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Abstract

An experimental discharge from the DIII-D tokamak is modeled using the SOLPS-ITER code
suite and compared against measurements in the pumped and relatively closed upper divertor.
Uncertainties of boundary plasma simulations are identified by attempting to match code inputs
to experimental conditions, including iteratively solving transport coefficients to match
upstream experimental profiles using varying quantities of core particle flux, different pumping
models, and various assumptions of ion thermal transport. Simulated boundary conditions for
particle injection at the core interface are shown to be relevant to the plasma solution at the
divertor targets, even if upstream transport is modified so that plasma profiles are comparatively
similar, although seperatrix density is not held constant. When upstream plasma profiles are
matched to experimental measurements by varying diffusive transport coefficients, using either
poloidally symmetric or ballooning structure, the model finds a majority of injected energy
being transported radially off the computational domain, in conflict with experimental radiated
power measurements and heat flux measurements at the divertor target. Imposing a maximum
thermal diffusivity or radially shifting the experimental separatrix location of the fitted profiles
to increase power conducted to the targets by increasing the upstream electron temperature does
not significantly modify this result. Including a thermalizing plenum volume in the simulation
domain is shown to maintain the experimental volumetric pumping rate without knowing the
neutral energy distribution incident on the pump duct a priori. By modifying transport
parameters to match different assumptions for ion temperature, downstream neutral pressure
changes by more than a factor of two, suggesting that attention to ion thermal transport may be a
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critical parameter for simulations to accurately resolve recycling and neutral transport,
particularly in a closed divertor geometry. In addition to quantifying various modeling
uncertainties, this work motivates both further experimental study and modeling improvements

to improve predictive capabilities.
Keywords: tokamaks, divertor, modeling

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent decades, understanding of plasma confinement on
closed flux magnetic surfaces in tokamaks has begun to
approach the point of a predictive model that can be used
to extrapolate to next-step devices [1, 2]. These core mod-
els, however, require a boundary condition to be defined at
somewhere the plasma edge. A similarly predictive under-
standing of the boundary plasma and exhaust system is argu-
ably not yet available, and even the most advanced models
of the core plasma system require boundary conditions to be
provided from field lines with parallel connections to material
surfaces, leaving this as a critical gap in whole device plasma
modeling. Integrated plasma fluid and neutral particle model-
ing suites have been and continue to be developed for model-
ing the plasma boundary [3-7], but detailed validation efforts
demonstrate that, although reasonable agreement can be found
between the codes in many areas, capture of all critical phys-
ics seemingly remains out of reach, and none of the models® to
date can be expected to be predictive at reactor scales [8—10].

Despite these challenges, boundary plasma simulation
codes are critical for predicting plasma and neutral conditions
near the divertor targets and main chamber walls when design-
ing new devices, or new divertors for existing devices [8, 11—
20]. They are often used to provide guidance for engineering
tolerances of particle and particle exhaust loads, to plan for
diagnostic needs, or to provide additional information about
plasma conditions in existing devices with relatively sparse
diagnostics. In the future they will be needed to determine
erosion rates for plasma facing materials in both the divertor
and the main chamber. Validation of computational models
using existing experiments is therefore critical to improving
their fidelity and increasing confidence in their predictive cap-
abilities. Part of this process is learning which inputs to the
simulations are most important to accurately reproduce exper-
imental data. Another is identifying places where the model
requires fundamental improvement.

6 Notice: This manuscript has been authored by UT-Battelle, LLC, under con-
tract DE-AC05-000R22725 with the US Department of Energy (DOE). The
US government retains and the publisher, by accepting the article for public-
ation, acknowledges that the US government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of
this manuscript, or allow others to do so, for US government purposes. DOE
will provide public access to these results of federally sponsored research in
accordance with the DOE Public Access Plan (https://www.energy.gov/doe-
public-access-plan).

An effort has been made through the work presented here
to match model inputs as closely as possible to experimental
measurements in order to quantify sensitivities to these para-
meters. For this study, a relatively closed divertor geometry
was used as a step towards a potentially more reactor-relevant
solution to the tokamak core-edge integration problem [21—
23], and to examine the challenges that this geometry presents
when using existing boundary plasma modeling tools. One
of the limitations of modeling these closed geometries with
SOLPS-ITER is that the plasma simulation mesh does not
extend to the first wall. An extended grid version of the code
has been developed for SOLPS [24, 25] as well as similar
boundary codes like SolEdge [26, 27]. While this important
work may remove the unphysical boundary condition on the
SOLPS fluid equations, many of the challenges discussed here
that focus on the radial locations close to the separatrix are
likely to remain for some time. More physics-based cross-field
transport models are also emerging [28], but developing these
models into something that encapsulates all relevant instabilit-
ies and transport processes will likely take a number of years,
especially since even these emerging techniques still lack a
first-principles physics model and rely on fitting to observed
conditions in current machines.

The remainder of the paper is structured as follows:
section 2 presents the setup of the SOLPS-ITER simulations.
Section 3 then explains the procedure and results for matching
upstream plasma profiles in the simulations with experimental
measurements, and section 4 analyzes the heat flux that is often
transported off the computational domain in the process of this
radial transport fitting. Section 5 discusses the simulation res-
ults of including a modeled pumping plenum volume, as well
as changing assumptions for ion thermal transport. A discus-
sion of the implications of these results is given in section 6,
and finally, section 7 presents a summary and conclusions.

2. Setup for interpretive modeling

The starting point for the experimental tokamak discharge
modeled here is DIII-D shot 180 344 at 2300 ms. This shot was
run with the active X-point in the relatively closed upper diver-
tor, where the upper, outer cryopump was turned on (cooled to
liquid helium temperature). The other two cryopumps in DIII-
D, in the upper, inner dome and lower, outer baffle, were not
actively pumping. Toroidal magnetic field By in the station-
ary part of the discharge was 2.0 T and plasma current /p was
1.3 MA in the same direction as Br, resulting in an edge safety
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factor gos between 3.9 and 4.0 and ion B x VB drift direc-
ted up, towards the active divertor (i.e. favorable for H-mode
access).

Injected power from neutral beams was 6.15 MW during
the stationary phase of this shot, and no electron cyclotron
heating was used. The time slice around 2300 ms was selec-
ted because the plasma had evolved into a quasi-stationary
ELMing H-mode with stable macroscopic plasma parameters
such as density and stored energy. No gas puffing was used in
the experiment around this time, so that the plasma was fueled
entirely by neutral beam particles and recycling flux.

Boundary plasma simulations presented here were per-
formed using SOLPS-ITER, version 3.0.8 [3, 29]. The 2D
plasma and extended neutral grids used for these simulations
are shown in figure 1, which includes a simplified repres-
entation of the upper outer plenum volume containing the
active cryopump. The effect of including or neglecting this
plenum volume in the computational domain will be presen-
ted in section 5.1. The neutral model employed fully kinetic
Monte Carlo neutrals via EIRENE, and neutral-neutral colli-
sions between deuterium atoms and molecules were included
in the reaction set. Transport coefficients were iteratively mod-
ified to match upstream experimental measurements in the
array of cells labeled in red in figure 1, at the location of the
pedestal Thomson scattering diagnostic, as will be discussed
in section 3. Carbon impurities were included in the simula-
tions, sourced via physical sputtering at the target in addition
to 2% chemical sputtering from deuterium particles incident
on carbon tiles. No sputtering occurs at the grid boundaries
where there are not material surfaces. This level of sputtering
resulted in the fully stripped carbon ion density matching the
quantity measured by charge exchange recombination spectro-
scopy (CER) upstream near the outboard midplane (OMP) in
the vicinity of the separatrix within the measurement uncer-
tainty, such that one might expect the model to approximately
reproduce the edge carbon radiation when electron temperat-
ure and density are also matched. Measured carbon densities
inside the pedestal top (v, <0.97) were larger in the exper-
iment than in the simulation by a factor of 2-3. Because the
study here focused on the plasma exhaust rather than examin-
ing the pedestal or core, and because larger challenges to
matching the experimental power balance were encountered
that will be discussed later in section 3, no effort was made
to modify impurity transport coefficients separately from the
main ions to match the core impurity density profile further
inside the separatrix.

Due to the computational expense of cross-field plasma
drifts, these effects were not included in the simulations here.
The ion B x VB drift was directed upward for these experi-
ments, into the active divertor. It is therefore expected that the
effect of drifts would be to transport particles from the outer
divertor to the inner divertor, somewhat rarefying the density
and increasing the temperature in the outer target region [30].

To accommodate the relatively closed geometry of the
upper divertor in DIII-D while including the pumping plenum
in the EIRENE domain for more realistic neutral particle

1.0

Cells where
profiles are
matched to

measurements

0.0+

Z (m)

-0.5+

-1.0

Figure 1. Computational grid for both plasma and neutral species
using SOLPS-ITER.

simulations, the radial extent of the plasma grid is truncated
before the pump duct opening, thus including 6.7 mm of mag-
netic flux at the outer midplane. This encompasses more than
2 heat flux widths at the entrances to the divertor in the sim-
ulation, but may still lead to some known modeling incon-
sistencies, including local recycling applied to ions escap-
ing the domain [31] and a physically large neutral penetra-
tion in locations where sparse far scrape-off layer (SOL) plas-
mas that would nominally ionize neutrals are now replaced
with near-vacuum conditions [24, 32]. The H-mode heat flux
width would be expected to be ~2 mm at the OMP based on
multi-machine scalings [33], which is similar to what is found
in this series of simulations employing the profile matching
technique. Further discussion of fluxes escaping the plasma
domain is included in section 3. For speedup, the eirene_mod
input was set to 5 (EIRENE was only run once for every five
time steps of B2), while b2mndt_nstg2 was setto 1 (1 internal
iteration of B2 per time step). Time steps for the final cases
presented here were no larger than 1 <1077 s.

2.1. Particle and energy sources and sinks

For the purposes of interpretive modeling and code validation,
model inputs are selected carefully to be as representative as
possible of the true physical system at the time of interest dur-
ing the plasma discharge. Power injected at the simulation’s
core grid boundary was taken as 80% of the experimentally
injected neutral beam power, evenly divided between the elec-
trons and ions (2.46 MW each). This fraction was selected to
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account for the rate of change of the plasma-stored diamag-
netic energy, dW/dz, in the latter half of the ELM cycle when
the profile data was extracted. This is also consistent with the
previously reported observation that roughly 20% of injec-
ted power in DIII-D is ejected during ELMs across a broad
range of injected powers in neutral beam-heated H-mode plas-
mas [34].

The ion particle flux injected at the core grid boundary was
initially prescribed to match the time-averaged particle source
of the neutral beams at the relevant time period, 7.14x 102
deuterium atoms per second. As will be shown later, these
quantities are modified in some cases to match the experi-
mental particle removal rate measured by a calibrated neut-
ral pressure gauge, which was approximately three times the
value of injected particles at the time of interest, likely due
to the desorption of residual gas that had been retained in
tiles during previous discharges. Because most neutralized
particles can remain in the vessel and be re-ionized following
their ejection from the core by an ELM, unlike the thermal
energy which leaves the plasma-neutral system quickly, no
modification to the modeled steady-state particle injection rate
is made to account for the transient uptake of particles in the
core between ELMs in the same way that injected energy was
modified.

For these simulations, the fraction of neutral particles incid-
ent on a modeled pumping surface that are removed from
the computational system (foumpeq) is selected as a code input
according to the equation

4Spump
VApump

; ey

f pumped =

where Spump is the desired volumetric pumping rate, Vv is the
average velocity of particles incident on the surface, and Apymp
is the surface area of the pumping surface in the model. The
particle reflection coefficient set in the EIRENE input file
is then one minus fyumped. For the work presented here, v is
assumed to be the velocity of molecular deuterium thermal-
ized to a Maxwellian distribution centered at the wall temper-
ature away from the target (300 K). This assumption is valid
in the case here where the pumping surfaces are all deep in
the plenum behind a thermalizing plate, so that there is no line
of sight between energetic neutrals and the pump without first
bouncing off a wall surface. Implications of this assumption
being violated will be discussed in section 5.1. Spump is then
taken to be 40 m* s~! for the upper, outer pump of DIII-D
based on previously calibrated measurements [35].

All main chamber wall surfaces here are set to recycle
100% of incident particles. This is consistent with DIII-D
experiments that demonstrated that the carbon walls, once
saturated, have an approximate global retention rate of zero,
within experimental uncertainties, during the later stationary
phases of pumped H-mode discharges [36]. Main chamber sur-
faces were set to reflect neutral particles with a Maxwellian
energy distribution centered around 0.026 eV (~300 K), while
target surfaces were set to 0.043 eV (~500 K) as a crude
estimate of hotter tiles at the target. Thermocouple or infrared

camera measurements could be used to set poloidally varying
wall temperatures in future work to test its impact on modeled
neutral ionization profiles. Neutral particles reaching the core
boundary were re-ionized and added to the user-defined core
particle flux boundary condition to maintain particle conser-
vation in the simulation.

Numerical convergence is often more easily achieved by
including some finite absorption of particles by main chamber
surfaces, so this can be useful in early iterations of SOLPS cal-
culations, but even small values of fractional particle absorp-
tion can lead to volumetric pumping that significantly impacts
global particle balance due to the large surface area of the
main chamber. For example, from equation (1), pumping 1%
of the incident particles on every surface in DIII-D equates
to a volumetric pumping rate of approximately 240 m> s~!
for the 76 m? of surface area on the walls, assuming the
average particle velocity is D, at 300 K. This is roughly
6 times the volumetric pumping rate of the upper outer

pump.

3. Upstream profile matching

In an attempt to match the critical simulation quantities with
the experiment, the upstream radial profiles of plasma temper-
ature and density in SOLPS-ITER can be modified via user-
provided diffusive transport coefficients [37]. Experimental
measurements of electron temperature (7.) and density (7,)
from Thomson scattering are compared here against the
modeled values in a radial array of grid cells in the pol-
oidal position closest to the Thomson scattering measurement,
labeled in red in figure 1. Comparisons of simulated ion tem-
perature with measurements are presented later in section 5.2,
along with a discussion of the physics implications of match-
ing 7; independent of 7.

3.1. lterative solving of transport coefficients

In order to establish SOLPS plasma profiles that match
experimental measurements, the diffusive transport coeffi-
cients are updated iteratively until the converged SOLPS solu-
tion reaches acceptable agreement with experimental profiles,
within measurement uncertainty if possible. At each step, the
diffusive coefficients for radial particle (D) and thermal trans-
port for electrons and ions (.,;) are updated such that [37],

DevY — _FSOLPS/vrnEXP, (2)
SOLPS 5 OLPS
N dag > = 3TTES 3)
€,1 nEXPvrTEi(P )

where I'SOLPS i the radial particle flux at each grid cell from
SOLPS, nFXP is the experimental electron density, qSS’LP S are
the electron and ion radial heat fluxes from SOLPS, Tf?LPS are
the electron and ion temperatures from SOLPS, and Tfffp are
the electron and ion temperatures measured from the exper-
iment. Experimentally measured gradients are taken to be

purely in the radial direction, with upstream poloidal variation
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assumed to be negligible by comparison along the Thomson
scattering laser path. The goal of this iterative process is to
match the profile gradient to the experimental measurement at
each radial location of the SOLPS grid. Because this proced-
ure relies on modifying diffusive transport coefficients alone,
experimental profiles used as inputs must have a finite negative
gradient throughout the profile. Transport coefficients for the
private flux region (PFR) here are set to a constant value equal
to the value of the first radial cell outside of the separatrix in
the SOL. D and y; are set to be the same for all plasma species
here.

If an existing set of transport coefficients are not available
as a starting point, the standard procedure is to start with a
reasonable estimate for radially constant diffusive transport
coefficients (for example, D ~0.05 m? s~! and Xe,i ~1 for
DIII-D). SOLPS is then run to convergence, and a new set
of radially varying transport coefficients is generated accord-
ing to equations (2) and (3). For each set of updated trans-
port coefficients, SOLPS is run to convergence, at which point
the SOLPS upstream plasma profiles are compared to the
experimental measurements. If an improved match is desired,
the radial transport coefficients are updated and SOLPS is
run to convergence again. For the DIII-D cases presented
here, a solution for the transport coefficients was determined
to be converged if the updated coefficients closely matched
the previous iteration, and 7, at the separatrix was within
1 eV of the experimental fit. This process generally con-
verges SOLPS profiles to the upstream experimental condi-
tions within experimental uncertainties in fewer than 10 iter-
ations of updated transport coefficients when starting from a
default input state. Fewer iterations are required when the ini-
tial transport coefficients are closer to the final solution. This
process often requires manual intervention when, for example,
the target density gets too low and the target electron temper-
ature increases without bound. In such cases, choosing dif-
ferent initial conditions for the transport coefficients can be
beneficial.

When particle flux boundary conditions are imposed at the
core plasma boundary, iteratively solving equations (2) and (3)
generally results in agreement between the profile gradients in
SOLPS compared to the experimental profiles, but not neces-
sarily agreement in the absolute values. This is a consequence
of solving a 1D diffusion equation, where the gradient is the
variable and a boundary condition is required to constrain the
absolute values. In the case where experimental density and
temperature profiles approach zero at the SOL grid boundary,
this imposes an effective boundary condition at the SOL edge
of the SOLPS profiles. For profiles with plasma grids that are
somewhat radially truncated, as is the case here with tightly
baffled divertor structures, the density and temperature at the
grid boundary do not necessarily approach zero. Additional
modifications can then be required to match the absolute val-
ues of each 1D plasma profile.

To address this offset, here we separately modify the trans-
port coefficients of the final radial grid cell at the SOL bound-
ary (the guard cell at the ‘north’ boundary) so that the transport
off the plasma grid is either increased or decreased compared

to the previous iteration in proportion to the mismatch between
the boundary conditions, such that

SOLPS

T NB
D" |np = D |NB—gxpr— “)
neXP|ng
OLPS
i Lei
Xei INB = Xe,i INB ERP S)
e.i INB

where the NB subscript denotes that each quantity is eval-
vated at the north boundary and this transport coefficient is
only being applied at that location, in the final radial grid
cell in the SOL. Decay length boundary conditions were set
to 3 cm for all quantities at the radial boundary of the 2D
plasma grid, including all particle species as well as electron
and ion thermal transport, but this iterative procedure con-
verged to nearly identical plasma solutions when this length
was changed to 1.5, 6 and 9 cm, where the only difference
was a change in the transport coefficients in the final cell. This
insensitivity of the boundary condition is a feature of using
equations (4) and (5) with the iterative procedure, although
as will be discussed later, the decay length should be set suffi-
ciently high such that too much power is not lost off the grid in
the early iterations. Because particles reaching the radial grid
boundary remain in the simulation as neutrals, while energy is
simply lost, equation (4) can be less effective at converging the
simulation to the desired densities than equation (5) is at con-
verging to the desired temperatures. Without these additional
constraints, the profiles generally do not converge to the cor-
rect absolute values in cases like the ones presented here where
temperature and density are not approaching zero at the radial
edge of the grid.

In situations where a density shoulder is present in the far
SOL [38], even an extended radial grid domain may be insuf-
ficient for the plasma density to reach a sufficiently low level
at the radial grid boundary that the absolute density is eas-
ily matched without some enforcement. SOLPS has nonethe-
less been shown to reproduce critical features in such plas-
mas using a similar iterative transport matching procedure for
particle flux [39]. There are also significant non-linearities
in plasma parameters where the target is detached that can
lead to challenges in converging transport coefficients using
equations (2) and (3).

3.2. Particle flux scan

SOLPS simulations are presented in figure 2, varying the
particle flux injected at the core boundary of the plasma
domain. The calculated neutral beam fueling rate deposited
in the core from the experiment was 7.14x10%* D atom-
s/s, so simulations were run with multiples of this quantity
between 1 and 5 used as the deuterium particle flux injected
at the core boundary. Because the measured pumped particle
rate was approximately 3 times the neutral beam fueling rate,
this equates to a range of 1/3 to 5/3 of the pumped particle
flux. Transport coefficients were iteratively solved to match
the experimental gradients in upstream profiles as a func-
tion of normalized poloidal magnetic flux )y, based on the
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Figure 2. Upstream profiles of (a) electron density and (b)
temperature, (c) particle diffusivity and (d) electron thermal
diffusivity. Experimental measurements are presented as circles
with errorbars in (@) and (), and the experimental fits are plotted as
black dashed lines. Colored lines denote SOLPS simulations, with
particle flux injected at the core boundary varied from one to five
times the experimentally injected values from NBI, where the
experimentally measured pumped particle flux is 3 times the NBI
particle source rate (baseline case in red).

experiment and setup introduced in section 2. Experimental
measurements of n, and 7, from Thomson scattering in the
final 20% of ELM cycles are plotted as black circles with error-
bars in figures 2(a) and (b), respectively, and fits to experi-
mental data are shown with a black dashed line. These fits were
used to iteratively modify transport coefficients in each case
according to equations (2) and (3). Converged SOLPS simu-
lations are then plotted as colored lines in each panel, includ-
ing the corresponding diffusive particle and electron thermal
energy transport coefficients in panels (¢) and (d), respectively,
that produced the simulated profiles.

As shown in figure 2(a), the resulting plasma density pro-
files were able to match the gradient of the experimental profile
in all cases, but using core flux boundary conditions without
an absolute density boundary condition results in most cases
exhibiting a radially constant offset from the experimental pro-
file. The measured particle removal rate in the experiment
was approximately 3 times the experimental rate of particle
injection by neutral beams (NBI), using calibrated measure-
ments from a neutral pressure gauge [40]. This level of particle
throughput (the experimental pumped flux) corresponds to the
simulation profile that best matches the density profile with
the decay length boundary conditions used here (red traces
in figure 2). The simulation using the experimental particle
removal rate as the particle throughput at the core boundary
is therefore used as the baseline for other scans that will be
presented later.

In every case, this iterative process of diffusive trans-
port coefficient modification was able to match the experi-
mental gradient well despite a factor of 5 difference in particle
throughput. Again, this is a consequence of solving for the pro-
file gradients in equations (2) and (3), and similar conclusions
about this transport degeneracy with different particle fluxes
have been reported in previous studies from JET [41]. The
particle throughput has been shown in modeling to be crit-
ically important to the boundary plasma solution [42], sug-
gesting that it may be preferable to impose a particle flux at
the core boundary for the purposes of interpretive modeling of
experimental discharges in cases with core fueling from neut-
ral beams or pellets. Imposing a density at the core boundary
results in the simulation injecting as many particles as neces-
sary to match the density condition given the initially pre-
scribed transport. When transport coefficients are iteratively
solved to match experimental profiles, as they are here, these
two free parameters (diffusivity and flux) result in a degenerate
solution.

A major challenge with using core particle flux boundary
conditions, however, is matching the separatrix density con-
dition 7 sep. As seen in figure 2(a), while the profile gradients
are well-matched, ne s varies by nearly a factor of 2, which, in
some combination with the change in particle throughput, has
a substantial impact on downstream profiles, as will be shown
in the next section.

SOLPS T, profiles in figure 2(b) are well-matched with the
experimental data in all cases. Ion temperatures were similarly
well matched to fitted profiles of main ion charge exchange
measurements of deuterium in each of these cases, an in-depth
study of which is discussed later in section 5.2.

3.3. Downstream profie comparisons

Downstream plasma profiles measured by embedded
Langmuir probes at the inner and outer divertor targets
are compared against SOLPS solutions in figure 3 for the
particle flux simulation scan with matched upstream profiles
in figure 2. Ton particle flux profiles (‘Js, ) are shown in panels
(a) and (b), T, profiles in (c) and (d), and poloidal heat flux
profiles (gpo1) in (e) and (f). Colors correspond to the same
simulations as figure 2, with the red case again represent-
ing core particle flux that approximately equals the measured
particle exhaust rate (3 times the NBI particle injection rate).
Voltage on the probes is swept such that T¢, n. and ion satur-
ation current (Jg,) measurements are available with a 1 kHz
time resolution.

For the experimental data shown here, the marker rep-
resents the median data point in the time range of interest
(+/— 50 ms) while the errorbars denote one standard devi-
ation in either direction, for both the measurement quantity
and the probe location with respect to the reconstructed mag-
netic geometry .

The wide variation in downstream plasma solutions in
figure 3 highlights the importance of accurately reprodu-
cing nesep and properly modeling total particle throughput in
boundary simulations. If core density boundary conditions are
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Figure 3. Profiles of Jsa, Te and gy at the inner and outer targets
for the modeled core flux particle scan with matched upstream
profiles (colored lines) compared with measurements from
Langmuir probes (black circles with errorbars).

applied, it is critical to check that the final particle throughput
through the core boundary is not deviating significantly from
experimental expectations. If n.gp can be matched, particle
flux boundary conditions may be preferable for neutral beam-
heated plasmas to ensure physically relevant particle through-
put and target plasma conditions.

Another conclusion that can be drawn from figure 3 is that
across the entire range of particle fluxes that were modeled, the
downstream ion flux, temperature and heat flux were all signi-
ficantly lower than the measured quantities. The baseline case
(where particle throughput matches the experimental pumped
particle rate, plotted in red in figures 2 and 3) underestim-
ates the ion flux to the target by more than a factor of 3 relat-
ive to the measurements from Langmuir probes. This is likely
explained by a discrepancy in the modeling where insufficient
power is being conducted to the target, which will be described
in section 4.

Heat flux from Langmuir probe measurements is calculated
assuming a sheath transmission coefficient v =7. The peak
simulated heat flux is a fraction of that measured by Langmuir
probes, which itself may not be the peak experimental value,
since the spatial sampling here is coarse. Similarly, measure-
ments from a toroidally-viewing infrared camera found the
peak heat flux in the latter half of the ELM cycle to be approx-
imately 2 MW m~2, although the spatial resolution is poor
compared to the simulations, and this is likely an underestim-
ate of the true peak. At the same time, both the inner and outer
heat flux profiles decay to less than 1/3 of their peak values
at the SOL edge of the grid. This suggests that the radial heat
flux profiles are not simply being widened to an extreme radial
profile width that is truncated by the finite width of the grid.

A similar conclusion can be drawn from other cases where a
majority of heat flux is lost to the radial grid boundary, despite
much wider radial grid domains [43].

4. Energy escaping radial grid domain

A challenge with the iterative transport coefficient matching
process described in section 3 is that the transport resulting
from fitting the experimental profiles often forces a signific-
ant fraction of the injected energy off of the plasma grid, in a
way that conflicts with experimental observations and expect-
ations. Energy exiting the grid on the ‘north’ boundary (at the
radial edge of the SOL) in this way is simply lost in the simu-
lation, assumed to be deposited on wall structures away from
the divertor target within the plasma domain. This escape of
energy off the simulation domain even occurs in cases when
the grid extends many multiples of the heat flux width A,
outside of the separatrix [20, 43]. This is not always a prob-
lem, as the profile matching has been found to be effective
without disproportionate energy flux escaping the domain in
many cases [37, 39, 44-47], but here we focus on a particu-
larly challenging case that highlights the issue.

An example is presented in figure 4, which shows the
poloidally-integrated radial particle flux in panel (a) and total
plasma energy as a function of normalized poloidal flux ¢y in
panel (b). The subset of particle flux from D™ ions is plotted in
blue in panel (a), while the total electron flux is plotted in black
(the difference is due to impurity carbon ion flux). In panel (b),
the total energy flux is given in red, while the component res-
ulting from convective flux is shown in magenta (equal to the
sum of 2.5I';T; over all species j). Grid boundaries of the core
and SOL are plotted as dashed black lines. The SOLPS sim-
ulation presented in figure 4 is the same as the baseline case
plotted in red from figures 2 and 3, where the particle injec-
tion matched the measured pumping rate and upstream profiles
matched most closely with the experiment.

As seen in figure 4(a), the DT ion flux that escapes the
north boundary is 13.2% of the quantity of DT injected at the
core boundary. This particle loss is an even smaller fraction
when it is normalized by the ion flux through the separatrix
(6.8%). The thermal flux in figure 4(b), on the other hand, can
be seen to exhaust over 87% of the energy injected at the core
boundary through the radial grid boundary at the SOL edge.
The convective component is relatively small, accounting for
less than 0.4% of the energy escaping the grid domain, so that
the majority of energy is lost due to conduction. This level of
radial energy flux leaving the simulation domain results in only
a small fraction of the injected energy remaining to deposit on
the target surfaces.

The experimentally reconstructed 2D radiated power pro-
file measured by an array of bolometers [48] is plotted in
figure 5. The location of the bolometer chords is shown in gray,
and radiated power was averaged around 2300 +/— 20 ms,
integrated through the ELMs. The radiated power profile cal-
culated by the baseline SOLPS case (red traces from figures 2
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Figure 4. Poloidally-integrated radial flux of (a) D™ particles and
(b) energy, as a function of normalized flux on the SOLPS grid.
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Figure 5. 2D reconstruction of radiated power in the upper DIII-D
divertor from shot 180344 at 2300 ms. Bolometer chords are shown
as gray lines.

and 3 is then shown in figure 6. The total radiated power estim-
ated by the bolometer measurements was 3.6 MW, while the
total integrated radiated power by SOLPS is only 0.21 MW.
This is despite the fact that the majority of the experiment-
ally reconstructed radiated power is located within the volume
encompassed by the simulation domain, demonstrating that
the simulation is missing the majority of this radiated power.
While some of the experimentally measured radiated power
likely came from emission during ELMs, the power from
which is neglected in the SOLPS simulations, the total power
ejected by ELMs was only ~1/3 of the radiated power meas-
ured in the experiment here, so ELMs are not the dominant
source of disagreement between the simulation and experi-
ment. About 80% of the radiated power in the simulations
comes from carbon species, which is roughly consistent with
previous experimental studies using calibrated reconstructions
of the 2D emissivity in the lower divertor of DIII-D [49, 50].
Finally, table 1 provides the power balance analysis for
the plasma from both the experimental observations and the

R(m)

Figure 6. Radiated power profile calculated by SOLPS for the
baseline case.

Table 1. Power sources and sinks in the plasma from the experiment
and baseline SOLPS simulation. All power is in units of MW.

Source/Sink Exp. MW) SOLPS
Injected power 6.15 4.92
ELMs 1.23 0
Radiated power 3.6 0.215
Inner target ~0.5 0.12
Outer target ~0.4 0.11
SOL bdy. (Upstream) <~0.4 4.185
SOL bdy. (Div.) <04 0.12
PFR bdy <0.4 0.0

baseline SOLPS simulation. Power lost to the simulation radial
grid boundary, denoted ‘SOL bdy’ in the table, is broken up
into the component lost ‘Upstream’ (in the main chamber)
and that lost in the divertor region of the SOLPS grid (‘Div.’).
Because there is no experimental measurement of these quant-
ities, it is simply noted that the power leaving these regions in
the experiment must be less than the remainder of the other
terms in the power balance. The radiated power measurement
is integrated through the ELM cycles, so there may be some
double counting of experimental power that is radiated and
what is estimated to be lost to ELMs. The experimental estim-
ate of heat flux to the targets is a very rough estimate based on
scaling up the SOLPS target fluxes from figure 3 to match the
relatively sparse data from Langmuir probes.

The poloidal dependence of heat flux density escaping the
simulation domain in the SOL is plotted in black in figure 7,
using the left figure axis. The poloidal distance along the radial
grid boundary is measured starting from the outer divertor tar-
get, passing through the SOL and ending at the inner diver-
tor target. The location of the outboard midplane is labeled
‘OMP’, and poloidal index of the X-point is identified at
the entrance of each divertor. The inverse of the outer-most
radial cell width is then over-plotted in blue using the right
axis. The heat flux density is largest near the OMP, with
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Figure 7. Power escaping the simulation domain in the radial
direction as a function of the poloidal location along the SOL radial
boundary (in black, left axis), along with the inverse of the
outer-most radial cell width (in blue, right axis).

a secondary peak near the inboard midplane. This correl-
ates strongly with the inverse of the radial cell width, which
might be expected for poloidally similar temperatures, where
the diffusive thermal flux is proportional to the local radial
temperature gradient. The thermal transport is driven more
strongly in regions of strong flux compression due to the
increase in temperature gradients when the radial cell-to-cell
distance is reduced, even using poloidally symmetric transport
coefficients.

The resulting simulated SOL radial profiles for n. and T, are
plotted in figures 8(a) and (b) for three poloidal locations with
the baseline case of the particle flux scan: the ‘OMP’ (plotted
in black) and the inner and outer divertor entrances (dashed
blue and red, respectively). For all poloidal locations, the radial
coordinate is mapped to the radial distance from the separatrix
at the OMP. The absolute value of the parallel flux densities of
particles (I'|) and energy (g ) are then plotted in panels (c) and
(d), respectively, for the same poloidal locations. The perpen-
dicular cell areas that are used to calculate these parallel flux
densities are again mapped to the OMP to normalize for flux
expansion.

The poloidal variation of n and T, profiles in the SOL in
figure 8 is indicative of large radial transport with the signific-
ant poloidal variation shown in figure 7. Longer decay lengths
for T, and g on the outboard side compared to the inboard
side in figure 8 is also consistent with the poloidal variation
seen in figure 7. It is important to note that the standard under-
standing of a single scaler quantity A, that describes the energy
decay in the SOL is dependent on relatively constant values of
both D and x, as well as a small fraction of power escaping
the domain, neither of which elements are present here.

The implication of the simulation data presented in this
section so far is that, while the particle diffusivity D derived
using the iterative process to match upstream plasma profiles
in section 3 seems reasonable (because relatively few plasma
particles escape the simulation domain radially, and convect-
ive energy flux is not dominant), the thermal diffusivity x
appears to be too large. Approximately half of the ‘missing’

Rowmp - Rsep,omp (Mm) Rowmp = Rsepomp (MM)

Figure 8. Simulated radial profiles in the SOL of (a) ne, (b) T, (¢)
Ty
(OMP, solid black) and inner and outer divertor entrances (dashed

blue and red, respectively) in the baseline case. Radial positions and
cell areas are mapped to the outboard midplane.

,and (d) ‘qH ’ for poloidal positions at the outboard midplane

radiated power might be a result of the ‘radiation shortfall’ that
is often attributed to the effect of molecules that are improperly
modeled in a carbon-walled device [44], but the radiation here
is too low by much more than a factor of two. Furthermore,
both the radiation and parallel conduction terms are underes-
timated by the simulation, as a majority of the power is con-
ducted radially to the SOL edge in the main chamber before
it can reach the divertor. However, according to the iterative
procedure, this was the value of . that was required to match
the electron temperatures that were measured upstream.

Several approaches have been taken to attempt to address
this apparent excess in radial thermal transport, which will be
discussed in the next subsections.

4.1 Setting a max value for x

Given the extreme values of x in the far-SOL, one potential
solution to minimize the energy escaping the grid is simply to
set a maximum value for . and ; as transport coefficients are
iterated. Figure 9 shows profiles of (a) n., (b) T, (c) particle
diffusivity D and (d) ., starting with the baseline case in
red, then doing a single simulation where only the values of x
greater than 10 m? s~! are reduced to 10 m? s~! everywhere
except the boundary where equation (5) was applied (shown in
green), another single simulation where y <10 m? s~! every-
where, including the boundary (shown with a dashed brown
line), and a final case where the iterative profile fitting process
was run to completion, maintaining Y <10 m? s~! everywhere
throughout the process (shown in solid purple). Experimental
Thomson scattering data is plotted with errorbars in panels (a)
and (b), and the profile fits are plotted as dashed black lines.
The radial coordinates in figure 9 are focused on the region
near the separatrix and in the SOL, since this is where the
transport changes are made. The value for x; was also limited
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Figure 9. Edge profiles of (a) ne, (b) Te, (¢) D and (d) xe, for the

baseline case (solid red), the same case with xmax = 10 m?s™!

(dashed brown), the same case again with Xmax = 10 m* s~!
everywhere except the north boundary (green), and a case where the
iterative process was run to completion for the whole profile,
maintaining x <10 m? s~! (solid purple).

to 10 m? s~! for the same cases as ., but this only impacted
the final cell at the north boundary (set by equation (3)).

Setting this maximum value for y succeeds in retaining
more of the power in the simulation domain, but most is still
lost. While ~87% of the power escapes the radial grid bound-
ary in the baseline case, ~80% escapes for the same simu-
lation with Ymax = 10 m? s~!, and ~75% escapes following
several further iterations of transport coefficients to match the
profile gradients throughout the domain. As seen in figure 9,
however, these modifications also lead to a mismatch between
the simulations and the measurements in the SOL. In partic-
ular, both n, and 7, deviate significantly from the target val-
ues at the separatrix. Removing the constraint and then iter-
ating starting from these simulations with more of the energy
remaining in the simulation domain results in energy being
again transported off the grid, converging back to a similar
solution as the baseline case. When the max y constraint is
applied everywhere except at the north boundary (green lines
in figure 9), the profiles match relatively well with only a slight
increase in temperature and density across the SOL, and the
power escaping the domain is slightly reduced to 84%. This
shows the importance of the boundary conditions defined by
equations (4) and (5), although it may be beneficial to avoid
updating the boundary condition for x in early iterations of
the procedure so that excess power off the grid is not baked in
to future iterations.

4.2. Radial shift of experimental separatrix location

One of the most significant factors in determining power con-
ducted to the target in the parallel direction is the separatrix
electron temperature, Tep [51]. For the particle flux scans
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Figure 10. (a) Upstream separatrix electron temperature and () the
fraction of energy (red) and D+ particles (green) injected at the core
that escape the radial grid boundary with varying radial separatrix
shifts to the fitted experimental profiles.

shown in section 3, Te s, Was approximately 60 eV (as seen
in figure 2(b)), while power balance analysis of this dis-
charge [52] suggests that Te s, should be in the 80-95 eV
range.

To explore the impact that T, s, has on the energy escap-
ing the simulation domain through the radial grid boundary, a
scan was performed to radially shift the experimental profiles
and iteratively solve the transport coefficients for each new set
of fitted profiles, as outlined in section 3. The results of this
scan are presented in figure 10, where the upstream electron
temperature at the OMP separatrix is plotted in panel (a) and
the energy and main ions that escape the simulation domain
in the radial direction are plotted in panel (b), as a fraction of
each quantity that is injected at the core boundary.

As shown in figure 10, shifting the separatrix outward
provides only a moderate reduction in the energy escaping the
radial grid boundary, despite a much larger T scp.

4.3. Ballooning transport

Another possible explanation for the excess energy escap-
ing the grid radially is that the experimental profiles being
matched are poloidally located on the outboard side of the
tokamak. If transport in the experimental SOL was sufficiently
poloidally asymmetric, these measurements would not be rep-
resentative of the full poloidal average and therefore would not
be captured by the one-dimensional assumptions of the pol-
oidally symmetric transport coefficients and iterative scheme
presented in section 3.

SOLPS-ITER has the built-in functionality to modify trans-
port coefficients poloidally depending on the local magnetic
field at each cell, in an attempt to reproduce ballooning-like
transport that is larger on the low-field side of the device. With
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Figure 11. The fraction of energy (red) and D+ particles (green)
that escape the radial grid boundary with varying ballooning factors
applied to transport coefficients.

this option enabled, the diffusive transport coefficient at each
cell poloidally Dy, is modified by

B n
Dipcal = (H) Drad;

6
3] (6)

where |B| is the local magnetic field strength in the center of
each cell, (|B|) is the average of this value over all of the cells
in the 2D plasma domain, » is the exponent assigned by the
user for the ballooning term, and D, is the transport coeffi-
cient for the radial index as calculated here by equations (2)
and 3. A similar modification is made to thermal transport
coefficients . and ;.

To examine the influence of poloidally asymmetric diffus-
ive transport on the energy escaping the grid in these sim-
ulations, ballooning transport coefficients were used for the
baseline case here. Transport was iteratively modified to match
upstream profiles according to the procedure in section 3 with
the ballooning exponent z in equation (6) set to 1 and 2, which
can then be compared to the baseline case where it was zero.
Following the iterative procedure, upstream electron density
and temperature profiles for each of the three cases match well
with the fitted measurement profiles at the poloidal position
of the Thomson scattering laser path (T¢gep is within 2 eV,
and density profiles have a maximum offset between the three
cases of 0.05x10' m~3). The resulting energy and particle
flux escaping the grid across this scan is presented in figure 11.
This scan shows that there is only a ~1% reduction in the
energy flux escaping the radial grid for the values of balloon-
ing transport explored here. Attempts at converging cases with
larger ballooning exponents were unsuccessful.

4.4. Potential solutions to be explored

Several other potential solutions to the problem of too much
energy escaping the grid in the radial direction were con-
sidered as part of this work, but have not yet been fully
explored. One modification would be to add the effects of
cross-field drifts, which changes the radial transport and may

impact the fluxes that escape the domain. A few simple, low-
effort improvements would be to only update the particle dif-
fusion coefficients during the first few iterations of the pro-
cedure until the density profile is at least somewhat converged
before modifying thermal transport, or to keep x at the north
boundary below some prescribed level for the early iterations.
The hope in both cases would be to prevent excess power from
being transported radially in early iterations of the procedure
when the upstream profiles differ significantly from the exper-
imental fits.

Another observation is that there is a path dependency to
keep thermal flux from leaving grid, such that once there is a
given amount of thermal energy flux being transported radi-
ally, this can to some extent be ‘baked in’ to the iterative pro-
cedure through the term g3¢"* in equation (3). Therefore,
starting with lower values of x in the initial simulation with
constant transport coefficients might theoretically minimize
the thermal flux escaping the grid in the first iteration by
increasing the temperatures and driving more thermal flux to
the divertor targets. In the case presented here, this was attemp-
ted, but was not successful at reducing the energy leaving the
grid domain in the final converged state. It is likely a necessary
but not sufficient piece of the solution. Manually reducing y in
the far SOL between iterations was also unsuccessful at reset-
ting the evolution of the transport coefficients, although the
details of these changes are likely important, such that further
attempts might achieve different results.

A case with the same inputs but using constant values
of D=0.3 and x = 1.0, modeled after predictive simula-
tions from ITER [53], resulted in 39% of the power escaping
the grid, while the n. and 7. profiles were significantly mis-
matched, with 7, sep more than twice the targeted experimental
value. Manually modifying the constant transport coefficients
to find a better match with experimental profiles before begin-
ning the iterative procedure may produce an improved match
in the end.

The boundary conditions at the north boundary could be
changed from decay length to some other function, although
leakage boundary conditions are effectively the same for given
plasma background, so we would not expect this to change
the fundamental challenge. This was not attempted here, but
it could be a factor in sending the iterative procedure on the
wrong path if this boundary condition pulls more heat flux
toward the radial grid boundary.

A more physics-based solution to this transport problem
could be to assume that transport is convective rather than dif-
fusive, particularly in the far SOL, and solve for the convect-
ive particle velocities rather than diffusion coefficients that
were used in equations (2) and (3), while maintaining some
finite diffusivity for numerical stability. Since transport in the
far-SOL is likely dominated by convective blobs rather than
diffusion [38, 54, 55], this may enable an improved match
to experimental profiles without forcing so much energy off
the grid. Further inclusion of more physics-based transport
models could be effective [28], but this likely requires more
development than the other short-term solutions suggested in
this section. An even shorter-term change would be to add a
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finite outward convection term in the SOL so that the thermal
diffusivity might not need to reach such extreme values in the
far-SOL.

Alternatively, it may help to try to use different fitting para-
meters than the tanh functions that are usually used for DIII-D
pedestal and edge profile fits [56], which are used to approx-
imate a smooth fit to the experimental data before applying
it to the fitting procedures in equations (2) and 3. A more
brute force tactic could be to concede that the conditions in
the far SOL are not properly described by either a simple
Maxwellian distribution function in each cell or by a diffusive
model, such as if they are ‘blob-y’. One could then modify the
experimental electron temperature profiles in the far SOL, for
example, by applying an additional exponential decay beyond
a few heat flux widths outside the separatrix. Modeling efforts
could then be focused on accurately describing the system near
the separatrix.

The problem of matching experimental plasma profiles
with fluid boundary plasma modeling without forcing excess-
ive energy radially off the grid is a challenge [20, 43], and there
are likely other potential solutions not discussed here.

5. Additional considerations for realistic neutral
physics

Several other considerations that are frequently neglected in
boundary modeling will now be addressed, to demonstrate
their importance to more accurately reproduce the physical
system. The physics of pumping plenum geometry and ion
temperature each impact the modeled neutral physics and
therefore recycling and ionization profiles, which will be
explored here. The influence of other less-commonly modified
model inputs, such as the core rotation boundary condition,
have been shown elsewhere to influence the plasma solutions
from SOLPS [57].

5.1 Inclusion of a thermalizing plenum volume

A common simplification used in interpretive boundary mod-
eling simulations is to approximate pumping at a surface near
the opening of the pump plenum, [22, 41] thus avoiding the
complexity of adding more neutral volume to the simulation,
which can increase computational time and potentially com-
plicate convergence. In regions where the neutral population is
sufficiently thermalized so that the majority of particles being
removed from the simulation are equilibrated to the temper-
ature of the wall, equation (1) would be sufficient to calcu-
late the pumped particle fraction that reproduces the volu-
metric pumping rate. For cases where the neutral velocity v
incident on the absorbing surface changes because the neut-
ral energy spectrum changes, however, this assumption breaks
down, and a more complete representation of the pumping
geometry may be required to capture the physics of thermal-
ization and molecule formation that takes place in the pump
duct and plenum volumes [58—60]. This is often the situation
when there is a clear line of sight and relatively large solid

angle between the divertor target where neutral particles are
born and the pumping surface in the EIRENE grid.

In order to test the necessity of including a plenum geo-
metry in the cases presented here, transparent surfaces were
added to the EIRENE grid to quantify the effective pumping
rate at two locations in the simulation grid that might have been
used in lieu of the full plenum volume: one at the back of the
pump duct, and one at the front, closest to the plasma. Pumping
on the plasma end of the pump duct would be similar to apply-
ing particle removal on the edge of the plasma grid itself, for
example what is used to remove fluid neutrals in UEDGE [4,
19]. The plenum geometry is shown in figure 12, along with
the transparent surfaces denoted by a red line at the back of
the pump duct and a green line at the front of the duct near the
edge of the plasma grid. The cryopump ring is shown in blue,
which are the only surfaces where particles are removed from
the simulation. All D particles are injected into the simulation
at the core plasma boundary, and they are all removed by the
cryo pump ring, with 100% particle recycling on all other sur-
faces, so that all net flow of particles passes through both the
red and green surfaces.

The effective pumping rate at each transparent surface
is then plotted as a function of the total atomic D particle
throughput of the system in figure 13. These calculations are
based on the particle flux scan simulations from section 3.2,
where the core particle flux and transport coefficients are mod-
ified for each level of particle throughput, while other model
inputs are kept constant. The pumping rate of the surfaces of
the cryopump is set to 0.168, as calculated by equation (7)
using the experimentally calibrated volumetric pumping rate
and the total surface area of these segments. The effective
pumping rate foumpedeff plotted as solid lines in figure 13 is
calculated as

ND,in - ND,oul

) @)
Nbp in

fpumped,eff =
where Np;i, and Np o are the total number of deuterium
atoms passing into and out of the pumping volume, respect-
ively. This includes the contribution of two D atoms from
each D, molecule. This number represents the pumping rate
that should be applied to a surface at each position to replic-
ate the volumetric pumping rate of the more-realistic pump
with a thermalizing plenum volume. The effective pumping
fraction is lower for the surface on the plasma side of the
duct because of particles that enter the pump duct and then
return to the main chamber following some collision rather
than entering the plenum volume. Errorbars in figure 13 indic-
ate the standard deviation of the calculated pumping rate from
50 time steps in this converged simulation, to give a sense
of the statistical noise of the system including Monte Carlo
neutrals. Figure 13 also includes dashed lines denoting the
pumping rate that would have been applied at each position
if equation (1) was applied assuming that all particles are D,
molecules thermalized to the wall temperature (300 K here).
When a thermalizing plenum volume is included in the sim-
ulation, including a plate to prevent direct pumping of incom-
ing energetic atomic particle flux on the cryo ring, nearly all
particles are thermalized to the wall temperature (300 K here)
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Figure 12. Modeled plenum geometry using an approximation of the pumping plenum and cryo pump (shown in blue), with green and red
lines denoting transparent surfaces used for diagnosing the impact of different pumping models. Surface numbers and location of the
pressure gauge in the PFR are labeled in magenta for reference for figure 15.
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Figure 13. Effective pumping rate for the transparent surfaces
labeled in figure 12 that would be required to match the desired
volumetric pumping rate at each position in the absence of a
thermalizing plenum volume. Solid lines are based on the simulated
particle fluxes in and out of the plenum, while dashed lines denote
the value calculated assuming all particles are thermalized
molecular deuterium.

by the time they contact the pumping surface and are removed
from the system. This physics replicates that of the real pump
plenum and the pumping rate can be calibrated to the measured
volumetric pumping rate according to equation (1) (where
Spump = 40 m?3 s~! here). Without this volume, some estimate
must be made about the average neutral particle velocity incid-
ent on the pumping surface. Because this is not known a priori
before the simulation, the necessary pumping rate that should
be applied to the surface (i.e. foumped,eft) changes depending on
the plasma and neutral population near the pumping surface.
As shown in figure 13, using equation (1) assuming a
thermalized molecular deuterium particle flux, if the plenum
volume were not included in this simulation and particle
removal were instead applied at these proxy pumping surfaces,
the particle removal rate might have been overestimated by
roughly 1/3. Moreover, the ‘true’ particle reflection coefficient

that should be set at each surface can change with plasma con-
ditions, such that no single value would be valid across a wide
range of conditions, although a suitable value may be sufficient
for a given scan.

When these same simulations were run using a pumping
surface at the back of the pump duct (the location of the red
line in figure 12) with an absorption fraction calculated assum-
ing an average energy distribution of D, at 300 K, following
the iteration procedure to match upstream profiles, the target
ion flux was reduced by about 15% relative to the case with the
plenum volume included. This further demonstrates the sens-
itivity of the simulated pumping geometry when the target is
positioned near the pumping surface(s), especially when there
is line-of-sight with an attached target. It also highlights the
role of kinetic neutral physics in the simulation.

5.2. Treatment of ion temperature

In the absence of reliable ion temperature measurements or
understanding of the differential thermal transport between
electrons and ions, a common simplification in interpretive
boundary modeling is to assume that either 7; = T, or that y;
= Xe [43, 45, 47, 61, 62]. In many cases this assumption may
be invalid near or outside of the separatrix, however, where T}
has been measured to be two or more times the electron tem-
perature in multiple devices [63, 64]. Here we investigate the
implications of various assumptions of ion temperature on the
simulated plasma and neutral system.

Impurity ion temperature measurements from fully stripped
carbon C®* are regularly available in DIII-D using CER [65].
More recently, main ion CER measurements have become
available to directly measure the temperature of deuterium
ions [64, 66]. In the core of the plasma, the impurity and
main ion temperature measurements tend to be coupled so that
Tp =~ Tce+, while at the edge, they become decoupled due to
differential transport and ionization profiles, as well as meas-
urement idiosyncrasies related to the large trapped orbit widths
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Figure 14. Modeled upstream profiles of (a) ne, (b) T and (c) T; and associated diffusive transport coefficients (d) D, (e) xe and (f) Xxi
following transport coefficient fitting for various assumptions of ion thermal transport, labeled in panel (c).

of impurity carbon ions. Although the quantitative contribu-
tion from each of these two effects (real differences in 7; and
measurement challenges with T¢g,) remains uncertain, the Tp
measurements are more reliable in the edge when they are
available.

In SOLPS, all ion species are represented with the same
temperature 7;, although the thermal transport coefficient y;
can be set differently for each charge state of each species.
Here we assume that y; is the same for all ion species, which
is necessary for a unique solution to equation (3) without addi-
tional information relating their relative values.

Figure 14 shows the simulated plasma (a) electron dens-
ity, (b) electron temperature and (c¢) ion temperature upstream
profiles for four cases: one where x; was modified so that T;
matched 7p from main ion CER measurements (this is the ref-
erence case from section 3, plotted in blue), one where y; was
modified to attempt to match 7; with T¢g, from impurity CER
(plotted in green), one where the transport was iterated assum-
ing T; = T, and a final case where x; was simply matched to
the derived value of x. on every iteration. Resulting transport
coefficients are then given in panels (d) for particle diffusion
D, (e) for x. and (f) for x;. In the two cases that attempted to fit
ion temperature profiles, a decay length of 0.015 in N space
was imposed on the measured profiles outside of the separat-
rix, since ion temperature measurements are less reliable in the
SOL.

As shown in figure 14, the assumption that 7; = T, was
similar but not identical to the case where y; was set to
equal x.. The case where 7; was matched to the 7p meas-
urement approximates the measurement reasonably well near
the separatrix: measured deuterium temperature at the sep-
aratrix Tpgep is approximately 250 eV, while SOLPS finds
Tiep to be 232 eV. Modifying transport coefficients to match
upstream ion temperature profiles using 7; from impurity CER
measurements, on the other hand, does not converge well, but
the closest match is presented in figure 14. This simulation

resulted in 7Tj s, = 449 eV, where the measurement indicated
that Ty sep ~600 eV. This discrepancy (and the more general
difficulty in achieving convergence to the experimental pro-
files) is likely because the electrons and ions are relatively col-
lisional in the edge plasma where temperatures are lower, so
iteratively modifying the diffusive transport coefficients alone
to decouple T, and T is a challenge.

The energy escaping the computational domain in the radial
direction changed as the treatment of ion thermal transport was
modified. While 87% of the power escaped the grid in the
baseline case where 7; was matched with Tp, 78% was lost
when yx; was reduced to match 7; more closely with T¢¢.. For
the cases where the ion thermal transport was matched with
electron temperature profiles, 7; = T and x; = Xe, 94% of the
injected power was transported off the radial grid boundary.
Higher ion temperature at the separatrix therefore corresponds
to less power escaping the domain.

One of the most significant changes resulting from these
modifications to the ion thermal transport was to the neutral
particle population. The modeled neutral pressure incident on
wall surfaces in the PFR is plotted in figure 15, along with the
value measured by ASDEX-style neutral pressure gauges [40,
67] in the approximate sampling region.

The surface numbers on the x-axis denote surface segments
of the ‘dome’ structure in the PFR on the SOLPS grid, ran-
ging from 2 nearest the outer target to 14 nearest the inner
target, as labeled in magenta in figure 12. Gray bands repres-
ent the maximum and minimum measurements from 2200 to
2400 ms. This variation represents the ELM cycles in this H-
mode discharge, where the neutral pressure peaks shortly after
an ELM and reaches a minimum just before the next ELM
deposits more neutral particles in the divertor.

The primary result highlighted in figure 15 is simply that
the ion thermal transport, which is often assumed to be
identical to electron thermal transport, can have a significant
impact on the downstream neutral solution and therefore the
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Figure 15. Modeled neutral pressure along wall surfaces in the
private flux region (labeled in figure 12) for various assumptions of
ion thermal transport, along with the corresponding measurement
from a neutral pressure gauge positioned behind these tiles.

downstream ionization and plasma profiles when it is matched
more closely with experimental measurements. Higher ion
temperature upstream results in higher neutral velocities fol-
lowing charge exchange or fast reflection events, which can
then penetrate more deeply into the plasma before being ion-
ized. This suggests that the predictive capabilities of these sim-
ulations would benefit from an increase in focus on ion thermal
transport, separate from and in addition to electrons, which we
know from experiments are very different.

6. Discussion and future directions

The degeneracy of solutions to the transport equations and iter-
ative solving procedure presented in section 3 suggests that
the core particle injection rate should be constrained in simu-
lations, while matching the separatrix density to experimental
values as closely as possible. For similar reasons of reprodu-
cing particle balance, the particle removal rate of simulated
wall elements should be represented as accurately as possible,
including any absorption or outgasing effects, informed by
calibrated experimental measurements of particle balance and
volumetric pumping rates. The results of the plenum volume
study show that, when a divertor target is positioned near a
pump duct, including some thermalizing neutral volume in
the simulation is necessary to approximate the desired volu-
metric pumping rate. Without this, the pumping rate on a
surface cannot be known without forward knowledge of the
average velocity of the incoming neutral particles, according
to equation (1). A plenum volume of the size and detailed
complexity included in the simulations here is likely unne-
cessary, however, as long as the effective neutral conductance
between the incoming neutral flux and the pumping surface(s)
is dominated by the volumes included in the simulated neutral
domain.

Wide grids incorporated into SOLPS-ITER will enable
modeling of the far-SOL and plasma interactions with the main

chamber wall [24], which would improve both the physics and
computational fidelity of the simulations. However, without
a realistic model of plasma transport in this newly included
far-SOL region, the model will continue to fail to reproduce
physical processes in the near-SOL. Even very wide grids rel-
ative to the heat and particle flux widths have been shown
to exhibit the problem of heat flux escaping the grid radially
when transport coefficients are iterated with the method used
here [43], suggesting that transport throughout the SOL needs
to be resolved so that the energy decays in the near-SOL. This
other example was able to match experimental target profiles
much more closely than what was achieved here in section 3,
though, which may indicate that the simulation in that case
with a density shoulder and most power escaping by convec-
tion was missing some dissipated or deposited power some-
where. In addition to some of the simpler ideas discussed in
section 4.4, another potential solution to this problem that has
been developed recently is to use a model of electrostatic tur-
bulence to approximate diffusive transport coefficients at all
locations in the 2D SOLPS grid [28]. This particular method
captures both ballooning characteristics and £ x B suppres-
sion. It also has the advantage of being easily incorporated into
the existing SOLPS-ITER framework. However, by assuming
that this one transport mechanism is dominant, asserting that
it is purely diffusive in nature, and attempting to calculate the
radial electric field self-consistently without additional kinetic
plasma effects, even this much-improved model is likely to be
incomplete.

Recent experimental and modeling progress provides hope
for a tractable path forward for approximating the blob-y trans-
port in the far-SOL using fluid codes such as SOLPS-ITER.
Measurements in TCV have correlated an increase in the dens-
ity in the far-SOL with the neutral particle density [68]. This
is consistent with recent full-f gyrokinetic modeling that finds
that including the effects of neutral particles flattens the sat-
urated density profile in the far SOL [69]. It remains to be
seen whether this advanced understanding can be reformu-
lated into simplified equations that can be expressed with suf-
ficient accuracy in a fluid code such as SOLPS-ITER so that it
can sufficiently approximate experimental observations. In the
meantime, diffusive boundary plasma modeling may provide
its most useful insights when focused on resolving the physics
in the near-SOL region.

7. Summary and conclusions

Simulations have been presented using the SOLPS-ITER code
to analyze experimental plasma and neutral conditions from
a DIII-D experiment in a relatively closed, pumped divertor
configuration. By iteratively modifying diffusive radial trans-
port coefficients, simulations are shown to match experimental
upstream electron temperature and density profiles over a
range of values of core particle flux. Downstream, these differ-
ent particle fluxes result in significant changes to the plasma
flux at the divertor target. This highlights the importance of
accurately reproducing the experimental particle throughput
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in simulations, even if upstream conditions are otherwise
matched.

When transport coefficients were iteratively solved to
match measured upstream profiles, a majority of the plasma
energy was shown to escape the radial simulation domain.
This simulation result is in contrast to radiated power measure-
ments and embedded Langmuir probes from the experiment,
and despite the simulation grid encompassing ~2-3 heat flux
widths, using both the modeled width and the experimental
profiles at the target to assess these scales. Shifting the separat-
rix location of the fitted experimental profiles to better match
the expected value of T, at the separatrix based on power bal-
ance assumptions did not significantly reduce the power escap-
ing the grid, nor did the inclusion of ballooning transport coef-
ficients. This conflict is partially attributed to the radial flux
being somewhat ‘locked in’ during the iterative process, but
manual modification of the thermal transport coefficients was
unsuccessful at keeping more of the energy in the simulation
domain, potentially suggesting more fundamental disagree-
ments with the diffusive transport model being used to fit to
the experimental data, particularly in the far SOL.

With the divertor target placed near the pump duct, a
thermalizing plenum volume is shown to more robustly sim-
ulate the particle removal rate than a simple pumping sur-
face placed near the pump with a fixed particle reflection
coefficient. Without the thermalizing volume, the fractional
particle absorption on the pumping surface that would replic-
ate the experimental volumetric pumping rate is unknown a
priori. Different assumptions of the ion thermal transport is
also shown to modify the downstream neutral particle pop-
ulation, highlighting the importance of accurately represent-
ing this quantity in the simulations independent of the electron
thermal transport.

These findings provide some avenues to improve bound-
ary simulation capabilities, while informing best practices
for using these computational tools most effectively as they
presently exist.
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