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Abstract

Modification of the divertor to a W-shaped pumped divertor and installation of pumping has enabled demonstration
of the ‘puff and pump’ effect in injected neon, albeit the pumping speed was modest (~14 m3/s). It was demonstrated in
ELMy H-mode plasmas with Pyg < 25 MW that neon seeding and pumping was useful to control the radiation profiles
in the main and divertor plasmas, while the large radiation loss from the divertor MARFE was sustained. It was
suggested that the neon enrichment in the divertor plasma, which was enhanced by the main D, puff, effectively im-
proved the pumping efficiency of neon. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Impurity gas injection facilitates radiation profile
control in the divertor and main plasma by choosing the
amount and atomic numbers of the impurity gas. In the
reactor grade devices such as ITER, it is expected that
carbon composite targets will be used and that a large
portion of power will be dissipated by carbon radiation
in the SOL and divertor plasma. Therefore a technique
for radiation profile control in the presence of both
seeded impurities and carbon must be established in
existing large tokamak devices, such as JT-60U.

It was in ELMy H-mode discharges of JT-60U [1,2]
that D, injection following neon injection effectively
promoted dense and cold divertor plasma and triggered
the divertor detachment and divertor MARFE. We refer
to ‘divertor detachment’ as the plasma detachment at
both the inner and outer divertor striking points in this
paper. Since radiation loss peaks near the X-point [3], a
divertor MARFE is often called as an X-point MARFE.
Radiation loss increased to 70-80% of the input power
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when a divertor MARFE was established. However it
was difficult to control the neon content in the main
plasma, since neon was recycling between the main
plasma and the first wall. In May 1997, modification of
the divertor to a W-shape and the installation of divertor
pump [4] were completed to address the advanced con-
trol of divertor plasmas. Dynamic control of the radia-
tion profile by controlling neon content is now possible.
This paper describes the radiative divertor experiment
by neon seeding for the purpose of controlling radiation
profiles in the main and divertor plasmas in the W-
shaped pumped divertor of JT-60U.

2. Divertor modification and experimental set up

The semi-closed structure of the W-shaped divertor is
expected to have better neutral confinement in the di-
vertor region and to facilitate high recycling in the di-
vertor. Neutral particles, escaping through the pumping
slot at the bottom of the inner divertor, are then guided
under the dome and the outer baffle toward one of the
three cryopump systems. These cryopumps used to be a
part of the NBI system before this divertor modification.
Pumping speed from the three pumping ports is esti-
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mated to be 14 m’/s for deuterium gas. There is no
pumping slot at the outer divertor. Two gas puff posi-
tions were set for the divertor experiments. One was the
main puff position which was located at the top of the
vessel. The other was the divertor puff position, in which
gas was injected through the pumping slot to the di-
vertor region.

The bolometer arrays were used to measure radiation
loss from the main and divertor plasmas and the VUV
spectrometer was used to measure Ne X (1.21 nm) in-
tensity in the main plasma. The 60 ch fiber optics with
interference filters, of which chords was used to measure
profiles of C II (657.8 nm), C IV (580.1 nm), D, (656.1
nm) and Ne I (640.2 nm) in the divertor plasma.

The amount of neutral recycling in the divertor,
®paiv, and around the main plasma, ®pmin, are estimated
from an integrating signal from an ar;ay of D, diodes
viewing the main and divertor plasmas, respectively.
Details are described in Ref. [5].

3. Neon exhaust and radiation profile change during the
divertor MARFE

The radiative divertor experiment with the W-shaped
divertor was carried out by applying a pulsed neon gas
puff and intense D, puff to ELMy H-mode plasmas with
Pnp=20-25 MW, [,=1.2-1.5 MA and Br=35T in
JT-60U. Neon gas was injected in a pulse typically 0.8
Pa m*/s x 0.4 s) from the divertor puff position. Deute-
rium gas was injected continuously during NB heating
phase from the main and divertor puff positions. We call
the former ‘the main D, puff’ and the latter ‘the divertor
D, puff’. From the calculation of the conductance to the
divertor and cryopumps, it is estimated that 30% of the
divertor D, puff is pumped out without entering the
divertor region.

Fig. 1 shows the typical wave forms in this experi-
ment. The neutral beam power of Png =25 MW was
applied to the target ELMy H-mode plasma with
I, =12 MA and Br =3.5T. The plasma equilibrium in
the divertor region was fixed in most of the discharges,
as shown in Fig. 2(a). Radiation loss from the divertor,
P increased after neon injection as Ne X intensity
increased. However radiation loss from the main plas-
ma, P& was increasing after the main D, gas puff at
t=7.1s. An additional boost of P% started at t="7.8's,
the when the divertor MARFE started. Radiation loss
from the divertor was gradually increasing up to P3y ~
12 MW at the end of the main D, puff. The divertor C II
intensity has a similar wave form with P%}. A decay of
Ne X intensity indicates that the neon was pumped out
from the main plasma at the time constant of 1.2 s.
Radiation loss from the main plasma was also decreas-
ing, while Ne X was decreasing. However, total radia-
tion loss was unchanged after t = 8.1 s, the time when
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Fig. 1. Typical wave forms in this radiative divertor experiment.
The neutral beam power of Pyg =25 MW was applied to the
target ELMy H-mode plasma with /, =1.2 MA and Br=3.5T.

the divertor detachment was completed. In this paper,
we refer the divertor detachment as the partial detach-
ment in which the plasma detaches at both the inner and
outer strike points of the separatrix. Decrease in the P4y
was compensated by increase in P4Y after 7=8.1 s. The
divertor MARFE was sustained until the end of the
main D, puff, while the radiation profile was gradually
changing. During this period, the radiation loss from the
edge plasma was decreasing and the radiation loss
around the X-point was increasing.

Fig. 3 shows the relation between 6P, the incre-
mental radiation after neon injection, the Ne X intensity
for a discharge with only neon gas puffing (shot 29359)
and a discharge with neon gas and main D, puffing (shot

29362). Here 6PY is defined as

rad
0P (1) = Pag (1) — Pig (),

where ¢, is the time when Ne X intensity started to in-
crease. As is shown in Fig. 3, P4Y is coupled with Ne X
intensity and enhanced by the main D, puff. Another
important point in this figure is that P4} decrease only

by 35% in the later phase of the discharge without D,
puff, since neon was hardly pumped out in the discharge.

4. Reduction of neutral back flow to the main plasma

It was demonstrated that neon puffing significantly
reduced neutral back flow to the main plasma at the
divertor detachment. In Fig. 4(a), the trajectory of P!
is plotted against (I)Dm.m, the main plasma recycling level,
until the divertor detachment for shot 29362 and shot
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Fig. 2. The plasma equilibrium in the divertor with (a) the large
gap and (b) the small gap.

31037. In shot 31037, only a main D, puff was applied.
Total radiation loss from both the divertor and main
plasma, P was almost same in the two discharges at
the divertor detachment. In Fig. 4(b), trajectory of P4y
is plotted against @, the divertor plasma recycling
level at the inner dive;tor, for the same discharges. In the
discharge with neon seeding,one half of the total radia-
tion loss came from the main plasma when the divertor
MARFE was triggered in shot 29362 and 7 MW of Pdy
was enough as shown in Fig. 4(b). However, in the
discharge without neon seeding, Pr‘:gi“ was as low as 3
MW and P must be increased up to 10 MW for the
divertor detachment. In order to obtain such a high
radiation power from the divertor, 50 Pa m?/s of main
D, gas puff rate was needed at the time when the di-
vertor MARFE started. This intense gas puff in shot
31037 resulted in larger @pimwena by a factor of five and
larger neutral back flow, diDtnam, by a factor of three than
those in shot 29362. Since“<15Dmm was larger than the
main D, gas puff rate by a factor of three, ionization of
the neutral back flow from the divertor dominated the

recycling level in the main plasma. In other words, neon
injection reduced impacts on the main plasma by neutral
back flow by a factor of three.

5. Peakedness of radiation power density near the X-point

It has been observed that radiation power concen-
trates near the X-point [3], when the divertor MARFE
has established. From an engineering point of view,
peakedness of radiation power density near the X-point
must be controlled, since it is expected that the first wall
facing the X-point will receive huge radiation power in a
small surface area in fusion reactors. In ITER, for ex-
ample, the heat load to the first wall must be lower than
5 MW/m?. Therefore, uniformity in radiation loss in the
divertor plasma must be improved. It was found that
neon seeding was useful to suppress concentration of
radiation power near the X-point during a divertor
MARFE. In Fig. 5, peakedness of radiation loss is
plotted against fraction of Prd;g to Png. Peakedness of
radiation power near the X-point is defined by the ratio
of the radiation power density at ch 40 and ch 41 chords
of the bolometer, i.e., P.g (40 ch)/P.,q (41 ch). The ch 40
chord is 2.5 cm apart and the ch 41 chord is 6 cm apart
from the X-point in the outer divertor, respectively.
Data points in this figure were sampled every 50 ms from
different type of discharges during the divertor MARFE
phase in which P! exceed 70% of NB power. Strong
peaking of the radiation loss was observed above
PYY/Pup = 0.7. As shown in this figure, neon seeding
provided a wide range of operations during the divertor
MARFE phase. If P /Py was controlled below this
critical value over the whole period of the divertor
MARFE, concentration of radiation power near the X-
point was suppressed, as observed in shot 29362. In shot

t=6.8-9.0s

4 T T T T T
Neon + main D (shot 29362)

spradmai" (Mw)

Ne X intensity (AU)

Fig. 3. Trajectory of the incremental radiation loss in the main
plasma as a function of the Ne X intensity in the discharge with
only neon gas puffing (shot 29359), and in the discharge with
neon gas and the main D, puffing (shot 29362).
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Fig. 4. (a) Trajectory of P plotted against the main plasma
recycling level for the discharge with (shot 29362) and without
(shot 31037) neon seeding. (b) Trajectory of P4 plotted against

the divertor plasma recycling level at the inner divertor, for the
same discharge with (a).

31015, Pmain was lower than that in shot 29362 and PY}
was larger than that in 29362 because of the different
particle recycling and gas puff scenario. When P /Py
reached to 0.7 in a later phase of shot 31015, concen-
tration of radiation power to the X-point was triggered
and completed in about 150 ms, three samples in this
figure. Without neon seeding (in shot 31037), operation
range for less peaked radiation power density was very
narrow. In those discharges, the peaking was often
triggered by a sudden fault of one neutral beam which
resulted in Py /Pyp > 0.7. The radiation power in the
divertor could not decrease quickly enough to follow the
sudden decrease of beam power.

6. Pumping efficiency of neon
Pumping efficiency of neon is characterized by ex-

ponential decay time of neon content in the main plas-
ma. Here we represent the neon content by the Ne X

O Neon and Main Dy, Pyg = 25 MW (shot 29362) | 7|

OO0 Neon and Main D,, Pyg = 22 MW (shot 31015) 1

€ Main D, only, Pyg = 24 MW (shot 31015)

X Neon and Main Dy, Pyg = 13 MW (shot 31013)
01||||||||lll|ll|||||1|||
0.3 0.4 0.5 0.6 0.7 0.8

div
Prad / PNB

Fig. 5. Peakedness of radiation loss around the X-point during
the divertor MARFE phase is plotted against PY/Pyp in the
various discharges.

intensity measured by VUV spectroscopy. Both the
main puff position and divertor puff position were used
for D, puffing in order to study the effects on neon
pumping. It was observed that neon decay time was
effectively reduced by additional D, puffing. Decay time
constant, Teon, was reduced to ~1 s in both the main and
divertor D, puffs, while the required D, puff rate was
different. For the main D, puff, 20 Pa m?/s of gas puff
rate was required and 40 Pa m’/s for the divertor D,
puff, as shown in Fig. 6. In the discharges with I, =1.5
MA and Br=3.5 T, tpon 1S shown as a function of

lp=15MA/By=3.5T, attached divertor
——

10— ——— 7
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Fig. 6. Tpeon in the discharges with I, =1.5 MA and Br=3.5T
is shown as a function of @puveu, total particle flux to the inner
divertor.



K. Itami et al. | Journal of Nuclear Materials 266-269 (1999) 1097-1102 1101

Dpyimeara, total particle flux to the inner divertor. In this
ﬁgﬁre, Tneon Was calculated during the attached divertor
phase. While it is estimated that 70% of the divertor D,
puffis introduced to the main chamber, this figure shows
that the main D, puff reduced neon decay time slightly
better than the divertor D, puff.

7. Geometrical effect of the divertor configuration

In most of the discharges during this experiment, the
separatrix at the inner divertor was fixed at the position
where the slot-separatrix distance, dg,p, was 7.5 cm, as
shown in Fig. 2(a). This divertor configuration might
not be the optimum for impurity exhaust. Since ‘escap-
ing aperture’ for neutrals increases as the inner sep-
aratrix approaches the pumping slot, the maximum
pumping efficiency is expected at the minimum d,,, from
geometrical considerations.

Neon and D, puffs were applied to the ELMy H-
mode discharges in which dyp, =2 cm and the other
parameters are almost same. The divertor configuration
in the discharges with the small gap is shown in
Fig. 2(b). The prediction about tneon was confirmed
when no additional D, puff was applied. The neon decay
time 7,0, Was 2.3 s in the discharge with the small gap,
smaller by a factor of 3.5 than that in the discharges with
the large gap. However, Tpeo, With the small gap was not
so much improved as the discharges with the large gap,
when the main D, puff was applied. The neon decay time
Tneon = 1.6 8 at 1.5 x 10% s7! of @pjmowa Was even worse
than 7,.,, with the large gap. ’

We encountered difficulty in the discharges with the
small gap in increasing the radiation loss from the main
and divertor plasmas. The discharges with the small gap
had lower P%} /Py than that in discharges with the large
gap. And 3P™in as a function of Ne X intensity, was
found to be smaller by a factor of three than the dis-
charges with the large gap. Therefore, it was impossible
to increase the total radiation power up to about 40% of
the input power to trigger the divertor MARFE and
divertor detachment, even if neon gas injection was in-
creased up to fivefold and the main D, injection was
doubled.

8. Discussions

It has already been investigated in the tokamaks with
divertor pumping, such as ASDEX-U [6], DIII-D [7] and
JET that pumping efficiency of neon was enhanced by
additional D, gas puffing. This is the so-called puff and
pump effect. The following three effects are expected to
enhance the impurity exhaust. (1) Drag force to impurity
ions toward the target by SOL flow, (2) high recycling
effect and (3) ejection by ELM activity. However there is

a controversy about the major contributor for the en-
hancement. DIII-D obtains the most effective impurity
pumping when the divertor separatrix is close enough to
the pumping opening and D, puff is applied from the top
of the plasma. However ASDEX-U found that no sig-
nificant difference by gas puff location and pointed out
the pumping efficiency of neon increase with increasing
divertor particle flux. The result in JT-60U shows the
importance of the recycling level as is indicated by AS-
DEX-U. However, the effect of the gas puff location was
also observed as in DIII-D.

The neon decay time t,.,, in the discharges with the
large gap decreased significantly with increasing divertor
recycling level, while 7., in the discharges with the
small gap was improved only slightly. Fig. 7(a) shows
time traces of Ne X intensity in the discharges with the
large and small gap. In both the discharges, the same
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Fig. 7. Time traces of Ne X intensity in the discharges with the
large and small gap. Time traces of divertor enrichment of neon
in the discharges with (a) the large gap and (c) the small gap.
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neon injection 0.8 Pa m?/s x 0.4 s from ¢ =6.5 s) and the
same main D, puff rate of 20 Pa m?/s were applied. In
the discharge with the large gap, Ne X intensity in-
creased rapidly and reached the maximum value larger
than that with the small gap by 30%, probably due to
poorer shielding to neon. However, neon was effectively
pumped out in the later phase and Ne X intensity de-
creased to the level below that in the discharge with the
small gap.

The ratio of I(Ne I)/I(Ne X) was used as the divertor
enrichment of neon and was compared between dis-
charges with the small gap and large gap. Here I(Ne I)
was obtained by integrating Ne I profile over the di-
vertor area. In Fig. 7(b) and (c), time traces of the di-
vertor enrichment of neon are shown for the discharges
with the large and small gap. When no D, gas puff was
applied, both discharges have the same value of en-
richment. However, the divertor enrichment of neon was
significantly enhanced with the main D, puff in the
discharge with the large gap. The enhancement was a
factor of two in the later phase of the discharge in shot
29363. In the discharge with the small gap, the main D,
puff enhanced the divertor enrichment of neon only by
30%. These results may be interpreted as follows. The
first, geometrical effect dominated the neon exhaust
when no gas puff was applied. The second, improvement
of the divertor enrichment of neon by the main D, puff
effectively reduced 7,0, even if the geometric aperture
for neutral particles was poor.

9. Conclusions
For the purpose of controlling radiation profiles in

the main and divertor plasmas, radiative divertor ex-
periments were carried out with W-shaped pumped di-

vertor of JT-60U. A pulsed neon gas puff and intense D,
puff was applied to ELMy H-mode plasmas with
PNB =20-25 1\/IW7 IP: 1.2 to 1.5 MA and BT =35Tin
JT-60U. D, gas puff enhanced pumping efficiency of
neon content in the main plasma and reduced radiation
loss from the main plasma. However the total radiation
loss was unchanged and divertor detachment was sus-
tained. Therefore the radiation profile control was suc-
cessful during the divertor MARFE.

Peaking of radiation loss at the X-point was sup-
pressed during the divertor MARFE, when PY) /Py was
below 0.7. Neon seeding and pumping enabled opera-
tion such that P was larger than 70% of the input
power without peaking of radiation power near the X-
point.

Geometry to the pumping slot dominated the neon
exhaust when no gas puff was applied. However, im-
provement of the neon enrichment caused by D, puff
effectively reduced 7,., even if the geometric aperture
for neutral particles was small.
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