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Abstract

Experiments have been carried out using D beam in pre and post irradiated polycrystalline tungsten foils. Tungsten foils were
irradiated by high energy Au, B, D alone and sequentially Au followed by He to create defects. The samples were then exposed
to D ion beam to study the trapping of D in irradiation induced defects. ERDA analysis show that in polycrystalline foils
irradiated with Au, and B the D concentration increases. The depth profile of D shows that after exposure of helium in tungsten
foil pre-irradiated with Au, the trapping of deuterium was reduced. The observed broader D profile suggest that defects
enhances the diffusion of D predominantly towards the surface.

1. INTRODUCTION

Realization of fusion technology for electrical power production is one of the biggest challenges [1]. One of the
important challenge towards this is the selection of appropriate Plasma Facing Materials (PFMs) [2], which can
handle the high heat flux, energetic neutrons without degradation in its mechanical and chemical properties. High
flux plasma exposure can lead to the permeation and trapping of hydrogen isotopes e.g. D and T. Tungsten has
emerged as one of the most promising candidate for PFM and will be used in ITER due to its capability to handle
high heat flux while having a low hydrogen (H) isotope affinity. However, in presence of fusion neutrons and
alpha particles, tungsten can accumulate radiation damage, which might significantly enhance its H retention

property.

In order to study the effect of radiation damage in tungsten, various experiments have been carried out using
deuterium plasma, ion beams and gaseous ions in tungsten samples [3-5]. In order to create the damage, the
tungsten samples were irradiated using both neutron & ion beams. The samples were analysed for D-depth profiles
using NRA [5], SIMS & ERDA [6,7] and the total deuterium content was measured using thermal desorption
experiments [3,7]. It has been observed that at low sample temperatures, most of the deuterium trapped at
dislocations whereas, voids seem to be the favourite trapping sites for deuterium at high temperatures [8,9]. It has
been observed that the defect structure in the sample depends on the rate of damage production and therefore it is
possible that the subsequent estimation of trapping may also depend on the history of damage [10]. Available
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experimental data generated using W-self ions and the heavy ions show the generation of cluster of defects with
small dislocation loops. In order to extrapolate the D-trapping to neutron-like conditions, one need to study the
effect on trapping using a variety of ions with different mass and energy. We have carried out experiments on
deuterium trapping by creating defects in tungsten foils samples using high and low mass ions followed by
exposure to D ion beam.

2. EXPERIMENTAL METHOD

Polycrystalline Tungsten (PCW) foil samples of size 8mmx8mmx0.1mm foils were mechanically polished and
annealed at 1838 K to release the stress, to minimize the defects and recrystallize. These tungsten foils were
irradiated by high energy Au’™ (80 MeV) ions at IUAC, Delhi [11], the beam current was varied between 1 to 3
pnA. The beam was rastered uniformly over the sample surface for a fluence of 1x10'* cm™2. Few foils were
irradiated with10 MeV boron ions (B**) at Guru Ghasidas University at Bilaspur [12]. The irradiation chamber
was evacuated to a base-pressure of 1 x 10~®mbar and the foils were exposed to a beam current of 200 pnA for
two different fluences of 1.3 x 10'* ions-cm™and 1 X 105 ions-cm™.

In order to analyse the effect presence of Helium, on trapping of D in tungsten, helium-ions of 250 keV were
implanted in samples which had been already irradiated by either gold or boron ions. This was done by using Low
Energy lon Beam Facility (LEIBF) at IUAC Delhi, for a fluence of 5 x 10> ions-cm™.

The samples which had been irradiated by gold, boron and helium were further exposed to deuterium-ions of 100
keV, using a current of 20-100 pA from the 14 MeV neutron generator at IPR. The sequence of irradiation
followed was Au+D, Au+He+D, B+D, He+D, and D alone. The samples were exposed to a fluence of of 5 x 1017
ions-cm™. The procedure is described in a flow chart as shown in FIG.1.
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FIG.1: Flow chart for the irradiation and measurement experiments

The trapped D was measured using Elastic Recoil Detection Analysis (ERDA) and 6.4 Secondary lon Mass
Spectroscopy (SIMS). For ERDA A carbon beam (C*") of 7.6 MeV energy was used yielding beam current of
~30 nA. Silicon surface barrier type detector having area 0.2 cm? was used and recoiled D atoms were detected
at an angle of 85°. The detector window was covered with 6 um Al foil to stop forward scattered carbon atoms.
The distance between detector and target is about 6 cm. To investigate the depth profiling the calibration was done
by the measurement on the polyethylene—Mylar ERDA spectrum, afterwards fitted with SIMNRA code[13,14].
Finally D spectra obtained from Tungsten samples were fitted using SIMNRA code to get the D concentration
(FIG.2).

The deuterium and helium depth profiles were measured using secondary ion mass spectroscopy. The depth
distribution analyses of all the elements in all the specimens were carried out using magnetic sector based Cameca
IMS-7f instrument equipped with both oxygen (O%* and O") and cesium (Cs*) primary ion beams. The depth
distribution analyses were carried out using Cesium (Cs*) primary ion beam at an impact energy of 15 keV with
negative secondary ion detection mode. Primary beam with beam current of 75+1 nA falls on the sample surface
at an incidence angle of 23° w.r.t. surface normal. Primary ion beam was raster over an area of 250 um x 250 um
and secondary ions were collected from an analysis region of 63 um in diameter at the centre of raster area by
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selecting the field aperture of 750 um in order to remove the crater edge effects. Mass resolution (m/dm) of 400
was selected in all the analysis. The pressure in the analysis chamber was maintained ~7x10° mbar.
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FIG.2: Deuterium yield as measured using ERDA

3. RESULTS AND DISCUSSION

The SRIM calculation for 80 MeV Au ion in tungsten shows that the defects created have a distribution around
the range ~4.5 um, which shows continuously increasing density of defects up to ~4 um. The measured Au profile
in W as measured using SIMS is shown in FIG.3, which is in agreement with SRIM.
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FIG.3: Au depth profile in W as measured using SIMS (a) and estimated from SRIM (b)

The range of both Au and B are roughly of the same order i.e., ~4.5 pm. The mean range of 100 keV D in tungsten
calculated using binary SRIM was about 427 + 139 nm and for 250 keV He is 429 + 124 nm (FIG.4a and b). The
results of ERDA measurements are shown in FIG.5, along with the fitted SIMNRA spectra. The results from
ERDA analysis show that in polycrystalline foils irradiated with Au, the D concentration increases after 150 nm
depth with peak in range 200 to 300 nm. The increase in the D concentration in pre-irradiated samples is larger as
compared to the sample irradiated with D only case. The D profile in B irradiated samples is more homogeneous
(FIG.5 blue color) as compared to Au (black color). This may be due to the qualitative difference in the defects
(more line defects in B as compared to Au) as shown by TEM analysis by Prashant et al. 2018 [17]. Wheather D
trapping is preferentially higher at dislocation lines needs further investigation. The depth profile of D shows that
after exposure of helium in pre-irradiated tungsten foils, the trapping of deuterium was reduced significantly. This
might be because the defects created by ion irradiation are preoccupied by He and less number of vacancies are
available to be filled by D leading to the lowering of D concentration in He implanted samples.
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FIG.4 SRIM calculated Range profiles for (a) 100 keV D and (b) 250 keV He
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FIG.5: SIMNRA calculated D depth profiles implanted for different ion-irradiations in Tungsten foils

The ERDA results for bulk tungsten alloy (1% La,05) are shown in FIG.6. The D concentration and peak does
not show any significant change in with and without pre-irradiated samples. It is proposed in case of tungsten
alloy that the D traping is largely governed [18] by the impurity presenrt in the tungsten and have least effect of
irradiation. However, it is quiet possible that larger fluence of ion-irradiation or D may alter the results. However,
under the presnt contraints of experiments, ERDA results show that deuterium trapping is not pre-damage/defect
dependent. This implies that the impurity plays an important role in D trapping in tungsten lattice and therefore,
a different mechanism of D trapping is involved as compared to pure tungsten.
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FIG.6: SIMNRA calculated D depth profiles implanted for different ion-irradiations in Tungsten Alloy
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The SIMS data shown in FIG.7 show large surface concentration of D atoms in all the trials. A bump in the
concentration profile is observed between 250 nm to 400 nm. The surface peak is shifted in the depth for the foils
pre-damaged with 80 MeV Au ions. The deuterium depth profiles in the case of foils pre-damaged with 10 MeV
boron shows a rather broad peak towards depth of the sample. The surface as well as the total deuterium content
is found to be higher in the case of gold irradiation.
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FIG.7: Deuterium profile (SIMS) in un-damaged W foil, foils damaged with 10 MeV B and 80 MeV Au ions (0.5 nm/s
to be used for the conversion of time into depth profile) .

A surface peak concentration is visible in unirradiated and irradiated samples. The profile is shifted towards inside
for the foils pre-damaged with 80 MeV Au ions. The D range as obtained from SIMS and ERDA is smaller as
compared to estimate from SRIM calculations. The observed profiles from experiments were broader than the
implantation profiles. This indicates diffusion of deuterium in tungsten. MD simulations [19] showed that surface
can also act as trapping site for deuterium. Besides, there are defects available from surface to the D implantation
range, which might work as pathways for diffusion of D from implanted range towards surface making the D
profile broader. This indicates that the D diffusion is mostly towards surface. The defects created due to D close
to the surface was much higher (0.85 dpa) compared to Au (0.22 dpa) [16]. This might also explain the pronounced
diffusion towards surface.

4. CONCLUSION

D trapping in pure W with and without Au and B ion irradiation was investigated. The major outcome of
the present study are

(@) The D trapping is enhanced by the ion irradiation in PCW foils. The D profile seems broader and peaking
towards the surface, which is puzzling as one expects it to peak around the implantation depth.

(b) ERDA and SIMS observation are in agreement as far as the total range of D.

(c) Sequential irradiation of pre-irradiated (with Au) foils with He and D indicate that D trapping is
significantly suppressed by the presence of He.

(d) Noting the uniformity of the defects over the D implantation range created by ion irradiations, it is proposed
that the diffusion of D may be present and responsible for broader D profile.
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