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The temporal evolution of ion temperature and flow was observed to investigate the heating effect of plasma
merging in the UTST device by using a multipoint Doppler spectroscopy measurement system. The bulk plasma
ion temperature measured by a carbon impurity line was about 15-20 eV after plasma merging. In addition,
anomalous broadening of the carbon line width was observed only in the early phase of plasma merging. Since
carbon impurity emission comes mainly from the X-point and the vicinity of the center stack, the broad spectrum
is considered to consist of a radially bi-directional outflow component from the X-point and a stationary com-
ponent near the center stack. The outflow velocity estimated from the spectroscopy was about 24 km/s, which
agreed well with both an Alfvén velocity of 22 km/s and a velocity of the reconnected field line motion of 35 km/s.
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1. Introduction
The spherical tokamak (ST) is an attractive candidate

for a fusion core plasma because of its good confinement,
good stability, and high-beta properties. The beta value
is the ratio of plasma thermal pressure to magnetic pres-
sure and is often used to evaluate the efficiency of a mag-
netic confined fusion reactor. The ST’s low aspect ratio
and non-circular cross section are suitable for confining
high-beta plasmas; however, high-power external heating
systems such as neutral beam injection or radio frequency
waves are required to form a high-beta equilibrium.

The plasma merging method is a novel startup scheme
for forming a high-beta equilibrium in a short period.
Plasma merging induces magnetic reconnection, which is
rapid conversion from magnetic energy to plasma kinetic
or thermal energy, between two initial torus plasmas. Thus,
plasma merging increases the plasma thermal energy and
decreases the magnetic energy, dramatically increasing the
beta value. The merging startup method has been demon-
strated in the START/MAST [1] (UKAEA) and TS-3/4
(The University of Tokyo) devices. In TS-3, two STs were
merged to form a single ST with a beta of up to 50% [2],
and an oblate field-reversed plasma formed by counter-
helicity merging was transformed into an ultra-high-beta
(up to 80%) ST by applying an external toroidal field af-
ter merging [3, 4]. The high-beta value obtained in these
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experiments come mainly from significant ion heating by
magnetic reconnection. Doppler spectroscopy measure-
ments in TS-3 showed that ions are heated from 10 eV to
40-60 eV in 10 μs, which corresponds to a heating power of
as large as 4-6 MW [5]. However, in these previous exper-
iments, plasma merging startup was performed by using
poloidal field (PF) coils inside the vacuum vessel, which
cannot be used in future fusion reactors. The University of
Tokyo Spherical Tokamak (UTST) [6] was constructed to
investigate the feasibility of merging startup of high-beta
STs under a more reactor-relevant condition with no inter-
nal PF coils. To confirm the formation of a high-beta ST
plasma in the UTST, ion-temperature measurement is ur-
gently required. This paper describes the development of
an ion-temperature/flow measurement system using multi-
point Doppler spectroscopy and its initial results for merg-
ing startup in the UTST.

2. The UTST Plasma Merging Device
A high-beta ST plasma is formed by double null merg-

ing (DNM) in the UTST. In the DNM startup method, two
initial STs are generated at null points located on both ends
of the device, and they are merged to form an ST, as il-
lustrated in Fig. 1. During plasma merging, the tension
force of the reconnected magnetic field lines accelerates
the plasma to the Alfvén velocity. The accelerated ions are
thermalized in the downstream area [5] by damping mech-
anisms such as viscosity or fast shock structure, resulting
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Fig. 1 Schematic view of high-beta ST startup by DNM in the
UTST.

Fig. 2 Typical waveforms of coil currents and plasma during
DNM startup in the UTST.

Fig. 3 Evolution of poloidal flux surfaces during DNM startup.

in the formation of a high-beta ST equilibrium. In the
UTST device, all the coils are located outside the vacuum
vessel, whereas all the other existing merging devices use
internal coils to form the initial plasmas. Fig. 2 shows the
typical discharge waveforms of DNM startup. The swing
of the PF coils applies a parallel electric field at the null
points to initiate the torus discharge and drive the plasma
current. The toroidal field (TF) coil, equilibrium field (EF)
coils, and PF coils start to discharge at −4.3, −6, and 0 ms,
respectively. The plasma current is as high as 160 kA, and
the pulse width is as great as 1.2 ms with the assistance of
the center solenoid (CS) coil, which begins discharging at
0.5 ms.

Fig. 3 shows the poloidal flux surfaces during plasma
merging measured by a two-dimensional (axial: z and ra-
dial: R) magnetic pickup coil array. The array has 128
channels in the upper section around the null point and
162 channels in the central section to measure the mag-
netic field Bt and Bz directly inside the vacuum vessel. The
poloidal flux Ψ and toroidal current density jt can be de-
rived from the measured magnetic field.

3. Development of the Spectroscopy
Measurement System
The Doppler shift Δλ of light emitted from a travel-

ing particle is defined in terms of the particle’s velocity as
Δλ = (λ0v)/c, where v is the particle’s velocity, c is the
speed of light, and λ0 is the wavelength of the emitted line.
Doppler spectroscopy measurement applies this principle
to diagnose the behavior of ions in plasma. The velocity
distribution determined by the thermal and collective mo-
tions yields the emission line intensity I in Gaussian form
as

I(Δλ) =
I0

π1/2ΔλD
exp

⎧⎪⎪⎨⎪⎪⎩−
(
Δλ

ΔλD

)2
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c

√
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where Ti is the ion temperature and Mi is the ion mass. The
temperature is calculated by the full width at half maxi-
mum (FWHM) of the line broadening:

ΔλFWHM = 2(ln 2)1/2ΔλD

= 7.69 × 10−5λ0

(Ti

A

)1/2

, (3)

Ti = 1.7 × A × 108
(
ΔλFWHM

λ0

)2

. (4)

The ion flow velocity is calculated by the Doppler shift of
the line peak.

Fig. 4 shows the arrangement of the lines of sight. To
measure the ion acceleration and local heating caused by
magnetic reconnection, we added a radial path that di-
rectly sees the center stack in addition to the commonly
used tangential paths (chords). Ion emission along the
lines of sight is introduced to two monochromators (1 m,
1200 grooves/mm). Each diffracted light beam is magni-
fied and focused on the detector by five lenses, and then
detected by a 16-channel photomultiplier tube (PMT) array
(Hamamatsu R5900U-01-L16). The PMTs have a high-
speed response with a 0.6 ns rise time, so we can mea-
sure the time evolution of the plasma ion temperature and
flow during magnetic reconnection. To determine the spa-
tial distribution of light emission or Doppler broadening,
we combined the measured results from 13 discharges, as-
suming good reproducibility. We derived the local ion-
temperature profile from the measured spectra of line-
integrated emission by using an Abel inversion technique.
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Fig. 4 Alignment of lines of sight in Doppler spectroscopy mea-
surement, which has a radial view and nine tangential
views on a z = 0 cross section of the UTST.

Fig. 5 (a) CII (426.7 nm) line intensity profile after Abel trans-
formation during plasma merging, (b) evolution of radial
intensity profiles.

A carbon impurity line (CII, 426.7 nm) was used in this
research.

4. Results and Discussion
Figure 5 (a) shows the time evolution of the CII impu-

rity line intensity. Assuming toroidal symmetry, the local
intensity f (r) is calculated from the integrated intensity F
by

f (r) = −1
π

∫ R

r

dF
dy

dy√
y2 − r2

. (5)

After plasma merging, strong emission from the R < 0.2 m
region appears, possibly due to carbon impurities supplied
from the center stack. Plasma merging occurs around
0.7 ms, just before the bright emission from the center
stack appears, as seen in Fig. 3. During plasma merging,
emission from carbon impurities is observed at two dis-
tinct locations: near the X-point and near the center stack.
Fig. 5 (b) shows the time evolution of the intensity profiles.
The carbon impurity emission initially comes from the X-
point region at 0.69 ms, and then the emission from the
center stack grows. Thus, the spectrum from the radial

Fig. 6 Time evolution of carbon line broadening observed in
various views and types of plasma operation.

Fig. 7 (a) Contour of poloidal flux surface at plasma merging,
(b) broadened spectrum of carbon impurity line and its
fitting using three Gaussian profiles.

viewing path reflects the ion behavior near the X-point and
center stack.

Fig. 6 shows the time evolution of the spectrum broad-
ening width in the cases with and without plasma merg-
ing. The error bar shows the shot-by-shot dispersion of
the results from five discharges. The ion temperature is
15-20 eV after 0.9 ms regardless of the type of operation,
and a significant temperature increase was not confirmed.
However, anomalous spectral broadening ΔλFWHM was ob-
served only in the radial view early in plasma merging.
Since this wide broadening consists of emission compo-
nents from the X-point and the center stack, the broad-
ening does not necessarily correspond to the ion thermal
temperature. The emission from the X-point is expected to
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include the effect of magnetic reconnection, which gener-
ates the bi-directional radial outflow. Hence, we assumed
that the wide broadening is a mixture of three Gaussians
with different shifts, as shown in Fig. 7. The three different
shifts are assumed to come from two accelerated compo-
nents in the magnetic reconnection outflows and a station-
ary component of the plasma near the center stack. The
broadened spectrum is fitted as shown in Fig. 7 (b) so as to
minimize the error between the sum of the three Gaussian
profiles and the measurement by adjusting the center wave-
length, broadening and intensity of the Gaussian on the
basis of the ratio of intensity profiles shown in Fig. 5 (b).
The fitted Doppler broadening of the ion temperature was
18 eV (near the X-point) and 13 eV (near the center stack).
This fitting allows us to estimate the radial velocity of car-
bon ions accelerated by magnetic reconnection. The esti-
mated outflow velocity is about 24 km/s early in the recon-
nection and then decreases.

The outflow velocity owing to magnetic reconnection
is considered to reach the Alfvén velocity vA [7] using the
upstream poloidal magnetic field and downstream plasma
density,

v2A =
B2

0

μ0ρm
, (6)

where B0 is the inflow poloidal magnetic field, and ρm is
the mass density in the outflow region. The Alfvén velocity
vA of the plasma merging experiment in the UTST is about
22 km/s, which is close to the outflow velocity estimated
from Doppler spectroscopy.

The outflow velocity is also estimated from the speed
of magnetic field line motion measured by the two-
dimensional magnetic probe array. The field line veloc-
ity is about 35 km/s, which is again close to the outflow
velocity calculated from the Doppler shift and the Alfvén
velocity.

The energy relaxation time constants of energetic car-
bon ions by electrons (τCe

E ) and hydrogen ions (τCH
E ) are

given as follows [8]:
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e T 3/2
e
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≈ 3.7 ms, (7)
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E =

mH

mC + mH

2πε2
0m2

C2v3outflow

nHe4 lnΛ
≈ 21 µs. (8)

The carbon-hydrogen energy relaxation time τCH
E is close

to the observed decay time of the outflow kinetic energy,
17 µs, in Fig. 8. Thus, the accelerated carbon ions are
slowed quickly by energy relaxation with hydrogen ions in
the plasma. This indicates that the released energy is not
large enough to heat the entire plasma under the present
experimental conditions.

Fig. 8 Time evolution of the kinetic energy of accelerated car-
bon ions.

5. Conclusion
A multipoint Doppler spectroscopy system using a

multichannel PMT array and matrix was developed and
installed at the UTST. The bulk plasma ion temperature
measured by a carbon impurity line (CII, 426.7 nm) was
about 15-20 eV. Although a temperature increase was not
confirmed, radial acceleration of carbon ions was observed
during plasma merging. The flow velocity was estimated to
be about 24 km/s, which is close to the Alfvén velocity of
22 km/s and the velocity of magnetic field lines of 35 km/s,
indicating that carbon ions are accelerated by magnetic re-
connection in the UTST. We successfully demonstrated en-
ergy conversion through magnetic reconnection by plasma
merging in the UTST. The increment of the plasma current
of the initial STs increases the magnetic energy release,
making more effective plasma heating possible.

Acknowledgments
We are deeply grateful to Prof. Shigefumi Okada, who

assisted us with the equipment and instruments. Special
thanks also go to Dr. Yoichi Hirano, Dr. Satoru Kiyama,
Dr. Hajime Sakakita, and Dr. Haruhisa Koguchi, who pro-
vided carefully considered feedback and valuable com-
ments. This work was supported by Grants-in-Aid for
Scientific Research, JSPS, Japan (22246119, 22686085,
and 21760688) and the Global COE Program “Secure-Life
Electronics,” MEXT, Japan.

[1] A. Sykes et al., Nucl. Fusion 41, 1423 (2001).
[2] Y. Ono et al., Phys. Plasmas 4, 1953 (1997).
[3] Y. Ono and M. Inomoto, Phys. Plasmas 7, 1863 (2000).
[4] Y. Ono et al., Nucl. Fusion 43, 789 (2003).
[5] Y. Ono et al., Fusion energy 2008 (IAEA Vienna, 2009, in

DVD-ROM) EX/P9-4.
[6] T. Yamada et al., Plasma Fusion Res. 5, S2100 (2010).
[7] E. N. Parker, J. Geophys. Res. 62, 509 (1957).
[8] J. Wesson, Tokamaks 3rd Edition (Oxford University Press

on Demand, 2004) pp.246-253.

2402033-4


