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The helium-decorated In-vacancy complex InV,He, in tungsten was studied with the aid of the
perturbed-angular-correlation  technique, using !''In as a probe. The release steps
InV,He, —InV,He, _, +He were identified for n =1-5. The corresponding dissociation energies are in
the range of 2.9-4.5 eV, and agree perfectly well with the values determined by means of thermal-
helium-desorption spectrometry. The quadrupole frequency is about 122 Mrad/s for n =1,2 and about
101 Mrad/s for n =3,4 as compared to 133 Mrad/s for the undecorated In-vacancy complex (n =0).
Trap mutation occurs when the vacancy is filled to an occupation number n =10, and gives rise to a
quadrupole frequency of 218 Mrad/s. Trap mutation ultimately leads to bubble formation. At least
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three different bubble-associated quadrupole interactions were observed.

I. INTRODUCTION

Due to their high heat of solution, inert-gas atoms are
essentially insoluble in most solids. This leads to gas-
atom precipitation, bubble formation, and eventually to a
complete destruction of the material. Because of its obvi-
ous impact on the technology of nuclear materials, the
behavior of inert gases in metals has been studied from
technological considerations as well as from a more fun-
damental point of view, by applying a large variety of
theoretical and experimental methods. A number of
workshops have been held in this topic area.!”3 From
the published work, the following picture emerges.

Helium atoms in a metal may occupy either substitu-
tional or interstitial lattice sites. As interstitials, they are
very mobile at room temperature, but they will be
trapped at lattice vacancies, impurities, and vacancy-
impurity complexes. The potential energy of a helium
atom in a metal lattice is indicated schematically in Fig.
1. In order to introduce a helium atom into the lattice, a
rather large formation energy E{;, is required because of
the closed electron shell of the helium atom from which
the metal conduction band must be shielded off. For the
release of a substitutional helium atom® from a vacancy,
VHe— V +He, an energy E§S,=EY.,+E@, must be
provided. Here, EZ., is the helium-vacancy binding en-
ergy and Efj, is the activation energy for interstitial heli-
um migration. Calculated values® of the above-
mentioned energies for tungsten are given in Table 1.

Much experimental information about the behavior of
helium in metals has been obtained by means of thermal-
helium-desorption spectrometry (THDS). It has been ap-
plied to study helium-decorated defects in tungsten”® and
molybdenum.’ After the samples had been irradiated
with low-energy (0.5-1.5 keV) heavy ions, 250-eV helium
atoms were injected to doses of up to about 1X10'
at/cm?®. The amount of helium trapped in the crystal and
the involved binding energies were determined by heating
the crystal at a rate of 40 K/s. Helium desorption occurs
at a number of discrete temperatures. Each release peak
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corresponds with a well-defined binding energy of the
helium atom and flags, therefore, a particular lattice de-
fect. From the peak contents as a function of the helium
dose, the number of helium atoms per defect is obtained.
The interpretation of the peaks and the corresponding
desorption temperatures for tungsten are given in Table
II. From these and other experimental data the following
conclusions have been derived.

The next helium atom is usually less strongly bound
than the previous ones. However, at a certain degree of
filling the trend of smaller binding energies for higher
helium filling is reversed.!! It turns out that the volume
has expanded in order to accommodate more helium
atoms, i.e., the decorated monovacancy transforms into a
decorated divacancy plus a self-interstitial which will be
released during the subsequent annealing process:

VHe, +He—V,He, ., +1I . )

This behavior has been called “trap mutation.”

There are, however, a number of open questions. Some
desorption peaks are weak and/or unresolved. Further-
more, VHe and V,He dissociate at approximately the
same temperature (see, e.g., Ref. 9), which makes it hard
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FIG. 1. Schematic view of the positions and corresponding
energies of a He atom in a metal lattice (from Ref. 4).
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TABLE 1. Helium formation energy Ef{i, helium migration

energy Ei., He-vacancy binding energy E%.,, and He-vacancy
diss

dissociation energy Efy, calculated for tungsten (from Ref. 6;

all values in eV).
Ef;. He Eley EfSy

547 0.24 4.15 4.39

to directly observe trap mutation in THDS. One would
like to see these THDS results confirmed by an indepen-
dent experiment in which a different technique is applied.
We will show in this paper that the perturbed angular
correlation (PAC) technique is well suited for this pur-
pose.

II. PERTURBED ANGULAR CORRELATION
OF y RAYS

In this section we briefly describe some essential
features of the PAC technique and its application to de-
fect studies. For a more complete treatment we refer to
the existing literature.!>~ 14

Basic to the PAC method is the selection of an ensem-
ble of excited nuclei with unequal populations of magnet-
ic substates. As such states decay, the probability for y-
ray emission will have an anisotropic distribution with
respect to the axis of quantization. In the presence of
hyperfine interactions, the directional distribution be-
comes time dependent. In the case of polytropic interac-
tions, the latter can be written as

W(6,t)=1+ A,G,(1)P,(cos) . 2

The anisotropy coefficient 4, depends on the multipolar-
ity of the emitted y rays. The perturbation function
G, (1) contains all relevant information about the interac-
tion of the nuclear moments with the extranuclear elec-
tromagnetic fields.

If the perturbation is due to an electric quadrupole in-
teraction with axial symmetry, and the nuclear spin is
I=3, we have

G,(1)=1(14+ 1 coswyt + L cos2wyt + 3 cos3wt ) ,
(3)

where w,=(37/10)eQV,, /h. Here, Q is the nuclear elec-
tric quadrupole moment and V,, is the z component of

TABLE II. Helium desorption peak assignments for helium-
filled monovacancies in tungsten; ny, is the helium occupancy
before release and Tryps is the desorption temperature (from
Ref. 10).

Peak Ny Traps (K) Assigned reaction

H 1 1520 VHe— V +He

G 2 1220 VHe,— VHe+He

F, 3 1130 VHe;— VHe,+He

F, 4 1080 VHe,— VHe;+He

E 5-9 960 VHe, —VHe,+(n —4)He
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the diagonalized electric-field gradient (EFG) tensor. In
defect studies, the quadrupole frequency w, is used to
“flag” a particular defect state for identification in subse-
quent observations.

If the asymmetry parameter, n=(V,, —V,,)/V,,, of
the EFG tensor is nonzero, the frequencies occurring in
the perturbation function do, in general, not form a har-
monic series. In the limiting case of 7=1, there are only
two different frequencies, with ratio 1:2. It is generally
believed that the symmetry of the EFG tensor reflects the
symmetry of the defect structure.

In the present study we used !''In as a probe. This
atom, if implanted in tungsten, is known to trap vacan-
cies. In previous PAC studies,’*”!7 the In-vacancy com-
plexes InV, and In¥V; have been identified (see Fig. 2),
and associated with the hyperfine parameters wy=133
Mrad/s, 7=0 and ©y=301 Mrad/s, =1, respectively.
We used these clusters to monitor the He-vacancy in-
teraction, tacitly assuming that this interaction is not
significantly influenced by the presence of the '!'In probe.
Subsequent trapping of helium atoms, giving rise to the
decorated clusters InVHe, and InV,He,, will manifest it-
self as a shift of the quadrupole frequency. Since the
symmetry of the defects is not expected to change much
upon helium decoration, trap mutation should be easily
detectable in a PAC experiment through the change of
the asymmetry parameter from zero to one.

It turned out that extremely small changes of the
hyperfine interaction parameters were most easily recog-
nized in the frequency domain. Therefore, fast-Fourier
transformation of G,(¢) became part of the standard
analysis procedure.

III. RELATION BETWEEN PAC
AND THDS TEMPERATURE SCALES

Because we want to critically compare PAC and
THDS results, we will discuss in this section the relation
between the PAC and THDS temperature scales. In a
PAC experiment, the sample is annealed during a fixed
period of time, at a constant temperature. The helium
desorption rate in this case is given by

—E/k

de(1)=—vpe 2/¥TPAcc(p)dr @)

We define the dissociation temperature, Tpsc, through
the equation

@ host atom

impurity

QO vacancy

FIG. 2. Configurations of the In-vacancy complexes InV,
and InV;. The In atom is located close to a regular lattice site.



47 HELIUM-VACANCY INTERACTION IN TUNGSTEN

~E/kTpac

c(tg)=c(0) exp{ —votge }=1c(0), (5)

i.e., the temperature at which the sample must be kept
during a time ¢, in order to dissociate 50% of the number
of defects. Substituting v,=2X 10'* Hz for the attempt
frequency and t, =900 s for the annealing time, we obtain
(Ein eV, Tin K)

E=0.00345Tp - 6)

In a THDS experiment, ramp heating is applied at a
typical rate of a=40 K/s, and the number of helium-

i

14 773

decorated defects is obtained by integrating Eq. (4):
t
eltg)=c(0)= [ v ~EMTe(rdr’ (7a)

C(TTHD3)=C(T0)_('V0/G)(E/k)
E /KT,
x [ * (e */udc(u)du .

E/kT1yps

(7b)

If Trups >> Ty, we may replace the integral by the value
of the integrand at Tyypg, yielding

(Traps)=¢(To) /[ 1+ (v /@) E /k ) (kT ryps /E e = <TTHDS] (8)

Substituting the previously mentioned values of v, and «a
in Eq. (8), and using our definition of the dissociation
temperature, we obtain the relation (E in eV, T in K)

E=8.62X10"Typs In(4.1X108T3yps 7E) . (9)

Figure 3 illustrates the relation between the activation en-
ergy E and the dissociation temperatures Tp,c- and
Trups, as calculated from Eqgs. (5) and (9). In the in-
teresting temperature region around 1000 K, we have, to
good approximation,

Tpac=0.82Tryps - (10)

IV. EXPERIMENTAL DETAILS

All samples were polycrystalline tungsten foils with a
purity of 99.95%, which had been annealed in vacuum
(p ~1X 107 mbar) at 1270 K for 30 min in order to re-
move the surface oxide layer. The work described in this
paper includes two series of experiments.

In the first series, the samples were implanted with 50-
keV ! In ions to a dose of less than 5X 10'2 at/cm? and
subsequently annealed at 750 K for about 15 min (see Sec.
V). It is known that at the chosen temperature only the

Trnps (K)
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FIG. 3. Relation between the activation energy E and the
dissociation temperatures Tpsc and Tyyps, as calculated from
Egs. (6) and (9).

I

InV, cluster is stable, whereas the In¥V; cluster dissoci-
ates.'® The standard treatment creates a defect popula-
tion with about 25% of the !''In atoms located in InV,
complexes. The remaining !!'In atoms are either located
at substitutional sites or associated with small vacancy
clusters. Next, the samples were implanted with 300-eV
“He™ ions to a dose of about 3X 10" at/cm? The max-
imum energy transferred by the helium ions to the lattice
amounts to 26 eV, which is well below the minimum dis-
placement energy. Therefore, no further damage is intro-
duced in the samples by these helium implantations.
After this preparative treatment, the samples were an-
nealed at stepwise increasing temperatures in the range
from 800 up to about 1700 K.

Guided by the results obtained in the first series of ex-
periments, we prepared the samples for the second series
in a slightly different way. After implantation of !''In
and subsequent annealing at 750 K, the samples were
postimplanted with helium to a dose of 1X10'* at/cm?
and annealed at 1220 K. At this temperature, voids and
all undecorated vacancies disappear from the sample
while bubbles do not yet develop, and In¥V,He is the only
visible defect in the PAC spectrum [Fig. 5(a)]. Starting
from this relatively clean situation, we proceeded in two
different ways. Some of the samples were implanted with
additional helium atoms to a dose of 3 X 10'* at/cm? and
annealed at temperatures in the range from 650 up to
1320 K, in order to study the release of helium from the
decorated monovacancies (see Sec. VI). Other samples,
used to investigate trap mutation, were postimplanted
with helium doses varying from 3X 10! at/cm? to
910 cm ™2 (see Sec. VII). The annealing time in each
series of experiments was 15 min; all PAC measurements
were carried out at room temperature. The observed In-
vacancy and In-vacancy-helium defects, the correspond-
ing hyperfine interaction parameters @, and 7, and the
temperature ranges in which the defects were found to be
stable are collected in Table III.

V. EXPLORATORY MEASUREMENTS

After the sample treatment for the first series of experi-
ments, described in Sec. IV, only a single component is
visible in the Fourier transform of the PAC spectrum,
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TABLE III. In-vacancy and In-vacancy-helium defects ob-
served by means of PAC, He occupancy ny., corresponding
THDS labels, hyperfine interaction parameters w, and 7, and
temperature ranges in which the defects were observed.

Defect ny. THDS [ n Temperature
label  (Mrad/s) range (K)
InV, 0 133 0 550-800
InV,He, 1 H 121 0 1085-1300
2 G 122 0 1000-1085
3 F, 100 0 900-1000
4 F, 102 0 835-900
5-9 E ? ? <835
InV; 0 301 1 600-720
InV;He, >9 I 218 1 850-1300
Microvoids 0 249 0 850-1050
Bubbles >50 J 255 0.35 1400-1700
275 0
283 0

with hyperfine interaction parameters w,=133 Mrad/s
and 7=0. During the subsequent helium implantation
approximately 50% of the vacancies in the sample are
decorated. No new precessional signals are observed:
the Fourier power is apparently distributed over many
frequencies because of a large range of helium occupan-
cies. By increasing the temperature, an increasing num-
ber of helium atoms is released and the Fourier power
contracts at a few well-defined frequency values. The
PAC spectra and their Fourier transforms obtained be-
fore and after helium implantation, and after subsequent
annealing at temperatures in the ranges 920-1020,
1050-1250, and 1400-1600 K are shown in Fig. 4. The
spectra obtained in each range of temperatures were
summed in order to improve statistics. The results can be
summarized as follows.

In the temperature region 920-1020 K, three com-
ponents are observed with quadrupole frequencies of 101,
122, and 249 Mrad/s, all with an asymmetry parameter
1=0. The third frequency is known from previous work
and has been assigned to microvoids.!>”!7 These voids
disappear at about 1000 K. The 122-Mrad/s component
grows at 1030 K at the expense of the 101-Mrad/s com-
ponent, and disappears at 1320 K. In the temperature re-
gion 1050-1250 K, a new component is visible, with a
quadrupole frequency of about 218 Mrad/s and an asym-
metry parameter varying from 0.9 to 1.0.

Considering the observed symmetry properties (cf.
Table III), we tentatively conclude that the 101- and
122-Mrad/s components are related to InV,He,, while
the 218-Mrad/s component has to be associated with
InV;He,. Note that the undecorated clusters InV, and
InV; give rise to asymmetry parameters O and 1, respec-
tively.’>~17 We attribute the gradual change of 1 from
0.9 to 1.0 to the release of helium atoms, one by one,
from the InV;He, cluster.

Finally, in the temperature region 1400-1600 K, we
observed growth of helium bubbles. They give rise to
quadrupole frequencies of 275 and 283 Mrad/s, each with
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FIG. 4. PAC spectra (left) and their Fourier transforms
(right) measured (a) before helium implantation, (b) after helium
implantation to a dose of 3X 10" at/cm? and subsequent an-
nealing at (c) 920-1020 K, (d) 1050-1250 K, and (e) 1400-1600
K.

an asymmetry parameter 7=0, and 255 Mrad/s with an
asymmetry parameter 7=0.35.

VI. ANNEALING BEHAVIOR OF HELIUM-DECORATED
MONOVACANCIES

From the results obtained in the exploratory experi-
ments (Sec. V) we learned that during annealing at 1220
K undecorated vacancies and voids disappear and
helium-filled bubbles do not yet develop. Therefore, a
sample treated in this way gives rise to a Fourier spec-
trum that contains only the 122-Mrad/s component. We
postimplanted two such samples with an additional heli-
um dose of 3X 10'* at/cm? and annealed them at stepwise
increasing temperatures in the range 650-1320 K, in or-
der to investigate the thermal stability of In¥V,He, in
more detail. Some typical PAC results are shown in Fig.
5.

After implantation of the additional helium, the ampli-
tude of the 122-Mrad/s peak in the Fourier spectrum had
decreased to about 30% of its original value, indicating
that many helium atoms had been trapped. These atoms
were successively “boiled off”’ during the next annealing
steps, according to the reactions

InV,He, —InV,He,_,+He . 1

At temperature Tpyc=1300(25) K, the last helium atom
is released and the remaining defect, InV,, dissociates.
This step corresponds with the H peak observed in
THDS at 1520 K (Table II). The ratio of PAC and
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FIG. 5. Fourier spectra measured (a) after postannealing at
1220 K, (b) after additional helium implantation to a dose of
3X 10 at/cm?, and after subsequent annealing at (c) 800 K, (d)
875 K, (e) 950 K, (f) 1075 K, and (g) 1225 K.

THDS dissociation temperatures is 0.855(16), which
agrees fairly well with Eq. (10).

The different helium-decorated defects give rise to fre-
quencies that cluster in two groups, at about 101 and 122
Mrad/s. The PAC spectra were, therefore, analyzed with
two components. Average quadrupole frequencies and
corresponding defect fractions are plotted in Fig. 6, as a
function of the annealing temperature. The quadrupole
frequency changes significantly at T'p,c=835(15),
900(15), 1000(25), and 1085(15) K. These steps corre-
spond with the E, F,, F,, and G peaks, respectively, in
the THDS spectrum. The asymmetry parameter is not
affected by the annealing and remains zero.

Dissociation temperature, Tpsc, and dissociate energy,
E, are related through Eq. (6). The resulting energy
values are given in Table IV. The quoted errors merely
account for the uncertainty in the dissociation tempera-
ture. The PAC energies are in perfect agreement with
the corresponding THDS values, which are also given in
Table IV. The helium-vacancy binding energies are, ap-
parently, not measurably influenced by the presence of
the '''In probe.

In the temperature region 850-1270 K, the sum of the
two fractions is constant within limits of error, and only
slightly smaller than the initial In¥,He fraction of 10%
measured before the additional helium had been implant-
ed [cf. Figs. 5(a) and 5(g)]. Apparently, less than 10% of
the traps have mutated.

14 775
T T T
g % LS TS SN W S 122
2 EF F G H 120
2 L
g 102f 4
] I [ X)
2 100 - * ..........
& - ¢
98 " ‘ 1 1 1
600 800 1000 1200 1400
temperature (K)
T b T T T
0L © 101 Mrad/s
s A 122 Mnadfs Eil"}‘&"}“;“';“
< $ |
£ .t / \ 1
S 5F }
= \
= \
P S
0 1 1 I 1 1
600 800 1000 1200 1400

temperature (K)

FIG. 6. Average quadrupole frequencies (top) and defect
fractions (bottom), as a function of the annealing temperature.

Assuming a Poisson distribution, we may write the
probability of trapping i helium atoms as

1]
i=_<_’:1le—(n> . (12)
i!

According to the trapping cross section derived in the
next section, the additional helium dose of 3X 10
at/cm? gives rise to trapping of an average of (n)=7
helium atoms. From the probability distribution defined
by Eq. (12) and the fact that no components with a frac-
tion of more than 2% are visible in the spectra measured
at temperatures below 850 K, we conclude that the
Fourier power is distributed over at least five different
(unobserved) frequencies. We conjecture that the E peak
marks the release of at least five helium atoms. There-
fore, a helium occupancy of n =10 is required for trap
mutation to take place.

VII. HELIUM-INDUCED TRAP MUTATION

In the exploratory measurements (Sec. V) a new fre-
quency peak was observed at 218 Mrad/s, in the temper-

TABLE 1V. He-vacancy dissociation energies for the ny.th
He atom, obtained by means of PAC and THDS. All values in
eVv. '

Peak Nye PAC THDS
H 1 4.50(9)* 4.60°
G 2 3.75(5)* 3.69°¢
F, 3 3.46(9)2 3.42¢
F, 4 3.11(9* 3.27°
E 5-9 2.89(5)* 2.91°¢
*This work.

®Reference 7.
‘Derived by scaling from Typs (see Table II).
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ature region 1050-1250 K. According to the observed
symmetry, we tentatively assigned this peak to the
helium-filled divacancy, InV;He,. In order to obtain ad-
ditional support for this interpretation, we varied the ad-
ditional helium dose from 3X10'3 at/cm? up to 9X 10'
at/cm? and monitored the intensity of the 122-Mrad/s
component. In Fig. 7, we plotted the result as a function
of the additional helium dose. The intensities were
corrected for a small, dose-independent contribution of
unknown origin. An effective trapping cross section of
Leg=2X1071* cm? is derived from the initial slope of the
plot. The inverse of the cross section, 5X 10'? at/cm?, is
equal to the helium dose needed to trap, at the average,
one helium atom.

The trapping cross section may be expressed as (see
Ref. 18 and references cited therein)

= Zn0x) x(ljcvz . (13)

Substituting an effective trapping radius z =2 (from Ref.
19), an implantation efficiency 7=0.6, and average im-
plantation depth {(x )=4a (from a TRIM simulation), a
geometry factor I'=1, an elementary jump length
A=a /2, an atomic density N,=2/a°, and the lattice pa-
rameter a =3.16 A, we obtain 4 =6X10""* cm?. This is
only slightly larger than the experimental value, which
proves that the trap density after the special sample treat-
ment is extremely small indeed.

We further monitored the intensity of the 218-Mrad/s
component as a function of the additional helium dose.
In Fig. 8, we show some of the PAC spectra that were
measured before implantation of additional helium, and
after helium implantation and subsequent annealing at
1270 K. The annealing treatment is necessary in order to
“boil off”” excessive helium atoms. In the high-dose re-
gime, the InV,He fraction does not recover to its original
value because of trap mutation [compare left-hand and
right-hand sides of Fig. 8(c)]. We are aware of the fact
that part of the intensity at 218 Mrad/s may arise from
InV; complexes that have survived the preparative an-
nealing treatment at 750 K (Sec. IV). In Fig. 9, we plot-
ted, therefore, the intensity increment vs the average heli-
um occupancy calculated from the previously mentioned
trapping cross section. The intensity increases to a max-

fraction (%)

¢

10° ] L | 'y
0.0 0.5 1.0 1.5

helium dose (10" cm™)

FIG. 7. Fraction of InV,He as a function of the additional
helium dose.
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FIG. 8. Right: Fourier spectra measured after implantation
of additional helium to a dose of 3X 10" at/cm? (a), 6X 10"
at/cm? (b), and 9X 10! at/cm? (c), and subsequent annealing at
1270 K. Left: corresponding spectra measured before the heli-
um implantation.

imum of about 25% for an average occupancy {n ) =13.
We consider this to be strong evidence that trap mutation
has occurred indeed. According to this interpretation,
the decrease to zero of the intensity increment for
(n ) =19 is a consequence of multiple trap mutation.

The relative number of mutated traps is

ny,=1

P= 2 pi> (14)

z=nl

where p; is given by Eq. (12). The numbers n, and n,

100

50

trap mutation (%)

< Ny >

FIG. 9. Relative number of trap mutations vs average helium
occupancy {ny.). Solid points were obtained in the present ex-
periments. Dotted curves were calculated from Eq. (14), assum-
ing that mutation occurs after trapping of (a) the 5th, (b) the
10th, or (c) the 15th helium atom.
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denote the helium occupancies at which the trap mutates
for the first and the second times, respectively. The dot-
ted curves in Fig. 9 were calculated assuming n;=n,.
Comparing the maxima of the calculated curves and the
experimental data, we conclude that n,;==10. This is in
agreement with the conclusion arrived at in the previous
section.

The discrepancy between experimental and calculated
values may be caused by the depth distribution of InV,
and/or by the fact that the number of helium atoms re-
quired for trap mutation decreases as the size of the va-
cancy cluster increases. Both effects will lead to a reduc-
tion of the number of traps that have mutated precisely
once.

VIII. CONCLUSIONS

We have investigated the complexes InV,He, in
tungsten. We were able to identify the release steps
InV,He, —»InV,He, _;+He for n =1-5. The derived
dissociation energies are in the range 2.9-4.5 eV, and
agree perfectly well with the values determined by means
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of THDS. The dissociation energy seems not to be
influenced by the presence of the !''In probe. The quad-
rupole frequency, wg, is about 122 Mrad/s for n =1,2,
whereas for n =3,4 the frequencies cluster at about 101
Mrad/s. In all cases, the quadrupole frequencies are
smaller than that for the undecorated vacancy. Trap mu-
tation occurs when the vacancy is filled to an occupation
number n =10, and gives rise to a quadrupole frequency
of 218 Mrad/s. Trap mutation ultimately leads to bubble
formation. We have observed at least three different
bubble-associated quadrupole interactions.
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