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Positron-annihilation spectroscopy (PAS) has been used for the study of the behavior of helium in
nickel. Helium has been homogeneously implanted in pure nickel by a-particle irradiation with use of a
cyclotron. Post-implantation positron-lifetime and Doppler-broadened line-shape measurements have
been carried out as a function of the isochronal annealing temperature on the samples containing 100
and 400 at. ppm of helium. The marked changes in the annihilation parameters, observed around 750 K
in the helium-implanted Ni (100 at. ppm He), absent in the recovery of helium-free irradiated Ni, have
been identified with bubble nucleation. In order to understand the effect of helium decoration of vacan-
cies on the positron lifetime, ab initio theoretical calculations have been carried out as a function of the
vacancy-cluster size and helium-to-vacancy ratio in the clusters. The computed positron lifetimes have
been used to interpret the experimental PAS results in the bubble-nucleation stage. In the post-
nucleation growth stage above 750 K, the bubble parameters, viz., bubble size and bubble concentration,
have been extracted from an analysis of PAS data. An analysis of bubble growth in Ni indicates the ex-
istence of overpressurized bubbles and the implication of this result on bubble-growth mechanisms is dis-
cussed. The helium-dose dependence of the bubble parameters is also evaluated from these experimental

PAS results.

I. INTRODUCTION

The study of helium in metals is of both fundamental
and technological interest.'* Being a closed-shell atom,
helium interacts repulsively with metal atoms and hence
has a very low solubility in metals. It is effectively
trapped at open-volume defects such as vacancies, dislo-
cations, and grain boundaries. Preferential clustering of
helium around these defects lead to the formation of heli-
um bubbles, which results in the degradation of the
mechanical properties of materials used in fission and
fusion reactors.’ Detailed study of the properties of heli-
um bubbles in nickel is of particular importance, since
nickel is a model metal for some of the steel alloys used in
irradiation environments.

Various experimental techniques*’ have been used in
studying helium behavior in metals. Detailed
transmission-electron-microscopy (TEM) studies® on pro-
ton and a-particle irradiated Ni have yielded information
about the post-irradiation microstructure and growth of
large bubbles. Thermal helium-release experiments’®
have provided information about helium-migration
mechanisms in Ni. The thermal stability of different
helium-vacancy complexes in Ni has been investigated by
thermal helium-desorption-spectroscopy (THDS) stud-
ies.>® Theoretical estimates of binding energies of vari-
ous helium-vacancy complexes in Ni have also been re-
ported.'®!! A recent systematic TEM study in nickel'?
has revealed the existence of different coarsening mecha-
nisms for the growth of bubbles in the bulk and near the
surface. Very recently, small-angle neutron-scattering
(SANS) combined with TEM measurements'® have been
reported on helium-implanted nickel. These studies re-
veal the existence of overpressurized bubbles in Ni, even
at an annealing temperature above 0.77T,,.

Positron-annihilation spectroscopy (PAS) is a powerful
technique for the study of small submicroscopic
vacancy-type clusters. This technique has been widely
used for the size determination of microvoids and for the
study of impurity-void interactions in metals and al-
loys.!*1> The effect of helium decoration of voids on
positron-annihilation characteristics in fcc metals has
been studied with ab initio theoretical calculations by
Jena and Rao.!® More recently, Jensen and Nieminen!”!®
have reported detailed molecular-dynamics and
positron-lifetime calculations in Al to obtain a relation
between the helium-atom density and lifetime for the
bubbles above a critical size. In the small-cluster regime
(radius <5 A), the positron lifetime is found to be sensi-
tive to the size as well as the helium-to-vacancy ratio in
the cluster.'® Thus the defect specificity of PAS, com-
bined with its sensitivity to helium decoration, could be
effectively used for a qualitative and quantitative under-
standing of properties of helium bubbles over a wide size
range.

PAS studies of helium-implanted aluminum and
copper’>?® have led to a detailed understanding of nu-
cleation and growth of bubbles. In a PAS study®* on Ni,
homogeneously implanted with helium, various annealing
stages of helium were identified and compared with those
of stainless steel 316. In another PAS study on Ni, irradi-
ated with monoenergetic 30-MeV «a particles, post-
irradiation Doppler-broadening, and lifetime measure-
ments?® did not reveal clear stages corresponding to heli-
um bubbles. A third PAS study on homogeneously
helium-implanted nickel?® provided a qualitative under-
standing of helium decoration of vacancies and also the
temperature dependence of positron trapping in bubbles.
However, a comprehensive and quantitative knowledge
of the nucleation and growth of helium bubbles in nickel
has been still lacking. In the present paper, combined
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theoretical and experimental investigations toward this
objective are reported. The present work addresses the
following: (i) ab initio theoretical calculations of positron
lifetime and an understanding of the effect of helium
decoration of vacancy clusters, (ii) clear identification of
the nucleation and growth stages of helium bubbles by
detailed PAS measurements on helium-implanted Ni and
comparison with helium-free irradiated Ni samples, (iii)
analysis of PAS data and the extraction of bubble param-
eters such as bubble radius, bubble concentration, and
helium pressure in the growth stage, and (iv) study of the
effect of helium dose on bubble parameters in Ni. A part
of the results has been reported earlier.?’

The paper is organized as follows: In Sec. IT the com-
putational results of positron-annihilation characteristics
in various helium-vacancy clusters and multiple-
helium-single-vacancy complexes are presented. The ex-
perimental details are furnished in Sec. III. The PAS re-
sults on a-particle-irradiated Ni samples containing 100
at.ppm He are discussed in Sec. IV. The scheme em-
ployed for the analysis of bubble coarsening is described
and the deduced bubble parameters for Ni (100 at. ppm
He) are presented and discussed in Sec. V. PAS results
corresponding to a-particle-irradiated Ni containing 400
at. ppm He are presented in Sec. VI. The dependence of
bubble parameters on helium dose is discussed in Sec.
VII. Section VIII gives a summary and conclusion.

II. COMPUTATIONAL RESULTS:
POSITRON-LIFETIME CHARACTERISTICS

In this section the computational results of the effect of
helium decoration of vacancy clusters on positron-
lifetime characteristics are presented. For small helium-
vacancy clusters, positron samples the free volume of the
defect, wherein the positron lifetime is sensitive to the
size as well as the helium-to-vacancy ratio in the clus-
ter.!® Accordingly, the calculations have been carried
out on two different types of helium-vacancy clusters,
viz., (i) He-V clusters having the same helium-to-vacancy
ratio Ny, /Ny, but varying in size, to study the variation
of lifetime with cluster size and (ii) He-¥ complexes with
fixed size and varying Ny./Nj, ratio to study the
influence of the latter on lifetime. A brief outline of the
method?®?° is given below.

First, the positron potential is written as a sum of Har-
tree electrostatic potential due to ions and electrons and
the positron-electron correlation potential. The latter is
obtained from many-body calculations,® within the
local-density approximation. The electrostatic potential
and electron density of the solid are approximated by a
superposition of atomic potentials and densities. The
atomic potentials and densities are obtained from the
self-consistent Hartree-Fock calculations.’! The total
positron potential given by the above prescription has
been computed for various helium-vacancy complexes of
appropriate structure, in a fcc Ni matrix containing 1372
atoms. The potential has been evaluated on a three-
dimensional grid with a grid size of ~0.50 a.u. The
Schrodinger equation has been solved in real space with
this positron potential, using the finite-difference scheme
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to obtain the positron wave function. The total annihila-
tion rate is evaluated as a sum of valence- and core-
annihilation rates.’®?° For the Ni atom, the 4s? electrons
are treated as valence electrons, while the rest are treated
as core electrons. For the helium atom, the 1s electrons
are treated as core electrons. The annihilation rate due
to valence electrons is evaluated using the Brandt-
Reinheimer interpolation formula.’? The annihilation
rate due to core electrons is calculated in the
independent-particle approximation, with a constant
enhancement factor of 1.5 for Ni atoms and 1.0 for heli-
um atoms.28

A. Helium-vacancy clusters

Figure 1(a) shows the isometric plot of the computed
positron-density distribution (PDD) in a monovacancy in
a Ni lattice, and Fig. 1(b) shows the corresponding con-
tour plot. As is evident from the PDD shown in Fig.
1(a), the positron is localized at the center of the monova-
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FIG. 1. Computed positron-density distribution in a monova-
cancy in Ni shown as (a) isometric plot and (b) contour plot.
The spacing in the contour plot is ﬁ the maximum value.
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cancy. For the case of a monovacancy decorated with a
helium atom (HeV), the isometric and contour plots of
the PDD are shown in Figs. 2(a) and 2(b), respectively.
Comparison of Figs. 1(a) and 2(a) shows that a “central
hole” appears in the PDD of the substitutional helium
atom. Because of the presence of helium core at the
center of the vacancy in the case of HeV, the positron is
pushed away from the center, resulting in the exclusion
of the positron from the center of the complex.

The variation of the normalized core-annihilation rate
A./(A,+A,) as a function of cluster size (number of va-
cancies, Ny, in the cluster) is shown in Fig. 3(a) for pure
vacancy and He-V clusters. The normalized core-
annihilation rate is found to be larger for He-V clusters
than for pure vacancy clusters for all cluster sizes. This
increase is brought about by the enhanced core-electron
density due to helium decoration of vacancy clusters. As
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FIG. 2. Computed positron-density distribution in helium-
vacancy complex HeV shown as (a) isometric plot and (b) con-
tour plot. The spacing in the contour plot is ﬁ the maximum
value.
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is evident from Fig. 3, the normalized core-annihilation
rate for pure vacancy clusters almost vanishes beyond 43
atom-cluster size. In the case of He-V clusters, the nor-
malized core-annihilation rate decreases and remains
nearly constant for clusters larger than 43 atoms in size.
The variation of the positron lifetime 7, computed from
the valence- and core-annihilation rates, as a function of
cluster size is shown in Fig. 3(b). In the case of a pure va-
cancy, the lifetime is 174 ps, and as the cluster size is in-
creased, 7 increases and tends to saturate at the void life-
time of 500 ps. The lifetime values obtained as a function
of vacancy-cluster size are in agreement with those re-
ported earlier.”® For HeV the lifetime is ~ 114 ps, which
is markedly lower than that of a pure vacancy. As the
He-V cluster size is increased, 7 increases initially before
tending to level off. The size dependence of T becomes
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FIG. 3. (a) Variation of the normalized core-annihilation rate
A./(A.+A4,) as a function of cluster size (number of vacancies)
for pure vacancy clusters (open circles) and for He-V clusters
(solid circles) in Ni. (b) Variation of computed positron lifetime
7 as a function of cluster size for pure vacancy clusters (open
circles) and He-V clusters (solid circles) in Ni. All of the He-V
clusters have the same helium-to-vacancy ratio (Ng./N,) of
unity.
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TABLE 1. Computed positron-annihilation characteristics of
vacancy clusters and helium-vacancy clusters in Ni. A, and A,
are the core- and valency-annihilation rates. 7 is the resultant
positron lifetime, and Ejp is the positron binding energy in the
cluster.

Cluster A. (ns™h A, (ns™h) 7 (ps) Ep (V)
1V 1.3912 4.3685 173.6 —2.60
13V 0.2310 2.6137 351.5 —3.34
43y 0.00916 2.0664 481.8 —4.36
54V 0.00125 2.0222 4942 —4.39
1V +1He 4.1743 4.6236 113.6 —2.32
13V +13He 1.7223 4.2756 166.7 —4.21
43V +43He 1.1966 3.4691 214.3 —4.66
54V +54He 1.1204 3.6084 211.3 —4.72

insignificant for clusters larger than 43 atoms in size.
Table I summarizes the results of annihilation charac-
teristics of pure vacancy clusters and He-V clusters.

B. Multiple-helium — vacancy complexes

The results discussed in the previous section pertain to
He-V clusters of various sizes having a fixed ratio of
Ny. /Ny equal to unity. It will be of interest to obtain
the response of a positron to multiple helium decoration
of a single vacancy, i.e., as the ratio of Ny, /Ny is varied
without changing the number of vacancies. The stability
of helium-vacancy complexes such as HeV, He,V, and
He,V is known from the results’!! of computed binding
energies and THDS experiments. The positron-lifetime
characteristics for the above complexes are discussed in
this section. Since the behavior of the positron lifetime
with regard to a pure vacancy (Ny. /N, =0) and substi-
tutional helium atom (Ny. /N, =1) is already obtained
(Sec. IT' A), the annihilation characteristics have been
computed for a single vacancy decorated with four heli-
um atoms (He,V, Ny./Ny=4) and a single vacancy
decorated with six helium atoms (HegV, Ny. /N, =6).

The positron lifetime is sensitive to the relative posi-
tions of the decorating impurity atoms around the vacan-
cy*3 and hence to the configuration of the defect complex.
In view of this, lattice statics calculations® have been
performed for He,V and He4V complexes to obtain the
relaxed positions of the decorating helium atoms around
a central vacancy. In the present lattice statics calcula-
tions, the He, ¥ complex is located at the center of the
computational Ni cell. The form of the Ni-Ni pair poten-
tial is taken as suggested by Baskes and Melius,*> Ni-He
pair potential of the Born-Mayor form,** and He-He pair
potential taken as Lennard-Jones type.** By minimizing
the elastic forces around the defect using the Newton-
Raphson method,** the energetically stable configuration
of the complex is obtained. The computational details of
the method employed are explained elsewhere.>® The re-
laxed interstitial helium positions, in units of a half lattice
constant of Ni, for He,V are obtained as (0.7482,0,0),
(—0.7482,0,0), (0,0.7482,0), and (0, —0.7482,0). For the
HeqV complex, the helium atoms are located at
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(0.7874,0,0), (—0.7874,0,0), (0,0.7874,0), (0,—0.7874,0),
(0,0,0.7874), and (0,0, —0.7874). In these complexes the
vacancy is located at the origin (0,0,0).

Figures 4(a) and 4(b) show the isometric and contour
plots of the PDD for a He,V complex. It is clear from
the figure that the positron wave function peaks at the
site of the central vacancy, exhibiting shallow minima at
helium-core positions. The computed annihilation
characteristics are shown in Table II for a monovacancy
(Ny./Ny=0), HeV (Nyx./Ny,=1), He,V complex
(Nye/Ny=4), and HegV complex (Ny. /N, =6). Figure
5(a) shows the variation of the normalized core-
annihilation rate as a function of the Ny, /N, ratio. It is
noticeable from Fig. 5(a) that the normalized core-
annihilation rates for He, ¥ and HegV are lower than that
of HeV. This is explained as follows: The helium atom is
located right at the center of a vacancy for the HeV com-
plex. On the other hand, the helium atoms are situated
around the vacancy at off-center interstitial positions for
He,V and HegV complexes. The larger overlap of the
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FIG. 4. Computed positron-density distribution in a He,V

complex shown as (a) isometric plot and (b) contour plot. The
spacing in the contour plot is ﬁ the maximum value.
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TABLE II.

Computed positron-annihilation characteristics

10 235

of a vacancy and multiple-

helium—vacancy complexes in Ni. Here Ej is the positron binding energy to the defect, A, and A, are
the core- and valence-annihilation rates, and 7 is positron lifetime in the defect.

Defect Ep (eV) Ae (ns7h A, (ns7h 7 (ps)
1V (Nyo /Ny =0) —2.60 1.3912 4.3685 173.6
1V +1He (Ny./Ny=1) —2.32 4.1743 4.6236 113.6
1V +4He (Ny./Ny=4) —221 2.7407 4.4917 138.3
1V +6He (Ny./Ny=26) —2.09 3.4060 4.5395 125.8

positron density with the core-electron density for the
case of HeV, as opposed to that in He,V and HegV com-
plexes, results in a larger core-annihilation rate in the
former. Owing to the presence of an additional two heli-
um atoms in the HegV complex, the normalized core-
annihilation rate is higher for the HegV than for the He, V
complex. The corresponding variation of the computed
positron lifetime 7 as a function of the Ny, /N ratio is
shown in Fig. 5(b). The above results clearly demonstrate
the influence of the details of the configuration of the
multiple-helium—vacancy complexes on the lifetime
characteristics. In jellium-model calculations,'® where
the configuration of the defect complex is ignored, the
calculated positron lifetime is expected to show a mono-
tonous decrease, with the addition of helium atoms. On
the other hand, the present results bring out the sensitivi-
ty of annihilation characteristics to the defect geometry.

III. EXPERIMENTAL DETAILS

Pure Ni (99.999%) samples of size 1
cm X 1em X 300 um were annealed at 1270 K for 3 hin a
vacuum of 5X 10~ % mbar and furnace cooled to produce
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FIG. 5. Variation of (a) the normalized core-annihilation rate
A./(A.+A,) and (b) positron lifetime as a function of the extent
of helium decoration in a monovacancy (Ny. /Ny ratio) in Ni.
The open circles indicate the value for monovacancy, while the
solid circles correspond to helium-decorated monovacancy
complexes.

a defect-free reference state. These Ni samples were
homogeneously helium implanted using 40-MeV a parti-
cles from the Variable Energy Cyclotron, Calcutta, in
conjunction with an implantation chamber reported ear-
lier.’” The incoming a-particle beam passes through a
rotating degrader wheel mounted with 30 aluminum foils
of different thicknesses. This continuously degrades the
beam energy from 40 to about 0.5 MeV, resulting in a
homogeneous helium distribution over a depth of 240 um
from the surface of the Ni samples. This implantation
procedure ensures a strong overlap of the helium profile
with the positron profile at all depths, thereby providing
a true sampling of helium regions by the positron. Three
sets of Ni samples were independently implanted with
helium to doses of 100, 250, and 400 at. ppm. The helium
concentrations in the samples were estimated from the
measured total charge on the target holder during the im-
plantation. To obtain a reference annealing behavior of
the defects, helium-free a-particle irradiation was carried
out at 450+50 K to a fluence of 1.2X10"a/cm? on
another set of Ni samples of thickness 200 um. Since the
range of 40-MeV a particles in Ni (240 um) is higher
than the thickness of the sample, most of the a particles
pass through the sample, leaving behind only the dis-
placement damage.

Post-irradiation  positron-lifetime and Doppler-
broadened line-shape measurements were carried out on
the above Ni samples as a function of isochronal anneal-
ing temperature from 300 to 1200 K. These measure-
ments were made at room temperature after each isoch-
ronal annealing treatment in a vacuum furnace for 30
min. Doppler-broadened line-shape measurements were
carried out using a spectrometer having an energy resolu-
tion [full width at half maximum (FWHM)] of 1.1 keV
for the 514-keV ¥ ray of ®*Sr. From the measured spec-
tra at each annealing temperature, the peak line-shape
parameter I, was evaluated.'* From the line-shape pa-
rameter I/ corresponding to the defect-free Ni sample
and from the above I, corresponding to the irradiated
samples, a reduced line-shape parameter

AL /I{=U,—1))/1f (1)

was deduced for monitoring the defect-recovery stages.
Positron-lifetime measurements were carried out using a
high-resolution lifetime spectrometer*® having a time
resolution (FWHM) of 200 ps. Lifetime spectra were an-
alyzed in terms of two components using the programs
RESOLUTION and POSITRONFIT.® Defect recovery was
also monitored using a mean lifetime 7 given by
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F:IIT]+1272 5 (2)

where 7, and 7, are the resolved lifetime components and
I, and I, are the corresponding intensities.

IV. STUDY OF THE a-PARTICLE IRRADIATED
Ni (100 at. ppm He)

The variation of the reduced line-shape parameter
AI, /I{ and the mean lifetime 7 as a function of annealing
temperature is shown in Fig. 6 for helium-free a-
particle-irradiated Ni. Continuous defect recovery is
seen for this sample in accordance with the expected an-
nealing behavior of irradiation-induced loops and small
vacancy clusters.’® Figure 7 shows the variation of the
line-shape parameter for a-particle-irradiated Ni contain-
ing 100 at.ppm He. A comparison of the annealing
curves in Figs. 6 and 7 shows the following features: (a)
For both samples the line-shape parameter exhibits a
sharp decrease above 500 K. (b) In a-particle-irradiated
Ni (100 at.ppm He), a broad shoulder is seen between
700 and 900 K, which is absent in helium-free sample. (c)
The line-shape parameter does not attain a preirradiation
value even at 1170 K for Ni (100 at. ppm He), unlike that
of helium-free Ni.

To understand the processes due to helium in more de-
tail, positron-lifetime measurements were made on a Ni
sample containing 100 at. ppm He. The variation of the
resolved positron-lifetime parameters 7, 75, and I,, as a
function of annealing temperature, is shown in Fig. 8. In
the as-irradiated state, a shorter lifetime 7, of 140 ps with
70% intensity and a longer lifetime 7, of 240 ps with 30%
intensity are resolved. The computed binding-energy
trends shown in Sec. IIB indicate that small helium-
vacancy complexes can trap positrons effectively. From
the computed values of lifetimes (Table 1I), a lifetime of
140 ps can be assigned to a four-helium-vacancy com-
plex (He, V). In spite of the good agreement between the
experimental 7, value and the computed value for the
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FIG. 6. Variation of the reduced line-shape parameter
AI, /If (solid circles) and the mean lifetime 7 (open circles) as a
function of annealing temperature for helium-free a-particle-
irradiated Ni (fluence 1.2X10"a/cm?). Irradiation tempera-
ture is indicated by the arrow on the axis.
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FIG. 7. Variation of the reduced line-shape parameter

Al /If as a function of annealing temperature for a-particle-

irradiated Ni (100 at. ppm He). Irradiation temperature is indi-
cated by the arrow on the axis.

He,V complex, a small contribution to the observed value
of 7, from positron trapping at irradiation-induced dislo-
cation loops cannot be ruled out. Accordingly, the ob-
served 7, of 140 ps of dominant intensity is understood as
due to the combined effect of positron trapping in small
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FIG. 8. Variation of the resolved positron-lifetime parame-
ters 7; and 7, and intensity I, as a function of annealing temper-
ature for a-particle-irradiated Ni (100 at. ppm He). The dashed
line indicates 7, evaluated using the two-state trapping model.
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helium-vacancy complexes and dislocation loops. The
longer lifetime 7, of 240 ps with 30% intensity is under-
stood as due to vacancy clusters. From the variation of
the computed positron lifetime as a function of the size of
the vacancy cluster, shown in Fig. 3(b), such a lifetime
would correspond to a cluster of about five vacancies.

As the annealing temperature is increased, the lifetime
parameters 7y, T,, and I, remain constant up to 500 K,
indicating the initial stability of irradiation-induced de-
fect structures. Between 500 and 750 K, 7, decreases
sharply toward a bulk-state value, 7, decreases, exhibiting
a minimum, and the intensity I, increases toward a max-
imum. The temperature of occurrence of these stages
seen in 7y, 7,, and I, matches with the onset of a shoulder
seen earlier in the annealing curve of the I, parameter
(Fig. 7). The decrease of 7, from a value of 140 ps toward
the bulk-state value indicates the dissociation of unstable
helium-vacancy complexes, which is in agreement with
the earlier results of thermal helium-desorption-
spectroscopy studies. These THDS results’ on helium-
implanted Ni indicate a dissociation temperature of 700
K for He,V complexes with n =2-4. In the same an-
nealing interval, 7, decreases from an initial value of 240
to 210 ps. As seen from the computed lifetime trends in
Fig. 3, positron lifetime decreases upon helium decora-
tion of vacancy clusters. Accordingly, the observed
reduction in 7, around 750 K may be understood as due
to helium decoration of vacancy clusters. The helium
supply from the dissociating He, ¥V complexes together
with the supply of vacancies from the annealing of loops
(as evident from the reduction of 7,) lead to the nu-
cleation of microbubbles with a critical helium-to-
vacancy ratio. The increase in I, seen around 750 K is
explained as due to enhanced positron trapping in the nu-
cleated microbubbles. Thus the observed characteristic
variation of 7, 7,, and I, between 500 and 750 K in Fig.
8 signifies the bubble nucleation stage.

Above 750 K helium bubbles are the dominant posi-
tron traps as seen from the bulk-state behavior of 7,
which is in accordance with the two-state trapping mod-
el. Between 750 and 1000 K, 7, increases sharply, with a
concomitant decrease of I,. The increase in 7, indicates
that the bubbles relax in size, while the decrease in I,
signifies the reduction in bubble concentration. These
features are in accordance with post-nucleation bubble
growth. Beyond 1000 K, 7, reaches a saturation value of
380 ps, while I, levels off to a value of about 10%. The
constancy of 7, indicates that the helium-atom density
has reached an optical value during growth. The ob-
served features in Ni (100 at. ppm He), corresponding to
the nucleation and growth of bubbles, are qualitatively
similar to those reported earlier for helium-implanted
copper.?>2

V. ANALYSIS OF BUBBLE GROWTH

Recent studies in aluminum? and copper?® have shown
that from an analysis of the measured positron lifetime
parameters, one can determine the bubble size, concen-
tration, and helium-atom density (pressure) in bubbles. A
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brief outline of the essential steps involved in the analysis
scheme is given below.

A. Analysis scheme

From ab initio calculations of positron lifetimes in the
small-cluster regime (radii typically <5 A) reported in
Sec. II, the lifetime has been shown to be sensitive to the
size as well as the helium-to-vacancy ratio of the cluster.
For larger bubbles observed during growth, the recent
theoretical results!”!® based on the positron surface-state
model, have shown that the lifetime corresponding to
bubbles is controlled by the helium-atom density alone.
Accordingly, from the experimental lifetime value 7, cor-
responding to the bubbles, the helium-atom density ny,
in the bubbles is obtained using the relation'®

7(ps)=500—23.5[np (102 cm~3)] . 3)

The above relation does not depend on the specific nature
of the host metal. It thereby forms the general basis for
using positron-lifetime spectroscopy in determining gas
densities and pressures in bubbles.* Using the two-state
trapping model,' the total trapping rate due to the bub-
bles, K, can be obtained from the measured lifetime pa-
rameters as

KB=IZ(}\'1_}\’2) ’ (4)

where A; (77!) and A, (75 ) are the experimental annihi-
lation rates and I, is the intensity. The total trapping
rate K and concentration of the bubbles, Cp, are related
by

CB:KB/‘I.LB N (5)

where pp is the specific trapping rate for the bubbles. Al-
though up depends on both bubble size and helium-atom
density, for a given temperature, its variation with
helium-atom density is expected to be weak for
sufficiently large bubbles.*! Accordingly, only the size
dependence of pp is taken into account by using the sem-
iempirical relation?®*! for bubbles with r; > 5 A as

up=(1/Arg+1/Br})"", (6)

where the constants are given by A =9.07X10"
A ~'s7'and B=3.3%x10" A ~2s™!. The bubble radius
rp can be expressed in terms of the helium-inventory
equation given by

Ny, =4mraCyny, , o

where Ny, is the total input helium concentration. Sub-
stituting Eqgs. (4)—(6) in (7) and recasting it results in a
quadratic equation in ry as

Brj+ Arp —3 ABNy, /47I,(A—Ay)ny. =0 . (8)

With ny, known from Eq. (3), the above equation can be
solved for the average bubble radius. Knowing the value
of Ry, the concentration of bubbles, Cy, can be obtained
from Eq. (7). The underlying assumption in the above
scheme is that all of the input helium is contained in
spherical bubbles. Considering the fact that bulk samples
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TABLE III. Bubble parameters for a-particle-irradiated Ni
(100 at. ppm He) derived from the analysis of experimental life-
time parameters in the growth stage. T is the annealing temper-
ature, ny, is the helium-atom density, 75 is the bubble radius,
and Cj is the bubble concentration.

Rye rp Cp
T (K) (nm ) (nm) (10° m™?
820 109£10 1.540.3 60+10
870 9149 2.0+0.4 29+6
920 7247 4.3+0.8 3.7+1.2
970 5946 5.0+1.0 2.9+1.0
1020 5345 6.6+1.3 1.4+0.6
1070 5345 5.6%1.1 2.4+0.9
1120 5545 6.1+1.2 1.7+0.6
1170 5545 6.1+1.2 1.740.6

of thickness ~ 100 pm are used for PAS studies, the heli-
um loss from the bubble to the sample surface is expected
to be negligible. Hence the above assumption is reason-
ably sound, although a slight overestimate for rpg,
brought about by the assumption of zero helium loss,
cannot be ruled out. The above discussed scheme enables
the determination of helium-atom density, bubble radius,
and bubble concentration using the PAS data.

B. Bubble parameters for Ni (100 at. ppm He)

The bubble parameters for Ni (100 at. ppm He) have
been deduced for different annealing temperatures from
820 K onward, from the analysis of PAS data as per the
above scheme, and are shown in Table III. The deduced
bubble radius rz and bubble concentration Cy as a func-
tion of annealing temperature are shown in Figs. 9 and
10, respectively. As seen from the figures, the average
bubble radius rg increases, while the concentration of
bubbles, Cp, decreases as the annealing temperature is in-

T T T T T
8 |a-partical-irradiated Ni(100at.ppm He)
6
€ |
£
K
=
2 r—§
0 1 1 A i L 1 "
800 900 1000 1100 1200

ANNEALING TEMPERATURE (K)

FIG. 9. Bubble radius rz, deduced from the analysis of
positron-lifetime parameters, as a function of annealing temper-
ature for a-particle-irradiated Ni (100 at. ppm He).
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creased. These provide quantitative confirmation of the
bubble growth.

A recent compilation'? of data on bubble growth in Ni
and the theoretical interpretation*’ have led to the con-
clusion that helium bubbles in the bulk retain a consider-
able overpressure, even up to an annealing temperature of
1200 K. The growth of these bubbles, involving a low ac-
tivation energy of 0.23 eV, has been identified to be due
to bubble-migration and -coalescence processes. On the
other hand, there is enhanced coarsening of bubbles near
the surface of Ni. The activation energy for the growth
of surface bubbles has been found to be higher (1.1 eV)
and has been identified with the mechanism of Ostwald
ripening.!? The existence of overpressurizing bubbles in
the bulk of Ni samples has been recently confirmed by
SANS results.”? In the present PAS study, we have ex-
amined the effect of internal pressure on bubble growth
to provide additional evidence on the existence of over-
pressurized bubbles. This is discussed below.

Figure 11(a) shows a plot of the helium-atom density
Ny versus the bubble radius rp, as deduced from the ex-
perimental PAS data using the analysis scheme discussed
earlier. The dashed curve shown for comparison
represents the densities corresponding to bubbles in ther-
modynamic equilibrium. This is obtained from the Trin-
kaus equation of state*’ and using a value of 1.8 Nm !
for the surface free energy ¥ of nickel.’ The following
features can be noted from Fig. 11(a): (i) There is a clear
deviation, outside the uncertainty of the deduced parame-
ters, from the behavior expected for equilibrium bubbles.
(i) ny, tends to remain constant, independent of rp for
radii >5 nm. This implies that the helium density has
reached an optimal value and does not relax further dur-
ing growth. Figure 11(b) shows the plot of the corre-
sponding pressure P in bubbles as a function of 7z, where
P is obtained from the experimental ny, [Fig. 11(a)], us-
ing the Trinkaus equation of state.** The equilibrium
pressure curve (p =2y /rg) is also shown as a dashed line

T ™ T T T

a-partical-irradiated Ni(100at. ppm He) :

¢

B8
=]
T T

T

20

10 I

1 - 1
800 900 1000 1100 1200
ANNEALING TEMPERATURE (K)

FIG. 10. Bubble concentration Cjp, deduced from the
analysis of positron-lifetime parameters, as a function of anneal-
ing temperature for a-particle-irradiated Ni (100 at. ppm He).
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(a)

P (GPa)

rg (nm)

FIG. 11. (a) Plot of helium-atom density in the bubble, ny,,
vs bubble radius 75 in Ni (100 at. ppm He). The dashed curve
corresponds to equilibrium bubbles. (b) Plot of helium pressure
P vs rgz. The dashed curve corresponds to equilibrium bubbles
obeying the relation P =2y /rp.

for comparison in Fig. 11(b). It is clear from Fig. 11(b)
that bubbles are overpressurized (AP =3 GPa), which
might be the case if the vacancy supply is too small to re-
lax the bubbles to equilibrium sizes. Under conditions of
vacancy deficit, strong pressure-relaxation mechanisms of
growth are perhaps not operating. Moreover, from the
present study, an Arrhenius plot of Inrz vs 1/7T yields a
slope of ~0.36 eV, which is close to the value for the ac-
tivation energy for bubble growth in bulk Ni, as reported
from a recent study.!? This leads to the conclusion that a
weakly activated process such as bubble migration and
coalescence is operative in the present case, where the
bubble can be expected to maintain their overpressure
during growth. This is in agreement with recent theoreti-
cal*? and experimental SANS (Ref. 13) results.

VI. LIFETIME STUDY
ON a-PARTICLE-IRRADIATED Ni (400 at. ppm He)

Positron-lifetime measurements have also been made
on a higher-dose Ni sample containing 400 at. ppm He.
These spectra were analyzed for two components as well
as for three components. However, the three-component
analysis, constrained and unconstrained, did not yield sa-
tisfactory fits. The variation of resolved lifetime parame-
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FIG. 12. Variation of the resolved lifetime parameters 7, and
7, and intensity I, as a function of annealing temperature for
a-particle-irradiated Ni (400 at. ppm He).

ters as a function of annealing temperature obtained us-
ing two-component analysis is shown in Fig. 12. The ir-
radiation temperature in the present case is 500 K, which
is similar to that of Ni (100 at. ppm He) sample. In as-
irradiated state, two lifetimes 7, =200 ps with 85% inten-
sity and 7,=465 ps with I, of 15% are resolved. These
lifetime values are higher than those of Ni (100 at. ppm
He). This difference may be attributed to the formation
of larger defect clusters arising from the higher concen-
tration of point defects produced in the higher-dose Ni
sample. Based on the comparison of the experimental
lifetimes with the computed values shown in Fig. 3, the
larger lifetime 7, is attributed to voids, while the shorter
lifetime 7, is explained as due to He-V clusters. The vari-
ation of 7, 75, and I, as a function of annealing tempera-
ture in Fig. 12 indicates the nucleation and growth of
bubbles. The observed value of the lifetime 7, corre-
sponding to the nucleation temperature as well as the
near-saturation value at higher annealing temperature in
Fig. 12 are significantly larger than those for the lower-
dose Ni sample (100 at. ppm He), thereby indicating the
effect of dose on bubble characteristics.

VII. HELIUM-DOSE DEPENDENCE
OF BUBBLE PARAMETERS

Information concerning the bubble-growth processes
can also be obtained from the dependence of bubble ra-
dius and bubble concentration on input helium concentra-
tion.** For the bubble-migration and -coalescence model,
the mean bubble radius is expected to increase as a func-
tion of input helium concentration. For the case of the
Ostwald ripening model, the mean bubble radius is in-
dependent of input helium concentration. Figure 13
shows the plot of the deduced bubble radius 5 and bub-
ble concentration Cy as a function of implanted helium
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FIG. 13. Plot of (a) bubble radius r; and (b) bubble concen-
tration Cy vs implanted helium concentration in Ni.

concentration. Here the bubble parameters, correspond-
ing to the intermediate helium concentration of 250
at. ppm, have been deduced from the analysis of our ear-
lier reported data.’” while those corresponding to doses of
100 and 400 at. ppm are from the present PAS data dis-
cussed in earlier sections. The values of 75 and Cz shown
in Fig. 13 correspond to the annealing temperature of
1170 K. As seen from Fig. 13, the average bubble radius
rg increases monotonically with implanted helium con-
centration. This behavior would support the bubble-
migration and -coalescence mechanism. The bubble con-
centration Cp decreases monotonically with helium con-
centration for the same annealing conditions. A similar
dose dependence of bubble parameters has been observed
in stainless steel.” The present conclusions on the
bubble-growth mechanism, as deduced from the dose-
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dependence study, are consistent with the results dis-
cussed earlier in Sec. V.

VIII. SUMMARY AND CONCLUSIONS

Detailed positron-annihilation experiments, in con-
junction with ab initio theoretical computations in
helium-decorated vacancy clusters, have led to a detailed
understanding of helium behavior in nickel. The theoret-
ical results of annihilation characteristics show the
dependence of lifetime on (i) the size of helium-vacancy
clusters and (ii) the helium-to-vacancy ratio as well as on
the configuration of multiple-helium-decorated vacancy
complexes. Based on the comparison of the computed
positron lifetimes with the experimental lifetimes, the ob-
served bubble nucleation is understood as due to the sup-
ply of helium from the dissociation of unstable helium-
vacancy complexes and consequent formation of micro-
bubbles aided by vacancies from the annealing dislocation
loops. From the analysis of the PAS data in the post-
nucleation growth stage, the average bubble radius, bub-
ble concentration, and helium-atom density in the bub-
bles have been extracted as a function of annealing tem-
perature. An analysis of bubble growth in Ni (100
at.ppm He) indicates the existence of overpressure in
bubbles, in excess of what is expected for equilibrium
bubbles. The nucleation and growth behavior in higher-
dose Ni (400 at. ppm He) has been studied and compared
with those of Ni with 100 at.ppm He. The deduced
dependence of bubble parameters on helium dose is con-
sistent with the migration and coalescence process of
bubble growth.

As a future outlook, with the emergence of slow-
positron beams*® having the capability for depth profiling
of defects,*”*® positron-annihilation spectroscopy may be
expected to play an even more significant role in the
study of helium in metals.
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