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ARTICLE INFO ABSTRACT

Keywords: Predictive design modeling of a Dissipation-Focused Divertor for future operation in DIII-D reveals that

DIII-D increasing the poloidal distance of the pump duct entrance from the target surface along the low-field side

Divertor design divertor baffle increases neutral compression and modifies the spatial distribution of power dissipation. With a

,SFSII::;'EER divertor pump located mid-leg between the target and the X-point, SOLPS-ITER boundary plasma simulations

Mid-leg pumping without drifts predict the formation of a dense neutral cloud near the target with > 30x higher neutral

SOL power dissipation compression in detachment, a more stable detachment front located further from the target, and ~25% lower
outer midplane separatrix density required for detachment onset, compared to a pump located in the scrape-off
layer at the target surface. Up to 19 MW of power flowing into the divertors is modeled using the following two
numerical implementations for particle pumping: a specified fraction of particles incident on variable wall
sections of the plasma grid is removed from the computational domain (so-called albedo pumping), and a pump
duct is modeled which includes dynamics of kinetic neutrals in the duct. The simulations show that the
detachment front is located between the divertor target and the X-point and is relatively stable near the pump
entrance, without a strong dependence on gas puff rate or injected power. The mid-leg pump design spatially
separates the two primary functions of a divertor (power handling and particle exhaust), with the majority of
power dissipation occurring near the target plate and particle exhaust taking place further upstream. The benefit
of enhanced dissipation using mid-leg pumping comes at the cost of a higher outer midplane separatrix density
for a given amount of particle injection.

1. Introduction

Power and particle exhaust remain massive challenges for a fusion
pilot plant (FPP) [1,2]. Divertor detachment is the primary approach
being considered for mitigating power loads to avoid material erosion
and thermal damage such as recrystallization, melting, and cracking.
However, achieving and maintaining detachment comes with its own set
of challenges, including predicting the power and upstream density
required to create a detached divertor [3], control of the detachment
front (where electron temperature, T, drops to the range of the peak in
radiative cooling curves for a given impurity species), and compatibility
of detachment with high core plasma confinement.

To address these issues, a modular divertor program has been
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initiated at DIII-D to design, install, and test new divertors on a rapid
timescale [4]. Here we report on SOLPS-ITER [5] simulations used to
design the second divertor in this series known as the Stage 2
Dissipation-Focused Divertor (DFD), which is planned to deepen our
understanding of the physics governing power dissipation in H-mode.
The goals of the DFD project are to achieve a stable detachment front
between the target and the X-point, and to test and ultimately improve
boundary plasma models to reduce uncertainties in predictive modeling
for an FPP.

Modeling and experiments have been previously carried out to
investigate various divertor designs, including the effects of divertor
shaping and baffling [6-18], divertor depth [4,19], and particle pump
location [20]. In Sang’s work [20], the emphasis was on achieving
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detachment at the lowest possible upstream density and determining
how the pump exhaust rate depends on the pump location. In the present
work, we demonstrate that a mid-leg divertor pump enables neutral
particles to accumulate near the target plate, which enhances dissipation
and favorably affects the location and stability of the detachment front
in the divertor.

Much of previous boundary modeling has shown that tension exists
between the two fundamental purposes of a divertor: 1) power dissi-
pation, which relies on a sufficiently dense neutral population in order
to exploit plasma-neutral interactions, and 2) particle removal via
pumping, which is necessary for density control and to prevent helium
ash from diluting a burning plasma. This tension exists because particle
pumping removes particles from the divertor that are essential for power
dissipation.

Here, simulation results are presented for divertor designs with a
mid-leg pump, which aim to resolve this tension by spatially separating
power dissipation and particle removal, with dissipation occurring in a
region of high particle density near the target, and particles removed
through a pump duct located upstream of the target. The modeled pump
location is varied as a function of the distance from the divertor target
plate on the common flux side of the outer divertor baffle. Results from a
model with an expanded computational domain that includes modeling
of kinetic neutrals in the pump duct at a fixed upstream location are then
shown. Additional design elements of the DFD include a deep baffled
divertor structure with sufficient volume to dissipate heat flux expected
in higher power scenarios enabled by DIII-D upgrades aiming to achieve
regimes closer to an FPP. Simulations with these parameters predict that

a)
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mid-leg pumping results in a higher level of dissipation than a conven-
tional pump located at the divertor target plate, and an increased sta-
bility of the detachment front. The trade-off is higher upstream density
for a given particle throughput; however, the required upstream density
is decreased for a given level of detachment, and therefore the pumping
throughput requirement is reduced from the perspective of divertor
performance.

2. Modeling setup

Modeling is performed using the SOLPS-ITER code package [5]
(version 3.0.8), which couples the 2D multi-fluid plasma transport code
B2.5 [21] and the 3D kinetic neutral transport code EIRENE [22]. B2.5
provides the plasma background to EIRENE, which uses a Monte Carlo
approach to compute the source and sink terms for plasma particles,
momentum, and energy due to plasma-neutral collisions. These source
and sink terms are then returned to B2.5, and the cycle continues until a
steady state solution is reached. Modeling is carried out for a deuterium
plasma with carbon wall and divertor targets, which are eroded by
physical sputtering (using the modified Roth-Bohdansky formula [23])
and 2% chemical sputtering (Ychem = 0.02). Neutral-neutral collisions
are included, E x B particle drifts are not activated, and the grid reso-
lution is 66 poloidal and 32 radial cells. Core boundary conditions of the
computational domain are specified using a deuterium injection rate of
1.7 x 10%! s7! to simulate realistic fueling from DIII-D neutral beam
injection (NBI) of 16 MW, and injected power ranging from 4 to 25 MW
split equally between electrons and ions. Gas puffing is implemented
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Fig. 1. SOLPS-ITER computational domain for a mid-leg pump duct model is shown in a) and c) and discussed in Section 4. Albedo pumping is implemented in the

outer divertor at four locations shown in b) and discussed in Section 3.
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from a section of the upper outer main chamber wall (Fig. 1a) to vary the
density with puff rates ranging from 0 to 3 x 1022 s~ (849 torr-L/s).
Cross-field diffusive transport coefficients for particles (D), electron
heat (x.), and ion heat (y;), are user-defined in SOLPS-ITER and set here
in a step-wise manner to create a transport barrier at the pedestal, and
increased in the scrape-off-layer (SOL) to crudely approximate inter-
mittent transport. Transport coefficients are chosen based on the
following constraints from previous experimental data and scalings:
TN sep/Meped between 0.5 and 0.6 [24], particle density at the inner
boundary of the computational domain less than the Greenwald density,
and the scrape-off layer heat flux width guided by the Eich scaling [25].
In the core, separatrix, and far-SOL regions, D, = 0.5, 0.1, and 2.0 m?/s,
and ye = y; = 1.0, 0.5, and 10 m?/s, respectively, while in the divertor
and private flux regions, spatially constant transport coefficients of D, =
2.5 m%/s and ye = y; = 5.0 m?/s are used. The recycling coefficient on
plasma-facing surfaces is set to unity everywhere except on the surface
representative of the location of a liquid helium cryogenic pump in the
model. Standard Bohm sheath boundary conditions [16] are applied at
the targets. Two numerical schemes are implemented for particle
pumping (Fig. 1), which are described in the following two sections.
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3. Pump location scan using albedo pumping

The first type of pumping implementation is used to investigate the
effects of pump location on the divertor state, and utilizes so-called al-
bedo pumping, or surface pumping, directly on a section of the B2.5 grid
at the vessel wall (Fig. 1b). Albedo pumping (instead of more accurate
modeling of neutrals in the pump duct) is required for the version of
SOLPS-ITER used here when the plasma intersects the pump entrance
(or surface), and has been used elsewhere [20]. The recycling coefficient
R is specified to be < 1 on the albedo surface which removes a fraction
(1-R) of all particles incident on the surface, with the chosen value of R
based on the experimentally measured pumping speed in DIII-D of ~40
m>/s [26]. The effective pumping speed S is related to the particle
removal fraction (i.e., surface absorption) as follows: S = A(1-R)Vayg/4
[27,28], where A is the surface area of the wall section used for
pumping, and vayg is the average velocity of neutral particles incident on
the pumping surface, which we assume to be the thermal velocity of D,
molecules at 300 K, or 1256 m/s. Grid cell sizes (and thus pump surface
areas) are not constant throughout the simulation domain, so to keep the
same effective pumping speed, the recycling coefficients are chosen to
keep A(1-R) constant for all pump locations. For pump 1 located at the
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Fig. 2. Outer divertor quantities as a function of outer midplane (OMP) density for four albedo pump locations shown in Fig. 1. a) T, at the outer strike point, b)
neutral deuterium compression in the outer divertor (see text for definition), c) peak parallel heat flux along the outer target, and d) particle removal rate.
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target, R is set to 0.7, while for mid-leg albedo pumps, R = 0.684, 0.766,
0.718 at pump locations 2, 3, and 4, respectively (Fig. 1b). Note that
while the effective pumping speed was kept the same for all the pump
locations, the particle throughput varies as it is determined by the
product of the pumping speed and the neutral particle pressure at the
pumping surface. The plasma equilibrium used for albedo pumping is
from DIII-D upper single null plasma shot 179715, but shifted down to
increase the outer leg length, and has By = 2.0 T, I, = 1.28 MA, qo5 =
4.8, inner divertor leg length = 13.2 cm, and outer divertor leg length =
44.2 cm. Input power to the computational domain is 25 MW, and for
the range of gas puff rates and pump locations used here, power flowing
into the divertors (calculated at the entrance to the divertors at the X-
point) ranges from 15.5 to 19.3 MW.

Varying the albedo pump location reveals a significant effect on
neutral dynamics and dissipation in the outer divertor. Dissipation in-
creases monotonically with upstream density, as expected. Importantly,
the simulation results also reveal that for a given upstream density,
dissipation increases as the pump is moved further poloidally from the
target, due to a local high neutral pressure region at the target from
recycled neutrals as seen in Fig. 2a-c. The increase in neutral
compression with a mid-leg pump compared to a target pump is sig-
nificant, and is a key feature of the DFD design. Here, neutral
compression is defined as the average of the combined atomic and
molecular neutral deuterium density along the target divided by the
average upstream neutral deuterium density along a radial profile from
the X-point to the outer edge of the grid. In addition, Fig. 2a shows the
outer strike point T, in the case using mid-leg pumping drops below 10
eV (taken to be the onset of detachment) at approximately 25% lower
outer midplane separatrix density (extrapolated) compared to the target
pump case.
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In the mid-leg pump simulations, particle throughput is lower
compared to that of a pump located at the target for a given upstream
density. This is seen in Fig. 2d, and is due to the decreased solid angle of
acceptance of a mid-leg pump for particles recycled at the target plate. In
addition, for a pump located beyond the ionization mean free path from
the target, the dynamics of particles entering the pump can no longer be
considered ballistic trajectories from the target plate. The particle
throughput at the pump surface matches the particle injection rate into
the simulation, regardless of where the pump is located, due to the
particle flux boundary condition at the core and no wall absorption. As
the pump is moved further upstream from the divertor target, the frac-
tion of particle throughput that consists of fast reflected particles
sourced at the divertor target decreases while the fraction due to ther-
malized molecular deuterium increases. For pump location 4, the den-
sity cannot be decreased further than what is shown in Fig. 2 unless the
core boundary condition is altered.

Radial profiles of outer midplane and outer target quantities are
shown in Fig. 3 for the target pump (black, using the ‘1’ location in
Fig. 1b) and a mid-leg pump (green and red, using the ‘4’ location in
Fig. 1b), with roughly similar powers entering the divertors (17.4, 18.3,
and 17.5 MW for the black, green, and red cases, respectively). Profiles
are shown for the two pump locations with matched outer midplane
profiles, as seen by comparing the black and red lines, and for approx-
imately matched downstream profiles, as seen by comparing the black
and green lines. Fig. 3a-b show the matched outer midplane plasma
profiles are essentially identical despite using different gas puff rates of
2.0 x 1025 1 and 0.5 x 10?2 57! for target pump 1 and mid-leg pump 4,
respectively. For these matched outer midplane cases, the outer mid-
plane negep = 9.2 x 10 m~2 and Tesep ~ 210 eV. The fact that main
chamber profiles match at different gas puff rates is due to the higher
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Fig. 3. Radial profiles for pumping at the target (black) and mid-leg pumping (green and red). Black and red are matched upstream, and black and green are
approximately matched downstream. Profiles at the outer midplane show a) T and b) n; and at the outer target (OT) c) q)|, d) T, €) n., and f) neutral deute-
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throughput that can be maintained by pump 1 compared to pump 4 for a
given upstream density.

The benefit of the mid-leg pump compared to the target pump in
terms of dissipation is evident by comparing the matched outer mid-
plane profiles (black and red) in Fig. 3c-e, showing lower q||, lower Te,
and higher n,, across the entire target. In detached conditions, the mid-
leg pump (red curves) has a moderately larger ne s, (by 14%) and a
much higher neutral density at the outer strike point (170x) compared to
the target pump (Fig. 3f). Even with high upstream density shown here,
the target pump case is not fully detached (Fig. 3d), because the pump
removes the particles needed for dissipation. This is seen in Fig. 3f where
the black line from the target pump simulation shows only a small level
of accumulation of recycled neutrals.

In addition, by comparing approximately matched downstream
profiles (black and green in Fig. 3) for the two pump locations, the
difference in outer midplane profiles required to produce similar peak
heat fluxes at the outer target can be seen, with the outer midplane
separatrix density and temperature of the mid-leg pump case relative to
the target pump case being 77% and 119%, respectively. Neutral density
at the outer strike point in the mid-leg pump case is 4.8x larger than that
in the target pump even though the gas puff rate for the target pump case
is 40x larger than that for the mid-leg pump case (puff rates of 5 x 10%°
st and 2 x 10?2 57! for the mid-leg and target pumps, respectively).
This divertor density is not sufficient to completely detach the outer
divertor as seen in the green curve of Fig. 3d, although the outer corner
of the divertor reaches a low T, value of 1.4 eV.
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The 2D profiles of T, and n. provide additional information to
determine effects from mid-leg pumping compared to a conventional
pump located at the target. Fig. 4 shows a high density, cold region
develops near the target in the mid-leg pump divertor (right column),
with a spatial distribution that extends further from the target compared
to conventional pumping at the target (left column). The two simula-
tions here have the same upstream profiles and are the black and red
cases used in Fig. 3. The cold (<10 eV) plasma region in the mid-leg
pump divertor (Fig. 4b) shows the detachment front is located off the
divertor target, and extends poloidally upstream along the outer baffle.
A high electron density region near the outer corner of the divertor is
evident in Fig. 4d, which is in stark contrast to the case with the pump
located at the target (Fig. 4c). In the next section we move beyond al-
bedo pumping and show results from a more complete model of mid-leg
pumping that includes kinetic neutrals in the pump duct.

4. Model of mid-leg pump duct with kinetic neutrals

In the second type of pumping implementation, the model domain
contains the pump duct so that kinetic neutral dynamics in the pump
duct can be accounted for. In this model the pump entrance is located
9.4 cm poloidally upstream of the target surface on the SOL side. Par-
ticles are removed from the simulation domain when they are incident
on an absorbing EIRENE surface located at the back end of the pump
duct to be representative of a liquid helium cryopump, as shown in
Fig. 1c. The surface absorption, «, at the back of the pump duct structure
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Fig. 4. The target pump at location 1 (left column) compared to the mid-leg pump at location 4 (right column) for T, a) — b) and n. ¢) — d), for the same up-
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as shown in Fig. 1c is set to 0.12 to match the experimentally measured
DIII-D pumping speed [26] using the expression shown in Section 3,
with o = 1-R. This pump duct model offers higher fidelity than albedo
pumping by allowing kinetic neutrals to thermalize on duct walls,
improving the accuracy of the thermal velocity assumption for particles
incident on the absorbing surface. The plasma equilibrium used here
(simulated discharge 981809 at 2400 ms) is computed by TokSys [29]
which is a time-dependent Grad-Shafranov solver that incorporates DIII-
D coil current limits and response times, and has By = 2.1 T, I, = 1.8 MA,
qos = 3.3, inner divertor leg length = 17.3 cm, and outer divertor leg
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length = 44.4 cm. The mid-leg pump duct model has a slightly smaller
radial extent of the grid (maximum normalized poloidal flux coordinate
v, = 1.061) compared to the albedo pump cases in Section 3 (maximum
y, = 1.045), due to limitations of non-extended grid versions of SOLPS-
ITER.

Input power to the grid ranges from 4 to 25 MW, with power flowing
into the divertors ranging from 2.7 to 17.1 MW due to approximately
30% of the power escaping radially off the grid (a small fraction of
injected power is radiated before entering the divertors). These radial
losses occur despite the radial extent of the SOL grid (13.1 mm) at the
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Fig. 5. Simulations of a mid-leg particle pump for no gas puffing (left column) with 8.5 MW into the divertors, and D, gas puff rate of 3.0 x 10%? s~! (right column)
with 8.0 MW into the divertors. a)-b) T, c)-d) total radiated power density, e)-f) neutral deuterium density (np + 2np5).
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outer midplane being approximately 7x the heat flux width (1.7-2.1
mm) in the simulations. Previous modeling using matched upstream and
divertor plasma profiles to experimental profiles showed radial power
losses up to 72% [9] and 90% [30], suggesting that purely diffusive
cross-field transport coefficients may not capture far-SOL transport
physics, although more work is necessary to resolve this issue. Radial
particle escape also occurs, with the radial particle flux at the outer
boundary of the grid ranging from 12% to 36% of the poloidal particle
flux to the divertor targets (higher radial boundary flux occurs for higher
gas puff rates). The outer midplane electron density profile decays to-
wards the edge of the grid and is not truncated, with a density decay
length of approximately 6 mm or ~1/2 the SOL grid width.

Radial power and particle losses at the edge of the plasma grid in
SOLPS-ITER impact simulation accuracy. For radial power losses, any
heat flux that reaches the radial boundary simply disappears from the
simulation domain, effectively reducing the power entering the diver-
tors. To account for this we state not only the power injected into the
grid, but also the actual power flowing into the divertors. Ions that reach
the radial boundary of the plasma grid are artificially converted to
neutrals, which can lead to inaccurate neutral transport and the simu-
lated recycling and ionization occurring in physically incorrect locations
[31-33]. Despite the limitations due to power and particles escaping the
simulation domain, the physics of atomic processes leading to dissipa-
tion within the divertors is modeled using a broad range of EIRENE
reactions [9]. For the present study, power flowing into the divertors is
more relevant than power flowing radially through the core, SOL, and
grid edge, as our primary focus is on dissipation and the detachment
front in the divertor.
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The simulations reveal strong dissipation and a stable detachment
front across a range of gas puff injection rates and input powers. In
Fig. 5, results using zero puffing are shown in the left column, and using
a gas puff rate of 3.0 x 1022 57! in the right column. In both cases a cold
region develops along the target, and with gas puffing, the cold region
extends away from the target as seen in Fig. 5b. Without puffing, the
spatial distribution of radiated power in the outer divertor SOL is
localized near the target (Fig. 5¢), while in the higher density case with
gas puffing, the radiation is localized near the pump duct entrance as
seen in Fig. 5d. Carbon radiation dominates over deuterium radiation,
accounting for 86% and 81% of the total radiation in the divertors with
no gas puffing and with gas puffing, respectively.

When the pump is located poloidally upstream of the divertor target,
most of the pumped particles are in the form of thermalized molecular
D, rather than fast reflected atoms from the target plate. The total
neutral deuterium density (np + 2np2) in the pump duct increases by an
order of magnitude in the 3.0 x 1022 s~ gas puff case compared to no
gas puff (Fig. 5e, ), which is a trivial (but informative) result since the
no gas puff case only has deuterium injected from the core with a flux
boundary condition of 1.7 x 10%! s71,

A primary goal of the DFD is to achieve a stable detachment front
between the target and the X-point. We define T, = 10 eV as the onset of
power detachment as momentum loss begins to increase significantly as
T, drops below this value [34]. Fig. 6a and 6b show the dependency of
the vertical location of the T, = 2, 5, and 10 eV fronts along the outer leg
separatrix on the gas puff rate and power flowing into the divertors. The
divertor state and detachment front location evolve with gas pulff rate,
starting from a moderately detached state even without gas puffing. For
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Fig. 6. Simulations with mid-leg pumping including kinetic neutrals in the pump duct. a) - b) Vertical locations of T, = 2, 5, and 10 eV contours along the outer leg
separatrix, and c) — d) T, at the X-point. Left column is a gas puff scan at fixed input power, with power into the divertors ranging from 8.0 to 8.5 MW. Right column is
a power scan at fixed gas puff rate of 1 x 10?2 s~ Outer divertor target and X-point vertical locations are marked with dashed lines in a) — b), and shaded regions

show vertical location of the pump duct entrance.
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the gas puff scan shown here, the input power to the domain is fixed at
12.5 MW, and power flowing into the divertors decreases from 8.5 to
8.0 MW as gas puffing is increased, due to increased power radiated in
the SOL and increased power lost from the grid as a result of profile
changes.

As the gas pulff is increased, the detachment front moves away from
the target and maintains a relatively stable vertical location near the
mid-leg pump duct entrance, as seen in Fig. 6a. As the gas puff rate is
further increased up to 3 x 10?2571 (Ne,sep,omp = 9-8 10 m™3), the T
=10 eV front moves only a modest distance poloidally upstream of the
pump duct entrance, and importantly for core plasma confinement and
performance, does not approach the X-point for the range of parameters
scanned here. T, at the X-point decreases throughout the gas puff scan,
but remains above 100 eV even at the highest puff rate as shown in
Fig. 6c¢.

At fixed gas puff of 1.0 x 10?2 571, the power scan in Fig. 6b shows
remarkable stability of the detachment front location over the range of
parameters used here. At low power of 2.7 MW flowing into the diver-
tors, the detachment front is located near the upstream edge of the pump
duct entrance. As power is increased, the detachment front moves
slightly closer to the target but never reaches it, and stays in a region
near the pump duct entrance. T, at the X-point increases with power as
seen in Fig. 6d.

5. Discussion and conclusions

The conclusions from SOLPS-ITER simulations presented here, as
well as an extensive set of complementary fluid plasma and neutral
simulations using UEDGE [35], appear robust, despite uncertainties
regarding details of ad-hoc cross-field transport coefficients. A divertor
design with a mid-leg pump spatially decouples the two primary roles of
a divertor, namely power and particle exhaust. By removing particles
slightly poloidally upstream of the divertor target plate, power dissi-
pation is enhanced due to neutral accumulation at the target, allowing
the formation of a neutral cushion that radiates power isotropically. A
mid-leg pump acts similar to a relief valve; i.e., the mid-leg pressure
buildup from neutrals generated at the divertor target or from volu-
metric recombination is limited because neutrals can transport into the
pump duct, resulting in a relatively stable position of the 10 eV front
during detachment as shown by the asymptotic behavior in Fig. 6a. This
provides a viable pathway for integrating a dissipative divertor solution
with a high-performance core plasma. Particle pumping is less efficient
for a mid-leg pump compared to a target pump in the sense that the core
density is greater for a given gas puff rate, but the core density required
for a given degree of detachment is reduced due to more effective
trapping of neutrals deep in the divertor. Compared to albedo pumping,
the pump duct model provides more complete neutral particle physics
and a better approximation to the previously measured pumping speed
in DII-D [26] due to thermalized deuterium molecules in the pump
duct.

The SOLPS-ITER simulations predict detachment front stability with
a mid-leg pump, however, no drifts are included here. In complementary
UEDGE simulations [35] with cross-field particle drift effects included,
the particle drift direction is found to affect the pumping rate which in
turn influences the divertor plasma conditions and detachment front
location. With favorable ion B x VB drift direction (into the divertor),
the radial E x B drifts in the divertor are directed across the separatrix
into the private flux region and thus the neutral pressure in the common
flux side of the divertor and the effect of the pump are reduced, leading
to reduced detachment front stability. In the unfavorable ion B x VB
drift direction, E x B drifts direct particles toward the outer baffle where
the pump is located, and the detachment front stability is increased for
the range of gas pulff rates that were achievable in the simulations.

Future work includes turning on drifts in SOLPS-ITER for higher fi-
delity modeling, and exploring strategies to simultaneously match
experimental plasma profiles while minimizing power lost radially off

Nuclear Materials and Energy 41 (2024) 101826

the domain of the grid. Once the DFD is installed, boundary codes will be
used to interpret experimental results, and DFD data will be used to
challenge and validate boundary models for better predictive capability
for an FPP.
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