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Tungsten (W) targets have been exposed to high density (ne 6 4 � 1019 m�3), low temperature (Te 6 3 eV)
CH4-seeded deuterium (D) plasma in Pilot-PSI. The surface temperature of the target was �1220 K at the
center and decreased radially to �650 K at the edges. Carbon film growth was found to only occur in
regions where there was a clear CII emission line, corresponding to regions in the plasma with Te P 2 eV.
The maximum film thickness was �2.1 lm after a plasma exposure time of 120 s. 3He nuclear reaction
(NRA) analysis and thermal desorption spectroscopy (TDS) determine that the presence of a thin carbon
film dominates the hydrogenic retention properties of the W substrate. Thermal desorption spectroscopy
analysis shows retention increasing roughly linearly with incident plasma fluence. NRA measures a C/D
ratio of �0.002 in these films deposited at high surface temperatures.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The tungsten–carbon (W–C) system is of high relevance to ITER
since these are the materials used in the current design of the ITER
divertor. When dealing with mixed-materials, one has to consider
both the physics and the chemistry between the two materials. Of
particular concern in this system is the formation of tungsten car-
bides (i.e. WC, W2C) at elevated temperatures and carbon film
growth on the tungsten substrate.

The formation of tungsten carbide has been observed from
annealing carbon films on tungsten substrates [1] and from irradi-
ation of tungsten targets at elevated temperatures (TW P 850 K)
with carbon-seeded hydrogenic plasmas [2,3]. The latter of these
two mechanisms is possible in the ITER divertor since carbon
impurities will be eroded, ionized in the plasma and then redistrib-
uted to the first wall. The formation of tungsten carbide layers is
known to increase hydrogenic retention [4,5], decrease diffusion
rates [6], and decrease surface recombination rates [3] as com-
ll rights reserved.
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pared to a pure W surface. Formation of carbon films can dominate
the retention properties of the tungsten substrate [2].

This investigation focuses on the formation of carbon films and
any associated carbide formation in a high plasma flux
(�1024 m�2 s�1) environment and how it impacts the hydrogenic
retention of the material. It is critical to examine these processes
in a high flux regime since carbon-based components in ITER will
be located at the divertor strikepoints; meaning the region of
strongest W–C interaction will also be the region of highest plas-
ma flux in ITER.
2. Experiment

The plasma exposures of tungsten (W) samples were performed
in the linear plasma generator Pilot-PSI [7]. A Thomson scattering
system measures plasma parameters �15 mm in front of the target
[8]. Typical operation parameters were central electron densities
(ne) and temperatures (Te) of (4.0 ± 0.5) � 1019 m�3 and 3.0 ±
0.3 eV respectively (Fig. 1). Both ne and Te follow a peaked distribu-
tion across the plasma column with an e-folding length of
5.5 ± 0.5 mm. Surface temperatures were measured with a multi-
wavelength pyrometer that allows for automatic compensation
of changing emissivity; an important consideration to maintain
consistent temperature measurements for carbon films (high emis-
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sivity) being deposited on a tungsten (low emissivity) substrate.
Central surface temperatures during the exposure were measured
to be 1200 ± 30 K with a reduction to 650 ± 70 K at the edges of the
plasma column (Fig. 1c).

The carbon was introduced into the deuterium plasma through
a methane puffing ring positioned 150 mm downstream from the
plasma source (�350 mm upstream from the target). The carbon
content of the plasma was monitored with a high resolution spec-
trometer from 425–435 nm allowing for observation of CII line
(426.8 nm), the CH A-X (Gerö) band (429–431.3 nm), and
Hc(434.0 nm). It should be noted that in these experiments CH4

was puffed into deuterium plasmas so that any detected deuterium
in the analysis originates from the plasma. The spectrometer was
focussed at a point �50 mm in front of the target to eliminate
any signal contributions from carbon re-erosion from the target
surface.

The W targets used were 20 mm in diameter and 1 mm thick,
99.97 at.% pure tungsten purchased from Plansee Metals. The tar-
gets were mechanically attached to a water-cooled copper heat
sink with a molybdenum clamping ring and were electrically
grounded for the exposures. No special preparation (i.e. polishing,
annealing) of the targets was performed before exposure in Pilot-
PSI. See Table 1 for exposure conditions and nomenclature for each
target.

The deposited carbon films were analyzed by proton micro-
beam Rutherford backscattering (RBS). The non-Rutherford, en-
hanced cross section between protons and carbon allow for the
deposited carbon to be measured above the strong RBS signal from
the high-Z W substrate. X-ray Photoelectric Spectroscopy (XPS)
Fig. 1. Thomson scattering profiles of (a) electron density, (b) electron temperature
taken across the plasma column width and (c) surface temperature measurements
for a typical plasma exposure.
was used to examine post-exposure surface conditions and check
for tungsten carbide formation. The deuterium trapping was inves-
tigated using D(3He, p)a Nuclear Reaction Analysis (NRA) and Ther-
mal Desorption Spectroscopy (TDS).
3. Results and discussion

Optical emission spectroscopy is used to determine the carbon
content of the plasma. The peak signal strengths of the CII-line
(426.8 nm), CH band (peak at 430.6 nm), and Hc (434.0 nm) are
plotted as a function of radial position in Fig. 2 for CH4 flows of
3 sccm (0.003 slm) and 7 sccm (0.007 slm). One can see that both
the methane flow rate and plasma parameters (related through
the radial position, see Fig. 1a,b) have a strong influence on the car-
bon content of the deuterium plasma. For a CH4 injection rate of
7 sccm, the CII line is not strong in the outer regions of the plasma
but only in the central part of the column with Te P 2 eV (Fig. 2).
For the 3 sccm injection rate, both the CH-band and CII line are
strongly reduced as compared to the 7 sccm case, but the Hc re-
mains constant, indicating that the methane puffing is not affecting
the hydrogenic content of the plasma. This is not surprising given
the low rate of methane puffing (0.003–0.007 slm) compared to the
neutral deuterium injection rate into the plasma source (�1.0 slm).

Converting these emission profiles into plasma carbon concen-
trations is a highly complex process at the low electron tempera-
tures used in this experiment since photon efficiencies no longer
follow the standard model [9]. There are experimentally obtained
CH photon efficiencies [9] but these are for methane puffing from
the surface of the target directly into the plasma column, rather
than the puffing ring used to carbon-seed the plasma in this exper-
iment. Nevertheless, since puffing directly into center of the plas-
ma column results in the least amount of injected particles lost
before emitting a photon, using these experimentally obtained
photon efficiencies provides the minimum possible carbon concen-
trations ((C+ + C0)/D+) of 0.003 and 0.0008 for CH4 puff rates of
7 sccm and 3 sccm respectively. To define the maximum possible
carbon concentration we assume every injected methane atom
contributes one carbon atom (or CHX molecule) to the plasma. Un-
der that assumption a comparison of injected gas rates can yield a
maximum carbon concentration. The D gas (D2) is injected into the
source at a rate of 1.0 slm. Previous work with the cascaded arc
source has shown the ionization efficiency of the source to be
�15% for this gas flow rate [10], meaning an equivalent D+ ‘‘gas
flow rate” of 0.3 slm. Comparing this with the CH4 injection rates
of 0.007 slm and 0.003 slm we obtain maximum carbon concentra-
tions of 0.023 and 0.010 respectively. It should be noted that these
maximum values are very conservative given we are puffing meth-
ane from a ring of diameter 90 mm into a plasma column of diam-
eter < 20 mm. It is likely a significant fraction of the injected gas is
pumped out of the system without ever penetrating the plasma
which would reduce the maximum carbon fraction. However, it
can be stated with confidence that the carbon concentrations for
plasmas with 7 sccm CH4 injection is in the range 0.003–0.023
and 3 sccm CH4 injection is in the range 0.0008–0.010.
Table 1
Carbon seeding conditions and nomenclature for W targets.

Target CH4 puff rate Plasma exposure

I – 0–120 0 sccm 120 s
VI – 7–10 7 sccm 10 s
VII – 7–30 7 sccm 30 s
IV – 7–60 7 sccm 60 s
VIII – 7–120 7 sccm 120 s
IX – 3–120 3 sccm 120 s



Fig. 2. Radial distribution of CII (426.8 nm), CH (430.6 nm) and Hc (434.0 nm)
emission signal for methane puffing rates of (a) 3 sccm and (b) 7 sccm. Fig. 3. (a) RBS spectra at various locations around carbon film on target VIII – 7–120

and (b) measured carbon film thicknesses by fitting l-beam proton RBS spectra.
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Proton RBS results yield detailed measurements of C film thick-
nesses. The micro-beam was focussed to a beam spot diameter of
�5 lm and then raster scanned over an analysis spot of
170 � 170 lm2 allowing for good spatial resolution across a carbon
spot only �2.7 mm in diameter (see Fig. 3b). The analysis of the
carbon spot from W target VIII – 7–120 shows a well-defined car-
bon spot centered in the plasma column, indicating that C deposi-
tion is occurring in the regions of highest plasma density, electron
temperature and surface temperature. This area also corresponds
quite closely with the region where the CII emission line is stron-
gest (Fig. 2b). Due to the local nature of the deposition (confined
to the plasma column) and the close correspondence with the CII
profile, it is inferred that the carbon film growth is driven and/or
initiated by carbon ions in the plasma as opposed to the large neu-
tral flux of carbon and hydrocarbons also striking the surface.
Tungsten carbide formation may play a role in initiating the film
growth since the highest temperatures, thus the best conditions
for carbide formation, are at the center of the film growth location.
However it should be noted that XPS scans showed no carbide for-
mation at the edges of the carbon spot or in the regions outside the
carbon spot. The deposited film is too thick for XPS to reach to the
W–C interface in the center of the spot. However, it should be
noted that, because these targets were exposed in the ‘‘as received”
condition, it is possible that oxide layers on the surface (detected
by XPS) may have impeded carbide formation.

The proton RBS spectra yield an areal concentration of carbon in
the analysis spot and this, in combination with fitting of the shape
of the spectra, yields C film thicknesses. In the spectra, the C peak
can clearly be seen over the strong tungsten substrate signal due to
the non-Rutherford cross section with proton scattering (Fig. 3a).
The larger and broader C peaks correspond to thicker C films. As
the C peak grows, the leading edge of the W component of the
spectrum shifts to lower channels/energies, indicating there is no
longer any W detectable on the surface. This is confirmed by
XPS. The indications from the RBS spectra are that there is no
detectable inter-material mixing between the C and W despite
the high surface temperatures (�1200 K at the center of the spot)
and thus highest C diffusion in W and greatest likelihood for tung-
sten carbide formation. Literature indicates that any intermixing
would be under 50 nm in length scale for timescales of 120 s or less
[11]. Since the depth resolution of the RBS is �50 nm it is unlikely
that any material mixing is detectable over these time or length
scales.

The C film on target VIII – 7–120 was the thickest (Fig. 3b). The
C film on target IV – 7–60 was also detectable with RBS although
the maximum thickness was only �300 nm. On target VII – 7–30
there was visible discolouration at the beam spot indicating the
presence of a carbon deposit but there were too few counts for a
reliable fit with the RBS. This indicates that there is a small amount
of carbon on the beam spot of VII – 7–30 but the film thickness was
less than the 50 nm depth resolution. However, XPS measurements
did not detect any tungsten substrate at the location of the film,
meaning the film was thicker than the probing depth of the XPS
(�10 nm for a carbon-dominated surface). It is inferred the carbon
film on VII – 7–30 is 10–50 nm in thickness. For targets VI – 7–10
and IX – 3–120 there was no visible discolouration of the surface
and no carbon was detected with RBS either. The C film thicknesses
are greatest at the center of the plasma column and decrease as the
analysis point moves radially outwards (Fig. 3b), again coinciding



Fig. 4. (a) Mass 4 desorption spectrum from clean W, W + C, and pure C and (b)
total D retention as a function of plasma exposure time and total incident D fluence;
open symbol represents target I – 0–120 (no injected CH4) and closed symbols
represent targets VI – 7–10, VII – 7–30, IV – 7–60, and VIII – 7–120 (7 sccm CH4

puffing rate).

Fig. 5. Closed symbols are D retention as measured by NRA as a function of plasma
exposure time for various radial positions and CH4 puffing rate of 7 sccm. Open
symbols represent target IX – 3–120 (3 sccm CH4 puffing rate).
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with the C-II signal. For target IX – 3–120 with the 3 sccm methane
puff rate, it is not surprising there is no carbon film formation since
Fig. 2a shows that there is minimal C-II signal for the 3 sccm puff
rate and thus no carbon ions in the plasma to initiate or drive
the C film growth. Sze et al. have also found a minimum required
carbon concentration in the plasma to initiate carbon film growth
on tungsten [2]. The minimum required carbon content for film
growth found by Sze et al. was �0.75 at.% at 850 K, however, this
minimum decreased with increasing surface temperature. So it is
possible for a lower minimum impurity level to be applicable in
this study considering surface temperatures and plasma flux den-
sities are higher. However, the minimum required carbon content
value in combination with the fact that there was carbon film
growth for 7 sccm puff rates and not for 3 sccm, indicates that
the carbon content of the plasmas in this study are likely much clo-
ser to their calculated minimum values than the maximum values.
For target VI – 7–10, the lack of detectable carbon indicates either
some time delay before film growth can be initiated or a very thin
film undetectable by RBS or by eye. XPS results were inconclusive
on this target.

The effect of the carbon film on overall retention is determined
with TDS. W targets were heated to 1273 K at a rate of �1 K/s and
the mass 4 (D2) and mass 3 (HD) signals were monitored and cal-
ibrated to yield the total amount of retained deuterium. The peak
structure changes dramatically between targets VIII – 7–120 and
I – 0–120 (Fig. 4a). By comparing the desorption peak structure
from VIII – 7–120 to the desorption peak structure from a pure
graphite target desorption, it becomes evident that the desorption
peaks in target VIII – 7–120 are dominated by the carbon film. Inte-
grating the mass 4 and mass 3 signals the total D atoms retained in
target VIII – 7–120 (Dretained = 2.0 � 1016 D atoms) is an order of
magnitude greater than in target I – 0–120 (Dretained = 1.6 � 1015

D atoms) despite the carbon spot only covering �5.7 mm2 of the
�200 mm2 exposed area of the tungsten target. The total retention
scales roughly linearly with plasma exposure time (a plasma flu-
ence) as shown in Fig. 4b. This is expected for retention dominated
by carbon co-deposition since this is an unsaturable retention
mechanism. The zero offset in Fig. 4b is indicative of a minimum
carbon film thickness before retention starts to become dominated
by the co-deposition process. The total incident D fluence to the
target can be determined through the integration of the bohm flux
as determined by the Thomson scattering data (Fig. 1). Retained
fractions (Dretained/Dincident) for targets with carbon films present
is (2 ± 1) � 10�6.

NRA was used to determine the retention locally, however, due
to limited 3He ion energies, the maximum depth range for the NRA
measurements was only �3 lm. Measurement spots were taken at
the center of the carbon spot, 2 mm off spot and 8 mm off spot. It is
important to recognize that at these different locations the surface
temperature and plasma ion fluxes are different as well as the car-
bon content of the plasma.

The NRA results clearly show an enhanced retention in the re-
gion of the carbon spot (Fig. 5). Retention in the region off the car-
bon spot is relatively unchanged supporting the results from TDS
that the carbon film growth is responsible for the overall enhanced
retention. Results are also consistent with the observation of no
carbon film growth with a CH4 injection rate of 3 sccm. The reten-
tion from 3 sccm injection rates are equivalent to those observed
for exposure times of 10 and 30 s for 7 sccm injection rates where
there is no or very little C deposition. The D retention for 2 mm off
spot is slightly higher probably due to the lower local surface tem-
perature while still being on the edge of the deposition region. The
D retention for 8 mm off spot should not be influenced by carbon
deposition and indicates the range in the natural scatter of reten-
tion data from target to target. This scatter has been discussed in
more detail in [12]. For the 120 s exposure time the regions of C
deposition (i.e. beam center and 2 mm off center) are roughly a fac-
tor of 10 higher than D retention in these regions for the 3 sccm
injection rate with no C deposition, remaining consistent with
the TDS results. NRA can produce depth profiles of local D concen-
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trations. The NRA parameters used for this study yield a depth pro-
file in discrete steps of �1 lm. Since the film thickness for target
VIII – 7–120 is greater (�2 lm) than the discrete step size of the
depth profile (�1 lm), it is possible to determine the local D con-
centration within the C film and thus determine the D/C ratio. For
target VIII – 7–120, the D/C ratio of the film at the center location
(Tsurf � 1200 K) is 0.002 D/C. This low ratio is not unexpected for
such high surface temperatures since it is well known that D/C ra-
tios decrease with increasing surface temperatures [13] and can
be < 0.01 D/C for temperatures above 1000 K [14].

4. Conclusions

The most obvious observation is the local deposition of carbon
films on the tungsten substrates. Having the deposition be local-
ized to the center of the plasma column indicates a confinement
process was involved and in combination with the close correlation
between carbon spot diameter and C-II signal profile, leads to the
conclusion that the carbon film growth is initiated and/or driven
by carbon ions in the plasma and not neutral atoms or molecules.
This film growth can be rapid (highest measured deposition rate is
17.5 nm/s) in these high plasma density, high surface temperature
scenarios, however the resulting films have low D/C ratios
(0.002 D/C) due to the high surface temperatures during film
growth. The rapid film growth under these conditions could lead
to flaking and dust production from very thick deposits in a long
pulse or steady-state device. It is also evident that net deposition
of carbon is possible on a surface under high flux hydrogenic plas-
ma bombardment even with low (<2%) carbon concentration in the
plasma.

The growth of C films on the surface clearly enhances the
hydrogenic retention of the tungsten targets. The enhanced reten-
tion is localized to the region of co-deposition and the regions
where no film was formed have roughly equivalent retention rates
to tungsten targets exposed to plasmas with no carbon seeding.
Not only does the carbon film enhance retention, it dominates
the retention properties of the tungsten targets. This indicates that,
while pure tungsten targets have acceptable low hydrogenic reten-
tion rates for ITER, if a thick carbon (or any low-Z) film is co-depos-
ited on the surface, the retention can become unfavorable, even if
those films are deposited in a high density, high surface tempera-
ture scenario, such as the ITER divertor strikepoint regions.
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