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ARTICLE INFO ABSTRACT

Keywords: An upgraded homogeneous mixing model for plasma-facing surfaces in ERO2.0 has been developed using a
Tungsten database of SDTrimSP mixed-material simulations, replacing earlier linear interpolation between pure-material
. . sputtering yields. The SDTrimSP simulations predict nonlinear relationships between tungsten sputtering yield
;ﬁi:gi:ierials and low-Z surface concentration, in particular increased tungsten erosion by deuterium from tungsten-boron
SDTHmSP surfaces at low impact energies (<300 eV). The updated model features parameterised analytic fit formulas
ERO2.0 for the sputtered energy and angular distributions, offering higher sampling resolution, significantly reduced

memory requirements, and improved robustness against Monte Carlo noise compared to tabulated SDTrimSP
outputs. As the first application of the model in an inter-ELM H-mode JET plasma scenario, ERO2.0 simulations
predict that introducing a 10% B surface concentration on W divertor components reduces total W erosion
by 7%, primarily due to B ions, but increases W erosion and influx from D atom impact by 5% at the outer
divertor entrance.

1. Introduction plasma-wall interaction code package ERO2.0 [5] is developed to sim-
ulate material erosion, deposition, and impurity transport in edge
plasmas.

This work presents an upgraded material mixing model imple-
mented in ERO2.0 that incorporates the nonlinear dependence of sput-
tering yields on the local material concentrations. The former imple-
mentation of material mixing in ERO2.0 involves a linear interpolation
of sputtering yields calculated for pure materials, now replaced with
a dedicated SDTrimSP simulation database for mixed-material targets.
The initial energy and angular distributions calculated by SDTrimSP
are characterised by introducing parametric regression functions. The
new ERO2.0 features are verified in a simulation study on the impact of
boron surface concentration on W gross and net erosion and influx from

Understanding the performance of plasma-facing components (PFCs)
is essential for the development and efficient operation of magnetic
confinement fusion devices. Tungsten (W) is the plasma-facing material
selected for ITER [1] and DEMO [2] due to its low tritium retention and
high resilience to sputtering and heat loads. However, W impurities
in the core plasma strongly degrade energy confinement via W radi-
ation [3]. Thus, achieving optimal plasma performance requires the
ability to identify and mitigate W sources in any wall regions which
lack sufficient W screening.

In accordance with the recent ITER baseline update to a W first

wall [1], boronization is the foreseen wall conditioning method to
getter oxygen and reduce high-Z impurity sources in the absence of
beryllium [4]. Accurately modelling the surface mixing of light ele-
ments such as boron (B) with W, and impurity transport from such
mixed-material surfaces, is crucial for predicting impurity influx into
the plasma and its impact on energy confinement due to radiative
losses. In this context, the 3D Monte Carlo impurity transport and

the JET W divertor, based on an inter-ELM H-mode plasma scenario
with experimentally validated plasma profiles.

2. SDTrimSP simulations of mixed-material sputtering

The sputtering and reflection calculations in ERO2.0 make use of
pre-computed databases compiled from SDTrimSP [6] binary-collision
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Fig. 1. Sputtering yield of W from a W90 B10 mixed surface due to B projectiles as a function of impact energy and angle, calculated using SDTrimSP.
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Fig. 2. Benchmark of earlier [8] and new SDTrimSP simulations of W sput-
tering from a W90 Bel0 mixed surface by D projectiles at an impact angle of
65° as a function of the impact energy.

Monte Carlo simulations. Prior to this work, ERO2.0 studies involving
mixed-material surfaces applied a homogeneous material mixing model
(HMM) [7] which linearly interpolates SDTrimSP sputtering yields cal-
culated for pure materials. In this contribution, the HMM is extended to
include the non-linear relationships between surface composition and
sputtering yields by incorporating dedicated mixed-material SDTrimSP
simulations in the ERO2.0 sputtering database.

The initial mixed-material sputtering database for ERO2.0 consists
of the binary target material combinations W-B, W-Be, and W-D. The
projectile species include H, D, T, He, Be, B, Ne, Ar, and W. The W
surface concentration is scanned from 1% to 99%, the impact energy
from 1 eV to 12500 eV, and the impact angle from 0° to 89° (Fig.
1). The target structure is assumed to be amorphous. The Krypton-
Carbon (KrC) interatomic potential [9] is applied. The surface binding
energy model for mixed materials is the weighted average of the pure-
element surface binding energies. Due to concerns that the averaged
surface binding energy is potentially a suboptimal approximation for
targets with a high surface concentration of gases such as D, a lower
bound of half the pure-W binding energy is being considered for revised
simulations of sputtering from W-D surfaces [10].

The calculated W and Be sputtering yields from mixed W-Be surfaces
were benchmarked against an established SDTrimSP dataset [8] created
for the WALLDYN material migration code [11] (Fig. 2). The new
SDTrimSP calculations were confirmed to be consistent with the pre-
vious results, with the added benefits of increased impact energy and
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Fig. 3. (a) Sputtering yield of W by D projectiles calculated by SDTrimSP
as a function of impact energy at a constant impact angle of 60° for a pure
W surface and mixed W-B surfaces with various B surface concentrations.
(b) Ratio of W sputtering yields by D from mixed W-B surfaces relative to
pure W, adjusted for W concentration such that a ratio of 1 indicates a linear
relationship between W concentration and W yield.

angle resolution and reduced variance, particularly at low sputtering
yields, due to increasing the followed trajectory count from 100 000 to
32 million per simulation.

Adding a higher B surface concentration to a W-B target causes a
lower impact energy threshold for W sputtering by D projectiles and an
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Fig. 4. (a) Sputtering yield of W by Ne projectiles calculated by SDTrimSP as a function of impact energy at a constant impact angle of 60° for a pure W surface
and mixed W-B surfaces with various B surface concentrations. (b) Ratio of W sputtering yields by Ne from mixed W-B surfaces relative to pure W, adjusted for
W concentration such that a ratio of 1 indicates a linear relationship between W concentration and W yield.

increased W sputtering yield at impact energies below 300 eV, whereas
at energies above 400 eV the W yield decreases as a function of B
surface concentration (Fig. 3a). Due to the B atoms having a higher
mass (11 amu) than D (2 amu) but lower than W (184 amu), the energy
of D projectiles is transferred to W atoms more efficiently when B is
present. In the limit of high impact energy, dilution of the W surface
concentration by B is the dominant effect, whereas near the sputtering
threshold the ratio of mixed W-B to pure-W sputtering yields tends to
infinity as the pure-W yield tends to zero (Fig. 3b).

In contrast to D projectiles, the W yield due to Ne projectiles (20
amu) is a decreasing function of the B surface concentration at impact
energies greater than 45 eV (Fig. 4a). The reduction of the W yield
with increasing B concentration is stronger than linear, indicating pref-
erential low-Z sputtering and reduced energy transfer from Ne to W in
the presence of B (Fig. 4b). Only at an impact energy of approximately
40 eV is the increase in W yield due to reduced surface binding energy
significant enough to overcome the competing effects of reduced energy
transfer and diluted W concentration.

3. Analytic fitted descriptions of the SDTrimSP sputtered distribu-
tions

In this section, the sputtered energy, polar angle, and azimuthal an-
gle distributions from SDTrimSP are characterised using parameterised
analytic functions (Egs. (1)- (3)). A common approximation for the
sputtered energy distribution is the Thompson distribution [12], which
is generalised here (Eq. (1)) by allowing the energy exponent C,, the
maximum sputtered energy C,, and the surface binding energy C; to
vary as fitting parameters. The allowable parameter values are bounded
such that all three parameters are non-negative, C, and C; cannot
exceed 100, and C, cannot exceed the impact energy (all energies
given in eV). While the maximum sputtered energy and the surface
binding energy have a distinct physical interpretation in the original
Thompson distribution, here the parameters are optimised to the values
which produce the closest overall agreement with SDTrimSP data,
even if those values differ from empirical expectations based on their
interpretation. The parameterised energy distribution function closely
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Fig. 5. Probability distributions for (a) energy, (b) polar angle at a constant sputtered energy E,,, and (c) azimuthal angle at a constant E,,, and polar angle
0, Of sputtered W atoms due to B impact (E,,,,, = | keV, =60°) on a 90% W - 10% B mixed surface calculated using SDTrimSP (blue markers), univariate

fits (blue solid lines), and multivariate energy-angular fits (orange dashed lines) based on Egs. (1), (2), and (3).

reproduces the SDTrimSP calculation results and is more robust against

$-Gs\?
Monte Carlo noise than nearest, linear, or spline interpolation of the F(E.0,8) = Ay f(E,0) <1 + Cg cos ¢ + C; exp <_ < G €)
tabulated SDTrimSP data (Fig. 5a).

o 1= VEJC, The numerical method for optimising the energy and angular fit

FE)= Aporm E™! —( E+Cy)0% €)) parameters is an iteratively converging least-squares logarithmic grid
search. Starting from an initial value, the relative mean squared error

f(E,0) = A,y f(E) sin®0 cos5 0 2) (MSE) of the fit is evaluated within a discretised range of parameters. A
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Fig. 6. Initial energy distribution of sputtered W sampled in an ERO2.0 sim-
ulation based on SDTrimSP matrix output (blue) and an analytic description
fitted to the same SDTrimSP data (orange). Monoenergetic B projectiles with
E,pu = 1 keV and a constant 60° incidence angle on a pure W target were
assumed for this benchmark simulation.

logarithmic transform is applied to the parameter evaluation interval,
meaning that the ratio between consecutive evaluated parameter values
in each dimension is constant. The best-fit (lowest relative MSE) pa-
rameter combination is selected as the initial value for the next search
iteration. The search converges by iteratively reducing the parameter
space towards the vicinity of the current best-fit combination and
thereby also refining the resolution of the grid search for subsequent
iterations. Gradient descent methods were also explored, but rejected
due to frequent trapping in local optima far from the global optimum.

The sputtered polar angle distribution is described as a product of
sine and cosine raised to the power of fitted exponents C, for the sine
and Cs for the cosine (Eq. (2)). The optimised value of both exponents
is generally close to 1 at low sputtered energies, but in many cases
the distribution is skewed towards more normal or tangential sputtered
angles within the high-energy tail of the sputtered energy distribution.
For example, in the case of B projectiles on a W90 B10 mixed surface
at 1 keV and 60° impact, the best-fit exponents at E,,, = 40 eV are
C, = 1.35 and C5 = 1.11 (Fig. 5b).

To avoid the need to tabulate the sputtered energies for the polar
angle distribution functions, a bivariate (2D) energy-angular fit is in-
troduced in addition to the univariate (1D) angular fit at a constant
energy. In the 2D fit, the fit parameters C, and Cs are not energy-
independent constants but 5th degree polynomial functions of the
sputtered energy. Under typical circumstances with low Monte Carlo
noise in the tabulated distributions from SDTrimSP, the analytic fitted
1D and 2D polar angle distributions are nearly identical (Fig. 5b).

The azimuthal angle distribution is described as the sum of three
terms: (i) an uniform component, dominant at normal incidence, (ii)
a cosine component, dominant at shallow incidence and low sputtered
energy, and (iii) a Gaussian component, frequently observed at shallow
incidence and high sputtered energy (Eq. (3)). The fitted parameters
represent the amplitude of the cosine Cg, the amplitude of the Gaussian
C;, the mean of the Gaussian (azimuthal location of the peak) Cg, and
the standard deviation of the Gaussian (width of the peak) C, (Fig. 5¢).

Similar to the 2D energy-angular distribution describing the depen-
dence of the polar angle on the sputtered energy, a 3D energy-polar-
azimuthal distribution function is introduced to describe the complete
sputtered distribution function (Fig. 5c). In the 3D fit, the azimuthal

sput
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fit parameters C4 to Cy are 5th degree polynomial functions of the
sputtered polar angle, and each of the polynomial coefficients is rep-
resented as a 5th degree polynomial fit with respect to the sputtered
energy. After optimising the parameter values, the sputtered energy,
polar angle, and azimuthal angle distribution functions are scaled by a
normalisation factor 4,,,, such that the total probability is 1. Storing
the fitted parameters for each combination of one projectile species and
two sputtered target material components, including parameter scans
over material concentration, impact energy, and impact angle, requires
12 to 18 MB of storage space, compared to 1300 MB for the tabulated
SDTrimSP format.

During the 3D fit parameter optimisation process, the parameters for
sputtered energies are determined first, then the sputtered polar angles,
and last the azimuthal angles which are the least important for ERO2.0
simulations. Thus, the 1D and 3D fits for the sputtered energy are equal,
whereas the 3D fit for azimuthal angles is affected by compounding fit
residuals from the energies and polar angles, making it on average less
accurate than the 1D azimuthal fit. The SDTrimSP angular distributions
are also affected by higher statistical noise than the sputtered energy
because the sputtered energy distribution used for fitting is integrated
over the angles but not vice versa.

The analytic descriptions of the sputtered distributions implemented
in ERO2.0 were benchmarked against the earlier approach of a tab-
ulated cumulative distribution function (CDF), demonstrating an im-
proved resolution for the sputtered energy distribution (Fig. 6). The
ERO2.0 inverse transform sampling method for sputtered energies uses
linear interpolation for tabulated CDFs, resulting in piecewise constant
energy distributions if the CDF values are tabulated but smooth energy
distributions if the CDF is described as an infinitely differentiable
analytic function (at E > 0).

Furthermore, the sampling of sputtered energies is greatly improved
in the energy range between the highest energy value listed in the
tabulated format (E,,, > 126 eV in Fig. 6) and the highest physically
justified energy. Sampling the analytic fits yields 5 to 8 times more
sputtered atoms in the sputtered energy range 126 to 150 eV than sam-
pling from the tabulated CDF (analytic fit probability 3 to 5- 1074/eV,
tabulated 6-107>/eV). The sputtered atoms with the highest energy have
the longest ionisation mean-free path and thus the highest probability
of avoiding local redeposition, which makes accurate energy sampling
exceptionally important for the high-energy tail of the distribution.

4. ERO2.0 simulations of mixed-material sputtering in JET

The impact of the nonlinear mixed-material sputtering yields and
the parametric sputtered distributions on the W erosion and influx is
studied by ERO2.0 simulations of a JET H-mode inter-ELM plasma
scenario validated in previous studies [13,14]. The scenario has a
toroidal axial magnetic field of 2.5 T, a plasma current of 2.3 MA,
and heating 15 MW from neutral beam injection + 3 MW from ion
cyclotron resonance heating. The electron density at the outer divertor
target is of order 102° m~3 and the electron temperature approximately
40 eV. The background plasma conditions are based on simulations
using the EDGE2D-EIRENE code [15] and validated against upstream
and divertor measurements. Following the ITER decision to replace Be
with W as a first wall material [1], this work focuses on W-B rather than
W-Be mixing by imposing B instead of Be as the main low-Z impurity
with a constant concentration of 0.5% in the plasma. Two simulations
with different surface assumptions are compared: a pure W divertor
without any deposit layers, and a constant 10% B surface concentration
on all divertor components.

The primary cause of the predicted gross and net W erosion is
B ion impact at the outer and inner divertor targets (tiles 5 and 3
respectively) and on tile 1 in the high-field side far SOL (Fig. 7a). The
contribution of D ions is negligible due to low electron temperature,
and the contribution of W self-sputtering is only a few percent of the
total W erosion. The low self-sputtering is due to effective W screening
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Fig. 7. (a) Net erosion rate of W in the JET divertor predicted by ERO2.0 during the inter-ELM phase of discharge #94606 at 10 s, assuming a pure W divertor
without any deposit layers or surface mixing. The divertor tiles O to 9 are labelled. (b) Gross erosion rate of W integrated over the area of each divertor tile,
calculated using the upgraded (mixed-material yields, red) and earlier (interpolated yields, blue) material mixing model with a 90% W and 10% B surface, and
compared against a pure W surface (grey). The erosion rates for mixed-material and interpolated yields are also displayed as numbers.

on tiles 1, 3, and 5 by prompt redeposition, SOL flows, and electric
fields, leading to short dwell times in the plasma and preventing W
ionisation to high charge states.

The predicted net effect of imposing a 10% B surface concentration
in the JET divertor is a 7% reduction in the total W erosion rate. The
mixed-material yields result in 4% higher total W erosion, varying from
—1% to 24% by divertor tile, than the previous material mixing im-
plementation with linearly interpolated pure-element sputtering yields
(Fig. 7b). In regions with low incident ion flux and maximum B impact
energies barely above the sputtering threshold, the (negligible) W
erosion rate increases with B surface concentration due to the reduced
surface binding energy of W-B.

The predicted high W erosion rate (> 10'8/m?/s) on tile 1 (Fig.
7a) occurs due to the assumed absence of any deposit layers and
does not represent a steady state. In JET experiments [16] and earlier
simulations based on the Be-W wall [13,14], beryllium-rich deposit
layers covering tiles 0 and 1 suppress most of the net erosion of W due
to impurity ion impact on the high-field side divertor shoulder. The
hypothetical 100% and 90% W surface concentrations in the presented
simulations are imposed for comparison purposes only.

Considering that the W content in the core plasma predicted by
ERO2.0 in the studied plasma scenario is not caused by W erosion
by ions at the divertor targets, but almost entirely due to sputtering
by D atoms from tiles 8 and 9 near the outer divertor entrance [14],
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from SDTrimSP and D fluxes from EIRENE. The energy spectrum of incident
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special attention is paid to modelling the D° flux and energy-angular
impact spectrum [17] using EIRENE [18] simulations (Fig. 8). The W
erosion rate is obtained as a function of impact energy by multiplying
the SDTrimSP sputtering yields by the bivariate D° impact distribution
and integrating over the impact angles. While the W sputtering yield
in the case of a 10% B concentration is significantly higher than for
pure W at E;, .., <300 eV, the vast majority of W sputtering occurs
at Ej,,,.; >300 eV. The net effect of introducing B is thus only a 5%
increase in the W sputtering rate by D° and W influx from the outer
divertor entrance.

5. Conclusions

The homogeneous mixing model for plasma-facing surfaces in
ERO2.0 has been upgraded with a new database of dedicated SDTrimSP
mixed-material simulations, replacing the earlier linear interpolation
of pure-material sputtering yields. The sputtered energy and angular
distributions in the new database are described as parameterised ana-
lytic multivariate functions, which provide higher sampling resolution,
two orders of magnitude lower memory and storage needs, and higher
resilience to Monte Carlo noise than the previous approach of tabulated
SDTrimSP output.

The first application and benchmark of the updated mixing model
in ERO2.0 simulations leverages an experimentally validated inter-ELM
H-mode JET plasma scenario to compare the W erosion rates between a
hypothetical pure W divertor and an imposed B surface concentration of
10% on all divertor components, considering the gross and net erosion
of W due to impurities, fuel ions, and atoms. ERO2.0 predicts that
the net impact of imposing the 10% B surface concentration is a 7%
reduction in total W erosion at the divertor targets, mainly due to B
ions, but a 5% increase in W erosion and influx due to D atom impact
at the outer divertor entrance.

Validating the mixed-material SDTrimSP calculations with experi-
ments would strengthen confidence in their predictive accuracy. Ad-
ditional prospects for further improving the database include the mod-
elling of surface roughness effects and material combinations consisting
of more than two elements.
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