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Abstract 

A brief introduction to positron annihilation spectroscopy (PAS), and in particular to its use for defect studies in metals is 
given. Positrons injected into a metal may become trapped in defects such as vacancies, vacancy clusters, voids, bubbles and 
dislocations and subsequently annihilate from the trapped state in the defect. The annihilation characteristics (e.g., the 
lifetime of the positron) can be measured and provide information about the nature of the defect (e.g., size, density, 
morphology). The technique is sensitive to both defect size (in the range from monovacancies up to cavities containing 
50- 100 vacancies) and density in metals. Monovacancies can typically be detected in concentrations higher than a tenth of a 
part per million. For three dimensional vacancy clusters the sensitivity increases with increasing cluster size. The 
combination of PAS with theoretical calculations and with other experimental methods (in particular transmission electron 
microscopy) forms the basis for the use of PAS to quantitatively characterize defects and defect complexes, both visible and 
invisible in transmission electron microscopes; this is illustrated by some examples. Finally, the advantages of the use of 
PAS are pointed out. 0 1997 Elsevier Science B.V. 

PACS: 78.70.4j; 71.60. + z: 61.70.~ r; 61.80.~ x 

1. Introduction 

The use of positron annihilation spectroscopy (PAS) for 
studies of defects in solids is mainly based on two facts. 
The first one is that positrons are antiparticles to electrons 
so that a positron may annihilate with an electron. An 
amount of energy, equivalent to the mass of the two 
particles, will then be emitted simultaneously with the 
annihilation, normally as gamma radiation that carry infor- 
mation about the state of the positron-electron pair before 
annihilation. The second fact is that positrons injected into 
a material may get trapped in defects and annihilate there 
(rather than in the bulk material). By suitable measure- 
ments of the emitted gamma quanta it is then possible to 
obtain useful information about the characteristics of those 

defects that trap the positrons. In this note we shall briefly 
describe some of the physical basis of PAS and how it can 
be used in defect studies; some examples will be provided, 
mainly from work in our own laboratory. More detailed 
discussions of PAS can be found, for example, in Refs. 
[l-5]. 

2. Positrons in solids 

* Corresponding author. ‘Tel.: +45-46 77 5728; fax: +45-46 
77 5758; e-mail: morten.eldrup@risoe.dk. 

In conventional positron annihilation experiments, the 
positrons are injected into a sample from a radioactive 
source (e.g., “Na) which emits positrons with a mean 
energy of a few hundred keV. The injected positrons slow 
down to thermal energies in about IO-“-lo- ” s by 
ionization and excitation of the atoms of the solid. During 
thermalization, the positrons penetrate the solid to an 
average depth of about 20 mg/cm’ (i.e., in metals roughly 
20- 100 pm). Hence, the positrons probe bulk material in 
such measurements. In recent years the development of 
beams of monoenergetic positrons whose energy can be 
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Fig. 1. Positron lifetime spectra for annealed copper, and for 
copper irradiated with electrons. protons and neutrons to a dose 
level of - 0.01 dpa. Irradiations were carried out at - 523 K. 
The long-lived components of the spectra ( > - I ns) for the 
irradiated samples are due to the presence of defects, mainly voids 
[IO]. 

varied over a wide range has taken place. With such 
beams, also thin surface layers may be investigated [3,6-81. 

After a positron has been injected into a solid and has 
thermalized, it will in most cases annihilate with the 
emission of two y-quanta, each of them with an energy of 
5 11 keV (the equivalent to the electron rest mass). The two 
y-rays will be emitted in almost opposite directions. Small 
deviations from an angle of exactly 180” are due to 
deviations from zero of the total electron-positron momen- 
tum (because of momentum conservation in the annihila- 
tion process). By measuring these deviations from 180”. 
the distribution of the total momentum of the annihilating 
particles may be determined. In metals in particular, the 
positron momentum is low compared to that of the elec- 
trons and the measurements therefore determine the elec- 
tron momentum, i.e., the electronic structure [ l-5,9]. 

The rate at which the positrons annihilate with the 
electrons in the medium is proportional to the density of 
electrons at the site of the positron. Therefore the mean 
lifetime of positrons (T = A-‘, where A is the annihilation 
rate) is a measure of the electron density at the positions of 
the positrons [l-5], in such a way that a lower electron 
density is reflected in a longer positron lifetime. 

In this short contribution we shall not describe the 
experimental techniques, but refer to, for example, Refs. 
[l-5]. It should be pointed out, however, that techniques 
are available for the measurements of both momentum 
distributions (angular correlation and Doppler broadening 
techniques) and positron lifetime distributions. An example 
of the latter is shown in Fig. 1. It shows so-called positron 

lifetime spectra for annealed copper as well as for copper 
irradiated with electrons, protons or neutrons [lo]. The 
spectra consist of sums of decaying exponentials (that are 
somewhat smeared because of the finite time resolution of 
the lifetime spectrometer). The spectrum for annealed Cu 
contains one, short-lived component, while the spectra for 
the irradiated copper include also long-lived components 
that arise from positrons trapped mainly in voids. 

3. Positron trapping and annihilation in defects 

In the following we shall briefly describe the behavior 
of positrons in metals with special reference to trapping in 
defects. In semiconductors and insulators, for example, the 
picture is similar, but somewhat more complicated [ 11,121. 

In a perfect metal lattice, the injected positrons will, 
after thermalization, diffuse _ 100-200 nm during their 
lifetime. This lifetime of 100-400 ps depends upon the 
metal [ 1 I]. If the metal contains defects such as vacancies, 
vacancy clusters (including voids and bubbles) and dislo- 
cations. i.e., regions of less than average atomic density, 
positrons may become trapped, i.e., localized at these 
defects. This is because the positron is repelled by the 
positively charged ion cores. Hence, structural defects with 
missing, or a reduced density of, ions will provide attrac- 
tive potentials for positrons (more details in Ref. [ 111). 
Trapped in such a defect, the positron will experience a 
lower electron density than in the bulk material and its 
lifetime will therefore increase. Furthermore, the average 
momentum of the electrons at the defect is lower than in 
the bulk which results in a narrower total-momentum 
distribution for the annihilation quanta. These measurable 
changes in annihilation characteristics for defect-trapped 
positrons are the basis for the now well established use of 
PAS for metal defect studies. 

The annihilation characteristics depend on the type of 
defect in which the positron is trapped. Hence it is possible 
in many cases to differentiate between different types of 
defects. From the rates at which the defects trap positrons, 
defect concentrations can be derived. For example. for 
positrons trapped in three dimensional vacancy clusters 
their lifetime will generally increase with cluster size as 
illustrated by the calculated curves shown in Fig. 2 [13]. 
This is so because with increasing cavity size the average 
electron density inside the cavity, where the positron is 
localized, will decrease. For large cavities though, the 
positron will be localized at the cavity surface, and the 
lifetime (N 500 ps) will no longer depend on the size. If 
however. the vacancy cluster contains helium, the elec- 
trons of the He will overlap with the trapped positron and 
the lifetime of the positron will therefore be reduced. Fig. 
2 shows the influence of the presence of helium on the 
lifetime of the trapped positron. 

For larger, three dimensional vacancy clusters (voids) 
the positron lifetime approaches - 500 ps as mentioned 
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Fig. 2. The positron lifetime calculated for a positron trapped in a 
small three dimensional vacancy cluster in aluminum as a function 
of the number of vacancies in the cluster (nvac) and for different 
helium to vacancy ratios in the clusters (i.e. no He, 1 He and 2 He 
atoms for each vacancy). The upper scale shows the cluster radius. 
In a perfect Al lattice the lifetime is 165 ps. From Ref. [13]. 

above. However, like for small clusters (Fig. 2), if the void 
contains gas atoms, the positron lifetime will be reduced. 
This reduction will increase with increasing gas density as 
illustrated by the calculated results for He bubbles in Al, 
shown in Fig. 3 [13]. Thus, for small cavities, the positron 
lifetime is influenced by both the cavity size and the gas 
density in the cavities, while for large voids ( > - 50- 100 
vacancies) the lifetime is not sensitive to size, but only to 
gas density. In general, theoretical calculations of positron 
lifetimes have been found to be in good agreement with 
experimental results [ 11,141. 

The trapping of positrons into defects takes place in 
competition with the annihilation of the positrons in the 
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Fig. 3. The lifetime calculated for a positron trapped in a He 
bubble (nvaa > - 50) in aluminum as a function of helium density 
(n,,) in the bubble (filled circles). The straight line through the 
points gives the relationship r = 500 - 23Sn,, , with r in ps and 
nHe in lO** mm3. From Ref. [13]. 

bulk. If only one type of traps is present, the following two 
simple rate equations have been used to derive the proba- 
bilities that the positron is in the bulk (P,) and in the 
defect ( Pd> [l-5]: 

d P, ~ = -h,P, - KPh’ 
dt 

dP, 
__ = -h,P,+ KP,,, 

dt 

where K is the trapping rate and A, and A, are the 
annihilation rates in the bulk and in the defect, respec- 
tively. The solutions to these equations lead to a lifetime 
spectrum with two exponential components with the life- 
times: 

7, =(Ah+t)-‘, T2=h;’ 

and relative intensities: 

(3) 

I, = 1 - I,) Z,=K(A~-A~+K)-‘. (4) 

These equations can easily be expanded to include 
more than one type of defects with different annihilation 
rates Adi and trapping rates K~. Normally, it is a good 
approximation to assume that the trapping rate into one 
type of defects is proportional to the density, Ci, of that 
defect type, i.e., 

Ki = l_+, (5) 

The so-called specific trapping rate, /.L,, depends on the 
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Fig. 4. Estimate of the specific trapping rate, p, for positrons into 
spherical cavities as a function of cavity size in Al (filled symbols 
for He bubbles, open symbols for voids). The chain curve is a fit 
of a theoretical model to the points. The cross is for a monova- 
cancy. The cavity radii are mean values obtained by TEM. From 
Ref. 1151. 
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Fig. 5. Estimate of the specific trapping rate, p, for positrons into 
Epherical cavities as a function of cavity size in Cu. The chain 
curve is an estimate based on the curve for Al, and the dotted 
curves represent expected uncertainty bands. The cavity radii are 
mean values obtained by TEM. From Ref. [16]. 

type of defects. The specific trapping rate for monovacan- 
ties in aluminum, for example, is about 5 X lOI s- ‘. If 
the vacancy density is 0.1 at.ppm, K~ will then be 5 X lo7 
s-’ (Eq. (5)) which leads to an intensity of the defect 
component of Iz = 2.5% (Eq. (4)). This intensity value is 
roughly the practical experimental detection limit. Thus, 
the sensitivity of PAS to vacancies is roughly a tenth of a 
part per million. For spherical cavities pi increases strongly 
with cavity size as shown for aluminum in Fig. 4 [15] and 
for copper in Fig. 5 [ 161. 

4. Application to defect studies 

The lifetimes and intensities of the various spectral 
components in a measured lifetime spectrum can be ex- 
tracted by fitting a sum of decaying exponentials to the 
spectrum. Using the quantitative relationships between the 
extracted lifetime parameters and defect characteristics like 
the ones discussed above, it is possible to extract quantita- 
tive information about the defect population. In the follow- 
ing, we shall illustrate this by briefly discussing some 
experimental results obtained in our laboratory on vacan- 
cies. voids and helium bubbles. These results are on (1) 
void formation by annealing of electron irradiated molyb- 
denum, (2) void formation in neutron, proton and electron 
irradiated copper, (3) coarsening of helium bubbles in 
aluminum on annealing and (4) the annealing behavior of 

small vacancy clusters and helium bubbles in He im- 
planted copper. 

4.1. Electron irrudinted molybdenum 

An early experiment which took advantage of the sensi- 
tivity of PAS to monovacancies is described in Ref. [18]. 
Frenkel pairs were created at room temperature in molyb- 
denum by 10 MeV electron irradiation. The presence of 
monovacancies in the as-irradiated MO was detected by 
both positron lifetime and angular correlation measure- 
ments. The lifetime measurements, for example, showed 
the presence of a component due to vacancies with 72 - 
200 ps, considerably longer than the 120 ps observed for 
well annealed MO. On annealing above - 450 K (stage 
III) a strong increase of T> up to - 450 ps and a 
simultaneous decrease in the intensity, /2, of this compo- 
nent was observed. The increase of T? showed that three 
dimensional vacancy clusters were formed in stage III, i.e., 
that vacancies were migrating in this annealing stage. The 
decrease of the intensity reflects that some vacancies were 
lost to sinks or recombined with self interstitials during 
migration. In addition, the positron trapping rate per va- 
cancy decreases with increasing cluster size. This also 
contributed to the reduction of 1: (Eqs. (4) and (5)). No 
cavities could be observed by TEM in the as-irradiated 
specimens or after annealing up to - 700 K. However. 
after annealing to - 1175 K, the presence of voids, grown 
during the annealing, was confirmed by TEM. 
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Fig. 6. The dose dependence of the positron trapping rates into 
voids in copper, created by irradiation at 523 K with fission 
neutrons, 3 MeV protons, or 2.5 MeV electrons. The mean void 
diameters determined by TEM are 76 A, 71 A and 138 A, 
respectively for a dose of about 0.01 dpa. From Ref. [IO]. 
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4.2. Voids in neutron, proton and electron irradiated 
copper 

The lifetime spectra in Fig. 1 show a higher intensity of 
the long-lived portion of the spectrum for neutron irradi- 
ated copper than for proton and electron irradiated speci- 
mens. In order to quantify this effect, these spectra as well 
as spectra for other irradiation doses were analyzed and the 
trapping rates into voids were calculated by use of formu- 
lae equivalent to those given above. The deduced trapping 
rates are shown in Fig. 6. The rates depend weakly on the 
radiation dose, but in particular on the type of particle used 
for the irradiation. Since the void diameters show only a 
minor variation (7.1-13.8 nm), the main reason for the 
variation in trapping rate is the variation in void density. 
This is in agreement with the observations by TEM that 
shows that the void density varies in a wide range from 
about 5 X IO’* mm3 (electron irradiated) to about 6 X IO’” 
m-i (neutron irradiation). This confirmation of the TEM 
results by PAS is particularly important for the case of low 
void densities in the electron irradiated sample, where 
large statistical fluctuations may occur in the TEM obser- 
vations. Furthermore, the PAS results show that no popula- 
tion of invisible cavities is present in these samples. The 

p;;p T arm (K) 
Fig. 7. The annealing behavior of the positron lifetime parameters 
for aluminum that contains helium bubbles (generated by irradia- 
tion at - 380 K with 600 MeV protons to a dose of 0.35 dpa 
which results in a He content of - 75 at.ppm.1 r2 is the lifetime 
associated with positrons trapped in the He bubbles, and Ia its 
intensity. From Refs. [15,19]. 
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Fig. 8. The radius and density of helium bubbles in aluminum as 
functions of the annealing temperature. The filled circles, triangles 
and squares are derived from the results of the positron lifetime 
measurements shown in Fig. 7 and other similar measurements. 
the other symbols represent literature TEM data for similarly 
treated specimens. From Ref. [ 191. 

increase in the cavity density with increasing damage 
energy has been interpreted to be due to an increase in the 
vacancy supersaturation [ 161 resulting from the enhanced 
clustering of the self-interstitial atoms in cascades pro- 
duced under proton and neutron irradiations. This is con- 
sistent with the predictions of the production bias model 
[171. 

4.3. Helium bubbles in aluminum 

Fig. 7 shows the annealing behavior of positron lifetime 
parameters for helium bubbles in aluminum generated by 
600 MeV proton irradiation at about 380 K [ 15,191. In 
spite of a He content of about 75 at.ppm produced in the 
sample by transmutation, no He bubbles could be observed 
in the bulk material by TEM after irradiation at this 
temperature. However, in the as-irradiated material PAS 
shows the presence of an intense long lifetime component 
with T? = 320 ps which is the clear signature of a high 
density of small cavities, mostly bubbles [19]. On anneal- 
ing above - 600 K, 72 increases. In part this may be due 
to an increase in bubble size, but in particular a decrease in 
the He density in the bubbles (see Figs. 2 and 3). The 
strong decrease of the intensity I2 shows that the density 
of bubbles decreases, Using the quantitative relationships 
shown above (Eqs. (4) and (51, the specific trapping rate, 
p, versus radius in Fig. 4 and the lifetime, T, versus 
helium density, yluC, in Fig. 31, estimates of bubble sizes 
and densities could be obtained that were in good agree- 
ment with data from TEM on similar specimens, as shown 
in Fig. 8 [19]. 

4.4. Helium implunted copper 

Fig. 9 shows the lifetime and intensity of the longlived 
component for the annealing of copper that had been 
implanted with He at two different temperatures [16]. For 
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Fig. 9. The annealing behavior of positron lifetime parameters for 
copper that had been implanted at two different temperatures with 
He to the doses I IO at.ppm (0) and 340 at.ppm (0). The lifetime 
73 and its intensity I, are associated with positrons trapped in He 
bubbles and/or small vacancy clusters as discussed in the text. 
From Ref. [16]. 

Cu implanted at 738 K (filled circles), He bubbles with a 

mean diameter of 5.8 nm were observed by TEM in the 
as-implanted specimens [2O]. On annealing above the im- 
plantation temperature, coarsening of the bubbles is seen 
by the increase of the lifetime and simultaneous decrease 
of its intensity. After implantation at 335 K (open circles), 
no cavities could be observed by TEM in the as-implanted 
specimens. However, the positron lifetime of about 350 ps 
is clear evidence of the presence of small cavities, with or 
without He atoms. On annealing, the lifetime decreases to 
a minimum at about 550 K and then increases. This 
decrease may be ascribed to a decrease in size of the 
clusters due to thermal emission of vacancies and/or an 
influx of He atoms from the dissociation of other small 
clusters. At higher temperatures coarsening into bubbles 
takes place as evidenced by the increase of the lifetime and 
decrease of its intensity. This example once more illus- 
trates how PAS can supplement TEM by giving informa- 
tion about submicroscopic defect clusters. 

5. Conclusions 

The examples described in the present note serve to 
illustrate two major advantages of PAS. One is that 

positrons are sensitive to defects in the size range from 
monovacancies up to cavities that can be seen by TEM and 
in the density range (for monovacancies) above roughly a 
tenth of a part per million. For clusters of vacancies, the 
sensitivity is higher. In addition, PAS can give information 
about rare gas densities in bubbles. The sampling volume 
for conventional positron annihilation spectroscopy is typi- 
cally about 0. I mm3 and the defect characteristics that can 
be derived from the measurements are therefore volume 
averaged. This makes the technique a useful supplement to 
TEM investigations, in particular for low defect densities 
where TEM results may be subject to significant fluctua- 
tions. With variable-energy positron beams. on the other 
hand, depth profiling of defect densities close to surfaces is 
possible. Finally it should be mentioned that the technique 
is non-destructive. This means that for a full annealing 
study. for example, only one set of specimens is necessary. 
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