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In the magnetic reconnection in the existence of a high guide field, the inductive reconnection electric field
and the static in-plane electric field are generated in the reconnection upstream and downstream regions. This

self-generated static electric field determines the plasma motion and has large impacts on the energy conversion

process in the guide field reconnection. In this paper, to elucidate the effect of the in-plane electric field, a novel

experimental technique is proposed to actively control the electrical boundary condition of the magnetic field lines

in the downstream region. Moreover, the capability of the developed technique was demonstrated by showing
the controllability of the in-plane static electric field using separate electrodes with fast semiconductor switching

devices.

© 2023 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: magnetic reconnection, guide field, particle acceleration, merging start-up, spherical tokamak

DOI: 10.1585/pfr.18.2402033

1. Introduction

Magnetic reconnection (MR) is a ubiquitous phe-
nomenon observed in various situations, such as solar flare
emission of astrophysical plasma [1] and sawtooth event
in laboratory tokamak plasma [2], among others. Since
MR causes conversion from magnetic to plasma kinetic
energy, it is highly worth investigating the detailed mecha-
nisms of MR to comprehend solar/astroplasma physics and
to improve the performance of the laboratory fusion core
plasma.

The reconnection process between antiparallel mag-
netic field lines is simply described as the balance of the
out-of-plane inductive electric field perpendicular to the re-
connecting magnetic field in the MHD framework. How-
ever, in a realistic situation, MR exhibits significantly dif-
ferent behavior from the simple MHD case with all mag-
netic fields lying on a plane. Two-fluid or particle treat-
ments and the existence of the “guide” out-of-plane mag-
netic field will bring about the generation of a static electric
field, which is considered to significantly change the re-
connection behavior [3]. Thus, it is important to consider
both the effect from the static and the inductive electric
field.

The static electric field is formed to hold the global
coupling condition between electron and ion motions. De-
coupling between electron and ion motions takes place in
the antiparallel MR on a plane in the two-fluid regime, re-
sulting in the occurrence of in-plane static electric field due
to the electric potential difference caused by the Hall ef-
fect [4]. Quadrupole electric potential distribution is also
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Fig. 1 Diagram of magnetic and electric fields in high guide
field reconnection.

observed in high guide field reconnection cases [5, 6]. Par-
ticularly, it has considerable importance for MR with high
guide field that occurred in the cylindrical coordinate sys-
tem (r, 6, z), such as a torus plasma merging case em-
ployed in many laboratory experiments, as illustrated in
Fig. 1. Time variation of in-plane (poloidal) magnetic flux
(i.e., the consequence of the plasma motion from upstream
to downstream regions) induces the out-of-plane (toroidal)
electric field (E;), and the induced toroidal reconnection
electric field is fully parallel to the magnetic field at the
X-point. When the toroidal guide field (B,) is much larger
than the in-plane magnetic field in the downstream region,
the induced toroidal electric field is near parallel to the
magnetic field, resulting in an acceleration of charged par-
ticles along the downstream magnetic field lines. Partic-
ularly in the global axisymmetric condition, which is as-
sumed in many laboratory experiments, the charge sepa-
ration in the toroidal direction is canceled, and the sep-
aration in poloidal (r—z) plane remains to form the static
in-plane electric field. Due to the torus geometry, the gen-
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Fig. 2 Magnetic flux surfaces in UTST merging experiment (contour lines and color: magnetic flux). Black and red rectangles represent
the pair electrodes installed in the inboard-side downstream region to control the static electric field.

erated static electric field mostly has the axial component
(E,) in the entire downstream region [7]. This static elec-
tric field is expected to grow until the parallel component
of the inductive toroidal electric field is canceled by that
of the static electric field, leading to the steady reconnec-
tion condition, in which the electric and magnetic fields
are orthogonal in the downstream region. On the contrary,
when the static electric field has not sufficiently grown yet,
the plasma motion should be described as a combination
of the £ X B outflow and the parallel acceleration. The
inductive and static electric fields have independent gen-
eration mechanisms; therefore, the plasma motion or the
energy conversion process in the downstream region of a
guide field reconnection could be controlled by changing
the downstream electric condition. This study aims to de-
velop the control scheme on the static electric field and to
demonstrate its effectiveness.

The rest of the paper is organized as follows. Sec-
tion 2 explains the measurement setup and the controlling
equipment newly developed for this experiment. Section
3 presents the acquired results from the conducted exper-
iment and discusses the role of the in-plane electric field.
Section 4 summarizes this study.

2. Experimental Setup

The University of Tokyo Spherical Tokamak (UTST)
[8] is the device designed to generate a high-beta spherical
tokamak (ST) plasmas by merging start-up scheme. This
scheme utilizes MR as a plasma heating method and is em-
ployed on several devices, such as TS-6 (The University of
Tokyo) [9], MAST (UKAEA) [10], and ST-40 (Tokamak
Energy Ltd.) [11].

The typical parameter of the UTST device is intro-
duced below. Two initial STs are formed and merge with
maintaining the up-down symmetry into one ST plasma
with a major radius of 0.35 m and a minor radius of 0.25 m.
Plasma current is 70 - 80kA, and electron temperature is
~10-20eV. The toroidal (guide) magnetic field in the
UTST device is about 0.25 T at the magnetic axis, which is
10-20 times as large as the poloidal (reconnecting) mag-
netic field, providing high guide field reconnection condi-
tion particularly in the inboard-side downstream region.

Figure 2 shows the time evolution of the magnetic sur-
faces observed in the UTST device. Two STs formed at
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Fig. 3 Diagram of the control system that consists of four inde-
pendent circuits. One switching device is connected be-
tween the upper and lower electrodes located at different
radial positions. Electrodes are allocated at four toroidal
angles with a 90-degree separation to hold the axisym-
metric condition.

the upper and lower sections move toward the central sec-
tion of the device, and one ST is finally formed through
MR process, in which the reconnected magnetic fluxes
flow out radially toward the inboard and outboard down-
stream regions, and the toroidal reconnection electric field
is induced due to the time variation of poloidal magnetic
flux in the downstream regions. It should be noted that the
current flowing in the toroidal field coil mostly generates
the toroidal guide magnetic field. A very high guide field
condition is established in the inboard-side downstream re-
gion.

A preprogrammed control system was constructed to
change the downstream boundary condition during the re-
connection period of the merging start-up in the UTST
device. Figure 3 shows the overall diagram of the con-
structed system. Four pairs of electrodes ([A][B][C][D])
are mounted on the center stack of the UTST device. Each
pair of electrodes is connected to a switching semiconduc-
tor device (insulated gate bipolar transistor, IGBT), which
has high rating voltage and rating current. The switch-
ing periods of the device from Close to Open and Open
to Close are within 1 us, which is sufficiently shorter than
the period of the reconnection event of ~20us. This con-
dition ensures a clear-cut experiment to investigate the
impact of the electrode connection on the reconnection
event. Assuming that the magnetic field configuration in
the UTST device has an up-down symmetry, each pair
of electrodes is located on the same magnetic field lines,

2402033-2



Plasma and Fusion Research: Regular Articles

Volume 18, 2402033 (2023)

as illustrated in Fig. 3. The corresponding magnetic field
lines are in a short-circuit condition when the switching
device is “Closed,” whereas the field lines are not largely
affected by the electrodes when the switching device is
“Open.” Thus, the boundary electric condition can be
changed by making a “Close/Open” condition of specific
magnetic field lines by controlling the connection of four
electrode pairs aligned in a radial direction independently.
It should be noted that all the electrode pairs are not al-
ways included in the downstream region due to the tem-
poral change of the magnetic field structure. All the elec-
trodes are in an “Open” condition before the initiation of
the MR events and are sequentially switched to a “Closed”
condition when the electrode pair enters the downstream
region. In the case of a “Close operation,” the prepro-
grammed “Close” timing for electrode pairs [A], [B], and
[C] is 9480 us, and electrode pair [D] is 9490 us, respec-
tively. All the electrodes are “Re-opened” at 9520 us to
examine how fields behave. On the other hand, all the elec-
trode pairs keep to be in an “Open” condition in the case
without “Close operation,” corresponding to the reference
case without artificial control.

Figure 4 shows the locations of the control/
measurement system used in this study, together with
the observed magnetic field structure measured using
the two-dimensional pickup coil array indicated by the
black points. As already mentioned, electrode pairs
[A][B][C][D] are installed in the inboard downstream re-
gion. Red stars represent the positions for tungsten tips
of Langmuir probes, measuring the difference of floating
electric potential between the upper and lower tips to de-
rive axial in-plane static electric fields (E;) in the inboard-
side downstream region from Eq. (1), where A¢, is the
plasma potential difference and Az is the distance between
Langmuir probe tips. Assuming uniform 7', profile [6], the
difference of plasma potential is approximated by the dif-
ference of floating potential A¢ .

==~ (1)
The blue circles represent the position of pickup coils to
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Fig. 4 Measurement system (red stars: tungsten tips of Lang-
muir probes; blue circle: pickup coils).

measure axial magnetic field (B,) with high spatial resolu-
tion. From the measured B,, the induced toroidal electric
field (E,) is derived from Eq. (2), where ¢ is the poloidal
magnetic flux calculated from B,.

1 dy
E = o dr )

3. Experimental Results

Figure 5 shows experimental results from the cases
with/without “Close operation.” Figures 5(a) and (b)
shows the time variation of E, radial profile measured at
z = 0. The typical radial position of the X-point is about
0.35m, and these figures show the in-plane electric field in
the inboard-side downstream region. The in-plane electric
E, field was suppressed in the whole area of the inboard-
side downstream region in the case with “Close operation.”
Figure 5 (c) shows the time evolutions of E, in an Open
case (black) and in a Close case (red) at 7 = 200 mm, where
the maximum suppression of E, was observed in a Close
case. E, in two cases showed approximately the same trend
before the fast reconnection period (¢ < 9490 us). The dif-
ference between the Close/Open cases stood out at 9496 us
during reconnection event, which is 6 us after all electrode
pairs were “Closed.” The peak value of the in-plane E, was
reduced from 7.2kV/m to 3.5kV/m by the “Close opera-
tion.”

Figures 5(c) and (d) shows the evolution of the in-
ductive toroidal electric field E, at r = 200 mm and at
the reconnection X-point. The absolute value of E,; at
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Fig. 5 Spatiotemporal plot of in-plane static electric field (E;)
(a) without and (b) with the “Close operation.” Wave-
forms of (c) E, at r = 200mm and (d) inductive electric
field (E,) at r = 200mm and (e) at the X-point.
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Fig. 6 Diagram for the indirect effect on the E X B outflow veloc-
ity by the in-plane static field £,. Decrease of E, reduces
the electric field perpendicular to the magnetic field, re-
sulting in the reduction of £ X B outflow velocity.

r = 200 mm was suppressed from 132 V/m to 76 V/m by
the “Close operation,” corresponding to the suppression of
E. of the inboard-side downstream region, while a little
difference in E; was observed at the X-point throughout the
reconnection event between cases with/without “Close op-
eration.” A significant decrease in E; at r = 200 mm in the
case with “Close operation” is considered to be caused by
the reduction of static electric field E, in the downstream
region.

Since the in-plane electric field E, is generated by the
charge separation along the magnetic field lines, the “Close
operation” is considered to change this charge separation
condition. The release of the accumulated charge in the up-
per and lower sides of the downstream region will directly
decrease in the in-plane electric field E, leading to the re-
duction of E, (see Fig.6), which determines the steady
plasma motion of E X B drift in the downstream region. It
causes the reduction of the plasma flow in the downstream
region, and E; or the time variation of the poloidal mag-
netic flux is also decreased. From this consideration, it
was concluded that the mutual relation between E, and E,
is connected by the plasma motion as, suggested from the
experimental results achieved by using the active control
technique developed in this study.

As both E; and E, at r = 200 mm showed a reduction
trend during short-circuiting period, re-growth trends of E,
and E; at r = 200mm were observed at ~5us after the
“Re-open” operation of the electrode pairs. These results
also suggest that the in-plane static field correlates with the
inductive field, i.e., the plasma outflow velocity, which was
recovered at the location where the short-circuit condition
of the magnetic field lines was released.

Since the “Close” or “Re-open” operations take sev-
eral microseconds to affect E, and E; on the controlled
magnetic field lines, it may take even longer time to af-

fect the reconnection velocity by the back propagation of
the outflow slowing down from the downstream region to
the X-point. The delayed response of the in-plane electric
field may be due to the electron motion along the magnetic
field lines that circulate around the center column many
times. This will be discussed somewhere else in the future.

4. Summary

An experimental technique was developed to control
the connection condition of the magnetic field lines in the
downstream region. This technique successfully demon-
strated that the in-plane electric field could be suppressed
by “short-circuiting” the magnetic field lines. The induc-
tive toroidal electric field was also reduced by the “short-
circuit” operation. It was interpreted that the suppression
of the static in-plane electric field would significantly re-
duce the perpendicular component of the electric field, re-
sulting in the slowing down of the E X B outflow veloc-
ity and thus decreasing the inductive toroidal electric field
based on Faraday’s law because the poloidal flux change
in the downstream region is slowed down.

The presented results will help to understand the
global behavior of the MR in the existence of the high
guide field. The relationship between the parallel elec-
tric field and the parallel current along the magnetic field
lines in the downstream region should be investigated to
clarify the observed delay of the response in the static in-
plane electric field. Moreover, the measurement of the two-
dimensional electron density profile is required for further
understanding.
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