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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 valuzble
tool for the study of radiation damage. After an introduction
to the three basic experimental methods (angular correlaticn,
Deppler broadening, and lifetime measurements), the interaction
of positrons with lattice defeéts is reviewed. Results for
the annealing of damage after low temperaturé irradiation are
used to show that positron annihilation has provided new informa-
The role of positron techniques
in characterizing compiex 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 gensitfve to defects. Certain char-
acteristics of the annihilation radiation depend sensitively on
the concentration of vacancies or other “open~volume" defects
in the sample. The past five years have seen the start of a
systematic exploitation of this effect as'an experimental tccl.

A prominent area of application is the study of radiation c. .zxge

in metals. Although the field is quite young, positron annii;ila-

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

standing of annealing kinetics as well as in the characterization
~of complex defect structures.

He will begin with a discussion of the physics of positran
anniliilation, leading up to the interaction of posiircns will ’
defects. A review of experimental work will emphasize compirison
with other techniques and summarize results obtained for enncoiing

of damage after particle irradiation.

I1. PHYSICS OF POSITRON AHNIHILATION

Positrons are most commonliy obtained from sources external

to the sampie under study. Suitable gt emitiers are produc:

fn a variely of reactions and are commercic: - sveilebic. Tae
vieeeen... POsiirons emitted have a distribution of en. [ :s up i6 a mzxi-

mum value that determines their deepest pern. cion in & metal,

Typical mean depths are 10 to 100 um, so 1} o posilrons v

implanied in the bulk of the samples. Tabl: is a listing of
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.and the maximum energies of the emitted positrons.” -

the'moét commonly used source isotopeg, together with the
production reactions, the half-lives of the resulting nuclei
' 1

Positrons entering a metal rapidly lose most of their
kinetic energy by collisions with ions and electrons, and finally
phonons, reaching thermal velocities in a few times 10'125.2’3
The thermalized positrons may be represenfed by Bloch waves
moving in the array of ion potentials. Being anti-particles
electrons, positrons will annihilate with electrons, most comuicnly
in a 2y process, after a lifetime of typica2lly several 10"]05
in @ metal. Coulomb interactions repel the positrons freom
positive ion cores, so that they annihilate primarily with con-
duction electrons. The positrons thcﬁsq]vcs'occupy states ot

1

the bottom of the nositron conduciicon Laond #t the time of dane,

In detailed discussions of the annihijeticn characteristic-,

the chargé screening around the pesitrons plays an imporiani role.
For some-purposes it is useful to represent the behavicr of

the thermalized positron by & diffusion cons%-ut D, wfthouﬁ

specifying the microscopic processes. Then, in the lifetive v,

the positron will cover a dictance

e 3 © \
L = 4207 = 107 A, (1)
which gives a measurz of the voluuc samp]ef Core decay‘{ This
point will be impobtant in the discussion ¢ .itron-defeoct
interactions (trapping model).
, The‘radiation emitted in the annihilc’ rocess yields
fnformation about the electron distribution - ihe site of the

NS



decay. Let Pi(ﬁ)d33 equal the probability of annihilation with

the ith electron, for a photon pair momentum in d33 about p (two-

photon annihilation). 1If ?i(?) is the wavefunction of- the ith

electrorn and W+(?) is the wavefunction of the positron,

| 2
nr_ ¢c + 22 .
vi (B33 = =2 [fv.(F) v (Pe” P T % o
‘ (2m) 17107 %
w

(2)

where s is the classical electron radius and c the speed of light.
The total annihilation rate (or reciprocal positron lifetime) is

obtained by summing_ovér all occupied electron states and photon

momenta:

. >y 3 »
rez = ;{:f WP . (3)

Because the positron occupies its Iowest.energy state, its contribu-
tion to the total momentum is negligible. Thus T depends primerily |
on the momentum distribution of the electrons at the site of
decay, and that is tﬁe key to the utility of the positron anﬁihi]a~
tion technique. Several of the general references listed at the
end of the paper contain detailed theoretical discussions. |
Figure 1 shows schematically the three technique; used in
posiiron annihilation studies. The positron lifetime is a function
of the electron density, ashﬁeen from Equation (3). Measurements
of the positron 1ifetime can be done if a source is used, such as
"zzﬂa. that emits a "marker y" in coincidence with the positron.
The marker is used to start a clock, and one of the annihilation
¥'s to stop it. '
Both angular correlation and Doppler broadening yield informa-

tion about electron momenta. If the bositron and the electron with

~



which it annihilates were at rest at the time of decay, thé 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's deviate slightly from 180° by

an ang]e.e. Let the z- component°o?.ihe;pair‘pomentum be

p, = ﬁkz. For small angles P, = mcd, where m = electron mass.

The angular correlation counts N(pz)'are given by o el

N(pZ U Ty (px,b;,;b' )dpx Py (4)

o
-0

- s . . . .
- ~ - - . e o=

At is read11y shown that for a sphnr1ca1 Ferm1 surface {free
electron approxumat1on), the resu1t1ng distribution is an 1nvertcd

parabola. 1In neta1< the measured distribution consists of th‘s
parabolic part, referred.tO'as'Theigonduction electron contribu-

Tion, superimposed on a broader portion going to higher momenta

@nd often represented by a Gaussian functicn. - Most of--the -latter

$s attributed to the overlap of positron wavefunctions with the

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

%he core contribution.,  c:zz:l:zz Tn frzt

2wz -
-~ .

"
il

’DOpp]er broadening measurements are :accomnlished by -looking
at the andihi]ationvphotons head-on with an ercrgy-resolving
cdetector.~ Now the -electron momentun cumpanern (px) parallel .to:

t¢heé:direction "of ‘the emitted :photon is resciv. !, rather than ..

'--7fhe perpendicular component'(pz):mEasuned:by ~sgutar correlation.
f E3"=?J11‘kev:iS'thc:nest enérgy,and;mérthc ~ast mass-of the

"electron,

Ve B #aE = mget e gyt PR e Lo TS

0 ’
" For an electron energy of“10 eV, the order of magnitude of the

l- » LI
d ¢ - . e,

~



Fermi energy, 2AE = 3 keV. The best résolution of Ge{Li) detectors
is about 1.1 keV at 511 keV, so the momentum resolution Ap_ = X k.
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

L4

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® was applied to vacancies in metals
by Bergersen and Stott6 and by Connors and West.7 A discussion
of the trapping process in terms of trapping potentials was given
by Hodges.8 and a very complete treatment of fhe trapping model
and related problems is found in a review by Seeger.9

The experimental observation underlying the discussion of trap-
ping is that positron annihilation characteristics change as a func-
.. ___tion of intreasing defect conéentratién, both for defects in thermal
equilibrium énd for ﬁonequfifbrium defects introduced by deformation,
quenching, or irradiation. Positron lifetimes become greater, and
curves meésured by angular correlation or Doppler broadening
become more sharply peaked. -These effects begin for atomic ccn-
centrations of defects between 1077 and ]0'6, and saturation occurs
- 777 for concentrations of approximately 1074, They have been seen for
many, but not all metals. The observations suggest that positrons,
in the time betweeﬁ thermalization and decay, can be trapped at -
defects. Once-a positron is localized at an “"open-volume" defect,

ft sees a veduced charge density, resulting in a greater lifetime.



Mdreovgr, its wavefunction will overlap less with the wavefunctioas
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
décay (Eq. 1). An example of the effect in angular correlaticn
measurements is shown in Figure 2. '

We assume that no detrapping occurs, i.e., each positron is
trapped only cnce. We let At be the decay rate of a trap, Af
the decay rate in the perfect lattice, ¢ the concentration cf
traps, ¥¢ the trepping rate of positrons, Ny the numbor of tripped
positrons and g the number of free positrons. The nuaber of
free pesitrons can be reduced both by cecay and by trapping; zhe

nunber of trapped positrons is increascd by trapping &nd recuced

by decay: s
an,
'Eég = - Afuf - pC Ne
dn, (6)
?ﬁ}-f - Atnt + ucnf .
The solutions are
ne(i) = ng(0) expl-(a; + uc)tl
(0) - | (7)
' ren (0
Y . f : Lt .. i
ng{¢) = Xy TR TG {exp[-(zf 3 - expl Atfl} .

If we let Py = fraction of annihilations c«. ; from traps, then

€0

'o B-—-——-——-—-—-—]. ‘ 1 g. 1
. Py VR gf Agng (t)dt Y T {8)
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~vacancies to one for which all positrons decay from vacancy t‘r&ps.

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 Fe and F, be
the corresponding quantities for the cases of 311 positrons

annihilating in the bulk and from traps,‘respectively. Then
F=Fel-pd +Fppe
(9)

or . .
'i' Fg - uc

The above equations are used to extract the vacancy formztion
enthalpy from measurements of positron annihiﬁation as a funciicn
of sample temperature.lo The equi)iﬁrium vacancy concentrzticn
¢(T) is given b} c = B exp(- ¢/kB T), where ¢ is the formatica
enthalpy and kB Bo]fzmann's constant. With rising sample tenmpara-
ture, ¢ increases from a value for which no positrons find
A characteristic "S" curve is measured for F, and a fit of

Equation (9) to the data yields ¢.

For radiation damage sfudies, the parameter u(trapping re':

.per trap) becomes particularly important. The parameter F is @

function not only of trap concentration, bui -lso of trappinz
rate pc. Further, it is plausible that (F, - F.) will be
different for different trapping sites, i.c., vacancies, vacincy
clusters, voids, dislocation cores. 1In the <discussion of the

trapping model it was assumed so far that ttcre fs only one type

5 | . y




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.

JV. 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
zzﬂa or 44Sc, that emit a gamma ray simultancously with the

positron. The time delay between the datecticn of the prompt

photon {1.28 MeV Tor the case of 22"3) and the detection cof the
0.511 MeV annihilation photon is recorded by a fast-slow ceoincicance
apparatus, as shown in Figure 3. A sandwich arrangemznt c?

samples and source is used to ensure that a3l pesitrons are
stopped in sample material, and the datectors (plastic scintiilztors)
are positioned close to the samples. he measured lifetimes of a

retus.

<

=
-

few times 10'10 s are near the 1imit of resolution of the 2

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

~
HidRatnt

using a small number of exponential decay components of the !

B

exp{- At). Alternatively, one "mean Yifctime" is extracted ~ronm

the data. While it is often difficull o risolve severel lifetimes

~nd S
TALIAN

accurately, in those cases wvhere it can be done valuable invornua

In
t:-‘:

is obtained, for example about the emergence of a new trapp

center after a given radiation dose or anncaling 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 uCi for lifetime and
Doppler 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 tec

produce the isotope 64Cu.1]

In the long-sl1it geometry, oﬁe dimension of the detector
s1it (out of the paper in Figure 4) is much greater than the siit
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 momentuu,
and determining only the transverse momentum component P, of the
photon pair (See Equation (4)). Very precise measurements,
fnvolving an angular resolution of 0.1 milliradians and accumulated
counts of ]05 per position, can be made.

The long-slit geometry is the one that has been used s5 Tar
in defect studies, including radiation damage. For Fermi surf -
studies, however, more information is obtaincd in the crossead

slit configuration.]] There have bcen very . citing develenme.,
recently in the area of multi-detector SyStCL‘,’2’13 ellowing

..two~dimensiona1 angular correlation measurer- <s. Such systeus
are under development at several laboratoric :ad it is like}y

that they will find application in the study .7 defects.
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¢. Doppler Broadening
Figure 5 shows a Doppler broadening spectrometer, together

with a BSSr line at 514 keV representing the resolution of the
system, and a broadened annihilation Ijne from copper samples.

The application of this technique, particularly in metallurgicai
studies;, has grown rapid]y in recent years. ﬁéspite the limited
resolgtioﬁ, ;onresﬁbnding to ~ 4 mr in angular correlaticn,
Dopplér measurements have the advantages of shorter éounting times,
even for relatively weak sources, and of flexibility in geometry.
The latter permits samples to be studies in various environmental
conditions and. holds out the premise of possible applications din
nondestructive e:‘.ra'luation.'M Doppler broadening experinents
depend critically on careful stébilization of the electronics.

For example, temperature control to 2+ 0.1°C is required, togciter
with the use of a djgital stavilizer or stakiiization by soiiuive.
Recent advances make it possible to obiain intrinsic cermaniunm
detectors with energy resolutions egual to those of 1ithium
drifted crystals. The convenience and expected longer life cf

these detectors should further advance iLhe tusecTulness of the

technique.

V: RADIATION DAMAGE

Before discussiny specific experinents | .volving positran
annihilation, it is useful to review some of "o fundamental
N o
concepts of radiation damage..l”"]u The stud " radiation damage

can be separated into two arcas, represented = Tigure 6, shewing

a -displacement cascade, and Figure 7, showin: . 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 anncaling treatment in order to
obtain information about defect kinetics and the geonietry and
stability eof resulting defect clusters,

Figure 7 represents a more comp?éx situation, a vacancy-
rich region surrounded by a shé]! ¢f material rich in interstitiais.
Such displacement spikes can result from irradiztion by high-
cnergy particles at low temperatures, &nd may %ot remain

as the sample temperature is raised. The Ticure is intended here

Yo be representative of the more complex def:s : structures resultl-
ing, for cxample, from high temperature expcs to a reccior
environment. The goal of an inportantl area <tudy. is to char-
acterize the microstructure resulting from i~ ‘iation and relats
it to observed maérossouic pronerty changes, 0 as swelling,

embrittieccnt or radiation-induced creep.

For many metals, the jsochronal annca:’ Tter lew iem-

perature irrazfiation has been observed to Yace in sevaral
discrete steps, each step occurring in a v Tined tzupora-
ture region. The goal of a large nuaber of . :riments in recent

years has been to provide detaj1ed informati: about the



13-

processes reponsible for these recoveff stages. The results
have been interpreted in terms of two models, which are discussed

critically in References 17 and 18.

The deve]opment of diffuse x-ray scattering t:echn'lques'l9
has made it possible to determine defect configurations and to
detect clustering, primarily for interstitials. Positron annihila-
tion complements these techﬁdfues because of its sensitivity to -
vacancies and vacancy c]uste}s. Thus it is particularly interest-
-ing to examine annealing stage 11l which is attributed in one

" model to the motion of vacancies to sinks and to vacancy clusters,

and in the other model to the mevement of interstitials. This

is one of the areas to be disucssed belou.

YI. POSITRON ANNIHILATION EXPERINENT S
. Since the first measvrements on eleciron-irradiated platinumzo

|
[£%%

wn

and_irouZI by anrgular correlation,Apositron annihilation

- been widely used in radiaztion daﬂage studies. Particular c¢xocite-
ment was generated by tvo short pdpch in Nature,zz’83 in which
it was reported that the presence of voids due to fast nouirod

irradiation of molybdenum at 650°C caused an increase of th

angu}ar correlation peak count rate by about €5%, with cor:.usponding

effects on the Doppler broadening of the annihilation linc -nd o

the observed lifetime spectrum. The authors sinted osut . 2
promise of the tachnique as a viable ecarly w:.zing systen for

impending failure of reactor components.

For the purposes of discussion it is u. .ul to group tie

work done more recently into several categori:s;"One area that
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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
frradiation of molybdenum had been obéerved,zz’23 studies of the
annealing behavior after neutron irradiation at about 60°C of
the same metal were undertaken.24’25- It was found that voids
can be produced not only by irradiation at elevated temperatures,
but also during annealing f0110w1n§ Jow temperature irradiation.
This result was later confirmed by electron miczr'oscop_y,z6 and
underlined the extreme sensitivity of the positron annihilation
technique. During stage III1 (150-350°C) a lifetime component
was observed to increase, as did the Doppler broadening lineshape
parameter. It was concluded thet the migratfgn of first divacan-
cies and then monovacancies led to tﬁe formation of small vacancy
clusters, o o

In order to inQestigate stage I{I behavior under cleaner
experimental conditions, the annealing of molybdenum irradiated
with 10 MeV electrons at 50°C was studied, in combination with
Tiquid helium electrical resistivity measurements.27’28 Both
lifetime and angular correlation were measured and a very careful
datz analysis was carried out. t was again deduced that vacancy

clustering toock place in stage III, and the conclusion was

. strengthened by the electron-microscopic observation of some

three-dimensional voids.



~ The results of neutron and electrsn-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,'
Nielsen and Thrane30 on both single crystal and polycrystal
samples show that vacancies migrate in stage'fII.

A very careful study of low temperature electron-irradiated
copper was carried out by Mantl and Triftshiuser.3! They observed
a strong increase of the Vineshape parameier in stage IIl, which
they interpreted as be}ng due to small three-dimensional vacancy
clusters that form once the vacancies are able to migrate. A
parameter R, defined previous]y,32 wa§ calculated from the
measured lineshapes &s a function of anncaling temperatures. Under
certain assumptions, this parameter is fndepandant of defect con-
cehtfation and characterizes the positiron trappfng site. It
was found that during stage III R changed from a value that had
been observed for vacancies in thermal equilibrium to one corn-
siderably higher. High R valucs had é1so been observed for
aluminum samples containiﬁg voids,

Further support for the vacancy clustering interpretation
was obtained from.results, reported in the same paper, on soue
quenched gold samples. llere, too; an increase of linashape pare-
meter and of the R parameter was fTound in stage III. Oniy vacancies
are frozen in by quenching; therefore the similarity of the
effects observed for quenched gold and clectron-irradiated conpor

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

cause of the effect.



It can be argued,33 however, that the positron annihilation
effects observed for electron-irradiated copper might be ﬁue to
trapping by very small interstitial loops that.are formed when
self-interstitials begin to migrate. More detailed s}udies of
quenched metals, particularly of copper, are rf interest here
for comparison with results on irradiated samples. It is not
a trivial probiem, however, to reliably quench sufficient con-
~concentrations of vacancies into samples of the reqdired dimensions.

Recently, the annealing of quenched aluminum single crystals
and polycrystals was investigated by Doppler broadening and elec-

trical resistivity,34 and the results were compared to similar

35

weasurements on electron-irradiated aluminum. For the quenched

samples, a rise of the lineshape parameter iq stage III was seen
to carrclate 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 was due to the early
stages of vacancy clustering, and that some of these clusters
eventually grew to form'loops that were stable through stage 1IY.
For electron irradiated aluminum, no rise was observed in stage III
and consequently no stages IV and V were seen. This means that
the interstitial clusters resulting from dirradiation followed by
anncaling through stage Il provided sqch a large concentration of
sinks for vacancies that they were all anncafed in stage III
wWithout clustering.

Similar meaQurements on gquenched copper would be he1pfh1 in

the interpretafion 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

are now underway.36

The annealing behavior of electron-irradiated copper has

also been investigated by positron 1ifetime.37 It was found

that a long-1ifetime component appeared in stage 111, the value
of which increased even 1nto 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 tempefatures. Similar structure in
the high temperature annealing stages has also been seen for
neutron irradiated ccpper, in some work to be discussed next.

b. Stage V

For irradiation temperatures above stage II1I, neutron damage
in copper consists of defect clusters. Various techniques have
been used to study thisﬂdamage, and it was found that the clusters
are primarily dislocation loops, of both intcrstitial and vacancy
type.38 The annealing stage in which these cl :iers disappear
is labeled stage V. Positroh annihilation mc:: -cements on
'copper crystals as a function of ncutron dose ‘rradiation tempera-

'.ture ~ 50°C) have shown that positrons are tr -2d, presumably

at the cores of these dislocation lobps.39 . .equent positron

annihilation annealing studies40 on the same ¢. 'stals showed a



structure in the annealing curve that had not been observed pre-
viously by other techiques (See Figure 8). A sharp rfse 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 Qery few dislocation loops
visible by transmissjon electron microscopy are produced by
self-ion irradiation in copper,4] presumably because they are

thermally unstable.

These findings were confirmed in similar measurements on
neutron-irradiated copper by angular correlation and 1ifetime.42
Here, however, the peak was not as pronounced. The interpretation.
given was that some microvoids may fom durin§ irradiation, evin
at a temperature as low as 50°C. The peak seen in Ref. 40 wovrld
then be due to the growth of these m?crovoids after vacancies
are released from loops.

In Ref. 40 measurements ware reported &5 well on copper
samples d?ped with IOB and subsequently irradiated with thernal
neutrons; The energetic a and Li particles resulting from 12
reaction IOB(n,a)7Li then produced damage, which was seen L
electron microscopy to be similar to that produced by fast nzuiroas.
The annealing behavior for this second set of sempies follewad
very closely that for the neutron damaged speciments, the peux
occurring at the same temperature., Later, measurements on ]UB-dopés

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.43

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 va]ues,38’4]
and a higher concentration of microvoids is efpected.

&¢ Voids .

In high-teﬁperature neutron irradiatfons, the irradiation
temperature can be varied in order to produce different void sizes.
In a recent study44 it was found that thé long positron lifetime
conponent for a serie; of Mo samples containing veids varying
in mean radius from 9 A to 45 A remained constant to within
experimental error. This result is in agreement with theoretical
work45’46.indicating that positron annihilation parameters should
depend only weakly on void size for voids containing more than
20 vacancies {(i.e., r > 5 ﬂ), 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

another group.47

After these findings, the reasons for unusually long lifetimes
measured in earlier annealing studies of molyhdenum were reexamined.
1t was determined'experimenta]1y48 that {mpur . iies introduced

during the annealing in a gas atmosphere can ilrongly affect (he

. measured lifetimes.

The screening of the Coulomb interactic. “etween 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.
-The eérly work on voids in mo]ybdenum22’23_inc1uded eéperiments
to test for the formation of positronium in the voids. The
negative result implied a positronium-positroﬁ ratio of less

than 3%Z. More recently, using a 3 y detection technique, some
evidence of positronium formation at voids in molybdenum was
obtained,49 indicating that 1.3% of the positrons were decaying
from positronium by the 3 ¥ procéss.

Annealing of voids produced in molybdenum by neutron irradie-
tion at 600°C was investigated in 1ifetime studies by Hinode et al.so
A clearly resolvable long-lifetime component indicated the presence
of voids after irrediation, even though they Epparent]y did not
grow to sizes visible in the electron microscope until after
annealing at &00°C. Also, from the high4temperature annealing
behavior an additional intermediate 1ifetime component was observed
and attributed to dislocation loops.

Recently, both lifetime and Doppler broadening measurements
on molybdenum which had been neutron irradiated zt high tempera-

tures up to 1500°C were reported.S] The measured lineshape

parameter and a long lifetime component both cirrelated well a:

& function of irradiation temperature with {:. predictéd swc]]ing
bised on measurements by other techniques., ' <drop at high
temperatures was, however, slower for the pdsf 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 lifétime component found at
intermediate irradiation temperatures were tentatively attributed
to trapping at dislocation loops. i

Studies of voids in aluminum began with angular correlation
measurements by Triftshduser et a1,52 on single ﬁrysta1s neutron
irradiated to high fluences at 55°C. The meé%ured curve agreed
with one calculated on the assumption that the positrons are
annihilated at void surfaces. The void trapping effect disaopeared
-after aﬁnea]ing at 325°C.

Subsequent lifetime measurements on a similar aluminum crystal,
irradiated under the same conditions, supported the model of
positron states at the void surfaées.53 No evidence for positronium
formation was found. Further detailed studies of the same system
by positron 1ifetime and angular correlaticn, as well as small
angle x-ray scattering,54 vwere interpreted in terms of a model
in ﬁhich positrons are trapped both at voids and at other defects.
These other complexes were tentatively identified as vacancy
clusters bound to transmutation-produced silicen. The ability to
resolve two long l1ifetime components with relative contritutions
that vary differently with anncaling temperature illusirates the
utility of the 1ifetime technique.

Helium bubble formatidn in aluminum aftor injection of 53 MeV
~alpha particles was traces by positron lifet’. . measurements

[N
after iscchronal annealing steps."s’56 The + -ults of a conpre-

hensive study, including clectron microscopy . 'ere consistent
with the assumption that the helium rapidly ¢ .cupies substitutional

sites and that this substitutional helium is . trapping site for



positréns. It was found that the helium begins to migrate near

- 1006°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

damage produced in aluminum by proton bombardment.57 In order

to simulate (n,a) processes induced by fast neutron irradiation,

s

~the proton bombardment was preceded by injection of 3he ions.
~ A long 1ifetime component, evidence of void formation, was observed.
.Simulation of neutron damage by ion bombardment is attractive
because of the short times redu?red to obtain high numbers of
displacements per atom. Often the depth 1o which such damage

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

.
positron beams which have recently been devcloped58’°9 will 7ind

application in such studies.

Void formation has also been investigated in neuiron irvadiated
nickel single crysta]s60 and polycfysta]sﬁl by anguiar corrclation.
. |
In both cases, the positron socurce was the isotope JBCo proeduced

i. 51

-2
[

by the reacfion 58Ni(n,p)saco in the sample itself. In
it was found that a fair]y large effect persisted even atTtier
anncaling above 1100°C. This was attributed to small voids
étabilized by gas impurities, too smail to lave bren seen by
electron microscopy.

d. Iron and Zirconium |

Finally, we discuss scparately two ex; .cnts on the znneaiir
of irradiated iron and zirconium, respecti: . In the work on

1ron,62 purified samples and specimens dope: -ither with carbon



or with nitrogen were neutron irradiated at 20K. Angular correla-
tion was measured at 77K after annea]ing sfeps between 100K and
680K. A comparison of the positron annihilation results with
"internal friction data showed that the impurfties inféract with
vacancies. It was concluded that carbon4vacancy and nitrogen-
vacancy complexes still act as frapping.centé?s for positrons. At
the highest annealing temperatures the cdmp]exes dissociated and
complete recovery was observed.

The 1ifetime and angular correlation measurements on electron-
irradiated a-zirconium63 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 largevrole in the recovery proccsses, and_in fact Tor tha
less pure of the two samples an almost continuous recovery spec-

trum was observed,

YII CONCLUSIONS

The work revieweé here chows é]ear1y that pesitron annihil.tion
can provide important new information on radiation damage of metals,
particularly when combined with other technig-as. The extrene

.

sensitivity of the method has made it possik: to follow vacancy

interactions when the clusters are too smali o be observed
electron-microscopically. This has resultcd " an improved
understanding of defect recovery stages and . void formation

and growth phenomena. That same sensitiviiy, us 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 hailf-
lives, production reactions, and positron end-point

energies.

Table 2. Summary of positron annihilation radiation damage
studies.
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TABLE 2. Positron annihilation studies of radiation
damage in metals

Sample

Material Category Reference

Mo Stage III neutrons ' '24,25,26,29,30

electrons' 27,28
Cu Stage III eleqtrons » 31,37
AL Stage III electrons 35

quenched 36
Cu Stage V fast neutrons 40

198 doped, thermal 40,43

neutrons
to voids - ) 1 22,23,44,47,48,50
Mo correlation with sﬁé??ihg 51
AL voids . - : 52,53,54
As bubble formation . 55,56
Ni " void formation | 60,61
fe Jow temperature neuiron 62

irradiation _ ) ST

A302B steel low dose neutron | 14

irradiation




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

FIGURE CAPTIONS

Schematic representation of the three experimental
techniques used in positron annihilatioq measurements.
Angular correlation curve for iron, with and

without irradiation-produced defects. (Ref. 62)°
Typical positron annihilation lf¥etime spectrometer

arrangement.

Schematic arrangement of "long-s1it" angular
correlation apparatus. '
Doppler-broadening spectiometer arrangement and
example of data.

Displacement cascade

Displacement spike

Annealing characteristics of neutron-irradiated
copper as measured by positron annihilation and

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