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Magnetic reconnection in the presence of a high-guide-field is utilized to heat the plasma in the merging start-
up of a spherical tokamak configuration. The reconnection current layer between two spherical tokamaks was
gradually compressed, and a quasi-steady current-sheet thickness was obtained. During the compression phase,
the current layer split transiently into two separated layers, which provided a flattened magnetic-field-region
near the X-point. This modification may affect the electron-energization mechanism in the merging start-up of a
spherical tokamak in a high-guide-field.
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The spherical tokamak (ST) concept [1] provides at-
tractive features such as high toroidal beta and a high
bootstrap-current fraction. However, the size of the center-
solenoid coil must be reduced owing to the small space
near the central axis. One center-solenoid-free start-up
method is the merging formation that has been developed
in the TS-3/4 [2], UTST [3], and START/MAST [4] de-
vices. In the merging formation, two STs are inductively
formed using poloidal-field coils and are then merged into
one ST via magnetic reconnection [5] of the poloidal fields
of the two initial STs. This rapidly converts magnetic en-
ergy to plasma kinetic/thermal energy.

In the merging start-up of an ST, a strong toroidal
magnetic field, which is perpendicular to the reconnect-
ing magnetic field, acts as a “guide field,” magnetizing
the plasma particles even at the reconnection X-point and
changing the global/microscopic behavior of reconnection
[6]. A unique feature of guide-field-assisted reconnec-
tion is that electrons are effectively accelerated along the
guide field via the reconnection electric field. The maxi-
mum energy attained by the electrons is affected both by
the reconnection electric field and the ratio of the toroidal
(guide) magnetic field to the poloidal (reconnection) mag-
netic field [7, 8]. In this study, we investigate the detailed
structure of the reconnection magnetic field around the X-
point of a high-guide-field reconnection event in the UTST
merging experiment.

Figure 1 shows the magnetic flux surfaces observed
at an early phase of an ST merging experiment via a 2D
pickup-coil array whose locations are indicated by the
small “x”s in the figure. The time evolutions of the re-
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Fig. 1 Magnetic flux surfaces (spacing: 0.5 mWb) observed in
an early phase of the UTST merging experiment.

connected magnetic flux and of the reconnection electric
field are shown in Figs. 2 (a) and (b). The plasma merging
is completed within ∼60 µs because the poloidal magnetic
flux contained in each of the initial STs is limited. The re-
connection electric field reached ∼100 V/m in the middle
of the merging period. This high electric field accelerates
the electrons in the region wherein the poloidal magnetic
field is much weaker than that of the toroidal magnetic
field.

The detailed structure of the reconnection magnetic
field Br was measured via a 1D pickup-coil array at inter-
vals of 1 cm, as shown by the small red circles in Fig. 1.
The time evolution of the current-layer thickness obtained
using the fitting of the Harris-type function [9] to the Br

data is shown in Fig. 2 (c). A wider current layer was
formed in the early phase when the two initial STs re-
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Fig. 2 Time evolution of (a) reconnected magnetic flux, (b) re-
connection electric field, and (c) current layer thickness.

mained separated. The current layer was then gradually
compressed, and a quasi-steady current layer of thickness
δ ∼ 14 - 18 mm was observed in the later phase wherein
t > 9.52 ms. Because 30% of the total flux was re-
connected during the current-sheet-compression phase, ef-
fective energization in this dynamic period is required to
achieve a high heating efficiency.

Figure 3 (a) shows the profile of the reconnection field
Br across the current layer as measured at t = 9.514 ms
during the compression phase. The blue curve shows a
Harris-type function with five free parameters (a, b, c, d,
and Z0),

a tanh
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d

)
+ bZ + c, (1)

fitted to the data points. It is clear that the field profile is
not well described by the Harris-type function. Note that
the difference between the experimental data and the fitted
curve is much larger than the typical measurement error
σ ∼ 0.2 mT at each coil location. This difference arises
from a poor choice of the fitting function. We obtained a
much better approximation when we employed a modified
Harris-type function containing two tanh terms with eight
free parameters (a1, a2, b, c, d1, d2, Z01, and Z02):
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This function is shown by the red curve in Fig. 3 (a). The
current-density profile shown in Fig. 3 (b) reveals the ex-
pected double-current-layer structure separated in the Z di-
rection. In later phases, after the current sheet has been suf-
ficiently compressed, the magnetic field is well described

Fig. 3 Measured Br(Z) profiles (closed circles) and fitted curves
corresponding to a single Harris-type function (blue) and
a double Harris-type function (red) at t = 9.514 ms
(a) and 9.524 ms (c). Panels (b) and (d) show the
current-density profiles calculated from the measured
data (closed circles) with 3δ error bars and Harris-type
functions (red) that assume the radial differential of the
reconnected field Bz is negligibly small. Panel (e) shows
the time evolution of the quantity AIC for fittings us-
ing single/double current-layer models. Panel (f) shows
the half-distance between the two current layers obtained
from a double Harris-type function.

by a simple Harris-type function with one tanh term, as
shown in Figs. 3 (c) and (d).

Figure 3 (e) shows the time evolution of Akaike’s
Information Criterion (AIC) [10] for fittings using both
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single- and double-layer Harris-type functions. Though the
double-layer model includes more free parameters than the
single-layer model, it provides a more accurate representa-
tion of the experimental results, particularly in the early
reconnection phase wherein the AIC for the double-layer
fitting is much smaller than that for the single-layer fit-
ting. During the sheet-compression phase, the reconnec-
tion field structure was modified, and a transient double-
current-layer configuration was formed. Figure 3 (f) shows
the evolution of the half-distance between the two cur-
rent layers obtained from the fitted double-Harris-type
function. The “sheet-compression” process can be ade-
quately interpreted as two current layers approaching each
other. The modified field profile changes the electron-
energization mechanism because (a) effective electron ac-
celeration occurs in a wider area around the X-point re-
gion and (b) electron heating is located in the outer re-
gions where the current density peaks. Further experimen-
tal study using electron-temperature/velocity-distribution
measurements is required to verify the effect of the modi-

fied magnetic field structure in high-guide-field reconnec-
tion.
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