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Abstract

Changes in the divertor magnetic balance in DIII-D H-mode plasmas affects core, edge, and divertor plasma be-
havior. Both the pedestal density 7. pep and plasma stored energy Wr were sensitive to changes in magnetic balance near
the double-null (DN) configuration, e.g., both decreased 20-30% when the DN shifted to a slightly unbalanced DN,
where the B x VB drift direction pointed away from the main X-point. Recycling at each of the four divertor targets
was sensitive to changes in magnetic balance and the B x VB drift direction. The poloidal distribution of the recycling
in DN is in qualitative agreement with the predictions of UEDGE modeling with particle drifts included. The particle
flux at the inner divertor target is shown to be much more sensitive to magnetic balance than the particle flux at the
outer divertor target near the DN shape. These results suggest possible advantages and drawbacks for balanced DN

operation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Plasma performance in tokamaks generally improves
with increased shaping of the plasma cross-section. For
example, higher values of both energy confinement time
and plasma beta are more readily obtained, when the
plasma shape becomes increasingly ‘triangular’, i.e.,
when the radial location of the X-points are at higher
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magnetic field [1]. Because higher overall triangularity is
achieved more naturally in the double-null (DN) shape
than in a single-null (SN) shape, the DN configuration is
attractive for future high performance tokamaks.
Previous studies at the DIII-D facility have found
that changing the magnetic balance of the plasma shape
very close to DN affected both the heat- and particle flux
distributions at the divertor targets [2,3]. For example,
sharply reduced power flow to the inner target(s) oc-
curred, when the plasma shape changed from SN to DN.
Moreover, for the balanced DN, we found no symmetry
between the upper and lower outer divertors in either the
heat flux or particle flux. Analysis with UEDGE [4], a
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2-D fluid modeling edge transport code, indicates that
such asymmetries may be the result of a complicated
interplay of particle drifts at the edge of the core plasma
[5,6], e.g., the ion VB drift (‘B x VB’) and the poloidal
‘E x B’ particle drift [7].

In this paper, we review the most recent results of
DN studies at DIII-D and show that variation in the
magnetic balance affects other aspects of tokamak op-
eration, such as the divertor recycling, the divertor
particle flux profiles, the core electron density, and the
plasma energy confinement time. In Section 2, we de-
scribe the experimental approach. In Section 3 we pre-
sent our data, and in Section 4, we discuss these results.

2. Experimental conditions

Three examples of the DN and SN shapes under
consideration are shown in Fig. 1 (a) lower SN (LSN),
(b) DN, and (c) upper SN (USN). The experimental
conditions were (1) ELMing H-mode energy confine-
ment, (2) no active particle pumping, and (3) sawtooth
activity. Plasma parameters are denoted in the caption
of Fig. 1.

Each discharge was started in the DN shape. During
the discharge the magnetic balance was ramped to a new
value and maintained at that value to allow sufficient
time for equilibration of the core and scrape-off layer
(SOL) plasmas (i.e., ~1.0 s or roughly 5-6 energy con-
finement times of the core plasma).

The vacuum vessel near the upper and lower divertor
is not identical: the upper divertor structure has more
closure than the lower divertor structure (Fig. 1). For
this reason, after running our shots with the toroidal
field in one direction, we repeated the experiment with
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Fig. 1. Three of the magnetic flux geometries used in this study:
(a) LSN, (b) DN, and (c) USN. The primary separatrix (thicker
curve) and the secondary separatrix (thinner curve) are shown.
The solid circles in (a) denote the inner (I) and outer (O) di-
vertor targets; arrays of Langmuir probes are installed in the
graphite tiles at each of these locations, except for the lower
inboard target. The range in dRsep considered in this experi-
ment is —2 < dRsep < + 2 cm. Other parameters are: Ip = 1.3
MA, Bt = 2.0 T, Pnputr =5 MW, and q95 = 4.2-4.6.

the toroidal field in the other direction. For the results
reported in this paper, it is our assessment that that
difference in upper and lower divertor closure played
only a marginal role.

In order to quantify the divertor magnetic balance,
we introduce the quantity dRsep as (Riower — Rupper)s
where Rjoyer 18 the radius of the lower divertor separatrix
flux at the outer midplane and Ry, is the radius of the
upper divertor separatrix flux surface at the outer mid-
plane. An example of a LSN shape is shown in Fig. 1(a),
where Rupper > Riower and dRsep is ~=—2.0 cm. The plas-
ma cross-sections shown in Fig. 1(a) and (c) give rise to
‘well-defined’ SNs in which the SOL widths of the par-
allel heat flux and electron temperature [2] are 2-4 times
smaller than the absolute magnitude of dRsep.

3. Results
3.1. Core plasma behavior

Both the normalized pedestal electron density 7 peq/
ngw (Where ngw is the Greenwald density parameter [8])
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Fig. 2. The sensitivity of edge and global parameters to changes
in magnetic balance. (a) The solid circles on the traces of dRsep
denote the times at which data was taken. Positive values of
dRsep denote USN cases, and negative values denote LSN
cases; dRsep = 0 is the DN case. (b) nepea/nGw is the pedestal
electron density normalized to the Greenwald density parame-
ter [8]. (c) Wt is the stored plasma energy. (d) T.pep is the
pedestal electron temperature.
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and plasma stored energy W#r were sensitive to magnetic
balance near the DN shape. Fig. 2 shows the dependence
of the quantities on dRsep with the B x VB ion drift
toward the lower divertor. Values were measured at the
seven timeslices shown by the dots. Pedestal density and
stored plasma energy Wr were insensitive to changes in
dRsep between DN and LSN plasmas (Fig. 2(b) and
(c)). However, as the shape changes from DN to USN,
Neped/Ncw and Wr decreased ~20-30%. The density in
the interior of the core plasma also decreased by about
the same amount. Pedestal electron temperature 7. pgp
was much less sensitive to changes in dRsep (Fig. 2(d)),
and this insensitivity was also observed in the electron
and ion profiles. Thus, the decrease in Wr was mostly
due to the decrease in core density.

When the Br-direction was reversed, the changes in
nepea and Wr also reversed and by virtually the same
magnitudes, implying that difference in the closure of
the two divertors was not the determining factor. If we
combine both data sets and plot n.pgp as a function
of the absolute value of dRsep and differentiate only
by whether the B x VB is toward or away from
the dominant X-point, it is clear that most of the
change in n.ppp occurs over a dRsep range of about
1 cm (Fig. 3).

3.2. Recycling behavior
Recycling was strongly dependent on magnetic bal-

ance. Recycling radiation (D,) at the four possible di-
vertor targets (see Fig. 1(a)) is shown for the case where
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Fig. 3. The pedestal density is plotted against the absolute
value of dRsep to form a composite data set for both B x VB
cases described in text.
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Fig. 4. Recycling (D,) radiation at each of the four divertor
targets is shown as a function of dRsep. The B x VB direction
is toward the lower divertor. The open circles (O) denote the
upper inner divertor target, the solid circles (@) the upper outer
target, the open squares (OJ) the lower inner target, and the solid
squares (M) the lower outer target.

the B x VB drift direction was toward the lower divertor
(Fig. 4). Fig. 4 indicates that for the DN plasma shape
the recycling is stronger near the outboard divertor
targets than the corresponding inboard targets and
weakest at the inboard target opposite the direction of
the VB drift.

Similar trends were clear when the direction of Bt
was reversed, although the absolute values of the recy-
cling radiation may have been affected somewhat by
divertor closure.

3.3. Particle flux at the divertor targets

The particle flux profiles at the inboard targets were
much more sensitive to changes in magnetic balance
than the particle flux profiles at the outer divertor target.
We compare the particle flux profiles at the inboard and
outboard divertor targets for both DN and USN cases
(Fig. 5); the B x VB drift was directed toward the upper
divertor. Under these conditions both the upstream edge
density and temperature were relatively unaffected by
changes in magnetic balance in the dRsep range con-
sidered (i.e., +0.1 to +2.1 cm). The peak particle flux
was 4-5 times lower at the upper inboard target of the
DN than for the SN, and its profile in the SN case was
broader. While particle flux at the inboard target was
sensitive to changes in magnetic balance, both the peak
particle flux and particle scrape-off width (=0.6 cm) at
the outboard divertor target were relatively insensitive
for dRsep = (0.1-2.1) cm.
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Fig. 5. The particle flux as a function of distance from the
separatrix (R — Rsgp) at the upper inner divertor target (@) and
at the upper outer divertor target (H) are shown for (a) a near-
balanced DN case and (b) an USN case (dRsep = +2.1 cm).
The B x VB drift was toward the upper divertor. Particle fluxes
are based on Langmuir probe measurements.

4. Discussion

In a symmetric (magnetically balanced) DN, isola-
tion of the inboard separatrix from the outboard sep-
aratrix affected the particle flux at the inboard target
(I''v) much more than the particle flux at the outboard
divertor target (I'out)- The relative insensitivity of I'oyr
to changes in the magnetic balance suggests that particle
loss through the separatrix on the inboard side was not a
major contributor to I'oyr. However, the relatively low
I'n in DN and the much higher 'y when the inboard
and outboard SOLs were magnetically connected indi-
cate the importance of the particle loss through the

outboard separatrix to I'y for SN. Taken together, the
particle loss through the outboard separatrix is consid-
erably higher than the particle loss through the inboard
separatrix.

We estimate the ratio of particle loss through the
outboard separatrix to that through the inboard separ-
atrix to be roughly 3-4, based on (1) the radial gradients
in density on the outboard side being about twice that of
the inboard side, (2) the surface area on the outboard
side of the plasma being /1.7 times that on the inboard
side, (3) the particle diffusivity being poloidally uniform.
Other processes might also increase the particle loss
ratio, as (1) ELMing which expels particles almost solely
through the outboard side [9] and (2) turbulent transport
on the outboard side [10,11]. With respect to the latter,
‘bad’ curvature on the outboard side of the X-points and
‘good’ curvature on the inboard side can increase the
particle flow loss through the outboard side relative to
that through the inboard side.

While the density at the inboard midplane SOL
cannot be measured directly, we may infer what this
density might be, based on (1) the measured density and
heat flux profiles at the divertor targets, (2) equilibrium
geometry, and (3) application of the simple two-point
model of the SOL [12]. The ‘line-averaged density’ at the
inboard midplane from R — Ry, = 0—1 cm of the SOL is
found to be roughly 2-3 times higher in the SN case than
in the DN case.

The ‘asymmetric’ distribution of the recycling at
each of the divertor targets was reproduced in both
B x VB drift directions. Modeling of the SOL with
UEDGE has shown that these asymmetries were largely
driven by the E x B poloidal drift; several of the main
assumptions are listed in the caption to Table 1. For
the B x VB downward case, the E x B drift transports
ions through the private flux region (PFR) from the
outer plate to the inner plate in the lower divertor, thus
increasing the recycling at the inboard plate. The origin
of the electric field (E) arises mainly from the radial
gradient in the electron temperature with respect to the
flux surfaces in the PFR and its direction is always into
the PFR. In the upper divertor, the E x B drift trans-
port ions from the inner plate to the outer plate, thus
increasing recycling at the outboard plate. The mea-
sured in/out and up/down recycling ratios for the DN
shown in Fig. 4 compare reasonably with the UEDGE
predictions. See Table 1.

The behaviors of n.,q and W with changes in
magnetic balance shows a clear dependence on the di-
rection of the toroidal magnetic field (corresponding to
different B x VB direction). The reason for this behavior
is unclear at this time. The change in the poloidal dis-
tribution of recycling with magnetic balance can imply a
change in the core fueling. From UEDGE modeling, the
biggest contributor to core fueling comes from the in-
board plate in the B x VB direction, even though the
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Table 1
Comparison of measured recycling ratios (Fig. 4) with UEDGE predictions where the B x VB drift direction is toward the lower
divertor

Duyp.our/DupaN Dyow-out/Drow-iN Dyp.in/Drow-N Dyp.out/Drow-out

Experiment 6.8 1.8 0.3 1.1
UEDGE 4.7 1.3 0.4 1.5

For the simulations UEDGE [4] used H-mode values for particle and energy diffusivities: D; = 0.25 m?/s and y, and y; = 0.50 m?/s.
Simple ‘diffusive’ modeling of the neutrals was used, e.g., the neutral gas diffuses due to charge-exchange on the ions, and the neutral
gas and ions are assumed to have the same temperature consistent with the combined ion and neutral energy equations. The plate

recycling coefticient was taken as 0.98 and the wall recycling coefficient was taken as 0.9. Particle drifts are included.

strongest recycling source is at the outboard target op-
posite the B x VB direction. Neutrals from the inboard
targets penetrate more easily because lower inboard
temperatures translates to weaker ionization/attenuation
rates and shorter distance from the inboard targets to
the core. The recycling at the inboard targets becomes
relatively weak (compared to the outboard recycling)
when the B x VB direction is opposite the main X-point,
so that net fueling of the core plasma would be reduced.
Yet, if the decrease in n.p.q Were due solely to a fueling
effect, then one would expect the electron temperature
would increase. However, both core T;-profile and T pgp
are insensitive to changes in dRsep. Hence, though fu-
eling may be a factor, other physics processes evidently
are playing a role.

No evidence of MHD presence in the core (except for
the sawtooth activity present in all shots) is observed.
Changes in the frequency of the ELMs with magnetic
balance cannot be correlated directly with the behavior
of ne peq and Wr. Other possibilities are under study, e.g.,
changes in the stability of the pedestal as a function of
dRsep.

5. Conclusions

Our results to-date may provide insight into the di-
vertor requirements in future generation tokamaks. Be-
cause of the relatively low particle and power flow [2] to
the inboard target(s) in DN, there may be reduced need
for heavy protective armor at the inboard targets and
particle pumping from the inboard side may be unnec-
essary. This could result in both cost savings and sim-
plified divertor design. Because of the relatively low
density along the inboard SOL in DNs, as well as the
absence of ELMing on the inboard side, the DN would
allow more efficient use of the vessel volume by posi-
tioning the plasma closer to the centerpost than is pos-
sible in SNs. For the same reasons, injecting neutral gas
from the inboard side may be a natural and effective way

to fuel DNs in future larger tokamaks [13]. Because
there could be degradation in performance if the mag-
netic balance of the DN plasma moves in the ‘wrong’
direction, precise control over magnetic balance is a
requirement.
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