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Abstract
A role of the pedestal temperature as a boundary condition in determining the energy confinement of
the plasma core was analyzed by comparing between D2 and D2 + Ar gas puffed ELMy H-mode
discharges in JT-60U. As the density is raised during ELMy H-mode, the pedestal temperature drops so
that the pedestal pressure remains constant. Externally puffed seed impurity leads to the center-peaked
density profiles as well as a slight reduction in the thermal ion density, and the reduction in the pedestal
temperature weakened at a high density. Since the temperature profiles were approximately self-similar,
the thermal conductivity was reduced consistently with the temperature at the plasma boundary even with
and without Ar injection.
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1. Introduction
While it has been proved possible in present day
experiments to demonstrate high density operation

improvement with high radiation loss power in a high
density regime 19-121, the boundary condition for core
confinement is analyzed in ELMy H-mode plasmas on
JT-60U.

modes that lower the peak heat flux onto the divertor

plates sufficiently for a tokamak reactor [], it has
generally been seen that such regimes also have
diminished core plasma confinement qloality [2-4].
Much attention therefore has focused on the clarification
of the dominant causes of this confinement degradation
in ELMy H-mode plasmas. A role of the pedestal
structure determined by the ELM activities is seen to be
significant for the thermal transport of the plasma core
t3,5-81. However, numerous edge pedestal quantities,
such as the density and temperature, which tend to vary
monotonically together, prevent us from revealing the
decisive factor of the boundary condition. In this paper,
focusing on externally Ar gas puffed discharges that are
seen to be of great use to the energy confinement

2. Density Dependence of Thermal Energy
Gonfinement
ELMy H-mode experiments were performed with
and without Ar gas injection in JT-60U at

I, = l)y76,

where the Greenwald density limit, rxcw, corresponds to
(5.4-5.8) 1grern-3 t101. The toroidal magnetic field, B,
"
= 2.5-2.6 T and the safety factor at the 95 Vo of flux
surface, ess=3.3-3.6. Neutral beam (NB) of deuterium
was injected into deuterium plasma at PNBr of 16-18

MW. In a series of experiments without Ar

gas

injection, the line-averaged electron density measured
with FIR interferometer, i", was varied from 2.5 x l0le
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Fig. 1 (a) H"-factors for ELMy H-mode discharges in JT60U as a function of n"/ncw. Open squares and

closed circles indicate the H-factors in the discharges atle= 1.2 MA and Bt= 2.5-2.6 T with and
without Ar injection, respectively. Shaded circles
lo

m-3.

= 1.8 MA and B, = !.Q

In Ar gas injected discharges, n"

to 3.9 x

increased
10re m-3. The maximum n" reached
was 0.69 x nGw. As the density is raised with Ar gas
puffing, the effective charge number, 2"11, increased
from 2.5 to 4.9, while it ranged with a scatter between

2.1 and 2.5 without Ar injection. Elongation,
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shoulder of the H-mode pedestal, Zip"d. and near the
center, Ti(rla = 0.2), as a function of i", respectively. It
is observed in D2 gas puffed plasmas that both 4p'd and
Ti(rla = 0.2) decrease continuously with increasing n..
However, it can be seen in Ar seeded case that the
reduction in 4r"0 due to an increase in density weakens
in comparison with the case without Ar injection. The
core temperatve, Ti(rla = 0.2), also tends to decrease
slowly with an increase in density. The similar behavior
is also seen in the electron temperatures as shown in
figure 2(c) and (d). Besides, it may be worth pointing
out, in passing, that the electron density profiles with Ar
injection tend to be peaked at the center. In the plasma
with Ar injection, while the radiative loss power is
predominantly enhanced in the edge region, the power
radiated from the region of rla < O.6, which is several
times larger than that without Ar injection, is -10 7o of
the heating power injected into the region.
As n" is raised with increasing the Ar concentration, /a., from 0.2 to O.8 Vo, the dilution of thermal

T only with deuterium gas puffing. (b) Density
dependence of W*.

to 3.4 x l0re

3.5

;. trottnl

density dependence of thermal stored energy, 176,. As n"
is increased, W,1 decreases gradually to 1.2 MJ in D2 gas
puffed discharges, while it increases to 1.9 MJ in Ar
injected plasmas.
Figure 2(a) and (b) plot the ion temperatures at the

[101em{l
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further increase in density. Figure l(b) indicates the
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increasing i"lncw from 0.44 to 0.61. On the other hand,
in Ar injected discharges (closed circles), the l1s-factor
remains in the range of 0.9-1.0 until i.lncw reaches
0.64, and then the.Flg-factor declines gradually with a

PNB, = 17-18 MW
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Fig. 2 Density dependence of (a) T, lrla = 0.21, (b) Tip"d, (c)
T" (r/a = 0.2) and (d) 1"0"0 in ELMy H-mode
discharges with and without Ar injection.
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and triangularity, 6, of 0.35-0.36 were fixed. The
plasma volume, Vo, was in the range of 57-58 m3. The
plasma major radius, Ro, and the minor radius, 4p, were

in the ranges of 3.35-3.38 m and of 0.82-0.83

m,

respectively.

Figure 1(a) shows that the F/s-factor, defined as
thermal energy confinement time, c,5, normalized to the
IPB98(y,2) scaling [3], as a function of n"lncw.InD,
gas puffed plasmas at /p of 1.2 MA (open squares), the

deuterium ions is enhanced gradually by l0 Vo, i.e., the
fraction of thermal deuterium./pth, decreases from 60 to

F/H-factor decreases continuously from 0.9 to 0.7 with
240
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of carbon density, /6, remains
constant in the range of 4-6 Vo. On the other hand,/pth
and/6 are in the ranges of 70-79 Vo and 4-5 Vo in the
discharges without Ar gas injection, respectively. The
energy confinement due to Ar gas injection is improved
5O Vo. The fraction

1.5

for the dilution of
is higher than the
Ar injection by - 30 Vo at n.lncw of

more than the compensation
deuterium because llg-factor
discharges without

or+ Ar puff

(Ell

o-r
t
o
E

t

o-

/

rl
lr
i]?
l.*,/

ffi'? o-?

0.5
D, Fuff

0.6 as shown in figure 1(a).
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3. Pedestal Structure during ELMy H-mode

2

As n" is increased without impurity gas injection,

density.
is plotted as a function of 4r"a in figure 4(a). In Eq.(2),
76"rQ) is calculated by the transport analysis code for
thermal plasmas (TOPICS) [4]. It can be seen that X.;i.

is evaluated as:

where

f

nY kB(r
e"d =

!

tends to be reduced gradually with increasing lip"d.

+2 f, r,"^)

(1)

denotes the fraction of density for each thermal

r€filains constant.

4. Boundary Condition for Core
Confinement

It has been observed that the pedestal structure
determined by the destabilization of ELMs has a large
influence on thermal energy confinement of the plasma
In particular, since the pedestal density

and

temperature vary inversely in the ELMy phase without
impurity gas injection, the confinement degradation at a
high density can be linked to the relatively low pedestal
temperatures.

The effective thermal conductivity of the plasma
core,

yflf",

evaluated as:

['wd
tL etf -

J.

x*Q)'2nrdr

['@

zn'a'

is

profile similarity of the temperatures, which suggests the
existence of a relationship between edge profiles and
core confinement. In this series of discharges, the core
temperatures are seen to increase approximately
proportional to the pedestal temperatures as shown in
figure 4(b). The pedestal temperature might play a role
as a boundary condition for core confinement because
the temperature profiles are approximately self-similar
and differ only by a constant factor. If the achievable
pedestal pressure is limited by the ELM activities, the
pedestal temperature can also be determined by the
pedestal density for each species. Externally Ar gas
puffed plasmas lead to a slight reduction in the thermal
ion density and the center-peaked density profiles, in
which the pedestal density becomes lower than that of
plasmas without Ar injection at fixed 2". Therefore, the
reduction in the pedestal temperature weakens at a high
density so that po"6 remains constant. Figure 4(c) shows
that the temperature profiles of high density Ar gas
injected plasma (i"/ncw - 0.60) are similar to those of
low density plasma without Ar gas (i"/ncw - 0.45). The
highly achieved pedestal temperature due to Ar gas
injection can produce high core temperature leading to
the improvement of the energy confinement.

over a wide range of density. Compared with D2 gas
puffed discharges, higherpp"d (- 8 7o) is obtained in Ar
injected plasmas. As the density is increased with Ar
injection, the thermal ion density decreases slightly and
the peaked density profiles are sustained, and thus the
reduction in the pedestal temperature weakens so that

core.

It

the most significant feature in figure 4(a) that the trend
of X!?i'on 4ped is conformed consistently to the Ar gas
injected plasmas. This finding might be indicative of a

ion species. It is observed in Ar injected plasmas that
pped is kept constant in the range of 6.5-8.0 x 103 Pa

Ppea
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Fig. 3 Dependence of the edge pedestal pressure upon

ELM activities. In figure 3, the pedestal pressures, po"a,
are plotted in ELMy H-mode plasmas with and without
Ar injection as a function of n". The pedestal pressure,

p
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the temperature at the pedestal shoulder drops as shown
in figure 2(b) and (d). This reduction in the temperature
seems to be determined as a pedestal structure by the

Pp"a,

1.2 MA, Bt = 2.5-2.67

a)
5. Conclusions
The dominant factor at the plasma boundary for the
aA1
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puffed seed impurity leads to the center-peaked density
profiles as well as a slight reduction in the thermal ion
density. Thus, the reduction in the pedestal temperature
in Ar gas puffed plasmas weakened so that the pedestal
pressure was kept almost constant over a wide range of
density. The dependence of the thermal conductivity of

the plasma core on the pedestal temperature was
conformed consistently to the Ar gas puffed plasmas'
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