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Abstract
The erosion of tungsten plasma-facing components due to charge-exchange atoms, predicted to
be the dominant cause of the observed W radiation in most JET plasmas with a Be/W wall
(formerly ITER-like wall), is quantified by the first EIRENE simulations of the bivariate
energy-angular impact spectrum and the incident flux of deuterium and tritium atoms. The
tungsten erosion rate due to the bivariate impact spectrum in the JET outer vertical divertor
corresponds to a constant effective impact angle of 43◦. Assuming independent univariate
energy and angular distributions instead of the bivariate spectrum causes a predicted increase of
order 10% in the tungsten influx and the core radiated power. The predicted tungsten sputtering
rate due to tritium atoms is 2–6 times the sputtering rate by deuterium atoms in similar edge
plasmas. A hypothetical replacement of all JET first-wall materials with tungsten is predicted to
raise the total radiated power by 60% in a diverted H-mode scenario if the added radiation is
offset by additional heating and the plasma conditions are unchanged.
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1. Introduction

The erosion of plasma-facing components (PFCs) in fusion
devices presents significant challenges and operational limita-
tions, such as the duty cycle of PFCs, plasma contamination by
impurities, and increased tritium retention in co-deposits [1–
3]. The choice of tungsten (W) as a plasma-facing mater-
ial combined with detached plasma operation has the poten-
tial to effectively suppress the erosion caused by ions at the
divertor targets [4]. However, W erosion is not only caused
by ions but also neutral atoms, particularly charge-exchange
neutrals (CXNs), which are created when single-charged ions
undergo charge exchange with atoms and molecules in the
edge plasma [5, 6].

Integrated core-edge simulations with interpretive plasma
conditions and predictive W erosion and transport have
demonstrated that the predicted W sputtering by fuel atoms is
sufficient to account for virtually all the W measured in the
core plasma in JET L-mode and H-mode plasmas [7]. The
CXN initial energies are proportional to the ion temperature
at the source location, but unlike ions, CXNs are not confined
by magnetic fields and in many cases reach the wall without
thermally equilibrating with the colder plasma near the wall
surfaces [6]. Hence, CXN fluxes with sufficient energy induce
sputtering from all surfaces within the line of sight, including
areas that lack the efficient impurity screening observed at the
divertor targets [2]. In attached JET plasmas, the CXN contri-
bution to the gross erosion of W is predicted to be negligible
at the strike lines, but dominant on the W-coated tiles near the
low-field side divertor entrance and in the main chamber [7].

The following research questions are addressed in this
paper:

(1) How does the correlation between atomic impact energy
and angle affect W erosion in JET?

(2) How does W erosion by atoms differ between deuterium
(D) and tritium (T) JET plasmas?

(3) How is the total power radiated byW affected by the incid-
ent atomic distribution?

(4) Consistent with the updated ITER baseline changing to a
W first wall [8], what is the predicted rate of W erosion
and influx due to D atoms from a hypotheticalW JETmain
chamber [9]?

The plasma scenarios presented (low-density L-mode, BT

= 2.5 T, Ip = 2.5 MA, Paux = 1 MW and intermediate-density
type-I ELMy H-mode, BT = 2.5 T, Ip = 2.3 MA, Paux = 18
MW) are based on previous studies with available validated
background plasma modelling [10, 11]. Both scenarios use the
vertical-horizontal divertor target configuration (figure 1). The
main advantage of studying JET plasmas as opposed to future
devices is the availability of measurement data for the valida-
tion of the simulated plasma conditions and for assessing the
plausibility of the predicted W erosion and influx.

2. Methods

The bivariate atomic impact energy and angular distribution,
including CXN, reflected and recycled atoms from the walls,
and atoms created in the plasma volume by recombination and
dissociation processes, is simulated using the 3DMonte Carlo
kinetic neutral transport code EIRENE [13]. The tally surfaces
selected for this study are segments of the axisymmetric wall
contour as indicated in figure 1. EIRENE provides the option
of defining arbitrary diagnostic surfaces to further enhance
the spatial resolution of the atomic distribution, but opting for
fewer and larger surfaces reduces the statistical noise in the
predictions.

Contrary to previous EIRENE studies on CXN and W
erosion [7, 14] which neglected the correlation between uni-
variate energy and angular impact spectra, this study demon-
strates the first application and verification of a newly imple-
mented tallying method for bivariate energy-angular spec-
tra. Instead of conventional histogram binning, the distri-
bution of polar impact angles is recorded using functional
expansion tallies (FET) [15, 16] with a Legendre polynomial
basis. Legendre polynomials have been used here because
they describe the angular distribution (polar angle) in spher-
ical coordinates. EIRENE computes the Legendre polynomial
expansion coefficients an up to a user-specified degree d for
the impact angle cosines within each energy bin. As the polar
impact angle cannot exceed 90◦ but the Legendre polynomi-
als are orthonormal over the interval [−1, 1], the impact angle
cosines are uniformly projected from the range [0, 1] to [−1,
1] for improved convergence of the polynomial series.

The polar angle distribution f(θ) for each energy bin is
reconstructed in post-processing from the Legendre expansion
coefficients (equation 1):

f(θ) =
d∑

n=0

an ·π sin(θ) ·Ln (2cos(θ)− 1) . (1)

Ln is the Legendre polynomial of degree n. The primary
advantage of the FET method over histogram tallying is that
every particle trajectory contributes to the full angular distri-
bution as opposed to a single angular bin, avoiding the com-
promise between high angular resolution (many bins) and low
stochastic variance (many particles per bin). The obtained
polynomial expansion therefore achieves, on average, higher
accuracy for the same amount of particles than a histogram.
The polynomials are also infinitely smooth and differentiable,
and the distribution can be evaluated at arbitrarily high resol-
ution in post-processing.

The simulations presented use 15 energy bins from 1 eV
to 10 keV with logarithmic energy intervals. The 10th degree
Legendre expansion is computed for the impact angle cosines.
Bivariate energy-angular histogram tallies are also computed
for comparison and verification of the FET method.
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Figure 1. Geometry of the EDGE2D-EIRENE [12] computational domain (black) in the vertical-horizontal divertor configuration for JET
discharge #81472 at 9 s. The contour of the JET tungsten divertor components is divided into regions which are referred to as the inner
target (red), the private flux region (orange), the outer target (green), and the outer vertical divertor (blue). The beryllium main chamber wall
contour is indicated in purple and the separatrix in gray.

3. Application of functional expansion tallies to
JET simulations

3.1. Angular impact spectra of D and T atoms in JET L-mode
and H-mode plasmas

The correct implementation and post-processing of the func-
tional expansion tallies in EIRENE is verified by comparison
with a histogram of the angular spectrum (figure 2). The bin
interval is non-uniform in angular space because the binning is
carried out on the impact angle cosines rather than the angles.
The angles are defined relative to the surface normal such that
an angle of 0◦ indicates perpendicular impact and 90◦ is tan-
gential. Functional expansion tallies demonstrate both higher
angular resolution and lower statistical noise than histogram
tallies for the same particle trajectories. The measured and
simulated EDGE2D-EIRENE plasma profiles along the low-
field side mid-plane and the low-field side target are attached
as supplementary data.

For D atoms with low impact energies, originating primar-
ily in the cold scrape-off layer (SOL) regions adjacent to the
wall, the polar impact angles approximately follow a cosine
distribution with a weak bias towards shallower impact angles
(figure 3(a)). In contrast, the angular distribution of atoms with
impact energies of several hundred eV, above theW sputtering
threshold, is skewed towards steeper angles with a maximum
near 40◦ with respect to the surface normal (figure 3(c)).

3.2. W erosion by CXN in D and T plasmas

The rate ofW gross erosion due to D atom impact is calculated
by multiplying the D flux and the impact energy and angular
distribution with the W sputtering yield corresponding to each
combination of impact energy and angle (figure 4). The sput-
tering yields are based on SDTrimSP6 [17] simulations.

Applying the univariate energy spectrum with a constant
effective incidence angle of 43◦, as an approximation of the
bivariate atomic impact distribution, yields a similar total flux
of sputtered W, but not the same dependence of the eroded W
flux on impact energy, compared to the fully resolved bivariate
energy-angular distribution (figure 4). Integrating the bivariate
distribution over the impact angles and neglecting the correl-
ation between impact energy and angle (‘energy-independent
angles’, red), the obtained W erosion rate is accurate to within
5% of the fully angle-resolved calculation (‘fully resolved
angles’, green) at impact energies below 600 eV but overes-
timated by 30%–50% at E> 2 keV. Assuming a normal incid-
ence causes a significant underestimate of the W erosion at all
impact energies.

The predicted gross erosion rate ofW due to atoms is higher
in a T plasma than in a D plasma by a factor of 4–6 in the L-
mode and inter-ELM (figure 5(a)) scenarios and by a factor
of 2–3 during type-I ELMs (figure 5(b)). The maximum W
erosion rate from the outer vertical divertor (OVD) during the
ELM phase exceeds the inter-ELM rate by more than two
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Figure 2. Polar angle distribution of D atoms incident on the JET main chamber wall (see figure 1 for wall region definitions) predicted by
EIRENE in L-mode discharge #81472 at 9 s, integrated over all impact energies. Functional expansion tallies are shown in red and
histogram tallies with 75 bins in black.

Figure 3. Polar angle distribution of D atoms incident on the outer vertical divertor predicted by EIRENE in JET L-mode discharge #81472
at 9 s for three energy ranges corresponding approximately to the ion temperatures in the far-SOL (a), at the separatrix (b) and in the
confined plasma at normalized minor radius 0.9 (c). Functional expansion tallies are shown in red and histogram tallies with 10 bins in black.
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Figure 4. (a) The W sputtering yield by D (SDTrimSP), the D0

impact energy spectrum (EIRENE), and the resulting flux of eroded
W as a function of the D impact energy based on different
assumptions on the impact angle distribution at the outer vertical
divertor in JET L-mode discharge #81472 at 9 s. (b) The same
fluxes of eroded W as in (a), but converted to units of atoms/s/eV
and shown on a linear scale.

orders of magnitude, not only due to higher CXN impact ener-
gies but to a large extent fast reflections of keV-range ions from
the LFS divertor target. It is assumed that control paramet-
ers such as the fueling rate and heating power are adjusted to
obtain equal electron and ion densities and temperatures in the
edge plasma between the D and T scenarios. This assumption
leads to similar energy and angular distributions of the incid-
ent D and T atoms. Experimentally, achieving similar dens-
ity and temperature in D and T is expected to require several
iterations of optimizing the control parameters, which has not
been done for these scenarios. The increased W sputtering in
T compared to D is attributed to the higher sputtering yield as
a consequence of the higher atomic mass.

The predicted ELM-averagedW sputtering rate in the OVD
with a simulated area of 17 m2 is only 10%–30% lower than
in a hypothetical W main chamber with an area of 134 m2

(figure 6), because the neutral density near the outer divertor
entrance and the X-point is elevated by recycled and reflected
neutrals from the divertor targets, whereas the recycled neutral
flux from the main chamber wall is orders of magnitude lower.
The largest W sources contributing to the W contamination of

Figure 5. Energy spectrum of incident atoms and the eroded flux of
tungsten as a function of impact energy in the outer vertical divertor
assuming deuterium (blue) and tritium (magenta) as the incident
atom species, and identical edge plasma conditions in D and T,
based on the (a) inter-ELM phase and (b) peak heat flux during the
ELM phase of JET H-mode discharge #94606 at 10–11 s.

the core plasma are at the OVD (and the MC in the case of a
full-W wall), predominantly induced by fuel atoms. Langmuir
probemeasurements at the OVD indicate that the local ion flux
and temperature are too low for ions to significantly contribute
to W erosion from the OVD in the studied vertical-horizontal
divertor configuration. The ELM-averaged W erosion rate is
dominated by the ELM phase contribution in the OVD, but
the inter-ELM phase accounts for >80% of the W eroded in
the MC region.

The W erosion rate due to atoms at the inner and outer tar-
gets is 1–2 orders of magnitude lower than the W erosion rate
due to ions. TheW screening at both targets is highly effective
due to prompt redeposition, SOL ion flows, and the electric
field, resulting in a negligible predicted W influx to the con-
fined plasma [7]. Because the PFCs of the OVD do not inter-
sect any flux surfaces near the separatrix, the incident ion flux
is negligible compared to the inner and outer targets. Hence,
the erosion of the OVD is dominated by atoms rather than ions,
and W screening is ineffective near the OVD.

The W erosion rate in the OVD is nearly an order of mag-
nitude higher in the L-mode scenario (figure 6(a)) than dur-
ing the H-mode inter-ELM phase (figure 6(b)), despite using
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Figure 6. Gross W erosion rate due to incident D (blue) and T
(magenta) atoms at the inner target (IT), outer target (OT), outer
vertical divertor (OVD) and a hypothetical W main chamber (MC)
region of the JET first wall in (a) L-mode #81472 at 9–10 s and (b)
H-mode #94606 at 10–11 s. The ELM and inter-ELM contributions
in the H-mode scenario are weighted by the relative duration of
measured ELM-like and inter-ELM-like heat flux in the SOL (ELM
frequency 40 Hz, mean effective ELM duration 2 ms).

only 1 MW of auxiliary heating power compared to 18 MW.
The L-mode SOL has a low electron density (8× 1018 m−3

at the mid-plane separatrix), and low-recycling divertor con-
ditions, thus a longer mean free path for CXN from the con-
fined plasma. In contrast, the inter-ELM scenario has several
times higher electron density in the SOL, attenuating the flux
of energetic CXN from the pedestal region.

3.3. Impact of the CXN distribution on the W radiated power

Ahypothetical replacement of all JET plasma-facingmaterials
with W, including the beryllium (Be) limiters, antennas, and
the recessed Inconel vacuum vessel wall, is expected to mag-
nify the H-mode ELM-averaged power radiated by W in the
core plasma from 6.0 to 12.4 MW (figure 7). After subtracting
the experimentally inferred power radiated byBe andmedium-
Z elements [18] due to impurity influx from the replaced non-
W surfaces, the total radiated power by all plasma species in
the core is predicted to increase from 8.0 to 12.9 MW. Due to
modelling uncertainties, mainly in the simulated plasma con-
ditions and the W cooling factor, the volume-integrated radi-
ated powers predicted by the JINTRAC suite of codes [19]
have been rescaled by a factor of 1.8 such that the total radi-
ation in the Be/W JET case is consistent with the tomographic
reconstruction of bolometry.

In previous ERO2.0 [20] and JINTRAC simulations of pre-
dictive W erosion and transport in JET [7, 11], the assump-
tion of a constant 60◦ impact angle was applied for sput-
tering of W by atoms, due to the unavailability of impact
angle distributions. Compared to updated predictions based

on the energy- and angular-resolved impact distributions from
EIRENE, the net effect of the assumed 60◦ angle is an artifi-
cial 17% increase in W density and W radiated power in the
core plasma (figure 7).

4. Conclusions

The functional expansion tallying (FET) method was imple-
mented in EIRENE and applied to simulations of the bivari-
ate energy-angular atomic impact spectra in JET L-mode and
H-mode plasmas. FET with a Legendre polynomial basis pro-
duces atomic spectra with arbitrarily high angular resolution
and reduced Monte Carlo noise compared to histogram bin-
ning. The JET simulations indicate on average a 10% decrease
inW erosion by atoms andW core radiation due to the correla-
tion between the atomic impact energy and angle distributions
(research question 1). The measurement uncertainties are too
high to determine the W sputtering rate experimentally with
±10% accuracy in any of the studied scenarios.

EIRENE and SDTrimSP6 simulations indicate that the
erosion of the non-plasma-wetted W components is higher in
T than in D plasmas by up to a factor of 3 in ELMy H-mode,
and by up to a factor of 6 during the inter-ELM phase (research
question 2). The erosion rate of non-plasma-wettedW surfaces
near and above the low-field side divertor entrance is the main
cause of the W influx to the core predicted by ERO2.0 [7].
Thus, the dependence of predicted W radiation in the core to
the W erosion rate due to the atomic impact distribution in
the incompletely screened wall regions is approximately lin-
ear in the trace-impurity regime with low impact of W density
on the plasma conditions, and stronger than linear if W radi-
ation degrades the screening ofW (research question 3). Direct
experimental quantification of W erosion by CXN in JET is
challenging due to the low W flux density distributed across a
large area.

A constant effective impact angle typically in the range
40◦–60◦, depending on the plasma scenario and the local geo-
metry, is found to be a fair approximation for estimates of
W sputtering by CXN if the bivariate energy-angular distribu-
tion is unavailable. Applying an appropriately chosen effective
impact angle is found to yield more accurate W erosion rates
than assuming independent energy and angular distributions.

The choice of only 15 energy bins for the bivariate distribu-
tion was driven mainly by the computational cost of obtaining
accurate 2D energy-angular histogram tallies to verify the FET
results. Higher energy resolution is recommended for simula-
tions using FET without the 2D histograms.

In addition to CXN, incident ions reflected as atoms from
PFCs cause sputtering on secondary impact with another sur-
face. The mean energy of the reflected atoms is lower than
the impact energy of the original ions, generally resulting in
a lower gross erosion yield. Nevertheless, fast reflected atoms
are predicted as a significant cause of net erosion of W dur-
ing ELMs, because the ion impacts inducing the highest gross
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Figure 7. The total ELM-averaged radiated power density and the contribution of W radiation in JET discharge #94606 (deuterium) at
10–11 s based on JINTRAC simulations [7] with varied boundary conditions for W. The full-W JET calculations assume that all Be and
Inconel surfaces are replaced with W and that the plasma conditions are maintained constant by offsetting the increased W radiation with
additional plasma heating.

erosion rate occur on plasma-wetted surfaces which gener-
ally have a very high fraction of prompt and non-prompt local
redeposition.

The uncertainty induced by the EDGE2D-EIRENE compu-
tational domain not covering the far SOL up to the OVD and
main chamber wall is estimated from Thomson scattering and
Langmuir probe data to be less than 1%, both for the attenu-
ation of CXN fluxes in the far SOL, and for the total W erosion
rate predicted at the OVD. However, in contrast to CXN atten-
uation and W erosion, W0 ionization and W ion transport are
significantly affected by the far-SOL plasma. This is accoun-
ted for in the ERO2.0 simulations [7] used as the basis for
figure 7 by extrapolating the plasma conditions radially from
the grid boundary to the wall. The extrapolation assumptions
are exponentially decaying ne, Te, and heat flux profiles with
a decay length calculated from the outermost flux surfaces
of the EDGE2D-EIRENE solution, and constant extrapolation
for the plasma flow velocity and the electric field.

A hypothetical full-W JET would be expected to result in
higher but tolerable impurity radiation, within a factor of 2
of the Be/W JET (research question 4, for the cases stud-
ied), assuming unchanged SOL conditions and no increase
in the oxygen concentration. Plasma scenarios approaching
the maximum tolerable W concentration may require further
scenario development to avoid runaway W accumulation. To
mitigate the erosion of W by CXNs, it is desirable to have a

low neutral density in the edge of the confined plasma and a
wide, high-density ionizing SOL with ion energies below the
W sputtering threshold.
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