Numerical exploration of non-axisymmetric divertor closure in the small angle
slot (SAS) divertor at DIII-D
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Numerical simulations of toroidal asymmetries in a tightly baffled small angle slot (SAS) divertor on the
DIII-D tokamak show that toroidal asymmetries in divertor closure result in (non-axisymmetric) local onset
of detachment within a density window of 10 — 15 % on top of the nominal threshold separatrix density. The
SAS divertor is explored at DIII-D for improving access to cold, dissipative/detached divertor conditions.
The narrow width of the slot divertor coupled with a small magnetic field line-to-target angle facilitates the
buildup of neutral density, thereby increasing radiative and neutrals-related (atoms and molecules) losses in
the divertor. Small changes in the strike point location can be expected to have a large impact on divertor
conditions. The combination of misaligned slot structure and non-axisymmetric perturbations to the magnetic
field configuration causes the strike point to move along the divertor target plate, possibly leaving the divertor
slot at some locations. The latter extreme case essentially introduces an opening in the divertor slot from
where recycling neutrals can easily escape, and thereby degrade the performance of the slot divertor. Such
a strike point dislocation is approximated by a finite gap in the divertor baffle for which three dimensional

edge plasma and neutral gas simulations are performed with the EMC3-EIRENE code.

The control of heat loads remains a key challenge for
the development and operation of fusion reactors as well
as for the next-step fusion device ITER!. This is be-
cause present materials for plasma facing components re-
quire heat flux densities of the order ¢, < 1I0MW m~2, as
well as low temperatures 7, < 5eV to suppress erosion?
for an adequate lifetime. Increased divertor closure is
found to be beneficial for energy dissipation related to
the buildup of neutral density®, and this facilitates onset
of detachment at lower main plasma density. Follow-
ing experiments on divertor closure at ASDEX Upgrade,
JET* and Alcator C-mod®, a new divertor configuration
is implemented in DIII-D: the small angle slot (SAS)
divertor®” which aims at improving the understanding
of divertor closure effects on detachment. Design and
optimization of the SAS divertor has been carried out
with the two-dimensional (2D) scrape-off layer plasma
simulation (SOLPS) code®, which has played a key role
in designing the ITER divertor as well®.

While the narrow slot of the SAS divertor increases di-
vertor closure, divertor operation can be expected to be
more sensitive to small changes in the strike point loca-
tion. The combination of misaligned slot structure and
non-axisymmetric perturbations to the magnetic field
configuration (either intentionally by external coils for
the control of ELMs, or unintentionally due to coil mis-
alignments) causes the strike point to move along the
divertor target plate, possibly leaving the divertor slot
at some locations. Consequently, divertor closure is re-
duced and recycling neutral particles can escape more
easily, degrading the performance of the slot divertor.

In the present letter we explore such a toroidally local-
ized change in divertor closure, which is motivated by the
presence of an error field from the field coils and a small
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FIG. 1. The SAS divertor configuration in DIII-D. Misalign-
ment between the strike point and the divertor slot is ap-
proximated by a finite toroidal gap in the divertor baffle at
¢ = —10 ... 10 deg. A flat continuation of the main divertor
plate is applied within the gap (dashed line).

misalignment between the center stack and the divertor
slot. For the initial assessment here, we approximate this
misalignment by a finite gap in the divertor baffle. We
choose the size of the gap to be Ap = 20 deg (which
corresponds to approx. 50 cm), and apply a flat continu-
ation of the main divertor plate within the gap (see figure
1). Moreover, we choose 3 symmetric gaps to facilitate
n = 3 toroidal symmetry in order to reduce the compu-
tational load. This approximation does not require de-
tailed knowledge about the error fields and the alignment
of the divertor baffle components, but can still provide
insight into the general trends related to a local degra-
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FIG. 2. Reference profiles along the SAS divertor target from an axisymmetric configuration: (a) plasma density n and (b)
electron temperature T.. The highlighted points next to the strike point and in the SOL correspond to the points of the same

color and style on the divertor outline in figure 1.

dation of the divertor closure. This extreme case does
not necessarily reflect a realistic configuration at DIII-D,
but should rather be seen as a motivation for subsequent
more elaborate simulations. It does, however, provide a
first estimate of the impact of a toroidally localized loss
of divertor closure.

The magnetic configuration in our simulations has
been modelled by EFIT' in preparation for the upcom-
ing SAS experiments. An upper single null configuration
with plasma current I, = 1MA and toroidal magnetic
field of B; = 2T at the magnetic axis is used. Its shape
is characterized by an elongation of x = 1.7, and an up-
per and lower triangularity of 6, = 0.51 and §; = 0.22,
respectively. Three-dimensional (3D) modeling of the
boundary plasma is performed with the EMC3-EIRENE
package'12. The EMC3 model applies a fluid approach
for the main plasma species (deuterium) and trace im-
purities (carbon), while interactions with neutral gas are
calculated by EIRENE. Iterating between edge plasma
and neutral gas solver provides a self-consistent, steady
state solution. Anomalous cross field transport is taken
into account by model parameters, which have been set to
D, =0.5m?s~ ! and Xle = X1, = L5 m?s~ 1. These
coefficients are constant throughout the simulation do-
main in the present exploratory study, but they have
been chosen from the range of radially varying coefficients
from D; = 0.1 —0.3m2s™! around the separatrix to
D, =1m?s!in the far SOL as used in SOLPS simula-
tions for DITI-D813. Cross-field drifts (mainly E x B and
diamagnetic drifts) are not yet implemented in EMC3-
EIRENE, but those are also switched off in correspond-
ing SOLPS modeling®7”. Divertor pumping has been im-
plemented in EMC3-EIRENE', but is not switched on
for the present exploratory study (as in corresponding
SOLPS modeling®"). This represents an upper limit to
the leakage introduced by the gap as pumping will de-
crease the Dy density in the slot as well. Perturbations
to the main plasma species are due to the cooling of the

electrons only in the trace impurity approximation. The
present simulations include carbon as the only impurity
species for which the same temperature as the main ions
is assumed. Carbon production is due to the imping-
ing deuterium ions with an overall (chemical and phys-
ical) sputter yield of YV 4%. While this is on the
upper end of reasonable values for sputtering, its main
impact here is providing local power losses for electrons
from radiation, and these are usually underestimated in
modeling!®'3, The inner simulation boundary for the
plasma edge is set at Uy 0.99 normalized poloidal
flux with an additional core domain for neutral parti-
cles. Core particle fueling is set to 80 A (on top of a self-
consistent contribution from recycling neutral particles
that are ionized in the core), and the flux surface aver-
aged density just inside the separatrix ngepx is used as
a control parameter which determines the recycling flux.
The edge input power of P, = 4MW is split equally
between electrons and ions.

First, a density scan for the axisymmetric configura-
tion has been performed to set up a reference. The sepa-
ratrix density is increased from ngepx = 2.0 - 10" m—2 to
3.0 - 10 m~2 in 10 steps. The plasma is still attached
at the lowest density, and continuously detaches along
the divertor target with increasing density. In the fol-
lowing we take T, < 4eV as necessary condition for
local detachment which is when momentum losses due
to ion-neutral collisions (charge exchange) become rel-
evant. Profiles of the electron density and temperature
along the SAS divertor target are shown in figure 2 where
s = 0 refers to the location of the separatrix strike point.
It can be seen that the density around the strike point
(red square in figure 1) significantly increases between
Neepx = 2.1 - 1019 m™3 and 2.2 - 10! m™3 with a corre-
sponding drop in temperature to 4eV. This is the on-
set of partial detachment at the strike point where the
temperature along the side segments of the divertor slot
remains above this threshold for detachment. The extent
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FIG. 3. Toroidal profiles of divertor density and temperature: (a,b) next to the separatrix strike point at s = 0.74cm (red
squre in figure 1), and (c,d) further along the side of the divertor target at s = 3.74cm in the main SOL (green triangle in
figure 1). The dashed lines indicate the reference values for the different separatrix densities as shown in the same color (note
that a 40 deg sub-block has been chosen for the simulation domain for the axisymmetric reference cases).

of partial detachment can be characterized by the loca-
tion of the detachment front Sqetach along the target, i.e.
the location where T, drops below 4 eV with a significant
increase of n,.

After the onset of detachment at the strike
point, gradually increasing the separatrix density from
2.2 - 10" m™3 to 3.0 - 10" m~3 results only in a moder-
ate further increase of density at the strike point itself.
On the other hand, the extent of the high density zone
in the divertor slot grows along the target with increas-
ing nsepx- It can be seen in figure 2 that the detachment
front Sgetach moves along the side segments of the diver-
tor slot from Sqetach & 1cm at Ngepx = 2.2 - 1019 m=3 to
Sdetach & 7cm at Ngepx = 3.0 - 101 m™3. The outermost
part of the divertor slot (light blue segment in figure 1)
is located in the shadow region of the flux surface that
just passes the edge of the slot.

In the following we explore the impact of a toroidally
localized loss of divertor closure. The same density scan
is performed for a configuration with a gap in the divertor
baffle as depicted in figure 1. While the divertor slot facil-
itates the buildup of neutral gas, a gap in the baffle leads
to a local loss of neutral particles and related recycling.

Consequently, the divertor density will be reduced. The
toroidal dependence of this effect is summarized in figure
3. Field lines intersect the SAS divertor target in forward
toroidal direction, i.e. going from left to right in figure
3. It can be seen in figure 3 (a) that the maximum diver-
tor density is achieved at ¢ = —20... — 10 deg, i.e. just
before field lines go through the gap region. At lowest
separatrix density (attached case, red), the divertor den-
sity near the strike point drops by a factor of 2 in the gap
with respect to the no-gap reference case (dashed lines).
This loss of divertor density takes about Ay = 80 deg to
recover to the reference value.

The onset of partial detachment in the no-gap refer-
ence case occurs at Mgepx = 2.2 - 1019m=3. It can be
seen in figure 3 (b) that the loss of divertor density in
the gap results in a local increase of divertor temper-
ature. In particular, it can be seen that the thresh-
old ngepx for onset of detachment is locally raised: at
Nsepx = 2.2 - 10 m™3 (blue profiles), the divertor tem-
perature is raised to about 10eV at the downstream end
of the gap, and remains above 5eV for more than 50 deg
toroidally, i.e. the plasma remains attached for a sig-
nificant distance in toroidal direction. Nevertheless, at
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FIG. 4. (a) Toroidal profiles of the atomic hydrogen density at three locations between the X-points and the midplane, dashed
lines represent the no-gap reference case. (b) Density and temperature profiles along field lines at nsepx = 2.2 - 10" m™3:
connecting to the target through the gap at ¢ = 11 deg (dashed lines) and connecting to the target just before the gap at

¢ = —11 deg (solid lines).

higher ngcpy, loss of divertor density is recovered within
a shorter toroidal distance from the gap, and detach-
ment near the strike point can be maintained already
at Ngepx = 2.4 - 10 m~2 throughout the toroidal direc-
tion.
Higher ngepx is required for transition to detachment
further along the divertor target in the main SOL. At
only a few cm from the strike point location (i.e. at
the green triangle in figure 1), the threshold density is
Nsepx = 2.6 - 10! m ™3 in the no-gap reference case. It
can be seen in figures 3 (c) and (d) that at this neepx (cyan
profiles), the gap results in a significant reduction of di-
vertor density throughout the entire toroidal direction.
Consequently, the local divertor temperature increases to
25eV at the edges of the gap, and to 10eV at the toroidal
location farthest away from the gap. Thus, this location
remains fully attached at this ngepx. Further increase of
Ngepx Tecovers partial detachment in toroidal direction,
and toroidally homogeneous detachment is recovered at
Ngepx = 3.0 - 1019 m—3.

Conversely, the non-axisymmetric divertor conditions
have little to no impact on upstream conditions. Toroidal
profiles of the atomic hydrogen density are shown in fig-
ure 4 (a). While the neutral density near the X-point
is significantly affected by the gap, only a small impact
is found on the same flux surface AZ = —20cm below
the X-point, and axisymmetric conditions are recovered
upstream at the midplane (i.e. neutral particles have
travelled far enough to smooth out their toroidally in-
homogeneous source). Homogeneous plasma conditions
upstream are confirmed for two field lines in figure 4 (b):
one connects to the target going through the gap, and
the other connects to the target just before the gap. It
can be seen that upstream densities and temperatures are
identical on both field lines. Downstream, however, the
field line that does not go through the gap profits from

a buildup of neutral density (and consequently plasma

density) inside the narrow divertor slot, and this results
in lower temperatures required for detachment.

In summary, simulations show that a toroidally local-
ized loss of divertor closure (here explored by a gap in the
baffle) raises the midplane density threshold for detach-
ment by a small amount. The loss of recycled neutral
particles in the gap results in toroidally localized lower
divertor densities at which the plasma remains attached.
Conversely, it can detach at toroidal locations less af-
fected by the gap at the same upstream conditions. Nev-
ertheless, toroidally homogeneous detachment can still
be achieved at somewhat higher (10 — 15 %) separatrix

densities.
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