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Deuterium retention in two types of polycrystalline tungsten (PCW) was studied as a function of incident
ion fluence, ion energy, and specimen temperature. (i) D retention at 300 K, as a function of D+ fluence,
demonstrated a trend to saturation in both the Rembar hot-rolled thin foil and Plansee tungsten plate. At
500 K, new D retention results for the Plansee PCW showed an increasing trend with increasing incident
D+ fluence without any indication of saturation, in agreement with previous results for Rembar PCW [A.A.
Haasz, J.W. Davis, M. Poon, R.G. Macaulay-Newcombe, J. Nucl. Mater. 258–263 (1998) 889–895]. Even
when the incident D+ fluence was increased to 8 � 1025 D+/m2, which is in the fluence range of plasma
devices, there was still no sign of saturation. (ii) The temperature dependence results for the Plansee
PCW show a decreasing trend in D retention as the temperature is increased from 300 to 500 K. These
results differ from previous studies of Rembar PCW [A.A. Haasz, J.W. Davis, M. Poon, R.G. Macaulay-New-
combe, J. Nucl. Mater. 258–263 (1998) 889–895], but are similar to those seen for single crystal tungsten
[M. Poon, A.A. Haasz, J.W. Davis, R.G. Macaulay-Newcombe, J. Nucl. Mater. 313–316 (2003) 199]; an
explanation for the different behaviour is suggested. (iii) Varying the D+ energy from 100 to 500 eV/D+

plays a minor role in the amount of D retained, suggesting that D retention in W depends more on the
W structure, incident ion fluence and specimen temperature, rather than on the incident ion energy when
the energy is below the threshold for damage formation (�960 eV for D on W).

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten is one of the plasma-facing materials planned for the
International Thermonuclear Experimental Reactor (ITER), primar-
ily due to its high melting temperature, low physical sputtering
yield, high energy threshold for physical sputtering, and resistance
to chemical sputtering [1]. Since sputtered W atoms could cause
high radiative losses if they reach the core plasma, the use of tung-
sten is proposed for regions with low plasma temperatures, corre-
sponding to energies below the sputtering threshold. In addition to
plasma contamination concerns, hydrogen retention is also a crit-
ical issue for ITER, as it can affect fuelling efficiency, plasma density
control, and tritium inventory and permeation through the wall or
into coolant channels. Therefore, the underlying mechanism of
hydrogen trapping in tungsten has been widely studied, but with
inconsistent results, especially when it comes to ion fluence and
specimen temperature dependence.

It is anticipated that the typical irradiation fluence in the ITER
divertor will be �1028–1029 DT/m2 [1]. Linear plasma devices with
high flux densities (�1022 D+/m2s), such as PISCES [2] and TPE [3,4],
may be able to reach or come close to such high fluences. By com-
parison, ion beams, good at producing well-characterized ions, are
ll rights reserved.

: +1 416 667 7799.
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limited to fluxes of 1017–1020 ions/m2s; incident fluences of 1017–
1026 ions/m2 can be obtained by varying both fluxes and irradia-
tion times. While these fluences may be able to simulate wall flu-
ences in tokamaks quite well, they fall way short of simulating
fluences in the divertor. Therefore, estimation of hydrogen inven-
tories in the ITER divertor from ion-beam data requires extrapolat-
ing the lower fluence results.

Previously published results on the fluence dependence of D
retention in W with ion beams cover for the most part the fluence
range below �1025 D+/m2; by comparison, retention data from
plasma devices reach fluences of about 1025–1027 D/m2. Some of
the previously reported results on D retention at 300 K and ele-
vated temperatures (range: 380–643 K, mostly around 500 K) are
plotted in Figs. 1 and 2, respectively. Here are some key findings
of previous studies.

(i) From ion-beam experiments, for irradiations of W at 300 K
and incident D+ energies of 200 and 500 eV, D retention is
seen to saturate for incident D+ fluences above �1024 D+/
m2 at retention levels of about (2–6)�1020 D/m2 [5,6]; see
Fig. 1. Exceptions are the results of Ogorodnikova et al. [7]
and Golubeva et al. (for rhenium-doped tungsten) [8] where
saturation is not evident. The results of Alimov for 200 eV
irradiation [6] show a clear trend to saturation for incident
fluences above 2 � 1024 D+/m2, which is similar to the
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Fig. 1. Fluence dependence of D retention in PCW irradiated with 200 and 500 eV/
D+ at 300 K. (Data obtained with ion beams [5–8]).
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Fig. 2. Fluence dependence of D retention in PCW irradiated with D+ at energies in
the range 38–500 eV and temperatures in the range 380–643 K. (Data obtained with
ion beams [5,7] and plasmas [3,4,9–11].

Table 1
Impurity content of the Rembar and Plansee polycrystalline tungsten used in this
study: Rembar (>99.96 wt.% pure W); Plansee (>99.97 wt.% pure W; metallic purity
without Mo).

Impurity Rembar
(appm)

Plansee
(appm)

Impurity Rembar
(appm)

Plansee
(appm)

Hydrogen (H) <900 <900 Molybdenum (Mo) <200 <200
Carbon (C) <500 <500 Silver (Ag) <10 <20
Nitrogen (N) <150 <70 Iron (Fe) <100 <100
Oxygen (O) <350 <250 Aluminum (Al) <100 <100
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results of Haasz et al. [5]; however, Alimov’s saturation level
is�2 � 1020 D/m2, which is about three times lower than the
level in [5]. A possible explanation might be the use of differ-
ent techniques for trapped D measurement – thermal
desorption spectroscopy (TDS) in [5] and nuclear reaction
analysis (NRA) in [6].

(ii) Again, with ion beams, for irradiations at 500 K, with similar
incident ion energies, all studies report an increasing trend
in D retention with increasing D+ fluence, although with dif-
ferent slopes: CRetained a C0:5 to 0:7

Incident . For example, for irradiation
with 500 eV/D+ at 500 K the slope is 0.5 [5] and for 200 eV/
D+ at 380–470 K the slope is 0.7 [7]; see Fig. 2.
(iii) Results obtained in plasma devices and tokamaks at around
500 K, and ion energies <100 eV, over the fluence range
1025–1027 D/m2, show a large spread in D retention levels
with no consistent trend; see Fig. 2. Some data show an
increasing trend with fluence (e.g., PISCES [9]), while others
show little or no change with increasing fluence (e.g., Shi-
mada and Kolasinski [4], Wampler and Doerner [10], Alimov
et al. [11]). At around an incident fluence of 1026 D+/m2, the
retained D levels from plasma devices (not including tokam-
aks) span about two orders of magnitude (1020–1022 D/m2).

It is expected that the observed differences in the D retention
results obtained by both ion beams and plasma devices are largely
due to different material structures, specimen preparation proce-
dures and irradiation conditions. From the available data for
500 K irradiations (see Fig. 2), it is not evident whether the amount
of retained D will level off or continue to increase as ITER-relevant
fluences are approached, i.e., >1026 D+/m2. The present study was
undertaken with the primary objective to extend the incident
ion-beam fluence range (typically <1025 D+/m2) to the high flu-
ences achieved in plasma devices (P1026 D+/m2) to ascertain
whether the increasing trend seen at lower fluences prevails. Also,
with an attempt to resolve some of the differences in the existing
D-retention database obtained with ion beams, we have under-
taken to study the effects of material structure (Plansee ‘plate’ vs.
Rembar ‘foil’), incident ion energy, and specimen temperature on
D retention in polycrystalline tungsten (PCW).
2. Experiment

2.1. Specimens

Two types of polycrystalline tungsten were used in this study:
hot-rolled tungsten (25 lm thick and 99.96 wt.% pure) produced
by the Rembar Corporation and tungsten plates (1 mm thick and
99.97 wt.% pure) made by Plansee. The Rembar foil specimens
were cut to 5 � 10 mm2 � 25 lm strips and the Plansee specimens
to 5 � 5 � 1 mm3 plates. The impurity content as provided by the
manufacturers for both materials is shown in Table 1.

Prior to D+ irradiation, the specimens were first annealed at
850–950 K for 30 min, followed by cooling down over 2 h to avoid
quenching. Specimens were then installed in the implantation
chamber without any further chemical or mechanical treatment.
For each implantation a new specimen was used to avoid any
cumulative effect of repeated irradiations on the same spot [12].
We note that the 950 K maximum temperature reached in this
study is much lower than that obtained in previous D retention
experiments performed by our group at the University of Toronto,
which was typically �1500 K. This happened inadvertently by
using a chromel–alumel thermocouple (TC) instead of the high
temperature W–Re TC (W–5% Re/W–26% Re) used in previous
experiments. Assuming that we were using the W–Re TC, we
stopped the heating at what we thought was �1500 K, which in
fact turned out to be �950 K according to the chromel–alumel



Fig. 3. SEM images of a Plansee PCW plate (after TDS heating to 1200 K): (a) on the
irradiated-spot, and (b) off-spot area. Irradiation at 500 K with 200 eV/D+ to a
fluence of 8 � 1025 D+/m2.
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voltage–temperature calibration table. All temperatures obtained
with the chromel–alumel TC have been re-derived based on the
chromel–alumel calibration. We further note that some of the
TDS was performed with the W–Re TC and these cases are explic-
itly identified in the text and the figure captions.

In order to examine the effects of surface structure, scanning
electron microscopy (SEM) images were obtained for some of the
specimens irradiated with 200 eV/D+, 1 � 1024 D+/m2 at 300 K, sub-
sequent to performing TDS. Comparison of the Plansee irradiated-
spot and off-spot areas revealed no apparent difference in surface
structure. In the case of the Rembar specimen, the irradiated area
revealed some surface ‘smoothening’ caused by D+ irradiation.
SEM images were also obtained for a Plansee specimen irradiated
at 500 K with 200 eV/D+ to a fluence of 8 � 1025 D+/m2 (our highest
fluence). In this case, the irradiated spot (Fig. 3a) appears to be
smoother than the off-spot area (Fig. 3b). Otherwise, no significant
differences in surface structure are evident. This contrasts previous
Rembar foil results for 500 eV/D+ irradiation at 500 K where blister
formation was seen already at 1 � 1024 D+/m2 [12].

2.2. D+ irradiation

All D+ irradiations were performed in the ultra-high vacuum
single-beam ion accelerator facility at the University of Toronto
Institute for Aerospace Studies (UTIAS). D3

+ ions bombarded the
test specimens at normal incidence through a 1.5-mm diameter
aperture with a flux density of 4–7 � 1019 D+/m2s. Final beam ener-
gies of 300–1500 eV D3

+ (100–500 eV/D+) were achieved by decel-
erating a 3000 eV D3
+ beam at the target by the application of a

1500–2700 V bias voltage. Beam currents were measured directly
on the specimens. For irradiations performed at temperatures
above 300 K, a ceramic heater was used to heat the specimens
and the temperature was measured with a chromel–alumel ther-
mocouple placed between the specimen and the mica insulator
which separated the specimen from the aperture plate. Ion flu-
ences >3 � 1024 D+/m2 required accelerator run times of more than
�12 h. Therefore, the high-fluence runs were performed over sev-
eral days with periodic interruptions. The longest implantation,
8 � 1025 D+/m2, required 30 days with the accelerator operating
about 8–10 h per day. During the long-duration irradiations at ele-
vated temperatures, with periodic interruptions, the specimen
temperature was kept constant at the test temperature only when
the ion beam was on. When the beam was turned off the temper-
ature was allowed to cool to room temperature.

2.3. Thermal desorption spectroscopy

The amount of retained D was measured by TDS in a separate
vacuum system. Prior to performing TDS, the TDS chamber was
baked at about 330–350 K for 2 h to improve the vacuum to below
5 � 10�8 Torr. Such a mild baking also results in the release of deu-
terium from ‘shallow traps’ [13], leaving only deeply trapped D to
be released during the higher-temperature TDS heating.

A chromel–alumel thermocouple was spot-welded to the im-
planted specimen. The specimen was then placed in the TDS cham-
ber on a heating cradle, heated at 1.5–2 K/s (linear ramp) up to
950–1050 K, and held there for 2–3 min. The released species at
masses 2 (H2), 3 (HD), and 4 (D2) were monitored by a Hiden qua-
druple mass spectrometer (QMS) during the heating process. The
QMS signals were calibrated prior to each TDS run using calibrated
leak bottles of H2 and D2. The sensitivity of HD was assumed to be
the average of the H2 and D2 sensitivities.

After realizing the thermocouple mix-up noted in Section 2.1,
we were interested in finding out whether all of the trapped D
was released by heating to 950 K. Although heating to 950 K
should be sufficient to release the trapped D from vacancies and
voids [5,14], further TDS to 1200 K was performed on one of the
specimens that has already undergone TDS to 1050 K; this time
the W–Re thermocouple was used.
3. Results and discussion

3.1. Thermal desorption spectra

3.1.1. TDS of Plansee irradiated at 300 K
A typical desorption spectrum is shown in Fig. 4a for a specimen

irradiated with 200 eV/D+ to a fluence of 3 � 1024 D+/m2. The speci-
men was heated to 950 K with a ramping rate of 1.6 K/s. The release
of deuterium begins at 400 K, and the primary release peak is at
�500 K with a high temperature shoulder extending to �900 K.

3.1.2. TDS of Plansee irradiated at 500 K
A typical desorption spectrum is shown in Fig. 4b for a speci-

men irradiated with 200 eV/D+ to a fluence of 8 � 1025 D+/m2.
The specimen was heated to 1050 K with a ramping rate of 1.7 K/
s. Deuterium release starts at 600 K, with the majority of deute-
rium being released in a broad peak between 700 and 900 K. In or-
der to ensure that all deuterium had been released from this
Plansee W specimen, an additional heating at a ramp rate of
1.6 K/s to 1200 K was conducted; this time the W–Re thermocou-
ple was used. The resulting spectrum is shown in Fig. 4c; only a
small desorption peak at �800 K is observed, containing
�2.4 � 1018 D/m2 which is <1% of the D released during the first
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desorption at 1050 K (5 � 1020 D/m2). This confirms that TDS heat-
ing to 950–1050 K was sufficient to release essentially all of the
trapped D from the specimens.

The TDS profiles for both the 300 K and 500 K irradiations are
consistent with previous measurements for polycrystalline [5]
and single crystal tungsten [15].
3.2. Fluence dependence of D retention in tungsten at 300 K

3.2.1. Irradiation with 500 eV/D+ at 300 K
New measurements of D retention in the Rembar foil due to

irradiation by 500 eV/D+ at 300 K as a function of incident fluence
are plotted in Fig. 5. The incident ion flux was maintained at about
5–7 � 1019 D+/m2s and the fluence ranged from 1 � 1022 to
1 � 1025 D+/m2. For comparison, previously published D retention
results for the Rembar [5] and Plansee materials [16] under the
same irradiation conditions (500 eV D+, 300 K) are included in
Fig. 5. The present Rembar results agree well with the results of
Haasz et al. [5]. For low fluences (<1 � 1023 D+/m2), D retention in-
creases with increasing incident D+ fluence; for incident fluences
above �1 � 1023 D+/m2 the retention tends to saturation at a level
of �5 � 1020 D/m2 compared with �6 � 1020 D/m2 in [5]. However,
both of these results differ significantly from the Plansee results of
Ogorodnikova et al. [16], where the D retention levels are higher,
with no sign of saturation (albeit they only have two data points).

3.2.2. Irradiation with 200 eV/D+ at 300 K
New measurement of 200 eV/D+ irradiation on the same type of

Rembar foil as used above and in [5] at 300 K for the fluence range
1 � 1022–2 � 1025 D+/m2 are also included in Fig. 5; here too, D
retention shows a trend to saturation at �8 � 1020 D+/m2 for inci-
dent fluences above 2 � 1024 D+/m2. For this 200 eV case, satura-
tion occurs at an incident fluence 10 times higher than that for
the 500 eV case, and the retention value is about a factor of two
higher than the 500 eV case. Similar to the 500 eV case above,
the D retention results of Ogorodnikova et al. [7] for a Plansee
PCW irradiated with 200 eV D+ show an increasing trend without
a clear sign of saturation; although, with scatter in the data above
�1024 D+/m2 the start of saturation cannot be ruled out; see Fig 5.
The incident fluence in [7] was in the range 3 � 1021–6 � 1024 D+/
m2, and for the highest fluence (6 � 1024 D+/m2), the retention level
reached as high as 3 � 1021 D/m2, almost five times higher than the
saturation level observed in the present study.

The question arises whether such a disagreement could be
caused by the different types of tungsten specimens used in the
various studies, namely, Rembar hot-rolled thin foil used by Haasz
et al. [5] and in the present study, and Plansee plates used by Ogo-
rodnikova et al. [7,16].

3.2.3. Comparison of Rembar and Plansee irradiated with 200 and
500 eV/D+ at 300 K

With an attempt to resolve the above discrepancies, a new set of
D+ irradiation experiments with 200 and 500 eV/D+ ions were per-
formed with both Rembar and Plansee specimens at 300 K using
the same experimental facilities and procedures. The ion flux for
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these runs was 3–4 � 1019 D+/m2s. The new results are included in
Fig. 5. The Plansee plate irradiated by 500 eV/D+ ions tends to sat-
urate at �4 � 1020 D+/m2, which is only slightly lower than the
�5 � 1020 D/m2 saturation level seen for the Rembar foil irradiated
at the same conditions. However, a significant difference in D
retention is seen between the Plansee plate and the Rembar foil
at lower incident fluences (<1 � 1023 D+/m2), where retention val-
ues are about a factor of three lower in the plate than in the foil.

High incident fluences of 200 eV/D+ ions implanted into the
Plansee plate at 300 K also lead to a saturation level of �4 � 1020

D/m2 – very similar to the 500 eV case above. The fluence depen-
dence curve for 200 eV/D+ tracks the 500 eV curve very well, show-
ing that every 200 eV data point is close to the corresponding
500 eV point at the same incident fluence. A trend to saturation
is also seen in the Rembar foil; however, the saturation level is
�8 � 1020 D/m2 – about a factor of two higher than in the Plansee
plate. It is possible that the higher D retention in the Rembar foil is
associated with a higher trap concentration induced in the foil dur-
ing the hot-rolling manufacturing process. Although we would
anticipate different surface structures for the Rembar and Plansee
materials, the SEM images taken on and off the irradiation areas
were not very helpful in identifying major surface differences.

A possible explanation for the saturation trend at 300 K was
suggested by Haasz et al. [5] based on NRA depth profiles mea-
sured on both the front and back surfaces of a Rembar tungsten foil
– the same material as used in the present study. The depth profile
of the trapped D on the front surface of the irradiated specimen
showed that the trapped D extended well beyond the implantation
zone (�40 nm) to�500 nm, while on the back surface no D was de-
tected, implying that diffusion may be impeded in the near-surface
preventing trapping sites deep in the bulk to be reached. By com-
parison, for irradiation at 500 K, D is able to diffuse to the back sur-
face as detected by NRA [5].

3.3. Fluence dependence of D retention in tungsten at 500 K

In contrast to the 300 K cases, where D retention in tungsten
tends to saturate, independent of the incident ion energy and type
of tungsten, deuterium trapping at 500 K, as measured in ion-beam
experiments, consistently shows an increasing trend with incident
fluence, e.g., [5,7]. In the present study, we have extended the Plan-
see D-retention database for 200 eV/D+ irradiations at 500 K to a
fluence of 8 � 1025 D+/m2 and also obtained new Plansee retention
results for 100 and 500 eV/D+ irradiations at 500 K; see Fig. 6. Also
included in Fig. 6 are previously published ion-beam data by Ogo-
rodnikova et al. [7] (Plansee, 200 eV/D+, 380–470 K), Haasz et al. [5]
(Rembar, 500 eV/D+, 500 K), and several D retention results for
plasma devices [3,4,9–11].

The present 200 eV/D+ irradiation results at 500 K show an
increasing trend in D retention in the Plansee tungsten plate with
increasing incident fluence with a slope of 0.35–0.4, with no indi-
cation of saturation; see Fig. 6. Irradiation studies, also on Plansee
tungsten, under similar irradiation conditions (200 eV/D+, 380–
470 K) by Ogorodnikova et al. [7] also showed an increasing trend
in D retention, but with a slope >0.5; see Fig. 6. A slope of 0.5 would
correspond to a diffusion-limited trapping process, while a slope of
<0.5 may indicate additional loss mechanisms; e.g., surface rough-
ness may offer alternate escape pathways for diffusing D atoms. A
slope greater than 0.5, as observed by Ogorodnikova [7] suggests a
retention mechanism operating in addition to diffusion; possibly
some form of trap creation.

The comparison between Plansee (present study) and Rembar
tungsten [5] for 500 eV/D+ irradiation at 500 K shows that the re-
tained amount of D in the Plansee tungsten plate at a fluence of
�1023 D+/m2 is about 3–4 times lower than in the Rembar foil.
As was noted above for irradiation cases at 300 K, the differences
might be explained by different structures produced during manu-
facturing – more trapping sites created in the Rembar foil during
hot rolling. Also plotted in Fig. 6 is a single point for 100 eV/D+ irra-
diation of Plansee at 500 K and 1 � 1023 D+/m2; this point falls just
slightly below the 200 eV retention curve, indicating only a weak
energy dependence; more on this in Section 3.5.

3.4. Irradiation temperature dependence of D retention in tungsten

In the present study, we have also examined the dependence of
D retention on specimen temperature during irradiations using
200 eV/D+ at fluxes of 4–6 � 1019 D+/m2s and a fixed fluence of
1 � 1023 D+/m2. The measured D retention, as a function of temper-
ature (300–500 K), is shown in Fig. 7. Results for Rembar PCW
(500 eV/D+, 1 � 1023 D+/m2) by Haasz et al. [5], Plansee PCW
(200 eV/D+, 1 � 1024 D+/m2) by Alimov and Roth [17], and single
crystal tungsten (500 eV/D+, 1 � 1024 D+/m2) by Poon et al. [15]
are also included here for comparison. For the present results,
the highest D retention was found at 300 K (�1.7 � 1020 D/m2), fol-
lowed by a decreasing trend with increasing temperature, reaching
�5 � 1019 D/m2 at 500 K. We note that the different fluence depen-
dencies observed at different temperatures – e.g., saturation at
300 K (Fig. 5) and no saturation at 500 K (Fig. 6) – imply that any
temperature dependence profile will strongly depend on incident
fluence. A temperature dependence curve at a higher incident flu-
ence (>1024 D+/m2) is likely to show a peak in retention at 400–
500 K, as the amount of D retained at 300 K will not increase signif-
icantly over the 1023 D/m2 incident fluence value, while the
amount retained at 500 K will increase continuously with fluence.

3.5. Ion energy dependence of D retention in tungsten

Although the maximum possible energy transfer from 500 eV
D+ to a W atom (21 eV) is insufficient to create a displacement
(�38–44 eV [18,19]), the maximum energy transferable from
500 eV D+ to oxygen atoms is 200 eV and to carbon atoms it is
250 eV, assuming two-body collisions. (Oxygen and carbon both



200 300 400 500 600 700 800
0

1

2

3

4

5

6

7

8

9

10

R
et

ai
ne

d 
D

 / 
(1

020
 D

/m
2 )

Temperature / (K)

 200 eV/D+ on Plansee PCW to 1023 D+/m2 (present)
 500 eV/D+ on Rembar PCW to 1023 D+/m2, Haasz et al. [5]
 500 eV/D+ on SCW to 1024 D+/m2, Poon et al. [15]
 200 eV/D+ on Plansee PCW to 1024 D+/m2, Alimov et al. [17]

Fig. 7. Temperature dependence of D retention in different types of tungsten. For
the present results, the lower data point at 200 eV/D+ and 450 K was obtained for a
Plansee specimen annealed (prior to irradiation) at 1500 K; the W–Re TC was used
during both annealing and TDS. All other present results were obtained for
specimens annealed at 950 K; with the chromel–alumel TC being used during both
anneal and TDS. Data from [5,15,17] are also shown for comparison.

0 100 200 300 400 500 600
1019

1020

1021

R
et

ai
ne

d 
D

 / 
(D

/m
2 )

Incident D+ energy / (eV/D+)

Plansee PCW (all present)
 1023 D+/m2, 300 K 
 1024 D+/m2, 300 K
 1023 D+/m2, 500 K

Fig. 8. Energy dependence of D retention in Plansee specimens irradiated at 300
and 500 K. (All TDS retention data shown here were obtained with the chromel–
alumel TC).

106 Z. Tian et al. / Journal of Nuclear Materials 399 (2010) 101–107
appear as bulk impurities, and perhaps more importantly as sur-
face impurities.) Due to their larger masses, the energy transfer
from O or C to W is more efficient than from D+ to W and these
energies are above the threshold for displacement damage
(140 eV for O and 175 eV for C, assuming a displacement threshold
of 41 eV, which is the average value from [18,19]). Thus, it is pos-
sible for 500 eV D+ to create vacancies in W through intermediate
recoil collisions with O and C impurities on the surface of W [14].
But 200 eV and 100 eV D+ cannot induce such knock-on effects be-
cause the maximum energy transfer from D+ to O (80 eV) or C
(100 eV) is insufficient to create displacements in W [18,19].

Irradiations were performed on Plansee specimens at 100, 200
and 500 eV/D+ energies and 300 and 500 K temperature; see
Fig. 8. Three different fluence/temperature combinations are
shown. In the first case, 300 K and incident fluence of 1 � 1023

D+/m2, the retained D shows only a slight increase as the energy
is increased from 100 to 500 eV/D+. The second case, for an incident
fluence of 1 � 1024 D+/m2 at 300 K, similarly shows only a slight in-
crease with increasing energy. As expected from the fluence
dependence curves in Fig. 5 for irradiations at 300 K, the amount
of retained D at an incident fluence of �1024 D+/m2 is about a factor
of two higher than at �1023 D+/m2.

For the last case in Fig. 8, a fluence of �1023 D+/m2 was used and
the irradiation temperature was raised to 500 K. At 500 K the
retention levels for all energies are noticeably lower than for the
two 300 K cases, but a factor of three increase in retention is noted
as the energy increases from 200 to 500 eV/D+.

Given the scatter in the experimental results, it is only possible
to conclude that for D+ energies below 500 eV/D+, D retention in
the Plansee tungsten at 300 K depends only weakly on the incident
ion energy. The dependence is stronger at 500 K and it is possible
that this is associated with recoil displacements due to O and C
impurities, as noted above, coupled with increased deuterium
diffusion.
4. Summary and conclusions

4.1. Fluence dependence

4.1.1. Irradiation at 300 K
Fluence dependence plots of D retention in both Rembar and

Plansee tungsten at 300 K show a trend to saturation. In the Rem-
bar foil, for 500 and 200 eV/D+ irradiations, similar saturation lev-
els are seen (�5 � 1020 D/m2 and �8 � 1020 D/m2, respectively).
However, the onset of saturation with 500 eV/D+ occurs at an inci-
dent fluence of �1 � 1023 D+/m2, while for 200 eV/D+ it occurs at
�1 � 1024 D+/m2, about an order of magnitude higher. For the Plan-
see tungsten plate, irradiations by 500 and 200 eV/D+ ions demon-
strated similar retention behaviour, with retention levels of
�4 � 1020 D/m2 for incident fluences above 5 � 1023 D+/m2.

4.1.2. Irradiation at 500 K
In the present study, only the Plansee tungsten plate material

was used for 500 K irradiations. The fluence dependence curve
for 200 eV/D+ irradiations shows an increasing trend – no sign of
saturation – with increasing incident D+ fluence up to the highest
incident fluence used (8 � 1025 D+/m2). At this fluence the retained
amount was �5.2 � 1020 D/m2. We note that at 500 K, the retained
amount of D at an incident fluence of �8 � 1025 D+/m2 is in the ball
park of retention results obtained in plasma devices. The remaining
question is whether the increasing trend continues above �1026

D+/m2 into the ITER fluence regime.

4.2. Temperature dependence

For 200 eV/D+ irradiation of Plansee tungsten D retention was
seen to decrease with increasing irradiation temperature in the
300–500 K range. The highest retention level was �1.7 � 1020 D+/
m2 at 300 K, followed by a linear decreasing trend, reaching
�5 � 1019 D+/m2 at 500 K. It is noted, however, that the tempera-
ture dependence will be strongly dependent on the incident
fluence.

4.3. Ion energy dependence

The energy dependence curves of D retention in Plansee tung-
sten irradiated at 300 K to fluences of �1 � 1023 D+/m2 and
�1 � 1024 D+/m2 show only a slight increase with incident energy
from 100 to 500 eV/D+. For irradiations at 500 K to a fluence of
�1 � 1023 D+/m2, the D retention increased noticeably (a factor
of �3) as the energy increased from 100 to 500 eV/D+. These lim-
ited results indicate that the energy of incident D+ plays a minor
role in affecting D trapping in polycrystalline tungsten.



Z. Tian et al. / Journal of Nuclear Materials 399 (2010) 101–107 107
Acknowledgements

We gratefully acknowledge the funding from the Natural Sci-
ences and Engineering Research Council of Canada. We thank
Charles Perez for his continual technical assistance in ensuring
the smooth operation of the experimental facility. Access to the
SEM facility was provided by the Department of Chemistry at the
University of Toronto.

References

[1] G. Federici, C.H. Skinner, J.N. Brooks, J.P. Coad, et al., Nucl. Fusion 41 (12R)
(2001).

[2] R. Doerner, R.W. Conn, D. Phelps, L.M. Waganer, The PISCES-upgrade facility for
fusion plasma–materials interactions research, in: Proceedings of the 18th
Symposium on Fusion Technology, vol. 1, 1995, pp. 775–778.

[3] R. Causey, K. Wilson, T. Venhaus, W.R. Wampler, J. Nucl. Mater. 266–269
(1999) 467.

[4] M. Shimada, R.D. Kolasinski, Private Communication, Hydrogen & Metall. Sci.
Dept., Sandia Nat. Labs, Livermore, CA, USA, 2009.

[5] A.A. Haasz, J.W. Davis, M. Poon, R.G. Macaulay-Newcombe, J. Nucl. Mater. 258–
263 (1998) 889.
[6] V.Kh. Alimov, Unpublished data, in: C.H. Skinner, A.A. Haasz, V. Alimov, et al.,
Fusion Sci. Technol. 54 (2008) 891.

[7] O.V. Ogorodnikova, J. Roth, M. Mayer, J. Nucl. Mater. 373 (2008) 254.
[8] A.V. Golubeva, M. Mayer, J. Roth, V.A. Kurnaev, O.V. Ogorodnikova, J. Nucl.

Mater. 363–365 (2007) 893.
[9] R.P. Doerner, Private Communication, University of California at San Diego, La

Jolla, CA, USA, 2008.
[10] W.R. Wampler, R.P. Doerner, Nucl Fusion 49 (2009) 115023.
[11] V.Kh. Alimov, W.M. Shu, J. Roth, S. Lindig, M. Balden, K. Isobe, T. Yamanishi,

Temperature dependence of surface topography and deuterium retention in
tungsten exposed to low-energy, high-flux D plasma, in: 14th Int. Conf. on
fusion Reactor Materials, 6–11 September 2009, Sapporo.

[12] A.A. Haasz, M. Poon, J.W. Davis, J. Nucl. Mater. 266–269 (1999) 520.
[13] A.D. Quastel, J.W. Davis, A.A. Haasz, R.G. Macaulay-Newcombe, J. Nucl. Mater.

359 (2006) 8.
[14] M. Poon, R.G. Macaulay-Newcombe, J.W. Davis, A.A. Haasz, J. Nucl. Mater. 337–

339 (2005) 629.
[15] M. Poon, A.A. Haasz, J.W. Davis, R.G. Macaulay-Newcombe, J. Nucl. Mater. 313–

316 (2003) 199.
[16] O.V. Ogorodnikova, J. Roth, M. Mayer, J. Nucl. Mater. 313–316 (2003)

469.
[17] V. Kh. Alimov, J. Roth, Phys. Scr. T128 (2007) 6.
[18] W. Eckstein, Computer Simulation of Ion–solid Interactions, Springer, Berlin,

1991.
[19] R. Sakamoto, T. Muroga, N. Yoshida, J. Nucl. Mater. 220–222 (1995) 819.


	Deuterium retention in tungsten at fluences of up to 1026 D+/m2 using D+ ion beams
	Introduction
	Experiment
	Specimens
	D+ irradiation
	Thermal desorption spectroscopy

	Results and discussion
	Thermal desorption spectra
	TDS of Plansee irradiated at 300K
	TDS of Plansee irradiated at 500K

	Fluence dependence of D retention in tungsten at 300K
	Irradiation with 500 eV/D+ at 300K
	Irradiation with 200 eV/D+ at 300K
	Comparison of Rembar and Plansee irradiated with 200 and 500eV/D+ at 300K

	Fluence dependence of D retention in tungsten at 500K
	Irradiation temperature dependence of D retention in tungsten
	Ion energy dependence of D retention in tungsten

	Summary and conclusions
	Fluence dependence
	Irradiation at 300K
	Irradiation at 500K

	Temperature dependence
	Ion energy dependence

	Acknowledgements
	References


