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A B S T R A C T

An experiment was performed in the DIII-D lower divertor to validate numerical SOL tungsten (W) impurity
erosion and redeposition simulations against experimental data. The net and gross erosion of W were calculated
as a function of the voltage (or bias) applied to the exposed material. Five samples were inserted into the DIII-D
lower divertor using the Divertor Material Evaluation System (DiMES) manipulator and exposed to constant
L-mode attached plasma conditions. Each sample was partially coated with W. During plasma shots, samples
were biased with respect to the machine vessel ground, ranging from −60 V to 25 V. The ERO2.0 code was used
to numerically simulate the experiment aiming to compare the numerical results with experimental measures.
A good agreement is found between estimated and measured tungsten erosion at least for negative biases.

1. Introduction

Future magnetic confinement fusion reactors might rely on high-
Z metallic plasma-facing components (PFCs) such as tungsten (W),
due to their low sputtering yield, high melting point, and low tritium
retention [1]. Heavy impurities penetration inside the core causes
unacceptable radiative losses. Understanding erosion and its modeling
is necessary to design and operate high-Z PFCs. To date, numerical
solvers use reduced models necessary to simulate erosion and transport
of W without employing heavier simulations (e.g. particle in cell). It is
important, however, to validate how well these models can describe the
plasma wall interaction and whether there is any need to modify them.

2. Materials and methods

Five identical samples were inserted into the lower divertor of
DIII-D via the Divertor Material Evaluation System (DiMES) [4] as
shown in Fig. 1(a). Each sample was exposed to two discharges of
an L-mode attached deuterium plasma and biased through a one-
spear KEPCO power supply connected to the graphite samples with W
coatings (the central part in Fig. 1(a)) electrically insulated from the
grounded DiMES holder. After every two shots of exposure, the sample
was exchanged and a different voltage was applied. Respectively 25 V,
−60 V, 0 V, −40 V, and −20 V were applied, for a total of 10 shots.
To this end, an experiment was performed on the DIII-D lower divertor Biasing was quasi-DC, with regular voltage inversion pulses of 5 ms
to validate reduced models embedded in ERO2.0 [2]. The main goal of
this work was to experimentally assess the accuracy of current models
in evaluating W net and gross erosion as a function of the applied
voltage (or bias). In fact, for high-Z elements, net erosion is affected by
the electric field inside the plasma sheath [3] which can be manipulated
by biasing the target surface.
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every 100 ms of constant bias at the nominal value to avoid arcing, as
done in [5]. Electron temperature (𝑇𝑒) and density (𝑛𝑒) were maintained
constant throughout the experiment (see Figs. 2(a) and 2(b) for 𝑇𝑒 and
𝑛𝑒 profiles). Biased samples consist of a carbon disk of about 0.75 cm
in height and 1.9 cm top diameter (with a slightly larger bottom
diameter to secure it in the holder) over which 6 W spots with thickness
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Fig. 1. DiMES setup top view (a) and viewing spots of the spectroscopy diagnostics employed(b). Also shown are pre and post-exposure RBS measurement locations.
Fig. 2. Simulated target geometry within ERO2.0. LP measures of 𝑛𝑒 at the sheath edge (a) and 𝑇𝑒 (b) are here represented.
ranging between 21–27 nm were coated by magnetron sputtering at
Sandia National Laboratories. W coatings were enumerated from 1 to
6, number 1 is large compared to the others with a diameter of 8 mm,
number 4 is medium-sized being 2 mm in diameter, and the rest (2,
3, 5, and 6) are small with a diameter of 1 mm, see Figs. 1(a) and
1(b). Carbon microspheres (labeled as C-𝜇S in Fig. 1(b)) were manually
placed on the carbon substrate to conduct experimental measurements
of the incident ions’ IAD. The findings from this measure are intended
for future research and have not been presented here. Net erosion of
the coatings was measured by comparing pre and post-exposure coating
thickness via Rutherford Backscattering (RBS) and the gross erosion
was estimated by applying the small/large spot technique [6]. Gross
erosion was also measured in situ with the Auburn UV spectrometer
(255.14 nm neutral W line), and the DiMES-TV (400.88 nm filter)
which was excluded due to too low signal. Viewing areas of the UV
and RBS are shown in Fig. 1(b).

3. Numerical simulation

3.1. ERO2.0

The Monte Carlo code ERO2.0 [2] was used to numerically estimate
the net and gross erosion by tracking the sputtered species as a function
of the applied bias. An average grazing impact angle of 80 deg with
respect to the normal direction was fixed for the impacting species
coming from the plasma, regardless of the bias. This was in line with
experimental measures of D impact angle showing that the D Impact
Angular Distribution (IAD) has a maximum between 79 and 86 deg [7].
Reflections of incident species over the targets were also considered.
The Thompson distribution [8] was adopted for the sputtered particles’
energy distribution and a cosinusoidal profile was applied for the
angular component. Simulated particles were sampled from a realistic
2

geometry representing the real design (Fig. 2) except made for the
carbon substrate that instead of being circular is squared. Particle col-
lisions, thermal forces, drifts, and anomalous diffusion were included.
The anomalous diffusion coefficient was set to 1 m2/s as reported
in [9]. Redeposited particles could either reflect or implant into the
target causing the mixing of C and W. Each W coating was simulated
with a realistic thickness of 30 nm, in line with RBS pre-exposure
measures mentioned in Section 2. Reflection coefficients were taken
from SDtrimSP databases present in ERO2.0. The surface temperature
dynamic and the presence of oxides were not simulated. Finally, the
domain was isolated by imposing an absorbing boundary condition,
hence, particles reaching the simulation boundary were eliminated.

3.2. Plasma background

A local plasma background of 4 cm3 over the samples was given as
input to the code ERO2.0. Instead of solving it with fluid codes, it was
manually designed through assumptions based on experimental data
and plasma sheath theory. For instance, considering that the DiMES
system in the lower divertor of DIII-D is subjected by a grazing and

approximately uniform magnetic field angle 𝛼𝐵 = 𝑎𝑡𝑎𝑛(
√

𝐵2
𝑅+𝐵

2
𝑡

𝐵𝑧
) ≲ 2◦,

the radial magnetic component was neglected (𝐵𝑡 ≫ 𝐵𝑅 at the DiMES
location), while 𝐵𝑡 and 𝐵𝑧 were considered uniform with 𝛼𝐵 = 2◦.
The plasma electron density and temperature radial profiles were taken
from Langmuir Probes (LP) measurements (𝑛𝑒,𝐿𝑃𝑠, 𝑇𝑒,𝐿𝑃𝑠) see Fig. 2,
the uncertainty for LP measures is around 10%. The electron density
variation along the perpendicular axis z was assumed to follow the
Boltzmann factor: 𝑛𝑒(𝑅,𝜙, 𝑧) = 𝑛𝑒,𝐿𝑃𝑠(𝑅)𝑒−𝑉 (𝑧)∕𝑇𝑒(𝑅𝜙,𝑧) Where 𝑉 (𝑧) is
the potential drop along z calculated by ERO2.0 using the fit formula
proposed in [10].



Fig. 3. The critical angle 𝛼∗
𝐵 for 3 values of 𝑇𝑒 if equipartition is considered.

The temperature drop occurring inside the sheath is not considered,
thus the electron temperature was considered uniform in the whole
domain leading to 𝑇𝑒(𝑅,𝜙, 𝑧) = 𝑇𝑒,𝐿𝑃𝑠(𝑅). Equipartition 𝑇𝑖 = 𝑇𝑒,𝐿𝑃𝑠
and quasi-neutrality were imposed also inside the Debye sheath 𝑛𝑖 =
𝑛𝑒. Interestingly, at least for null or positive bias the whole plasma
background can be quasi-neutral. Indeed, the Debye sheath formation
is prevented if the angle 𝛼𝐵 is smaller than the critical angle 𝛼∗𝐵 [11].
However, in the range of bias explored the Debye sheath reappears
already for 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = −20 𝑉 if equipartition is considered 𝑇𝑖 = 𝑇𝑒 and
𝑇𝑒 ≳ 28 eV, see Eq. (1) and Fig. 3. Lastly, Carbon was simulated as the
only plasma impurity at 2% concentration, and the Carbon population
was approximated as 50% 𝐶+2 and 50% 𝐶+3 as suggested in previous
works [12] for a similar experiment.
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Where 𝑇𝑒 and 𝑇𝑖 are in eV, 𝑚𝑖 is the main plasma ion mass, 𝑚𝑒 is
the electron mass, and 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is the applied voltage.

4. Results

Varying the target surface potential influences the impinging ions’
energy and angle of impact, and as a consequence, the sputtering yield.
As shown in [13] and [5] the sputtering yield and the gross flux depend
on the applied bias, increasing if the bias is negative and decreasing in
the opposite case. In the range of bias applied in this work, the same
dependence is expected for the net eroded flux. Indeed, the net flux of
eroded particles from a finite surface 𝛤𝑛𝑒𝑡 ≈ 𝛤𝑔𝑟𝑜𝑠𝑠 × 𝑓𝑛𝑜𝑛−𝑟𝑒𝑑𝑒𝑝 where
𝑓𝑛𝑜𝑛−𝑟𝑒𝑑𝑒𝑝, is the fraction of non-redeposited W. From [14] 𝑓𝑛𝑜𝑛−𝑟𝑒𝑑𝑒𝑝 is
directly correlated with the ratio between the neutral W characteristic
3

mean free path 𝜆𝑖𝑜𝑛 ∝ 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 and the sheath width 𝜆𝑠ℎ𝑒𝑎𝑡ℎ, hence on
the adimensional parameter �̂� = 𝜆𝑖𝑜𝑛∕𝜆𝑠ℎ𝑒𝑎𝑡ℎ. Anyway, since 𝜆𝑠ℎ𝑒𝑎𝑡ℎ is
almost constant in the range of bias applied then also 𝑓𝑛𝑜𝑛−𝑟𝑒𝑑𝑒𝑝 and 𝛤𝑛𝑒𝑡
are expected to be correlated to the bias. For lower biases (higher), �̂�
increases (decreases) and so will 𝛤𝑛𝑒𝑡.

4.1. Net erosion - RBS

RBS was used to compare the thickness of all W coatings before and
after the plasma exposure. The difference in thickness can be translated
into a net erosion [15], which approximates the gross erosion if the W
coating size is small (less than or comparable to the ionization mean
free path of the sputtered W atoms) [6]. The net erosion was then
converted into a net erosion rate by dividing it by the total exposure
time (approximately 8 s). Results for small W coatings (No. 2, 3, 5 and
6) are directly correlated with respect to the applied bias, see Fig. 4(b).
Under positive biasing, data points overlap (2 with 3 and 5 with 6),
making it challenging to distinguish them visually. Both experimental
and numerical results show a radial asymmetry, where the hotter inner
side of the sample is more eroded than the outer one, see Fig. 2(b).
For both null and positive biasing, the ERO2.0 outcomes consistently
underestimate erosion. It is worth noting that RBS accuracy diminishes
as the cumulated erosion layers become smaller. Consequently, RBS
cannot measure the very small values of net erosion given by ERO2.0.
Another point to consider is the possibility that data from coatings 2
to 6 may have been influenced by edge effects. This is because, as
illustrated in Fig. 1(a), coatings 2 to 6 were deposited closer to the
edge gap between the biased sample and the unbiased DiMES support
than originally intended in the design, as depicted in Fig. 1(b). Finally,
net erosion rates over the DiMES radial center where 𝑛𝑒 and 𝑇𝑒 are
roughly constant (coatings 1 and 4), do not show a clear trend with
respect to the applied bias even if the numerical outcomes are within
the experimental uncertainties, see Fig. 4(a). This might be attributed
to insufficient statistical data, and additional experiments should be
conducted to address this issue more comprehensively.

4.2. Gross erosion - UV

The gross flux from W coating No. 1 was measured with a UV
spectrometer looking at the 255.14 nm line. Fluxes were converted into
erosion rates assuming W density to be 6.3 × 1022 cm−3. Since two
shots were performed for each bias, two different measures are reported
when taken, Fig. 5. UV gross erosion measurements are roughly one
order of magnitude lower with respect to ERO2.0 results. Moreover,
UV gross erosion rates are lower than the net erosion measured with
RBS indicating that the associated S/XB, which was calculated with
Fig. 4. Resume of RBS experimental measures and simulation results.



Fig. 5. UV gross erosion compared to ERO2.0 results.

ColRadPy [16], could be underestimated. The ratios between the gross
erosion rate of ERO2.0 and UV signal averaged over each couple of
shots appear to be relatively constant (∼5) with a slightly increasing
trend for larger biases (more positive), across the inspected range.

5. Conclusions

An experiment was performed in the lower divertor of DIII-D to
measure the effect of DC bias on the erosion of W targets of different
sizes. The goal was to compare the experimental observations with nu-
merical results reproduced with the ERO2.0 code. Erosion post-mortem
RBS measurements of W coatings No. 2, 3, 5 and 6 were in agreement
with ERO2.0 estimates both in trends and order of magnitude except
made for the positive case. Contrarily, coatings No. 1 and 4 do not
have a clear trend with respect to bias. These inconsistencies may be at-
tributed to the limited cumulated erosion during the experiment, which
can lead to less accurate RBS measurements, particularly under positive
bias or for larger coatings where net erosion is minimal. Moreover, it is
suspected that an edge effect may be contaminating the measurements
of coatings No. 2 to 6 since the targets were manufactured close to
the boundary between the biased and unbiased sample regions. The
edge effect was not included in ERO2.0 because only the biased surface
was simulated. Gross erosion UV measurements are qualitatively in
agreement with numerical results showing a nearly constant scaling
factor of 5 when compared to the numerical findings. Finally, it can
be concluded from the experiment that it is possible to qualitatively
and quantitatively reproduce erosion as a function of bias at least for
negative biases with ERO2.0. In the future, further studies should be
performed to numerically reproduce the erosion of positively biased
targets adopting longer exposure times.
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