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Variable-energy positron-beam studies have been made on well-annealed polycrystalline Ni sam-

ples implanted with 30-, 90-, and 180-keV He ions. The positron-annihilation characteristics were

measured with a solid-state Ge detector at a number of different incident-positron energies and after
isochronal annealing at various temperatures. The Doppler broadening of the annihilation photons
was found to be strongly influenced by the ~He implantations. The data indicate that trapping of
the positrons occurred predominantly at small He bubbles. The variation of the broadening with

incident-positron energy was sensitive to the depth distribution of the traps. A diffusion model as-

suming a square concentration-defect profile was developed and analytically fitted to the
parametrized momentum data. These fitted results were compared to Monte Carlo range calcula-
tions for He in Ni, and fairly good agreement was found. This investigation demonstrates the capa-
bilities of positron annihilation for nondestructive depth profiling in ion-implanted systems. In ad-

dition, it establishes paraBels between the trapping behavior of positrons and that reported elsewhere

for hydrogen, thereby augmenting the present level of understanding of the technologically impor-
tant trapping of hydrogen by the bubbles.

I. INTRODUCTION

With the development of controllable energy positron
beams it is now possible to profile defects, overlayers, and
interfaces in the near-surface region (g 1 pm) of materi-
als. A few initial studies of this type have been performed
by various researchers. ' We have attempted to semi-
quantitatively study the effect of helium implantation on
the positron-annihilation characteristics in well-charac-
terized polycrystalhne Ni samples.

In the present investigation measurements were made
on the annihilation characteristics of low-energy positron
beams in Ni following ion implantation of ~He. This
study was motivated by two considerations. First, ion-
implanted He in Ni is known to agglomerate into very
stable nanometer-sized bubbles, and the depth distribution
of these entities can be varied in a known fashion by
changing the implantation energy; hence, if such bubbles
trap the positrons with an associated observable modifica-
tion of the annihilation behavior, then specimens of this
kind can be used to test the profiling capabilities of the
positron analysis. The second objective was to examine in
detail the trapping behavior of positrons at the He bub-
bles, within which the atomic density of the He is believed
to be of order 10 (Ref. 3). Such information is expected
to enhance the current understanding of the strong hydro-
gen trapping which often occurs at such bubbles, an ef-
fect with strong relevance to plasma-wall interactions in
fusion energy.

To accomplish these goals we implanted monoenergetic
positrons into the Ni samples at various energies. After
the thermalization (or energy loss) processes ( (10 psec)
the implanted positron eventually annihilates with an elec-

tron, producing predominantly two annihilation y rays.
Measurements of the positron's lifetime, the angular dis-
tribution of the annihilation photons, or the Doppler
broadening of the y-ray spectrum provide useful informa-
tion on the environment of the positron at the time of an-
nihilation. In this experiment the last quantity was stud-
ied. To actually profile the implanted region one mea-
sures the Doppler spectrum at various incident positron
energies. The change from unim planted Ni is then
greatest when the mean range of the positron profile over-
laps the He-implanted region.

The Dopper broadening of the y-ray spectrum is deter-
mined by the momentum distribution of the e+-e sys-
tem prior to annihilation. For a perfect crystal the spec-
trum results from positrons diffusing within the lattice
and subsequently annihilating with both conduction and
core electrons. In simple metals the Doppler-broadened
energy spectrum can be approximated with a central para-
bolic region representing the conduction-electron contri-
bution superimposed with a broad but smaller core-
electron part. If a sample contains open-volume defects,
there is a finite probability for positrons to be trapped in
these regions. The total electron density as well as the
core fraction are reduced at the site of the trapped posi-
tron. As a result there is a narrowing of the y spectrum.
The peak height and shape of the resulting Doppler-
broadened spectra are different depending on the type of
defect where the positron is localized when annihilation
occurs. Such a spectrum can be characterized by a line-
shape parameter S which simply divides the total spec-
trum into the central region. This generally provides one
with the ability to determine the fraction of positrons
which annihilate with these defects. One can also esti-
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mate the concentration of defects —if a good estimate can
be obtained for the specific trapping rates into these de-

fects. These rates have been theoretically estimated for
simple defects and, in a few cases, have been determined
experimentally for different, more complex defects from
bulk positron-annihilation studies. These estimated tran-
sition rates into defects are for thermalized positrons;
however, with a high defect concentration we find that
the transition rate is much higher, an effect which is asso-
ciated with nonthermal positrons becoming localized into
these defects. If a variety of defects are present in the
sample and prethermalized trapping occurs, the process of
determining the concentration of defects is unlikely
without more information.

The ability of positrons to be effectively used for depth
profiling of imperfections near surfaces is intimately con-
nected with the knowledge of the positron-implantation
profile for a monoenergetic source of positrons. Recently,
Monte Carlo calculations have provided good estimates
of this stopping profile; the shape is similar to the deriva-
tive of a Gaussian function. One also needs to take ac-
count of those positrons which diffuse back to the surface
and either escape as positronium (i.e., electron-positron
bound state) or suffer inelastic collisions (electron-hole ex-
citations) at the surface and become localized into the
image-induced surface state. '

This paper will discuss the details of this study in the
following order: Section II describes experimental pro-
cedures, Sec. III discusses theory and data analysis, Sec.
IV presents the results and discussion, and Sec. V covers
the conclusion and future prospects. An Appendix is in-
cluded for a more detailed derivation of the theoretical
model used in the theory and data analysis section.

II. EXPERIMENTAL PROCEDURES

The crucial step for the development of this technique
was a sufficient fiux of energy-moderated positrons. The
process of moderation is usually accomplished by choos-
ing a defect-free metal single crystal exhibiting a negative
positron work function and locating it next to a positron-
emitting source. Those positrons which stop within a dif-
fusion length of the crystal surface ( =10 A) can diffuse
back to the surface before annihilation and be reemitted
with an energy characteristic of the positron work func-
tion. At the present time the moderator efficiency is
0.1%, which can supply =10 positrons/sec with stan-
dard positron sources. " These moderated positrons can
then be accelerated to a desired energy and implanted in
the sample under study.

Our variable-energy positron beam has been described
in some detail in previous publications, ' so only a brief
description will be given here. A 100-mCi Co source
was p1aeed next to a %'{110)erysta1 positron moderator. "
The moderated positron beam was guided with a magnetic
( =70 G) field through a single EX8 positron energy fil-
ter. The beam energy was determined by having the
source chamber electrically floated to the desired voltage
with an accelerator column connecting the target and
source. The vacuum in these experiments was =2& 10
Torr. To ensure that the positron beam was incident on
the sample at all energies a channel-electron multiplier ar-

ray (CEMA) could be rotated in front of the sample. The
beam diameter was measured to be =4 mm, and it moved
by +2 mm on the sample as the incident energy was
varied.

The polycrystalline Ni foil used for these studies were
obtained from Materials Research Corporation, with a
nominal purity of 99.995 wt. % (Marz grade). The sam-
ples were annealed at 900'C for 14 h and etched before
He implantation. All of the samples were cut from the

same 0.005-cm foil to a size of 1X1 cm. The implanta-
tions were performed at room temperature to fiuences of
1X10, 1.8X10', and 2.5X10' He/cm for the ener-
gies 30, 90, and 180 keV, respectively.

The foil samples were mounted on =0.3-crn-thick
Marx-grade Ni substrates. The substrates were spot-
welded to a polycrystalline Ta foil which could be resis-
tively heated. The heavier Ni substrate provided a more
homogeneous heat source as well as a fiat plate so as not
to generate defects by bending the foil during handling. A
Chromel-Alumel thermocouple was affixed to the sub-
strate to monitor the temperature during the heat treat-
ments. During the annealing experiments the samples
were maintained at each temperature for 40 min when the
temperature step was 50'C or 80 min if it was 100'C and
then slowly cooled to room temperature before the next
set of measurements were initiated. So, in general, the
isochronal anneals were such that b, T/t was always kept
constant. A reference sample cut from the same foil and
annealed in the same way was also measured. Other Ni
references were measured to check sample variation.

Annihilation spectra containing = 1 & 10 counts in the
peak were taken at various incident energies after each
isochronal anneal. The annihilation photopeak was mea-
sured with a 20%-efficient intrinsic Ge detector. The in-
strumental resolution was measured with a Be source
which decays by emitting a 477-keU y ray. The full
width at half maximum was found to be 1.4 keV at this
energy. The central region of the y spectrum was defined
from =510.5 to =511.5 keV, the total from =505 to
=515 keV.

III. THEORY

In our model the thermalized positrons are divided into
three possible annihilation sites:

(1) positrons diffusing in the perfect lattice;
(2) positrons trapped in surface states or emitted froin

the surface as para-Ps (singlet state) or ortho-Ps (triplet
state) (those that are directly reemitted as free positrons
are repelled back to the sample by a retarding field) and

(3) positrons trapped at defect sites.

The momenta of the annihilating pair at these different
sites are different from one another, hence making the as-
sociated S parameters potentially distinguishable. It is
therefore appropriate to assign one S parameter to each of
these groups. Namely, S„Sb, and S~, where the sub-
scripts represent positrons annihilating from the surface,
bulk, and defect, respectively. Clearly, these three param-
eters are all material and temperature dependent. The
value of S~ depends on the type of the defect. It is gen-
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S,b =F,Ss+FdSg+FbSb,

in which

F +F +F,=1.

(2)

(3)

erally true that

S, &Sd gSb .

The observed S parameter, S,b, is the combination of
these three parameters, which are assumed to be linearly

weighted (see Ref. 13) by the fraction that annihilates at
each location F; (i =s,b, d), i.e., the fraction of incident

positrons ended in the "ith" group. Thus

(b) trapped in the defect sites,

Fq ——I K(x)n (x)dx; (13)

(c) annihilation within the bulk,

Fb —J A,n (x)dx . (14)

The positron density distribution function is therefore
the crucial part in extracting these fractions and one needs
to solve Eq. (11) with some appropriate boundary condi-
tions. To simplify the problem, the following assump-
tions are made:

(1) Perfect surface absorption, i.e.,

The constraint (3) can be combined into Eq. (2) to give n(0)=0, n( 00)=0. (15)

S,b ——Sb+F,S,b +FgSdb,

where

S,b ——S,—Sb,

(4)

(5)

F, +Fb ——1 (6)

and a similar definition holds for S~. Consequently, a
defect-free sample ( F~ =0) is represented as

All positrons that diffuse back to the surface are either
trapped in the surface state or ro:mitted and decay as
positronium. One should note that small changes in the
surface condition can change S„and therefore it is
reasonable to adjust S, so LS' =0 at E =0. This does not
change any of the physical parameters other than it allows
for the surface conditions to vary, during the experiment.

(2) D+ and A, have the same values as in the defect-free
sample. These two coefficients can be obtained from pre-
vious measurements. For Ni (Refs. 16 and 17) we set

S,b ——Sb+F, S,b,(0) (0) D+-1 cm /sec, A, =10' sec (16)

where the superscript "0"stands for defect free.
Using Eq. (7), one can rewrite Eq. (4) as

(3) Recent Monte Carlo simulation suggested the
positron-implantation profile

ES =Sob —Sob

and hence

(8) —(x/x )m

p(x) = — e (17)

b, S=Ed",S,b+FgSgb, (9)
where m =1.9 and xo is associated with the mean im-
plantation depth x via a I function:

where ~, is given by

b Fs =Fs —Es (10)

'n

x =x/I 1+—,X=(D /I, )
~1 &y2 E

+ Eo
(18)

is the difference between the surface fractions of the same
sample with and without defects

Equation (9) is essentially the same as Eq. (4), except
that it provides a more sensitive way of detecting the de-
fects and a more physical picture for profiling defects.

Theoretical expressions for the fraction, F„Fd, and Fb,
can be obtained by employing a one-dimensional diffusion
model including defect trapping, for describing the
motion of the positron in the solid:

D+ n (x)"—[A, +K(x)]n (x)+p (x)=0, 0 (x ( ao

where n(x) is the positron density distribution, p(x) is
the positron implantation profile, K(x) is the total trap-
ping rate, k is the bulk annihilation rate, and D+ is the
positron diffusion coefficient. We have implicitly multi-
plied a unit time constant throughout the equations.

The equations that determine the relative fractions are
as follows: (a) diffusion back to the surface,

where Eo and n are experimentally determined parame-
ters. To reduce the computational effort, m =2 will be
used instead. This causes only a minor change in the fit-
ted parameters.

(4) Owing to the saturation of positron trapping in the
samples (including those positrons which are not com-
pletely thermalized before they are trapped) under study
(see the following sections) a constant Sz and a square
trapping distribution will be assumed; thus

x& (x &x2
K(x) = (19)

0, otherwise

where xi and x2 define the positron trapping region and
K is the trapping rate in this region. These variables were
treated as fitting parameters in the analysis.

Expressions for F„Fd, and Fb can be easily derived
from Eqs. (11)—(19) in terms of variables Eo, n, IC, xi,
and x2. We derive the full expressions in the Appendix
and only rewrite Eqs. (7) and (9) with explicit arguments
for the following discussions:

F, = J(0)=D+-
x

(12)
Sob =Sb+S,bF,' '(Eo, n),
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QS =S,bbF, (Eo,n, x I,xz,K)+SdbFd(Eo, n, x I,xi,K) .
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IV. RESULTS AND DISCUSSION

The S parameter versus incident-positron energy for the
unimplanted Ni sample well annealed at 1100'C is shown
in Fig. 1. The solid curve represents a fit using Eq. (20)
with F,' ' given by Eq. (A13); the latter equation corre-
sponds to a positron-implantation profile which is the
derivative of a Gaussian, or m =2 in Eq. (17). The
dashed curve is a fit where Eq. (20) was employed with
F,' ' given by Eq. (A19), corresponding to an exponential
profile, for which m =1 in Eq. (17). Both of these for-
mulations are seen to provide a good description of the
data, as already indicated in the preceding section. The
parameters deduced from these fits are shown in Table I.
One can observe that Eo is smaller for the exponential fit

TABLE I. Fitted parameters of Eqs. (20), (A13), and (A19) to
the data of the measured 5 parameter for the defect-free Ni
sample.

Positron
implantation

profile

Derivative
of Gaussian
(m =2)

Exponential
(m =1)

Ep (keV)

5.5

0.506

0.503

Sb

0.417

0.414

It is important to note that Eq. (20) allows one to ex-

tract values of S„Sb, Eo, and n characterizing a defect-

free sample from fitting this expression to the experimen-

tal data taken with a well-annealed defect-free sample.

These results can be subsequently used to reduce the num-

ber of parameters in Eq. (21). Measurements of bS pa-

rameter along with Eq. (21) should provide values of the

remaining parameters Sd, x~, x2, and K. These parame-
ters can in theory determine the characteristics of defects

present in the sample. Thus the defect profile can be

determined by using this technique.
We found for the He-implanted samples that the

derivative of Gaussian implantation profile fit the data
better than the exponential positron-implantation profile.
It is important to note that Sbd and K are strongly corre-
lated in the fitting analysis. ' Small variations in Sbq cor-
respond to large variations in K for K(10k,b, when

K & 20K,b the dependence of the change in S on the dam-

age in K weakens drastically. We also find that the non-

thermal positron-trapping cross section is defect-
concentration dependent and can be an order of magni-

tude larger than that for thermalized positrons. This is
expected when one is in a situation where nearly 100% of
the positrons become trapped. A lower He fluence would

provide a more reliable fit of K, x, , and x2. The varia-

tions of Sbd and K are, however, clearly within values that
would not change any conclusions made.
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FIG. 1. Measured 5 parameter as a function of incident-

positron energy for an umimplanted Ni sample annealed at
1100'C in situ. The solid curve is a fit of Eq. (20) with F,' '

given by Eq. (A13), corresponding to m =2 in Eq. (17); the
dashed curve is a fit of Eq. (20) with F,' ' given by Eq. (A19),
corresponding to m =1.
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FIG. 2. Observed 5 parameter versus the incident-positron
energy for He-implanted Ni samples with different He-
implantation energies as indicated in the figure. Data were tak-
en before heat treatment.

043

which has also been observed and discussed for Si.' This
is associated with the strong coupling between n and m
[Eqs. (17) and (18)]. The values of Eo determined from
this 5-parameter measurement are in good agreement
with previous positronium-fraction —versus —incident-
positron-energy measurements for Ag and Cu. '~ The
quantities S, and Sb each have almost the same fitted
value for both profiles, which is expected because they
only depend on the material and not the probe profiles.
This fact also follows immediately from extrapolating
Eqs. (20), (A13), and (A19) to zero or infinite incident-
positron energy.

Figure 2 displays the measured S parameter versus in-
cident positron energy for the three He-implanted Ni sam-
ples which have been studied. The scatter in the data
points is associated with statistical fluctuations and our
beam motion. The effects upon the observed S parame-
ters S,b, due to the introduction of open-volume defects
via He implantation, are clear. These changes arise from
the fact that the annihilation at a defect site produces a
larger S parameter than the bulk, i.e., narrower energy
peak. As the incident-positron energy is increased, more
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FIG. 3. The difference data obtained by subtracting the fitted
curve of the reference data (Fig. 1) from the S~ data (Fig. 2).
The solid curves are the results of fitting Eqs. (21) and
(A12)—(A14) to each set of the data. The fitted parameters are
listed in Table II.

0.0 I

0.00
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INCIDENT POSITRON ENERGY (keV)
50

FIG. 4. The difference data of the S parameters for the dam-
age and reference samples and the fitted curves for the 90-keV
He-implanted Ni sample. The solid curve is generated using the
derivative of a Gaussian (m =2) positron-implantation profile;
the dashed curve is generated using the exponential profile
(m = I).

implanted positrons are removed from F& and F, and
contribute to the fraction trapped in the defects Fq, as
this energy is increased further, positrons are implanted
beyond the defect region (Fq decreases), and eventually, at
sufficient energy, most of them decay in the bulk region
( Fb = 1) as in the case of the defect-free sample.

To see the consequences of the defects in a more direct
way, LES data versus incident-positron energy are generat-
ed according to Eq. (8) and the result is shown in Fig. 3.
An offset is included such that bS =0 at E =0 in these
data. If one defines the change as the ratio of M value to
the bulk line-shape parameter Sb, the maximum changes
in the S parameter were approximately 9%, 13%, and
14.4% for the 30-, 90-, and 180-keV He implantation en-

ergies, respectively. The maximum change in the S pa-
rameter measured for single vacancies in Ni is approxi-
mately 6%. This large percentage change measured in
the S parameter for these samples compared to vacancy
defects is strong evidence that the trapping sites under
study are voidlike. As one would expect, the peak posi-
tron shifts to increasing positron energy at higher He im-
plantation energy, demonstrating that depth information
is definitely present.

Equation (21) was fitted to the data shown in Fig. 3 and
the resulting fits are shown as solid curves. The deduced
parameters are given in Table II. The parameter m in Eq.
(17) for the positron-implantation profile has been set
equal to 2, corresponding to the derivative of the Gauss-
ian curve. It also produces more reasonable values for the

deduced parameters (Table II). The agreement between
the model and data in Fig. 3 is quite good. The most suc-
cessful aspect of this simple model is that the fitted trap
profiles terminate at the depths where the calculated or
damage profiles are well attenuated (Fig. 5}. The starting
points of these assumed square trap distributions do not
correspond as precisely. This may be due in large part to
the He tails extending from the surface toward the He
peak, caused by the high fluences. The region of complete
positron trapping in the present experiment is believed to
extend to He concentrations well below those at the peaks.

The positron, ~He, and damage profile are displayed on
the same depth scale in Fig. 5, in an attempt to provide a
physical picture. Figure 5(a) shows the positron-
implantation profiles (rn =2}of Eq. (17) at the incident-
positron energies at which peaks occur in the respective
dLS curves shown in Fig. 3. The rest of the parameters
can be found in Table I. The He and damage profiles are
obtained from the Monte-Carlo code TRM (Ref. 21}using
1000 trajectories and are shown in Figs. 5(b) and 5(c).
Since trapping by the bubbles is believed to dominate in
the present studies, the He distribution is the more
relevant one. The average depth of the He implanted at
30, 90, and 180 keV is calculated to be =1100, =2980,
and =5135 A, respectively. Taking the simplest plausible
picture of the interplay of the positron and He depth dis-
tributions in Fig. 5, one might imagine that the peak in
M should occur when the overlap integral of the two

TABLE II. Parameters obtained from fitting Eq. (21) and Eqs. (A12)—(A14) to the hS data shown in
Fig. 3.

Helium
implantation

energy
(keV)

30
90

180

x, (nm)

38+245—3S

125(11)
113(16)

x2 (nm)

220(11)
401(9)
596(16)

K [1/}L,(psec)]

0,492(3)
0.492(2)
0.491(2)



LYNN, CHEN, NIELSEN, PAREJA, AND MYERS

90 keV He in Ni
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FIG. 6. The difference data of S parameter for the 90-keV
He-implanted Ni sample after isochronal annealing up to three
different temperatures. Data are obtained in the same manner
as for those shown in Fig. 3.

0 200 400
DEPTH(nm)

FIG. 5. Calculated {a) positron, (b) He, and (c) implantation-
damage profiles. The vertical scales are in arbitrary units. The
positron profiles are generated from Eq. (19) with m =1.9,
n =1.62, and E0 ——6.7 keV. The selected energies correspond,
respectively, to the peak positions of the bS curves in Fig. 3.
Panels (b) and {c) are results from a TRIM calculation with the
different He-implantation energies shown in the legend. The
solid curves joining the symbols are the spline interpolation.

functions is maximized. This is not the case, as is evident
from comparison of Figs. 3 and 5. The principal reason
for this is believed to be the presence of bubbles at densi-
ties far exceaiing those necessary to trap all of the posi-
trons; as a consequence, the fraction of positrons annihi-
lating within bubbles remains near 100% out into the tails
of the He distributions. A second complication is the dif-
fusion of positrons over appreciable distances between the
implantation depth and the trap site.

Transmission electron microscopy on the He-implanted
Ni sample has shown that following room-temperature
implantation He had agglomerated into small bubbles
about 1 nm in diameter. If we average the He concentra-
tion over the fitted depth range (=300 nm) for the 90-
keV He-implanted sample and take the He atomic density
within the bubbles to be 10 cm, we find 10
bubbles/cm, a very high trap concentration. Positrons
trapping in monovacancies saturate at a concentration of
=5&10' cm in most metals. This means that unless
there is a very strong competing trap (e.g., surface), all
positrons are trapped in bubbles and the fitted values of
S~ and E support this. The reason that 5 is still smaller
than S, for positrons at the surface is due to the high He
density and thereby higher local electron density in the

bubbies. This has been demonstrated in Al with high-
density He bubbles, where the high electron density
caused a strong reduction in the positron lifetime. ~i The
reduction was actually used to calculate the pressure in
the bubbles. For reference to early bubble nucleation and
growth, see Refs. 24 and 25.

Isochronal annealing was performed and followed by
additional positron measurements in order to obtain infor-
mation on the thermal evolution of the traps. Figure 6
shows a typical set of data after three annealing tempera-
tures. Little change has occurred by annealing the sample
to 500'C. This supports the interpretation of positron
trapping mainly in bubbles and not other irradiation de-
fects which have been seen with hydrogen. Smaller de-
fects would be expected to show recovery in this tempera-
ture range. Monovacancies migrate in the temperature
range 90—200'C. Significant increases in d6' were
found by further annealing as can be seen by the 700 and
800'C data (Fig. 6). Annealing beyond this temperature
showed a subsequent decrease in d6' and is consistent with
thermal He release data of Jager and Roth. The thermal
He release showed a large change at 800—1000'C with
essentially all of the He released at a temperature of
T, = 1100'C.

Figure 7 shows the fitted M peak height versus anneal-
ing temperature for the 30-, 90-, and 180-keV He implant
energies. In the temperature range from 500 to 700'C, a
strong increase in LS' is seen; this is attributed to growth
and agglomeration of the bubbles, which reduces the local
He density and its associated electron density. One can
check that we do have a change in defect type by employ-
ing the use of a defect-specific R parameter. This pa-
rameter is produced by using sections of the momentum
spectrum which are unique for different positron traps.
One forms a ratio of these momentum regions which
uniquely describes a specific defect without being sensitive
to changes in defect concentration. %'e found that when
M,„changed we found associated increases in the R pa-
rameter. In the temperature range above 700'C we find a
rapid decrease in AS and eventually the S value of perfect
Ni is obtained, leading to LS'~0. %e interpret this as
blistering finally destroying the bubbles. The temperature
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of the final dropoff increases with He implantation energy
because the blisters must displace progressively thicker
lids. Optical microscopy on one of the samples confirmed
the blistering.

V. CONCLUSIONS AND FUTURE PROSPECTS

We have used variable-energy positrons to study dam-
age in He implanted well-annealed polycrystalline Ni
foils. The measured Doppler-broadened annihilation line
shape versus incident-positron energy was shown to be
sensitive to the damage profile generated by the He ions.
A semiquantitative model assuming a square defect pro-
file was developed and fitted to the parametrized momen-
tum data. Generally good fits were found and the width
of the fitted defect distribution was in reasonable agree-
ment with damage profiles generated from Monte Carlo
results. Three different He implant energies (30, 90, and
180 keV) were experimentally investigated and compared
to the theory.

The He fiuences used were relatively high, causing sa-
turation of positron trapping. As expected, this is respon-
sible for the high uncertainty in determining the trapping
rate E. It also means that positrons are trapped with high
probabi1ity out into the tails of the He distribution, mak-
ing the distribution seem less well defined. Therefore ex-
periments with lower fluences should be carried out in the
future. The square defect distribution might be a reason-
able first-order approximation at high fluences. At lower
fiuences, however, more realistic defect distributions
should be used.

Annealing studies observed changes that occurred in
the microstructure during almealing. From these results
it was clear that more open-volume defects (i.e., He-filled

( s «) i i i I i i & i

200 400 600 800 I000 I 200
ANNEALING TEMPERATURE )

FIG. 7. Peak heights of the hS data deduced from measure-
ments after isochronal anneals. The solid curves are the spline-
interpolated curves between the data points.

voids) were formed at annealing temperatures above
700'C in all of the samples. These spectra were also fitted
with the model and only small changes were detected in
the width of defect profile, even though the nature of the
positron traps changed. These variable-energy positron-
annihilation results were in good agreement with He-
desorption measurements of Jager and Roth. ~9

Specimen with square damage distribution can be
prepared by He implantation with multiple energies or by
implanting He at a higher specimen temperature, as
demonstrated by Jager and Roth. Analysis of experi-
mental data from these irradiated samples should provide
more conclusive results. Furthermore, to reduce the cou-
pling between the parameters, one can impose another
constraint on Eqs. (20) and (21) by performing parallel
measurements of the positronium fraction formed at the
surface Thi.s quantity is proportional to the surface frac-
tion I', and the proportional constant can be determined
from the combined measurements for the reference sam-
ple. In practice, the defect distribution is the desired re-
sult in these studies. In the present study F, was found to
be small owing to surface contamination. Solving E(X)
from Eq. (11) is mathematically difficult. One of the
methods involves iterative procedures which is being
presently used by van Veen et al. '

The positron technique relies on specific knowledge of
the positron-implantation profile. At the present time
this implantation profile needs to be determined more ac-
curately so that the depth-resolving capabilities can be
further exploited. It should be noted that the depth-
resolving capabilities of this technique will be much
greater at low energies owing to the sharpness of the pro-
file [see Fig. 5(a)]. Since the local positron density is
higher at low incident energies, there will be a higher sen-
sitivity to defects in resolution for profiling. More recent
results on He irradiation show that the positron tech-
nique is sensitive to He fluences down to 2X10'~ 4He

atoms/cm with an implantation energy of 3 keV. Re-
cently, the positron technique has been used in depth pro-
filing of defects created by Ar irradiation of Al.

In the present study we have limited ourselves to main-

ly using the Doppler-broadening signal. Both the posi-
tronium and positron reemitted fraction and positron-
lifetime measurements could have provided complementa-
ry information to the data presented here. This would be
especially true in attempting to resolve the specific types
and concentration of defects present in the samples.

The trapping of positrons by He bubbles which has
been investigated in the present work has significant im-
plications for the hydrogen trapping which has previously
been observed in He-implanted Ni. In the hydrogen ex-
periments, the trapping in the presence of the He was
substantially stronger than the binding to implantation
damage alone. It was proposed that the hydrogen is
trapped at the bubble walls by a process similar to surface
chemisorption, despite He densities believed to exceed 10
atoms/cm . There is strong evidence from the annealing
results of the present work that the positrons were, in fact,
trapped at the He bubbles, and since the measured line-
shape parameter S was close to the value for the metal
surface, it is believed to reflect a positron surface state at
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the bubble wall. This then appears to support the earlier

hypothesis that hydrogen chemisorption at the bubble
walls is possible even in the presence of the high He densi-

ties. The S parameter did not conform precisely to that
for a free surface or large, empty void; however, annealing
produced enlargement and a reduction of the He density.
This suggests that there may, in fact, be an appreciable
difference between the binding enthalpy of hydrogen to
the small, high-pressure He bubbles and the binding to
surface sites, one which might be revealed by a more sen-

sitive and direct experimental comparison of the two
quantities.
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APPENDIX

The one-dimensional diffusion Eq. (11) together with the boundary condition Eq. (15) and a square trapping distribu-
tion Eq. (19) leads to the following solution:

a sinh(x Il) I '( smh[(xi —x & )II]sinh(x & II)n(x)= . + p(x')dx', 0(x (x),
D~ slilh x(/I D+ 0 sinh x(/I

(a sinh[(x1 —x)/I']+b sinh[(x —x) )II'] In(x)=
D+ sinh[(x 1 —x, )/I']

zi sinh[(xz —x )/I'] sinh[(x —x 1 )/I']
+ p(x')dx', x) (x (xz,

D+ x, S11111 X1—x ( /I

(Ala)

(A lb)

I —(z —z&)/I I ~ —(z —z&)/ln(x)= be ' + e ' ' sinh
+ D x2

Therefore, from Eqs. (12) and (13),

x& —x2
p(x')dx', xz &x ( 0() . (Alc)

p— 1

sinh(x ( /I)

I'a z) x) —x
sinh p x' x' (A2)

K I(E +A, ) xz —» 1 x2 x2 x~ x( x—1 + —,f sinh, sinh, p(x')dx'dx (A3)

where

I =(D+/A, )'/, I'=[D+/(K+I(, )]'/

x =maxIX, X'), x &
——mintx, x'I .

The coefficients a and b are determined by the flux continuity at xi and xz, i.e.,
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which results in
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I I'
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sinh
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I I'

xp —XI
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X2 —X~ ot) (~' ~ )/1 2

y.=sinh, f e ' p(x')dx'+ smh
x2 Xl p (x')dx' . (A 1 1)

To obtain the final expressions, the explicit form of the positron-implantation profile (17) with m =2 was substituted
for all the p(x) and the integrals were given as:

I'0 /I x, /1 —x, /1+1- [e ' G(xo, —I,O,x, )+e ' G(xo, l, O,xi)],
sinh(x i /I) 2l sinh(x i /I)

(A12)

Pl
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Xp

21
(A13)

Fd —— (a +b) tanh
E

K+
X2 —X] I

21' sinh[(xi —x i )/I']
(A14)

where a, b, a, and P are still defined by (A7)—(A9) and

xp sinh[(x2 —xi/I')] 0 x2/1'
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awhile the error function is well tabulated, the integral (A17) should be carried out numerically.
The parallel exprms1on of (A13) for the exponential (i.e., m =1) positron-implantation profile is

F(0)
1+(E/Ep )"

(A19)
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