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ARTICLE

The evolution of He+ irradiation-induced point defects and helium retention
in nuclear graphite
Mingyang Li a,b, Chuanqing Shia, Henk Schutc, Zhengjun Zhang d and Zhengcao Li d

aThe State Key Laboratory of New Ceramics and Fine Processing, School of Materials Science and Engineering, Tsinghua University,
Beijing, China; bDepartment of Engineering Physics, Tsinghua University, Beijing, China; cDepartment of Radiation Science and
Technology, Delft University of Technology, Delft, The Netherlands; dKey Laboratory of Advanced Materials (MOE), School of Materials
Science and Engineering, Tsinghua University, Beijing, China

ABSTRACT
The atomic-level study of point defect evolution in nuclear graphite is essential for a deep
understanding of irradiation-induced property changes. The evolution of helium ion irradia-
tion-induced point defects and helium retention in nuclear graphite ETU-10 and ETU-15 were
studied by positron annihilation Doppler broadening (PADB) experiments and thermal des-
orption spectroscopy (TDS) measurements. The graphite samples were implanted with 1015,
1016, and 1017 cm−2 of 200 keV He+ at operation temperatures below 373 K. Frenkel pairs
were created during ion irradiation and they annihilated during annealing. Three stages of
interstitial-monovacancy annihilation are suggested. At low temperatures, the initial annihila-
tion would be refined only to the recombination of intimate metastable Frenkel pairs. When
temperature increases, the annihilation would expand to a larger extent that isolate inter-
stitials and vacancies annihilate with each other. In the case of high doses irradiation, vacancy
clusters form at elevated temperatures. The retention and release of helium is tightly related
to the evolution of the defects, especially the vacancies. The small over-pressured He-V
clusters (HenV) are thought to be the most possible form of helium retention under
irradiation.
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1. Introduction

Nuclear graphite refers to the graphite intended for appli-
cation in nuclear reactors. Graphite has been used as the
neutron moderator and structural material in several
kinds of graphite-moderated nuclear fission reactors,
including Magnox, Advanced Gas-cooled Reactor
(AGR) and High-Temperature Gas-cooled Reactors
(HTGR). The advantages of nuclear graphite include
low neutron absorption cross section, high chemical pur-
ity, good thermal and mechanical properties at very high
temperatures (>1000°C), good compatible with the other
materials used in the reactor core, high chemical stability,
and inexpensiveness, which enable nuclear graphite to be
an important component in nuclear power plants [1–3].
However, Very High-Temperature Reactor (VHTR),
which is a Generation IV reactor concept that comprises
HTGR but with a potential core outlet temperature of at
least 1273 K [4], has set higher demands to nuclear
graphite [5–9]. In the moderation process, neutrons col-
lide with carbon nuclei and thereby transfer kinetic
energy to carbon matrix, and then the carbon atoms are
knocked and will be displaced from their equilibrium
positions and thus distort the surrounding lattices
[10,11]. As a result of long-term neutron irradiation, the
structure and properties of graphite would be seriously

harmed, and the safety of nuclear power plants would be
threatened by the failure of graphite components.
Therefore, it is of great importance to study the response
of graphite to radiation damage and to understand the
defect behavior in thermal environment.

A lot of efforts have been made in this field, and most
of the published work is focused on the microstructural
changes and physical (elastic, thermal, electrical, mag-
netic) property variations of irradiated nuclear graphite
[12–18]. For ion-implanted metals, much attention has
been paid to the diffusion mechanism of defects, and
a few forms of defect complexes have been suggested
[19,20], while for nuclear graphite, it is accepted that the
irradiation-induced displacement results in the genera-
tion of Frenkel pairs of interstitials and vacancies [21–26].
In this case, the interstitials (I) distribute in the interlayer
space, while the vacancies (V) locate in the graphite
planes as the absence of carbon atoms. Some research
suggested that vacancies play a key role in the micro-
scopic evolution of the defects [24,25,27,28]. Ewels et al.
[29] adopted a first principles approach with AIMPRO
code to study the interaction of interstitials and vacancies
in a graphite supercell that was constituted by 64 atoms in
irradiated graphite. Considering that the migration bar-
rier of vacancies is a higher order than that of interstitials
[30], they assumed a stationary V surrounded by an I at
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various sites, indicating that a metastable defect structure
(an intimate I-V pair) or a Stone-Wales defect can be
a possible product of the irradiation. Xu et al. [31] have
suggested a phase transition from microcrystalline gra-
phite to amorphous carbon resulted from irradiation-
induced vacancy defects clustering accompanied by the
disordered regions overlap. Defect evolution has also
been studied in our previous work on C+ implanted
ETU-10 nuclear graphite, and it has been found that
there are two annealing stages at 450 K and 700 K, and
the vacancy complex can survive up to 1400 K [32].

Since the environment in the next generation of
graphite reactors involves higher neutron dose,
higher temperature, and stronger energy transfer,
higher requirements for the performance of nuclear
graphite have been set, and the microstructural chan-
ging mechanism of graphite must be understood.
Therefore, the mechanism of point defect generation
and evolution in graphite is an important issue and
need to be further investigated.

This work aims to obtain a deeper understanding
of the evolution of defects at the atomic scale. By
combining positron annihilation Doppler broadening
(PADB) and thermal desorption spectroscopy (TDS)
methods, the evolution and recovery of point defects
at different temperatures have been studied and three
stages of interstitial-monovacancy annihilation are
suggested. Considering the simultaneous diffusion of
the implanted helium atoms, the behavior of retained
helium in graphite is also discussed. We show that
the release of helium corresponds to the recovery of
point defects.

2. Experimental

2.1. He+ irradiation

In this work, the behavior of irradiation-induced defects
in isotropic graphite ETU-10 and ETU-15, which are
designed to be the candidates as the moderator in
VHTR, is studied. ETU-10 and ETU-15 are nuclear
graphite produced by IBIDEN, CO., LTD. The physical
properties of ETU-10 and ETU-15 are listed in Table 1.
The most important difference between ETU-10 and
ETU-15 is the difference in density. The specimens with
a dimension of 10 mm × 10 mm × 2 mm were cut from
graphite bulk and implanted with 1015, 1016 and 1017

cm−2 of 200 keV He+ at operation temperatures below
373 K. As for the TDS tests, specimens with dimensions
of 2 mm × 2 mm × 2 mm were cut from the implanted
samples to suit the desorption chamber.

2.2. PADB measurement with annealing

The PADB measurements with stepwise annealing were
conducted on the variable energy positron (VEP) [33]
beam facility at Delft University of Technology.

The PADB technique is based on the conservation of
energy andmomentum. Neglecting themomentum con-
tribution of a thermalized positron, the annihilation of
a hypothetical zero momentum electron results in the
emission of two collinear 511 keV annihilation photons.
In real materials, the electrons always carry some
momenta; hence, energies of emitted photons disperse
around the energy equal tom0c

2. Here,m0 is the mass of
an electron or a positron (whose masses are equal), while
c is the speed of light. The total mass of a hypothetical
zero momentum electron and a positron transforms into
the kinetic energy of the two emitted photons during
annihilation, and each photon shares an energy of m0c

2,
which equals to 511 keV. Therefore, in an annihilation
spectrum, this dispersion is observed as a (Doppler)
broadening of the 511 keV photo-peak.

In the immediate vicinity of a defect, the electron
density and electron momentum distribution deviate
from those in the undisturbed matrix. Due to the
missing positive-charged atom core, a vacancy-type
defect acts as a trap for the positron. Moreover, the
average electron density is lower in a vacancy-type
defect, due to the relative absence of core electrons.
As a consequence, a positron trapped in a vacancy-
type defect has a higher probability to annihilate with
a less energetic and low momentum valence electron,
which can be observed as a less broadened annihila-
tion peak. The well-accepted parameters for charac-
terizing the Doppler broadening are the so-called
S(harpness)- and W(ing)-parameters, introduced by
MacKenzie [34]. The S-parameter, defined as the
ratio of a central area to the total peak area of the
511 keV photo-peak, is sensitive to the annihilation
of positrons with lower momentum conduction elec-
trons. The W-parameter, defined as the proportion of
the area of the peak wings to the total area, represents
the annihilation of positrons with higher momentum
core electrons. The width of the region defining the
S-parameter is chosen close to 0.5. In this way, high-
est sensitivity to changes in the shape of the annihila-
tion peak is obtained, making it sensitive to positrons
annihilated at vacancy-type defects.

The VEP facility delivers a beam of mono-
energetic positron with an intensity of 105 e+ s−1

and a diameter of approximately 8 mm at the posi-
tion of the sample. Positrons from a 22Na source are
thermalized in a micrometer thin tungsten foil placed
in front of the source. The positrons escaping from

Table 1. Properties of ETU-10 and ETU-15 (data from the
manufacturer).
Property Unit ETU-10 ETU-15

Apparent density g cm−3 1.75 1.84
Tensile strength MPa 34.3 45.0
Thermal conductivity W m−1 K−1 104.4 120.0
Thermal expansion coefficient 10−6 K−1 3.8 4.5
Ash content ppm <5 <5
Porosity % 15 11
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the opposite surface of the moderator foil are accel-
erated by a simple linear electrostatic accelerator to
the desired implantation energy in the range between
0.1 and 25 keV. The relationship between mean
implantation depth �z of positrons and their energy
E is described as �z ¼ α

ρ E
n, where α = 4.0 μg cm−2

keV−1.62 is a material-independent constant, ρ is the
density of the material, and the power index n = 1.62
[35,36]. Therefore, by adjusting the energy of posi-
trons, depth profiling of vacancies can be obtained.

VEP device provides the condition for stepwise
annealing studies. Placed in a vacuum chamber, the
specimens were heated up to a 100-K higher anneal-
ing temperature and maintained for 5 min, then
cooled down to room temperature naturally and
PADB was performed in each step.

2.3. TDS tests

The TDS technique has been used to monitor the
release of helium gas atoms from the implanted samples
during ramp heating. The TDS measurement was per-
formed on the DEGA desorption setup at Delft
University of Technology. In order to reduce the back-
ground contribution caused by the adsorbed gas on the

specimens and vacuum chamber walls, an overnight
bake-out at a temperature of approximately 400 K was
performed. During the TDS measurement, the samples
were heated up to 1200 K at a constant ramping rate of
0.5 K s−1, and the release of He was monitored using
a Pfeiffer Quadrupole Mass spectrometer.

3. Results

3.1. Depth profiling of defects and the effect of
annealing

Figures 1, 2, and 3 show the PADB S-parameter of
He+ implanted graphite annealed at successive tem-
peratures as a function of positron implantation
energy (bottom horizontal axis) and positron mean
implantation depth �z (upper horizontal axis). The full
lines through the datapoint are the fitting outcome by
VEPFIT [37] fitting procedure, which solves the one-
dimensional steady-state positron diffusion equation
taking into account the depth-dependent positron
implantation profile trapping and annihilation,
adopting a three-layer-model. The first layer is the
surface-affected layer, where positron annihilation
behavior is mainly affected by the near-surface mod-
ification but less influenced by irradiation-induced

Figure 1. S-parameter of (a) ETU-10 and (b) ETU-15 implanted with 1015 He+ cm−2 and annealed at successive temperatures as
a function of positron energy in PADB tests.

Figure 2. S-parameter of (a) ETU-10 and (b) ETU-15 implanted with 1016 He+ cm−2 and annealed at successive temperatures as
a function of positron energy in PADB tests.
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defects [32]. The second layer is the region where
most implanted He+ ions stopped and a significant
number of defects were induced, whose S-parameter
is expected to be the most sensitive to ion irradiation.
The third layer describes the remaining deeper region
which is less influenced by ion implantation. The
ranges of the first, the second and the third layer
were calculated to be 0 ~ 600 nm, 600 ~ 850 nm
and beyond 850 nm, respectively.

It is shown in Figure 1 that the S-parameters in
ETU-10 and ETU-15 did not show the significant
difference before and after annealing, implying that
low dose implantation (1015 He+ cm−2), and subse-
quent annealing has little effect on the S-parameter.
Since the amount of defects induced by irradiation is
below the PADB sensitivity limit, which is approxi-
mately 1 vacancy in 106 atoms, it is inferred that 1015

He+ cm−2 irradiation induced few vacancies in
nuclear graphite. In the very near surface region
(below 4 keV positron implantation energy) the effect
of He+ implantation is also not observed. The
increase of S-parameter during annealing is likely
due to the removal of shallow pre-existing defects
introduced by sample preparation and surface mod-
ification giving rise to different electronic configura-
tion and epithermal positron emission [38].

The PADB curves in Figures 2 and 3 show that pro-
minent peaks appear in the 1016 and 1017 He+ cm−2

implanted samples, and their maxima in Figures 2 and
3 are within the range from 600 to 850 nm depth. The
depth profiles of vacancies in ETU-10 and ETU-15 were
also calculated with SRIM 2013 code [39] with the dis-
placement energy of 25 eV [40] and shown in Figure 4.
The prediction of SRIM is that the vacancy peaks are
going to be at almost 1 μm depth. It has been demon-
strated that vacancy peak will appear at a shallower depth
than the prediction of SRIM [41] because SRIM does not
take the diffusion effect that the surface attracts vacancies
into account. Therefore, the experimental results of
PADB are reasonable. The effect of the increased dose is
seen by the increase in S-parameter in Figures 2 and 3 for

the doses involved (1016 and 1017 He+ cm−2). This can be
understood in two ways. A higher He+ dose leads to
a higher defect concentration under the same defect
configuration. On the other hand, the formation of
defects with larger volume (such as defect clusters,
Vcluster) may also lead to the observed increase in
S-parameter.

To further display the thermal evolution of the
induced defects and determine whether vacancy clus-
ters were introduced, the average S-parameter peak
area values of the second layer (corresponding to
positron energy ranging from 7.78 keV to 9.64 keV)
are shown in Figure 5. The first point in every plot is
the averaged S-parameter of the un-annealed irra-
diated samples. As can be seen, the S-parameter in
1015 He+ cm−2 implanted ETU-10 and ETU-15 shows
weak response to the stepwise annealing, indicating
that only very few defects were introduced by irradia-
tion at such a low dose.

After the 800 K annealing, the 1016 He+ cm−2

implanted ETU-10 and ETU-15 have already recovered
to the same level of S-parameters as the case of the 1015

He+ cm−2 implanted ones. It is thereby concluded that
defects induced by a relatively low dose can be removed

Figure 3. S-parameter of (a) ETU-10 and (b) ETU-15 implanted with 1017 He+ cm−2 and annealed at successive temperatures as
a function of positron energy in PADB tests.

Figure 4. SRIM prediction of the depth profile of vacancies in
ETU-10 and ETU-15.
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by annealing. It is noticeable that the S-parameter values
of ETU-15 are higher than that of ETU-10 at room
temperature in cases of the low doses like 1015 He+

cm−2 and 1016 He+ cm−2, while in the case of a high
irradiation dose like 1017 He+ cm−2, the S-parameter of
ETU-15 is much lower than that of ETU-10.
Nevertheless, the comparison of S-parameter between
different graphite grades cannot directly tell which mate-
rial has better irradiation resistance. The higher density of
ETU-15 may have led to the slighter increase of
S-parameter after the same dose irradiation as ETU-10,
but further experimental study should be performed on
the dimensional change and mechanical and thermal
property changes of ETU-10 and ETU-15 nuclear gra-
phite after irradiation and annealing.

Another observation is that after the 1300
K annealing, the average S-parameter value in the
case of 1017 He+ cm−2 is still higher than the other
two cases, which further indicates the above postula-
tion that vacancy cluster formed.

3.2. Release of helium during annealing

The helium desorption spectra for ETU-10 are shown
in Figure 6. For 1016 and 1017 He+ cm−2 implanted
samples, the results of two repeated tests are presented.
The sharp spike at around 310 K is an artifact caused by
switching on the filament [42]. Our discussion will
focus on the temperature range from 400 to 1000 K,
where well-resolved peaks are observed.

The peak intensity is found to be directly correlated
with irradiation dosage. The signal of 1015 He+ cm−2

implanted ETU-10 is very weak, inferring that only
a small amount of helium retained in graphite after low
dose implantation. This also explains why no defects (or
at levels below the sensitivity limit) were introduced
during the irradiation.

The release of helium starts at a temperature just
above 400 K and reaches its maximum at about 550

K. Virtually, no desorption of helium has been observed
at temperatures above 800 K. The 550 K TDS peaks of
two 1017 He+ cm−2 implanted samples are different in
scale. Since the peak positions are the same, it can be
inferred that they share the same mechanism of helium
release. A possible explanation for the scalar difference is
a spatial non-uniformity during the irradiation process,
as the TDS samples were taken near the edges of the
irradiated samples.

4. Discussion

4.1. Two stages of interstitial-monovacancy
annihilation

As shown in Figures 2 and 3, the S-parameter values
show almost the same variation tendency during the
annealing from room temperature to 800 K, i.e.
S-parameter gradually decreased to a relatively stable
level. The decreasing S-parameters represent the reduc-
tion of positron traps, which is associated with the
recombination and annihilation of Frenkel pairs. In gra-
phite, interstitials are very mobile even at temperatures
below 400 K, while the monovacancies become mobile
only at elevated temperatures [10,28]. Therefore, the
initial annihilation can be associated with the recombi-
nation of intimate Frenkel pairs [12]. Referring to the so-
called Wigner energy, Mitchell et al. [43] and Ewels et al.
[29] have reported that the characteristic peak at about
475 K can be attributed to the recombination of intimate
Frenkel pairs, whose recombination into perfect graphite
has a barrier of 1.3 eV to be overcome and releases 10.1 ~
10.8 eV energy.

At elevated temperatures, the vacancies become
mobile. Thrower et al. [44] found that the mobility of
vacancies becomes significant above 673 K.
Consequently, the annihilation of defects would expand
to a larger extent at this stage when both isolate inter-
stitials and vacancies can annihilate with any opposite
point defect encountered. The long-range annihilation of

Figure 5. Average S-parameter values in the second layer of
ETU-10 and ETU-15 as a function of annealing temperature.

Figure 6. Thermal desorption spectra of helium of 200 keV
He+ implanted ETU-10.
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I-V recombination will dominate the annealing process
when the temperature reaches 800K.As suggested above,
a hypothesis is proposed that the I-V annihilation in low-
dose irradiated graphite can be divided into two stages
according to the temperature dependence of the vacancy
mobility.

4.2. Forming of vacancy clusters at high
temperatures as the third stage

As shown in Figure 2, when annealing temperature was
above 826 K (for ETU-10) or above 830 K (for ETU-15),
the depth profiles of S-parameter in the 1016 He+ cm−2

implanted samples did not have a further significant
difference. Compared with Figure 1 (which shows that
the stable S-parameter of 1015 He+ cm−2 implanted ETU-
10 and ETU-15 are 0.520 ~ 0.525), the S-parameters
value of 1016 He+ cm−2 implanted ETU-10 and ETU-15
after high-temperature annealing are almost the same,
respectively. These observations collectively demonstrate
that for 1016 He+ cm−2 implanted graphite, almost all the
defects can be removed and an almost full recovery can
be expected after an annealing at 826 K (for ETU-10) or
830 K (for ETU-15) or higher temperatures.

However, as shown in Figure 5, even after anneal-
ing above 1200 K, the S-parameters in the 1017 He+

cm−2 implanted samples retain a value notably above
that of the 1015 or 1016 He+ cm−2 implanted samples.
It can be inferred that defect clusters that survive at
1242 K (for ETU-10) or 1238 K (for ETU-15) have
formed in high-dose implanted ETU-10 and ETU-15.
Because ion implantation has a maximum projection
range, the very deep bulk region of the samples could
not have been influenced by ion irradiation, and the
deepest S-parameters can represent the un-implanted
material. A similar phenomenon has been reported in
our former work [32]. As shown in Figure 3, it is
notable that the S-parameters of region 2 in the 1017

He+ cm−2 implanted samples could not recover to the
same level as their deepest bulk material, while in
Figures 1 and 2 the S-parameters in region 2 did.
These phenomena collectively demonstrate that the
high-dose ion-irradiated samples cannot fully recover
to the same level as un-irradiated materials.

It is reported that vacancies would become increas-
inglymobile above 873K, forming stable vacancy clusters
and therefore they are no longer available to recombine
with the interstitials [45,46]. Thrower et al. [44] suggested
that the interstitials themselves would first form clusters
as the precursor of new graphene sheets, which then grow
by trapping more migrating interstitials. They also found
that at an annealing temperature above 900 K, point
defects can develop into dislocation loops throughmigra-
tion. By the combination of positron annihilation tech-
nique and first-principle calculations, planar V6 rings,
which are a kind of aggregation of six vacancies that
form a closed six-fold ring, have been approved to have

high stability in irradiated graphite [47]. Calculations
have demonstrated that the vacancy clusters are the
most likely defect structure since they are energetically
favorable and stable, which are suggested to be able to
even survive the 1700 K annealing [47].

Given all the above discussion, for the 1017 He+ cm−2

implanted ETU-10 and ETU-15, the defects evolution is
suggested to go through three different stages under
stepwise annealing. At first, when the temperature is as
low as 400 ~ 500 K, the interstitials are mobile and the
vacancies are immobile. As a result, the annihilation of
point defects is restricted to the recombination of meta-
stable Frenkel pairs, which is also an explanation for the
well-studied Wigner energy release peak at 400 ~ 500
K [48]. Then at elevated temperatures, the vacancies
become mobile (Vmobile); thus, isolate vacancies and
interstitials would annihilate with each other in a larger
extent, and the S-parameter gradually decreased to
a stable level. In high-dose irradiated graphite, at 800 K,
when the vacancies become fullymobile, vacancy clusters
(vacancy sinks) form, and the annihilation of interstitials
andmonovacancies ceased [3]. This kind of new vacancy
complex requires more energy to be removed. Only the
first two stages are possible in the 1015 He+ cm−2 and 1016

He+ cm−2 implanted samples.

4.3. The state of helium retention

Based on the similarity of the spectra outlined in
Figure 6, it is believed that helium atoms have the
same release behavior and that only one form of He-
V complex exists in the implanted samples.

Alimov et al. [49] found two maxima in the deso-
rption spectroscopy and therefore assumed two differ-
ent kinds of helium states in the graphite matrix. The
first peak at 400 ~ 550 K was ascribed to the helium
atoms released from the so-called ‘solid solution’ state,
while the 650 ~ 800 K maximum can be explained by
the gas escaping from the helium-filled bubbles. In
Alimov’s study, the ‘solid solution’ is assigned to
helium atoms accumulated in the vacancy sites induced
by irradiation. Since helium bubbles cannot be gener-
ated in irradiation doses lower than 1017 He+ cm−2 [49],
the only peak shown in this work should be ascribed to
helium released from the ‘solid solution’ state.

Combined with the above discussion, at temperatures
below 800 K, the dominant defect evolution during
annealing is the annihilation of vacancies and interstitials.
Moreover, the starting temperatures of the desorption of
helium and the annihilation of vacancies and interstitials
are roughly the same, which indicates that the TDS peaks
in Figure 6 are tightly related to the defect evolution.
Judging from the position of the helium release peaks
during desorption, and taking into consideration the
complexes that have been suggested in helium-
implanted metal materials [19,20], the He-V complex is
recognized as the small over-pressured He-V clusters
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(HenV, which refer to any small vacancy clusters that are
filled with over-pressured helium), and it seems to be the
most likely configuration of helium retention in He+

implanted graphite.
These findings provide evidence that the in-plane

vacancy diffusion mechanismmay be a reasonable inter-
pretation [50]. At temperatures just above 400 K, the
evolution of induced defects starts from the annihilation
of Frenkel pairs and helium atoms release from the Hen
V clusters. At an elevated annealing temperature, the
mobility of vacancies is greatly enhanced, and the recom-
bination of Frenkel pairs becomes more intense, thus
releasing more helium. At 550 K, the release of helium
reaches its maximum. The decline of helium release
beyond 550 K can be attributed to two reasons. One
reason is the limited amount of retained helium atoms.
The other reason is the generation of bigger vacancy
clusters at elevated temperatures, where Vcluster+Vmobile

leads to a larger volume of vacancy and a lower helium
pressure which is disadvantageous to helium release.
Therefore, the helium release will decline until no further
signal can be detected at temperatures above 800 K.

5. Conclusion

The evolution of the He+ irradiation-induced point
defects and helium retention in nuclear graphite ETU-
10 and ETU-15 was studied by positron annihilation
Doppler broadening (PADB) and thermal desorption
spectroscopy (TDS) measurements and discussed. The
main conclusions include:

(1) PADB results show that no sufficient defects
were induced by 1015 He+ cm−2 irradiation,
while by increasing dose to 1016 and 1017 He+

cm−2 irradiation-induced defects are observed. It
agrees well with the widely accepted standpoint
that Frenkel pairs are created during ion irradia-
tion which annihilate during annealing.

(2) Three stages of annihilation processes were
involved due to the temperature dependence of
defects. Since the vacancies have low mobility at
low temperatures, the initial annihilation is
restricted to the recombination of the intimate
metastable Frenkel pairs. At elevated tempera-
tures, the vacancy becomes more mobile so the
annihilationwould expand to a larger extent, and
the isolate interstitials and monovacancies can
annihilate with each other. After annealing,
a full recovery of defects can be expected in
ETU-10 and ETU-15 implanted with low doses
like 1016 He+ cm−2. As the third stage, in high
dose (1017 He+ cm−2) implanted ETU-10 and
ETU-15, vacancy clusters that survived at 1242
K (for ETU-10) or 1238 K (for ETU-15) form.

(3) The retention and release of helium is tightly
related to the evolution of the defects, especially

the vacancies. The small over-pressured He-V
clusters (HenV) are postulated as the most pos-
sible form of helium retention after irradiation.

Future work should focus on methods to effi-
ciently remove the vacancy clusters, relieve irra-
diation induced damages and recover the
property changes. The detailed mechanism of
the diffusion of the gaseous atoms during the
annealing should also be further studied.
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