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Abstract

Transport coefficients of impurities in reversed shear plasmas are evaluated and compared with those in ELMy
H-mode plasmas. The diffusivity is significantly reduced (~1/10) at the internal transport barrier. An inward pinch
velocity of —3 m/s is also observed at the ITB. The inward pinch velocity increases as charge number of impurity in-
creases. Effects of Ar seeding to the main plasma are investigated in ELMy H-mode. Argon seeding maintain improved
confinement H'TERY =1 4, the clear edge pedestal, the radiation fraction of ~80% and the divertor detachment up to
70% of Greenwald limit. Moreover, argon seeding reduces type I ELM frequency less than half, but the heat load of
each ELM on the outer target plate does not change. Therefore, the reduction of energy losses due to ELMs probably
causes the improvement of edge confinement in Ar seeded cases, though the radiated power inside the separatrix

increases. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The improved energy confinement in high density
and low dilution plasmas is essential for a fusion re-
actor. The reduction of plasma wall interactions (PWI)
is also needed for the reduction of impurity generation
and the protection of plasma facing components. The
radiation loss enhancement by impurity seeding was
investigated for the reduction of heat load on target
plates [1-3].

Reversed shear plasmas have an internal transport
barrier (ITB) and higher energy confinement than
ELMy H-mode plasmas. On the other hand, the effective
charge Zr in reversed shear plasmas is higher than that
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in ELMy H-mode plasmas as shown in Fig. 1. An
equivalent fusion gain (Qp;) of 1.25 was obtained with a
W-shaped divertor configuration in JT-60U [4]. The Zy
is evaluated by bremsstrahlung measurement and the
result of transport analysis agreeing with neutron yield.
The reduction of Z.; from 3.5 to 3.2 largely contributed
to the progress from Qp = 1.05 in open divertor con-
figuration.

The clarification of the impurity transport at the ITB
is important for the reduction of dilution. Therefore,
transport coefficients of impurities in reversed shear
plasmas have been evaluated and compared with those
in ELMy H-mode plasmas. An inward pinch velocity at
the ITB has dependence the ion charge number of im-
purity. Impurity transport is summarized in Section 2.
More detailed information about this subject is de-
scribed in [5,6].

ELMy H-mode is adopted as a standard operation
mode in ITER-FEAT. The improved confinement
HH = 1.0, the low dilution Z < 1.8 and the reduction
of PWI should be satisfied simultaneously at 85% of
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Fig. 1. Line averaged effective charge Z.; vs. radiation power
from the main plasma normalized by square of line averaged
electron density. Triangles and circles show the cases of re-
versed shear plasma and ELMy H-mode plasma, respectively.
Open symbols show D, fueled and without gas fueled cases.
Closed symbols show impurity seeded cases. I, = 0.9 MA,
Br =3.5T, Pxg =815 MW for reversed shear plasmas, and
I, =12MA, By = 25T, Pyg = 17-21 MW for ELMy H-mode
plasmas.

Greenwald limit density (n%V) for ITER-FEAT. These
conditions have been mostly achieved simultaneously in
ELMy H-mode plasmas with puff and pumped radiative
divertor plasma of DIII-D [1]. However, it has not been
demonstrated in large tokamaks such as JT-60U [7] and
JET [8], because energy confinement degrdaes at high
density region. On the other hand, the radiative im-
proved (RI) mode was obtained in TEXTOR-94 [9] and
DIII-D [10] by seeding argon or neon to the main
plasma, which is characterized by peaked density profile
and improved confinement near and above the Green-
wald density limit. Therefore, effects of impurity seeding
on the energy confinement in ELMy H-mode plasmas
should be investigated to improve the confinement at
high density.

From the viewpoint of the reduction of PWI, the
radiative divertor plasma induced by impurity seeding
to the divertor plasma is effective to reduce the steady-
state heat load on the target plates between ELMs [1-
3]. The particle and impurity exhaust by ELM is also
effective to reduce dilution. Nevertheless, results of JET
and DIII-D [11] predict that about 30% of pedestal
energy will be lost at each ELM. Such a large heat
pulse causes unacceptable erosion of target plates. On
the other hand, impurity seeding also affects ELM
frequency [12].

The radiation enhancement by argon seeding to the
main plasma was tried to reduce PWI with maintaining
improved confinement at high density in JT-60U. Effects

of argon seeding to the main plasma on energy con-
finement and PWI are described in Section 3.

2. Impurity transport in reversed shear plasma [5,6]

2.1. Evaluation of transport coefficients by gas-puffing
modulation

The gas-puffing modulation experiments using heli-
um and neon were performed in reversed shear and
ELMy H-mode plasmas with a plasma current of
I, = 1.0 MA, toroidal magnetic field of Br = 2.1 T and
the absorbed neutral beam power of Py =7 ~ 11 MW.
The confinement improvement H'TER® was 1.9 in re-
versed shear plasmas and 1.4 in ELMy H-mode plasmas,
respectively. The puffing rate of impurity gas was mod-
ulated as a square wave at 2 Hz. The time evolution of
helium and neon density profile was measured by charge
exchange recombination spectroscopy (CXRS) at 20
radial positions.

The time evolution of helium and neon density at
each position was weakly modulated at the frequency of
gas-puffing modulation. An amplitude and a phase delay
of modulated component are evaluated by least-squares
fitting. Furthermore, particle diffusivity D and convec-
tion velocity v are evaluated from the amplitude and
phase delay in density modulation. The detailed proce-
dure is described in [5].

Radial profiles of the particle diffusivity and the
convection velocity of helium and neon are shown in
Figs. 2 and 3, respectively. The diffusivity is significantly
reduced (~1/10) at the ITB region in reversed shear
plasmas. An inward pinch velocity of —3 m/s is also
observed at the ITB region.

2.2. Dependence of transport coefficients on ion charge
number Z

Transport coefficients of helium, carbon and neon
impurities have been compared. Diffusivity and con-
vection velocity at the ITB region in reversed shear
plasmas and at r/a = 0.5 in ELMy H-mode plasmas are
plotted as a function of charge number Z in Fig. 4.
Carbon is a dominant impurity and it is difficult to
separate the modulated component from the back-
ground when modulated methane gas-puffing is applied.
Therefore, transport coeflicients of carbon in reversed
shear plasma were evaluated from the time evolution of
carbon density profile.

The diffusivity seems to be independent of charge
number Z, but significantly reduced (~1/10) at the ITB
region in reversed shear plasmas. On the contrary, the
inward pinch velocity increases as Z increases. These
evaluated values are consistent with preliminary
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Fig. 2. [3] Radial profiles of the evaluated particle diffusivity D
and convection velocity v for helium impurity. Open and closed
circles show reversed shear and ELMy H-mode cases, respec-
tively.

prediction by neoclassical transport model within a
factor of 2 for helium and carbon.

3. Radiation enhancement experiments with argon seeded
ELMy H-mode plasma

3.1. Experimental setup and comparison between argon
seeding and D, fueling

Radiation enhancement experiments were carried out
by applying weak argon seeding and moderate D, fu-
eling to the main plasma in ELMy H-mode with neutral
beam power Pyg =17 ~ 21 MW, [, =12~ 1.7 MA,
Bt =2.5~3.5T and high triangularity (6 ~ 0.35) con-
figuration shown in Fig. 5.

An outer pumping slot was opened between a dome
and an outer target plate in 1999. Effective pumping
throughout increased from 13 to 16 m3/s by both-side
pumping. Moreover, the outer pumping can exhaust
particles through outer divertor for high triangularity
configuration as shown in Fig. 5, in which inner strike
point is too far from the inner slot for pumping.

Typical wave forms of argon seeded and only D,
fueled cases are compared in Fig. 6. The target plasma
conditions were Pyg =17 MW, 1.2 MA, Br =25 T,
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Fig. 3. [3] Radial profiles of the evaluated particle diffusivity D
and convection velocity v for neon impurity. Open and closed
circles show reversed shear and ELMy H-mode cases, respec-
tively.

qos ~ 3.3 (ger ~4.0) and confinement improvement
H'TER® \wag 1.6 ~ 1.8 at the density of ~0.457Y. Argon
gas was seeded at the density of ~0.4516V.

The top and second boxes of Fig. 6 show the fraction
of total radiated power P! and radiated power from
the main plasma PT™n to the net heating power
Pt ~Pr“;§i“ includes radiation losses inside the separatrix
and scrape-off layer (SOL) around the main plasma. In
the argon seeded case, the fraction of P™ enhanced
from ~20% to ~40%, and then it exceeded 50% and
caused radiative collapse after 8.5 s. The stored energy
wdiz > 2 MJ and H'TER® — 1 4 were also maintained up
to ~ 0.7V, Effects on radiation, edge pedestal, energy
confinement and ELM activity are described in Sections
3.2-34.

3.2. Radiation enhancement and comparison between low
and high toroidal field cases

The fraction of total radiation losses to the net
heating power in low toroidal field (Br =2.5 T) is
plotted against the normalized density in Fig. 7(a). The
radiation fraction reaches ~80% of heating power in
argon seeded cases. The large radiation fracion and di-
vertor detachment can be steadily maintained by using
feedback control of radiated power from main plasma
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Fig. 4. The dependence of the diffusivity and convection ve-
locity on charge number Z at the ITB region. Open corcles
show the values at »/a = 0.5 in ELMy H-mode plasmas and
closed one shows the value at the ITB in reversed shear plasmas.
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Fig. 5. Experimental setup and plasma configuration of argon
seeded ELMy H-mode. Hatched zone shows the sight lines of
bolometer for radiated power feedback control by argon puffing
rate.
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Fig. 6. Typical wave forms of argon seeded and strongly D,
fueled cases. Thick and thin lines show the argon seeded case
and the strongly D, fueling case, respectively. The line averaged
electron density normalized by Greenwald limit and the stored
energy W% are shown in the fourth and fifth boxes, respec-
tively.
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while improved confinement is maintained, because
Pméin increases linearly with argon puffing rate. The ra-
dial profile of radiated power shown in Fig. 7(b) indi-
cates argon enhances edge (0.7a ~ a) radiation more
than several times. However, total radiation losses inside
the separatrix remain <30% of absorbed heating power.
Therefore, radiative mantle does not degrade energy
confinement significantly.

On the other hand, radiation losses in the SOL and
the divertor are mainly enhanced in high toroidal field
(Bt =3.5 T, gos ~4.7). However, the electron density
and the radiation loss inside the separatrix hardly in-
crease in high By cases. Since the high toroidal field and
safety factor make the SOL thick and high temperature,
the fueling efficiency for D, and argon gases are prob-
ably reduced. Nevertheless, ELMs and the edge pedestal
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Fig. 7. (a) Radiation fraction of total radiated power to the net
heating power vs. line averaged electron density normalized by
Greenwald limit. Solid and open circles show argon seeded and
strongly D, fueled cases, respectively. (b) Radial profile of ra-
diated power density at 0.6nSW [14]. Plasma conditions were the
same as those of Fig. 6.

lose when argon penetrates into the main plasma and
enhances radiated power inside the separatrix. There-
fore, argon concentration and radiation losses can be
hardly controlled in high Bt cases.

3.3. Effects on the pedestal temperature and the global
energy confinement

Radial profiles of electron density and ion tempera-
ture in the argon seeded and the strongly D, fueled cases
are compared in Fig. §(a). Electron density profiles are
flat and similar in both cases. However, the ion tem-
perature in the argon seeded case is higher than in
strongly D, fueled case. Since stiff temperature profiles,
which are the evidence for an edge—core relationship,
have been also observed in D, fueled cases [13], it has
not been clear that high center temperature in the argon
seeded case is caused by confinement improvement at
the core region such as RI-mode. On the contrary, the
improvement of edge temperature seems to be related to
the ELM activity which is affected by argon seeding as
described in Section 3.4.
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Fig. 8. (a) Radial profiles of ion temperature 7, and electron
density n. at 0.6nSY [14]. Plasma conditions were the same as
those of Fig. 7(b). (b) Ion and electron temperature 7;, 7, and
electron density n, at the pedestal are plotted against the nor-
malized density. (c) The total and thermal components of stored
energy vs. normalized density.

The ion temperature profile at the edge pedestal in
other discharges was also measured under similar plas-
ma conditions. lon and electron temperature and elec-
tron density at the edge pedestal are plotted against
normalized density in Fig. 8(b). The argon seeded case
shown by solid symbols indicates smaller degradation of
edge ion temperature. On the other hand, not only the
height but also the width of pedestal decreases in the
strongly D, fueled case.

The thermal component of stored energy has been
evaluated from the result of transport analysis which
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agrees with measured temperature and density profiles
and neutron yield. Improvement in the total stored en-
ergy is mainly caused by the improvement of thermal
energy confinement as shown in Fig. §(c).

3.4. Effect on ELM activity

Argon seeding extends the period between each ELM
more than twice as shown in the bottom box of Fig. 6.
On the contrary, strong D, fueling increases ELM fre-
quency. These tendencies are consistent with the obser-
vation in an Ne seeded ASDEX-U plasma [12].

The surface temperature of target plates has been
measured by IRTV with the sampling time of 250 ps.
The heat load of each ELM on the outer target plate is
evaluated from the time evolution of the temperature
profile and is plotted as a function of the ELM fre-
quency in Fig. 9. It does not change significantly when
the frequency is divided by 3. Therefore, the energy loss
toward the outer target due to ELMs decreases by a
factor of 3. On the inner target plate, the peak temper-
ature at some ELMs exceeded measurable range of
IRTV and the heat load of each ELM cannot be com-
pletely evaluated. Therefore, it should be noticed that
the following discussion is limited on outer target plate
now. The reduction of the energy loss due to ELM
probably causes the improvement of edge temperature in
argon seeded caes, though the radiated power inside the
separatrix increases.
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Fig. 9. The heat load on the outer target plate by each ELM is
plotted as a function of the ELM frequency. The absolute value
of the heat load cannot be evaluated now, because the thermal
conductivity of carbon tile surface has large uncertainty. ELM
frequency rapidly reduced form ~150 to ~60 Hz during 0.5 s
just after argon seeding.

4. Conclusion

Transport coefficients of impurities in reversed shear
plasmas have been evaluated and compared with those
in ELMy H-mode plasmas. The diffusivity is signifi-
cantly reduced (~1/10) at the ITB region in reversed
shear plasmas. An inward pinch velocity of —3 m/s is
also observed at the ITB region. The inward pinch ve-
locity increases for higher Z impurities.

Advanced operation scenarios with the ITB such as
reversed shear plasmas are attractive for its high energy
confinement, but the improved particle confinement at
the ITB most likely caused impurity accumulation es-
pecially for high Z impurities such as a metal and seeded
argon for radiation enhancement. Therefore, the particle
transport at the ITB should be controlled to reduce the
dilution.

The effect of argon seeding to the main plasma has
been investigated in ELMy H-mode plasmas. The radi-
ation fraction of ~80% and the divertor detachment can
be steadly maintained by using feedback control of ra-
diated power from the main plasma in Bt = 2.5 T. Im-
proved confinement H'TER$ =14 and the clear edge
pedestal are maintained up to 0.72V by argon seeding.

The radiation losses are enhanced at not only in the
divertor but also in the edge plasma (>0.7a) and the
SOL. Nevertheless, the total radiated power inside
the separatrix remains <30% of the total absorbed
heating power before the confinement improvement
loses at >0.77% in By = 2.5 T. On the other hand, the
edge pedestal and ELMs lose when argon penetrates
into the main plasma and enhances radiated power in-
side the separatrix in By = 3.5 T.

Argon seeding maintains high plasma temperature in
the main plasma up to ~0.7n%V, but clearly peaked
density profile such as RI-mode has not been observed
yet. Since high center temperature has also been ob-
served in only D, fueled cases when edge temperature is
high, it has not been clear that high center temperature
in the argon seeded case is caused by confinement im-
provement at the core region due to seeded argon.
Transport analysis including argon seeding effect on ion
temperature gradient (ITG) mode is in progress under
the collaboration with Princeton Plasma Physics Labo-
ratory.

On the other hand, the high edge temperature is
maintained at high density by argon seeding in contrast
to the low and narrow edge pedestal in strongly D, fu-
eled cases. Argon seeding extends the period between
each type I ELM more than twice. On the contrary,
strong D, fueling increases ELM frequency and changes
ELM from type I to type III. The heat load of each ELM
on the outer target plate does not change when the ELM
frequency decreases by argon seeding. Therefore, the
reduction of energy losses toward the outer target due
to ELMs probably causes the improvement of edge
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temperature in argon seeded cases, though the radiated
power inside the separatrix increases.

Improvement of energy confinements time (~30%)
and temperature (~40%) by argon seeding has an ad-
vantage, though peaked density profile is not obtained
and deuterium density decreases ~15%. Averaged heat
load on the target including ELM heat pulse is reduced
by radiation enhancement, but the heat load due to each
ELM remains large. Therefore, the optimization of en-
ergy confinement, dilution and ELM activity should be
investigated now.
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