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the 95% flux surface was 6.1 - 7.1, the elongation was ~ 1.4, triangularity was ~ 0.34, and

the Greenwald density limit (nGW) was 4.3 - 5.1 × 1019 m-3. The stored energy was
controlled with a feedback technique by changing NBI power in a range of 3 - 14 MW.

Waveforms of a reversed shear plasma with Ne injection are shown in Fig. 1. 

3. Results and discussion

3.1 Radiation enhancement and energy confinement 

The H89PL, ratio of the total radiation loss power (Prad
total) to the net heating

power (Pnet) and ratio of the radiation loss power from the main plasma (Prad
main) to

the total radiation loss power are plotted against the electron density in Fig. 2. With Ar

injection, while the electron density increased from 0.6 nGW to 0.9 nGW, the H89PL

decreased from 2.4 to 1.2. Then, while Prad
total / Pnet stayed around 0.7, Prad

main /

Prad
total increased from 0.35 to 0.8. The electron temperature at the plasma center

decreased from ~ 6 keV to ~ 2 keV. Since some of Ar ions were not fully ionized

in this temperature range, the radiation loss

power inside the ITB increased with Ar

injection. With Ne injection, high confinement

(H89PL > 2.4, HH98(y,2) = τE / τE
98(y,2) >

1.6 [7])  and high radiation loss (Prad
total /

Pnet > 0.8) were simultaneously obtained at

high density (ne > 0.7 nGW). While Prad
total

/ Pnet increased, Prad
main / Prad

total

remained 0.4. Therefore, the radiation loss

power from the divertor also increased. 

3.2 Divertor plasma detachment

As shown in Fig. 2,  at an electron

density of 0.84 nGW, the divertor plasma

became detached with H89PL = 1.8

(HH98(y,2) = 1.2) and Prad
total / Pnet = 0.73.

Figure 1 shows waveforms of the discharge

with divertor plasma detachment. Beginning

at 4.5 s, the ITB developed, with the electron

density in the core region (r / a = 0.2 )

increasing at a faster rate than that in the edge

region (r / a = 0.8). As shown by the H89PL, 
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the energy confinement was improved. As the Ne X line intensity increased in the main

plasma, the radiation loss power from the divertor increased and a MARFE appeared at

the null point. The outer divertor plasma was detached as indicated by a decrease in the

ion saturation current. Under conditions of divertor plasma detachment and an X-point

MARFE,  the H89PL increased from 1.3 to 1.8. Profiles of the electron temperature,

electron density and heat flux at the divertor plates are shown in Fig. 3. After the gas

puff, a cold and dense divertor plasma was produced near the inner and outer strike

points. Although the detached region was narrow (width ~ 1 cm), the maximum heat flux 

was greatly decreased by the detachment.

Profiles in the main plasma are shown in

Fig. 4. The ITB was clearly seen in the

profiles of the electron density, ion

temperature and  electron temperature. The

minimum in the safety factor was close to 3.

A disruption of the discharge as seen in Fig. 
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1 occurred when the minimum safety factor went through q = 3. 

3.3 Impurity behavior

As shown in Fig. 4 (d), the density profiles of Ne and C were similar to that of the

electrons. Therefore, impurity accumulation was not significant. From the time evolution

of the Ne density profile after Ne injection, it was estimated that the inward velocity and

diffusion coefficient at the ITB were ~ 3 m/s and ~ 0.5 m2/s, respectively. Using a
neoclassical transport calculation code[8], the inward velocity for Ne was estimated to be

~ 2 m/s. Therefore, the experimentally derived inward velocity was consistent with the

calculated one. However, the diffusion coefficient was calculated to be ~ 0.1 m2/s, which
was much smaller than the experimentally derived coefficient. 

The Ne X line intensity rolled over around 6.4 s in Fig. 1. However, the time

constant of the intensity decrease was long, and the Ne density could not be controlled by

pumping.   

4. Summary

For the reversed shear discharges studied in this paper, in which the electron

temperature  at the plasma center was ~ 6 keV, Ar injection resulted in radiation loss

enhancement inside the ITB. With Ne injection, high confinement (H89PL > 2.4,

HH98(y,2) > 1.6) and high radiation loss (Prad
total / Pnet > 0.8) were simultaneously

obtained at high density (ne > 0.7 nGW). Under conditions of divertor plasma

detachment and an X-point MARFE, the ITB became more pronounced and the H89PL
increased from 1.3 to 1.8. The density profiles of Ne and C were similar to that of the

electrons, and impurity accumulation was not significant. The effective confinement time

for Ne was long, and further enhancement of recycling in the divertor to increase

pumping efficiency was necessary for impurity control.

R
 

e
 

f
 

e
 

r
 

e
 

n
 

c
 

e
 

s
[

 

1

 

]

 

 

 

K

 

u

 

b

 

o

 

,

 

 

 

 

 

H

 

.

 

,

 

 

 

e

 

t

 

 

 

a

 

l

 

.

 

,

 

 

 

N

 

u

 

c

 

l

 

.

 

 

 

F

 

u

 

s

 

i

 

o

 

n

 

 4

 

1 

 

(

 

2

 

0

 

0

 

1

 

)

 

 

 

2

 

2

 

7

 

.
[

 

2

 

]

 

 

 

I

 

t

 

a

 

m

 

i

 

,

 

 

 

K

 

.

 

,

 

 

 

e

 

t

 

 

 

a

 

l

 

.

 

,

 

 

 

F

 

u

 

s

 

i

 

o

 

n

 

 

 

E

 

n

 

e

 

r

 

g

 

y

 

 

 

1

 

9

 

9

 

7

 

 

 

(

 

P

 

r

 

o

 

c

 

.

 

 

 

1

 

6

 

t

 

h

 

 

 

I

 

n

 

t

 

.

 

 

 

C

 

o

 

n

 

f

 

.

 

,

 

 

 

M

 

o

 

n

 

t

 

r

 

e

 

a

 

l

 

,

 

 

 

1

 

9

 

9

 

6

 

)

 

,

 

 

 

V

 

o

 

l

 

.

 

 

 

1

 

,
I

 

A

 

E

 

A

 

,

 

 

 

V

 

i

 

e

 

n

 

n

 

a

 

 

 

(

 

1

 

9

 

9

 

6

 

)

 

 

 

3

 

8

 

5

 

.
[

 

3

 

]

 

 

 

Y

 

u

 

s

 

h

 

i

 

m

 

a

 

n

 

o

 

v

 

,

 

 

 

P

 

.

 

 

 

N

 

.

 

,

 

 

 

e

 

t

 

 

 

a

 

l

 

.

 

,

 

 

 

N

 

u

 

c

 

l

 

.

 

 

 

F

 

u

 

s

 

i

 

o

 

n

 

 3

 

0 

 

(

 

1

 

9

 

9

 

0

 

)

 

 

 

1

 

9

 

9

 

9

 

.
[

 

4

 

]

 

 

 

F

 

u

 

j

 

i

 

t

 

a

 

,

 

 

 

T

 

.

 

,

 

 

 

t

 

o

 

 

 

b

 

e

 

 

 

p

 

u

 

b

 

l

 

i

 

s

 

h

 

e

 

d

 

 

 

i

 

n

 

 

 

F

 

u

 

s

 

i

 

o

 

n

 

 

 

E

 

n

 

e

 

r

 

g

 

y

 

 

 

2

 

0

 

0

 

0

 

 

 

(

 

P

 

r

 

o

 

c

 

.

 

 

 

1

 

8

 

t

 

h

 

 

 

I

 

n

 

t

 

.

 

 

 

C

 

o

 

n

 

f

 

.

 

,

 

 

 

S

 

o

 

r

 

r

 

e

 

n

 

t

 

o

 

,
2

 

0

 

0

 

0

 

)

 

,

 

 

 

 

 

I

 

A

 

E

 

A

 

,

 

 

 

V

 

i

 

e

 

n

 

n

 

a

 

.
[

 

5

 

]

 

 

 

S

 

a

 

k

 

u

 

r

 

a

 

i

 

,

 

 

 

S

 

.

 

,

 

 

 

e

 

t

 

 

 

a

 

l

 

.

 

,

 

 

 

N

 

u

 

c

 

l

 

.

 

 

 

M

 

a

 

t

 

e

 

r

 

.

 

 2

 

9

 

0

 

-

 

2

 

9

 

3 

 

(

 

2

 

0

 

0

 

1

 

)

 

 

 

1

 

0

 

0

 

2

 

.
[

 

6

 

]

 

 

 

H

 

o

 

s

 

o

 

g

 

a

 

n

 

e

 

,

 

 

 

N

 

.

 

,

 

 

 

e

 

t

 

 

 

a

 

l

 

.

 

,

 

 

 

F

 

u

 

s

 

i

 

o

 

n

 

 

 

E

 

n

 

e

 

r

 

g

 

y

 

 

 

1

 

9

 

9

 

8

 

 

 

(

 

P

 

r

 

o

 

c

 

.

 

 

 

1

 

7

 

t

 

h

 

 

 

I

 

n

 

t

 

.

 

 

 

C

 

o

 

n

 

f

 

.

 

,

 

 

 

Y

 

o

 

k

 

o

 

h

 

a

 

m

 

a

 

,

 

 

 

1

 

9

 

9

 

8

 

)

 

,
V

 

o

 

l

 

.

 

 

 

3

 

,

 

 

 

I

 

A

 

E

 

A

 

,

 

 

 

V

 

i

 

e

 

n

 

n

 

a

 

 

 

(

 

1

 

9

 

9

 

9

 

)

 

 

 

9

 

0

 

3

 

.
[

 

7

 

]

 

 ITER Physics Expert Groups on Confinement and Transport and Confinement

Modelling and Database, Nucl. Fusion 39 (1999) 2175.

[8] Houlberg, W. A., et al., Phys. Plasmas 4 (1997) 3230.


