetic reconnection should be larger than the uncer-
tainty in the T, measurements, so we can obtain statistically significant
results. For our experiment, at a plasma density of n, = 1 x 10" m~3,
AT, = 0.2 eV requires that the reconnecting magnetic field B, is at
least 9 G assuming the entire available magnetic energy goes into elec-
trons. Second, the reconnection experiments should be very repeatable
because 40 Thomson scattering spectra are normally needed to con-
struct a single EVDF. However, the kink instability, which reduces the
repeatability of our experiments, limits the achievable B, to about
10G.” As is shown in Fig. 3(a), when the bias current reaches the
kink threshold, 180 A (black dashed line), clear kink instabilities that
appear as large fluctuations in the azimuthal magnetic field By oscilla-
tions [black line in Fig. 3(b)] arise. Note that most previous linear
reconnection experiments were operated in a regime with strong kink
instabilities.””** Here, we eliminate kink instability effects in the mag-
netic reconnection experiment by shortening the discharge period to
be less than one axial Alfvén time. When the discharge period is
reduced to 1% of previous experiments,”* 100 us, no significant kink
instabilities are observed, see red lines in Fig. 3.
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FIG. 3. (a) The bias current /.5 and (b) azimuthal magnetic field By as a function
of time. The black line is for the 10 ms discharge similar to that used in previous
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B. Dynamics of two interacting flux ropes

For the kink-free operational regime described in Sec. III A, the
magnetic reconnection process becomes highly repeatable, and the
typical magnetic field topology is easily measured. Figure 4 shows the
temporal evolution of the magnetic field topology (black lines as con-
tour lines of y) and derived axial current density J, = (V x B ),
(overlaying color) for two interacting flux ropes. At t = 5.0 us, the
two flux ropes are located at x = £3 cm. As the bias current ramps
up, the two flux ropes rotate clockwise (along the ion gyromotion
direction) around their center of mass. Similar rotational behavior of
two interacting flux ropes was observed in the Reconnection Scaling
Experiment (RSX)™ and Large Plasma Device (LAPD) devices”" and
was believed to be related to the growth of the kink instability. Here,
we argue that the kink instability is not likely to be the cause of the
rotation in PHASMA because the kink has not yet had time to develop
in our relatively short discharge and because later in time, the flux
ropes rotate counterclockwise as the bias current decreases. We also
note that this rotation exists for single flux rope, though with smaller
displacements. Its appearance in single flux rope studies excludes the
mutual centrifugal force of —], By as a possible reason for this rotation.
At the same time, the two flux ropes approach each other radially due
to the mutual attraction force. After t = 25.0 us, the two flux ropes
bounce away from each other. This radial bouncing motion was also
reported by Sun et al.,”” and they argued it was caused by the restoring
magnetic tension force arising from the twisting of axial guide field
lines. Note that magnetic flux pileup could also cause the observed
bouncing dynamics of the flux ropes.”*’

As noted previously, the two flux ropes start to rotate backward
(counterclockwise in the electron gyromotion direction) when Ip;,
reaches its peak value at t = 40 us. This behavior suggests that neither
the kink instability nor diamagnetic effects are responsible for the clock-
wise and counter-counterclockwise rotation of the ropes in PHASMA
because neither effect could change rotation direction during a single
discharge. It appears that the rotation is more likely related to inductive,
dlyias / dt, effects, e.g., self-inductance of each flux rope or mutual induc-
tance between two interacting flux ropes. While radial merging and
bouncing, and azimuthal rotation along the ion gyromotion direction
have been observed in previous multiple flux rope experiments,””**
there are no reports of backward rotations in those experiments.

To investigate these dynamics more quantitatively, we characterize
the kinematics of two flux ropes by tracking their J, centroids. Figure 5(a)
shows the temporal evolution of the bias current I;,;,; and its rate of change
dlpias / dt to highlight the possible role of inductive effects. As is shown in
Fig. 4, the radial displacement AR is defined as the distance between the
two centroids, while the azimuthal displacement A# is defined as the azi-
muthal angle of the line connecting two centroids. The displacements AR
and A0 as a function of time based on the temporal evolution of magnetic
field topology are plotted in Fig. 5(b). The radial velocity vg = dAR/dt
and the angular velocity wg = dAO/dt are derived and plotted in
Fig. 5(c). For context, the typical radial vg ~ 1.5km/s and azimuthal
velocities vp = wgR ~ 1.8 km/s are comparable to the ion sound speed
C. = [ykp(T, + T;)/mi])'/* ~ 3 km/s, where y = 5/3 is chosen. The
measurements suggest a simple relationship between angular velocity and
the rate of change of the bias current,

experiments,” while the red line is for the 100 us discharges used in these Wy o dlbias. (1)
magnetic reconnection experiments.”’ dt
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FIG. 4. The temporal evolution of the perpendicular magnetic field B, (black lines) and axial current density J, (overlaying color). The definitions of radial and azimuthal dis-

placements AR and A0 are denoted at t = 45 us.

The clear observation of this simple proportional dependence
and observations of both clockwise and counterclockwise rotation dur-
ing a single discharge are possibly enabled by the larger current ramp
up and ramp down rates used in PHASMA dl,;,5/dt = 20 A/ us com-
pared to the typical values of 2A/us in RSX*" and 0.7 A/pus in
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FIG. 5. (a) Time histories of the bias current /y,s and its rate of change dlyi,s/df,
(b) radial displacement AR and azimuthal displacement A0 of the flux ropes, and
(c) radial velocity vz and angular velocity wy of the flux ropes.

LAPD.”* While the specific mechanism that drives the rotation is still
a subject of investigation, the measurements clearly point to inductive
effects playing a critical role.

C. Push and pull type reconnection

In Secs. III and IV, we focus on the magnetic reconnection
that occurs between two flux ropes. It takes place on a spatially and
temporally microscopic (mm-scale and ps-duration) process, far
smaller than the macroscopic dynamics described above (cm-scale
and 100 ps-duration). During a single discharge, we are able to identify
the occurrence of magnetic reconnection twice. Figure 6(a) shows an
occurrence of push-type reconnection at t =~ 8 us, where the two flux
ropes approach each other (magenta arrows) and the magnetic field
lines meet at the X-point, and reconnect and newly reconnected mag-
netic field lines are ejected outward (green arrows). In this case, the
private magnetic flux of each single flux rope is combined into public
flux shared by the two flux ropes.”” At a later time ¢ & 49 yis, when the
bias currents ramp down, the public magnetic flux changes back to the
private flux of each rope during pull-type reconnection. As is shown in
Fig. 6(b), the magnetic field lines are convected toward the X-point
from the inflow region along the magenta arrows and then the recon-
nected field lines are slung toward the outflow regions along the green
arrows. The occurrence of magnetic reconnection is experimentally
confirmed by the appearance of reversed current density around the
X-point, in light blue.”*** Typical X-type reconnection topology is also
observed, especially during the pull-type phase.

Non-negligible reversed current density appears not only around
the X-point but also around the outflow regions in the early push-type
reconnection and the inflow regions in the later pull-type reconnec-
tion. We believe this is associated with the so-called “eddy current” or
return current flowing in the surrounding tenuous plasma around the
flux rope, which was also reported in similar experiments in RSX.***
Indeed, such reversed current density also appears in our single flux
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FIG. 6. (a) Push-type magnetic reconnection during the ramp up phase of the bias current at t ~ 8 us. (b) Pull-type magnetic reconnection in the ramp down phase of the
bias current at t ~ 49 us. The magenta arrows indicate inflow directions, and green arrows the outflow directions.

rope experiments. However, the reconnection current around the X-
point is only observed in two flux rope reconnection experiments. One
clear difference is that the eddy current persists throughout the whole
bias current interval, while the reconnection current only appears
when the reconnection occurs.

Additional evidence of reconnection occurring twice in the same
discharge comes from the intensity of emission light from plasma
escaping through the hole located at the apex of external anode as
recorded with a fast camera. Two phases of the magnetic reconnection,
indicated by the reversal of J, measured around (x, y) = (3, —5) mm
in Fig. 7(b), are highlighted by two yellow shaded areas, during the
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FIG. 7. (a) Bias current of two flux ropes, (b) axial current density measured around
(x,y) = (3,—5) mm, and (c) emission light intensity of the plasma escaping
through the hole located at the apex of external anode as a function of time. The
two yellow shaded areas highlight the occurrences of push and pull magnetic
reconnection in a single discharge.

ramp-up and ramp-down phases of the bias current, see Fig. 7(a). As
is shown in Fig. 7(c), there are two intervals of increased light emission
that follow the intervals of reversed axial current density.””*® Bursts of
increased light emission do not appear during single flux rope experi-
ments. Since the emission increases across the entire ~10 cm camera
field of view in less than 5 us, the axial propagation speed through the
downstream region is faster than 20 km/s. The time delay between the
increase in light emission and the peak of the reversed axial current
density corresponds to a speed of 20-40 km/s, almost one order of
magnitude larger than the ion sound speed 3 km/s but comparable to
the electron drift speed ~30km/s in the reverse current that appears
during reconnection. Thus, we conclude that the bursts of visible light
emission are an indirect measurement of the axially accelerated elec-
trons arising from the reconnection. These electrons are accelerated
during reconnection, escape through the hole in the anode, and
deposit energy in the background plasma downstream of the anode.
Given that the reversed J, is larger (implying more available mag-
netic energy) and the collisionality is smaller (due to the smaller
plasma density) during the pull reconnection, we focus on this phase
of magnetic reconnection. The related parameters of the reconnection
with reconnecting magnetic field B,... = 15G and guide field B,
= 375 G are listed in Table I1. The current sheet thickness is 6 = 5 mm,
and the reconnection system size defined by the distance between two
O-points (centroids of two flux ropes) is A = 60 mm. Both are larger
than the electron inertial scale d, = 1.7 mm, but far smaller than the
scale at which ions fully couple to the reconnection, i.e., tens of the ion
sound gyroradius,” p, = 42 mm. Regarding relevant timescales, both
the electron transit time through the current sheet t = 0.1 s and the
overall reconnection duration of 20 us are much larger than an electron
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TABLE II. The comparison between spatial and temporal scales of the reconnection system and those of electrons and ions, suggesting the electron-only reconnection regime

in PHASMA.

Scales Electron Reconnection system Ion

Spatial Electron inertial length d, = 1.7 mm System size A = 60 mmy Ton sound gyroradius p; = 42 mm
current sheet thickness 6 = 5mm

Temporal Electron gyroperiod ., = 107> us Electron transit time t = 0.1 us, duration 20 us Ion gyroperiod t,; = 70 us

gyroperiod 1., = 10~% s and much smaller than one ion gyroperiod
7; = 70 us. Consequently, the ions have neither sufficient space nor
time to fully participate in the reconnection process,”* i.e., this
reconnection is firmly in the electron-only regime. The collisionality
of the plasma is another important physical parameter for reconnec-
tion. In these experiments, the rate of electron-neutral collisions is
negligible compared to the rate of Coulomb collisions between
electrons and ions. The mean free path of electron—ion collisions is
estimated to be 13 mm, > 20, and the characteristic collision time is
about 0.02 us, ~0.27. Therefore, electrons experience at most a few
collisions when transiting the current sheet, and the reconnecting
plasma is marginally collisional.

IV. ELECTRON HEATING

With probe and spectroscopic measurements having established
the electron-only nature of reconnection in PHASMA, we employ
incoherent Thomson scattering and direct EVDF measurements to
investigate the magnetic energy conversion, namely, the electron heat-
ing and acceleration, at the kinetic scale during electron-only
reconnection.

A. Localized heating around the separatrix

For large guide field B, the electron heating arising from mag-
netic reconnection is expected to occur along the separatrix.'"”’’ The
expected quadrupolar electron heating pattern for finite guide field
magnetic reconnection has been observed in Magnetic Reconnection
Experiment (MRX).™ Although the measurement location of our
Thomson scattering measurements is fixed in PHASMA, we perform
spatial scans by simultaneously translating the two guns to move the
entire reconnection topology along the x direction. Serendipitously,
the Thomson scattering measurement locations, as shown by the green
dots in Fig. 8(a), cover one entire separatrix at t =47 us. For our guide
field orientation, the electron temperature is expected to increase along
this separatrix because the axial Hall magnetic field By induced by
electron motion (curved blue arrow) is opposite to the guide field B,
which forces an enhancement of the electron thermal pressure to
compensate for the reduced magnetic pressure along this separatrix.”’

Figure 8(b) shows EVDFs measured at x=7mm (black) and
x=1mm (red) at t = 47 us. As in Fig. 2(b), each EVDF measurement
is obtained by accumulating 40 spectra acquired at the same time in
the discharge, and the color bands reflect the standard deviation of the
last 20 accumulated spectra. The solid lines are Maxwellian fits to the
EVDFs, and the vertical dashed lines denote the electron thermal
speeds v, obtained from these fits. Figure 8(c) shows the dependence
of the T, values on the number of accumulated spectra. Typically,
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FIG. 8. (a) Magnetic field projections into the reconnecting plane (black lines) and
axial current density (colors) at t = 47 us. The magenta dotted rectangular bound-
ary is used to calculate energy fluxes. Green dots indicate accessible Thomson
scattering measurement locations, while the green arrow at the upper left corner
shows the measurement wavevector for the Thomson scattering system, k. (b)
EVDFs at x =7 mm (black circles) and x =1 mm (red circles). (c) The fitted T, val-
ues as a function of accumulated shot number. (d) Electron temperature T, as a
function of x along the separatrix.
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40 shots are required to reduce the relative uncertainty in T, to be less
than 10%, e.g, 3.1 £0.1eVatx=7mmand 2.7 * 0.1 eV at x=1 mm.
Figure 8(d) shows the change in the electron temperature T, along the
separatrix, x, direction. The electron temperature is clearly enhanced
along the separatrix, increasing from 2.6eV around the X-point at
x=0mm to 3.4eV downstream in either direction, an increase in
nearly 30%.

Thanks to the natural rotation of the reconnection geometry as
the flux ropes rotate, we access different azimuthal locations by firing
the Thomson scattering diagnostics at different times in the discharge.
Thus, we are able to measure EVDFs in the separatrix, inflow, and out-
flow regions. Figures 9(a)-9(c) show the reconnecting magnetic field
topology (black lines) and axial current density (color) at t = 42 * 1,
46 £ 1, and 51 = 1 us, respectively. The measurement point indicated
by red at x=11 mm is located in the outflow region [red solid circle in
panel (a)] at t = 41 us. It moves to the separatrix region [red pentagon
in panel (b)] at t = 47 us and shifts back to the outflow region again
at t = 51 us. The corresponding temporal change in T, obtained from
the measured EVDFs at x=11mm is plotted as red points in Fig.
9(d), with three yellow bands denoting the times of panels (a)-(c).
Clearly, the electron temperature is only enhanced in the separatrix
region at t = 47 us. Localization of the heating to the separatrix is veri-
fied with measurements at x = —12 mm (black points). That measure-
ment location begins in the inflow region [black open circle in panel
(a)] at t = 42 ps and moves to the separatrix region (black pentagons
for t = 46 and 51 ps). Again, significant electron heating only appears
when the measurement location is in the separatrix region. The elec-
tron temperature is lower in both the inflow and outflow regions. This
localization of electron heating to the separatrix is consistent with pre-
vious reconnection studies with a finite B,'"**"" and is reproduced in
the 2D PIC simulations described in Sec. V1.

B. Electron enthalpy gain

Following the convention used in numerical simulations'® and
satellite observations,” we define the magnitude of electron heating
AT, as the difference between a local T, measurement and the
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temperature in the inflow region. Figure 9(d) shows T, = 2.7 = 0.1 eV
in the inflow region, and it peaks at T, = 3.5 = 0.1 eV around the sepa-
ratrix. Given that the electron heating is expected to be non-uniform for a
finite B,, a truly rigorous study of the electron energy partition requires
additional measurements throughout the reconnection region. Such mea-
surements are planned for future investigations. Nevertheless, we can still
provide complementary results to the magnetosheath observations by
directly comparing the local electron enthalpy gain at a similar location
relative to the X-point. In the work of Phan et al.,** the electron tempera-
ture enhancement was measured 3.5km downstream, ie, 1.8 away
from the X-point. Correspondingly, we choose the T, measurement at
1.8 9 = 9 mm downstream of the X-point, 3.0 = 0.1 eV. The ratio o is
normally used to evaluate the energy conversion, « = AH,/S;,, where
AH, is the electron enthalpy flux and S, is the incoming Poynting flux.
No electron density enhancement was observed around the separatrix in
our experiment. Therefore, we define
_ [V/(V 7 1)]kBA(neT6)
o= . (2)
(Blece/ 1to)

In writing this expression, we tacitly assume that the system is adia-
batic, so that y = 5/3; this is a reasonable assumption because the
guide field is large, and the distributions are typically close to
Maxwellian. o is about 70% at 1.8 6 downstream of the X-point in
PHASMA, which is comparable to the magnetosheath observation
o ~ 50%. We also note that in the magnetosheath observation,”” the o
value was not directly measured but inferred because the associated
electron temperature increase was too small to measure.

Different from the standard ion-coupled magnetic reconnection,
in the electron-only reconnection, ions do not have sufficient space
and time to participate in or respond to the reconnection process.
Instead, they are limited to simply providing the neutralizing back-
ground. Electron only reconnection is mediated by whistler wave
dynamics at electron scales, whereas the standard reconnection is con-
trolled by Alfvén wave dynamics at ion scales.”' That said, the recon-
nection rate can be larger in electron-only reconnection,” so can the
electron flow speed.”” Consequently, electron-only reconnection per-
mits more magnetic energy to be converted into electron thermal and

cate the corresponding time periods of

J
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kinetic energy, as background ions are not expected to gain much
energy.

Therefore, a smaller ratio o is expected in standard reconnection
where ions participate in the reconnection. Fox et al.”* reported a simi-
lar electron heating structure in reconnection with finite B, in a much
larger system A o~ 5 p. As ions participate more in their reconnection
process, the value for o was unsurprisingly smaller, about 23% at 1.8 ¢
away from the X-point. Our measured ratio of 70% is also consider-
ably larger than the 14% reported by Yamada et al."” for zero guide
field reconnection. As expected,'” the conversion of magnetic energy
into electron energy at kinetic scales is different in electron-only recon-
nection than in standard reconnection.

One important question regarding the conversion of magnetic
into thermal energy is whether collisions or some other kinetic effects
are the dominant processes for energy dissipation. To evaluate the rel-
ative importance of collisions, we consider the rectangle boundary of
thickness 20 = 10 mm and length 2L = 20 mm around the X-point,
shown as the magenta dotted rectangle in Fig. 8(a). The collisional
Ohmic heating power per unit length out of the reconnection plane is
calculated as Popmic = n]zz (20 x 2L) ~ 0.03 kW/m, where the Spitzer
resistivity # = 100 uQm is used and J, near the X-point is used
throughout the rectangle for simplicity. For the rate of electron
enthalpy production per unit length in the out-of-plane direction Py,
we roughly estimate its magnitude based on local AT, values, as our T,
measurements are limited to a single separatrix, and the heating on
opposite separatrices is different in guide field reconnection.”’ Using
the measured value 1.8 downstream for AT,, we estimate Py
= [y/(y — 1)]nckpAT,(26 x 2L)/t ~ 2kW/m. We note that the
Spitzer prediction for n for a marginally collisional plasma and the
derived ], from magnetic field measurements are possibly underesti-
mated, but the two-orders of magnitude difference between Py, and
Py is large enough to conclude that Ohmic heating is not the dominant
process for magnetic to thermal energy conversion, and that other
kinetic-scale processes must be responsible for the energy conversion.
Indeed, the rate of magnetic enthalpy deposition per unit length in the
out-of-plane direction (B2 /) X (2Viy X 2L) = 3kW/m is large
enough to account for the observed electron enthalpy gain.

C. Dependence on the reconnecting and guide field
Experimentally, we can verify that the observed electron heating

comes from the reconnecting magnetic energy by varying the recon-

necting magnetic field strength B,.,. Figure 10(a) shows that the

scitation.org/journal/php

measured electron enthalpy density gain [y/(y — 1)]n.kpAT, at a dis-
tance 1.8 0 from the X-point vs the reconnecting magnetic enthalpy
B2,/ 11y s By is varied from 10 to 20 G. The dashed line shows a lin-
ear fit with a slope of 0.8. The linear relationship demonstrates that the
increased electron enthalpy comes from dissipation of the reconnect-
ing magnetic field enthalpy during electron-only reconnection. Figure
10(b) shows the change in electron enthalpy density as a function of
the ratio B, /By, in the range of 10-25. No clear dependence of elec-
tron heating on the guide field strength is observed. This result is also
reproduced in the 2D PIC simulations described in Sec. VI, since the
reconnection rate is largely independent of guide field when B, /Byec.

is relatively large.’

V. ELECTRON ACCELERATION AND NON-
MAXWELLIAN EVDFS

Not only do the kinetic scale EVDF measurements provide
insight into the process of electron heating during electron-only recon-
nection, electron acceleration is also observed through the appearance
of non-Maxwellian features (oppositely directed electron beams) in
the measured EVDFs. Figure 11(a) shows the EVDF as a function of
Vi the velocity component along E, at x = —3mm and £=55 ps. As
is shown in Fig. 8(a), the k is at an angle of 22.5° and is mostly in the
outflow direction. A clear electron beam of negative velocity appears
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FIG. 10. (a) Measured electron enthalpy density increase [y/(y — 1)|neksAT, as
a function of reconnecting magnetic enthalpy B2, /1, and (b) the ratio of guide
field to reconnecting field By/B..x. Reproduced with permission from Shi et al.,
Phys. Rev. Lett. 128, 025002 (2022). Copyright 2022 APS Publishing.
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FIG. 11. EVDFs showing oppositely directed beams on either side of the X-point in
the electron-only reconnection with Byey = 15G. (a) x = —3mm (black circles)
and (b) x = 7mm (red circles). Dashed lines are Maxwellian fits for the individual
bulk and beam electrons, and the solid line is their sum. The dotted vertical lines
denote speeds of V4e/2 and V. (c) The EVDF measured at x = —3mm for the
Brecx = 10 G discharge.
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TABLE Ill. The electron density n,, temperature T, drift speed Ve, and enthalpy density of the bulk electron population and the electron beam. The ratios of these parameters

between the electron beam and bulk electrons are shown in parentheses.

Populations n, | Enthalpy density
Bulk 1x10¥m™3 2.8eV ~0 km/s 4.5 J/m’
Beam 4 x 107 m™3 (x0.04) 0.02eV (x0.01) ~ — 440 km/s 0.03 J/m> (< x0.01)

superimposed on top of the bulk electron population. A composite fit
(black solid line) based on the summation of two Maxwellian EVDFs
is shown in Fig. 11(a). The total EVDF is well fit with a combination
of a nearly stationary, warm bulk electron population, and a colder,
much less dense, electron beam at a velocity of Vi ~ —440km/s. The
speed of this electron beam is close to V4, = 430 km/s. Note that in
the fits, the drift speed of the bulk Maxwellian is fixed at zero based on
the observed structure of the EVDFs and the limited wavelength
(velocity) range of the EVDF measurements. As is listed in Table III,
the electron beam has a relative density of roughly n’ = 0.04n, and
an electron temperature of TY ~ 0.02 eV = 0.01T,. The electron
enthalpy density of the bulk electrons is about 4.5J/m ™ while that of
electron beam is negligible at 0.03 J/m™>.

Figure 11(b) shows the EVDF on the other side of the X-point at
x=7mm. The EVDF also exhibits a beam feature but with positive
Vi A fit to two Maxwellian distributions yields a flow speed of
Vi = +210 km/s (half of V,,). To investigate if this feature is a recon-
nection outflow jet, we reduce the reconnecting magnetic field from 15
to 10 G. As is shown in Fig. 11(c), the electron beam speed at the same
location as Fig. 11(a) drops to —180km/s as V,, drops to 280 km/s.
Thus, we measure oppositely directed electron beams at speeds
(0.6 — 1) V4, near the X-point, which is strong evidence of electron
acceleration arising from electron-only reconnection.”* Further from
the X-point, the outflow decelerates, possibly a result of flow into the
closed field lines of the flux ropes or because of collisions.

We note that in the Phan ef al. observations,”” the electron jets
have been measured based on asymmetries in the EVDFs at large
velocities because instrumental effects prevented measurements at
velocities comparable to V4. In other magnetosheath studies in which
electron velocities comparable to V,, are resolvable, a well-defined,
cold, electron beam moving in the outflow direction (reminiscent of
the EVDFs observed in this experiment) is observed superimposed on
a background electron population close to the separatrix.”* Indeed, in
early reconnection experiments at LAPD, it was also speculated that
beam-like electrons are generated based on the observations of
enhanced microwave emission near the plasma frequency.”” The spe-
cific mechanism that generates these electron beams during electron-
only reconnection in PHASMA is still under active investigation.

VI. 2D PIC SIMULATIONS

Motivated by the experimental measurements that show the
reconnection system to be nearly symmetric, we perform simulations
using the massively parallel PIC code p3d”® that are 2D in position-
space and 3D in velocity-space to compare with the measurements. In
prior simulation studies,” electron-only reconnection physics was
found to depend on the system size. Thus, we perform multiple simu-
lations with a range of domain sizes Ly x Ly = 80 x40 mm?,
40 x 20 mm?, and 60 x 30 mm?®. For the rest of this manuscript, we
report findings from the 60 x30mm?®=3525 d, x 17.63d,

simulation because the X-point and O-point separation in the simula-
tion when it achieves steady-state is close to the experimentally deter-
mined separation A. We find that the electron temperature gains are
similar in all three domain size simulations, indicative of independence
of electron temperature gains on the system size.

p3d uses a relativistic Boris stepper’” to step particles forward in
time and a trapezoidal leapfrog method’® to step electromagnetic fields
forward in time with a time step smaller than that of the time step of
particles. In all our simulations, the divergence of the electric field E is
cleaned by enforcing V - E = p/eo, where p is the net charge density,
every ten-particle time-steps using the multigrid technique.””

Unlike the experiment, the simulation employs periodic bound-
ary conditions. However, as we are studying the region very close to
the X-point, the dissimilarities in the boundary conditions are inconse-
quential at these length-scales. At initialization, there are two 1D cur-
rent sheets with only electrons carrying the current. The reconnecting
magnetic field is By = Bp{tanh[(Y — 0.25Ly)/w,] — tanh[(Y
—0.75Ly)/wp] — 1} with the asymptotic reconnecting field strength
far upstream of the X-point B,., = 15G and initial current sheet
thickness wy = 1.25 mm. Initially, a uniform guide field By = 25 Breex
= 375 G is employed. At initialization, electron and ion densities fol-
low n(Y) = nes{sech®[(Y — Ly /4)/wo] + sech*[(Y — 3Ly) /4wy] }
+n,p. Here, the asymptotic upstream density is 1,, = 1 x 10'* cm >
and the peak density of the current sheet is ncs = B2 /[87kg(T.
+T;)] = 0.2 n,, with the initial electron T, and ion T; temperatures of
245 and 0.49 eV, respectively. The experimental system guides the
selection of these parameters. The speed of light ¢ is an unrealistic
value of ¢=4.4x10° m/s=10 Caerecr» Where Caerecx = Brecx/
(,uomenup)l/ * to significantly reduce the computational run time. As
the system we are studying is non-relativistic, we note that our choice
of ¢ should not change the physics of the system. The time step
At =2.67 x 102 ns=7 x107>Q_", where Q' = By /m.c™! and
e is the elementary charge. The simulation uses the realistic electron-
to-argon ion mass ratio m,/m; = 1/72900, and the chosen grid-
length Ax =3.9x 107> cm is much smaller the Debye length
Ap =~ Api = (.sokBTi/nupez)l/2 = 9.9 x 10~ cm=0.06 d., which is
the smallest length-scale in the system. There are 2048 x 1024 grid
cells with 200 weighted particles per grid. A small initial magnetic field
of the form OBy = —Byey sin (2nX/Lx)sin (4nY/Ly) and 6By
= BpenLy/(2Lx) cos (21X /Lx)[1 — cos (4nY /Ly)] with B,,,, = 0.025
is used to perturb the in-plane initial magnetic field, which seeds an X
and O point pair in each of the two current sheets. We focus on the
lower current sheet in the steady-state time interval since it does not
produce secondary islands.

The 2D profile of electron temperature T, at t = 1.2 u s is shown
in Fig. 12(a), where we define the location of the X-point as (X,, Y )
and we plot the temperatures vs distance relative to that location. There
is clear electron heating along one of the two separatrices - consistent
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FIG. 12. (a) The 2D-profile of electron temperature from the PIC simulation. (b) T,
at the locations of the black diamonds in (a) as a function of distance from the X-
point on both sides.

with previous strong guide field studies.””’” We note that the heat-
ing is localized to a narrow region of thickness ~ 1 mm ~ 0.64d,
=~ 7 p, around the separatrix. A 1D plot of Fig. 12(a) at the locations
marked by diamonds is shown in Fig. 12(b) and shows T, as a function
of distance from the X-point. The electron temperature T, is smoothed
over four cells to reduce noise, and the average T, value is shown by
black squares with error bars representing the standard deviation
around this average value. We find that T, steadily increases with dis-
tance away from the X-point, from ~2.7 eV at the X-point to ~3 eV
peak value in the narrow hot separatrix region. These results are in
excellent qualitative agreement with the experiment. Quantitatively,
agreement is reasonable. We calculate that relative to the upstream
temperature, the electron temperature increase at the peak of Fig. 12,
AT,, is ~0.55 eV, which is also comparable to the experimental result
of 0.8 eV. In the regions of interest motivated by the experiments, the
simulations do not reproduce the measured EVDFs displayed in Sec.
V. This suggests that 3D effects are likely to be essential to form the
non-Maxwellian EVDFs observed in the experiments.

Motivated by Fig. 10(b), we perform additional simulations with
initial guide field strengths of B, /By, = 10 and 15. The initial elec-
tron and ion temperatures T, and T}, respectively, are the same as the
experimental parameters. For the B, /Breex = 15 case, at t=0, T,
=2.66eV and T; = 0.53 eV. For the By/Bx = 10 case, at t=0,
T, =3.1 €V, and T; = 0.62 eV. In both these simulations, we find
that the plasma density and reconnecting magnetic field profiles are
similar to the B, = 25 case, as expected. Data from a smaller simula-
tion domain size (compared to the B, /By, = 25 case) are used for
further analysis for these two cases (Lx X Ly = 40 x 20 mm?) as big-
ger simulation domain runs produced secondary islands in both cur-
rent sheets. We use a similar methodology as the experiments for
obtaining the enthalpy density in the simulations, i.e., our chosen loca-
tion lies about in the middle between the X-point and T, peak location
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FIG. 13. Simulation analog of Fig. 4(b) showing the electron enthalpy density gain
as a function of the ratio of guide field to reconnecting field strength.

taking place along the separatrix. As in Fig. 12(b), we smooth the T,
data over four cells to obtain mean values and error bars. We plot the
increase in electron enthalpy density y/(y — 1)n kAT, as a function of
By /Brecx, again assuming y = 5/3, and the results are shown in Fig. 13.
The simulation results show no strong dependence of electron heating
on the guide field strength in this relatively large B, /By, range, in rea-
sonable agreement with the experiments, as shown in Fig. 10(b).

VII. CONCLUSION

In summary, electron-only reconnection experiments have been
successfully conducted in the PHASMA facility. Two interacting kink-
free argon flux ropes are generated to trigger magnetic reconnection as
they merge. The kink-free regime is created by shortening the dis-
charge period to be less than one axial Alfvén time. Naturally, the
shorter discharge period introduces a larger rate of change in the bias
current (10x previous experiments’’). Possible induction effects on
flux rope azimuthal dynamics are observed for the first time. Both
push and pull type reconnection occur in a single discharge. The
plasma parameters for these reconnection experiments are firmly in
the electron-only regime with marginal collisionality. These conditions
are comparable to the magnetosheath observations.”*

Electron heating occurs predominantly along the separatrix, con-
sistent with expectations for magnetic reconnection with a finite guide
field.”” The electron temperature during reconnection is found to be
minimum around the X-point and increases continuously along the
separatrix. The electron enthalpy gain is equal to 70% of the incoming
Poynting flux, much larger than is reported for standard reconnection
with more ion coupling (~20%).”* By varying the reconnecting mag-
netic field strength B,..., the electron enthalpy gain is found to be pro-
portional to the reconnecting magnetic energy enthalpy. No clear
dependence of electron heating on the guide field B, is observed for
these relatively large guide fields (10 — 25) B,. Notably, non-
Maxwellian EVDFs composed of a warm bulk population and a cold
beam are observed during electron-only reconnection. The electron
beams are in opposite directions on either side of the X-point and their
speed scales with the electron Alfvén speed based on the reconnecting
magnetic field.

A series of 2D PIC simulations were completed for our experi-
mental conditions, with a true mass ratio between ions and electrons
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and true guide field strength. The localized electron heating around
the separatrix and the magnitude of electron heating in the simulations
agree reasonably well with our measurements. Interestingly, the simu-
lations do not reproduce the measured non-Maxwellian EVDFs, sug-
gesting the cause is manifestly 3D. 3D PIC simulations are underway
to understand the possible mechanisms responsible for these non-
Maxwellian EVDFs. Upgrades of the Thomson scattering system are
ongoing to enable multi-dimensional EVDF measurements in full 3D
velocity phase space.

The electron-only reconnection experiments conducted in
PHASMA successfully recreate, complement, and go beyond the rele-
vant magnetosheath reconnection observations”* because the electron
heating is directly observed rather than being inferred and because
they provide clear evidence that the electrons are accelerated to the
electron Alfvén speed. Notably, the laboratory experiments also allow
for the direct measurements of EVDF structures below the low velocity
cutoff region of satellites, i.e., around the electron Alfvén speed. These
experiments demonstrate that direct measurements of particle distri-
bution functions at kinetic scales provide important context and
insight in the study of electron-only magnetic reconnection in
laboratory.
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