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Tungsten targets are exposed to the plasma conditions expected at the strike point of a detached ITER
divertor (�1024 D/m2s, Te � 2 eV). The surface temperature of the target is �1600 K at the center and
decreased radially to �1000 K at the edges. A 2-D spatial scan of the W target using nuclear reaction anal-
ysis (NRA) shows an asymmetric D retention profile with the lowest retention values at the center of the
target and the highest 6 mm off-center. Even in the regions of larger retention, the D concentrations were
65 � 1015 D/cm2 as measured by NRA. Thermal desorption spectroscopy (TDS) is used to measure the
global D retention. Very low retention with retained fractions ranging from 10�7 to 10�5 Dretained/Dincident

were measured with TDS. Both NRA and TDS results show no clear dependence of retention on incident
fluence possibly indicating the absence of plasma-driven trap production in W under these conditions.

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

Hydrogenic retention in the walls of ITER can affect density con-
trol and fuelling rates. Also, during deuterium(D)-tritium(T) oper-
ation, there is a safety issue as only 350 g of mobilizable T are
allowed to be stored in the ITER wall [1,2]. Tungsten (W) is marked
for use as a plasma-facing components (PFC) material in the ITER
divertor. The thermal properties of W allow it to survive the ex-
pected heat loads at the ITER strike points but, perhaps more
importantly, W also has low hydrogenic solubility and, in the ab-
sence of a strong hydrogenic trap production mechanism, is ex-
pected to have low hydrogenic retention levels. This is confirmed
by numerous laboratory studies on hydrogenic retention in W
[3–8]. From this it has been assumed that W has an advantage over
carbon-based materials (i.e. graphite, CFCs) with respect to tritium
inventory in the ITER divertor.

However, studies have identified a mechanism for trap produc-
tion in refractory metals, specifically W. It has been postulated that
exposure of W to a high flux of low energy (6200 eV) ions leads to
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a build-up of stresses in the W lattice due to the low hydrogenic
solubility of W [6–8]. These stresses are relieved through deforma-
tion of the lattice and the creation of vacancies, dislocations or
voids, which then represent hydrogen trapping sites. There are
indications that this trap production mechanism is dependent on
the incident ion flux density [8,9] but the relationship and how it
extrapolates to ITER-relevant flux densities is not clear.

The purpose of this study is to expose poly-crystalline tungsten
samples to plasma flux densities and energies that are expected at
or near the ITER divertor strike points. This allows the hydrogenic
retention at these high flux densities (�1024 D/m2s) to be observed
and measured experimentally rather than relying on extrapola-
tions from ion beam or low-density plasma experiments.
2. Experiment

W targets were exposed to ITER divertor relevant deuterium
plasmas in the linear plasma device Pilot-PSI. The Pilot-PSI experi-
ment uses a cascaded arc to produce high plasma densities
(61021 m�3) at low electron temperatures (Te 6 5 eV) [10,11]. The
plasma is confined to a column of �15 mm diameter with the high-
est densities and temperatures located at the center of the column.
The plasma electron density and temperatures are measured with
Thomson scattering [12]. For these experiments, the central
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electron density was ne = (2.0 ± 0.2) � 1020 m�3 with a central elec-
tron temperature of Te = 2.0 ± 0.2 eV corresponding to a deuterium
flux of �2 � 1024 D/m2s at the center of the target. These are condi-
tions similar to those expected at the strike points of a detached
ITER divertor. A 1-D spatial scan of the electron density and temper-
ature across the column width can be seen in Fig. 1(a) and (b). A
magnetic field of 0.8 T was used to confine the plasma and each
plasma shot ran for a maximum of 20 s. For targets with exposure
times >20 s, multiple sequential and near-identical (ne and Te with-
in 10%) 20 s shots were used. The W targets were electrically
grounded for the exposures.

The tungsten targets are mechanically clamped to an actively-
cooled copper heat sink. A molybdenum clamping ring is used to
secure the target and a 0.5 mm thick piece of grafoil is placed be-
tween the heat sink and the tungsten target to improve thermal
contact. The surface temperature has been measured with a vis-
IR spectrometer (600–950 nm) and a single-colour pyrometer.
Both measurements have been calibrated ex-situ and combined
to approximate a 1-D surface temperature profile of the target
(Fig. 1(c)). Typical central surface temperatures are �1600 K and
decreasing to �1000 K near the edges of the target.
Fig. 1. (a) Electron density and (b) electron temperature from a typical Thomson
scattering profile in the vertical (Y) direction for the Pilot-PSI plasma column (c) The
surface temperature as a function of horizontal (X) position. The dashed lines
represent extrapolations.
The targets are 99.97% pure polycrystalline tungsten purchased
from Plansee metals. The targets are formed by laser-cutting 1 mm
thick discs from a 20 mm diameter rod. They are exposed in the ‘‘as
received” condition (rough surface, unannealed) however samples
that have been mechanically polished to a surface roughness of
<0.5 lm and/or annealed at 1273 K for 30 min have also been ex-
posed for comparison purposes.

The hydrogenic retention in the exposed samples was deter-
mined with ex-situ ion beam analysis and thermal desorption
spectroscopy (TDS). Each W target was initially probed with ion
beam analysis and then was thermally desorbed. For the ion beam
analysis, 2.0 MeV 3He ions were used for nuclear reaction analysis
(NRA) exploiting the 3He(d,p)a nuclear reaction. The 3He ion beam
was perpendicular to the surface yielding a probing depth of
�3 lm. The detected proton energy spectrum was translated into
a deuterium content in the first 3 lm using the NDF code [13].
The TDS is performed by clamping the W target to a ceramic heater
and linearly ramping the temperature to 1273 K at a ramp rate of
�1 K/s. The temperature is monitored by a type K thermocouple
spot welded to the surface of the W target. A Balzers QMA125
quadrupole mass spectrometer (QMS) monitors the mass 3 (HD)
and mass 4 (D2) signals as a function of time (and thus temperature
since the temperature ramp is linear). The QMS HD and D2 sensitiv-
ity is quantified with calibrated leaks of D2 and H2 (the HD sensi-
tivity is assumed to be the average of the D2 and H2

sensitivities). This allows the integrated mass 3 and mass 4 signals
to be converted to the total number of D atoms desorbed from the
target.

3. Results and discussion

The NRA technique has the advantage of measuring the local
concentration of D within the beam spot (�1 mm diameter) but
only to the depth of the 3He ion range. The NRA results were taken
from various points on the target surface and each point corre-
sponds to a different set of plasma parameters and surface temper-
ature (see Fig. 1). The D retention is measured as a function of
plasma exposure time which can be converted to fluence as a func-
tion of position through the Thomson scattering profile. In Fig. 2
the areal D retention (D/cm2) in the first 3 lm of the W surface
is plotted as a function of plasma exposure time for the center of
the target (0 mm) and a point 6 mm off center.

The measured retention at the center point is very low
(65 � 1014 D/cm2 in first 3 lm) despite the high plasma flux den-
sity received in that region. The 6 mm off-center point has approx-
Fig. 2. D retention as determined by NRA as a function of plasma exposure time for
the center of the target (Tsurf � 1600 K, �1024 D/m2s) and a point 6 mm off-center
(Tsurf � 1100 K, �1023 D/m2s). Total incident fluences can be calculated for each
point with using appropriate plasma flux density and plasma exposure time.



Fig. 4. TDS is used to determine (a) The retained D in W targets as a function of
incident D ion fluence and (b) the retained fraction of D as a function of incident
fluence.

612 G.M. Wright et al. / Journal of Nuclear Materials 390–391 (2009) 610–613
imately an order of magnitude higher retention (65 � 1015 D/cm2

in first 3 lm) despite being in a region exposed to lower flux den-
sities (�3 � 1023 D/m2s at 6 mm off center) and fluences. The key
parameter that appears to be causing the difference in retention
at these two locations is the surface temperature. At the center
point the surface temperature is �1600 K and at 6 mm off-center
the temperature is �1100 K (see Fig. 1). It is well known that sur-
face temperature plays a role in the hydrogenic retention proper-
ties of W [3,4,8], but it is important to note that under these
plasma and surface conditions it plays a much stronger role than
either plasma flux density or fluence.

A 2-D NRA scan (see Fig. 3) shows that the D retention profile is
asymmetric. This is not surprising considering the surface temper-
ature profile is also asymmetric (see Fig. 1). Unfortunately since the
alignment of the target was not preserved from exposure to anal-
ysis chambers, it is impossible to see if these asymmetries align
with one another. However, Fig. 3 also confirms that the D reten-
tion increases as the NRA beam spot is moved away from the hot
center to the cooler edges of the W target. It should be noted that
measurements at 8 mm off-center are at the point where the
molybdenum clamping ring overlaps with the W target, so shad-
owing effects from the molybdenum ring could be responsible
for the low retention measurements at some of the 8 mm off-cen-
ter points.

Thermal desorption spectroscopy has the advantage of detect-
ing all trapped D from the bulk and surface of the W target. Unfor-
tunately, it desorbs from all locations on the surface
simultaneously meaning the spatial origin of the desorbed D atoms
are not known. The TDS spectra show HD and D2 desorption peaks
at 600 ± 20 K and 1000 ± 25 K. This likely indicates the presence of
both low energy (e.g. vacancies, dislocations) and high energy (e.g.
voids, vacancy clusters) trap sites. Fig. 4(a) shows the total retained
D in the W target as a function of total incident D fluence. The inci-
dent fluence is calculated based on an integration of the local flux
density as determined by the Thomson scattering profiles (Fig. 1).
In Fig. 4(a) there are also results from a mechanically polished
target, an annealed target (30 min at 1273 K), and a polished
then annealed target. These three targets were exposed to a fluence
of �9 � 1021 D ions. In Fig. 4(b), the retained fraction (Dretained/
Dincident) is shown as a function of incident D fluence.

Three conclusions can be made from Fig. 4. First, the D retention
has no apparent dependence on the incident plasma fluence as
Fig. 3. A 2-D NRA spatial scan of the W target with 80 s plasma exposure time. The
NRA beam spot size is �1 mm diameter.
seen by the scatter in measured retention values in Fig. 4(a). The
rapid decrease of the retained fraction after an incident fluence
of �2.3 � 1021 D ions (�4 s of plasma exposure) seen in Fig. 4(b)
may indicate that the W has become saturated and can retain no
more deuterium. Second, the overall D retention in the W is low
(retained fraction 10�7–10�5), supporting the NRA results which
also showed very low concentrations (65 � 1015 D/cm2 in first
3 lm) of D in the W targets. Finally, mechanical polishing of the
W prior to plasma exposure increases the retention by a factor of
�2, but annealing at 1273 K for 30 min has no effect on the reten-
tion properties of the tungsten. The mechanical polishing likely
creates additional trap sites (i.e. dislocations, vacancies, etc.) in
the near surface area due to the physical distortion of the lattice,
so it is not unexpected that this would increase the retention of
the tungsten. Annealing has previously been shown to reduce
hydrogenic retention in W [14,15]. At high surface temperatures,
it is likely that the inherent defects in the W that have an impact
on the retention are more macroscopic defects, such as voids or va-
cancy clusters, since these types of defect have a high trap energy.
However, these types of defect do not begin to anneal out of the
lattice until �1700 K [15]. It could also be that the anneal temper-
ature is not long enough in duration to have a large effect.

It should be mentioned that the central surface temperature for
the plasma exposures was greater than the maximum achievable
temperature in the thermal desorption chamber. It is possible that
there is strongly trapped D in the W that can not be desorbed at
temperatures 61273 K, although there are no indications of this
type of trapping in literature. However, this strongly trapped D, if
it is present, is still detectable with NRA measurements. Since there
is little D detected at the center of the targets (Tsurf � 1600 K) it
seems unlikely that there is significant amounts of very strongly
trapped D. A comparison of the total D retention as calculated by
an integration of the 2-D spatial scan shown in Fig. 3 and the
TDS results from the same target (�9 � 1021 Dincident, 80 s plasma
exposure time) shows the number of retained D atoms detected
by TDS is a factor of �2 higher than for the NRA results. This is
likely an indication that the D retention extends further than the
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3 lm probing limit of the NRA measurements and is also a counter
result to the presence of strongly trapped D.

4. Conclusions

W targets have been exposed in the Pilot-PSI experiment to the
plasma conditions expected at the strike point of a detached ITER
divertor (�1024 D/m2s, Te � 2 eV). The surface temperature of the
target was �1600 K at the center and decreased radially to
�1000 K at the edges. NRA and TDS are used to measure the re-
tained D in the exposed targets.

The main indication from these results is that W targets retain
very little D when compared to the amount of D incident to the
surface (Dretained/Dincident � 10�7–10�5). These preliminary results
show very little dependence of retention on incident fluence possi-
bly indicating saturation at very low levels of D retention. It is con-
cluded that the plasma exposure itself has little influence on the
trap concentration in the W and the scatter in retention data seen
in Figs. 2 and 4 is due to scatter in the population of natural or
inherent defects and trap sites present in the W due to fabrication
and machining. This is supported by the observation that mechan-
ically polished W targets (additional defects created through pol-
ishing process) have higher retention than ‘‘as received” samples.
However, for these plasma exposures, it appears that annealing
the W at 1273 K for 30 min has no effect on the overall retention,
perhaps indicating the inherent defects dictating the retention
properties of the W are difficult to anneal (i.e. voids or vacancy
clusters). It is concluded that the high surface temperature of the
W during plasma exposure has eliminated or neutralized the stres-
ses formed in the W lattice due to the implantation of a high flux of
low energy D ions into the surface.

The results from this study indicate that, when operating at a
surface temperature of 1000–1600 K, the strike points of a W ITER
divertor will not retain significant amounts of deuterium (or tri-
tium) due to the bombardment of the surface by the high flux of
low energy plasma hydrogenic ions. However retention at lower
surface temperatures could be significant and this is a focus for fu-
ture work.
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