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As High-Z materials will likely be used as plasma-facing components (PFCs) in future fusion devices, the
erosion of high-Z materials is a key issue for high-power, long pulse operation. High-Z material erosion
and redeposition have been studied using tungsten and molybdenum coated samples exposed in well-
diagnosed DIII-D divertor plasma discharges. By coupling dedicated experiments and modelling using the
3D Monte Carlo code ERO, the roles of sheath potential and background carbon impurities in determining
high-Z material erosion are identified. Different methods suggested by modelling have been investigated
to control high-Z material erosion in DIII-D experiments. The erosion of Mo and W is found to be strongly
suppressed by local injection of methane and deuterium gases. The 3C deposition resulting from local
13CH, injection also provides information on radial transport due to E x B drifts and cross field diffusion.
Finally, D, gas puffing is found to cause local plasma perturbation, suppressing W erosion because of the
lower effective sputtering yield of W at lower plasma temperature and for higher carbon concentration
in the mixed surface layer.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

mon high-Z impurity source in tokamaks is physical sputtering
by impinging ions. Since the threshold energy for sputtering by

1. Introduction

High-Z materials such as tungsten (W) will be used for plasma
facing materials in the ITER divertor [1] and are expected to be
used in future fusion devices. The main disadvantage of high-Z ma-
terials is that the generation of high-Z impurities and their pene-
tration into the core plasma can cause large radiation losses, re-
sulting in poor plasma performance. It is essential to understand
and control high-Z impurity sources which will help to reduce
high-Z impurity concentration in the core plasma. The most com-
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the fuel ions is high, the sputtering rates for high-Z materials are
mainly determined by other impurities, low-Z ions especially when
mixed materials are used for plasma facing components [2, 3]. It
was also found that significant amounts of eroded high-Z materi-
als can be locally redeposited resulting in much lower net erosion
rates compared to gross erosion rates [4, 5]. Simulation of dedi-
cated experiments under well-controlled and characterized condi-
tions can aid understanding of the underlying physics of erosion
and redeposition of high-Z materials.

Since the DIII-D tokamak has full graphite PFCs, high-Z material
erosion in a mixed materials environment can be readily studied,
which can have implications for ITER with its low-Z beryllium first
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wall and high-Z tungsten divertor. The divertor materials evalua-
tion system (DiMES) in the lower divertor of DIII-D is an excellent
platform for carrying out well-controlled experiments on plasma
material interactions [6]. It enables measurements of gross and net
erosion rates of high-Z materials by ion beam analysis of mate-
rial samples before and after plasma exposure [7, 8]. Edge diagnos-
tics such as floor Langmuir probes and divertor Thomson scatter-
ing provides the local plasma conditions for the numerical simu-
lations. Within this work, the three-dimensional Monte Carlo code
ERO [9], which simulates material erosion, migration and redepo-
sition, is used to model dedicated DIMES experiments on DIII-D.
The critical parameters determining high-Z material erosion such
as the magnetic pre-sheath properties and background impurities
have been identified by comparison of measured and modelling
results. Several different methods have been studied to suppress
high-Z material erosion in the DIII-D divertor.

2. DIII-D experiments and ERO-OEDGE modelling

To provide a good benchmark for the code, the conditions
for the DIII-D experiments described here are kept as simple as
possible. All the experiments were carried out in L-mode deu-
terium discharges with a lower single null magnetic configura-
tion. Thin molybdenum (Mo) or W coating samples was exposed
to well-diagnosed plasma conditions using DiMES. Each sample
was exposed to several reproducible plasma discharges. During the
plasma current flattop, the outer strike point was kept near the
sample to guarantee a local net erosion condition. The thickness
of the sample coating was measured by Rutherford backscattering
(RBS) before and after exposure to determine the time-averaged
erosion rates, which are compared with modelling. The ERO code
has been applied to DIMES experiments to address high-Z mate-
rial erosion issues [10]. It calculates physical sputtering and chem-
ical erosion and traces the eroded particles in a fixed background
plasma. The main input required for ERO modelling is the plasma
background which is reconstructed by the interpretive OEDGE code
using the Onion Skin Model [11]. The OEDGE code solves the 1D
fluid conservation equations along the magnetic field with the
input boundary condition of plasma parameters on divertor tar-
gets measured by Langmuir probes. The 2D distribution of plasma
density, temperature, flow velocity and parallel electric field from
OEDGE calculations are used for ERO simulation volume, in which
toroidal symmetry is assumed. The radial profiles of electron den-
sity (ne) and temperature (Te) across DIMES at the divertor target
for Mo exposure and methane injection experiments are shown in
Fig. 1 as measured by Langmuir probes. The modelling aids in un-
derstanding of the experiments and also suggests new techniques
to control erosion of high-Z materials.

2.1. Sheath effects

A non-spectroscopic method which uses a small spot of high-
Z material coating with a diameter of 1 mm has been developed
to measure gross erosion rates in DIII-D [8, 12]. It is assumed that
under typical L-mode conditions the redeposition of eroded mate-
rial on the 1 mm spot is negligible, because the ionization mean
free path of eroded neutrals is comparable to the sample size.
This assumption is confirmed by modelling with both REDEP/WBC
[13] and the ERO code. The redeposition ratio for a 1 mm sample
is only 3-4% according to ERO modelling. With a simultaneously
exposed 1cm diameter sample, the net/gross erosion ratio or re-
deposition ratio can be obtained. From measurements for a 1cm
sample, the redeposition ratio of Mo is 44% while W has a higher
redeposition ratio of 63% [12]. Modeling with the ERO code indi-
cates that the high local re-deposition ratio is mainly controlled
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Fig. 1. Radial profiles of (a) electron density and (b) electron temperature at di-
vertor target for Mo exposure (#145672) and methane injection (#156836) experi-
ments measured by Langmuir probes.

by the electric field and plasma density within the magnetic pre-
sheath [10]. During the experiment described here, the magnetic
field lines intersect the material surface at a very shallow angle of
1.5° The magnetic pre-sheath potential drop is increased with de-
creasing the angle between the magnetic field lines and the ma-
terial surface [14]. The standard sheath model used in the ERO
code is the Brooks’ model using a fitting parameter to define the
fraction of the magnetic pre-sheath [15]. Recent fluid analysis by
Stangeby concludes that the Debye sheath disappears when the an-
gle is small enough, if the total potential drop across both the mag-
netic pre-sheath and the Debye sheath is assumed not to change
[16]. Kinetic simulations using the particle-in-cell (PIC) code BIT1
with one spatial and three velocity dimensions is used to model
the sheath properties for comparison with the fluid model [17]. All
three models have been tested in the ERO code to calculate the Mo
redeposition ratio, as shown in Fig. 2. Similar Mo re-deposition ra-
tios were obtained from ERO modeling using the three models, all
being close to the measured value of 44% for a 1cm sample. The
average Mo redeposition ratio increases with increasing diameter
of the sample. Most of the sputtered Mo atoms are ionized within
the magnetic pre-sheath region and therefore the strong electric
field towards the material surface plays an important role in Mo
redeposition.

Since the redeposition ratio is mainly determined by the mag-
netic pre-sheath, ERO simulations have also been performed for a
reduced sheath potential. The potential profile for a non-floating
material surface can be calculated from fluid analysis [16]. As seen
in Fig. 3, when the 1 cm Mo sample surface is biased with positive
voltage relative to the floating potential, the Mo redeposition ratio
is not reduced, but shows an even slight increase. Although the re-
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Fig. 2. The dependence of the Mo redeposition ratio on sample diameter using
three different sheath models in ERO compared with experiment.
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Fig. 3. ERO modelled net erosion rate and redeposition ratio of the 1 cm Mo sample
as a function of biased voltage relative to the floating potential.

duced total potential drop leads to lower sheath electric field, the
electron density within the magnetic pre-sheath becomes larger
according to the Boltzmann relation. Higher electron density leads
to a shorter ionization mean free path and thus higher redeposi-
tion. That is, the sheath electric field and electron density within
the magnetic pre-sheath have opposite effects on the redeposition
ratio. Decreasing sheath potential drop also results in lower gross
erosion rate because the sputtering yield is reduced due to the
lower ion incident energy on the surface. In the ERO modeling, it
is assumed that the ion incident flux does not change within the
biased voltage range Therefore the Mo net erosion rate can be sup-
pressed by positive biasing since the Mo redeposition ratio is not
decreased. As shown in Fig. 3, the Mo net erosion rate is reduced
almost linearly by more than a factor of 2 when the biased voltage
is 50V higher than the floating potential. New experiments have
been recently carried out in DIII-D to test this ERO prediction, in
which the Mo sample was biased to different voltages. A strong
correlation of Mo erosion with biasing voltage has been obtained
in the experiments. The detailed results of these experiments will
be reported elsewhere.

2.2. Local BCH, gas injection
Erosion of high-Z materials by background fuel ions is usually

very low due to the high sputtering thresholds, and low-Z impurity
sputtering dominates erosion, especially for W. Since DIII-D has full

graphite wall coverage, carbon impurities play an important role
in material erosion and deposition. ERO modelling indicates that
higher carbon impurity concentrations in the plasma can reduce
the net erosion rate of Mo, because the effective sputtering rate
of Mo is reduced due to higher carbon deposition in the mixed
material surface layer [10]. In ERO simulations, the carbon ratio in
the surface interaction layer is determined by the overall erosion
and deposition flux balance of different species on the material
surface. If the carbon concentration in the plasma is high enough,
the metal surface will be in a net deposition condition. Therefore,
high-Z material erosion can be controlled by the low-Z impurity
content of the plasma.

The background carbon level can be increased by local methane
injection close to the metal sample. In DIII-D, a capillary opening
through a hole in a floor tile at the same major radius at the DIMES
centre is used for the local gas puffing [18]. The hole is 12 cm up-
stream of the DiIMES centre in the toroidal direction. To distinguish
the injected carbon from the background 2C in post-mortem anal-
ysis, 3CH, is injected from the capillary. In the experiment de-
scribed here, a 1 cm Mo sample coating was located 1 cm upstream
from the DIMES centre in order to accommodate an embedded
Langmuir probe (see Fig. 4(d) in [18]). ¥CH, was injected at a
rate of 1.8 Torr-1/s during three L-mode repeat discharges (shots
#156836 - #156838). The emission from the gas injection was ob-
served from the top using a CCD camera with a 430.5 nm CD/CH
molecular band filter. The spectroscopic signal of Mol emission be-
came negligible during methane puffing. After the experiment, car-
bon deposition could be clearly seen as a toroidal stripe on the
DIMES head. The Mo sample experienced a net-deposition condi-
tion and Mo erosion was below the detection limit for RBS mea-
surements. Both 3C and '2C deposition on the Mo sample were
measured by nuclear reaction analysis (NRA) with 2.5 MeV 3He.
The 13C areal density was found to be higher than the '2C areal
density by nearly an order of magnitude, which indicates that the
carbon deposition was mainly due to the external gas injection.

13C deposition from 3CH,4 injection was modelled by the ERO
code. Methane molecules are launched in the code at the injec-
tion aperture with a cosine angular distribution and Maxwell en-
ergy distribution. The methane molecules are dissociated and ion-
ized into various hydrocarbon species due to the interaction with
plasma electrons and ions. These processes are calculated using
the corresponding reaction rate coefficients [19, 20]. In the mod-
elling, the effective sticking coefficient for hydrocarbon molecules
hitting material surfaces is assumed to be 0 according to the pre-
vious studies [21]. The light emission from different species can
be simulated by the ERO code depending on the density distri-
bution and effective photon emission rate coefficients of the cor-
responding species. Fig 4 shows the ERO modelled 2D pattern of
CH and CIII light emission resulting from '>CH, injection. Due to
fast break-up of molecular species, CH band light is more localized
near the injection point. The broader emission pattern of CIII in-
dicates that the carbon ions can penetrate deeper into the plasma
and move in downstream direction due to frictional entrainment
with the main ion flow. The 13C deposited on the DiIMES head as
a toroidal stripe observed in the experiment is due to the longer
transport of carbon ions.

The measured 3C deposition profile on the Mo sample provides
a good benchmark for ERO modelling on carbon transport. It is
found that the ERO modelled radial coverage of 13C strongly de-
pends on E x B drifts and the cross field diffusion coefficient. As
seen in Fig. 5, if both the sheath electric field E and the diffu-
sion coefficient D are assumed to be 0, the radial 3C deposition
profile is rather symmetric relative to the radial location of gas
injection. When E is taken into account, the modelled deposition
profile is shifted in the E x B direction. The measured 3C deposi-
tion from experiment is also higher in the radial inboard direction,
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which is mainly due to E x B drift. A higher diffusion coefficient
D leads to lower 13C deposition on the Mo sample and the profile
becomes broader. For D=0.5m?2s™!, the modelled 3C deposition
profile shows good agreement with the experiments.

2.3. Local D, gas injection

Deuterium gas injection was also performed to test the mitiga-
tion of high-Z material erosion by local plasma perturbation. Two
pre-characterized samples with both 1cm and 1 mm W coatings
that are indicative of the net and gross erosion rates were exposed
with and without D, gas puffing. D, gas was injected at the same
location as in previous methane injection experiments. Before the
W sample was exposed, a built-in Langmuir probe was installed
on the DiIMES head and exposed to several discharges with D, gas
injection in order to measure the local plasma parameters before
and during the gas injection. As shown in Fig. 6, during the dis-
charge, the D, injection started at around 2.5 s with an increasing
rate to about 9 torr-1/s. Then at 4 s the injection rate was increased
to about 15 torr-1/s. The embedded Langmuir probes data showed
strong local perturbation of electron density and temperature due
to the gas puffing. When the gas puff started, T was reduced from
~26eV to below 10eV and ne increased by about a factor of 3.
At the highest injection rate, plasma parameters changed slightly
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Fig. 6. Time traces of (a) D, puffing rate, (b) electron temperature and (c) elec-
tron density measured by the Langmuir probe embedded in DiMES head in shot
#162765.

compared to the lower injection rate. There is no measurable ef-
fect on the global discharge parameters at the lower injection rate,
but a global disturbance was observed after 4s during the higher
gas injection rate. Then the first W-coated sample was installed on
the DIMES head instead of the Langmuir probe for three repeat
discharges with the same time evolution of D, gas injection. The
second W-coated sample was exposed for three repeat discharges
to obtain the baseline erosion rate without gas injection. After ex-
posure, the net erosion of 1 mm and 1 cm W spots on both samples
were analysed by RBS. For the 1 mm spot, the W erosion without
gas puffing is about 1.96 (+0.3) x 106 atoms cm~2 or 3.1 nm. With
D, injection, the W erosion is reduced to about 1.2 (+0.3) x 106
atoms cm~2 or 1.9 nm. The net erosion profiles along toroidal and
radial direction on the 1 cm W coating sample for the cases of both
no gas puff and with gas puff are compared in Fig. 7. The aver-
age W net erosion for the 1cm sample in the two cases are 1.54
(+£0.3) x 106 atoms cm~2 and 0.78 (+0.3) x 106 atoms cm~2 re-
spectively. The W erosion is significantly suppressed by D, gas in-
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Fig. 7. RBS measurements of W net erosion profiles for 1cm W sample with and
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jection. The W erosion profiles in radial and toroidal directions are
similar for both cases. Higher erosion near the edge of the 1cm
sample compared to the centre is due to the higher local rede-
position at the centre. The net erosion ratio of 1cm W to 1 mm
W is decreased from 0.79 to 0.65 by gas puffing, indicating that
the W redeposition ratio is increased due to gas puffing. The W
net erosion rates are summarized and compared with modelling in
Table 1.

ERO simulations have been performed for three cases us-
ing the averaged electron density and temperature measured by
the embedded Langmuir probe: no gas puff (ne =7.7 x 1012 cm3,
Te =26 eV), low D, injection rate (ne =2.3 x 1013 cm=3, T =9.3 eV)
and high D, injection rate (ne=2.6x 1013 cm=3, T =7.7 eV). The
carbon concentration in the background plasma is assumed to be
1.8% according to the previous studies [10]. As seen from Table 1,
for the non-puffing case, ERO gave a net erosion rate for the 1 mm
W sample of 0.23 nm/s, which agrees well with the measured
value of 0.26 nm/s. However, the modelled average net erosion rate
for the 1 cm W sample is 0.11 nm/s, nearly a factor of 2 lower than
the measured one of 0.2 nm/s. According to the measured erosion
rates for the two sized samples, the net/gross erosion ratio is about
0.77. Therefore, the measured W redeposition ratio is only about
23%, much lower than the previous experiments of 63%, while
the ERO modelled redeposition ratio is 53%, closer to the previous
value. The large error bars shown in Fig. 7 also indicate large un-
certainties of the measured erosion rate for the 1 cm sample. With
D, gas puffing, the modelled W net erosion rates of both the 1cm
and 1 mm samples are reduced significantly. The gas injection re-
duces the local plasma temperature but increases the ion flux. The
embedded Langmuir probe data shows that the ion saturation cur-
rent during D, gas puffing is nearly double that without gas in-
jection. The lower plasma temperature results in a much lower W
sputtering yield. Furthermore, both lower plasma temperature and
higher ion flux lead to more carbon deposition in the mixed ma-
terial surface layer, which can reduce the effective sputtering yield
of W through dilution. Therefore, the suppression of W erosion by
D, gas puffing is mainly due to plasma cooling and higher car-
bon deposition on the W surface. As shown in Fig. 6, there are
three stages of gas injection in one discharge, non-puffing, low in-
jection rate and high injection rate. For a flattop time from 1s to
5s, the time proportions for the three stages are 37.5%, 37.5% and
25%, respectively. Therefore, the time-averaged modelled W net
erosion rates are used for comparison with the experimental mea-
surements, according to the time proportions of the three differ-

Table 1

Experimental and modelling results of W erosion and redeposition for 1cm and 1 mm samples.

ERO simulations

Measured net erosion rate (nm/s)

With D, gas puff (average)

With D, gas puff ne =2.6 x 103 cm~3

Te=77¢eV

With D, gas puff ne =2.3 x 1013 cm—3

No gas puff ne =7.7 x 1012 cm—3

Te =26eV

Te =9.3eV

Net erosion rate (nm/s)

Redposition ratio

Net erosion rate (nm/s)

Redposition ratio

Net erosion rate (nm/s)  Redposition ratio  Net erosion rate (nm/s)

With gas puff

No gas puff

0.2

0.054
0.12

0.015

58%

0.024

0.1 0.11
0.23

1 cm sample
1 mm sample

8.1%

0.035

8.6%

0.058

6.8%

0.16

0.26

251
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ent puffing conditions. The modelled average W net erosion rates
with gas puff are 0.054 nm/s for the 1cm sample and 0.12 nm/s
for the 1 mm sample. As for the non-puffing case, the modelled
net erosion rate for the 1 mm sample is in good agreement with
the experiments, while the modelled erosion rate is about a factor
of 2 lower than the measurements for the 1 cm sample. Although
the measured W redeposition ratio is increased to 45% with gas
injection, it is still lower than the modelled values. The modelled
W redeposition ratio is also slightly increased in the gas puff case,
which is mainly due to the shorter ionization mean free path of
W atoms. The average W ionization distance perpendicular to the
surface are 1.15 mm for the non-puffing case, 0.76 mm for the low
injection rate and 0.79 mm for the high injection rate. Although the
ionization rates are lower for lower electron temperature, much
higher local electron density increases the ionization probability
significantly.

3. Summary

Thin film W and Mo spot samples with different diameters
were exposed to divertor plasma using DIMES in DIII-D to study
high-Z material erosion and redeposition. The ERO-OEDGE code
has been used to interpret the experimental observations and sug-
gests new methods to control high-Z material erosion. A high lo-
cal re-deposition ratio for eroded high-Z materials was observed
in the experiments, which is mainly due to the electric field and
plasma density within the magnetic presheath according to the
modelling. Modelling also indicates that the net erosion rate can
be reduced by reducing the sheath potential drop by positive bi-
asing. Increasing carbon impurity levels in the background plasma
can also suppress high-Z material erosion, which has been shown
by DIMES experiments with local methane injection. 3CH, injec-
tion provides a good benchmark for the modeling and the 3C de-
position on the Mo surface is strongly influenced by E x B drifts
and the cross field diffusion. Local D, gas injection upstream of
the W sample not only reduced W net erosion rate but also in-
creased the W redeposition ratio, mainly due to local plasma per-
turbation. The W effective sputtering yield is reduced due to both
lower plasma temperature and higher carbon concentration in the
surface interaction layer. The larger W redeposition rate is mainly
controlled by shorter W ionization length resulting from the sig-
nificantly increased plasma density.
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