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Abstract

Ultra-high-beta (> 50%) spherical tokamak has been pro-
duced in TS-3 merging experiment using two types of
CT/ST merging. Co-helicity merging of two STs was ob-
served to heat ions significantly and to increaseβ value of a
merged ST 2-3 times as large as that of a single ST. Counter-
helicity merging of two spheromaks formed an FRC with
ion temperature up to 200[eV] and further fast application
of external toroidal magnetic field transformed an FRC into
an ultra-high-β ST. A new finding is that the ultra-high-β
ST had an ”absolute minimum B” configuration together
with diamagnetic toroidal field and hollow toroidal current
profile. Both high-β STs have largest pressure gradient and
magnetic shear around the plasma edge, indicating the for-
mation of ultra-high-β ST in the second stability regime for
ballooning mode. Heating power was varied by factor 10
by varying reconnecting magnetic field angle and strength.
It was found that the high-β ST decayed quickly due to
large magnetic fluctuation if its pressure gradient exceeds
the threshold value. Stability limit ins-α diagram against
ballooning mode will be reported based on experimental
and computational analyses.

Introduction

What is a high-β spherical tokamak (spherical torus)?

We can think of a high-β ST as an improved form of an FRC.

low-β ST

spheromak

FRChigh-β ST

external
toroidal field

counter-helicity merging

conventional
tokamak external

toroidal field

heating /
profile control

stability /
confinementstability /

confinement

beta

beta

large internal Bt

(poloidal current)

low / no internal Bt

(poloidal current)

external Bt

Two ways to high-β ST
- FRC with external toroidal field
- ST merging

-> ballooning stability (second stable?)
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Formation of a high-β ST from an FRC
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High β Values of Merging ST
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Limits for Several Flux Surfaces (Stable ST)

Ψ=0.46, 0.53 exists in the "window" region.
Ψ=0.61 is most close to its stability limit.

Enlarged s-α diagram for the stable ST

 0

 0.5

 1

 1.5

 2

 2.5

 0.15  0.2  0.25  0.3  0.35  0.4

dq
/d

Ψ
 [

m
W

b-1
]

dp/dΨ [kPa/mWb]

Ψ=0.76

Ψ=0.69

Ψ=0.61

Ψ=0.53
Ψ=0.46

unstable

stability
limits

edge

axis

Q
ui

ck
 D

ec
ay

 O
bs

er
ve

d 
in

 a
 H

ig
h-

β 
S

T
 fr

om
 a

n 
F

R
C

Q
ui

ck
 d

ec
ay

 w
as

 a
ls

o 
ob

se
rv

ed
 in

 a
 h

ig
h-

β 
ST

(F
R

C
+

B
t).

T
he

 in
st

ab
ili

ty
 te

nd
 to

 o
cc

ur
 w

he
n 

a 
te

m
pe

ra
tu

re
 o

f
an

 in
iti

al
 F

R
C

 is
 lo

w
.

Shear Parameter

Pr
es

su
re

 G
ra

di
en

t

B
al

lo
on

in
g

U
ns

ta
bl

e

un
st

ab
le

st
ab

le

1s
t S

ta
bl

e

2n
d 

St
ab

le

sc
he

m
at

ic
 s

-α
 d

ia
gr

am

st
ab

le
(T

i~
15

0e
V

)

un
st

ab
le

(T
i~

40
eV

)ed
ge

ax
is

1.
2

1
0.

8
0.

6
0.

4
0.

2
0

0246810 dq/dΨ[mWb
-1
]

dp
/d

Ψ
[k

Pa
/m

W
b]

ba
llo

on
in

g
un

st
ab

le
?

Is
 th

e 
de

ca
y 

al
so

 c
au

se
d 

by
ba

llo
on

in
g 

in
st

ab
ili

ty
?

A
re

 th
ei

r 
st

ab
ili

ty
 li

m
its

eq
ui

va
le

nt
 e

ac
h 

ot
he

r?

FR
C

+
B

t(p
’=

Ψ
2 -4

/3
Ψ

-1
/2

)

dp
/d

Ψ
 [

kP
a/

m
W

b]

0
0.

2
0.

4
0.

6
0.

8
1

10 8 6 4 2 0
dq/dΨ [1/mWb]

1s
t b

ou
nd

ar
y

2n
d 

bo
un

da
ry

re
fe

re
nc

e
st

ab
le

β 0
 =

1.
5

un
st

ab
le

β 0
 =

 1
.0

N
um

er
ic

al
 A

na
ly

si
s 

by
 B

A
LO

O
 C

od
e 

II

T
he

 s
ta

bl
e 

pr
of

ile
 b

ec
om

es

un
st

ab
le

 w
he

n 
β 0

 v
al

ue
 is

 le
ss

th
an

 1
.

T
he

 u
ns

ta
bl

e 
pr

of
ile

 c
ro

ss
es

th
e 

2n
d 

bo
un

da
ry

 o
f 

st
ab

ili
ty

.

A
n 

ST
 f

ro
m

 a
n 

FR
C

 w
ith

 (
re

la
tiv

el
y)

 lo
w

 β
 is

 u
ns

ta
bl

e 
fo

r 
ba

llo
on

in
g 

m
od

e.
T

he
 p

ro
fi

le
 c

ro
ss

es
 a

 s
ta

bi
lit

y 
bo

un
da

ry
 o

f 
hi

gh
er

 p
re

ss
ur

e 
gr

ad
ie

nt
 s

id
e.

A
n 

ST
 f

ro
m

 a
n 

FR
C

 h
as

 a
 la

rg
er

 w
in

do
w

 b
et

w
ee

n 
th

e 
1s

t a
nd

 2
nd

 s
ta

bl
e 

re
gi

n
th

an
 a

 m
er

gi
ng

 S
T

. <
- 

E
ff

ec
t o

f 
ab

so
lu

te
 m

in
im

um
 B

?

W
in

do
w

 C
om

pa
ris

on
 b

et
w

ee
n 

M
er

gi
ng

 S
T

 a
nd

 F
R

C
-S

T

 0
 0

.4
 0

.8
 1

.2
 1

.6

dq/dΨ [1/mWb]

dp
/d

Ψ
 [

kP
a/

m
W

b]

m
er

gi
ng

 S
T 

lim
it

FRC-S
T li

mit

 0 4 8 1
2

un
st

ab
le

2n
d 

st
ab

le

1st stable

FR
C

-S
T

 h
as

 a
 h

ig
he

r 
"w

in
do

w
" 

an
d 

a 
br

oa
de

r 
2n

d 
st

ab
le

 r
eg

io
n.

->
 E

ff
et

t o
f 

ab
so

lu
te

 m
in

im
um

 B
?

St
ab

ili
ty

 li
m

its
 f

or
 Ψ

 =
 0

.5
3

4



M
or

e 
A

cc
ur

at
e 

E
xa

m
in

at
io

n-
-P

 a
nd

 I 
F

un
ct

io
ns

 in
 G

. S
. E

qs
.

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

0.
2

0.
4

0.
6

0.
8

1.
0

fit
te

d 
cu

rv
e

ex
pe

rim
en

ta
l r

es
ul

t

Presssure [kPa]

no
rm

al
iz

ed
 Ψ

0.
0

10203040 0
0.

2
0.

4
0.

6
0.

8
1.

0

poloidal current 
  fucntion I(�) [KA]

fit
te

d 
cu

re
ve

ex
pe

rim
en

ta
l r

es
ul

t

no
rm

al
iz

ed
 Ψ

0.
0

3r
d 

po
ly

no
m

in
al

 fi
tti

ng

C
on

di
tio

ns
:

P
   

   
 =

0
ed

ge

d 
P

dΨ
ax

is=
0

N
o 

pl
as

m
a 

ex
is

ts
 o

ut
si

de
 o

f
se

pa
ra

tr
ix

.
T

o 
av

oi
d 

in
flu

en
ce

s 
of

m
ea

su
er

m
en

t e
rr

or
s 

ne
ar

m
ag

ne
tic

 a
xi

s

ed
ge

ax
is

ed
ge

ax
is

2

2

Examination Result

High-β ST from FRC exists in the second stable region.
(reconfirmed)
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