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Variable energy positrons have been used to determine the dependence on temperature of
po3itron diffusion out of a neutron-irradiated single crystal of Al. The results are
interpreted in the context of a one-dimensional diffusion model which includes bulk
annihilations as well as trapping at voids and other microstructural defects in the
bulk material by uay of a removal rate <eff of freely diffusing positrons. The data
show a strongly negative dependence on temperature below 125 K for <eff, indicating
the presence of some additional phenomenon which we attribute to positron localization
in shallow, presumably radiation-induced, traps in the crystal.

INTRODUCTION

Recent positron studies1'2 of neutron-
irradiated metals containing voids have shown
chat the fraction of positrons which annihilate
in the longest-lived states normally associated
with positrons trapped at voids decreases
significantly as the specimen temperature is
lowered below ^200 K. Nleminen et al.1 ex-
plained this effect, which was observed In
aluminum, in terms of an intrinsic positron-
void trapping rate that has a strong positive
temperature dependence at low temperatures.
Schultz et al. studied neutron irradiated
molybdenum and suggested that other defects
produced by neutron irradiation provide shallow
trapping centers from which the positrons can be
thermally detrapped at relatively low tempera-
tures. Which of these Interpretations is most
applicable is currently unresolved since
neither of the studies in question could clearly
resolve any of the potentially large number of
additional lifetime components in the irradiated
specimens.

Further study of this problem Is possible with
variable energy positron beams which permit a
relatively direct measurement of the temperature
dependence of the positron diffusion length
(L+) In the near-surface (£1000 S) region. The
diffusion length is related to the diffusion
coefficient (D+) by

where T~|f t» <eff) is the total rate of removal
of positrons from the freely diffusing states.
D+ (L+) Is expected to exhibit a TT 1 / Z (T"1'4)
dependence on temperature since the diffusion
>10 K is dominated by acoustical-phonon scat-
tering.3"5 Our results above "'125 K are con-
sistent with a D + varying as T"

1'2 and a «eff
having a modest positive temperature dependence
similar tc that Inferred from the results of
more conventional positron studies of neutron-
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irradiated metals.1 *eff tla3 a strong negative
dependence on temperature below 125 K, consis-
tent with detrapping of a significant fraction
of positrons from shallow traps. A model des-
cribing a temperature-dependent competition be-
tween the probability of positron localization
in shallow traps, in deeper traps including
voids, or annihilation from the freely diffusing
state provides a good representation of the
data.

DISCUSSION

Our measurements consisted of determining the
positronium (Ps) fraction re—emitted from a
single crystal of Al containing voids as a func-
tion of sample temperature and Incident positron
energy. From these we deduce the parameter Eo,
which is related to L+ by constants which depend
on the positron stopping profile viz:

En _ A
Zo A

(2)

Due to space limitations, we must leave a full
description of the data analysis together with
experimental details and derivation of the model
to the more complete presentation of these
results which can be found in ref. 6.

The Al crystal used (Al-3 in ref. 7) was
irradiated to a fast neutron fluence of ^1.2 *
1021 n/cmz in the Oak Ridge High-Flux Isotope
Reactor. The void distribution had a mean
diameter of about 400 A at a concentration of
about 5*10 l u cm"3.7

Figure 1 shows E0(T) for one of the data sets.
In high-purity well-annealed single crystals of
Al at room temperature, E o has been found to be
T-3 keV.8 The solid curve in Fig. 1 representing
an Impurity concentration of C^-1000 at.pptr was
calculated assuming a psaudopotential dif-
ference3 of 0.1 Ry. It indicates that the
weakening of the dependence of D+ on tempera-
ture caused by impurity scattering is not

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



sufficient to explain the low temperature
(<125 K) results.

Here
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Figure 1: EO(T) is shown with model assuming
free posltzon diffusion (T~^/2). Impurity scat-
tering causes some weakening of this dependence
on temperature (Kef. 3).
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Figure 2: The removal rate of positrons from
the freely diffusing state (<eff) Illustrates
the effect attributed to shallow traps.

The Introduction of an entirely different
mechanism affecting the diffusion of the posi-
tron is demonstrated most strikingly by a plot
of the effective free positron removal rate
<eff v a* temperature, as shown for both the
third and fourth data sets in Fig. 2. The
solid curves represent the best fits to the
trapping model equation:3

exp(-To/T)| .

1019(m*/mo>
3/2.

and T 0»e 0/k a. ica and <s represent the total
trapping rates for all types of deep traps, and
Alt \2 and <i2 are regarded as temperature
independent. The parameters for the two
theoretical curves are listed in ref. 6.

There are several results from Fig. 2 that are
consistent with earlier findings. In run #3
the positive dependence on temperature that can
be attributed to the void (and other "deep"
traps) trapping rate (above ̂ 125 K) is much
weaker than has been predicted theoretically
for trapping at voids.1* By run #4 this Is
weakened further. In positron-lifetime and
Doppler-broadening measurements performed in
neutron-irradiated Ho,2 a similar reduction in
the dependence of K\3 (= «ra + >cgT) on tempera-
ture was observed after partial recovery of the
specimen. Since the sputter-cleaning of the Al
between runs #3 and #4 necessitated an addi-
tional anneal (42S K), we attribute this effect
to the recovery of some of the deeper traps in
the crystal which contribute to the dependence
of K13 on temperature. This conclusion was also
reached previously regarding the studies of
neutron-irradiated Mo.2

Another result of the model to the data in Fig.
2 is that the trapping rate Into shallow traps
is very weak (Xj/ieiz"'0.1 means that Ki2^6x
1O10 sec"1) relative to that for vacancies
( r ^ S x l O 1 * sec"1; ref. 9). This result has
bc&i predicted by Golden-Rule calculations of
the trapping rate associated with shallow traps.
Assuming that \j does not change, the decrease
of \z/<\2 from runs 02 to #4 Indicates that the
"trapping rate" (i.e. K\2) into shallow traps
has increased. This is clearly illustrated in
Fig. 2 as an Increase in the shallow-trap
effect, and 13 consistent with our earlier re-
sults for neutron-irradiated Mo.2 At that time
we attributed this effect to the recovery of
some of the deeper traps contributing to the
"TJ" trap set.

Finally, in Fig. 3 we show the modelled curves
together with the data for E0(T). The "S"
shape that is most apparent at low temperature
in the theoretical curves in Fig. 3 Is a result
of assuming a single activation energy. This
feature would be different if the model were
expanded to Include several traps with various
activation energies. One possibility is that
impurities act as shallow positron traps,
perhaps in addition to other radiation-induced
defects. We are presently studying the
viability of this suggestion with some dilute
alloys of Li in Al.

(3)
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Figure 3: EQ(T) with model calculations
allowing for shallow traps.

CONCLUSIONS

We have used a variable energy positron beam to
extract the fraction of Ps atoms emitted from
the surface of a neutron-Irradiated single
crystal of Al. These measurements were per-
formed as a function of sample temperature and
incident beam energy, thu3 allowing a
measurement of the dependence of positron
diffusion on temperature. We find that the
positron's diffusion is more restricted at low
temperatures (<1Z5 K) than expected from con-
siderations of scattering by conduction
electrons, acoustical phonons, and radiation-
induced impurities. These results reinforce
previous conclusions2 that some radiation-
induced defects (other than voids) act as
shallow traps of varying depth from which
positrons can be desorbed with relatively little
thermal energy. He have presented a model that
incorporates a competition for freely diffusing
positrons between trapping in voids and other
radiation induced defects, escape to the vacuum
as Ps, and localization, with thermal desorp-
tion, in shallow traps
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