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Abstract. The W-shaped divertor of JT-60U was modified from inner-leg pumping to both-leg pumping. After
the modification, the pumping rate was improved from 3% with inner-leg pumping to 5% with both-leg
pumping in a divertor-closure configuration, which means both separatrixes close to the divertor slots. Efficient
helium exhaust was realized in the divertor-closure configuration with both-leg pumping. A global particle
confinement time of t*ye = 0.4 s and t*dt g = 3 was achieved in attached ELMy H-mode plasmas. The
helium exhaust efficiency with both-leg pumping was extended by 45% as compared with inner-leg pumping.
By using central helium fueling with He-beam injection, the helium removal from the core plasma inside the
internal transport barrier (ITB) in reversed shear plasmas in the divertor-closure configuration was investigated for
thefirst time. The helium density profilesinside the ITB were peaked as compared with those in ELMy H-mode
plasmas. In the case of low recycling divertor, it was difficult to achieve good helium exhaust capability in
reversed shear plasmas with ITB. However, the helium exhaust efficiency was improved with high recycling
divertor. Carbon impurity reduction was observed by the forced flow with gas puff and effective divertor

pumping.

1. Introduction

Control of helium (He) ash is one of the key issues in ITER-FEAT [1] and future
tokamak reactors, such as SSTR (Steady State Tokamak Reactor) [2]. ITER-FEAT is
designed to operate in ELMy H-modes or some other enhanced confinement regime for helium
ash exhaust. A detailed experimental database related to He level regulation and He ash removal
should be devel oped to contribute to the determination of the device size and to the evaluation
of themargin to ignition achievement. ELMy H-mode is attractive because of its capability of
steady-state operation and particle exhaust by MHD relaxation at the plasma peripheral region.

In previous helium exhaust studies on JT-60U with He beam fueling, good He exhaust
capability (t* ydt g = 4) was successfully demonstrated in ELMy H-mode plasmas with the W-
shaped divertor in steady state [3, 4]. The enrichment factor of He was estimated to be about
1.0, which is 5 times larger than the ITER requirement of 0.2. The enrichment factor of He
was defined by hy. = [PHd2Pp2]divI[NHe/Nelmain, Where [PHd2Pp2]div is the ratio of the He
neutral pressure to the deuterium neutral pressure in the divertor and [nHg/Ng main 1S the ratio of
the He density to the electron density in the main plasma. Helium transport in ELMy H-mode
and reversed shear discharges has been investigated [4, 5].

Reversed shear mode with ITB is attractive because of its high performance and a large
fraction of bootstrap currents in non-inductive current drive as one of advanced tokamak
operation scenarios for future steady-state tokamak reactors, such as ITER-FEAT. However,
helium ash exhaust from the revered shear plasmais amatter of concern. A previous study of



He exhaust in reversed shear plasmas using He gas puff indicated that helium removal inside
the ITB was 2 - 3times as difficult asoutside the ITB [4]. It isvery important to make clear He
exhaust characteristics of reversed shear plasma because of an enhancement of He particle
confinement.

The W-shaped divertor of JT-60U was modified from inner-leg pumping to both-leg
pumping in Nov. - Dec., 1998. After the modification, the pumping rate and the helium
exhaust efficiency was improved in a divertor-closure configuration. Helium exhaust
experiment was performed to investigate the efficiency of helium exhaust with both-leg
pumping in ELMy H-mode discharges. The influence of the pumping gap in a closed divertor
on deuterium and helium exhaust was investigated in Alcator C-Mod [6] and ASDEX-U [7]. In
this paper, the efficient helium exhaust in ELMy H-mode plasmas with the improvement of the
pumping rate, and helium removal from the core plasma inside the internal transport barrier
(ITB) in reversed shear plasmas are reported. Carbon impurity reduction by the forced flow
with puff and effective divertor pumping are aso reported.

2. Modification of W-shaped divertor

The W-shaped divertor of JT-60U was modified from inner-leg pumping to both-leg
pumping. In the W-shaped divertor of JT-60U, the outer exhaust slot, which has an aperture of
2 cm, was added to the existing inner one (with an aperture of 3 cm) as shown in Fig. 1(a). In
the case of inner-leg pumping, carbon fiber composite (CFC) tiles were used for divertor
plates, top tiles of the dome and baffling tiles at the divertor throat, and graphite tiles were used
for the other parts so far. Therefore, heat |oad to the dome bottom exceeded the limited surface
temperature 600°C of the graphite tilesin the configuration of the inner/outer separatrix close to
theinner/outer lots. The divertor configuration
had to be kept with the gap-in and gap-out > 3
cm (i.e. distances between the inner/outer
separatrix and the inner/outer slots).

With the modification of the divertor
pumping, al tiles of the dome were switched
from graphite to CFC to prevent the problem of

heat load to the dome bottom tiles. After this
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layer on the liquid helium cooled surface of three NBI cryopumps for divertor pumping
between successive plasma discharges by injecting a known amount of Ar gas into the port
chambers.

3. Improvement of Pumping Rate

Previous studies in W-shaped divertor with inner-leg pumping indicated that the private
dome and inclined target type divertor was successful in preventing the upstream transport of
hydrocarbons generated by chemical sputtering, thereby reducing the resultant carbon influx to
the main plasma [8]. The inner-leg pumping was effective in attached divertor because of
inboard-enhanced deuterium flux. On the contrary, it was not effective in detached divertor
plasma because of aremarkable increase in neutral pressure near the outer strike-point with no
pump. Actualy, the X-point MARFE onset density was dlightly reduced in the W-shaped
divertor with inner-leg pumping as compared to the open divertor without pump. With the
modification of the both-leg pumping, the onset density of the detachment as well as X-point
MARFE gradually increases up to 15% with increasing pumping rate. The pumping rate is
defined by the ratio of the deuterium particle flux exhausted with pumping to the deuterium
particle flux in the divertor, Roump= F pump
IF div-

Fig 1(b) shows the pumping rate as a
function of the gap with both-leg pumping and
inner-leg pumping in ELMy H-mode plasmas
a lp=1.5MA, B=3.5T, Pyg=12 MW. After
the modification to both-leg pumping, the
pumping rate strongly depends on the gap-in
and gap-out in L- and H-mode plasmas. sz) ' CR@m)
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Efficient helium exhaust was realized with He 2 3 4 5
beam injection of Pheng = 1.4 MW, which e (1019 m-3)
corresponds to He fueling rate of 1.5 = 1020 /s Fig. 3. The ratio of ©*pgt g as
(equivaent to 85 MW a heating) for 3 sinto ELMy H- a function of the line-averaged

mode discharges (Ip = LAMA, B =35 T, Pyg = 16  ©lectrondensity inthe main plasma.
MW, q95 = 4.0, Vp = 58 m3) as shown in Fig.2.

Divertor-closureconfiguration at the gap-in and gap-

out of 1 cm was kept constant for 3s. The line-averaged electron density in the main plasmais
Ne= 3.8~ 1019 m-3, which corresponds to 0.57 of Greenwald density limit, and the central
ion and electron temperatures are Tj(0) = 3.2 keV and Tg(0) = 3.0 keV in the ELMy H-mode
plasma. Deuterium gas of about 90 Pasm3/sis puffed to keep the electron density constant by a
density feedback control. The He concentration reached 2% of the electron density in the main
plasma and was kept constant for 2 s.

This indicates that the He source rate (equivalent to 0.6 Pam3/s) from the He beam
injection is balanced by the exhaust rate with He pumping. The electron density in the main
plasma has a broad profile and high edge density of ne = 2.5~ 1019 m=3 (r/a = 0.93). The He
density has the same profile as the electron density. In this discharge, t*He = 0.36 s and
t*Rdte = 2.8 with tg = 0.13 s and an H-factor (°t g/t g! TER-89P) = 1.2 were achieved, well
within the range generally considered necessary for successful operation of future fusion
reactors, such asITER-FEAT (i.e, t*pdte = 5).

The He exhaust capability was compared between both-leg pumping and inner-leg
pumping. The dependence of t* ye 0N Nein the divertor-closure configuration (gap = 0.5 — 1.0
cm) with both-leg pumping is amost same as the one with inner-leg pumping (gap = 3.5 cm).
However, the He exhaust efficiency was extended from t*pe = 0.67 s (Png=13 MW) with
inner-leg pumping to t* e = 0.36 s (Png=16 MW) with the divertor-closure configuration in
the higher density region. As a result, the He exhaust efficiency in the divertor-closure
configuration was extended by 45% as compared to the one with the inner-leg pumping.

Figure 3 shows the ratio of t* 4t g as afunction of the line-averaged electron density ne
inthemain plasma. The dependence of t*Hdt g on ne in the divertor-closure configuration is
also same as the one with inner-leg pumping. However, the He exhaust capability was
extended from t* gt g = 3.9 with inner-leg pumping to t* ¢t g = 2.8 with the divertor-closure
configuration in the higher density region.



In the He exhaust experiment, gas
puff and pump in the divertor-closure
configuration was characterized. The
particle recycling in the divertor was
enhanced with strong gas puff as shown in
Fig. 4 (b). Helium exhaust efficinecy was
improved with increasing particle recycling
in the divertor as shown in Fig. 4 (a).
However, the confinement performane in
ELMy H-mode plasmas degraded to H =
1.2- 1.3 with strong gas puff. In order to
keep higher eectron density thanne = 3.2 ~
1019 m3 in the divertor-closure
configuration, the required gas puff steeply
increases up to 120 Pa-m3/s, which is the
maximum gas puff rate. In the low
recycling, good He exhaust capability was
not achieved. The enhancement of divertor
recycling with no confinement degradation
is a key point in the He exhaust
experiments.

5. Helium Removal in Reversed Shear

In reversed shear modes, the electron
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Fig. 4. (a) The D2 gas puff rate required to
keep the line-averaged el ectron density.

(b) The deuterium flux in the divertor from Da
line as a function of the line-averaged electron
density.

Plasmas

density in the central region is peaked and the

confinement is remarkably enhanced inside the internal transport barrier (ITB), which is

formed near the position of minimum q.
Electron density, electron temperature and
ion temperature profiles (ng(r), Te(r), Ti(r))
inside the ITB are peaked in JT-60U [9].
Recently, the dtationary reversed shear
discharges with H-mode edge was
successfully obtained.

Helium removal from core plamsa
inside the ITB in reversed shear discharges
was investigated with both-leg pumping.
Figure 5 shows the time evolution of helium
exhaust experiment in reversed shear
discharge (lp=1.0MA,By= 35T, d=0.33
and Png = 7 - 10 MW) by injecting neutral
beam of 60 keV helium atoms into the core
plasma inside ITB as central fueling of
helium for the first time. In this discharge,
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Fig. 5. Typical time evolution of the electron
density, the fueled D2 gas puff rate, He-NB and
total injected NB power, Da intensities in the
divertor, the stored energy and the helium density
at r/a= 0.4in an reversed shear plasma.



the residence time of He density at r/a <
0.4insidethelTB ist = 5.2 s, while the
resdencetimeat r/a> 0.6 near the ITB is
t =3.1s. Thereversed shear plasmahad
good confinement peformance with H =
24 and by = 1.44. The He residence
time inside the ITB is longer than that
outside the ITB. If the residence time of
theHe density inside the ITB is assumed
asthelocal t*yg theratio of t*ydt g was
estimated to be 15. Theincrease in helium
density inside the ITB was faster than
outside the ITB and helium density profile
was gradually peaked. Helium exhaust in
reversed shear plasmas in high
triangularity configuration was
unfavorable to He removal because of
only outer-leg pumping. Usualy, an
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inboard-enhanced D flux profile was
observed in JT-60U.

Fig. 6. (a) The H-factor and (b) The ratio of
T He /T IN RS plasmas with the ITB as a

function of the deuterium flux in the divertor.

So, helium exhaust in reversed
shear plasmas with high recycling in a

divertor closure configuration as well as ELMy H-mode plasmas was addressed. In order to
improve the He exhaust efficiency in the core plasma, particle recycling flux was enahanced by

D2 gas puff and a shallow pellet injection. Figure 6
shows (@) the H-factor of reversed shear plasmas
and (b) the ratio of t*pdtg as a function of the
deuterium flux in the divertor, where t*pe Is
derived on basis of the particle balance from the total
He particle number. The confinement performance
of reversed shear plasmas with the ITB deteriorated
with increasing the deuterium flux. While the ratio
of t*Hdte was reduced with increasing the
deuterium flux. The He exhaust efficiency was
improved with high recycling divertor. In the
highest recycling case (H = 1.2), the ratio of
t*HdtE = 8 was achieved. It is possible that good
He exhaust efficiency with high recycling divertor in
aclosed divertor coexistes with good confinement.
In the W-shaped divertor of JT-60U, the
degradation of confinement performance with gas
puff is remarkable as compared to DIlI-D and JET.
A previous study of particle transport
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Fig. 7. The calculated He density

profiles (a) with ITB and (b) without ITB
in the case of the transport coefficient
estimated in the gas puff modulation
experiment [5] as a function of pumping
rate.



indicated that the particle diffusivity around nopump  pump pump
the ITB was reduced by a factor of 5-6 —— T

=
compared with the inside and outside regions £ OZ 4 i AL l

in the reversed shear [5]. A transport analysis £, o 2| :

was carried out to assess the helium exhaust < 8 - :
propertiesinsidethe ITB. A one-dimensional, O ————— —
time-dependent, impurity codeisemployedto 3 - i i "___":"-
caculate helium ion density. The radial O8] gwp=6cm-+> 2cm
diffusion coefficie D(r) an the the convective o
velocity v (r) are estimated from the results of - :

gas puff modulation experiments. Figure 7 % 3 i %
shows the calcul ated He density profiles with N2 Bnertegpumping. 1L

ITB and without ITB. The He density has a p1) IR bt Ll

oo : 0O 20 40 60 80 100
peaked profile with ITB. The He density was Gas puff rate (Pam3/s)

reduced with increasing pumping rate as well Fia 8 Thed densitv. the CIl _

- - ig. 8. The electron density, the ClI intensity
asthe one without ITB. Helium removal from  ,%he divertor, impurity level as a function
the core plasma inside ITB is possible with  of gaspuff rate for the main plasma.
sufficient pumping rate.

6. Impurity reduction

Impurity shielding (friction force) with high-density divertor and plasma flow with puff
and pump are essentia to reduce impurity level in the core plasma. The carbon impurity level in
the core plasmas was reduced from Zg¢ = 3 - 2.6 with inner-leg pumping to Zgs = 2.6 - 2.3
with both-leg pumping at the gas puff rate of 40 - 70 Pam3/sin ELMy H-mode discharges (I1p
=12MA,Bt=25T, Pyg = 18 MW) as shown in Fig. 8. The C Il intensity in the divertor
with both-leg pumping is larger than that with inner-leg pumping at the same electron density.
However, the impurity level with both-leg pumping was lower. Plasma flow with puff and
pump (impurity shielding) at the outer divertor may be contributed.

In the case of inner-leg pumping, the X-point MARFE onset density was found to be
Ne/NCr = 0.50 [10]. The onset density increased up to N/nGr = 0.63 with both-leg pumpingin a
divertor-closure configuration. The onset density strongly depended on the impurity level. The
Zgf < 1.5 was obtained in the case of the higher onset density.

7. Conclusions

The W-shaped divertor of JT-60U was modified from inner-leg pumping to both-leg
pumping. After the modification, the pumping rate was improved up to 5% with both-leg
pumping in a divertor-closure configuration from 3% with inner-leg pumping at the high
density region. In steady state, efficient helium exhaust was realized in a divertor-closure
configuration with both-leg pumping in ELMy H-mode plasmas. A global particle confinement
timeof t*ye= 0.36 sand t*ydt g = 2.8 was achieved in attached plasmas. As a result, the He



exhaust efficiency in the divertor-closure configuration was extended by 45% as compared to
the one with the inner-leg pumping.
Helium exhaust characteristics of reversed shear plasmas has been studied by using He-

NB injection in the W-shaped divertor of JT-60U. The helium density profiles inside the ITB
were peaked as compared with those in ELMy H-mode plasmas.  In the case of low recycling
divertor, it was difficult to achieve good helium exhaust capability in reversed shear plasmas
with ITB. However, the helium exhaust efficiency wasimproved with high recycling divertor.
Helium removal from the core plasmainside ITB is possible with sufficient pumping rate by
the He transport analysis.

Carbon impurity reduction was observed with gas puff and effective divertor pumping.
Carbon impurity level was effectively reduced with both-leg pumping.
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