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Abstract

CrossMark

In this manuscript we introduce a simulation tool-suite for predicting plasma-surface
interactions (PSI), which aims to predict the evolution of the plasma-facing surfaces that
continually change due to exposure to fusion plasmas. A comprehensive description of PSI
involves a wide range of physical phenomena, of which we include components for (a) the gas
implantation and its dynamic evolution below the divertor surface; (b) erosion of wall material;
(c) transport and re-deposition of the eroded impurities; and (d) the scrape-off layer plasma
including fuel ions and extrinsic impurities. These components are integrated to predict
changes in surface morphology and fuel recycling, and the effect of material erosion and
re-deposition in fuel retention. Integrated simulations for ITER-like parameters in a helium
plasma environment are presented, focused on the response of the tungsten divertor. The
model is also applied to predicting the response of the tungsten surface pre-damaged by He
plasma, to burning plasma operations. This case further demonstrates the capability to model
the effect of sub-surface helium dynamics, which include helium nucleation, clustering and the
bursting of over-pressurized bubbles, its impact on fuel recycling as well as the effect of

sputtering on the surface evolution.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The interfacial region where the edge plasma meets the
material poses numerous scientific challenges for the viability
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of fusion power. This interaction region couples the boundary
and scrape off layer (SOL) plasma to the near surface mate-
rials via the plasma sheath. The plasma-facing components
(PFCs) respond to and feed back on the SOL, characterized
by the extreme thermal and particle fluxes. Further, these
plasma-surface interactions (PSI) are time varying as a result
of the local plasma conditions and changes in material surface
properties due to both gas implantation and exposure to a
14 MeV peaked neutron spectrum. Understanding and con-
trolling these interlinked interactions is widely recognized as
a critical need for the realization of commercial fusion power
[1], because these interactions determine: (1) the PFC lifetime
due to erosion, (2) core plasma fusion performance through

© 2020 The Royal Swedish Academy of Sciences Printed in the UK
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Figure 1. Schematic illustration of a tokamak divertor, outlining the
magnetic field line structure, plasma density (gradient), sputtered
impurity trajectories (orange) and potential drop at the sheath for
ions (red) and electrons (blue); next to the code-coupling workflow
to model PFC surface evolution. The sketched features (sheath,
trajectories, divertor plates, etc) are not to scale.

recycling of hydrogenic species and contamination by eroded
impurities, and (3) tritium (T) management, including (co-)
deposition of T in eroded/re-deposited material.

Here we describe the integration of multiple boundary
and material models within a simulation capability that
addresses PSI (section 2), including the modification of the
plasma facing surface layer due to contact with the fusion
plasma. PSI involves a wide range of physical phenomena, of
which our current model includes components for (a) the
scrape-off layer plasma including impurities and fuel ions
(sections 2.1 and 2.2), (b) wall erosion, and transport and re-
deposition of the eroded impurities (sections 2.3 and 2.4), (c)
the implantation of plasma species (gases and impurities) into
the wall material (section 2.4), and (d) the gas dynamics in the
subsurface (section 2.5). These components are used to pre-
dict material erosion and changes in surface morphology, fuel
recycling and retention, and the effect of material erosion and
re-deposition on fuel retention. We apply this simulation
capability to the study of the modification of the ITER W
divertor exposed to He plasmas (section 3), and evaluate the
impact of the He exposure in fuel recycling during subsequent
deuterium-tritium plasmas (section 4).

2. Integrated modeling of PSI

The integrated model contains a wide range of effects that are
coupled under several constraints as illustrated schematically
in figure 1. This includes models for the background plasma
transport (using the SOLPS code [2]), the near-surface sheath
effects (with hPIC [3]), the erosion and transport of wall
material across SOL (in GITR [4]), sputtering by and
implantation of ions impacting on the material (in F-TRIDYN
[5]), and the dynamics of the subsurface gas atoms (with
Xolotl [6]). Each of these codes is described briefly below and
in greater detail in the literature [7, 8]. At present, steady-state
plasma conditions are considered, with a one-way coupling
that passes information from the plasma to the materials
models to evolve the surface, as sketched in figure 1.

2.1. SOLPS modeling of divertor plasma conditions

The SOLPS code package models the conditions in the
scrape-off layer: the B2.5 code [9] models the plasma, using a
2D fluid description, and neutral particle transport is calcu-
lated via coupling to the kinetic Monte Carlo code EIRENE
[10]. The model includes parallel and cross-field transport of
plasma and neutrals, and ionization, recombination, charge-
exchange, and line radiation. For a given set of core plasma
conditions (e.g. input power and density at the separatrix),
SOLPS calculates the 2D distribution of density and temp-
erature of all charge states, including the plasma in contact
with the divertor surfaces and the heat and particle fluxes onto
those surfaces. SOLPS has already been used for predictive
modeling of the ITER plasmas. The SOLPS-ITER version
[11] is used in the present work.

2.2. hPIC modeling of the near-surface sheath

The plasma conditions provided by SOLPS are passed as an
input to the hPIC code. hPIC is a full-f, full-orbit particle-in-
Cell (PIC) code resolving the plasma sheath physics. Of
interest to this workflow, it provides the ion energy-angle
distribution (IEAD) of the particles striking the wall. Each
hPIC simulation is performed in a 1D3V electrostatic mode,
resolving a region of approximately 500 Debye lengths along
the normal to the surface, using an average of 1000 particles
per cell, 5 grid points per Debye length and 50 time steps per
ion gyro-period.

2.3. GITR modeling of the transport and deposition of eroded
wall material

The global impurity transport code (GITR) models the
ionization, transport and re-deposition of eroded wall mat-
erial, including both prompt re-deposition and long-range
transport controlling global deposition, in realistically detailed
3D PFC surfaces over large regions of the SOL. GITR uses
input data for the magnetic field, background plasma profiles,
sheath characteristics, and PFC surfaces, which are then used
to simulate the trajectories of eroded particles ejected from the
surface. The physical model includes the Lorentz Force
(including E x B and VB particle drifts), Monte Carlo
operators for atomic physics (ionization, recombination),
interaction with the background plasma (Coulomb collision
effects, including the thermal force), anomalous cross-field
diffusion, and interactions with material surfaces (energy and
angle dependent sputtering and reflection yields). This
approach relies on a trace impurity approximation to track the
tungsten (W) eroded from the surface. From a computer
science perspective, this means solving many parallel ODEs
(trace impurity particle trajectories) with a set of Monte Carlo
operators with time steps of ~1 ns. To model times of O(ms)
to O(s) necessary to resolve long range transport, and to
achieve statistically significant results, the codes typically
resolves  O(10%-0(10%) times steps for O(10%-0(10%)
particles.
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2.4. F-TRIDYN modeling of sputtering and implantation of
plasma ions

The yield and energy-angular distribution of sputtered parti-
cles (used by GITR), as well as ion implantation profiles
(needed for Xolotl) are calculated by the binary collision code
Fractal (F)-TRIDYN. F-TRIDYN is a version of the ion-solid
interaction code TRIDYN [12] upgraded to include a robust
fractal model of surface morphology. The code resolves
the physics of surface erosion and particle implantation,
producing relevant quantities such as sputtering yields,
energy-angle distribution of the emitted particles (sputtered
impurities, reflected recoils, and pre- implanted gas), reflec-
tion and backscattering coefficients, and Frenkel pair
production.

2.5. Xolotl modeling of surface evolution

The Xolotl code models the sub-surface evolution of gas
species implanted into the tungsten divertor tiles, along with
associated changes in surface height. Xolotl is a continuum-
based cluster dynamics code solving the spatially dependent
drift-diffusion-reaction (DDR) equations in one to three spa-
tial dimensions (1D-3D) to predict the evolution of the
concentration fields for a mixed helium-hydrogen implanted
tungsten material. It can simulate time scales of 100-1000 s
and length scales of nm-mm. The clusters under consideration
consist of six types: tungsten self-interstitials (I), tungsten
vacancies (V), helium (He), deuterium (D), tritium (T), and
trapped defect-vacancy clusters (He-D-T-V). The parameters
needed in the DDR equations are obtained from other meth-
ods: F-TRIDYN simulations provide the distribution of
implanted gas atoms, while the diffusion parameters, inter-
action radii governing reactions and formation/binding
energies are obtained from atomistic (Density Functional
Theory and Molecular Dynamics) modeling [13, 14].

Xolotl includes a model for surface growth based on
observations of atomistic simulations: self-interstitial tungsten
atoms created during trap mutation reactions are highly mobile
and reach the surface, where they deposit as adatoms, eventually
accumulating to generate new layers of material. This is repre-
sented in Xolotl by a grid that extends beyond the initial surface
position. When the number of tungsten self-interstitial atoms that
diffuse to the surface exceeds the density of tungsten, the surface
position is moved outward. Re-deposition of tungsten is also
modeled as a flux of tungsten self-interstitial atoms that are
implanted on (or slightly below) the surface to form additional
adatoms. Sputtering of tungsten by plasma ions is also included
as a mechanism for the surface to recede. Finally, a bubble
bursting model has been introduced to mimic the release of gas
from over-pressured bubbles, as described in [15], where the
near-surface bubbles are able to free their content (helium-
hydrogen) to form a cavity that can be filled by incoming fluxes.

2.6. Integrated workflow for modeling the plasma-material
interface

These codes are coupled using the integrated plasma simu-
lation (IPS) framework. IPS [16] is a high-performance

computing framework developed with focus on flexibility for
loosely-coupled, component-based simulations, providing
services to manage resources and data, and to execute,
coordinate and communicate between components. At the
outermost level, SOLPS resolves the fluid background
plasma. Using these profiles as input hPIC, calculates the
impact energy-angle distributions for each species in the
background plasma. These distributions provide input to
GITR, together with a reduced model for particle sputtering
and reflection calculated by F-TRIDYN, to resolve the W
sputtering and re-deposition. The angle and energy-dependent
incident ion flux provided by hPIC (for the main plasma
species) and by GITR (for re-deposited tungsten), is input to
the coupled Xolotl and F-TRIDYN models to predict the sub-
surface gas dynamics and material evolution. F-TRIDYN
provides the implantation profiles of the incident plasma ions
and effective sputtering yields to Xolotl, and Xolotl in turn
models the evolving surface composition, with an iteration
between the two codes since composition impacts both
sputtering and implantation depth. The end result is a simu-
lation capability to model the dynamics of gas species within
the divertor sub-surface, the motion of the surface, and gas
recycling and retention, including the effects of erosion and
re-deposited layers on the PFC surface. In general, inputs
received from components in the workflow act as common
boundary conditions. Studying the sensitivity and correlations
of other boundary conditions (i.e. not defined by outputs of
the integrated model, such as the sheath heat transmission
factor used in SOLPS and that output by hPIC later on for the
same plasma conditions) is beyond the scope of the current
paper. Such sensitivity studies can be found in the literature
for cases similar to the example mentioned above [17].

3. Effects of helium on plasma exposed tungsten

The ITER research plan currently includes an operational
phase using helium plasmas before the full burning plasma
phase. The response of tungsten PFCs to helium plasmas is of
special interest due to the profound impact that He exposure
can have on the surface integrity, most dramatically illustrated
by the observed growth of tungsten ‘fuzz’ [18]. While direct
simulation of fuzz growth is not targeted here, He plasma
exposures are useful for studying the dynamics of gas within
the W surface and the evolving surface morphology with
some experimental trends already accessible.

3.1. Simulations of PSI during ITER helium plasma operation

The background plasma for the ITER helium case is simu-
lated by SOLPS, with an input power of 40 MW, repre-
sentative of the planned early ITER operation. The transport
was fixed as spatially constant, with values for the particle
and electron/ion thermal diffusivities of D = 0.3 and
YXe = xi = 1.0m?s™'; these represent the standard values for
ITER SOLPS simulations and produce SOL solutions that
have been well-documented [19, 20]. The plasma is pre-
dominantly He, with ~5% hydrogen (H) content included to
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Figure 2. Plasma flux and temperature profiles along the outer
divertor target, as calculated by SOLPS.

account for residual H present in the system (potentially due
to pellet fuelling). Realistic pumping in the divertor is
included, and the plasma is fuelled by edge gas puffing set to
a level that produces a mid-plane separatrix density of n, ~
1.5 x 10 m™".

Strong radiation is predicted for the helium scenarios
under these conditions. SOLPS calculates that 25 MW of the
40 MW input power is radiated, with nearly the entirety being
localized in the divertor region and with only modest differ-
ences between the inner and outer leg. Figure 2 presents the
plasma profiles of the partially detached divertor consisting of
the ion and electron temperatures (red) and fluxes (blue). The
output indicates a very low temperature (~eV) near the strike
point indicative of a local detached plasma, and radially
increasing electron and ion temperatures into the ~20eV and
~80 eV range (respectively) farther along the SOL where the
plasma remains attached. The electron density (not shown in
figure 2) is highest near the strike point, reaching relatively
modest values of ~4 x 10°° m ™ in this low power scenario.
Likewise the total ion flux is high near the strike point, and
both density and ion flux decrease significantly farther along
the SOL.

At each point on the SOLPS grid at the outer target—a
total of 38 points—an hPIC simulation is performed based on
the local magnetic field angle of incidence and SOLPS plasma
parameters (e.g. the initial velocity of ions is set to a Max-
wellian distribution for the local ion temperature). In these
simulations (as well as the subsequent workflow), the focus is
on the helium behavior, and thus hydrogen has been
neglected due to the low concentration and low energies that
will not contribute to erosion. An hPIC simulation was per-
formed for both He™ and He™ " plasmas up to steady state.
The characteristics of ions hitting the wall were recorded to
produce the energy distribution (i.e. integral of the IEAD over
the angles) as a function of the geometrical coordinate R —
Ry.p along the ITER outer target, as summarized in figure 3
for He*. A black horizontal line marks the sputtering
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Figure 3. Ion energy distribution integrated over the angular
dimension along the outer targer (R— Ri.p,) predicted by hPIC for
He™. The sputtering threshold of W by He (dashed blue line) is
given for normal incidence.

threshold of helium on tungsten (119.95eV). For light ions
and low ionization states, while the peak of the distribution
generally falls below the sputtering threshold, a portion of the
high-energy tail is above this limit and contributes to sput-
tering. This is illustrated in figure 3 for He™ ions and high-
lights the relevance of resolving the IEADs (e.g. here
calculated by hPIC). In the He™ " case (not shown here), the
peak of the distribution is above the sputtering threshold up to
~0.5 m from the strike point. With the IEAD calculated by
hPIC, the F-TRIDYN and GITR codes perform a quantitative
analysis of gross and net erosion, as described in the next
section.

Based on the background plasma data (SOLPS plasma
profiles and IEADs of He at the outer divertor target),
F-TRIDYN calculates the initial conditions (sputtering and
reflection yields) to provide the He sputtered W source to
GITR. GITR simulates 10° particles to represent the erosion
and migration of the tungsten impurities for a duration of
2 ms, which provide sufficient statistics and time duration to
capture the prompt re-deposition as well as transport of
impurities in the SOL. The results of the impurity transport
simulation show slightly higher gross erosion, relative to
gross deposition flux resulting in net erosion along the ITER
outer divertor target over a distance of approximately 90 cm
in the positive R — Ry, coordinate (figure 4(a)). The shape of
this erosion profile mimics the erosion profile from the
background He™ and He™™ plasma fluxes. In these simula-
tions approximately 80% of the eroded tungsten is re-
deposited while 20% is lost to a combination of the private
flux region, scrape-off layer, or surface locations further away
from the outer divertor target. He™ " is the dominant erosion
source followed by He" and then the self-erosion caused by
sputtered, ionized and re-deposited W.

The coupled model of F-TRIDYN and Xolotl also cal-
culates the surface growth and erosion along the target,
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Figure 4. (a) Tungsten gross erosion, gross deposition and net deposition fluxes calculated by GITR, and (b) net changes in surface height
predicted by Xolotl, which additionally accounts for the effect of sub-surface gas dynamics; along the outer divertor. Negative values
represent net erosion and positive values indicate deposition or growth.

(figure 4(b)). In addition to W sputtering and re-deposition,
the model accounts for the contribution of the sub-surface gas
dynamics (retention and clustering) to surface growth, and
reflects the complex interplay between plasma flux and
plasma temperature. In the private flux region (R — Ry, < 0)
both plasma flux and temperature are small, leading to no
significant He implantation or surface erosion. As the He
plasma flux increases near the strike point, the models predict
a surface growth peak due to helium implantation below the
surface leading to helium bubble nucleation and the con-
comitant trap mutation, loop punching and tungsten self-
interstitial migration to the surface, resulting in extensive
adatom formation. In this region, the plasma temperature and
thus helium ion impact energy are low and sputtering yields
are small such that there is essentially no erosion. Further
beyond the strike point (R — Ry, > 0.2 m), the flux decreases
and the plasma temperature increases, resulting in lower gas
implantation fluxes, but higher ion temperatures that produce
higher sputtering yields. Thus, the surface transitions from net
surface growth to net erosion and mimics the trend in GITR.

He retention as simulated by Xolotl and defined relative to
the implanted flux, is largest for the plasma conditions with peak
plasma temperature which results in deeper gas implantation,
although the total accumulated helium inventory in the tungsten
divertor is dominated by the regions with higher implantation
flux. The predicted helium concentrations following the 10s
discharge (figure 5(a)) indicate higher helium concentrations at
the locations of higher implantation flux, with values increasing
from about 75 ppm at the peak flux location to a maximum value
of about 390ppm at R— Ry, =0.2m, and then decreasing
sharply as the implantation flux decreases.

Figure 5(b) compares the time dependent helium reten-
tion in the tungsten divertor at the positions of peak flux
(orange) versus peak plasma temperature (blue). While the
relative retention is higher for the peak plasma temperature
location, the implantation flux is about an order of magnitude

lower, and thus the helium concentration is only about
40 ppm compared to ~75ppm at the peak flux location.
Figure 5(b) also shows significant oscillations in helium
retention, which result from the bursting of sub-surface
helium bubbles that release He. Since small clusters (bubbles)
created near the surface can easily burst, deeper ion
implantation (resulting from higher plasma temperature) is
more efficient at increasing the retention than increases in
flux. At the location of the highest plasma temperature, we
observe that Xolotl predicts less frequent but larger helium
bubble bursting events, as helium ions implant deeper and the
flux is relatively low, allowing He to diffuse deeper prior to
bubble nucleation and growth. In contrast, near the strike
point (around the peak in flux), He is implanted closer to the
surface and at a higher rate, producing relatively quick helium
self-clustering and thus more frequent but smaller bursting
events, as indicated by figure 5(b).

As shown in figure 5(c), the different plasma flux and
temperatures lead to very different cluster size distributions at
the peak plasma flux (orange) as compared to the location of
peak plasma temperature (blue). Bubble nucleation results
from the self clustering interaction of two He atoms, which
then further grow by absorbing He and undergoing trap
mutation, which creates a Frenkel pair with the vacancy
immobilizing the cluster. Under high flux condition, He ions
are implanted close to the surface, leading to rapid nucleation
and growth of clusters, which tend to burst as the clusters
grow to intermediate sizes within the near surface (<50 nm
depth) region. However, a more detailed look at the depth
dependent size distribution in figure 5(c), indicates that the
frequent bubble bursting events actually reduce the con-
centration of clusters with size from about 10 to 50 relative to
those formed at the peak surface temperature locations.
Finally, the peak in helium concentration at a cluster size of
200 (maximum size tracked here) is an artifact of the reaction
network size chosen for the simulations, and indicates that
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Figure 5. Xolotl predictions of (a) Depth-integrated He content

below the W surface along the outer divertor; and (b) time-dependent
percentage of retained helium fraction (relative to implanted), and (c)
depth integrated helium concentration as a function of helium cluster
size, near the peak plasma temperature (blue) and peak flux (orange),
with the He content (cye) of these two locations given for reference.

larger clusters will form. However, we do not expect this
would modify the conclusions regarding the relative retention
and cluster size distribution variations, although we do expect
a larger average He cluster size.

3.2. BPO on a pre-damaged substrate

We have also modeled the exposure of a W target damaged
by 10s of He plasma, to conditions expected during burning
D-T-He plasma operations (BPO), and compared the output
to a crystalline W divertor exposed only to BPO. The mod-
eling of the BPOS conditions follows the workflow described
ealier, but the integrated simulations now incorporate a much
larger set of species with the addition of D, T and neon (Ne).
Further, Xolotl also incorporates the plasma heat flux to the
W divertor as input to solve the 1D thermal diffusion equation
and calculate the resulting temperature distribution in the
target. These BPO simulations modeled the divertor surface
evolution for O(10) s. These simulations are described in
detail in [7, 8].

As an illustrative example, figure 6 presents the output
for a location with peak plasma temperature during BPO (R —
Rep~ 0.11m; T; ~42eV; T ~ 810%ionm >s™'). The
helium depth profiles clearly indicate that the He concentra-
tion is significantly higher (by over 1000x) in the substrate
with pre-implanted He (figure 6(b)) than in the initially
pristine W substrate (figure 6(a)). This is expected from the
large He fluence accumulated during the 10s He plasma
exposure (3-1023 He mfz), compared with the small He
fraction in the D-T-He plasma. The distinctive near-surface
peaks due to He clustering (figure insets), visible in both
cases, are significantly more prominent and reach deeper
depths in the case of a pre-damaged W substrate, especially in
the beginning of the BPO. During exposure of the pre-
damaged substrate to the D-T-He plasma, the pre-existing
high pressure helium bubbles burst, leaving empty vacancies
(voids) that quickly fill with the implanted species, in this
case, mainly D and T. As a result, the near-surface con-
centration of He (figure 6(b) inset) decreases during the
D-T-He exposure, while that of T (figure 6(d)) increases, by
nearly 10x compared to the initially pristine W substrate
(figure 6(c)). Likewise, the near-surface concentration peak
does not decrease with increasing time despite changes in
surface temperature, since these hydrogenic species are more
strongly trapped at helium-vacancy and vacancy clusters with
de-trapping energies that range from about 1.1 to in excess of
1.5eV, as predicted by first principles density functional
theory calculations [21]. Finally, we observe that the near
surface helium cluster microstructure is predicted to reduce
the deeper permeation of T and D (figure 6(d), compared to
figure 6(c)), at least for the fluences reported here.

4. Summary

This article presents the initial results of an integrated
simulation capability for multi-physics modeling of PSI.
This is a coupled model that includes descriptions for the
background edge plasma, near-surface sheath, erosion and
re-deposition, and the evolution of the material surface
including the dynamics of sub-surface implanted gas spe-
cies. Here we apply the model to predicting the response of
the ITER divertor PFC surface to He plasma operation, thus
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Figure 6. Depth profiles of the cluster-size integrated gas concentrations (in units of atoms nm ™) up to depths of 10 microns, as a function of
time at the spatial location of peak plasma temperature (R — Ry, ~ 0.11 m) for (a) He in pristine W, (b) He in pre-damaged W, (c) T in
pristine W and (d) T in pre-damaged W. The insets highlight the concentration profiles in the near surface (5 nm for He, or 100 nm for T).

predicting the He recycling and retention, as well as changes
in surface morphology. The SOLPS output predicts a par-
tially detached He plasma. Under these conditions, the
sheath effects result in a significant contribution of light ions
to sputtering of W due to the high-energy tail of the IEAD.
Using the IEAD from hPIC, impurity transport calculations
by GITR predict a high (~80%) local W re-deposition, with
net erosion across most of the outer target. When including
the effect of sub-surface gases on surface growth, the cou-
pled FTRIDYN-Xolotl simulations predict net surface
growth around the strike point instead, along with an
extended region of net erosion. Further, Xolotl predicts that
He retention (relative to the implanted flux) increases with
plasma temperature, although the total sub-surface He con-
tent is dominated by He flux. Finally, during exposure to
burning D-T plasma conditions, samples pre-damaged by He
plasma show higher near-surface concentrations of D-T, but
lower hydrogen permeation into the bulk, compared to an
initially pristine W target.

Future efforts will expand our code integration effort to
account for the feedback onto the boundary plasma in
response to changing surface properties and dynamic recy-
cling. Our work will also focus on extending the comparison
to tokamak experiments.
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