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Abstract

The effect of deuterium (D) on the annealing of radiation damage was studied. Tungsten (W)
samples were sequentially irradiated with 20 MeV W ions at room temperature and loaded with a
low-temperature D plasma at 370 K to decorate the created defects. After this, half of each sample
was W irradiated at room temperature again to create additional radiation damage. To study the
evolution of the created defects with D being present, samples were annealed by heating them to a
desired temperature and held for two hours. The surviving displacement damage was decorated by
re-exposing the samples to the same D plasma as before. At various steps of the experiment the D
depth profiles were measured using Nuclear Reaction Analysis and after the last re-exposure a
Thermal Desorption Spectroscopy analysis was done to determine the D desorption spectra.

D release is dominated by two desorption peaks centered at 520 K and 780 K for a 3 K/min
temperature ramp. For temperature holds below 500 K no measurable change in the intensity of
the desorption peaks was measured. For temperature holds above 500 K, the low temperature D
desorption peak started to reduce in intensity. The high temperature D desorption peak showed
signs of evolution only for temperature holds above 600 K. This behaviour was independent of the
number of W irradiations used.

A macroscopic rate equation model was used to recreate the experimental results. Using the
fill-level dependant D-defect interaction picture we were able to determine that three distinct defect
types with several fill-levels each are sufficient to describe the results. The concentrations of defect
1 (vacancies) and defect 2 (small vacancy clusters) reduced by 50 % and 35 %, respectively, after
an 800 K temperature hold. No reduction was found for defect 3 (large vacancy clusters).
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1. Introduction
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In future fusion reactors one of the main material candidates for the plasma-facing surfaces is W,
as it shows favourable properties such as high melting temperature, high thermal conductivity and
low intrinsic retention of hydrogen isotopes (HI). In a future tokamak environment its crystal lattice
will be severely damaged by the 14 MeV neutrons produced in the D-T fusion reaction creating
defects in the crystal lattice of tungsten [1, 2]. These defects will increase the retained amount of
Hls in the material by orders of magnitude because of the strong binding energy of HI to the defects.
This means that if we wish to understand HI transport and retention in W we must understand the
evolution of defects after they have been created. To study the evolution of radiation-induced
defects, heavy ion irradiation with MeV energy is usually used [3] as it only introduces
displacement damage without causing material activation, making the material much easier to
handle in a subsequent laboratory analysis.

It is clear that in order to fully understand the influence of displacement damage on Hl
retention, one must understand the evolution of defects at elevated temperatures. In the recent past,
several studies were conducted to address this in detail [4—6]. However, in all these cases the
annealing of displacement damage in hydrogen-free tungsten was studied. Little is known how the
presence of HIs could affect the evolution of defects. In recent experiments [7-9], W samples were
irradiated with MeV W ions with and without the presence of D. The created displacement damage
was decorated with D plasma [7]/atoms [8]/ions [9] which acted as a tracer for the underlying
defects that were created during irradiation. The experimental results showed that substantially
more displacement damage was created if the W irradiation occurred with D already present in the
material. This so-called stabilization effect was further elaborated on by simulations using
macroscopic rate equations [10], [11]. The simulation efforts were built upon DFT studies which
previously showed that if D is trapped in vacancy-type defects it can reduce the likelihood of
Frenkel-pair annihilation in the case of single-vacancies in bcc-W [12] and increases the binding
energies of vacancy-clusters in bce-Fe [13]. This stabilization effect during displacement damage
creation suggests that the presence of D in W could affect the evolution of defects also during
annealing. In this work, annealing of displacement damage refers to heating the sample to a desired
temperature and holding it there for a specific amount of time in order to study the annihilation and
evolution of existing defects in the material.

In this work we will describe an experiment where the effect of annealing of defects at

elevated temperatures was studied where the tungsten samples contained deuterium during
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annealing. Hence defect evolution takes place with D being present. After the experiment was
performed the experimental results were simulated by a simplified one-dimensional rate-equation
code which allowed us to determine the concentrations of defects that survive the annealing

procedure.

2. Experiment

In the experiment polycrystalline 99.997 wt. % hot-rolled tungsten samples manufactured by
Plansee were used. They have been taken from the same batch as the W samples used in our
previous experiments [7-9]. They were 12x15 mm? in size and 0.8 mm thick. Grains were
elongated in the rolling direction being parallel to the surface. The surfaces were mechanically
polished down to 5 um grit and subsequently electro-polished in 1.5 % NaOH solution to a mirror-
like finish. In order to reduce the density of natural defects present in the as received material, the
samples were heated for 2 min in vacuum at 2000 K for re-crystallization after polishing. This

procedure enlarges the grain size to 10 - 50 um.

2.1. Experimental Procedure

The W samples were irradiated by 20 MeV W®* ions at room temperature (295 K) using the 3 MV
Tandetron ion accelerator at the Max-Planck-Institut for Plasma Physics (IPP), Garching. The
chosen energy of the W ion irradiation creates displacement damage that extends to about 2.3 pm.
The primary damage depth distribution has been calculated using SRIM [14] and is shown in Fig.
la and Fig. 1b. The samples were irradiated using a W fluence of 7.87x10'” W/m?, which converts
to a calculated damage dose at the peak maximum of 0.23 dpake (Kinchin-Pease calculation, 90 eV
displacement damage energy, evaluating the “vacancy.txt” output). Such a fluence was chosen as
we expect that it should be sufficient to achieve displacement damage saturation in terms of D
retention throughout the entire damage layer up to the calculated maximum W ion range [15].
Homogeneous implantation over the entire surface area of the sample was ensured by scanning the
W beam over the whole sample area [7].

After W irradiation, the samples were loaded with a well-characterized low-temperature D
plasma (PlaQ) at an exposure temperature of 370 K for 72 hours. The D ion flux used was
5.6x10%° D/m?s yielding a D fluence of 1.5x10%° D/m?. The tungsten samples were mounted on a

floating target holder which results in the energy of the impacting D ions equal to 15 eV. Because
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approximately 94 % of the flux consists of D3 ions the energy of the ions hitting the sample surface
is considered as <5 eV/D [16]. Such an energy is below the displacement energy threshold for
tungsten, which is why we can assume that no additional displacement damage is created during
the D exposure. From [17] subthreshold damage caused by the low-energy D ion exposure itself is
also expected to be negligible for the chosen exposure parameters.

The influence of further W implantation was studied. From recent experiments and simulations
[7-11], it was inferred that D presence during W ion irradiation causes stabilization of displacement
damage induced defects. This is why half of each W sample was irradiated again after the first D
plasma exposure. This was achieved by covering each sample by a molybdenum mask, that ensured
that half of the sample was covered. The W irradiation procedure was identical as described above.

Afterwards the samples were sent to Jozef Stefan Institute (JSI). There, the samples were
ramped to a desired temperature (400, 500, 600, 800 and 1000 K) and held there for 2 hours in a
vacuum chamber where the base pressure was below 10® mbar and did not increase above
2x107 mbar during annealing even at the highest annealing temperature. The heating ramp used to
heat the samples to the desired temperature was 30 K/min. The temperature of the sample and
heater are monitored in real-time using a pair of thermocouples attached to the sample and heater
directly. From the measurement of the sample temperature we have determined that the actual
heating rate of the sample was 24 K/min. During the ramp and hold procedure the signal of
desorbing D was monitored using a residual gas analyser (RGA) (Pfeiffer, Prisma Plus quadrupole
mass spectrometer, 1-100 amu/q). The amount of desorbing D was derived by summing the
contribution from HD and D> molecules (3 amu/q and 4 amu/q, respectively), assuming equal
sensitivities. Desorption of D is also possible in the form of deuterated water — HDO (19 amu/q)
and D20 (20 amu/q) — but their contribution could not be distinguished from the background
contribution and are therefore ignored. For more details on the apparatus used in this part of the
experiment, please see [19]. The D desorption signal was measured during the entire process. After
the samples were cooled down in vacuum the D depth profiles were measured to determine the
amount of retained D that remained captured in the sample after the elevated temperature hold.

After annealing the D depth profile was measured on both halves by Nuclear Reaction Analysis
(NRA). These samples were then re-exposed in PlaQ at the same exposure conditions as before to
populate the defects that survived the annealing process. After this re-exposure, NRA analysis was

done on both halves of each sample again to determine the amount of D in the samples. This
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procedure allows to determine the relative loss of defects due to the temperature hold because the
amount of surviving defects is directly correlated to the measured amount of D in the samples.
Afterwards, the samples were cut in half to separate the single-damaged side which was W
irradiated once before annealing from the double-damaged side which was W irradiated twice.
Cutting was performed along the short side of the sample with a water-cooled saw equipped with
a diamond blade to prevent D loss. After the entire W irradiation and D loading sequence Thermal
Desorption Spectroscopy (TDS) was carried out on both halves of each sample. This specific
experimental procedure was chosen, as it closely resembles the one used by Markina et al. [4],
which will allow us to compare our results, where D was present during annealing, to those
presented in Ref. [4] where no D was present during annealing. The only important difference
between both experiments is that in [4] a 1-hour long annealing hold was chosen. Based on the
results presented therein, we have decided to use a 2-hour long annealing hold to ensure that steady-
state in terms of defect evolution would occur at all annealing temperatures.

In addition to the samples that were W irradiated, D exposed and annealed in the manner
described above, we also show experimental results from Ref. [7]. The samples used in that study
were prepared, W irradiated and D exposed in exactly the same manner as the samples of the
present study, with the exception that the samples were not annealed. For this reason we have used
some of the data available in Ref. [7] to complement our own. The specific data will be highlighted
when used.

After analysis of the D depth profile and D desorption data for the sample held at 1000 K
and D re-exposed we have discovered that the D did not penetrate to the maximum damage depth
after the second D exposure performed after annealing because of an unknown reason. The loading
of the other samples which were exposed in PlaQ at the same time was found to be without issues.
To achieve complete damage layer saturation, the D re-exposure was redone after the TDS but the
damage layer was still not saturated. Because of this its experimental results could not be used. The
only usable experimental result of the 1000 K annealed sample is its D desorption data during the

ramp and hold.

2.2. Experimental techniques

Two main experimental techniques were used to characterize the D retention at several steps in the

experimental procedure.



The NRA technique allowed the determination of the depth distribution of D at the selected
times before annealing, after annealing and after the D re-exposure in PlaQ. The nuclear reaction
D(®He, a)p was used to determine the D depth profile. The ®He analysing beam was 2 mm in
diameter. Six analysing beam energies were used ranging from 0.7 to 4.2 MeV. The proton detector
used for the NRA measurement was mounted at a 135-degree reaction angle. For more details on
the NRA analysing technique, see [9]. The output of the NRA measurement are the raw proton
energy spectra, which were input into NRADC [20] that outputs the most probable D depth profile.

The D desorption spectra were measured using TDS. This measurement allows us to infer the
amount of surviving defect densities after the annealing process and D re-exposure in PlaQ through
the use of rate-equation models. The TDS measurement was performed in the TESS set-up at IPP
using a linear oven heating ramp of 3 K/min up to 1010 K and a > 30 min hold at the highest
temperature. To determine the amount of D desorbed during the measurement masses 3 amu/q and
4 amu/q, corresponding to HD and D2 molecules respectively, were summed up. The calibration
factor for D, was determined using a leak bottle from Laco Technologies with a flow of
1.22x10% D2/s and a stated accuracy of 4.6 %. The calibration factor for HD was experimentally
determined by flowing either D, or HD gas through an orifice of known size from a calibrated
volume into the mass spectroscopy vessel. The amount of D desorbed in the form of other species
like DO and HD cannot be distinguished from the background contribution and is therefore
ignored. The sample temperature during the TDS measurement was monitored directly by using a
shielded thermocouple that was in direct contact with the sample. For more details on the TDS
measurement please see Ref. [7]. The absolute D amounts obtained by integrating the D desorption
spectrum for both the single- and double-damaged half of each sample were weighted by the ratio
of the masses for each half. This was done in order to compensate for the small differences in the

non-perfect cuts in the middle of each sample.

3. Experimental Results

3.1. WD-AD experimental series

The D depth profiles and D desorption spectra for the annealing series of the single-damaged
samples will be presented first. The experimental series will be denoted as WD-AD, the

abbreviation stemming from (W) irradiation + (D) loading + (A)nnealing + (D) loading. The D
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depth profiles are shown in Figs. 1a-e and the D desorption spectra are shown in Fig. 1f. In Figs.
1a-e also the primary damage distribution calculated by SRIM is shown in grey. We see that the
peak damage dose of 0.23 dpa occurs at a depth of around 1.3 pm and the damaging profile extends
t0 2.3 um.

The D depth profile measured on the single damaged side before annealing is shown in Fig.
la. This measurement was made on the same sample that was later annealed at 600 K. Its D depth
distribution is relatively homogeneous throughout the entire calculated damage depth, although a
clear decrease in D concentration can be found between 0-0.5 um compared to the D concentration
measured between 0.5-2.0 um. It appears that the W fluence used to create the displacement
damage was not enough to achieve saturation in the entire damaged layer. Still, the relative
homogeneity of the D distribution means that all of the defects created down to a depth of 2.3 pm
were successfully decorated with the D fluence used in our experiment. The same shape of the D
depth distribution can be seen in all D depth profiles.
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Figure 1: D depth profiles and D desorption spectra (3 K/min temperature ramp), for the WD-AD experimental series. Samples
were exposed to D plasma at 370 K to a fluence of 1.5x10%° D/m? before and after annealing. D depth profiles are shown for: (a)
no annealing, (b) 400 K, (c) 500 K, (d) 600 K and (e) 800 K annealing. The black D depth profile shown in all figures represents
the reference sample which was W irradiated and D loaded only once measured on the sample which was later annealed at 600 K.
The red D depth profile was measured after the annealing procedure. The green D depth profile was measured after the D plasma
re-exposure and is the actual D concentration from which we can infer the densities of the surviving defects. In the D depth profile
figures the SRIM calculated primary damage profile is also shown in grey. The D desorption spectra (f) are shown for all the
samples and were measured after the re-exposure to D plasma. The reference D desorption spectrum drawn in black is taken from
Ref. [7] as no TDS measurement was performed on an non-annealed sample. The error bars shown in the D depth profile only take
into account the uncertainty of the D depth profile deconvolution and the uncertainty that comes from the limited proton counts that
were measured using NRA.

The D depth profiles measured after annealing are plotted in red for each respective annealing
temperature. By comparing the maximum D concentration of the D depth profile measured after
annealing (red) to the D depth profile of the reference sample (black) we can infer the amount of
retained D that was desorbed during annealing. When annealing at 400 K no reduction in maximum
D concentration is observed. At 500, 600, and 800 K a 30 %, 63 % and 100 % reduction in
maximum D concentration is observed, respectively.

The most important D depth profiles shown in Figs. 1la-e are the D depth profiles after the
D re-exposure (plotted in green). They are important because the D concentration measured after
the D re-exposure is directly proportional to the density of defects that has survived the 2 hour
annealing process. This means that any reduction in D concentration compared to the black
reference D depth profile can be attributed solely to defect evolution. From the D depth profiles of
the samples annealed at 400 and 500 K no reduction in D concentration can be seen. Furthermore,
a slight increase is observed at both temperatures. The increase of maximum D concentration in
the case of annealing at 500 K is around 6 %, which is within the experimental uncertainty.

Meanwhile a 15 % increase in maximum D concentration measured when annealing at 400 K could



be considered significant. At 600 K a reduction in maximum D concentration of about 10 % is
observable. At 800 K the measured reduction in maximum D concentration is approximately 30 %.

The experimental D desorption spectra are shown in Fig. 1f for all annealing temperatures.
Because the D desorption spectra were measured after the D re-exposure, we can again state that
any reduction of D amount inferred from the D desorption spectra at various annealing
temperatures can be considered as a clear sign of defect evolution. As the sample used for the
measurement of the D depth profile before annealing (Fig. 1a) was later annealed at 600 K no D
desorption spectrum is available for a non-annealed sample in our experiment. Therefore we have
used the D desorption spectrum from Ref. [7]. This reference data is plotted with black dots. We
can see that the reference D desorption spectrum consists of two very broad peaks centered around
520 and 780 K. No D desorption is observed at temperatures higher than 950 K. When annealing
at 400 K (red) and 500 K (green) the D desorption spectra are almost completely the same as the
reference D desorption spectrum. At 600 K (blue) a considerable change in the shape of the D
desorption spectrum can be seen. The low temperature D desorption peak now contains much less
D compared to the reference sample, exhibiting a 32 % reduction in peak intensity, while the high
temperature D desorption peak stays relatively unaltered. When annealing at 800 K (cyan) a large
reduction of trapped D in both D desorption peaks becomes apparent. Both the low and high

temperature D desorption peak reduced by approximately 50 % of the reference value.

3.2. WDW-AD experimental series

Now we turn our attention to the sample halves that were W-irradiated for a second time after the
first D plasma loading and before the annealing procedure. We shall denote this experimental series
as WDW-AD, which stands for (W) irradiation + (D) loading + (W) irradiation + (A)nnealing +
(D) loading. There are two main conceptual differences between both series. Mainly, due to the D
stabilization effect during the second W irradiation the amount of initial (before annealing)
displacement damage in the WDW-AD series is roughly twice the amount of displacement damage
in the WD-AD series [7]. The other important difference is that in the WD-AD series all of the
defects created by the first W irradiation were filled with D before annealing. In the WDW-AD
series around half of the displacement damage was filled with D, while the other half was almost

empty of D, because no second D loading was performed before annealing.



In Fig. 2a the D depth profiles of the sample which was W irradiated, D plasma exposed
and W irradiated again is shown in grey (W + D + W). This D depth profile was measured on the
sample later annealed at 600 K. We can see that the D depth profile is similar to the D depth profile
obtained in the other half of the sample (WD side). Therefore, as was already observed in [7], the

second W irradiation does not affect the D depth profile. As this sample was not re-exposed to D

plasma after the second irradiation, the actual saturation concentration of D in the sample before

annealing is unknown. However, we can use data from Ref. [7] which is shown in Fig. 2a (drawn

in black) and labelled ‘Double-damage reference’. We have to stress here that the D depth profile

shown in [7] suffers from an unphysical feature at 0.5 um. The depth profile shown here is the

result of a more accurate re-evaluation of the raw data with a slightly different energy calibration

to avoid this feature.
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Figure 2: D depth profiles and D desorption spectra (3 K/min temperature ramp), for the WDW-AD experimental series. Samples
were exposed to D plasma at 370 K to a fluence 1.5x10%° D/m? before the second irradiation and after annealing. D depth profiles
are shown for all the annealing temperatures: (a) no annealing, (b) 400 K, (c) 500 K, (d) 600 K and (e) 800 K. The black D depth
profile shown in all figures represents the reference sample which was W-irradiated twice and D loaded after each irradiation and
was not annealed. This is taken from Ref. [7]. The grey D depth profile was measured after the second irradiation before annealing
was performed at 600 K. The red D depth profile were measured after the annealing procedure. The green D depth profile were
measured after the D plasma re-exposure and is the actual D concentration from which we can infer the densities of the surviving
defects. The D desorption spectra (f) are shown for all the samples. They were measured after the re-exposure to D plasma. The
error bars shown in the D depth profile only take into account the uncertainty of the D depth profile deconvolution and the
uncertainty that comes from the limited proton counts that were measured using NRA.

Now we can turn to analysing the other D depth profiles which belong to samples which were
annealed at various temperatures, shown in Figs. 2b-e. As in the WD-AD experimental series
results, D depth profiles plotted with red were measured immediately after the annealing procedure,
while the green D depth profiles were measured after the D plasma re-exposure.

First, we analyse the D depth profiles measured after the annealing procedure (red). As
expected, no reduction in maximum D concentration is observed when annealing at 400 K (Fig.
2b). This is the same as in the WD-AD series. At 500 K (Fig. 2c) a negligible reduction in
maximum D concentration is observed in the WDW-AD series, while in the WD-AD series a
reduction of approximately 30 % is observed. This difference is attributed to the fact that in the
WDW-AD series around half of the displacement damage that was created was empty [7]. As a
consequence, there were more empty sites available which meant that weakly bound D that was
de-trapped during annealing could be re-captured in them. At 600 K (Fig. 2d) a reduction in
maximum D concentration equal to 33 % was measured compared to 63 % in the respective WD-
AD series sample. Again, a smaller reduction is observed because more empty sites are available
for the D to be re-captured in. When annealing at 800 K (Fig. 2e) D retention reduced to a level not

distinguishable from an undamaged sample hence the reduction is 100 %.
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The D depth profiles measured after the D plasma re-exposure are drawn in green. At 400
and 500 K a 5% and 9 % reduction in D concentration is observed compared to the reference
double-damaged sample drawn in black. At 600 and 800 K, the measured reduction in D
concentration is 22 % and 45 %, respectively. The temperature trend in displacement damage
annealing inferred from the reduction in D concentration for both WD-AD and WDW-AD series
is therefore quite similar. Almost no reduction is observed at temperatures below 500 K, while a
significant reduction is observed for temperatures higher than 500 K.

The experimental D desorption spectra are shown in Fig. 2f. To infer displacement damage
evolution from the D desorption spectra themselves, they must be compared to a D desorption
spectrum of a sample that was W-irradiated twice and D loaded after each W irradiation. As no
such sample is available in our study, we have used the D desorption spectrum available in Ref.
[7], which is plotted in black. As already seen in the D desorption spectra of the WD-AD series,
the D desorption spectra consist of a low temperature D desorption peak at around 520 K and a
high temperature desorption peak at around 780 K. All of the retained D is desorbed at temperatures
of around 950 K. Comparing the behaviour of the intensity of the D desorption peaks to the
behaviour of D concentration in the D depth profiles measured after the D plasma re-exposure, we
see that a slightly more pronounced annealing behaviour in the D desorption spectra. Even at the
lowest annealing temperature of 400 K (red) an 8 % reduction in the intensity of the low
temperature D desorption peak and a 7 % reduction in the intensity of the high temperature D
desorption peak are observed. When annealing at 500 K (green), a reduction of 20 % and 11 % in
the intensity of the low and high temperature D desorption peaks are observed, respectively. When
annealing at 600 K (blue), almost 50 % of the reference intensity of the low temperature D
desorption peak is lost, and 10 % of the intensity of the high temperature D desorption peak. When
annealing at 800 K (cyan), a 62 % and 47 % reduction in D desorption intensity in the low
temperature peak and high temperature D desorption peaks are observed, respectively. Comparing
these reductions in intensity observed in the D desorption spectra for the WD-AD and WDW-AD
experiment, we can see that the relative loss of D is slightly larger in the WDW-AD experiment
but not by a large margin. Otherwise the general behaviour is similar, as the low temperature D
desorption peak starts to exhibit significant annealing at holding temperatures around 500 K, and
the high temperature D desorption peak shows significant annealing only at higher holding

temperatures i.e. in the 600-800 K range.
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3.3. D desorption during Ramp and Hold

During the annealing of the samples the D desorption signal was monitored. As the D depth profile
of all samples prior to annealing is assumed to be the same, the shape and amount of desorbed D
up to the specific samples annealing temperature should be the same. That is why the D desorption
signals are normalized in such a way, that the D desorption signals measured for all annealing
temperatures match at the low temperature (530 K) D desorption shoulder. The measurements of
D desorption during the ramps can be seen in Fig. 3a and during the holds in Fig. 3b. The sample
annealed at 400 K is not shown as very little D desorption was observed both in the ramp and hold
part of the annealing procedure. While analysing the following experimental results we must keep
in mind that at this stage half of each sample was already irradiated for a second time but the
samples were not cut in half yet, meaning the signal as seen in Fig. 3a and 3b is a sum of D

desorption from both parts of the sample.
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Figure 3: Normalized D desorption during the ramp and hold of the sample annealing process for a 24 K/min temperature ramp.
The ramp part is shown in (a) and the hold in (b).

The D desorption signals from samples ramped to different temperatures are very similar in shape
and behaviour, up to the specific annealing temperature. The D desorption during the ramp occurs
in two distinct peaks at 630 and 830 K as seen in Fig. 3a. This means that the peaks are shifted to
slightly higher temperatures compared to the complete TDS shown in Fig. 1f and Fig. 2f where the
peaks were centered at 520 and 780 K. This can be explained by two facts. First the faster
temperature ramp here shifts the peak temperatures to higher values. The heating rate of the sample

was measured to be 24 K/min, while the heating rate of the TDS shown in Fig. 1f and 2f was 3
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K/min. Second, as was already seen and explained in Fig 2a-e, the second W irradiation produces
new defects. As D is released from the defects with low de-trapping energy (D release in the low
temperature desorption peak) they are efficiently re-trapped in the new empty defects. This means
they are mainly released in the high temperature D desorption peak, as was already shown in [7].
As the D desorption seen in Fig. 3a is a weighted sum of both the once- and twice-irradiated sample
side, the re-capturing of D results in a lower D desorption in the low-temperature desorption peak
and a higher D desorption in the high-temperature desorption peak.

In Fig. 3b the D release for the hold part of the procedure are shown, except for holding at
1000 K as all D was already lost during the ramp. Other samples show an exponential-like D
desorption behaviour with a characteristic time scale in the 200-300 s range. This means that a
majority of D that is lost during the hold is lost in the first 10 minutes of the hold. Meanwhile,
macroscopic defect evolution has been shown to have a time-scale on the order of tens to hundreds
of minutes for steady state to occur. As an example, the annealing behaviour of neutron-induced
defects has been determined using resistivity measurements by Keys and Moteff [21]. The authors
have shown that the typical time-scale of neutron-induced displacement damage annealing is on
the order of hundreds of minutes. In the experiment by Markina et al. [4] where the samples were
irradiated with 20 MeV W ions, the typical annealing time-scale was closer to 30-60 minutes. In
any case, we can somewhat safely conclude that the rate of D desorption during the annealing hold
is much faster than the rate of displacement damage annealing. This means that the high
concentration of D that was present in the sample at the beginning of the annealing procedure is
not expected to have a significant impact on the measured defect evolution. Furthermore, as a
steady-state concentration of D has been achieved much quicker than a macroscopic defect
evolution steady state is expected to occur, we can infer that most of the evolution of the defects
occurred at steady-state D occupancies specific to each defect, which can be correlated with the

annealing behaviour of each defect.

3.4. NRA and TDS total D amounts

In this section we compare the retention of D in the samples after they have been annealed and re-
exposed to the D plasma. We compare the retention of D as measured by both the NRA and TDS
techniques. The total D amounts are plotted as a function of annealing temperature in Fig. 4a. The

data points of the non-annealed samples are plotted at 370 K as they have been exposed to the low-
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temperature D plasma for several tens of hours at this temperature. The total amount of D measured
with the TDS technique is systematically about 5-10 % lower than the total amount measured by
the NRA technique, except in the case of the non-annealed sample from the WD-AD series. This
exception can come from the fact that the NRA data point was measured in this study while the
TDS data point was taken from Ref. [7]. In general, the mismatch between TDS and NRA is still
in line with the derived experimental uncertainties. When considering uncertainties one should take
special note to differentiate between systematic and statistical errors as systematic errors lead to an
offset between the NRA and TDS data which we have observed in our data.

The TDS measurement systematic error comes from two main sources. The first stems from
the absolute signal calibration with the D leak bottle with a stated uncertainty of 4.6 % (as per
manufacturer). The second systematic error stems from the fact we are unable to distinguish D
desorption in the form of HDO and D,O from the background contribution. As we are unable to
quantitatively determine the systemic error of HDO and D>O contribution we are forced to ignore
it. This means the total TDS measurement systematic error is approximately 5 %. The systematic
error of the NRA measurement stems from the error of the NRA cross section determination (5 %
[22]) and the accuracy in determining the accumulated dose equal to 5 % for our setup. Combined,
the systematic uncertainty of the NRA measurement is 7.1 %. Together the systematic errors of
both measuring techniques could account for an offset between the TDS and NRA D retention data
equal to 12 %. The offset found in our data, which is between 5-10 % falls well within this range.

While the statistical errors do not contribute to an offset between the TDS and NRA data,
we must still consider them carefully when analysing our results, as they scatter the data points
around their real value. In the case of the TDS measurement, the statistical error comes mainly
from the drift and fluctuations of the quadrupole signal and from cutting each sample in half before
the measurement to separate the single- and double-damaged side. The error because of the
quadrupole signal fluctuations was measured by dosing a constant flux of D2 while monitoring the
4 amu/q QMS signal. It was determined to be approximately 1-2 %. The statistical error stemming
from the cutting of the samples comes mainly from the error of determination of the surface area
for each sample half after cutting. A surface area must be assumed if we wish to compare a TDS
and NRA measurement as the output of the NRA measurement is an areal density of D [D/m?]
while the output of the TDS measurement is the total D amount that was desorbed [D]. Although

this surface area is known in principle (7x10 mm?), the complicated experimental procedure with
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multiple W irradiations, using sample masks for W irradiation and sample cutting before the TDS
measurement introduces an error in determining the exact sample surface area which in turn
introduces an uncertainty in the TDS derived D retention of at least a few percent. By combining
both of these statistical errors of the TDS measurement we can expect a scatter in our data points
of at least 2-3 %. Also the NRA measurement has its own statistical error. These stem from the
limited amount of counts we measure at each measuring He beam energy and by the uncertainty

of the D depth profile fit by NRADC. Both of these together yield a statistical error associated with
the NRA measurement of a few percent.
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Figure 4: Comparisons of D retention from integrating the D depth profiles down to 7 um (full symbols) or by integrating the D
desorption spectra over time (empty symbols) and assuming a 7x10 mm? area. The WD-AD series is shown in black and the WDW-
AD is shown in red. (b) Maximum D concentrations measured in our WD-AD (black filled squares) experiments where D was
present during annealing are compared to the maximum D concentrations measured by Markina et al. in Ref. [4] (red) where no D
was present during annealing. The error bars shown in the D depth profile only take into account the uncertainty of the D depth
profile deconvolution and the uncertainty that comes from the limited proton counts that were measured using NRA.

Both D total amounts derived from the NRA and TDS techniques exhibit similar behaviour as
function of annealing temperature as can be seen in Fig. 4a. Namely, the total D amount derived
with both techniques starts to fall significantly when annealing temperatures reach at least 500 K.
At annealing temperatures lower than 500 K the D total amounts are comparable to the non-
annealed reference sample for both measurement techniques. By combining the experimental
results for both the WD-AD and WDW-AD experimental series we can conclude that defect
annealing starts at annealing temperatures between 500-600 K. First defects that de-trap D in the
low D desorption peak start to anneal and are followed in the 600-800 K range by the defects that
de-trap D in the high temperature D desorption peak.
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To highlight any possible effect of D presence on defect annealing we compare our WD-
AD experimental series to the experiment performed by Markina et. al [4]. Their experiment is the
closest comparable experiment found in the literature as they have used the same room temperature
20 MeV W ion irradiation to create displacement damage, and a 1 hour annealing procedure, and
the same low-temperature plasma D exposure with floating target to decorate the surviving defects.
However, in their case a 400 K sample temperature was used for decorating the defects with D.
The 30 K higher exposure temperature might lead to a small reduction in D concentration but we
expect it to be within the experimental uncertainties. We must stress that the long D plasma
exposures at 370 K in our experiment and at 400 K by Markina et. al can be considered as annealing
which is why the non-annealed samples must be interpreted accordingly. The comparison between
both experiments is drawn in Fig. 4b. As can be seen, the maximum D concentrations when
annealing with D present (black squares) are systematically slightly higher compared to the
maximum D concentrations when annealing without D (red squares). At annealing temperatures
below 800 K the difference is within the experimental uncertainties. When comparing the D
maximum concentrations when annealing is performed at 800 K in our experiment and at 820 K in
the experiment by Markina et al. the difference is slightly larger, the maximum D concentrations
being (1 +0.06) at. % and (0.8 + 0.05) at. %, respectively. While this difference can be somewhat
explained by the higher D exposure temperature and slightly higher temperature of annealing found
in the experiment performed by Markina et al., a possibility remains that the presence of D also
has an effect. To establish any possible effect of D presence on annealing also the WD-AD and
WDW-AD datasets can be compared due to the difference in how much of the displacement
damage retained D prior to annealing. In the case of WD-AD all of the created damage was
completely saturated with D, while in the case of WDW-AD around half of the created damage
was saturated and the other half contained very little D. As can be seen in Fig. 4a only marginal
differences can be found in the temperature behaviour of retained D. This in combination with
conclusions drawn by comparing the WD-AD dataset to the experiment performed by Markina et
al. [4] indicates that the presence of D only has a small effect on displacement damage annealing
if present at all. However, the annealing hold of two hours is long compared to the time-scales of
defect evolution, therefore we cannot exclude that the D could affect annealing if much shorter

holds would have been used.
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4. Simulation

In order to understand the annealing behaviour of the defects involved in D retention in our tungsten
samples, we will simulate the experimental results.

For this, we use the MHIMS-R code [23], which is based on the fill-level dependent picture of
the D-defect interaction [24]. We choose to use the fill-level dependant D-defect interaction picture
as we have observed in the previous section, that the low temperature D desorption peak and the
high temperature D desorption peak behave independently of each other, indicating that the D
desorbing in each peak could be attributed to different defects. Moreover, the shape of each D
desorption peak remains largely unaltered with annealing. This similar D desorption spectrum
behaviour was also observed in [18].

As we are mainly interested in the densities of the defects that survive the annealing process,
we will use a simplified simulation procedure. In this approach both the WD-AD and WDW-AD
experimental series will be simulated in the same manner, where the history of the samples with
several consecutive W irradiations and D exposures will be disregarded. Instead, the simulation
will be run as if the W samples were W irradiated only once. The amount of displacement damage
that the proxy W irradiation would cause will be equal to the surviving density of defects after the
annealing procedure. Such a proxy pre-damaged sample is then subjected to the same D exposure
as was the case in our experiment, which simulates the second D exposure done after annealing,
which was used to decorate the surviving defects. In such a way the simplified modelling approach
can be condensed into three main steps:

(1) Exposure of a pre-damaged W sample to D ions with energy < 5 eV/D with a flux of
5.6x10%° D/m?s for 72 hours at 370 K, yielding a D fluence of 1.5x10% D/m?.
(2) Cool off to 295 K in vacuum,
(3) Subsequent TDS measurement with a controlled ramp of 3 K/min.
Preferably, the entire experimental procedure should be modelled, including several W irradiation
steps and the full annealing procedure. Unfortunately, as no macroscopic rate-equation model of
defect annealing or evolution exists, this is not possible.

To properly determine the densities of defects and their fill-level de-trapping energies the depth
distribution of defects must be chosen correctly. As we saw in the experimental results section the
D depth profiles in both experimental series were not entirely flat. This meant that although the

defect densities have achieved saturation through most of the damaged layer, saturation has
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apparently not occurred near the surface where the damage dose is more than a factor of two smaller
than in the damage peak. Still, in the spirit of a simplified simulation approach, we chose to use a

completely flat depth distribution for all of the defects, which can be parametrized as:

x—xgy ~1

n(x) = nf (1 + eT) (D

Equation 1 is a phenomenological description (based on the Fermi-Dirac distribution) of a flat
defect distribution that is flat up to a depth of x, = 2.05 um and reduces to O in a transition which
is 6x = 0.06 um wide. The parameters x, and §x were determined by fitting the D depth profiles
seen in Fig. 1la-e and Fig. 2a-e. The simulation outputs of the simplified approach are the number
of different defects needed to adequately describe the experimental results and their surviving

densities after annealing (n{) as well as the de-trapping energies (El.") of their fill-levels. The index
i denotes the defect type and index j denotes the number of the fill-level.

Also the boundary conditions for the solute D at the W sample surface must be considered
when talking about our choice of modelling procedure. Usually with energetic D ions that are
implanted directly into the W bulk, we can assume that the time-scales for diffusion from deep in
the bulk to the surface are much larger than the time-scale for D desorption from the surface. This
further means we can assume that a deuterium atom that comes to the surface of the material from
the bulk desorbs immediately [25]. For this reason, we use the Dirichlet boundary condition at the
surface (solute concentration at the surface is equal to 0).

As the D ions are implanted directly into the bulk, the implantation flux is modelled as a
volume source of solute D in the bulk. The distribution of the source is calculated with SRIM and
is modelled as a Gaussian distribution with a projected mean range of 0.7 nm and a lateral
dispersion of 0.5 nm for the 5 eV/D plasma exposure. The coefficient of reflection for the D ions

hitting the sample surface used in our experiment was 0.5 [26].

5. Simulation Results

The first thing we can learn by modelling the D desorption spectra shown in Fig. 1f and Fig. 2f is
that the best fits are achieved when three distinct defect types with several fill-levels are used. The

de-trapping energies of the observed defects are summarized here:
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e defect | has five fill-levels with de-trapping energies (1.08 + 0.03, 1.16 = 0.02, 1.24 +
0.03, 1.34 £ 0.02, 1.46 + 0.03) eV,
e defect Il has two fill-levels (1.68 + 0.02, 1.86 + 0.03) eV and
o defect Il has one fill-level (2.05 + 0.01) eV.
These de-trapping energies are associated with a diffusion barrier of 0.2 eV [27], a diffusion pre-
exponential coefficient of 1.9x107 m?s™ [27] and a de-trapping attempt frequency of 10'3s™ [27].
The errors for determining the de-trapping energies are derived from the scatter of the de-trapping

energies used for all of the fits. The energy errors translate into a temperature error of around 20 K.
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Figure 5: The comparison between the experiment and simulation of the D desorption spectrum of the sample annealed at 600 K,
which is part of the WD-AD experiment. The experimental results are plotted as black squares, desorption peaks from fill-levels of
defect | are plotted as green lines, from defect Il as blue lines and from defect 111 as the orange line. The sum of all desorption peaks
from the simulation is plotted as the red line.

The summary of the observed defects is also shown in Fig. 5 where the simulated D desorption
spectrum (red line) is shown as a sum of D desorption contributions from individual fill-levels and
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is compared to the experimental D desorption spectrum of the WD-AD sample annealed at 600 K
(black dots). The D desorption contributions shown in Fig. 5 are color-coded in a way that D
desorption from defect | is plotted in shades of green, from defect 11 with shades of blue and from
defect 111 with orange. As can be observed in Fig. 5 defect type I is responsible for D desorption in
the 370-700 K range, defect type Il in the 600-900 K range and defect type 111 in the 820-950 K
range. Desorption of D in Fig. 5 is negative for some fill-levels. This is a feature of the fill-level
picture of HI trapping and comes from the fact that as fill level i + 1 is de-trapping, fill level i is
filling up. When drawing a D desorption spectra desorption from a trap is defined as positive, which
means that the filling of the lower fill level i is counted as negative.

Now let us continue with comparing the modelling and the experimental results that are
seen in Figs. 6a-e. The experimental results are plotted with black (WD-AD) and grey (WDW-AD)

connected dots, while the modelling results are drawn with red (WD-AD) and pink (WDW-AD)
lines.
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Figure 6: Comparison of the experimental data and the respective fits using the MHIMS-R code. The experimental data are shown
in black (WD-AD) and grey (WDW-AD) while the simulation results are plotted with red (WD-AD) and pink (WDW-AD).

We can see that the maximum D concentration in most of the D depth profiles are well reproduced,
except in the case of the reference double-irradiated sample in Fig. 6a and the double-irradiated
sample annealed at 400 K as seen in Fig. 6b. This can be attributed to the fact that a low temperature
D desorption early rise can be seen in all of the simulation D desorption spectra which does not
exist in the experimental results as can be seen in the D desorption spectra in Figs. 6a-e. This rise
accounts for approximately a 10 % overestimation of the total D retention and therefore also D
maximum concentration. This overestimation is most pronounced in the WDW-AD reference
sample and in the sample annealed at 400 K, because the match between the total D retention
derived from the NRA and TDS measurements is the closest in these two cases (see Fig. 4a). In
other cases, the D retention measured by TDS is approximately 10 % less than the D retention
measured by NRA, which coincidentally compensates the 10 % simulation overestimation because
of the low temperature D desorption early rise. This rise is an unexplained but common occurrence
when the simulated D desorption spectra are compared to experimental spectra [18], [25], [28],
[29] and we have not been able to eliminate it. Otherwise, the D desorption spectra are fitted very
well. The structure of two peaks centered at 520 K and 780 K and a high-temperature D desorption
tail are well reproduced by the simulation with our choice of fitting parameters. To determine the

quality of the fits the reduced chi square is used as a figure of merit. It is defined as:
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N is the number of points in the experimental desorption spectra. I;**? is the experimental

i
desorption flux at a temperature Tiand similarly ;5™ is the simulation desorption flux at Ti. gi is
the experimental error of D desorption at temperature T;. It was determined directly from the D
desorption measurement count rates, assuming that the relative error follows Poisson statistics o
= (T'i® (count)) 2. This in combination with the intrinsic error tied to quadrupole signal stability
(see section 3.3.) amounts to the total experimental error that we use in the reduced chi square
calculation. The 2, calculation was limited to TDS temperatures between 470 and 900 K where
90 % of retained D was desorbed, due to the existence of the low-temperature D desorption early
rise. The calculated y?2,, are listed in Table 1 for each desorption spectrum. Their values are close
to 1 which confirms the quality of the fit.

The densities of the three defect types derived from the modelling are plotted in Fig. 7a and
Fig. 7b as a function of annealing temperature. The densities of the defects are explicitly written
out in Table 1 for all annealing temperatures. The annealing behaviour is specific to the 2 hour
annealing procedure. Concentrating on the simulation results for the WD-AD experimental series
plotted in Fig. 7a, we can see that the density of defect type I, that desorbs in the D desorption peak
centered at 520 K, shows no decrease due to annealing for temperatures lower or equal to 500 K.
At an annealing temperature of 600 K about 30 % of its reference density is lost and at 800 K,
approximately 50 % of the reference amount is annealed. In our previous publication [18] this
defect was inferred to be single vacancies. Defect type Il, that desorbs in the high-temperature D
desorption peak centered at 780 K, shows no reduction in density for temperatures lower or equal
to 600 K, while at 800 K around 33 % of reference defect density is annealed. Defect type Il was
inferred to be small vacancy clusters in Ref. [18]. Defect type 111 shows no behaviour with rising
annealing temperature. The third defect was inferred to be large vacancy clusters in Ref. [18].

When considering the simulation results of the WDW-AD experimental series a very
important conclusion can be made. As we have shown, the experimental results of the WDW-AD
experimental series could be successfully replicated by the exact same choice of fitting parameters

as the fitting parameters used to replicate the WD-AD experimental series. More specifically we
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have used the same number of distinct defect types, the same number of fill-levels for each defect
type and the same de-trapping energies for each fill-level. This means that the D presence during
the second W irradiation only created additional defects of the already existing defect types. No
new defect types were created. This fact is further corroborated by the fact that the same annealing
temperature thresholds and similar annealing temperature behaviour was observed in both WD-
AD and WDW-AD experimental series. Some small reduction in the density of the defects | and 11
can be observed even below their respective annealing temperature thresholds these reductions are

within the experimental uncertainties and are not considered significant.

Table 1: Defect densities remaining after the annealing of the sample at various temperatures for 2 hours are given for both
experimental series. Also shown are the reduced chi square values for the fits of the D desorption spectra for all samples.

WD-AD series WDW-AD series
Defect I | Defect Il | Defect 111 Defect | Defect Il | Defect 111
Tannea [K] XFed Xred
[at. %] | [at. %] [at. %] [at. %] [at. %] [at. %]
370 0.215 0.290 0.050 0.88 0.426 0.520 0.080 0.92
400 0.230 0.290 0.050 0.57 0.382 0.495 0.090 1.26
500 0.225 0.280 0.050 0.99 0.345 0.480 0.090 0.81
600 0.153 0.280 0.050 0.92 0.215 0.440 0.100 0.46
800 0.107 0.189 0.060 0.51 0.155 0.290 0.060 0.82
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Figure 7: The defect densities that survive the annealing process at a specific temperature are shown. Defect | identified as a
vacancy is plotted with black squares, defect Il identified as a small vacancy clusters with red triangles and defect 111 identified as
large vacancy clusters/voids is plotted with green stars.
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With the knowledge we gained by simulating the D depth profiles and D desorption spectra at the
end of the experimental procedure we can also simulate the D desorption during the ramp and hold
part of the annealing procedure. To simulate the procedure, no fitting was done. The de-trapping
energies are exactly the same as specified in the simulation section but we must still choose which
defect density we shall use as no defect evolution due to annealing is implemented in MHIMS-R.
We expect that D desorption is much faster than defect evolution, therefore we choose to use the
defect densities of the reference sample to simulate the ramp and hold procedure for all samples.
The simulation results are shown in Fig. 8a and 8b. The simulation of the D desorption during
annealing was performed with the actual heating ramp of the sample, being 24 K/min. The
simulation line is a weighted sum of D desorption from a once- and twice-irradiated W samples.
The weights are proportional to the surface area of the once and twice-irradiated part of the sample.

In this specific case we assume that exactly half of each sample was irradiated twice.
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Figure 8: The simulation and experimental comparison of the D desorption during the ramp (24 K/min temperature ramp) and
hold (annealing) procedure.

We see that the D desorption during the ramp as shown in Fig. 8a is replicated reasonably well by
the simulation. The reduction of D desorption in the low temperature desorption peak and the
proportional increase in the high-temperature desorption peak is replicated very well. The
simulation only fails to reproduce the exact desorption peak temperatures as it overestimates them
by approximately 50 K. The exact reason for this is unknown but both experimental and simulation

reasons could be at play. From the viewpoint of the simulation the fit could have easily been
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improved by slightly changing the de-trapping energies as was done to fit the other experimental
results. We chose not to do this as not much additional value would be gained as the fit is already

satisfactory. The D desorption during the hold part as shown in Fig. 8b is also well replicated.

6. Discussion

By correlating the annealing behaviour of the different defect types with findings in the literature
we can try to identify the specific defect types. Previous experiments, modelling and ab initio
calculations have reported de-trapping energies similar to the ones we have used, of which a
summary has been made in Ref. [18]. We must stress that in Ref. [18] it was not our intention to
pinpoint the exact de-trapping energies of fill-levels for the defects used in the simulation. Instead,
the defect types were inferred by comparing the derived de-trapping energies with theoretical
results available in the literature, where the literature data was interpreted as broad de-trapping
energy bands instead of exact values. In this work, we will merely compare the expected annealing
behaviour based on the inferred defect types, with the behaviour we observed in the experimental
and simulation results.

We also wish to stress that according to various theoretical calculations for vacancies [27],
[30], [31] and vacancy clusters [32] many more fill-levels with lower de-trapping energies are
available to trap D for our exposure conditions. By including more fill-levels into our simulation
the number of free simulation parameters would increase drastically. As there would be no way to
adequately validate the values of all of the free parameters used for such a simulation, we have
decided to only use the minimum free parameter set which recreates the experimental results. If
more fill-levels would be added, this would most certainly affect the exact values of defect densities
and de-trapping energies we have reported in this work, but the general message this work tries to

convey would remain unchanged.

6.1. Defect type I - vacancies

Defect I, drawn with black squares in Fig. 7a and 7b, starts to anneal in the 500 to 600 K
temperature range, while at lower annealing temperature no behaviour is observed as the density
is constant. The start of vacancy mobility and clustering has been observed by the positron
annihilation technique [33]-[35] in the same temperature range. This is often called recovery stage

I11 and has been linked with vacancy evolution through clustering mechanisms. This is in line with
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our identification of defect type I as a single vacancy and is consistent with the summary given in
[18].

6.2. Defect type Il — small vacancy clusters

The density of defect type Il is constant in the 300-600 K annealing temperature range, and
annealing is only observed in the 600-800 K range. As defect type Il is assumed to be small vacancy
clusters the annealing mechanism is expected to be cluster dissociation [36].

We assume that the rate of dissociation can be written as an Arrhenius like term [36] similar to
D de-trapping from defects:

Rgiss = Vg €Xp <_ kBT

Here R}, is the Arrhenius dissociation rate, v, is the attempt frequency of a vacancy trying to

escape a cluster through dissociation. We assume this dissociation frequency to be the same as the

attempt frequency for vacancy diffusion equal to v, = 5.5 x 102 s™ [37]. E3 = 1.7 eV is the

activation energy associated with vacancy diffusion [38] and E};,; is the binding energy of a
vacancy to a n-sized vacancy cluster. Quite some work has already been devoted to the binding
energies of vacancies to vacancy clusters by ab initio Density Functional Theory (DFT) and
Embedded Atom Method (EAM) calculations [38]-[43]. The vacancy binding energy to the cluster
with a specific size as derived from these studies is plotted in Fig. 9a. The scatter of the data is
quite large, which is why we have calculated the mean and the standard deviation of the binding
energies as a function of cluster size for clusters smaller than 15 vacancies. This is shown in Fig.
9b drawn as black squares. For larger vacancies only one data set is available, making any
interpretation unreliable. From the means and standard deviation, we have calculated an analytical

fit with a reduced chi square of 0.76 which can be written as:
El?ind = EO n— 2.8 (4)

Here Eo =0.5eV is the fit parameter which produced the best fit value and n is the number of

bound vacancies. The analytical fit is plotted in Fig. 9b as a red line alongside the mean and
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standard deviation which are plotted in black. Of course, our analytical fit is only a crude

approximation, but until more consistent data is available this is the only course forward.
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Figure 9: (a) Single vacancy binding energy to a vacancy cluster as a function of total bound vacancies based on various atomistic
studies. (b) As the data scatter of vacancy binding energies is very large as can be seen in (a) we have calculated the mean vacancy
binding energy at each number of bound vacancies, which is plotted with black squares. An analytical fit with equation 2 is shown
in red.

As the annealing in our experiments is done at a constant temperature T neq:, the density of
vacancy clusters decreases with time following an exponential decay law according to equation
(3). In both the WD-AD and WDW-AD annealing experiment about one third of the created small
vacancy clusters were annealed at an annealing temperature of Ty,0q; = 800 K, which means we

can write:

2
N(tanneal) = §N0 = Ny eXp(_Rgisstanneal) (5)

The dissociation rate can be expressed as R};cstannear = In(3/2). By inputting the dissociation
rate defined in equation (3) into the equation (5) which is bound by our experimental results we
can calculate the binding energy of a vacancy cluster with size n where a third of its initial defect

concentration would dissociate at a temperature T,,,0q; With the following equation:

Volanneal vac

Epina = ksTannea In 3\ |~ Lairr = 0.85 eV (6)
In(3)

29



This binding energy, according to equation (4) corresponds to a vacancy cluster of size n =5.8. Of
course sizes of vacancy clusters are integers, but this calculated size just means that the majority
of cluster dissociation that explains our drop in small vacancy cluster annealing at 800 K should be
mainly due to dissociation of cluster with sizes 6 and a smaller contribution by dissociation of
clusters with 5 captured vacancies. Larger clusters should be stable at 800 K for two hours of

annealing.

6.3. Defect type 111 — large vacancy clusters

From Fig. 7a and 7b we can see that the density of defect 11l is constant in the entire temperature
range. This is again consistent with our assumption made in Ref. [18] that these are large vacancy
clusters. Vacancy clusters, according to equation (2), should have binding energies of around
2.07 eV for 20 captured vacancies and 2.61 eV for 30 captured vacancies. According to these
binding energies their annealing should start somewhere around 1150-1250 K, which is well

beyond the temperature range of our experiment.

6.4. Mechanisms of displacement damage evolution

We have highlighted some of the possible mechanisms of the vacancy-type defect evolution that
can describe the annealing behaviour observed in the experimental and simulation results. Did not
yet address various self-interstitial atom (SIA) structures, such as dislocation lines and loops. Their
de-trapping energy is most likely too low for the D to be trapped in them for our exposure
conditions [44]. In principle, SIA dislocation structures could also possibly affect the annealing
behaviour of vacancy-type defects. However, this is unlikely as because most of the SIA atoms are
lost to various free surfaces such as grain boundaries very quickly after the process of W irradiation
because of their high mobility [45]-[48]. In samples which were treated in a manner similar to
ours, the volumetric density of dislocations has been measured to be approximately 10 at.% [9],
[49]. Assuming all of the dislocations measured are of the SIA type, the measured density of
dislocations provides an upper limit on the density of all SIAs that are available during our
annealing process. Considering that the densities of available SIAs is orders of magnitude smaller
than the densities of vacancy-type defects determined by our simulation, any interaction between
SIAs and other vacancy-type defects should be much weaker compared to vacancy mobility and

subsequent vacancy clustering. Based on the densities of dislocation structures alone, one would
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also not except them to contribute significantly to D retention at the exposure conditions used in
our experiment.

If we assume that vacancy mobility, clustering and cluster dissociation are the main drivers
of defect evolution the behaviour of the different defect types observed in Table 1 and Fig. 7 might
be slightly confusing. One would expect that as a single-vacancy is captured in a cluster in the 500-
600 K range, the density of vacancy clusters would rise for the same value that the density of single-
vacancies fell. However, our results become clearer as one considers what happens with the density
of traps sites instead, as this is the relevant quantity when D trapping is simulated using
macroscopic rate equation codes such as MHIMS-R. As a single-vacancy is captured by a cluster
with N bound vacancies, the cluster transforms into a cluster with N+1 bound vacancies. In doing
S0, one trap site for D is lost in the form of the single vacancy trap site and no new trap sites become
available as the number of D a cluster can capture is only weakly dependant on cluster size [32].
Such reasoning is in line with the behaviour of densities of defects that we have observed in Table
1 and Fig. 7.

6.5. Effect of D on displacement damage evolution

We have experimentally shown in Fig. 3b that D desorption happens much faster than the defect
evolution process is expected to occur. This means that during the majority of the 2-hour annealing
hold the defects evolve with a steady-state trapped D concentration. To fully determine the effect
of D on defect evolution it is important to determine what the steady-state trapped D concentrations
are for each defect type. Therefore, we have plotted this information for both the WD-AD and
WDW-AD experimental series in Fig. 10a-e.

It is difficult to correlate the specific occupancies of defects to their annealing behaviour.
Therefore, we resort to correlating the defect annealing behaviour to the information if they are
completely empty (shown as black) or if they contain at least one D (sum of other colours).

For the WD-AD experimental series a significant portion of single-vacancies (Fig. 10a)
becomes empty only at annealing temperatures above 600 K. Small vacancy clusters (Fig. 10c)
contain at least one D up to an annealing temperature of 600 K, while at 800 K the majority of them
becomes empty. Similar behaviour is observed also for the large vacancy clusters (Fig. 10e),

however only about 50 % of them are empty after annealing at 800 K.
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For the WDW-AD experimental series, similar behaviour is observed with the slight
difference that a small portion of all defect types is empty after annealing at 400 K. This is because
during the second W irradiation, the irradiating W ions create additional damage which is initially
empty of D. While some of the D is kinetically de-trapped from the pre-existing defects by the
irradiating W ions [7], [18] and can therefore be re-trapped in the newly formed defects, this
process is not efficient enough for our simulation parameters [18] to populate all of the newly
created defects with at least one D. Additionally, when the sample is annealed at 400 K the
temperature is not high enough for the D to be redistributed from the pre-existing defects to the
new defects as the majority of D is too tightly bound. This redistribution can occur only at higher
temperature which is why the occupancy behaviour of both experimental series is very similar for
annealing temperatures above 500 K. Keep in mind, that all of the reported behaviour is specific
to a 24 K/min temperature ramp and a 2-hour hold at the specific annealing temperature.
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Figure 10: The occupancy ratios of the different defect type fill-levels after the 2-hour annealing holds at different temperatures
are shown. Figures (a), (c) and (e) show occupancy ratios of the WD-AD experimental series, while figures (b), (d) and (f) show
occupancy ratios of the WDW-AD experimental series.

To summarize, the majority of the displacement damage created in both WD-AD and WDW-AD

experimental series is occupied with at least one D at the end of the 2-hour annealing hold for all

annealing temperatures except at 800 K. Therefore, the D could potentially affect the annealing
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behaviour of displacement damage at all annealing temperatures used in the experiment except in
the 800 K case. However, as we have observed when comparing the maximum D concentrations
measured in our experiment with the ones measured by Markina et al. [4] (see Fig. 4b) no major
difference was observed between both experiments. In the case of our experiment, the amount of
surviving initial displacement damage when D was present is only slightly higher compared to the
experiment by Markina et al. [4] (Fig. 4b) and was considered to be inside the experimental
uncertainties. With this we can conclude that even if D has an effect on defect evolution at elevated
temperatures the effect is most likely small or the effect has time-scales which are much shorter
than the time-scales used in our experiment.

Other experiments that have studied displacement damage annealing are also available, but
unfortunately they cannot be compared to our data for various reasons. For instance, the experiment
by Ogorodnikova et al. [50] used two different sample types. One set of samples was re-crystallized
and irradiated with 20 MeV W ions before being exposed to the same low-temperature D plasma
as we have used, with an exposure temperature of 470 K. This makes it an interesting candidate for
comparison, but unfortunately only two data points are available at 700 and 1028 K. The fact that
too few data points are available could lead us to a false conclusion when comparing their results
to our experiment. The other used samples set was taken from a different manufacturing batch and
was used as received without recrystallization. The fact that the samples were not recrystallized
makes them difficult to compare to our experiment as the role of lattice defects present from the
manufacturing process is indistinguishable from defect created by the irradiation experiment.

Another interesting comparison candidate is the experiment by Simmonds et al. [6]. They
have used stress-relieved W samples, irradiated with 3.4 MeV Cu ions at various irradiation
temperatures and exposed to 110 eV D plasma at 383 K. Although a comparable D plasma
exposure temperature makes it a prime candidate for comparison with our results, their use of
elevated temperatures during irradiations instead of post-irradiation annealing makes the
comparison impossible. This is because if the irradiation occurs at elevated temperatures a
significant contribution to the defect evolution comes from the annihilation between pairs of single
vacancies and self-interstitial W atoms (Frenkel-pair annihilation) during irradiation. In the case of
defect evolution with post-irradiation annealing (our experiment) Frenkel-pair annihilation is
negligible as all of the self-interstitials have already been lost to sinks such as grain-boundaries and

the sample surface during the irradiation at room temperature. This makes single-vacancy mobility
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and vacancy cluster dissociation the main contributor to defect evolution during the annealing
process (see section 6.1 and 6.2).

The last experiment we will mention here is the experiment by Zaloznik et al. [5]. The exact
same sample preparation and W irradiation procedure was used as in this work, the only difference
being the 1 h annealing procedure at temperatures ranging from 600 to 1200 K. This makes the
experiment a very interesting choice for comparison. Unfortunately, a 0.28 eV D atom exposure
was used to decorate the defects that have survived the annealing process, which forced the use of
a relatively high exposure temperature of 500 K. As we have stated in section 6.1 the start of
vacancy mobility has been observed in the 500 to 600 K range [33]-[35], which means that during
their 144 h D atom exposure, significant single vacancy clustering is expected, which makes a
comparison with our results impossible.

Lacking a comparable experiment from the literature we can only state that we expect an
effect of D on displacement damage to be minimal if it exists at all. The effect is expected to be
small because the D de-trapping energies of the various defect type fill-levels and the characteristic
energies associated with their annealing evolution coincide perfectly. This means that as the defects
start to become mobile or start to dissociate they also start to de-trap their D, meaning that the vast
majority of defects are empty during their evolution. As was shown in the discussion of Fig. 3b a
major part of D that is lost during annealing is lost in a matter of minutes, while the evolution of
defects can occur on much longer time scales as shown in the discussion section of the present
work. Therefore, we expect that the D cannot influence the behaviour of the defects in a significant
way.

Another important observation of this study is the annealing behaviour of the double
damaged samples. Although the trap density is nearly twice as much when samples are damaged
while D is present as compared to damaging D-free tungsten, their annealing behaviour is the same.
Not only did the total amounts determined by NRA and TDS evolve in the same manner as
compared to the samples that were damaged without D being present but the TDS spectra could be
described with exactly the same defect types with the same detrapping energies. This in turn
bolsters the conclusion from our previous study where it was inferred that the presence of deuterium
during displacement damage does not lead to new type of defects but just to an increase in the

density of the existing defects.
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7. Conclusion

The effect of the presence of D on the evolution of displacement damage was studied during
annealing at elevated temperatures. Displacement damage was introduced by W irradiation at
295 K and decorated using a low-temperature D plasma at 370 K. Using a second W irradiation on
half of each sample additional displacement damage was created. After this, samples were
successfully annealed at various temperatures ranging from 400 to 800 K and D plasma re-exposed
at 370 K to decorate the remaining displacement damage. The samples were analysed using the
NRA technique which allowed us to measure the D depth profile, from which we infer the depth
distribution of surviving defects, and by TDS which allowed us to measure how the D in the sample
is distributed within the surviving defects.

The experimental results showed a two-peak desorption structure of the D desorption
spectra, where the two peaks behaved independently when annealing at different temperatures. The
reduction of D desorbed in the low-temperature D desorption peak started in the 500-600 K
annealing temperature range while the amount of desorbed D in the high-temperature peak started
between 600 and 800 K. This points to the existence of several defect types that contribute to the
overall D retention when samples are exposed to the D plasma at 370 K. As similar desorption peak
temperatures, shape and annealing behaviour was observed in both the WD-AD and WDW-AD
experimental series we can conclude that the second W irradiation has not produced any new defect
types. Instead only more defects of the existing types have been created. Additionally, based on
experimental and simulation results, all defect types anneal in the same manner in both the WD-
AD and WDW-AD experimental series.

We have performed a simplified simulation with the MHIMS-R code, which is based on
the fill-level dependent picture of the hydrogen isotope — defect interaction. The experimental
results could be well reproduced by using three different defect types with several fill-levels which
were identified as vacancies, small vacancy clusters and large vacancy clusters.

From the results of the simulation it was derived that vacancies start to anneal at around
500 K and are responsible for the reduction of D desorption in the low-temperature D desorption
peak observed in the experiment. Small vacancy clusters, which are the cause for D desorption in
the high-temperature D desorption peak, started to anneal between 600 and 800 K. Large vacancy
clusters, which are responsible for the high-temperature tail in the desorption spectra did not evolve

with annealing temperature.
36



The effect of D on displacement damage annealing was difficult to quantify as there is little
available information with both D depth profiles and D desorption spectra in the 300-800 K
annealing temperature range. Still, our results were compared to those of Markina et al. [4] and we
found that if there is an effect of D on displacement damage evolution it is very small for our chosen
annealing temperature hold time. The annealing behaviour of samples where displacement damage
was created while D was present evolve in the same manner as compared to the samples that were
damaged without D being present. The presence of deuterium during displacement damage does
not lead to new type of defects but just of an increase in the density of the existing defects.
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