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ABSTRACT

Positron annihilation is a sensitive technique for probing

defects in metals and it has recently been shown to be a valuable

tool for the study of radiation damage. After an introduction

to the three basic experimental methods (angular correlation,

Doppler broadening, and lifetime measurements), the interaction

of positrons with lattice defects is reviewed. Results for

the annealing of damage after low temperature irradiation are

used to show that positron annihilation has provided new informa-

tion on annealing kinetics. The role of positron techniques

in characterizing complex defect structures resulting from high-

temperature neutron irradiation is reviewed and the possible

utility of positron annihilation as a nondestructive monitor of

property changes is pointed out.
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I. INTRODUCTION

It has been recognized for about ten years now that positron

annihilation in solids is sensitive to defects. Certain char-

acteristics of the annihilation radiation depend sensitively on

the concentration of vacancies or other "open^volume" defects

1n the sample. The past five years have seen the start of a

systematic exploitation of this effect as an experimental tool.

A prominent area of application is the study of radiation c1.: age

In metals. Although the field is quite young, positron annihila-

tion has already had impact in terms of providing improved under-

standing of annealing kinetics as we!'/ as in the characterization

of complex defect structures.

We will begin with a discussion of the physics of positrcn

annihilation, leading up to the interaction of positrons •«;'.'.'..

defects. A review of experimental work will emphasize ccmpr.r'son

with other techniques and summarize results obtained for rnnec.ling

of damage after particle irradiation.

II. PHYSICS OF POSITRON ANNIHILATION

Positrons are most commonly obtained from sources exteriicl

to the sample under study. Suitable (5+ emitters are produt;:

in a variety of reactions and are commcrciu . .. ̂ veilDlK. "J «*C

positrons emitted have a distribution of er. . s up to a i;i•;:•;-•

murn value that determines their deepest per. -:ion in c isieti.!.

Typical mean depths are 10 to 100 pm, so t! : :o positrons • "a

implanted in the bulk of the samples. Tabi: is a listing of



the most commonly used source isotopes, together with the

production reactions, the half-lives of the resulting nuclei

. and the maximum energies of the emitted positrons. -

Positrons entering a metal rapidly lose most of their

kinetic anergy by collisions with ions and electrons, and finally
-12 2 3phonons, reaching thermal velocities in a few times 10 s.

The thermalized positrons may be represented by Bloch v/aves

moving in the array of ion potentials. Being anti-particles u-

electrons, positrons will annihilate v/ith electrons, most conn-only

in a 2y process, after a lifetime of typically several 10 s

In a metal. Coulomb interactions repel tha positrons from

positive ion cores, so that they annihilate primarily with ccn-

duction electrons. The positrons themselves'occupy states c.t

the bottom of the positron conduction l-.nd «i: the time of e'e-::; v.

• •» -' r- -In detailed discussions of the emrlhru-ticn characterise <~. 5

the charge screening around the positrons plays an important roio.

For some purposes it is useful to represent the behavior of

the thermalized positron by a diffusion cons';-: nt 0, without

specifying the microscopic processes. Thont in the lifetime i.

the positron will cover a distance

which gives a measure of the voluwc samplet' vc decay. TSiis

point will be important in the discussion -:• . Itron-c'efset

interactions (trapping model).

The radiation emitted in the annihiU ; rocess yields

Information about the electron distribution the site of the



decay. Let r.(p)d p equal the probability of annihilation with

the i electron, for a photon pair momentum in d p about p (two

photon annihilation). If ^ ( r ) is the wavefunction of-the i t h

electron and y+(r) is the wavefunction of the positron,

where r is the classical electron radius and c the speed of light.

The total annihilation rate (or reciprocal positron lifetime) is

obtained by summing ove'r all occupied electron states and photon

momenta:

Z h - I f Y-(£)ds"p
i 1 i ' * 1 '

Because the positron occupies its lowest -energy state, its contribu-

tion to the total momentum is negligible. Thus r depends primarily

on the momentum distribution of the electrons at the site of

decay, and that is the key to the utility of the positron annihila-

tion technique. Several of the general references listed at the

end of.the paper contain detailed theoretical discussions.

Figure 1 shows schematically the three techniques used in

positron annihilation studies. The positron lifetime is a function

of the electron density, as seen from Equation (3). Measurements

of the positron lifetime can be done if a source is used, such as

Ha, that emits a "marker y" in coincidence with the positron.

The marker is used to start a clock, and one of the annihilation

Y's to stop it.

Both angular correlation and Doppler broadening yield informa-

tion about electron momenta. If the positron and the electron with
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which it annihilates v/ere at rest at the time of decay, the two

photons emitted would be at exactly 180° with respect to each

other in order to conserve momentum. In fact, however, the posi-

tron is essentially at rest but the electron is not. -Thus

the directions of the y*$ deviate slightly from 180° by

an angle 8. Let the z- componentof the pair momentum be ;

p e "fik . For small angles p = mce, where m = electron mass.
m

The angular correlation counts N(p)_are given by

-It is readily shown that for a spherical Fermi surface (free

electron approximation), the resulting distribution is an inverted

parabola. In metals the measured distribution consists of this

parabolic part, referred, to as the" .conduction electron contribu-

tion >" superimposed on a" broader portion: going .to higher, momenta

¥hd often represented by a- Gaussian function.. • Most of--the-latter

1s attributed to the overlap of positron v/avefunctions with the

wavefunctions of tightly bound electrons and :is referred to as :

t̂he core contribution." z~zt-'.t- :r;6:rer:s: c -.:.-;^IL:Z r.s .

Doppler broadening-measurements, are :accomplished by-looking

'•at'the anri'ihilation photons hearf-on with an energy-resolving —-

-detector.''""Now the "electron rmontentuRi compancnt (p ) parallel, to ;
cthe'direction 'of the emitted :photon is resolv .!, rather. :then

"the perpendicular component ( p ) rraeasured :by -.gular correlation.

"'If E'"-:S11 keV isthc.rest energy ,and .m--the cst mass of .the

"electron,

2

For an electron energy of 10 eV, the order of magnitude of the

E'« Eo ± AE « m oc
2 ± | px ,L::1f V << c . -:*: (5)
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Fermi energy, 2AE = 3 keV. The best resolution of Ge(Li) detectors

is about 1.1 keV at 511 keV, so the momentum resolution Ap « ~ kp*

In angular correlation experiments an order of magnitude better

resolution is readily obtained. However, data acquisition for

Doppler broadening measurements is considerably faster and the

experimental geometry simpler.

III. TRAPPING MODEL

After several independent sets of experiments had shown that

positron annihilation is sensitive to defects in metals, a "trapping

model" formulated by Brandt v/as applied to vacancies in metals
fi 7

by B^rgersen and Stott and by Connors and West. A discussion

of the trapping process in terms of trapping potentials was given

by Hodges, and a very complete treatment of the trapping model

and related problems is found in a review by Seeger.

The experimental observation underlying the discussion of trap-

ping is that positron annihilation characteristics change as a func-

t i o n of increasing defect concentration, both for defects in thermal

equilibrium and for nonequilibrium defects introduced by deformation,

quenching, or irradiation. Positron lifetimes become greater, and

curves measured by angular correlation or Doppler broadening

become more sharply peaked. These effects begin for atomic con-

centrations of defects between 10" 7 and 10~6, and saturation occurs

ifor concentrations of approximately 1 0 . They have been seen for

many, but not all metals. The observations suggest that positrons,

in the tffflfe between thermalization and decay, can be trapped at

defects. Once a positron is localized at an "open-volume" defect,

It sees a reduced charge density, resulting in a greater lifetime.



Moreover, its wavefunction will overlap less with the wavefunctions

of core electrons than when it is at an interstitial site and

more with the wavefunctions of the conduction electrons that fill

- the defect volume. This results in an enhancement of the peak

of the angular correlation (or Doppler broadening) curve, that

peak being associated with conduction electrons. The onset of

the effect will occur when the defect concentration is such that

the positron will find a defect in the volume sampled before

decay (Eq. 1). An example of the effect in angular correlation

measurements is shown in Figure 2.

We assume that no cietrapping occurs, i.e., each positron is

trapped only once. We let A, be the decay rate of a trap, A,

the decey rate in the perfect lattice* c the concentration of

traps, vc the trapping rate of posiIronss n. the number of trr.pped

positrons and n- the number of froe positrons. The nuubor o"

free positrons can be reduced both by tioaiy and by trapping; the

number of trapped positrons is increased by trapping and reduced

by decay:

"3T = ~ Xtnt * vcnf

The soli'tiDfiS are

exp[-(Xf -:• vc)t3

If we let p t .= fraction of annihilations cc. j from traps, then
CO

/
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Equation (8) allows one to model the observed saturation

effects. Let F be a measured parameter, such as the mean life-

time, a normalized point (usually the peak) on the angular

correlation curve, or a Doppler broadening lineshape parameter

(usually the peak divided by the area), and let F^ and Ffc be

the corresponding quantities for the cases of all positrons

annihilating in the bulk and from traps, respectively. Then

F = Ff(1 - p t) + Ft p t ,

or . (9)
F ~ Ff = vc
Ft " Ff Af + uc

The above equations are used to extract the vacancy formation

enthalpy from measurements of positron annihilation as a function

of sample temperature. The equilibrium vacancy concentration

c(T) is given by c = B exp(- <{>/kB T ) , where 4> is the formation

enthalpy and kB Boltzmann's constant. With rising sample tempera-

ture, c increases from a value for which no positrons find

vacancies to one for which all positrons decay from vacancy iraps.

A characteristic "S11 curve is measured for F, and a fit of

Equation (9) to the data yields <J>.

For radiation damage studies, the parameter p(trapping re4

per trap) becomes" particularly important. The parameter F is a

function not only of trap concentration, but Iso of trappirs?

rate yc. Further, it is plausible that (F. Ff) will be

different for different trapping sites, i.e., vacancies, vecency

clusters, voids, dislocation cores. In the discussion of the

trapping model it was assumed so far" that tfure is only one type



of trap. This need not be so, and there are cases for which

several types of trapping sites can be resolved or changes in

the dominant traps can be identified.

IV. EXPERIMENTAL TECHNIQUES

The experimental arrangements for the three measurement

techniques are shown in Figures 3, 4, and 5, and we discuss .

each in turn.

a. Lifetime

Lifetime measurements rely on the use of sources, such as

Ka or Sc, that emit a gamma ray simultaneously with the

positron. The time delay between the detection of the prompt

photon (1.28 MeV for the case of Ha) and the detection of the

0.511 MeV annihilation photon is recorded by'a fast-slow coincidence

apparatus, as shown in Figure 3. A sandwich arrangement cf

samples and source is used to ensure thut all positrons arc-

stopped in sample material, and the dotectors (plastic scintillators)

are positioned close to the samples. The- measured lifetimes of a

few times 10 s are near the limit of resolution of the apparatus.

A fit to the lifetime spectrum is usually made by computer,

using a small number of exponential decay components of the form

exp(- Xt). Alternatively, one "mean lifetime" is extracted "ror.

the data. While it is often difficult to n; solve sever*.! lifelines

accurately, in those cases where it can ba done valuable in."creation

is obtained, for example about the emergence of a r.ew trapping

center after a given radiation close or annealing treatment.



b. Angular Correlation

Figure 4 shows a typical angular correlation apparatus in

the "long-slit" geometry. Sources of several mCi to several Ci

are used, as opposed to typically 10 to 100 yCi for lifetime and

Ooppler broadening. The sources are usually external to the

sample, and well shielded from the detectors. Internal sources

have, however, been used successfully as well, for example by

activating Cu samples by irradiation with thermal neutrons tc

produce the isotope 64Cu.

In the long-slit geometry, one dimension of the detector

slit (out of the paper in Figure 4) is much greater than the slit

width, and also much greater (in milliradians) than the width of

the angular correlation curve. This is equivalent to integrating

the angular correlation counts over two components of niomcr.tu.M,

and determining only the transverse momentum component p of tSe

photon pair (See Equation (4)). Very precise measurements,

involving an angular resolution of 0.1 milliradians and accumulated

counts of 10 per position, can be made.

The long-slit geometry is the one that has been used so far

1n defect studies, including radiation damage. For Fermi surf

studies, however, more information is obtained in the crossed

slit configuration. There have been \rcry .-.citing develc-rirc.
12 13

recently in the area of multi-detector syste;. , • el lowing

two-dimensional angular correlation measurer. Is. Such systems

are under development at several laboratoru: ;nd it is likely

that they will find application in the study >•? defects.



c. Doppler Broadening

Figure 5 shows a Doppler broadening spectrometer, together
85with a Sr line at 514 keV representing the resolution of the

system, and a broadened annihilation line from copper samples.

The application of this technique, particularly in metallurgical

studies^ has grown rapidly in recent years. Despite the limited

resolution, corresponding to ~ 4 mr in angular correlation,

Doppler measurements have the advantages of shorter counting times,

even for relatively weak sources, and of flexibility in geometry.

The latter pemits samples to be studies in various environmental

conditions and.holds out the promise of possible applications in

nondestructive evaluation. Doppler broadening experiments

depend critically on careful stabilisation of the electronics.

For extimple, temperature control to ± 0.1 °C is required, logo I her

with .the use of a digital stauilizor or stabilization by scft\.'«-.re.

Recent advances make it possible to obtain intrinsic cermaniinn

detectors with energy resolutions equal to those of lithium

drifted crystals. The convenience and expected longer life cf

these detectors should further advance the usefulness of the

technique.

Y. IlAOIATION DAMAGE

Before discussing specific experiments ' .voTving positron

annihilation, it is useful to review some <v.' 'c fundamental

concepts of radiation damage. * The stuo " radiation d;u;u*ga

can be separated into two areas, represented figure C, shewing

a displacement cascade, and Figure 7, showing . displacement spike.



In one set of experiments, samples are irradiated under

carefully controlled conditions, for example with electrons of

MeV energies at liquid helium temperature. The object is to

introduce a known density of vacancy-interstitial pairs (Frenkel

pairs) at a sample temperature low enough that both types of

defects remain immobile. The defect geometry is the result of

the displacement cascades produced in the slowing down of all

displaced atoms. Subsequently, measurements are carried out on

the samples as a function of annealing treatment in order to

obtain information about defect kinetics and the geometry and

stability of resulting defect cluster?.

Figure 7 represents 5 more complex situation, a vacancy-

rich region surrounded by a shell of material rich in interstitials.

Such displacement spikes can result from irradiation by hi£• h-

energy particles at low temperatures* and may **:•! remain s U M e

as the sample temperature is raised. The fi^i:;: is Intended here

to be representative of the more complex dor: . structures result-

Ing, for frxarople, from high temperature expe to a rtccior

environment. The goal of an Important area tudy. is to char-

acterize the microstructure resulting from i. !iation and relat-

it to observed macroscopic property changes. h as swelling,

Cfinbrittierccnt or radiation-induced creep.

For many metals, tho isochronal annec.; fter lev tem-

perature irradiation has been observed to : lace in several

discrete steps, each step occurring in a v." fined tciiipr^a-

ture region. The goal of a large number of ritnents in recent

years has been to provide detailed informal?: about the



-13-

processes reponsible for these recovery stages. The results

have been interpreted In terms of two models, which are discussed

critically in References 17 and 18.
•~-— " 19

The development of diffuse x-ray scattering techniques

has made it possible to determine defect configurations and to

detect clustering, primarily for interstitial's. Positron annihila-

tion complements these technqiues because, of its sensitivity to -

vacancies and vacancy clusters. Thus it is particularly interest-

ing to examine annealing stage III which is attributed in one

mode} to the motion of vacancies to sinks and to vacancy clusters,

and in the other model to the movement of interstitials. Tiris

is one of the areas to be disucssed below. ' .

VI. POSITRON ANNIHILATION EXPERIMENTS
?0Since the first measurements on electron-irradiated platinum"

21and iron by angular correlation, positron annihilation has

been widely used in radiation damage studies. Particular excite-
22 23

inent was generated by two short papers in Nature, in which

1t was reported that the presence of voids due to fast neutron

irradiation of molybdenum at 650°C caused an increase of tf: :

angular correlation peak count rata by about 6555, with cor. ̂ spending

effects on the Doppler broadening of the annihilation line '. nd on

the observed lifetime spectrum. The authors /.ointecl out . :•

promise of the technique as a viable early v;; .•••ing systen for

impending failure of reactor components.

For the purposes of discussion it is U;. .v'i to group t»:e

work done more recently into several categovi^s. One area that



has received considerable attention is the interpretation of

annealing stages, referred to briefly in the preceding section.

a. Stage III

After the large effects due to high-temperature neutron
22 23irradiation of molybdenum had been observed, ' studies of the

annealing behavior after neutron irradiation at about 60°C of
24 25the same metal were undertaken. ' • It was found that voids

can be produced not only by irradiation at elevated temperatures,

but also during annealing following low temperature irradiation.

This result was later confirmed by electron microscopy, and

underlined the extreme sensitivity of the positron annihilation

technique. During stage III (150-350°C) a lifetime component

was observed to increase, as did the Doppler broadening lincshape

parameter. It was concluded thet the migration of first divacan-

cies and then monovacancies led to the formation of small vacancy

clusters.

In order to investigate stage III behavior under cleaner

experimental conditions, the annealing of molybdenum irradiated

with 10 MeV electrons at 50°C was studied, in combination with
27 28

liquid helium electrical resistivity measurements. * Both

lifetime and angular correlation were measured and a very careful

data analysis was carried out. It was again deduced that vacancy

clustering took place in stage III, and the conclusion was

strengthened by the electron-microscopic observation of some

three-dimensional voids.



The results of neutron and electron-irradiation experiments

on molybdenum were recently summarized concisely by Petersen.

In particular, on the basis of arguments concerning differences
*

in sink geometries, he concluded that the experiments of Petersen,
30Nielsen and Thrane on both single crystal and polycrystal

samples show that vacancies migrate in stage III.

A very careful study of low temperature electron-irradiated

copper was carried out by Mantl and Triftshauser. They observed

a strong increase of the lineshape parameter in stage III, which

they interpreted as being due to small three-dimensional vacancy

clusters that form once the vacancies arc able to migrate. A
32parameter R, defined previously, was calculated from the

measured lineshapes as a function of annccling tempercitures. 'h\dcr

certain assumptions, this parameter is independent of defect con-

centration and characterizes the positron trapping site. It

v/as found that during stage III R changed from a value that had

been observed for vacancies in thermal equilibrium to one con-

siderably higher. High R values had si so been observed for

aluminum samples containing voids.

Further support for the vacancy clustering interpretation

was obtained from results, reported in the same paper, on sone

quenched gold samples. Here, too, an increase of lineshape yzre-

- meter and of the R parameter was found in stage III. Only vacancies

are frozen in by quenching; therefore the similarity of tho

effects observed for quenched gold and electron-irradiated copper

suggests that in the latter case, too, vacancy clustering is the

cause of the effect.



33It can be argued, however, that the positron annihilation

effects observed for electron-irradiated copper might be due to

trapping by very small interstitial loops that are formed when

self-interstitiais begin to migrate. More detailed studies of

quenched metals, particularly of copper, are rf interest here

for comparison with results on irradiated sarnples. It is not

a trivial problem, however, to reliably quench sufficient con-

concentrations of vacancies into samples of the required dimensions,

Recently, the annealing of quenched aluminum single crystals

and polycrystals was investigated by Doppler broadening and elec-

trical resistivity, and the results were compared to similar

measurements on electron-irradiated aluminum. For the quenched

samples, a rise of the lineshape parameter in stage III was seen

to correlate directly with the relative magnitude of the lineshape

parameter in stage IV, where electron microscopy has shown dis-

location loops to be present. Thus it was concluded that the

increase of lineshape parameter in stage III v/as due to the early

stages of vacancy clustering, and that some of these clusters

eventually grew to form loops that were stable through stage IV.

For electron irradiated aluminum, no rise v/as observed in stage III

and :onscquently no stages IV and V were seen. This means that

the interstitial clusters resulting from irradiation followed by

annealing through stage II provided such a large concentration of

sinks for vacancies that they were all annealed in stage III

•Without clustering.

Similar measurements on quenched copper would be helpful in

the interpretation of the data on electron-irradiated copper.



There are some complications in such work on copper that do not

enter for aluminum, but in fact measurements on quenched copper
j 36are now underway.

The annealing behavior of electron-irradiated copper has
37also been investigated by positron lifetime. It was found

that a long-lifetime component appeared in sta'ge III, the value

of which increased even into stage IV. This component was

interpreted as being due to three-dimensional vacancy clusters,

In agreement with the interpretation of Ref. 31. At high tempera-

tures (above 200°C), it was inferred from the data that two long-

lived components exist, one associated with dislocation loops

and the other with microvoids, and that these two components

annealed out at different temperatures. Similar structure In

the high temperature annealing stages has also been seen for

neutron irradiated copper, in some work to be discussed next.

b. Stage V

For irradiation temperatures above stage III, neutron damage

in copper consists of defect clusters. Various techniques have

been used to study this damage, and it was found that the clusters

are primarily dislocation loops, of both interstitial and vacancy
3fitype. The annealing stage in which these cr .lers disappear

is labeled stage V. Positron annihilation me?--, rements on

copper crystals as a function of neutron dose irradiation tempera-

ture - 50*C) have shown that positrons arc tr ed, presumably
3Q

at the cores of these dislocation loops. i<; cquent positron

annihilation annealing studies on the same r. stals showed a



structure In the annealing curve that had not been observed pre-

viously by other techiques (See Figure 8). A s.'iarp rise in the

normalized peak count rate was measured in a narrow temperature

interval, and was interpreted as being due to trapping of positrons

at microvoids that can form when vacancy type dislocation loops

become unstable and release vacancies. In fact, the temperature

at which the effect was observed corresponds to the irradiation

temperature (300°C) above which only very few dislocation loops

visible by transmission electron microscopy are produced by

self-ion irradiation in copper, presumably because they are

thermally unstable.

These findings were confirmed in similar measurements on
£.2neutron-irradiated copper by angular.correlation and lifetime.'

Here, however, the peak was not as pronounced. The interpretation

given was that some microvoids may fo"m during irradiation, even

at a temperature as low as 50°C. The peak seen in Ref. 40 v/cild

then be due to the growth of these microvoids after vacancies

are released from loops.

In Ref. 40 measurements ware reported ss v/ell on copper

samples doped with B and subsequently irrsdiated with thermal

neutrons. The energetic a and Li particles resulting from ir.e

reaction B(n,ct) Li then produced damage, which was seen b.

electron microscopy to be similar to that produced by fast nc^.rons.

The annealing behavior for this second set of samples foilov.-c-'J

very closely that for the neutron damaged specireents, the pe:<.k

occurring at the same temperature. Later, measurements on '8-dopec

copper irradiated at a higher temperature (~ 260°C) showed a
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much broader peak in the recovery curve, centered near 400°C.

This shift in the annealing curve reflects the differences in

defect geometry resulting from higher irradiation temperature.

The distribution of loop diameters is shifted to larger values, '

and a higher concentration of microvoids is expected.

&S- Voids

In high-temperature neutron irradiations, the irradiation

temperature can be varied in order to produce different void sizes.

In a recent study it was found that the long positron lifetime

component for a series of Mo samples containing voids varying
o o

in mean radius from 9 A to 45 A remained constant to within
experimental error. This result is in agreement with theoretical

45 46 *work indicating that positron annihilation parameters should

depend only weakly on void size for voids containing more than

20 vacancies (i.e., r > 5 A), although below a critical value

the parameters should vary strongly with cluster size. The same

conclusions were reached in a independent study also on Mo by
47another group.

After these findings, the reasons for unusually long lifetimes

measured in earlier annealing studies of molybdenum were reexa?nined.
48It was determined experimentally that impur: Lies introduced

during the annealing in a gas atmosphere car. irongly affect the

measured lifetimes.

The screening of the Coulomb intcractic. between a position

and an electron by valence electrons ordinar!./ prevents the



formation of a positron-electron bound state (positronium) in

a metal. There has been some interest in the question whether

positronium could, however, be formed in voids in a metal lattice.
22 23•The early work on voids in molybdenum V included experiments

to test for the formation of positronium in the voids. The

negative result implied a positronium-positron ratio of less

than 3%. More recently, using a 3 y detection technique, some

evidence of positronium formation at voids in molybdenum was
49obtained, indicating that 1.3% of the positrons were decaying

from positronium by the 3 y process.

Annealing of voids produced in molybdenum by neutron irradia-
50tion at 600°C was investigated in lifetime studies by Hinode et al.

A clearly resolvable long-lifetime component indicated the presence

of voids after irradiation, even though they apparently did not

grow to sizes visible in the electron microscope until after

annealing at 80Q°C. Also, from the high-temperature annealing

behavior an additional intermediate lifetime component was observed

find attributed to dislocation loops.

Recently, both lifetime and Doppler broadening measurements

on molybdenum which had been neutron irradiated st high tempera-
51tures up to 1500°C were reported. The measured lineshape

parameter and a long lifetime component both correlated well ei

6 function of irradiation temperature with IV. r/edicted swelling

b».sed on measurements by other techniques. V drop at high

temperatures was, however, slower for the po.; ' on curves, in

agreement with the finding that positron anni: ation is more

sensitive to low concentrations of open-volu;:: defects than other



techniques. Changes in the short lifetime component found at

Intermediate irradiation temperatures were tentatively attributed

to trapping at dislocation loops.

Studies of voids in aluminum began with angular correlation

measurements by Triftshauser et al, on single crystals neutron

irradiated to high fluences at 55°C. The measured curve agreed

with one calculated on the assumption that the positrons are

annihilated at void surfaces. The void trapping effect disappeared

•after annealing at 325°C.

Subsequent lifetime measurements on a similar aluminum crystal,

irradiated under the same conditions, supported the model of
53positron states at the void surfaces. No evidence for positronium

formation was found. Further detailed studies of the same system

by positron lifetime and angular correlation* as well as small

angle x-ray scattering, were interpreted in terms of a model

in which positrons are trapped both at voids and at other defects.

These other complexes were tentatively identified as vacancy

clusters bound to transmutation-produced silicon. The ability to

resolve two long lifetime components with relative contributions

that vary differently with annealing temperature illustrates the

utility of the lifetime technique.

Helium bubble formation in aluminum aftrr injection of 50 MeV

alpha particles was traces by positron 1 if et-'•.-.•:• tnessurements

after isochronal annealing steps. ' The . -jults of a compre-

hensive study, including electron microscopy, /ere consistent

with the assumption that the helium rapidly c jjpies substitutional

sites and that this substitutional helium is trapping site for
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positrons. It was found that the helium begins to migrate near

100°C and agglomerates up to about 250°C. Bubble growth occurs

principally between 300 and 600°C.

There has also been a study by lifetime measurements of the
57

damage produced in aluminum by proton bombardment. In order

to simulate (n,a) processes induced by fast neutron irradiation,
3the proton bombardment was preceded by injection of He ions.

A long lifetime component, evidence of void formation, was observed.

Simulation of neutron damage by ion bombardment is attractive

because of the short times required to obtain high numbers of

displacements per atom. Often the depth to which such damage

is produced is very small. For this reason, the low energy

positron beams which have recently been developed * will find

application in such studies.

Void formation has also been investigated in neutron irradiated

nickel single crystals and polycrystals by angular correlation.

In both cases, the positron source war. the isotope Co produced

by the reaction 58Ki(nsp)
58Co in the sample itself. In Rcf. 51

it was found that a fairly large effect persisted even after-

annealing above 1100°C. This was attributed to small voids

stabilized by gas impurities, too small to U.ve b^on seen by

electron microscopy.

d. Iron and Zirconium

Finally, we discuss separately two ex; • vonts on the anneal is

of irradiated iron and zirconium, respecti' . In the v.*ork on

iron, purified samples and specimens dope?' jifcher with carbon



or with nitrogen were neutron Irradiated at 20K. Angular correla-

tion was measured at 77K after annealing steps between 100K and

680K. A comparison of the positron annihilation results with

' internal friction data showed that the impurities interact with

vacancies. It was concluded that carbon-vacancy and nitrogen-

vacancy complexes still act as trapping cente'rs for positrons. At

the highest annealing temperatures the complexes dissociated and

complete recovery was observed.

The lifetime and angular correlation measurements on electron-

irradiated a-2irconium deal with a particularly difficult system.

The specimens were irradiated at approximately 300K, and measure-

ments were done as a function of isochronal annealing steps. The

relatively high impurity levels of the material are expected to

play a large role in the recovery processes, and in fact for the

less pure of the two samples an almost continuous recovery spec-

trum was observed.

VII CONCLUSIONS , "

The work reviewed here sh"6v/s clearly that positron annihilation

can provide important new information on radic.tion damage of metals,

particularly when combined with other'techniqvos. The extreme

sensitivity of the method has made it possiL- to follow vacancy

interactions when the clusters are too small •.> be observed

electron-microscopically. This has resultcc1 ':i an improved

understanding of defect recovery stages and void formation

and growth phenomena. That same sensitivity, ^s shown for



example in the swelling work, suggests the application of

positron annihilation as a nondestructive monitor of radiation

damage to component materials.
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Table 1. Isotopes used as positron sources, with their half-
lives, production reactions, and positron end-point
energies.

Table 2. Summary of positron annihilation radiation damage
studies.

•v-
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ISOTOPE

22Na '

55Co

HALF-LIFE

2.58 y

47 y

18.2 h

36.0 h

71.3 d

12.9 h

j 245 d
5

: 275 d

| 40 h
| u.i h .

POSITRON
END-POiNT ENERGY

£ x (MeV)

0.54

1.47'.

1.50

0.85

0.48

0.65

0.33

1.88

1.22

1.50

PRODUCTION REACTIONS

25., 22

\ y 0 \ \—f^ _ ^ • t / I 1

58Ni{p,a)55Co,56Fe(p,2n)55Co
56Fe(3He,2n)57Ni " .
58Mi(n,p)58c6,55Mn(afnl?8Co
63,, , ,64^Cu(n,y) Cu

64 ^ 65

66Zn(c: 2n)68G9

wZrtRn?V9t!zrtd i2n)'^

-I
•>
CO



TABLE 2. Positron annihilation studies of radiation
damage In metals

Sample
Material

Mo

Cu

AA

Cu

Mo

Mo

AA

hS.

Hi

Fe

Category

Stage III neutrons
electrons

Stage III electrons

Stage III electrons
quenched

Stage V fast neutrons
J 0B doped, thermal 40,43

neutrons

voids

correlation with swelling

voids

bubble formation

void formation

low temperature neutron
irradiation

Reference

24,25,26,29,30
27,28

31,37

35
36

40

22,23,44,47,48,^0

51

52,53,54

55,56

60,61

62

A302B steel low dose neutron
irradiation

14



FIGURE CAPTIONS

Figure 1 Schematic representation of the three experimental

techniques used in positron annihilation measurements

Figure 2 Angular correlation curve for iron, with and

without irradiation-produced defects. (Ref. 62)'

Figure 3 Typical positron annihilation lifetime spectrometer

arrangement.

Figure 4 Schematic arrangement of "long-slit" angular

correlation apparatus.

Figure 5 Doppler-broadening spectrometer arrangement and

example of data.

Figure 6 Displacement cascade

Figure 7 Displacement spike

Figure 8 Annealing characteristics of neutron-irradiated

copper as measured by positron annihilation and

by integral diffuse x-ray scattering. (Ref. 40)
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