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Abstract

Deuterium retention measurements using thermal desorption spectroscopy were made for single crystal tungsten (SCW)
irradiated with D" to a fluence of 1x 10>} D/m? at room temperature following various experimental procedures. The
dominant desorption peaks in the TDS spectra were at ~400 K and ~600 K, with a peak at ~500 K also present in some
cases. The primary findings were (i) D retention was found to decrease by as much as a factor of 2 with increasing the time
delay between D™ irradiation and TDS from <1 h to >8 weeks, indicating the presence of some mobile D in the bulk intro-
duced during irradiation, which could diffuse and escape even at room temperature. (ii) Mild baking of the test chamber to
~360 K between D™ irradiation and TDS resulted in the escape of ~40% of the trapped deuterium, indicating that addi-
tional lower energy traps exist. (iii) Background gas impurities lead to impurity implantation in the near surface of the
specimen, which in turn leads to increased trapping of D. However, the effect of impurities on D retention was relatively

smaller (about 10-20%) than the effects of mild baking and post-implantation time delay.

© 2006 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 79.20.Rf; 61.80.Jh; 61.82.Bg

1. Introduction

The materials selected for plasma-facing compo-
nents in ITER are beryllium for the chamber walls,
carbon for the divertor target plates, where the high-
est heat loads will occur, and tungsten for the rest of
the divertor region [1]. The use of tungsten in fusion
devices has generated considerable interest in tung-
sten’s hydrogen trapping characteristics, e.g. [2-4].
While most of the research has involved different
forms of polycrystalline tungsten (PCW), several
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attempts have also been made to separate the effects
of various material and experimental parameters.
For example, by studying single crystal tungsten
(SCW) the trapping of hydrogen in the ‘crystal’
can be separated from the effects of grain bound-
aries, dislocations and other defects in the polycrys-
talline material. However, even in the case of single
crystal specimens the presence of inherent defects
and impurities and the modification of the material
due to the incident H" or D" will affect hydrogen
diffusion and trapping.

To further control the experimental parameters,
some studies have been performed at ion implanta-
tion energies below the displacement threshold in W
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(2050 eV for H" [5] and 940 eV for D" [6]) to pre-
vent the formation of ion-induced damage. Never-
theless, even for energies below the damage
threshold, hydrogen accumulation can occur in the
material below the surface, extending to depths
much greater than the ion range, e.g. [3]. This may
cause lattice distortion, and under certain combina-
tions of ion flux, fluence and temperature, it may
lead to the formation of vacancy clusters or nano-
bubbles [7], microvoids [8,9], and in some cases blis-
tering [10-12] . Clear evidence of blistering has been
observed by Haasz et al. [10] in PCW at 500 K for
500 eV/D" incident ion energy and fluences above
~10%* D/m?. Alimov et al. [11] have also seen blis-
ters on PCW at 323 K for 200 eV D" energy and ion
fluences above ~1 x 10 D+/m2, but did not see
blisters on SCW surfaces at fluences up to
5% 10% D*/m? [11]. However, at much higher flu-
ences (~1 x 10°° D*/m?), Tokunaga et al. [12] have
observed blisters on SCW at 343 K for 100 eV D,
but at higher temperatures (383, 623, and 1123 K)
no apparent surface modification was seen by
SEM [12]. Evidence of blister formation was also
reported by Wang et al. [13] for 100 eV/D" irradia-
tion of W (type and structure of W was not specified
by the authors) at room temperature with a fluence
of 10°° D*/m”.

While it is evident that surface deformation and
blistering is more likely to occur at fluences
>10**D"/m? for PCW and even higher fluences
for SCW (perhaps as high as ~1x 10 D*/m?),
there appears to be some inconsistency regarding
the temperature at which such effects occur. The
question is whether it is only the temperature, or
is it possible that the structure and impurities also
play a role in causing the varied observations. In
the case of PCW it is possible that both the structure
and impurities might play a role. However, in SCW
structure is not expected to have a significant effect,
leaving impurities — both bulk and surface — as
possible causes of surface modifications.

Experimental results by Sakamoto et al. for
0.5keV and 8keV Dj irradiation cases at room
temperature indicated that radiation-induced
defects do not strongly influence D retention; they
found that residual impurities act as major trapping
sites for the implanted D independent of the ion
energy [2]. The role of impurities in hydrogen trap-
ping has also been investigated by our group at the
University of Toronto [14-16]. Prior to D' implan-
tations, specimens were annealed under vacuum at
temperatures ranging from 1775 to 2200 K with

the intention of reducing the impurity and defect
contents. In addition to the presence of impurities
in the bulk, impurities originating from the back-
ground gas during D" irradiation were also found
to affect the level of deuterium retention [14,15].
Reduction of the impurity levels (H,O, CO,, etc.)
in the background gas during D" implantation led
to reductions in the amount of trapped deuterium
[15]. It was proposed that recoil implantation of car-
bon and oxygen impurities arriving at the surface
from the gas phase created vacancies in tungsten,
thereby increasing D trapping [15].

The current experiments were undertaken with
the objective to further investigate how exposure
to background impurities during the various stages
of the experiment (implantation, post-implantation,
and thermal desorption) might affect the measured
amount of deuterium released from the specimen
during desorption. In the previous experiments
[14-16] thermal desorption spectroscopy (TDS)
was performed in a separate vacuum chamber,
necessitating specimen transport in air. Although
it is not likely that surface adsorption due to air
exposure would have affected the amount of D
released from the specimen during TDS, the ‘mild’
baking of the TDS chamber prior to desorption
(~410 K for 2 h to reduce the background pressure
[15,16]) and the time delay between implantation
and TDS (typically, 8 h to several days) might have
led to some D losses of mobile and weakly trapped
D. For the current study, the implantation chamber
was modified to allow post-implantation TDS to be
performed in the implantation chamber, allowing
for control of the time delay without exposing the
specimen to air.

2. Experiment
2.1. Specimens

The single crystal tungsten used for this study
was produced by the Rare Metals Institute in
Moscow. The quoted purity was 99.98 wt% where
the primary impurities were H (=0.02 at.%), C
(=~0.05 at.%), N (=0.01 at.%), and O (=0.05 at.%).
Six specimens were diamond cut into 5x 5 mm?
rectangles from a disc of 25 mm diameter and
~0.7-0.9 mm thickness. The specimen surface
normal vector was measured by orientation imaging
spectroscopy to be within 15 degrees of the [001]
crystallographic direction [15]. The specimen
surface preparation procedure followed by Poon
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et al., e.g. [14-16] was further developed to improve
the resulting surface finish. The modified procedure
included: a mechanical polish to remove all traces of
previous implantations (removal of ~10-100 um),
followed by an anneal in vacuum to 1750-1800 K
for about 15 min, then an electropolish conducted
in a high purity electrolyte, and finally a second
anneal in vacuum at 1750 K for about 5 min. This
procedure produced very smooth surfaces with sur-
face roughness of 10-20 nm, as measured with an
interferometer, but more importantly, these surface
finishes were highly reproducible.

Prior to D" ion implantations every specimen
was thermally annealed, for a third time, at 1750-
1800 K. This anneal temperature is less than half
the melting temperature of tungsten (3680 K), so it
is unlikely that point defects or dislocations will be
removed entirely, especially from the bulk [14].
However, the temperature is high enough to remove
any electropolish residue from the surface, as well as
impurities, vacancies and dislocations from the near
surface that were not removed by the electropolish,
and also to reduce the dislocation content in the
bulk [7,17].

2.2. Apparatus

To conduct specimen annealing, D" implanta-
tion, and TDS in the same vacuum chamber, with-
out breaking vacuum, the specimen holder and
heating apparatus were designed to enable (i) speci-
men heating away from the ion beam aperture, and
(ii) specimen positioning in front of the ion beam
aperture for D" implantation.

An electron gun heater, consisting of a resis-
tively-heated tungsten filament, an aperture plate,
and housing, was used to heat the specimen during
annealing and TDS. A rhenium-tungsten thermo-
couple was spot welded to one corner of the speci-
men to measure its temperature during annealing
and TDS. The specimen heating system employed
feedback from the thermocouple to control the cur-
rent to the electron gun filament. With the specimen
biased to 6.5 kV, high voltage isolation circuitry was
required for measuring the thermocouple signals
and enabling computer monitoring and control of
the specimen temperature. Heating rates within
+7% of desired value were normally achieved dur-
ing annealing and TDS.

Movement of the specimen holder was achieved
with the use of an X—Y-Z motion device. During
heating, the holder was positioned in front of the

electron gun, and the beam aperture heat shield
(with the beam stop attached to it) was swiveled in
front of the ion beam aperture as shown in
Fig. 1(a). The beam stop was used for measuring
the beam current and conditioning the ion beam
prior to DV implantation. The stainless steel heat
shield was used to reduce the heat load on the beam
aperture generated by the specimen during TDS
(i.e., to prevent the release of any implanted D in
the ion beam aperture plate). During D" implanta-
tion, the heat shield/beam stop assembly was swiv-
eled out of the way of the D" beam and the
specimen was moved in front of the beam aperture;
see Fig. 1(b). This experimental configuration
allowed the beam current to be monitored before
and during D" implantations.

2.3. D" irradiationlimplantation

All of the D" implantations were performed in our
ultra-high vacuum single-beam accelerator facility
using D7 ions at normal incidence to the test speci-
men. In order to generate large flux densities,
2.5 keV D7 ions were used, with the specimen biased
to +1 kV to decelerate the ions, resulting in 500 eV/
D" energy. (We denote the incident particle as DV,
although not all of the D particles are charged in
the D] ion.) Beam fluxes through a 2 mm diameter
aperture were in the range 7 x 10"°-1.1 x 10** D"/
m?s. A fluence of 1x 10 D*/m? was used in all
experiments; this fluence is on the saturation segment
of the D retention curve for SCW [18]. Fluence vari-
ations from experiment to experiment were kept
<10%. All implantations were performed with the
specimen at room temperature. The gas composition
in the test chamber during implantations was moni-
tored with a quadruple mass spectrometer (QMS).

To achieve very low background pressures (1—
5% 1077 Pa), the test chamber and some upstream
components of the accelerator were baked at
~470 K for 18-24 h prior to D" implantations. In
most experiments an additional reduction of the
condensable impurity species in the background
gas (e.g., hydrocarbons, water, and carbon dioxide)
was achieved by incorporating a liquid nitrogen
(LN, ~ 80 K) cooling line on the beam aperture
mounting plate, near the specimen (see Fig. 1).
For some experiments, which will be explicitly
noted, the test chamber was further baked at
~360 K following D" implantation, but before
TDS. This heating step was used to investigate
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Fig. 1. Schematic of apparatus showing the specimen holder assembly and electron gun used for specimen annealing and TDS.
(a) Specimen positioned in front of the electron gun for anneal/TDS. (b) Specimen in front of the 2 mm diameter ion beam aperture for

D™ irradiation.

the presence of mobile and/or weakly trapped deu-
terium.

2.4. Thermal desorption spectroscopy (TDS)

For most of the specimens, except #I5A and
#16A, TDS was performed in the implantation
chamber without exposing the specimens to air after
implantation. During TDS the specimen was posi-
tioned in front of the electron gun and was heated
by electron bombardment. For most cases, except
#15A and #16A, the temperature was increased at
a constant ramping rate of 5-5.5K/s to ~1750 K,

where it was held for 5 min. The ramping rates for
#15A and #16A were lower than for the other spec-
imens (3.1 and 3.4 K/s, respectively) due to con-
straints associated with the separate TDS chamber
[16].

The released gas species were measured with a
Hiden QMS (model HAL IV RC PIC) which was
set to scan, once per second, the masses 2, 3, 4,
18, 20, 28, 32, and 44, corresponding to H,, HD,
D,, H,O, D,O, CO + N,, O,, and CO,, respec-
tively. A calibration D, leak bottle connected to
the test chamber was used for calibrating the
QMS. The test chamber pressure with the leak
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bottle off was typically ~6x 10~/ Pa and with the
leak bottle on it was ~1.6 x 107° Pa (mainly D,).
During D" implantation the chamber pressure was
~9x10°Pa, and during TDS the pressure
increased to ~6 x 107> Pa.

2.5. SIMS

A time-of-flight secondary ion mass spectroscopy
facility at the Department of Chemical Engineering,
University of Toronto, was used to measure near
surface concentrations of various elements in the
SCW specimens. The analysis beam was 2.5 keV
Gat with 2.4 pA over (50 um)® area. The sputter
beam used for depth profiling was 1 keV Cs*, with
8.4nA over (200 um)*> area. SIMS was used to
obtain depth distributions (within 2-60 nm) of H™,
D7, C, O7, and tungsten oxides: 'WO;,
W03, W03, and '™™WO;.

3. Results and discussion

All of the experimental results presented here
were performed with newly polished (virgin) SCW
specimens following the surface preparation
described in Section 2.1. Ion implantation was per-
formed with a 1.5keV Dj (i.e., 500 eV/D") beam
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of ~1%10%° D"/m?s flux and ~1 x 10%> D/m> flu-
ence. The controlling parameters in the experiments
were (i) the time delay between D' implantation
and TDS; (ii)) whether LN, cooling was used to sup-
press background gas impurities; (iii) whether the
specimen was in vacuum or in air during the time
delay; and (iv) whether mild baking (~360 K) of
the vacuum chamber, with the specimen in it, was
performed prior to TDS. The experimental condi-
tions, as well as the measured retained fluences,
are summarized in Table 1. Each experiment was
assigned a number which identifies the sequence of
experimental runs. The runs are grouped to reflect
commonality in some of the above controlling
parameters. For example, runs #11, 13, and 19
had no LN, beam aperture cooling, no air exposure
and no mild baking before TDS, but the post-
implantation time delays were different.

3.1. Effect of reduced background impurities by
using LN, aperture cooling

In the following experiments three specimens
(runs #11, 13, 19) were irradiated without LN,
beam aperture cooling. Here the deuterium reten-
tion values were within ~2% of each other and aver-
aged 7.8 x 10%*° D/m?; see Table 1 and Fig. 2 where

Table 1
Summary of controlling experimental conditions and the measured D retention
Experiment LN, beam In air before Mild bake Time delay Retained Ramp rate Comments
(Run #) aperture TDS before TDS  before TDS (h) amount during TDS
cooling used (10 D/m?)  (K/s)
11 No No No 0.42 7.9 5.5
13 No No No 0.18 7.7 5.2
19 No No No 0.72 7.8 5.6
12 Yes No No 0.42 59 6.4
15 Yes No No 0.37 6.3 5.1
16 Yes No No 21.5 6.2 5.0
17 Yes Yes Yes: 360 K 63 3.7 5.1 Time delay includes
(5h) 18 h in air
21 Yes No Yes: 360 K 71 39 5.2 Time delay totally in
(5h) vacuum
15A Yes Yes No 1848 3.2 3.1 SIMS performed
(11 weeks) before TDS (6-8
weeks after D7)
16A No Yes No 1344 3.5 34 SIMS performed
(8 weeks) before TDS (3-5
weeks after D7)
Poon et al. [14]  Yes' Yes Yes: 400 K 824h 3.8 For comparison
(avg: 16 h) purposes
Haasz et al. [18] No Yes No >12 4.5 For comparison
purposes

* LN, cooling involved the use of an ‘LN, cold finger’ [14].
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Fig. 2. D retention as a function of time delay between D™
implantation and TDS. Experimental run numbers are shown
beside the data points. Implantation fluence: 1x 10 D/m?
specimen temperature during implantation: 300 K.

the total amount of retained D is plotted as a func-
tion of the time delay between irradiation and TDS.
The relatively small time delay range for these three
cases (0.18-0.72 h) did not appear to affect the total
amount of retained D — more on this in Section 3.2.
The TDS profiles corresponding to these runs are
characterized by two prominent peaks: at 400 and
600 K; see Fig. 3(a). These three experiments yiclded
the highest retention levels obtained in the present
study.

In a second set of experiments (runs #12, 15, 16),
LN, cooling was used to cool the beam aperture and
part of the beam line to temperatures ~80 K, result-
ing in the following QMS signal reductions in the
background gas: mass 18 (H,O): >50%, mass 28
(CO + Ny): >55% and mass 44 (CO,): ~70%. TDS
results for these specimens gave D retention levels
which were within 7% of each other, with an aver-
age of 6.2 x10*° D/m? demonstrating good repro-
ducibility; see Table 1 and Fig. 2. It is clearly
evident that the reduction of background impurities
due to LN, cooling has led to a reduction of ~20%
in total D retention. As with the #11-13-19 cases,
the total retention levels were not affected by the
time delays, which ranged from 0.42-21.5h; sece
Section 3.2 for further discussion. The TDS spectra
for #12-15-16 (Fig. 3(b)) are characterized by a pri-
mary peak at 600 K which is comparable to the non-
LN,-cooling cases. However, the peak at 400 K is
considerably reduced with LN, cooling, and a
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Fig. 3. TDS spectra for implantation fluence of 1 x 10> D/m?
and 300 K specimen temperature: (a) without LN, cooling of the
ion beam aperture, and (b) with LN, cooling.

shoulder indicative of a possible peak at ~500 K
appears.

Two further specimens (runs #15A and 16A)
were implanted with 1x 10%° D/m? for subsequent
SIMS analysis. LN, cooling was used in run
#15A, but not in #16A. For these specimens, after
prolonged air exposure (1848 h for #15A and
1344 h for #16A), TDS was conducted in a different
vacuum chamber, the one used by Poon et al.
[15,16]. Two key observations are noted in Table 1
and Fig. 2: (i) the reduction of total D retention
due to LN, cooling is relatively smaller (~10% com-
pared to ~20% observed above), and (ii) the total
amount of retained D is substantially lower (about
a factor of 2) compared to levels seen in experiments
where the time delay is relatively short and the spec-
imen is kept in vacuum. This would indicate a time
delay effect which is discussed in Section 3.2.
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3.2. Effect of post-implantation time delay

For specimens #12-15-16 implanted with LN,
cooling some differences are observed in the TDS
spectra; see Fig. 3(b). For #12 and #15 where the
delay times were 0.42 and 0.37 h, respectively, the
D desorption begins at ~300 K — the D" implanta-
tion temperature. However, in run #16, where the
time delay was increased to 21.5h, the D release
begins at a higher temperature (~350 K), indicating
that some weakly trapped D has been slowly escap-
ing from the specimen, or has been transferred to
higher energy trapping sites.

As noted above, the specimens that were used for
SIMS profile analysis (#15A and #16A) also
showed a time dependent D release, but to a greater
degree. TDS for these specimens was performed sev-
eral weeks after D" implantation, during which time
they were stored in air. From Fig. 4(a) we note that
desorption of D from both specimens begins at
~400 K. Two distinct desorption peaks, at ~500
and ~600 K, are present, consistent with previous
measurements [14,15,18], but no 400 K peak is
observed. Also, the desorption ends abruptly at
around 700 K and the profiles do not show the
prominent tail section (usually terminating at
~1000 K) seen earlier in the experiments without
long post-implantation time delays; compare
Fig. 4(a) with Fig. 3(a) and (b). The absence of D
release at <400 K and >700 K in the desorption
spectra is consistent with the observed significant
reductions (about a factor of 2) in the total amount
of D retention, as noted in Section 3.1.

3.3. Effect of post-implantation mild baking

The retention results presented above for cases
with and without LN, cooling, except for the very
long time delay runs (#15A and #16A), were higher
than those measured previously by Poon et al.
[14,16,18]. For example, the present retention levels
without LN, cooling are about a factor of two
higher than reported in [14,16]. The key difference
in the present and previous [14-16] experimental
procedures is the combination of air exposure and
pre-TDS mild baking of the TDS chamber in [15]
and the absence of these steps in the present study
for runs #11-13-19 and #12-15-16.

To study the effect of air exposure and mild bak-
ing, two specimens were implanted using LN, cooling
and TDS was performed in the implantation cham-
ber. In the Ist experiment (run #17) the specimen

519K
(a)
200 5°7K\ %\‘/ 616 K ]
A
& “ / 580 K
2 150 | : a ® Run #15A |
: - a with LN, cooling
= y a 3.1 Kisto 1520 K
5. A
® 2 A Run #16A
8 | . un
£ 100 by .2 no LN, cooling
e by N 3.4 Kisto 1520 K
§ ¢ H
T L ]
& st § o 1
o el
L]
]
600 —t A
- (b)
1
P A Run#17
[ —_——
500 - i with LN, cooling
B I . 5.1 Kfs to 1750 K
0 Al
3 400l i L ¥ ® Run#21 4
5 i : ..! with LN, cooling
= ! ot !
X / . 52K/sto 1750 K
o run #16 ] d
B 2907 (rom Fig. 3b) : |
Q
]
o D release
& 200 - begins at |
| ~420K
100 1
0 2K 45100 {
200 600 800 1000

Temperature [K]

Fig. 4. TDS spectra for implantation fluence of 1 x 10* D/m?
and 300 K specimen temperature. (a) These specimens were
prepared for SIMS and prior to SIMS they were exposed to
atmosphere for 8-11 weeks. Run #15A was obtained with and
run #16A without LN, cooling. TDS for these specimens was
done in a separate vacuum chamber. (b) Runs #17 and #21 were
both obtained with LN, cooling and also with mild baking
(~360 K) of the implantation chamber where TDS was per-
formed; however, #17 was exposed to air prior to TDS while #21
was not. The TDS spectrum for run #16 which was also obtained
with LN, cooling, but without mild baking, is shown for
comparison.

was exposed to air at atmospheric pressure for 18 h
after D" implantation and then in vacuum for
another 45 h, for a total time of 63 h before TDS
was performed. For the second experiment (run
#21) the test chamber remained in vacuum through-
out the whole procedure, with a time delay of 71 h.
For both experiments a mild bake (at ~360 K) of
the implantation/TDS chamber (same chamber in
these experiments) was conducted for 5h and then
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the chamber was allowed to cool before TDS.
Desorption spectra for these two cases are almost
identical, with one dominant peak at ~600 K; see
Fig. 4(b). In both cases the mild baking has resulted
in the complete elimination of the peak at ~400 K,
leaving only a barely discernible shoulder. The com-
parison of the #17 and #21 profiles with that of run
#16, where no mild baking but LN, cooling was used,
strongly suggests that some deuterium has escaped
during the mild bake procedure. The retained D for
#17 and #21 is ~(3.7-3.8)x 10*° D/m? compared
with ~6.2 x 10%*° D/m? for #16, corresponding to a
D loss of ~40%; see Table 1 and Fig. 4(b). However,
the wait in atmosphere in run #17 did not substan-
tially affect the measured D retention compared to
run #21, where the wait period occurred under vac-
uum. The D retention values for #17 and #21 are
within ~5%, again indicating excellent experimental
reproducibility; compare the retained D in Table 1
and the 600 K peaks for #17 and #21 in Fig. 4(b).
These D retention values are in general agreement
with the values measured by Poon et al. for experi-
ments with mild baking at ~400 K, e.g. [14]. These
experiments indicate that it is the mild baking proce-
dure which has led to the differences in the retention
levels between the current experiments and those of
Poon et al. [14,16,19]. Air exposure prior to TDS
appears to have a negligible effect.

3.4. SIMS surface analysis of specimens

To investigate the effect of molecular background
impurities in the implantation chamber, such as
H,0, CO,, CO, O, and various hydrocarbons, on
D retention in SCW, SIMS analysis was performed
on two irradiated specimens: #15A with LN, cool-
ing and #16A without LN,. In both cases no post-
implantation TDS was performed prior to SIMS
analysis, but TDS was eventually performed. On
#15A SIMS was performed ~7 weeks (~1180 h)
and for #16A ~4 weeks (~670 h) after D" implan-
tation. Fig. 5 shows eight curves representing the
depth profiles for D, C, O, and 184%W0, with and
without LN, cooling during D" implantation. Deu-
terium, carbon, oxygen, and "**WO, levels are all
consistently higher for the case where LN, cooling
was not used. Furthermore, SIMS analysis showed
that noticeable decreases in the levels of O and C
atoms were accompanied with a decrease in the
retained D in the first 40 nm depth in the specimens.
These observations are consistent with the hypothe-
sis suggested by Poon et al. [15] that background gas
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Fig. 5. SIMS depth profiles for specimens #15A and #16A
irradiated with a fluence of 1 x 10?* D/m? at 300 K obtained prior
to TDS. LN, cooling was used for #15A, but not for #16A.

impurities are driven into the specimen via recoil
implantation, and consequently, the implanted
impurities (mainly O) lead to increased D retention
[15,16]. Subsequent to SIMS analysis, TDS was per-
formed for both specimens as discussed above.

4. Summary and conclusions
4.1. Deuterium retention

Deuterium retention levels obtained in the pres-
ent study where D" implantation and TDS was
performed within <I h (for the most part) in the
same chamber, without breaking vacuum, were
found to be about 60-120% higher than previous
measurements [14,16,18] that employed a procedure
where the specimen was exposed to air between D'
implantation and TDS, the time delay between D"
implantation and TDS was >8h, and the TDS
chamber containing the specimen was baked at
~410 K prior to TDS.

4.2. Desorption spectra

TDS spectra in the present study had dominant
desorption peaks at ~400 K and ~600 K, with a
peak at ~500 K also present in some cases. By com-
parison, previous TDS results [16] show dominant
peaks at ~500 K and ~600 K — but no peak at
400 K. From previous TMAP modelling of D
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trapping in W [16] the observed desorption peaks at
500 and 600 K were found to correspond to trap-
ping energies of ~1.2 eV and ~1.4 eV, respectively.
More recent modelling with the updated multi-trap
TMAP-7 code [19] by Poon et al. have also yielded
similar trapping energies for the 500 and 600 K
peaks and a trapping energy of about 0.65 ¢V for
the 400 K peak [20].

4.3. Effect of mild baking

It was found that subsequent to D' implanta-
tion, mild baking of the test chamber to ~360 K
resulted in the escape of ~40% of the trapped D.
The loss of this weakly-trapped deuterium corre-
sponds to the near elimination of the ~400 K peak
as well as a reduction in the total amount of D
retained. This leads to the conclusion that addi-
tional lower energy traps exist, containing about
~40% of the trapped D.

4.4. Effect of post-implantation time delay

Thermal desorption performed >8 weeks after
D™ irradiation has led to about a factor of 2 reduc-
tion in total D retention compared with the <1 h
time delay cases. This indicates that during D™ irra-
diation some mobile D diffuses deep into the bulk,
requiring relatively long post-irradiation times at
room temperature to diffuse to the surface and be
released. The tail of the desorption profile between
700 and 1000 K was eliminated by this time delay.

4.5. Effect of impurities

The present results, in agreement with previous
results [15], show that background gas impurities
lead to impurity implantation in the near surface
of the specimen, which in turn leads to increased
trapping of D. This is consistent with the hypothesis
of recoil implantation of surface adsorbed O and C
into the sub surface during D" irradiation [15,16].
However, the effect of impurities on D retention
was relatively smaller than the effects of mild baking
and post-implantation time delay.
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