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Abstract
Here, we investigated the irradiation defect in reduced activation
ferritic/martensitic steels by slow positron beam. Three ion-irradiation experiments
were carried out: (i) He2+ irradiation, (ii) H+ irradiation and (iii) He2+ irradiation
followed by H+ irradiation, at temperature 450 oC. The presents of vacancy defects,
represented by ∆SHe+H parameter, induced by sequential irradiations was larger than
the sum of defects, ∆SHe parameter + ∆SH parameter, caused by single He ions and
single H ions. The synergistic effect of He and H was confirmed clearly from the
perspective of positron annihilation spectroscopy.
Keywords: Synergistic effect; Helium/hydrogen; Slow positron beam; Vacancy defect
1. Introduction
Reduced activation ferritic/martensitic (RAFM) steels are promising structural
materials for the future nuclear fusion reactors since they have the advantages of low
activation, excellent void swelling resistance and adequate mechanical properties.
However, one of the critical issues is the synergistic effect of helium and hydrogen
produced by (n, α) and (n, p) transmutation reactions [1-4]. It was reported that
helium can enhance the nucleation of cavity formation, and hydrogen could play an
important role in the void growth and dislocation bias [5]. According to the Sievert’s
law, the solubility of hydrogen in iron-base alloy is expected to be quite low.
Hydrogen trapping is significantly enhanced even for periods of years after irradiation
when helium pre-existed within the alloy [6-8]. Hydrogen-helium interaction is an
interesting problem not only from an engineering perspective, but also a fundamental
study. The synergistic effect between helium and hydrogen has been confirmed clearly
in RAFM steels by Transmission Electron Microscopy [9, 10]. These studies indicated
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the idea that RAFM steels got larger damage under dual ion irradiation than under
single ion situation. Lee et al., gave an analysis that irradiation induced hardening by
single, dual and triple ions using Fe, He and H ions. Hardness measurements revealed
that most severe hardening was produced by the triple ion (Fe + He + H) irradiation,
and the synergistic effect was quite evident [10]. The positron is a powerful and
well-established self-seeking probe for vacancy-type defects (micro-voids and open
volume regions) of a material. Energy-variable positron beam technique provides a
method to measure defect profiles in materials [11, 12]. In particular, the formation of
defect structures after ion implantation could also be investigated by positron
annihilation spectroscopy (PAS). In this work, energetic He and H ions were
introduced separately and sequentially (first irradiated with He2+, and then with H+,
i.e., He + H) to RAFM steel. The purpose of this study is to evaluate the synergistic
effect of He and H on vacancy defect formation, and the final goal is to understand the
cause of the irradiation-induced degradation for the nuclear structural materials.
2. Experimental procedures
The RAFM steel used in this experiment contains the following chemical
composition: 9.03%Cr, 2.28%W, 0.5%Mn, 0.092%V, 0.28%Si, 0.078%C, 0.0056%P,
0.002%S in weight percent. Sheets of size 20 mm × 5 mm × 1 mm were cut from bulk
RAFM steel, followed by mechanically polishing with SiC sandpapers from 800 up to
2000 Grit. Finally electro-polishing using 25% HClO4 and 75% CH3COOH was to
remove the surface damage caused by mechanically polishing.
He2+ and H+ implantations were performed at 450 ± 5 oC with a 200 kV ion
implanter located in the Accelerator Lab of Wuhan University, and the temperature
was monitored by a thermocouple throughout the period of the experiment. The beam
(with the dimension of 20 × 20 mm2) was scanned in both the horizontal and vertical
directions to maintain the uniformity of the irradiation dose, and the beam-current
density was ~0.75 µA/cm2. Energies of hydrogen (H+) and helium (He2+) ion beams
were fixed at 130 keV and 250 keV, respectively. The peaks for the ion concentration
were overlap at about 610 nm according to the SRIM calculation [13], which was
shown in Fig. 1. The doses of He2+ and H+ were 5.1 × 1015 ions/cm2 (corresponding to
the peak dose of 0.23 dpa) and 2.1 × 1016 ions/cm2 (peak dose of 0.08 dpa),
respectively.
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Fig. 1. Profiles of damage and atom concentration in RAFM steel irradiated with 250 keV He2+
and 130 keV H+ calculated with SRIM. CR is the cascades region, corresponding to the region
where incident helium/hydrogen ions mainly interact with alloy via nuclear collisions. TR denotes
the tracks region, corresponding to the zone where ions slow down mainly by electronic energy
loss processes. NIR denotes the non-implanted region.

PAS experiments were performed using an energy-variable slow positron beam
facility at Institute of High Energy Physics. Positrons are generated by a 50 mCi 22Na
radiation source, and then moderated by tungsten. Monoenergetic positrons within the
energy range of 0.18-20 keV are implanted into the specimens. Doppler Broadening
Energy Spectroscopy measurement uses a single HPGe detector whose energy
resolution is 1.3 keV at 511.0 keV [14]. Two parameters, namely S and W parameters
respectively, are introduced to characterize the information of specimens. The S and
W parameters are defined as the ratios of the counts in central low momentum area
(510.2-511.8 keV) and two flanks high momentum regions (504.2-508.4 keV and
513.6-517.8 keV) in the DB spectra to the total counts, respectively. The whole
spectrum is accumulated to a total counts of 2.0 × 106 to reduce the statistical error.
Consequently an increase in the S parameter indicates the presence of vacancy type
defects [15].
3. Results and discussion
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Fig. 2. S-parameter (a) and ∆S/S (b) as a function of incident positron energy. ∆SHe + ∆SH (i.e.,
the sum of ∆S parameter for single ion-irradiation) and ∆SHe+H parameter were also shown in (c).
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The S and ∆S/S parameters (∆S/S = (Sirradiated - Sunirradiated)/Sunirradiated) as a function
of incident positron energy (mean implantation depth) in unirradiated and irradiated
RAFM steel are shown in Fig. 2. The upper horizontal scale gives the mean depth of
the annihilated positron calculated using the following established equation [16]:
Z (E) = 40000 E1.6/ρ
(1)
3
Where Z is expressed in units of nm, ρ is the density in units of kg/m (here we used
the density of pure iron with a value of 7.86 × 103 kg/m3), and E is the incident
positron energy in units of keV.
The S-E curve for the unirradiated steel in Fig. 2(a) is a typical curve shape for
annealed metals, which gradually decreases with increasing positron energy and
shows a stable tendency above 10 keV [17]. S values of ion-implanted samples
decrease when energies increase from 0.18 to 3 keV. Xu et al., explained that the high
S parameter at low incident positron energies was due to the surface effect and
production of ortho-positronium [18]. Fig. 2(b) shows the dependence of the ∆S/S
parameter on implanted positron energy. The ∆S/S parameter could clearly reflect the
change of the vacancy defect concentration after ion irradiation experiments. The
peak value of ∆S/S reaches at the depth about 580 nm, which is similar to the peak
depths of vacancies generated by the two type ions, as shown in Fig.1.
When energies increase at above 3 keV, the S values for irradiated samples become
larger than that for the unirradiated one, which clearly indicates that the positron
trapping at radiation-induced defects. For the H-irradiation situation, the S value was
smaller than that of single He ions irradiated specimen. On one hand, we can observe
directly the number of displaced atoms (vacancies) is approximate 5.5 times higher
for helium irradiation than for hydrogen irradiation in the SRIM (see Fig. 1). On the
other hand, the first principle calculated the binding energy between H and point
defects, which illustrates that vacancies are the strongest sinks for trapping H atoms
compared to other solute atoms [19]. It means that H-vacancy complexes were formed
after H ions implantation. H in vacancy-type defects can degrade the trapping positron
capacity [20], which could delay the increment of the S parameter. Moreover, elevated
temperature irradiation (~ 450 oC), as thermal annealing processing, also could
promote the recovery of the vacancy defects. Therefore, the S parameter for the
H-irradiated specimen was smaller compared to other irradiated specimens. For the
He-irradiation situation, He ions would interact with multi-vacancies to form HenVm
clusters, when helium is introduced into vacancy clusters. The stable configuration of
helium atoms in a cluster (HenVm) primarily depends on the helium-to-vacancy ratio
(n/m) of the cluster. When the ratio is approximately 1, it refers to as ‘stable HenVm
clusters’. The helium atoms have bcc configuration, coherent with matrix iron lattice
atoms. However, once the ratio is greater than approximately 6, it refers to as
‘overpressured HenVm clusters’ or ‘small clusters HenVm’, and they have close-packed
configuration in the cluster [21, 22 and 23]. In this case, the collective motion of
helium atoms in the cluster would produce bubble pressure large enough to push a
lattice atom off its normal site and spontaneously create additional vacancies and
associated self-interstitial atoms [21]. Additional vacancy defect will cause the
increment of the S parameter. Importantly, the ratio between 1 to 6 clusters is called
4
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‘larger clusters HenVm’. Since the irradiation temperature of the specimen is 450 oC, it
is the peak bubble swelling temperature for RAFM steels [24]. During the process, a
large number of overpressured HenVm clusters are formed in bulk, which could
enhance the larger S parameter than that of H-irradiated specimen, as shown in Fig. 2.
For the He + H sequential irradiation, the S parameter was much larger than that of
the He ions irradiated specimen. As we known above, the S value increment induced
by single H ions irradiation was slight compared to the unirradiated specimen. It
means that H ions could accelerate the formation of vacancy type defects in the He +
H sequential irradiated specimen. Some studies showed that it contained stronger trap
hydrogen capacity for implanted He atom than other lattice defects [25, 26]. That was
to say, most hydrogen atoms were trapped by overpressured HenVm clusters. The
subsequent formation of higher pressure He-H-V clusters could push lattice atoms off
their normal sites. Finally it spontaneously created additional vacancies to obtain
greatest S parameter as shown in Fig. 2. Fig. 2(c) shows that the ∆SHe+H parameter of
the He + H sequential irradiated specimens was larger than the sum of ∆S parameter
for single He and H ion-irradiated samples. It suggests that the degree of irradiation
damage for the He + H sequential irradiated specimen increased significantly
compared to samples irradiated with single ions. Synergistic effects have been
observed by slow positron beam technique in the present work. However, the
mechanisms behind the synergistic effects of hydrogen and helium are complicated,
and it is affected by many factors such as implantation temperature, irradiation dose
etc [24, 27].
The S-W plot can be used to determine the number of defect types [18]. Every kind
of positron annihilation site is characterized by a typical (S, W) couple. When only
one type of defect exists in the sample, the S-W plot can be fitted as a linear function.
Fig. 3 shows the results of S- and W-parameter correlations (S-W plot) before and
after ion irradiation. S-W lines of unirradiated and single ion-irradiated samples were
almost aligned on the same line segment, even though the range of (S, W) point of
different samples was different. This indicates that there was no significant
aggregation of He/H atoms in implanted samples, and only vacancy-type defects were
detected by the positrons. However, the S-W line of the He + H sequential irradiated
specimens deviated from the line segment (i.e., the slope was different from the single
ion irradiated specimens). It indicates that positron annihilation mechanisms for the
defect in the He + H sequential irradiated specimen maybe not consistent with the
vacancy defects.
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Fig. 3. W-parameter as a function of the S-parameter.
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Fig. 4. Fitted S parameters versus VEPFIT for irradiated samples.

According to the vacancy distribution profiles in SRIM calculation (Fig. 1), the
VEPFIT analysis of the experimental data was divided into three layers [28]. The
thickness of each layer and the S parameter are plotted as a function of the depth, as
shown in Fig. 4. The first layer is the surface layer, which is about 20 nm. The S value
was the largest because the surface effect and production of ortho-positronium. The
other region was divided into CR and TR regions. CR is the cascades region,
corresponding to the region where incident ions mainly interact with atoms of the
solid via nuclear collisions and finally stop into the lattice. TR denotes the tracks
region, localizes between the surface and the nuclear cascades region, and
corresponding to the zone where ions slow down mainly by electronic energy loss
processes. In this work, the boundaries of TR, CR are about 20-450 and 450-800 nm,
respectively. In the TR, a small number of helium/hydrogen atoms diffused to
vacancies, and formed the ‘stable HenVm clusters’ and H-vacancy complexes in TR.
Differently, H in vacancy-type defects could affect the annihilation of positrons with
the electrons in vacancy-like defects, which delayed the increment of the S parameter
6

[20]. In the CR, a large number of helium/hydrogen ions get through the TR and
accumulated in CR. Since diffusion of hydrogen atoms in metal is easy at 450 oC, it
could easily escape from metal. However, helium atoms cannot escape from vacancies
under the same condition. Therefore, ‘larger HenVm clusters’ and even ‘overpressured
HenVm clusters’ maybe form in CR. For the He + H sequential irradiation, ‘larger
HenVm clusters’ and ‘overpressured HenVm clusters’ could bound the sequential
incident hydrogen atoms. The formation of the He-H-V clusters could enhance the S
value.
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4. Conclusion
In summary, the defect profiles in RAFM steel irradiated with 250 keV He ions and
130 keV H ions at 450 oC were observed by PAS. Slow positron beam study revealed
that single ions (He or H) implanted into RAFM steel would combine with vacancies
and form (He or H)-V clusters. HenVm clusters were more likely to grow by thermal
activating, and formed overpressured HenVm clusters. The synergistic effect of
post-irradiation of H ions on HenVm clusters was to help them turn into He-H-V
clusters, which were in higher pressure.
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Figure captions
Fig. 1. Profiles of damage and atom concentration in RAFM steel irradiated with 250 keV He2+
and 130 keV H+ calculated with SRIM. CR is the cascades region, corresponding to the region
where incident helium/hydrogen ions mainly interact with alloy via nuclear collisions. TR denotes
the tracks region, corresponding to the zone where ions slow down mainly by electronic energy
loss processes. NIR denotes the non-implanted region.
Fig. 2. S-parameter (a) and ∆S/S (b) as a function of incident positron energy. ∆SHe + ∆SH (i.e., the
sum of ∆S parameter for single ion-irradiation) and ∆SHe+H parameter were also shown in (c).
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Fig. 3. W-parameter as a function of the S-parameter.
Fig. 4. Fitted S parameters versus VEPFIT for irradiated samples.
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