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Key points of this talk

v"Magnetic reconnection is ubiquitously observed in magnetized plasmas in astro,
space, solar and laboratory experiments.

v"Many features of reconnection is originated from microscopic reconnection
region (and maybe from the separatrices).

v However, in some cases, macroscopjc bourtdarny gesditions significantly affect
the overall picture ofjthe rexennection l've t. — 1/
out : —

v This talk focuses on .
on the guide-field (GF) re
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What kind of experiment?

0 o _ 0. Experimental setup is axisymmetric. Steady
Toroldal Fleld coll toroidal magnetic field (high-GF) is applied by
the coil current.

1. Two torus plasmas (flux tubes) are formed.
Poloidal
Field
coils 2. Two torus plasmas move toward center of
the device and merge through magnetic
reconnection.
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Introduction

v’ Magnetic reconnection process is actively used in fusion research field as a
merging start-up scheme of spherical tokamak (ST) plasmas. High power ion
heating with favorable scaling AT, ~ B, .2~ //02 leads to dynamic formation of ST
with keV-order T..

M. Gryaznevich et al 2022 Nucl. Fusion 62
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Highly effective ion energization in magnetic reconnection is
attractive in fusion plasma research, and further improvements are

required in analysis of phenomena and experimental techniques.
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Experiment-specific conditions

v’ Magnetic fields involved in an axisymmetric torus experiment has two origins:

plasma current and coil current.
0.Q4ms _

coil current B D

in-plane (poloidal) magnetic field

guide (toroidal) magnetic field
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Experiment-specific conditions

CONDITION A High GF ratio

Bguz'de > Breconnection

CONDITION B
Axisymmetry
0
— ~0
ol
»l: »l: t poloidal flux
0B, 8B dv
— ~0 — L2 40 > Fi inagdl = — , Bt sta ~ 0
81; 7& f; t,ind g0 st

toroidal flux Out-of-plane E is inductive.

f E, ing-dl = —Ci—q) ~ 0 In-plane inductive E is negligible.

CONDITION C E), necessary to satisfy the Ideal MHD condition E +u x B =0
(or E | B)in the upstream/downstream regions is mostly electrostatic field.
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Anti-parallel reconnection

High GF reconnection
(inductive electric field only)

High GF reconnection

(Electrostatic field for satisfying
ideal MHD condition in
downstream)
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High GF reconnection in ST merging

is essential to hold the ideal MHD

In-plane electrostatic field E,

ta
condition in the upstream and downstream regions. M. Inomoto et al 2021 Nucl. Fusion 61
merging
g 100 (a) ﬁ)lasm'a current H
v' At first, we expected that E,,, grows to a level £ L
that roughly cancel E,, because Tpec > R SEEEREECE ML I L

Te,transit »> 1/Wpe, resulting in ELB in the fime [ms]

) 150 —
upstream and downstream regions. E 100} (&) Erat Xpoin
e N Eing=Erec]
. 2000 - reconnecti?n > i
v" But the experimental results showed that E_,, e 1aem - oo
does NOT balance E;, to cancel E E
. . ind . // = sta
particularly in the downstream region. Thus £ o
the plasma behavior, or, energy conversion I S
process would be largely modified. oL VeIAZatZ 0 |
9.45 95 . 9.55 9.6
time [ms]
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Two possible imbalanced cases

A) Insufficient E_,,, By KB  Blota B) Excessive E,,, B,k
4
insufficient - excessive
static £, Fo statice,
Y Etﬂmi

* £ survives * £, isreversed
— parallel acceleration of charged — quick reversal of reconnection
particles current

* E, issuppressed e E, is enhanced
— ExB drift velocity decreased — ExB drift velocity increased
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Features of UTST experiment

Typical parameters
E n,< 1x101 m=3
T, T.~10 eV (initial plasma)
'P.Fz 7,<30eV +tail, T. <40 eV (after merging)
Guide field B,,~ 0.25 T
M = Reconnection field B, ~ 0.01-0.02 T
& Vacuum chamber inner/outer radli =108 mm/700 mm
o
sl T T Currentlayer
[~ 20 ! — T =TT 20 I | =
s 0 | T L |Bt| / 20_ _ Inflow Inflow
. e . |
L | ] P — T - E o0
E m  |Outflow ' ~
I | Outflow ] . '
s | op| Currentlayer | 20 | i Br (R=0.4)
; 7 02 03 04 05 06 -02 -0.1 0 01 02
R [m] Z [m]
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Macroscopic conditions : summary

(A) Geometry :
o Axisymmetry (0/00)

(B) Source of magnetic fields :
> Reconnecting field : produced mostly by plasma current

> Guide field : produced mostly coil current - v’ Out-of-plane E is inductive

v" In-plane E is mostly electrostatic

(C) Boundary : vacuum chamber serves as...
o Particle boundary (ne’i|

owan = V)
> Magnetic boundary (azimuthally connected conductor as a flux conserver)
*+ resistive decay time > reconnection period

o Electric boundary (controlled in this experiment)
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Spontaneously-generated E,,

M. Inomoto et al 2024 Nucl. Fusion 64
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100
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Electrode to observe/control electrostatic potential

v’ Four pairs of electrodes are installed in the inboard-side downstream region to
observe and to control the electrostatic potential difference. Connection
between upper and lower electrodes is actively controlled.

o Langmuir probe tips
= Pickup coils (Bz and Bt)

center stack

/1 \ Four separate circuits were manufactured
(al ! with fast IGBT switches. Turn-on/off

INE imi independentl d

. timings are independently programmed.
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Growth in potential difference between electrode
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Axial potential
difference grew both in
the upstream and
downstream regions.
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Change in Boundary Condition

Electrodes D was
connected (closed
condition) when they are
in downstream region.

ZIml agcp @®Bt
02 [l

0.1

-0.1
02

0.6 R[m]

0.2 0.4

0-

1 T
Open condition -

e electrodes D connected

1
| close condition

M electrodes D
]

9.5 96
time [ms]

The potential difference (AV ) between electrodes was
mostly disappeared by the short-circuit operation.
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Artiticially-controlled E,

ABC connected
ABCD con nected

M. Inomoto et al 2024 Nucl. Fusion 64

Artificially-controlled case

Spontaneously-generated case
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Effect of E,, : (1) Particle acceleration

v'Suppression of E,, brings about an increase in £, near the current layer,
resulting in an enhancement of SXR emission.

X-point
t=9.502 ms \ 4 .
10 M pRne oot More drastic effect by large conductor
8 L i
= pen condition
£ o
=,
N4 ]
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Effect of E,, : (2) Outflow velocity

T. Suzuki et al 2023 Plasma and Fusion Res. 18
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v'Suppression of E, also slows down the
field line motion in the downstream region.

These results (1) and (2) qualitatively
suggest that the partition of perpendicular
and parallel flow energies could be
controlled by E,, in high GF reconnection.
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Effect of E,, : (3) Current reversal

M. Inomoto et al 2024 Nucl. Fusion 64

Toroidal current density _ 5
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Eioia1 ,0Nd E,, are anti-parallel

Spontaneously-generated case Artificially-controlled case

. Electrode ABC connected
flux at electrode / flux at X-point e

2 —~CT . 2

upstream region

1

upstream region
$downstream region

flux ratio
|
|
|
|
|
|
|

| |1
parallel electric field
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100
E
=, 0
=
m
b - ¢ o "B
5T - T A
-100 s EBHIB| —A ~100 U EiB|B|
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time [ms] time [ms]

Large Eg,, makes E,,,, , reversed from E;, .




Effect of E,, : (3) Current reversal

inboard-side reconnection
downstream current layer

100 open electrode .
short-tiime connected "Cor‘lcave" ﬁ E| d | ine
€ (EtB++EB2)/|B) , , _
= 0 ——— AN\ - convex” field line
EtB ,,,,,,,,, 7 _ .
RN A \
- -
100 £=9.497ms f:: Current layer A\
10

open electrode

short-tiime connected

———————— - v The charged particles will move along the
field lines and thus the toroidal current
density will respond to the parallel electric
field E,, not to the inductive toroidal
electric field E,.

dji/dt [kA/(m? s)]

. . . . . It=9.497ms
0.1 0.2 0.3 0.4 0.5
R [m]
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Conclusion

v'Effects of electrostatic field E,, on high-GF reconnection have been
investigated in torus plasma merging experiment with active control of
electric boundary condition.
v’ Partition of perpendicular and parallel flow energies could be controlled
by E, in high GF reconnection.
v Excessive E_,, accelerates the outflow velocity, leading to magnetic
energy conversion to ion perpendicular motion.
v’ Insufficient E_,, provides parallel acceleration of electrons while the
outflow velocity is slowed down.
v’ Spontaneously-generated excessive E,, reverses parallel electric field to
make a toroidal current density reversal in the downstream region, that
is required for forming the closed flux surfaces of merged torus plasma.
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