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Abstract

Effects of the divertor pumping on the SOL plasma flow and neutral recycling were investigated under high density
and detached divertor conditions, using reciprocating Mach probes at the outer midplane and just below the divertor
x-point. For the divertor pumping from inner and outer sides of the private dome (both-sides pumping), plasma flow in
the outer divertor was increased compared to that for the inner-side pumping case (i.e., closing the outer pumping slot)
when the plasma detachment appeared on the divertor target. Partially detached plasma was maintained at the inner
and outer divertor without causing x-point MARFE, and in—out symmetrical profiles of D, brightness and ion flux
were observed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Control of the plasma flow in the scrape-off layer
(SOL) and divertor, using a divertor pumping system, is
considered important because of its implications for the
helium exhaust and impurity retention in the divertor
[1]. Understanding effects of the divertor pumping on
the SOL plasma and neutral recycling is a critical issue
to design the divertor geometry and pumping system
efficient for a tokamak reactor. Experimental results
have been obtained in various divertor geometries and
pumping slot locations [2-5]. However, there were few
measurements of the SOL plasma flow with changing
divertor pumping rate, and the effect on the plasma flow
pattern is not understood.

In JT-60U, a pumping slot in the outer side of the
W-shaped divertor was opened since 1999, and pumping
from the private flux region in the inner and outer div-
ertors (both-sides pumping) has been used to increase
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effective pumping rate for high density and detached
divertor operations. In this paper, the SOL plasma flow
for the cases of gas puff at plasma top and pumping at
the down-stream side (divertor private flux region) is
investigated using the reciprocating Mach probes in-
stalled at two important locations (i.e., the outer mid-
plane and the x-point) [6]. Effect of bypath between the
inner and outer divertors under a dome on the particle
recycling is also studied.

2. Plasma flow in SOL and divertor

Profiles of electron temperature (7;) and ion satura-
tion current (j;) in the SOL were measured in the L-mode
plasmas, where [, = 1.6 to 1.7MA, B, =3.5T, qos = 3.5
and the ion VB drift direction towards the divertor. The
direction of the plasma flow along the field lines is de-
duced from the ratio of j; at the down-stream side (di-
vertor side) of the Mach probe to j; at the up-stream side
(midplane side), i.e., jsdown/Jsup- A value lower than unity
indicates a normally directed flow from the up-stream to
the down-stream location along the field lines. A value
larger than unity corresponds to a flow directed away
from the divertor (i.e., ‘flow reversal’).
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Fig. 1. Ratios of ion saturation current at midplane, and near
the x-point, for the inner-side pumping (squares) and the
both-side pumping (circles). For this experiment, 7. =
1.8 x 10" m™3. Profiles for the x-point Mach probe are mapped
to the same field lines at the midplane radius.

Profiles of j; ratios at the midplane and just below the
x-point, /™3 /™4 and ji§ | /j*P . are shown in Fig. 1.
The profiles for the both-sides pumping are compared
with those for the inner-side pumping alone, where the
pumping slot in the outer divertor (at the down-stream
of the probe) is closed. The profiles of j; ratio are
comparable both at the midplane and near x-point for
the relatively low main plasma density, 7.: flow reversal
occurs at the midplane, while the plasma flows from the
x-point to the divertor plate. A mechanism to produce
the flow reversal at the midplane has been proposed
based on the in—out asymmetry in the ion poloidal drift
velocity in a torus [7], and the model is consistent with
the experimental results, i.e., the flow reversal is de-
creased at high density. Plasma flow near the x-point is
driven towards the divertor target, which is a plasma
sink under attached divertor conditions.

The js ratios at 5 mm outer from separatrix are
shown versus increasing 7, in Fig. 2. With increasing 7.,
the flow reversal at the midplane decreases and the
pldsma flow just below the x-point increases (i.e.,
i down/Job, decreased) under conditions in which the
attached plasma is maintained at the x-point
(1. <2.55 x 10" m™3). For the both-sides pumping, the
divertor plasma flow tends to increase at high density of

= (2.0-2.55) x 10" m73, i.e. jfdown/jf{jp of 0.02-0.03
is smdller than j; down/]fgp ofO 05-0.06 for the inner-side
pumping alone. At the same time, small reduction of the
reversal flow is observed at midplane. In these experi-
ments, the gas puff rate is determined by feed-back
control to maintain the pre-programmed density. The
rate is increased up to 22-25 Pa m?® s~!, which is com-
parable for the two cases. These facts suggest that the
increase in the plasma flow at the divertor by the both-
sides pumping is relatively small so that the plasma flow
pattern in the main plasma edge does not change. The
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Fig. 2. Ratios of jmd / f;“l;f, and /i3, /j*0 near the separatrix
as a function of 7, for the inner-side pumping (squares) and the
both-sides pumping (circles). These for both-sides pumping
slots but without divertor pumping (pump-off) is shown by gray

circles.

ion poloidal drift rather than the parallel flow may
produce net plasma flow at the main plasma edge. An-
other candidate is that the increment of the plasma flow
at the outer divertor is compensated by a reduction in
that at the inner divertor.

3. Pumping effect on divertor detachment

Electron pressure profiles at the up-stream and
down-stream of the outer divertor, p}®, pfiy . and at the
inner divertor, p  are shown in Fig. 3 with increasing

fi. from 1.8 x 10" to 2.8 x 10" m~? for the both-sides
pumping. Improvement of the divertor operation is
observed for the both-sides pumping case: partially de-
tached plasma at both divertor targets without causing
the x-point MARFE (and plasma detached below the
Xx-point) is maintained as shown by closed circles, pro-
viding that 7. is kept in the adequate range of
(2.3-2.55) x 10" m~3. Greenwald density fraction,
ii./n", corresponds to 0.46-0.52, where n%" x 102 m—3
= I,/na; [MA m ] and a, is the minor radius at the
midplane. For the inner divertor pumping, plasma de-
tachment at both divertor sides is observed only at
e ~ 2.45 x 10" m~, and the x-point MARFE appears
at higher 7..

Values of pfP and 2pd =~ at the separatrix for the
both-sides pumping case are compared to those for the
inner-side pumping case in Fig. 4. With increasing 7.
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Fig. 3. Electron pressure profiles: (a) below the x-point; (b) at
the inner divertor; and (c) at the outer divertor for the three
cases: attached divertor, detached divertor on the inner and
outer targets, and during x-point MARFE. For these experi-
ments, 77, = 1.8, 2.4 and 2.75 x 10" m™3, respectively. Profiles
of (a) and (b) are mapped to the same field lines at the outer
target.
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Fig. 4. Comparisons of: (a) p!?; (b) 2p&¥  at the outside sep-

aratrix as a function of 7, for both-sides pumping (circles) and
inner-side pumping (squares).

from 2.38 x 10" to 2.55 x 10" m™3, TX? decreases from
~60 to 10-30 eV, while pP is maintained at 230-340 Pa.
These values are comparable for the inner-side and

both-sides pumping cases. In contrast, 2pd'gu for the
both-sides pumping case decreases to (0.01-0.02)pP,
i.e., plasma detachment occurs at the target plate. The
ratio is smaller than 0.05-0.1 for the inner-side pumping
case. The difference of 2p® /p*P is mostly due to a
large reduction in the ion flux at the divertor, while 74"
of ~5 eV is comparable.

The larger plasma flow below the x-point for the
both-sides pumping, compared to that for the inner-side
pumping at the same 7., is produced by larger reduction
in pd¥ . Neutral source at the separatrix is presumably
reduced by the divertor pumping from the private flux
region. The larger reduction in pd is also observed
during the x-point MARFE, where 'TEX P decreases to 3-4
eV and the detachment region extends to the up-stream
(x-point), and at the same time extends to the outer flux
surfaces (width of ~1.5 cm at the target) as shown by
open circles in Fig. 3.

The neutral density in the private flux region is in-
creased by gas puff from the divertor (divertor-puff).
Fig. 5 shows comparison of jXP ratio for the cases of gas
puff from the main plasma top (main-puff) and the di-
vertor-puff at the same 7, of 2.75 x 10" m~3. Plasma
detached near the separatrix (0-30 mm) during x-point
MARFE, where ;{7 and T profiles are identical for

the two cases. Values of j\h  in the private flux and
separatrix for the divertor-puff are by a factor of two
larger than that for the main-puff case, and the flow
reversal extended to the x-point. The plasma pressure
at the down-stream increases due to the divertor-puff.
This is consistent with the neutral pressures measured
with fast ion gauges at the private flux region [8].
Neutral pressures at inner-side dome, outer-side dome
and dome top are 1.7, 2.5 and 0.32 Pa for the di-
vertor-puff, respectively, which are larger than those
for the main-puff (i.e., 1.2, 1.6 and 0.18 Pa, respec-
tively). Since plasma detachment extends to the x-
point and to the outer radius, neutral density at the
dome top is increased proportional to those at the
dome sides.
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Fig. 5. Comparisons of j*? ratio for gas puff from main plasma
(circles) and private flux region (squares). The measurements

are taken during the x-point MARFE, and 7. =2.75x
10Y m~* during both-sides pumping.
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Fig. 6. Recycling fluxes in the inner and outer divertor, qf'?)“ n
and (de " for both-sides pumping (circles), inner-side pumping
(squares) and pump-off cases (triangles). Attached divertor
(including inner divertor detached), both-sides detached diver-
tor and during x-point MARFE are shown by open, gray and
black symbols, respectively.

4. In—out asymmetry in divertor recycling

In—-out asymmetry in the particle recycling is com-
pared in order to investigate effect of bypath between the
inner and outer divertors. Recycling fluxes in the inner
and outer divertors, @‘g:‘in and (D%i:"’”t, evaluated from
(proportional to) the neutral deuterium line (D,)
brightness measurement using the photon emission rate
coefficient by neutral ionization [9], are shown in Fig. 6.
The evaluation of the recycling fluxes is only valid for
the attached divertor. Recycling flux is increased with
increasing 7, provided for attached divertor condition.
Due to a larger ion flux to the inner divertor, <Dd‘v s
enhanced 2-3 larger than cbd'v U, Recycling fluxes in the
divertor and the in—out asymmetry are similar for the
inner-side and both-sides pumping cases. Neutrals from
the inner divertor to outer divertor through the bypath is
small so that the in—out asymmetry does not change.

When plasma detachment occurs at the inner diver-
tor separatrix, ch'V U increases with 7., and then outer
divertor plasma is detached. For the detached divertor
without causing x-point MARFE, in—out symmetries in
the D, brightness profile, neutral pressure and ion flux
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are observed. Here, the radiation fractions in the di-
vertor at the onset of the x-point MARFE are similar
(N7O% of PSOL, where PSOL = Pab> Pr[;lim) for the three
cases. The both-sides pumping is favorable to increase
the pumping rate and to improve impurity retention in

the divertor.

5. Summary

With application of inner- and outer-divertor
pumping, neutral flux from the inner divertor to outer
divertor through under-dome is so small that the in—out
asymmetry of the neutral recycling did not change. The
plasma flow pattern did not change: flow reversal at
outer midplane and flow towards the divertor at x-point
with the ion VB drift towards the divertor. However, in
the partially detached divertor, an increase in the plasma
flow at the x-point was amplified by a reduction in the
down-stream plasma pressure using pumping from the
private flux region. Pumping at both-sides of the diver-
tor was favorable for the partially detached plasma,
which can be maintained without appearance of x-point
MARFE and with in-out symmetrical profiles of
particle recycling.
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