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ABSTRACT

This paper investigates energy dissipation during electron-scale magnetic reconnection with laboratory experiments. Magnetic fields with
opposite directions are generated by two parallel identical pulsed currents in our Keda linear magnetized plasma device. Magnetic reconnec-
tion is realized in the rising phase of the pulsed currents. The ramp-up rate of the pulsed current is found to be proportional to the inflow
speed, providing a method to modify the reconnection drive. The incoming magnetic energy and its dissipation into plasma energy have
been estimated in the vicinity of the X line. It is found that the plasma energy converted from the incoming electromagnetic energy increases

with the increasing reconnection drive, while the conversion ratio remains almost unchanged, which is about 10%.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090790

I. INTRODUCTION

Magnetic reconnection is a fundamental physical process in
plasma, where magnetic energy is dissipated into plasma energy
including kinetic energy and thermal energy through the topological
rearrangement of magnetic field lines. The energy source of explosive
phenomena, such as solar flare and magnetospheric substorm in the
space environment and the sawtooth in the laboratory fusion experi-
ment, is considered to come from the magnetic field. Therefore, it is
generally accepted that the underlying mechanism that governs these
explosive phenomena is magnetic reconnection.'

The vicinity of the X line in magnetic reconnection is an impor-
tant site at which magnetic energy is dissipated.”” The reconnection
electric field is induced in the vicinity of the X line when the magnetic
field lines are brought by the inflow plasma toward the X line, broken
in the vicinity of the X line, and then leave in the outflow region. The
particles are energized by the reconnection electric field in the vicinity
of the X line, and in this way, the magnetic energy is dissipated into
plasma energy.” Both kinetic simulations and satellite observations
have demonstrated that the reconnection electric field in the vicinity
of the X line is balanced by the off diagonal electron pressure tensor
term, and it can then work on charged particles and dissipate magnetic

energy.” '’ The reconnection rate is widely used to represent quantita-
tively the energy conversion from magnetic energy to plasma energy.'’
However, recent kinetic simulations have raised doubt that the recon-
nection rate can quantitatively describe energy dissipation in magnetic
reconnection.'” Therefore, energy dissipation in the vicinity of the X
line is necessary to be confirmed in real physical process. A laboratory
experiment can be reproducible and gives greater control of the plasma
diagnosis compared to the single (or few) points passive measurement
of satellite observation, providing a possible way to measure quantita-
tively energy dissipation during magnetic reconnection."”

Magnetic reconnection in the laboratory experiment has been real-
ized in several well-designed laboratory plasma devices. One of the earli-
est reconnection experiments was conducted on a linear device at the
University of California, Los Angeles, by Stenzel and Gekelman,'*'” and
other major experiments include the Todai Spheromak-3/4(TS-3/4),'"
magnetic reconnection experiments (MRX),'*" reconnection scaling
experimen'[s,zo‘l1 new terrestrial reconnection experiment (TREX),”
CS-3D,” and VINETA I1.”**° Yamada et al."” measured the conversion
of magnetic energy to plasma energy during magnetic reconnection
at the MRX facility and found that ~50% of magnetic energy was
converted into plasma energy with about two-thirds going to ions and
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one-third going to electrons. Recently, Shi et al.”® found that most of
magnetic energy is converted into plasma energy in electron-scale
reconnection with a strong guide field, which is different from tradi-
tional reconnection on an ion scale. This paper reports on magnetic
reconnection experiments in an electron-scale current sheet with a finite
guide field using our Keda linear magnetized plasma (KLMP) device.
The dissipation of magnetic energy into plasma energy was measured at
different drive currents.

The remainder of the paper is organized as follows. The experi-
mental setup is introduced in Sec. IT, and we describe the experimental
results in Sec. IT1. The results of the study are summarized in Sec. I'V.

Il. EXPERIMENTAL SETUP

The magnetic reconnection experiments are performed in our
KLMP device.”” A diagram of the KLMP device is shown in Fig. 1(a).
The vacuum chamber is 200 cm in length and 22.5cm in diameter.
Around the vacuum chamber, there are 12 sets of magnetic coils pro-
ducing a steady axial magnetic field of 30 G, which confines the plasma
and acts as a guide field in magnetic reconnection. The plasma source is
a 15-cm-diameter oxide-coated cathode operating in the pulse mode
with a frequency of 1 Hz and pulse length of 12 ms. A secondary anode
is set at the end of the device, and a constant bias voltage is applied
between the two anodes to make the plasma carry a background

Oxide-coated
(a) Cathode

Anf)de Axial magnetic

Aluminum Rods field Coils

Secondary Anode
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current. This will introduce additional electrons to overcome the axial
current limit caused by the Bohm criterion,”” which is beneficial to the
occurrence of magnetic reconnection. The working gas is argon and the
typical plasma parameters are given in Table I. The highly reproducible
discharges provide the background plasma with electron density around
3 x 10 m~? and temperature about 3.6 eV. Because the electron colli-
sional mean free path A,y = Vi./ve (here, V,, is the electron thermal
velocity, v,; is the electron—ion collision rate) is much larger than the
scale of the characteristic length L (3 cm, the width of the current sheet)
in our experiment, the collisionality parameter is L//up < 1. In our
experiments, reconnection is weakly collisional, and the plasma colli-
sionality is not a dominant item during the energy dissipation.

The reconnection magnetic field is generated by two parallel
120-cm-long aluminum rods separated by 10 cm. Magnetic fields with
opposite directions are induced when two identical pulsed currents I,
pass through the two aluminum rods. A programmable pulsed power
source is used to provide the pulsed current, and the time evolution of
the pulsed current is shown in Fig. 1(b). During the rising phase, the
magnetic fields around the rods strengthen, and are pushed away from
the rods toward the center of the chamber. In the experiments, we
focus on magnetic reconnection in the rising phase of the pulsed cur-
rent. The ramp-up rate of the currents can be modulated from 40 to
93 A/us by changing the charging voltage of the power source. The
characteristic length L is much smaller than the ion inertial length,
which is about 10 electron inertial lengths. In addition, the ion gyro-
period is about 455-714 ps, which is much longer than the experimen-
tal time. All these points imply that the ions are unmagnetized and are
not involved in magnetic reconnection directly. Only electrons are
involved directly in magnetic reconnection, and magnetic reconnec-
tion in our KLMP experiments is electron-scale reconnection.

A probe array, which can move continuously in the x-z plane, is
used to scan the reconnection section, and it comprises of two perpen-
dicular magnetic coils and a Langmuir probe with four tips. The two
magnetic coils are used to measure the magnetic field in the x and z

TABLE I. Typical argon plasma parameters of the KLMP device.

Parameter Unit Value
Plasma number density n m~’ 3 x 10"
(b) 4000 ; ; ; Electron temperature T, eV 3.6
< —40A/us Ton temperature T; eV 0.4
— 3000 Reconnection magnetic field B, G 20-50
c Background magnetic field By G 30
9::) 2000 Characteristic length L cm 3
8 Electron inertial length d, mm 9.7
3 1000 Ion inertial length d; m 2.63
K% Electron gyrofrequency fe MHz 100-163
o 0 Ion gyrofrequency f.; kHz 1.4-2.2
Electron gyroradius r, mm 0.8
‘ ‘ ‘ Ion gyroradius r; cm 8
B 0000 50 100 150 200 Electron plasma frequency f,, GHz 491
[ 1s] Ion plasma frequency f,; MHz 18.2
Electron mean free path /,, cm 36
FIG. 1. (a) Schematic of the Keda linear magnetized plasma device and (b) time Electron-ion collision rate v,; MHz 40
evolution of the pulsed currents in the rods with different ramp-up rates.
Phys. Plasmas 29, 102108 (2022); doi: 10.1063/5.0090790 29, 102108-2
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directions. A set of triple Langmuir probe is used to obtain the plasma
potential and electron temperature in real-time, and a single Langmuir
probe that measures ion saturation current is used to monitor plasma
density. Here, the ion saturation current is employed to estimate the
plasma density, ignoring the influence of the slight perturbation of
electron temperature. The scanning ranges are x = [—5, 5cm] and z
= [—3, 3 cm], where the center of the chamber is set at (0, 0). Data are
collected at 21 x 13 grid points that are spaced 0.5cm apart in both
the x and z directions. In this way, the distributions of the magnetic
field and plasma density in the x-z section are obtained.

In Fig. 1(a), the axial (y-direction) electric field at the center of the
chamber is measured by a set of probes including a loop probe and two
separated triple Langmuir probe, which is similar to the probe system
used by Stenzel et al.”® Here, it is assumed that the reconnection electric
field around the X line is almost uniform along the direction perpendic-
ular to the reconnection plane, which has been proved in previous
works of 3D numerical simulations” and relevant experiments with a
guide field."*** The loop probe comprises two radial wires and a short
axial wire with a length Ay = 3 cm. Because the induced voltages on the
two radial wires cancel each other out, the open-loop voltage of the
probe V arises only from the induced voltage of the axial wire, and we

scitation.org/journal/php

get V = Ej, - Ay, where Ej, is the induced electric field in the axial
direction. In this way, the induced electric field can be determined using
E; =V /Ay. Two separated triple Langmuir probes are set at different
axial positions with spacing of Ay =20 cm to measure the electrostatic
field Eg, = —Ad¢p/Ay, where ¢p is the plasma space potential. Here, it
is assumed that the electrostatic field is uniform around the X line. The
total axial electric field is then E, = Ej, + Ey,. The induced axial electric
field can be calculated using Ej, = —0A,, /0t, where A, is the magnetic
vector potential. Therefore, the induced electric field in the x-z plane
can be derived using the measured induced electric field at the center
and the magnetic field in the x-z plane. Moreover, a Rogowski coil mea-
sures the current in the y direction of the circular region with a diameter
of 3.5 cm and center at (0, 0).

All the diagnostic data are collected using a National Instruments
data acquisition card with a sampling frequency of 2 MHz.

lll. EXPERIMENTAL RESULTS

We first present the experimental results for the intermediate
pulsed currents with a ramp-up rate of 67 A/us in Fig. 2. The results
are shown for the plane in the middle of the vacuum chamber. In our
experiments, magnetic reconnection can be considered as a 2D

J (a) t=0ps
§ oll n[107/m3]
‘N 5.00
3.75
E 2.50
N

FIG. 2. Time evolution of the plasma den-
sity and magnetic field lines (black lines)
in the x—z plane at (a) t=0 us, (b) t=5
us, () t=10 us, (d) t=14 us, (¢) t=20

1.25 us, and (f) t=25 us at a ramp-up rate of

z[cm]

67 Alus. (g) Out-of-plane current /, at the
center of the chamber measured by the
Rogowski coil with a diameter of 3.5cm
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process, and we can map the magnetic flied lines into the x-z plane.
Using the measured x and z components of the magnetic field, we can
calculate the y component of the vector potential at the point (xy, z1),
which can be expressed as Ay (x1,21) — A, (%0, 20) = LZ‘ B, (x,zo)dx
— LZO‘ By (x1,2)dz. [Here, A,(xo, 29) is the magnetic vector potential at
reference point (—5, 0 cm), and is recalibrated by the A,(0,0) from
the loop probe.] The magnetic field lines can then be represented by
the contours of A,. The pulsed current starts to rise at t =0 us.
Figures 2(a)-2(f) show the time evolution of the magnetic topology
and plasma density (n) at t = 0, 5, 10, 14, 20, and 25 us, respectively.
Figure 2(g) presents the time evolution of the pulsed current I, in the
aluminum rod and the current I, measured by the Rogowski coil in a
circular region. The amplitude of the generated magnetic field clearly
increases with the pulsed current, and the magnetic field lines are
squeezed into the center of the chamber. After t = 5 s, an obvious
X-type topology of magnetic field lines forms around (0, 0), and the
plasma is compressed into the chamber center along with the moving
magnetic field. Plasma density around (0, 0) increases with the rapid
increasing of the out-of-plane current I, measured by the Rogowski coil.
Both the out-of-plane current and the plasma density around (0,0) reach
their maximum values at approximately ¢ = 14 us. Due to the plasma
ejection along the *x outflow directions, the plasma around (0,0) is
almost evacuated after 20 us and the out-of-plane current also starts to
decline, which results in a drastic change of the plasma background.
Thus, we focus on the early phase of this “push” reconnection and leave
the decline phase of the current I, in the future investigation.

scitation.org/journal/php

In order to explore the movement of plasma during the recon-
nection process, Fig. 3 shows the time evolution of the plasma density
at five locations marked pl-p5 in Fig. 2(f), and a ramp-up rate of
53 A/us is used. At the edge of experimental region, a plasma density
peak caused by the compression appears at pl first around 5 ps. Then,
the density peak propagates toward the center along the z direction.
We can estimate its propagation speed from the spatial location and
the arrival time of the plasma density peak. Here, we think that the
movement of electrons will cause an electrostatic field due to a strong
charge separation, and then drag ions, which at last leads to the evolu-
tion of the plasma density.

In this way, the plasma velocities in the inflow region at differ-
ent ramp-up rates of the pulsed currents are shown in Fig. 4. Here,
the error bars of the inflow speed in Fig. 4 comes from the linear fit-
ting of the points of the peak density in Fig. 3. Meanwhile, the drift
speed in the inflow region is estimated by the reconnection electric
field E, and local magnetic field B,. By varying the ramp-up rate of
the pulsed current, the inflow velocity increases with the ramp-up
rate and ranges from 3000 to 6000 m/s, and the results of those two
calculation methods is highly consistent. This proves that the drive
current can effectively modulate the inflow speed in our systematic
experiment.

Assuming that physical parameters do not change along the y-
direction, the energy dissipation during the reconnection process,
which is the key to answering the question of how much magnetic
energy is converted to plasma energy, can be described by

(@)

'P1z=-3cm |

T

'P2 z=-2.5cm|

FIG. 3. (a)-(e) Time evolution of the
4 plasma density at five locations spaced at
intervals of 0.5cm along the x=0 axis

from z=—3 to —1cm at a ramp-up rate

of 53 Alus. The positions are labeled in
Fig. 2(f).

n[1017m3]
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FIG. 4. Evolution of the measured inflow velocity and the drift speed in the inflow
region estimated using the reconnection electric field £, at different ramp-up rates
of the pulsed current.
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JE~]dS:J><LExB>-dl—i[ B s, 1)
s 1\ Ho dt )s2p

where S is a region in the reconnection plane encircled by the line L.
The term on the left side is the power of the work done by the electric
field on particles, or the energy that particles obtain per unit time. The
first term on the right describes the electromagnetic energy that enters
the region S per unit time, and the second term relates to the time evo-
lution of the magnetic energy in the region S. Here, the electric field
energy is neglected because it is several orders of magnitude smaller

than the other terms (% < %D). In our experiments, the region S is
the square with sides 3 cm long centered at (0, 0) shown in Fig. 5(a).
We further assume that the out-of-plane current density is uni-
form in the region S and the measurement region of the Rogowski
coil, and the out-of-plane current density J, can be calculated using the
current [,. In addition, the in-plane current density is much lower
than the out-of-plane current density and therefore negligible. We can

get [(E - JdS = [(E,],dS. Moreover, the term §, (iE X B) - dl can be
divided into §,(E,B./ ) - dl — §,(E,B./1t) - dl. The Poynting theo-
rem then tells us that

2
+Eylyd8 - #(EyBx Jio) -l — {; (BB 1) - dl - ij 5 s @
Js I I dt Js 2

where the power of the energy dissipation is §E,],dS, the time evolu-

tion of the electromagnetic energy entering the region S per unit time

from the inflow region is Wi, = §,(E,B./ ) - dl, the electromagnetic
energy leaving the region S per unit time to the outflow region is

Wou = $(EyB:/1) - dl, and the change of the magnetic energy in

the denoted region is Wy = % Js 25—; dS. According to this deformation

formula, all the elements in this equation become measureable physi-
cal quantities in our experiments.

Using the case at a ramp-up rate of 40 A/us, Fig. 5(b) plots the
time evolution of the dissipation of the electromagnetic energy
Wiyp = Wiy — Wy — Wp. Most of the incoming electromagnetic
energy from the inflow region flows to the outflow region, and the
other is converted into magnetic energy and plasma energy.
Comparing the left and right sides of the formula, two ways of calcu-
lating dissipated power is shown in Fig. 5(c); ie, Wy = W;
—Wou — Wp and Wél7 = fsEy]de. Here, the error of the magnetic
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FIG. 5. (a) Schematic of the calculation of energy dissipation in the case at a ramp-
up rate of 40 A/us. The dashed quadrangle is the calculation region and the solid
circle is the measurement region of the Rogowski coil. (b) Time evolution of the cal-
culated terms of the Poynting theorem: Wj,, W,,,;, and Ws. (c) Time evolution of
energy dissipation calculated in two different ways and the pulsed current plotted
as a dashed line for reference.

field obtained by the time integration of the magnetic probe will
increase with the integration time, and it is used as the error bars of
Wgp. The figure shows that the time evolution of Wy, and W/, are
similar and satisfy Eq. (2). These two terms reach their pe; at
approximately ¢t = 13 and 14 us, when the out-of-plane current also
reaches its peak. It is found that about 10% of the incoming electro-
magnetic energy is transferred into plasma energy.

At the different ramp-up rates of the pulsed currents, the peak
values of Wy, and W,/ W;, when W, reaches its peak value are pre-
sented in Fig. 6. The peak values of Wy, increase almost linearly with
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FIG. 6. (a) Peak values of Wy, in the denoted region at different ramp-up rates of
the pulsed currents. (b) Corresponding value We, /Wi, when Wy, reaches its peak
value at different ramp-up rates of the pulsed currents.

the ramp-up rate of the pulsed currents, but W,/ W;, hardly changes
with an increase in the ramp-up rate. Therefore, we deduce that the
percentage of energy conversion from the incoming electromagnetic
to plasma energy remains almost constant even if the driving currents
changes.

IV. CONCLUSIONS AND DISCUSSION

Experiments of electron-scale magnetic reconnection with a finite
guide field have been conducted in our KLMP device, which are driven
by two pulsed currents in two parallel 120-cm-long aluminum rods
separated by 10 cm. With the progression of magnetic reconnection,
we observe the enhancement of the out-of-plane current in the vicinity
of the X line and the appearance of both plasma inflow and outflow.
The inflow velocity is about 5000 m/s. We also measured the dissipa-
tion of magnetic energy in the vicinity of the X line and the conversion
of incoming electromagnetic energy into plasma energy.

We further studied the effect of the ramp-up rate of the pulsed
current on magnetic reconnection. With an increase in the ramp-up
rate, both the inflow velocity and the conversion of incoming electro-
magnetic energy into plasma energy increase. However, the percentage
of the incoming electromagnetic energy into plasma energy is about
10% and almost independent of the ramp-up rate.

Electron-scale reconnection has also been reported in other
experiments and satellite observations.””" ** Shi et al.”® measured the
energy dissipation in experimental electron-scale reconnection with a
strong guide field (B > 20B,) and found the ratio of electron
enthalpy flux to Poynting flux reaches 70%, which is much higher

ARTICLE scitation.org/journal/php

than that in our experiments. We think that this higher ratio may
come from the stronger guide field. When these exist, a strong guide
field, the electrons are easier to be trapped in the X line region and
continuously gain acceleration by the parallel electric field.””** The
observations from the MMS satellite’” ** have also shown that in
electron-scale reconnection, half of the incoming Poynting flux is con-
verted into electron kinetic energy and the other half may appear as
electron heating. In addition, previous simulation and experimental
works have shown that the process of energy conversion can occur in
other regions, e.g., the dipolarization fronts (DFs)33 % and the separa-
trix region.”® This important issue of energy dissipation in electron-
scale reconnection will be investigated in our future work when the
diagnostic systems such as LIF and TS (measure the IVDF and EEDF)
are fully developed.
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