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Bursts of bremsstrahlung soft X-ray (SXR) emission (> 200 eV) were observed during spherical tokamak
merging in the University of Tokyo Spherical Tokamak (UTST) experiment. SXR signal waveforms coincided
well with the time evolution of a reconnection electric field, and their intensity shows a clear dependence on
the strength of a toroidal magnetic field. This result suggests that electrons near the X-point are effectively
accelerated in the toroidal direction by a parallel electric field during plasma merging in the presence of a strong
toroidal magnetic field.
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1. Introduction
A Spherical tokamak (ST) [1] is a variant of a toka-

mak with a small aspect ratio, generally less than 2. An
ST can satisfy both good confinement and high beta value,
which is defined by the ratio of the plasma thermal pres-
sure to magnetic pressure, and is expected to provide eco-
nomical fusion core plasma for power plants and neutron
sources. Nevertheless, the start-up scenario of ST plasma
in a reactor has not yet been well established because it is
not advantageous to employ conventional inductive current
ramp-up schemes using a central solenoid (CS) coil. Be-
cause the small aspect ratio of an ST reduces the available
space in the central region of a vacuum vessel, the CS coil
significantly restricts the flexibility of the reactor design.
Therefore, the development of a CS-less start-up method
is one of the most important issues facing ST reactors.

Various current drive schemes such as an RF current
drive [2, 3] and helicity injection [4, 5] are under devel-
opment in several ST experiments performed worldwide.
Another CS-less start-up method is employed in START,
MAST (UKAEA) [6], and TS-3/TS-4 [7, 8] devices us-
ing induction from in-vessel PF coils as well as in the
UTST device [9] using induction from ex-vessel PF coils
in combination with plasma merging, which can provide
high-power initial heating via magnetic reconnection and
density increases via compression. Recent experiments in
a MAST device [10] provided detailed measurements of
ion and electron heating during plasma merging. Although
downstream ion heating during magnetic reconnection has
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been quantitatively evaluated, electron heating (or ener-
gization) near the X-point in collisionless reconnection is
not yet well understood. Similar local electron heating has
also been observed in UTST experiments [11], and it was
concluded that the thermalization of energetic electrons
accelerated by a reconnection electric field along a guide
(toroidal) magnetic field perpendicular to a reconnection
(poloidal) magnetic field can account for local electron
heating.

Parallel acceleration near the X-point and separatrix
region of magnetic reconnection with a guide field has also
been predicted by numerical studies [12, 13]; however, no
experimental verification has been conducted. Indirect ev-
idence of electron acceleration in the UTST device has
been obtained. Figure 1 (right) shows a fast camera image
clicked during the merging period. A ring-shaped emission
of an impurity line appeared near the X-point and exhib-
ited a highly elongated structure in the toroidal direction,
implying that fast electrons were generated via direct ac-
celeration by a reconnection electric field along a toroidal
magnetic field. In this study, the mechanism of parallel
electron acceleration during guide field reconnection in the
UTST device is investigated by via soft X-ray (SXR) mea-
surements.

2. Experimental Setup
The goal of the UTST merging experiment is to

demonstrate an ST start-up scheme using only an ex-vessel
PF coil swing. Figure 2 shows a schematic of the merging
start-up method: (a) two initial STs are generated by the
inductive electric field supplied via the PF coil swing; (b)
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Fig. 1 Cross-sectional view of UTST device and fast-camera
image (CIII: 467 nm) of reconnection region during ST
merging.

Fig. 2 Schematic of merging start-up method.

Table 1 Typical parameter for the ST merging start-up.

the formed STs are pushed toward the midplane; and (c) fi-
nally, the two STs merge to form a single ST via magnetic
reconnection. Typical parameters of the UTST merging
experiment are presented in Table 1.

A two dimensional pick-up coil array is employed in
the UTST device to directly measure the internal magnetic
field profile. The poloidal magnetic flux, current density,
and toroidal electric field are calculated using Eqs. (1), (2),
and (3), respectively, as follows:

Ψ (R,Z, t) = 2π
∫ R

r0

Bz(ρ,Z, t)ρdρ, (1)

jt(R,Z, t) = − 1
μ0

(
1

2πR
∂2Ψ (R,Z, t)
∂Z2 +

∂Bz(R,Z, t)
∂R

)
,

(2)

Et(R,Z, t) = − 1
2πR

d∂(R,Z, t)
dt

. (3)

Fig. 3 Transmittance of polycarbonate X-ray absorption filter
by data of NIST [15]. Dashed and solid black lines show
thermal bremsstrahlung from the electrons of 10 eV and
30 eV, respectively.

Because the poloidal magnetic field reconnects during
plasma merging in the UTST experiment, the induced re-
connection electric field is in the toroidal direction. There-
fore, in the ST merging experiment, in which a strong
toroidal field is applied by an external coil, the reconnec-
tion electric field becomes field aligned near the X-point
where the poloidal field is negligible [14]. The typical ratio
of the toroidal (guide) field to poloidal (reconnection) field
is 10 - 20 in the UTST experiment, which is much higher
than those in previous TS-3/4 experiments or numerical
studies. This is unique features of the UTST merging ex-
periment that can provide remarkable electron acceleration
near the X-point.

A surface barrier detector (SBD: Ortec model CR-
017-050-100) was employed to observe SXR emission
from electron bremsstrahlung during magnetic reconnec-
tion. The SBD is a diode covered with a thin aluminum
(0.15 µm) rectifying contact on n-type Si with good sensi-
tivity over the energy range of SXR (< 20 keV). The dead
layer of Si is 0.01 µm. SXR from the reconnection X-
point region are detected by the SBD, which has a tan-
gential line-of-sight with a radius of 35 cm. This radius is
nearly the same as the X-point radius. A pinhole is placed
in front of the SBD to adjust the spot size of the viewing
field to cover the entire reconnection region. A polycar-
bonate (2 µm) foil was employed as an X-ray absorption
filter to detect SXR (> 200 eV). The total transmittance in-
cluding the absorption effects of rectified aluminum and
the Si dead layer, is shown in Fig. 3. The current detected
by the SBD is converted into a voltage signal using an I/V
converter and amplified using a preamplifier.

3. Experimental Results
Figure 4 shows the typical waveforms of reconnec-

tion parameters such as (upper) the reconnected magnetic
flux, (middle) the reconnection electric field, and (bot-
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Fig. 4 Evolution of reconnection parameters (upper) reconnec-
tion magnetic flux, (middle) toroidal current density, and
(bottom) soft X-ray (polycarbonate: 2 µm) during recon-
nection. Corresponding poloidal flux surfaces are also
shown.

tom) the soft X-ray signal during magnetic reconnection
and their corresponding poloidal flux surfaces. Sharp SXR
(> 200 eV) bursts were observed only during magnetic re-
connection with a roughly good correlation with the low
frequency behavior of the reconnection electric field wave-
form at the X-point. There are two possible origins of the
SXR bursts: thermal and non-thermal electrons generated
during reconnection. The Thomson scattering measure-
ment revealed that the electron temperature in the UTST
merging experiment was up to 30 eV [11], which is much
lower than the absorption edge of the filter used in the
present study, as shown in Fig. 3. Therefore, it is believed
that non-thermal fast electrons accelerated by the field-
aligned electric field account for the observed SXR.

The intensities of the SXR bursts were affected by
both the reconnection electric field and toroidal guide field
in the UTST merging experiment. Figure 5 shows the
dependence of the SXR intensity on Et(Bt/Bp) assuming.
The SXR intensities exhibited a clear increasing trend with
Et(Bt/Bp), suggesting that the efficiency of electron ac-
celeration can be expressed via the effective electric field
Eeff ∼ Et(Bt/Bp) near the X-point region in analogy with
torus plasma breakdown, where electrons near the null
point are effectively accelerated [16].

4. Discussion
Based on the experimental results presented above,

possible mechanisms to generate energetic electrons are
now discussed. To quantitatively evaluate electron accel-
eration, a simple 0D model considering the acceleration

Fig. 5 Dependence of soft X-ray intensity on Eeff at point Bp =

0.01 mT.

Fig. 6 Dependence of estimated electron number, including ab-
sorption effect of polycarbonate (2 µm) filter, on Eeff .

period was developed. In this model, electrons are ac-
celerated along the total magnetic field Bt + Bp. Because
an acceleration region is limited by the half length of a
reconnection region, the electrons can stay inside within
the period while their travel length injected to poloidal
plane stay inside L, i.e., the total travel length is defined
as Lt = L(B2

t + B2
p)1/2. We assume here that Coulomb col-

lisions act as a breaking force. In this manner, the accel-
eration period can be derived based on the magnetic field
angle at the X-point.

The experimental conditions were Bt/Bp, Et = 50 ∼
150 V/m, ni = 2× 1019, Bp = 0.01 mT, initial electron tem-
perature Te = 10 eV, and L = 0.1 mT. Figure 6 shows the
dependence of the estimated electron number by consider-
ing the absorption effect of the polycarbonate (2 µm) filter
on the effective electric field Eeff . The estimated electron
number is described as

Estimated electron number ∝
∫

T (E) f (E)dE, (4)
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where E, T (E), and f (E) are the photon energy, total trans-
mittance (including the absorption effect of rectified alu-
minum and the Si dead layer, as shown in Fig. 3), and
electron velocity distribution function caluclated using the
motion equation, Eeff , and initial conditions, respectively.
Several electrons were accelerated to over 200 eV during
their stay inside the reconnection region. The calculation
result shows that the SXR signal appears when Eeff ex-
ceeds approximately 1000 V/m, which is similar to the ex-
perimental results; however, a relatively steeper increas-
ing trend was predicted using the numerical method. This
result qualitatively agrees with the experimental results
shown in Fig. 5.

5. Conclusions
To investigate the electron acceleration mechanism

during high guide field magnetic reconnection, experi-
mental observations of soft X-ray measurement in UTST
plasma merging device were carried out. The results of
this study are as follows.
・High energy SXR (> 200 eV) were detected only during

merging.
・The peak intensity of SXR showed a positive depen-

dence on Eeff .
・A 0D model partly explains the dependence of the num-

ber of electrons over 200 eV on Eeff .
From these results, local acceleration near the X-point

in a direction parallel to a magnetic field is believed to ac-

count for the generation of energetic electrons over 200 eV.
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