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Abstract 

The recovery of radiation defects in recrystallized tungsten was studied in the temperature 

range 400 – 1150 K. The defects were created by 20 MeV tungsten ions irradiation at room 

temperature to a maximum damage level of 0.9 dpa. The samples were then annealed to 

temperatures of 400 to 1150 K for 1 hour in order to anneal the created defects. After 

annealing the remaining defects were decorated with D by exposing them to a low-

temperature ECR-plasma at 400 K to a fluence of 1x1025 D/m2. Deuterium was detected by 

nuclear reaction analysis and temperature programmed desorption. Annealing of defects is 

observed already at slightly elevated temperatures. At 820 K about 50% of the initial defects 

were annealed, while still about 30% of the initial defects were present after annealing at 1150 

K. 
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1. Introduction 

In future fusion devices tritium will be used as fuel for the fusion reaction. Its radioactivity 

raises a safety concern for the design of a fusion reactor in terms of retention properties of the 

plasma-facing materials. The first wall and divertor parts of a fusion reactor will be subjected 

to high fluxes of energetic charged particles, neutral atoms, and neutrons [1, 2]. All these 

processes affect the hydrogen retention of the plasma-facing materials (PFMs). 

Both for ITER and for future fusion power reactors like DEMO tungsten has been suggested 

as a possible divertor material due to its favorable properties, such as high thermal 

conductivity, high melting temperature, low sputtering yield and low hydrogen isotope 

retention. However, in ITER and DEMO the first wall materials will be subjected to high 

neutron fluxes originating from the D-T nuclear reaction. Besides significant changes in 

mechanical properties neutron irradiation affects also hydrogen isotope retention in the first-

wall materials.  

Fast fusion neutrons result in displacement damage, transmutation of tungsten to rhenium and 

osmium, and gas production. Radiation damage by neutrons can increase the hydrogen 

isotope retention in tungsten considerably. For ITER the neutron damage of tungsten will 

remain below 1 dpa at the end of the operational period, while for DEMO a damage level of 

15 dpa after one full power year is predicted in recent calculations by Gilbert et al. [2].  

The hydrogen retention behavior of tungsten under neutron bombardment is often being 

investigated by using tungsten self-implantation as a proxy for neutrons. Self-implantation by 

tungsten ions has the advantages to be fast, to avoid activation of the sample, and to avoid the 

introduction of additional impurities which potentially may act as additional trap sites for 

hydrogen. But it should be kept in mind that tungsten self-implantation mimics neutron 

effects only to some extend: The maximum primary knock-on atom (PKA) energies and the 

damage rates are generally higher than by neutrons, while the PKA energy spectrum is softer 
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[3]. The influence of these similarities and differences on radiation damage and hydrogen 

retention in tungsten is topic of active research. Tungsten self-implantation creates various 

types of radiation defects, especially interstitials, vacancies, vacancy clusters, and dislocations 

[4]. Hydrogen retention increases to levels of more than 1% H/W at around room temperature 

at damage levels of 0.5 dpa and above [5, 6, 7, 8]. 

Radiation defects created at lower temperatures can be annealed at elevated temperatures and 

some recovery of the original material structure can be achieved. In this work the annealing of 

defects is determined by decorating the defects with deuterium. The defects were created at 

room temperature. 

 

2. Experimental 

The samples were made from polycrystalline hot rolled tungsten manufactured by Plansee SE, 

Austria, with a purity of 99.97 at.%. All samples were cut from one manufacturing batch [9]. 

The samples with sizes 12 mm by 15 mm and 0.8 mm thick were mechanically polished using 

sand papers with decreasing grain sizes and finally with diamond powders down to diamond 

grain sizes of 0.032 µm until mirror finish [ 10 ]. After polishing the samples were 

recrystallized at 2000 K for 10 min in vacuum at a base pressure < 10-5 Pa in order to anneal 

surface defects introduced by the polishing process and in order to achieve a very low residual 

defect level throughout the sample [9]. W implantations were performed at a 3 MV tandem 

accelerator laboratory on a water cooled substrate holder. For homogeneous implantation the 

W ion beam was scanned over the whole sample surface. W6+ ions with an energy of 20 MeV 

were used at an implantation fluence of 1.4×1018 m-2. According to SRIM 2008 calculations 

[11, 12] the damage profile extends to a depth of 2.3 µm at this energy, see Fig. 1. The “full 

cascade option”, a displacement energy of 90 eV [13], and theoretical tungsten density were 

used. The total number of vacancies counted by SRIM was assumed as displacements per 
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atom (dpa). With these assumptions the implanted fluence converts to 0.9 dpa in the damage 

peak, the damage depth profile is shown in Fig. 1. 

After damaging the samples were post-annealed in a high vacuum oven for 5 – 300 minutes at 

the desired post-annealing temperature in vacuum at a pressure < 10-4 Pa, the set temperature 

was reached with a heating ramp of 60 K/min. 

The samples were loaded with deuterium at the ECR plasma device PlaQ [14]. Five samples 

were exposed simultaneously. The temperature of the samples was measured by an infrared 

camera and a thermocouple clamped to the sample holder. The sample temperature was kept 

at 400 ± 10 K by a liquid thermostat using heated silicone oil during plasma loading at 

floating potential with an ion energy of around 15 eV. The particle flux consists mainly of D3
+ 

with small fractions of D2
+ and D+ with a total D flux of 5×1019 D/m2s [14]. These low ion 

energies are well below the damage threshold value, so no damage is expected to be 

introduced into the near surface layer during the ion implantation. The implantation time was 

48 h during which a D fluence of 1x1025 D/m2 was accumulated. After implantation the 

samples cooled down to room temperature with an initial cooling rate of about 5 K/min.  

After sample loading retained deuterium was determined by nuclear reaction analysis (NRA) 

using the D(3He,p)4He and D(3He,4He)p nuclear reactions. The protons were detected at a 

reaction angle of 135° using a PIPS-detector with 2000 µm depletion depth, a solid angle of 

29.9 msr, and stopper foils of 5 µm Ni and 12 µm Mylar. Seven different energies of the 

analysing 3He+ ion beam were applied, ranging from 500 to 4500 keV to probe different 

sample depths [15]. At low energies the alphas were detected at a reaction angle of 102° with 

a 700 µm thick PIPS detector in order to achieve a good depth resolution in the near surface 

layer [16]. At energies of 1200 keV and higher only protons were detected. Finally the spectra 

were deconvoluted using the NRADC [18] code with SIMNRA [19] as simulation kernel and 

using cross-section data from [20, 21] in order to obtain D depth profiles until a depth of 
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7.8 µm. Integration of these depth profiles over depth provides the amount of D within these 

7.8 µm. 

Total amounts of D retained in the samples were measured by temperature programmed 

desorption (TPD). These measurements were performed at the Thermal Effusion 

Spectroscopy Setup TESS [22]. The samples were installed in a glass tube at a base pressure 

of 10-7 – 10-8 mbar during the heating ramp. A movable oven was used for sample heating at 

an oven heating ramp of 15 K/min and a maximum oven temperature of 1323 K. The oven 

temperature was feedback controlled with a thermocouple attached to the heating element, the 

sample temperature was calibrated versus the oven temperature using a thermocouple spot 

welded to a similar sample. The gas composition during the measurement was monitored by a 

Pfeiffer DMM 422 quadrupole mass spectrometer in multi ion detection mode, collecting 

mass channels from 2 to 48 amu/q. After every TPD measurement a background run without 

sample was performed in order to control the residual background signals, especially the mass 

signals of D2, HD, D2O, HDO. The signal of mass 3 (HD) was typically more than 2 orders of 

magnitude smaller compared with the mass 4 (D2) signal and was neglected in the analysis.  

 

3. Results and discussion 

Tungsten samples were damaged at room temperature to a maximum damage level of 0.9 dpa 

and subsequently post-annealed to a given temperature in the range 550 – 1150 K for 1 hour. 

These damaged and annealed samples were then implanted with deuterium to a fluence of 

1025 D/m2 at 400 K in order to decorate the remaining defects. The deuterium depth profiles 

are shown in Fig. 1 together with the calculated damage profile. The layer widths of the 

calculation were based on the achieved depth resolution in the corresponding depth based on 

RESOLNRA calculations [23]. 
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The not annealed sample shows a maximum deuterium concentration of 1.6% D/W. The 

thickness of the damaged layer agrees within the depth resolution of the method with the 

depth of the calculated damage profile. At depths larger than the damaged layer the 

concentration decreases to values below 0.01% D/W. Pre-annealing of the sample reduces the 

deuterium concentration in the damaged layer, while the trapped deuterium remains constant 

within the uncertainty of the method at depths larger than the damaged layer. 

The deuterium concentration in the damage peak as function of pre-annealing time is shown 

in Fig. 2 for the case of 820 K annealing. Already after an annealing time of 30 min the 

deuterium retention has decreased to a stable value, which does not change further even by 

annealing for 5 hours. The first data point after 5 minutes should not be over-interpreted, 

because for this short annealing time the ramp-up and cool-down times of the oven cannot be 

neglected. 

The deuterium concentration in the damage peak and the total deuterium inventory in the 

damaged layer as derived from NRA are shown as function of the pre-annealing sample 

temperature in Fig. 3. The samples were pre-annealed for 1 hour at the given temperature. 

Although the damaging was performed at room temperature, the lowest temperature data 

point is shown at 400 K due to the deuterium implantation at this temperature: It cannot be 

excluded that already between 300 and 400 K some damage recovery occurred. Both the 

deuterium concentration in the damage peak and the total amount of deuterium trapped in the 

damaged layer decrease monotonically with pre-annealing temperature. This annealing effect 

is already observed at the lowest temperatures. At 1150 K about 70% of the initially created 

damage has disappeared, but about 30% remaining damage is still present. 

Thermal desorption spectra of the samples are shown in Fig. 4. The spectra show 2 broad 

peaks with maxima at about 680 K and about 820 K. The intensities of both peaks were 

determined by fitting two Gaussian distributions to the TPD spectra, the relative intensities of 
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both peaks as function of the pre-annealing temperature are shown in Fig. 5. The relative 

intensities change only little in the temperature range from 400 K to 1000 K, with a small 

increase of the contribution of the high-temperature peak compared to the low-temperature 

peak. The shape of the spectra remains almost unaffected by the pre-annealing, only the total 

inventory decreases as shown in Fig. 3. Only by pre-annealing at 1150 K the area of the 

desorption peak at 680 K decreases significantly faster as compared to the area of the 820 K 

peak, see Fig. 5. The temperature shift of the position of the desorption maximum by ±16 K 

for the low-temperature peak appears in the temperature range where our temperature 

measurement has its largest uncertainty of about ±15 K. This shift therefore should not be 

overinterpreted 

Our results are in qualitative agreement with the results presented in [8], where the pre-

annealing time was 2 hours and plasma-loading was at 470 K at higher energies with 60 V 

bias. In [8] it was observed that sample annealing in the temperature range 700 – 1100 K does 

not change deuterium retention, and even a small peak was observed in the total retention 

after annealing at 1000 K: These two observations cannot be confirmed with the present data. 

Only a levelling-off of the recovery rate in the temperature range 1000-1150 K can be 

concluded. 

According to [24] interstitials become mobile in neutron-irradiated W in the temperature 

region from 400 – 720 K (stage III), from 720 – 920 K a recovery region of unknown origin is 

observed, and from 920 – 1220 K recovery of vacancies occurs. This interpretation was 

revised later, and it was concluded that stage III recovery is attributed to vacancy migration 

[25]. Based on these findings  recent workconcluded for tungsten, that from 520 – 770 K 

single vacancies diffuse through the material and can agglomerate with vacancy-like defects 

to form larger defects or annihilate at sinks like grain boundaries [27]. Based on these 

observations it was speculated in [8] that annealing from 400 – 720 K may be associated with 
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the migration of single vacancies to small clusters, while the annealing stage from 720 - 1150 

K may be associated with vacancy cluster migration, annihilation and coalescence. The TPD 

spectra shown in Fig. 4 show only little change of their shape until 1000 K. One might 

speculate that the small decrease of the low-temperature peak (see Fig. 5) may be connected 

with the annihilation of single vacancies. However, if single vacancies play an important role 

in the total hydrogen retention and annihilate at temperatures below 1000 K, then a larger 

effect would be expected. This makes annihilation of single vacancies unlikely at 

temperatures below 1000 K. However, this conclusion is only valid if vacancies are not 

populated with multiple hydrogen atoms with multiple energies and if single vacancies play 

an important role in the total hydrogen retention. 

 

Summary and conclusions 

Radiation defects were created in recrystallized tungsten by 20 MeV tungsten ions 

implantation at room temperature to a maximum damage level of 0.9 dpa. The samples were 

then annealed to temperatures of 400 to 1150 K for 1 hour in order to anneal the created 

defects. After the annealing procedure the remaining defects were decorated with D by 

exposing them to a low-energetic ECR-plasma at floating potential at 400 K to a fluence of 

1x1025 D/m2. Retained deuterium was detected by nuclear reaction analysis and temperature 

programmed desorption. Annealing of defects is observed already at slightly elevated 

temperatures of 550 K. From 400 K to 820 K about 50% of the defects were annealed, while 

still about 30% of the defects were present after annealing at 1150 K. 

For DEMO and to some extent already for ITER the retention of tritium in tungsten is 

expected to be dominated by retention in neutron-induced radiation damage. We showed that 

some fraction of this damage can be annealed at elevated temperatures. However, a 

substantial decrease of the defect concentration (by one order of magnitude or more) requires 
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annealing to temperatures well above 1150 K. While this may be an option for the DEMO 

divertor, such high temperatures seem unrealistic for the main chamber wall. The results from 

[8] indicate that damaging at room temperature followed by subsequent annealing and 

damaging at elevated temperatures create comparable defect concentrations. Nevertheless, 

more work is needed for a full understanding of radiation defect creation and defect recovery 

in tungsten at elevated temperatures. 
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Fig. 1: Deuterium depth profiles after damaging to a maximum damage level of 0.9 dpa at 

room temperature and subsequent annealing of the sample to the given temperature for 1 hour. 

Deuterium was implanted to a fluence of 1025 D/m2 at 400 K. The dotted line shows the 

damage profile according to SRIM simulation. 
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Fig. 2: Deuterium concentration in the damage peak as function of post-annealing time at 

820 K. Deuterium was implanted to a fluence of 1025 D/m2 at 400 K.  

 



 13

400 600 800 1000 1200
0.0

0.5

1.0

1.5

 

M
ax

im
u

m
 D

 c
o

n
ce

n
tr

at
io

n
 (

at
 %

)

Annealing temperature (K)

0

1

2

T
o

ta
l a

m
o

u
n

t 
o

f 
D

 (
1

02
1  D

-a
to

m
s/

m
2
)

Fig. 3: Deuterium concentration in the damage peak (solid circles) and total deuterium 

inventory in the damaged layer as derived from NRA  (hollow circles) as function of pre-

annealing sample temperature. Deuterium was implanted to a fluence of 1025 D/m2 at 400 K.  

 

 



 14

400 500 600 700 800 900 1000 1100
0

10000

20000

30000

 no annealing
   550 K
   820 K
 1000 K
 1150 K

 

 
M

as
s 

4 
si

g
n

al
 (

C
o

u
n

ts
/s

)

Sample temperature (K)
 

 

Fig. 4: Thermal desorption spectra of deuterium-implanted W after damaging to a maximum 

damage level of 0.9 dpa at room temperature and post-annealing of the sample to the given 

temperature for 1 hour. The oven heating ramp was 15 K/min. Deuterium was implanted to a 

fluence of 1025 D/m2 at 400 K.  
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Fig. 5: Relative intensities of the two TPD desorption peaks, see Fig. 4. The low-temperature 

peak has its maximum at about 680 K, the high-temperature peak has its maximum at about 

820 K. 
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