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Spontaneous formation of spherical tokamak is observed during a microwave discharge at the electron cy
clotron resonance (ECR) under a steady vertical magnetic field. In the course of slow plasma current increase, 
a fast rise of current ( usually within several ms) occurs and the magnetic field topology changes drastically 
from open field type to closed one. After this current jump, a steady plasma current is maintained. The 
plasma current in the steady stage is proportional to the strength of the vertical field which balances the 
outward hoop force of the plasma current and maintains the MHD equilibrium. When a 5 GHz, 130 kW, 
60 ms microwave power is injected at 85 G vertical field, plasma current of 6.8 kA is obtained. 
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1. Introduction 

It is a crucial issue for realizing the compact reac
tor based on spherical tokamak concept <1 l to remove 
the center solenoid and to start-up the plasma current 
without Ohmic heating <2l. It has been demonstrated 
that a spherical tokamak can be formed by injecting a 
microwave power at the electron cyclotron (EC) range 
of frequency under an applied vertical magnetic field 
Ev without Ohmic heating C3 l C4l. In these experiments, 
2.45 GHz microwave is used and injected power level is 
Pinj :::; 30kW. Firstly, a plasma current Ip and an ini
tial closed flux surface is spontaneously produced under 
a weak Ev with low Pinj C5l, and then, Ip is ramped up 
in the time scale of a second with slow ramp-up of Ev 
and Pinj· 

In addition to the 2.45 GHz ECH system, a new 5 GHz 
ECH system has been installed with collaboration with 
JAERI ECH group. The available power is;'.::, 200kW. 
This paper reports the spontaneous formation of spher-
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ical tokamak under a steady vertical field at higher in
jected power and higher toroidal field. 

The formation of closed flux surface by ECH under 
a steady vertical field was carried out in CDX-U and 
D111-D at a large decay index of Ev <5 l <7 l and the plasma 
current was attributed to the several types of pressure 
driven currents. The distinct character described in this 
paper is the appearance of a sharp current jump, where 
plasma current increases rapidly in the time scale of a 
few milliseconds, even at a low decay index of n -:::c 0.1. 

2. Experimental Setup 

Experiments are carried out in the LATE device (sJ <9l. 

The vacuum vessel is a stainless steel cylinder with the 
inner diameter of 100 cm and the height of 100 cm. The 
outer diameter of the center post is 11.4cm and there is 
no center solenoids. The toroidal coils in the center post 
consist of 60 Cu pipes cooled by water. The power sup
ply can flow regulated pulse currents Ir up to 180 kAT 
for 0.1 s. The vertical field Ev is generated by 3 sets 
of coils, which currents can be controlled independently 
by 3 regulated power supplies. Then, the decay index of 
Ev can be changed by setting the different ratio of each 
coil current. In these experiments, each coil current is 
kept constant during a discharge. 

Figure 1 shows the schematic view of the 5 GHz ECH 
system. The TE10 mode from a klystron (max. 200kW, 
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Fig. 1. 5 GHz ECH system 

0.1 s) is converted to circular TE11 mode, then to the 
left-handed-circularly-polarized one. The left-handed
circularly-polarized wave is launched from the low field 
side of the torus on the midplane, with an angle of 15 
degree from the perpendicular direction to the toroidal 
field, in order to excite electron Bernstein mode by 0-
X-B scheme (io J . 

For magnetic measurement, 13 flux loop signals are 
used. Five of them are wound in the center post and 
others are wound around the vacuum vessel. The line
integrated electron density is measured by two 70 mm 
microwave interferometers. One chord is a vertical path 
at R = 27 cm, the other one is a oblique path between 
the top and bottom ports at different toroidal angle and 
passes through R = 17 cm on the midplane. There is a 
fast CCD camera viewing from the radial port and the 
visible light images of almost whole the plasma are ob
tained at every 4ms. Four soft X-ray cameras, each of 
which is composed of a pin hole type slit and a 20 ch 
detector array, are equipped in one toroidal section and 
provide the time evolution of emission profile. An Nal 
scintillator is set to view the plasma to observe hard 
X-ray emission. 

3. Experimental Result 

The experiments were carried out at the toroidal coil 
current of Ir = 90 kAT. The position of the fundamental 
electron cyclotron resonance (ECR) layer is R = 10.1 cm 
and the higher harmonics up to 4th are located in the 
vacuum vessel. 

Figure 2 shows the time evolution of the discharge 
with 5 GHz, 130 kW, 60 ms microwave power and the 
steady vertical field of 85 G at the major radius of 
R = 27.4 cm. Initially, hydrogen gas is introduced into 
the vacuum vessel through the piezo valve at a low pres
sure value of about 4.5 x 10-3 P a. There is no additional 
gas puffing during the discharge. When the microwave 
power is injected, break down occurs at the fundamental 
ECR and a weak toroidal plasma current starts to flow. 
The visible image of the plasma is a vertical cylindri
cal sheet around and near the center post, which 

920 

8 
100 

> 
P'l 

50 

0 
'2 5 
"" !ii '7 

"" 8 
6 

158 

~ 100 

p.}? 50 

0 

~ 
15 
10 

"". 
5 

I 
0 

0.0 

'3 e --0.1 
8 H-++++-+++++-+++++-+++++-+++++-+++++-+++++-+++++-+++++-++++I 

~ ~ 
- ~ 2 

0 ------------------------------------0.4 
g 
Ct!.~ 0.2 

§~ 4 
r-- " !J, ,., 2 
..--l 0 

" -

(g) 

(h) 

~ 6 O l-++---ll++++F+-+++H-+tt-1-++ ___ l-++ ___ l-++ ___ l-++ ___ l-++ ___ l-++-+-H 
e .,--- 4 

f". § 2 
S-:!o 

(i) 

g 6 0 LL..,_~JU.J_~LL..,_~Li..J_..LJ..._LL..,_~LL..,_~LL..,_~LL..,_~L..L.,.~LL..,_..L..LJ 

60 80 100 120 140 

Time (ms) 

Fig. 2. Waveform of a discharge with 5 GHz mi
crowave (130 kW, 60 ms): (a) Applied vertical field 
at R = 27.4cm, (b) neutral gas pressure, (c) in
jected microwave power , ( d) reflected microwave 
power, (e) poloidal flux within the center post on 
the midplane, (f) plasma current , (g) radial posi
tion of plasma current center, (h) line-integrated 
electron density along the vertical chord at R = 
27 cm, (i) line-integrated electron density along the 
oblique chord; The chord passes through R = 17 cm 
on the midplane 
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corresponds to the fundamental ECR layer. When the 
plasma current gradually increases up to about 2 kA, 
it suddenly rises up to 4 kA in ~ 1.5 ms ( the first cur
rent jump), stays at nearly the same value for ~ 2 ms, 
and again rises up to 7.4kA (the second current jump). 
Then it decreases gradually to 5 kA but increase again 
to 6.8 kA ( the third current jump). After the first cur
rent jump, the poloidal flux within the center post on 
the midplane, <Pco, changes its sign, i. e., reverses its 
direction, and the visible plasma images show that the 
plasma spreads within the vacuum vessel and becomes 
spherical torus. These facts support the formation of 
closed flux surfaces. After these events, the plasma cur
rent is kept steadily till the end of the microwave pulse. 
The line-integrated electron density along the oblique 
inner chord is 3 x 1013 cm-2 . Because the path length is 
less than 100 cm, the electron density should exceed the 
cutoff density. 

In Fig. 3, the value of the plasma current at the final 
steady stage is plotted against the strength of the ap
plied vertical field Bv for various microwave power. The 
plasma current is proportional to Bv and the coefficient 
is nearly the same as that in the slow formation case C4 l. 

The plasma current may be limited by the MHD 
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equilibrium condition that the outward hoop force of the 
plasma current is balanced by the inward J x B force 
produced by the vertical field. 

When Bv = 40 G, Pin.i ~ 50 kW is necessary for oc
currence of the current jump, while P in.i ~ lO0kW is 
necessary when Bv = 80 G. The minimum microwave 
power for the spontaneous formation of closed flux sur
faces is nearly proportional to the applied vertical field 
strength. 

To investigate the plasma current distribution from 
the magnetic measurement, we adopt a model express
ing the current flowing both in the open field region and 
within the closed flux surface. In this model, the plasma 
current flows in the area composed of 4 one-quarter-
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Fig. 3. Maximum Ip after current jump increases 
with Ev ; Closed circles denote the data with 
5 GHz microwave and crosses denote the data with 
2.45 GHz microwave 

ellipses (i = 1, 2, 3, 4) centered at (R, z) = (Re, Zc ) with 
parabolic profiles 

( (R-Rc) 2 (Z -Zc) 2
) J,(R ,z) = Jo 1- a, -b-, - , 

where R is the major radial coordinate, z is the vertical 
coordinate, J0 is the value of the maximum current den
sity, a; , b; are axis lengths of the ith one-quarter-ellipse. 
Unknown parameters are determined by least-squares
error fitting method with measured poloidal flux values. 

Time evolutions of the poloidal flux contours and the 
current distributions are shown in Fig. 4. The current 
profile just before the current jump ( t = 89.5 ms) is elon
gated vertically near the second harmonic ECR layer 
(R = 20.2 cm). The poloidal flux contours are vertical 
lines and the field line is a helix. This is the open field 
configuration. Comparing with the vacuum case, the 
plasma current fl.owing in the open field region changes 
the field in the distributed area significantly, bends the 
field lines and enhances the local magnetic mirror . After 
the first current jump (t = 91.7ms), the current profile 
expands to the high field side and a small closed flux 
surface attached to the center post appears. And af
ter the second current jump (t = 94.7ms), the current 
profile as well as the closed flux surface expands to the 
low field side. At the final steady stage (t = 122.5ms), 
the current distribution is detached from the surface of 
the center post and a broad current profile expanded to 
the outboard vessel wall is formed. The poloidal flux 
contours show the closed flux surfaces and the field line 
is just a spherical tokamak type as shown in the cubi
cle at upper-right in Fig. 4. It is remarkable that the 
open field configuration before the microwave injection 
changes spontaneously into a closed field configuration 
by ECH only. The plus marks in Fig. 4 denotes the 
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Fig. 4. Time evolution of the poloidal flux surfaces and the current distributions for the same discharge in Fig. 2; The fraction 
of toroidal current flowing in the closed flux surfaces is described by Ip( closed) / Ip. In the cubicles at upper-left and upper-right 
are shown the field lines before microwave injection and at the final steady stage of discharge, respectively 
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(a) t = 88 ms (b) t = 92 ms (c) t = 96 ms (d) t = 124 ms 

Fig. 5. Visible light images for the same discharge in Figs. 2 and 4 taken at each indicated time; 
Exposure time is 0.5 ms 

location of the current center in the approximation of 
the single current loop for the dipole moment of the cur
rent distribution. Its location in the final steady stage 
is between the second and the third harmonics of ECR 
layer. 

Figure 5 shows the visible light images taken by a fast 
CCD camera. Before the current jump (Fig. 5 (a)), the 
bright area looks like a slightly embowed vertical sheet 
along the open magnetic field configuration. Although 
the images are taken at every 4 ms and do not catch 
sight of the variation during the current jump at the 
right timing, Figs.5 (b) and (c) show that the change of 
shape occurs during the current jump. After the cur
rent jump (Fig. 5 (d)), the bright area become a circle, 
indicating the closed flux surfaces. These time variation 
supports the result of the model calculation of current 
distribution in Fig. 4. 

4. Discussion and Summary 

Above current distribution is not a unique solution. 
But the visible light images and soft X-ray emission pro
file support the result qualitatively. Then we can spec
ulate about the mechanism of spontaneous formation. 

Before starting the process of current jump, some 
amount of plasma current should be made flowing in the 
open field region. Mechanisms of driving such currents 
are discussed by Forest et al. C5 l C7 J and it is attributed to 
the several types of pressure driven currents. Such cur
rent may enhance the local magnetic mirror as shown in 
Fig. 4 and the number of trapped electrons will increase. 
Perpendicular heating by ECH can assist trapping ef
fectively and the plasma pressure will increase farther, 
resulting in the increase of pressure-driven current. 

Can such pressure-driven current flow plasma currents 
sufficient to cancel out the vertical field and to close the 
flux surfaces? The pressure-driven current is inversely 
proportional to the strength of the applied vertical field. 
On the other hand, the plasma current whose poloidal 
field can cancel out the vertical field is proportional to 
the vertical field. Then, one might suppose that the nec
essary microwave power increases proportionally to the 
vertical field strength squared if the confinement time 
is the same and the plasma pressure is proportional to 
the microwave power. But as mentioned before in Fig. 3, 
the minimum microwave power for the current jump is 
almost linearly proportional to the vertical field. This 
fact suggests that other current drive mechanisms may 
be working. For example, a current can be carried by 
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electrons whose toroidal drift is canceled out by the ver
tical component of the parallel velocity cuJ. 

Anyway, small closed flux surfaces appear if the 
enough current are driven. Then the auto-selected cur
rent could flow because of the different direction of shift 
of drift surfaces of passing electrons in the closed flux 
surfaces. The shift of the drift surface of electrons car
rying counter-current is inward and they may hit the 
inner wall ( center post), while that of electrons carry
ing co-current is outward and may not be disturbed to 
go round the torus. Such positive feedback mechanism 
increases plasma current till the initial closed flux sur
face is formed and balanced by the MHD equilibrium 
condition. 

Of course, contribution of bootstrap current and/or 
EC driven current should be considered. Role of elec
trostatic potential caused by the fast loss of electrons 
to the wall may become important. Moreover, high en
ergy electrons produced by strong ECH might play an 
important role. We observe a strong hard X-ray emis
sion when Bv and Pinj are strong. For passing electrons 
whose energy are in the range of tens of keV, the drift 
surface is order of several cm and the current carried by 
such high energy electrons can flow in the open field area 
in the low field side of the closed flux surface. Further 
experiments should be carried out. 

In summary, by injecting a microwave power near the 
electron cyclotron resonance under a steady vertical field 
at low gas pressure, plasma current suddenly increases in 
the course of slow current rise. By this process, initial 
closed flux surfaces are spontaneously formed and the 
magnetic field topology changes drastically from open 
field type to closed one. 

The steady value of plasma current after the forma
tion of the closed flux surfaces is proportional to the 
vertical field strength so as to maintain the MHD equi
librium. By increasing both vertical field strength and 
injected microwave power, more plasma current can be 
generated. So far, plasma current up to 6.8 kA is ob
tained when 5 GHz, 130 kW microwave power is injected 
at Bv = 85G. 

By the magnetic measurement and model calculation 
of current distribution, we consider about the mecha
nism of spontaneous formation of the closed flux surface. 

(Manuscript received Jan. 25, 2005, 
revised March 30, 2005) 
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