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Tokamak plasma performance generally improves with increased shaping of the
plasma cross section, such as higher elongation and higher triangularity. The stronger
shaping, especially higher triangularity, leads to changes in the magnetic topology of the
divertor. Because there are engineering and divertor physics issues associated with changesin
the details of the divertor flux geometry, especially as the configuration transitions from a
single-null (SN) divertor to a marginally balanced double-null (DN) divertor, we have
undertaken a systematic evaluation of the plasma characteristics as the magnetic geometry is
varied, particularly with respect to (1) energy confinement, (2) the response of the plasma to
deuterium gas fueling, (3) the operational density range for the ELMing H—mode, and (4) heat
flux sharing by the divertors. To quantify the degree of “divertor imbalance” (or equivaently,
to what degree the shape is “double-null” or “single-null”), we define a parameter DRSEP.
DRSEP is taken as the radial distance between the upper divertor separatrix and the lower
divertor separatrix, as determined at the outboard midplane. For example, if DRSEP=0, the
configuration is amagnetically balanced DN; if DRSEP = +1.0 cm, the divertor configuration
IS biased toward the upper divertor. Three examples are shown in Fig. 1. In the following
discussions, (1B drift is directed toward the “lower” divertor. Parameters used in this
experiment are givenin Fig. 1.

SN characteristics are maintained over awide range in DRSEP, except for DRSEP values
near zero. Some aspects of this are shown by the “dynamic” DRSEP scan in Fig. 2. Fromt =
2.0 sto 3.4 s, the magnetic bias was toward the lower divertor [Fig. 2(b)], and Type-1 ELMs
were present [Fig. 2(c)]. Total stored energy Wt [Fig. 2(d)], line-averaged density ne
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Fig. 1: Three of the plasma shapes considered in this study are shown: DRSEP= +1.5 cm (upper SN), DRSEP =
+0.1 cm (near-balanced DN), and DRSEP = -3.0 cm (lower SN). The direction of the OB drift is toward the
lower divertor. Plasma parameters: Ip = 1.37 MA, BT = 2.0 T, qos = 4-5, triangularity of the primary X—point =
0.78, Pinput = 4.5-7.0 MW, Zgff = 1.7, DRSEP = -4 cm to +4 cm. No active particle pumping at the divertor
strike points or in the private flux region was done for these discharges.
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and edge “pedestal” density [1] ne ped [Fig. 2(€)] were nearly constant up to t = 3.2's (or
DRSEP = —1 cm) but increased after this time with the loss of the Type-1 ELMs. This dis-
charge was in near-magnetic balance from t = 3.4-3.6 s but briefly reverted to alower single-
null configuration, producing a (transient) return to Type-1 ELMs. For t = 4.0 s, the magnetic
configuration had become biased upward. When DRSEP = +0.5 cm, Type-1 ELMs re-
appeared and were maintained for the remainder of the shot. The energy confinement time
reached its highest values for the DN characterized by —1.0 cm < DRSEP < +0.5cm. The
energy confinement times outside this range in DRSEP were reduced from the DN values,
although still fairly high (i.e., Te/Tgggp= 2.8-3.0 for peak “DN” operation and Tg/Tgggp=
2.2-2.4 for peak “SN” operation, where Tg is the energy confinement time and Tgggp refers to
the 1989 ITER L—mode scaling [2]).

When DRSEP was fixed during a shot 20 98730
and deuterium gas was puffed, Tg de- D @)
creased, irrespective of the DRSEP value.
In general, there were two distinct phases
of plasma behavior during gas puffing.
Figure 3 shows an example for a “lower”
SN. Deuterium gas puffing (F'p2 = 60 Torr
/1s) was started at t = 3.25 s and held con-
stant thereafter [Fig. 3(b)]. Phase |, which
covered approximately the first 0.5 s of
gas puffing, was characterized by a drop
in Te/Tegop, aswell asacoincident drop in
edge electron pressure[5] Pe ped
[Fig. 3(c)]. Neither the line-averaged den-
sity Ne nor the pedestal electron density , -
Ne,ped increased [Fig. 3(d)]. Phasell was .
characterized by a “plateau” in Tg/Tegop N
(=1.4); for our data set, Te/Teggp lay in the //M
range 1.3-1.6 during the “plateau” phase.

Note also that the “edge” or pedestal 0.0 ' ' '
electron pressure was also constant and 10
that steady fueling of the main plasmawas
coincident with the start of Phase 1.

The confinement decrease was not
limited to the edge plasma. We examined 0.0
the radial profilesin density and tempera-
ture at three times for the shot shown in

Fig. 3: (1) t = 3.25 s (at the start of deu- Fig. 2. The “dynamic” scan in DRSEP shows that
terium puffing), (2) t = 3.75 s (start of small shifts away from DRSEP = 0 result in SN
Phase 1), and (3) t = 5.0 s (well into the behavior. There was some variation in ggs between t =
density rise during Phase I1). The electron 2.0and 5.0 s; between t=3.0 and 4.2 s, g5 = 4.7-5.1.
density profile was unchanged between
3.25 sand 3.75 s; steady fueling of the core plasma occurred only during Phase I1. In Phase |
both electron and ion temperatures decreased =30% in the outer region of the main plasma
(p/a> 0.6) and decreased =10%—25% in the interior regions. During Phase Il both electron
and ion temperatures continued to decrease across the radial profile, but (with therisein elec-
tron density) the plasma pressure across the profile remained approximately constant in time.
At present, the reason for the degradation in Tg and poor core fueling during Phase | is
unclear. Transport analysis of the main plasma with the ONETWO [3] code has indicated that
electron conductivity did not change appreciably during Phase | for p/a< 0.7. lon conductiv-
ity, however, increased by about afactor of 2—4 across the profile during this time. While the
electron conductivity inside the q = 2 flux surface was still considerably higher than the ion
conductivity even after 400 ms of puffing, the ion conductivity rose to become comparable
with electron conductivity outboard of the q = 2 surface. From this preliminary transport
analysis, the initial decrease in energy confinement following the start of gas puffing appears

0 1.0 2.0 3.0 4.0 5.0
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to be a consequence of increased ion
transport. Analysis aso has indicated
that even before gas puffing, both
electron and ion conductivity peaked
sharply near the g = 2 flux surface. We
might expect strong MHD activity
(e.g., an m/n = 3/2 tearing mode) to be
driving this transport increase. Our
analysis, however, shows little MHD
activity near g = 2 (e.g., m/n = 3/2).
For this particular shot, there was also
low amplitude m/n= 4/3 activity,
which vanished just before the begin-
ning of Phase Il, but the spatial loca-
tion of this activity was well inside the
g = 2 surface and was likely not
responsible for this increase in trans-
port. Some MHD activity in the core
plasma was present in all shots we
investigated. In all shots there was
n =1 activity (sawtooth).

We define the H-L density limit as
the line-averaged density at which the
discharge loses ELMing characteristics
and distinctive edge density gradient.
Figure 4 (which normalizes the
H—mode density limit to the Green-
wald limit [4]) shows an H-mode
density limit dependence on DRSEP.
While there does not appear to be a
pronounced variation between
DRSEP = -3.5cm and 0.0, the
normalized density limit dropped
15%-20% between 0.0 cm and
+1.0 cm.

The peak heat flux under either
outboard divertor is a strong function
of magnetic (im)balance between
DRSEP = -1cm and + 1 cm. Thisis
shown in Fig. 5(a). The data, through
which we have drawn hyperbolic tan-
gent function, are not symmetric with
respect to DRSEP=0. The “peak heat
flux balance” point is = +0.2 cm. At
the “magnetic balance” point (i.e.,
DRSEP=0), Fig. 5(a) implies that the
peak heat flux to the “lower” divertor
is approximately twice that of the peak
heat flux to the “upper” divertor.

Detailed fitting of the heat flux
profiles to an exponential function
indicates that the scrape-off length ()\ql
has a DRSEP-variation. Thisis shown'|
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Fig. 3. Deuterium gas is injected into a lower SN divertor
plasma, starting at t = 3.25 s. DRSEP = -3.7 cm. Phase I:
Electron energy confinement degrades with little rise in den-
sity. Phase I1: Energy confinement is stable and density rises.
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Fig. 4. The H-mode density limit changes measurably

between DRSEP = 0 and 1.5cm. The density is
normalized to the Greenwald density limit.

) of the parallel heat flux at the outboard midplane also
n Fig. 5(b); the squares represent Ag, determined by an

infrared camera monitoring the lower divertor and the circles determinkd by an infrared
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camera monitoring the upper divertor. For
DRSEP < 0, Aq, = 0.6 cm. Our analysis
shows, however ||that Ag, had a minimum
between DRSEP = 0 andqi cm, and increases
afterward as DRSEP becomes more positive.
When A /[DRSEP| << 1, Aq, defined by
the prrmary”(or main) separ&'rlrx is little
affected by the existence of the separatrix of
the secondary divertor. However, we specu-
Iate that when DRSEP is roughly equal to
the secondary separatrix begins to trun-
oaf'e the profile of ¢y, as power flow is
siphoned to the secondary divertor and the
power profile gains in steepness (implying a
smaller Ag ). The shift in the minimum from
DRSEP-O”mrght be expected, because of the
relative strength in the peak heat flux of the
lower divertor when magnetically-balanced.
We have found that gas puffing degraded
the energy confinement of these high triangu-
larity ELMing discharges to levels where
Te/TegoL = 1.3-1.6. This appeared to be true,
regardliess of the DRSEP value. When this
energy confinement “plateau” was reached,
continued gas puffing had a much less
del eterious effect on confinement and particle
fueling. For these unpumped plasmas, we
have not been able to fuel an ELMing
H—-mode plasma to higher density with gas
puffing only, and simultaneously maintain
an energy confinement of Tg/tggop = 2.
(Recent experiments where pumping the
private flux region were done during gas
puffing, however, did yield high confinement
(te/tegop = 2) and densities at or above the
Greenwald limit for “lower” SN divertors.)
We have noted advantages to operating in
the DN and near-DN configuration, such as
better energy confinement and more efficient

1.0
(@up = iow(Gup * Giow) i
(@) 0.
05} ¥ |
0.0
Ip =1.37MA
-05} B,=20T
Pinj =45- 70 MW
aol——
-5 0 5
15
(b) —— lambda-|
= ====|ambda-u
=
510} |
% o 0 =
— o -
:9: o, ,:-’-j H b
> aap—" o o
§0 5| oo uﬂiﬁj:hq\% 5 OO__‘o‘OO\Q N
8 380 ©
S ® o
0.0 ‘
-5 0 5
DRSEP (cm)

Fig. 5. (a) Peak heat flux is roughly a factor of 2
higher in the “lower” divertor, when the configuration
is in magnet balance. The peak heat flux is balanced
when DRSEP = 0.25 cm. Uncertainty in DRSEP <
0.2cm. (b) A variation in Ag, occurred between
DRSEP = 0 and 1 cm. Infrared (ﬂamera data from the
lower (O) and upper (O) divertor are used. Poly-

nomial fits to each dataset are shown. The scrape-off
profiles at the midplane are found by projecting the
heat flux distribution from the divertors back to the
midplane using the EFITD [5] magnetic reconstruction
code and the VIDDAPS [6] heat flux analysis code.

fueling. Our data, however, indicate that the presence of ELMs is sensitive to DRSEP, when

DRSEP fdlsin the range -1 cmto +1 cm, i.e., within= (1-2) Aq
near zero was also observed in other |mportant properties, such

This sensitivity to DRSEP
d& H—-mode operating density

range and divertor heat flux sharing. On the other hand, the behavior of these properties in
cases where one or the other X—point was dominant (i.e., commonly referred to as “SN”) was
rather insensitive to variation in DRSEP, at least between DRSEP = -4 and -1 cm (i.e,,
“lower” SN) and between DRSEP = +1cm and +4 cm (i.e., “upper” SN). Thus, if the
balanced DN isthe preferred configuration, adequate control over DRSEP is essential.
Thisisareport of work supported by the U.S. Department of Energy under Contract Nos.
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