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ABSTRACT

The current renaissance of investigations of positron
annihilation in solids has its origins in the observation
that positrons interact strongly with certain crystal~
lattice defects. Three properties of the annihilation
process are being measured to gain infermation about the
defects or about the local eavironmeat of the positron at
the instant of its annihilation: positron lifetime, angu-
lar correlation of the two annihilation quanta, and Doppler
broadening of the 51l-keV annihilation line. Until the
physics of positron behavior in solids is fully understood,
the phenomenon will continue to be useful in a manner anal-~

ogous to electrical resistivir, recovery for identifying
the recovery stages in irradiated metals. Ultimately, it

is destined to provide detailed quantitative information
such as the formation volume of vacancies, vacancy-impurity
binding energies and electron momentum distributions and

densities at defect sites.
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About ten years ago evidence began to accumulate suggesting that

positrons can become trapped at imperfections in solids.

This concl-

sion was based upon observations that the characteristics of the aani-

hilation process could be influenced by changes in the concentration

of defects in the solid in wbhich the annihilations océurred. For

example, the shape of the two-photon angular—-correlation curve changed

. 1,2
as a function of sample deformation or temperature™ ’” as did the mean

lifetime of the posi:rons.3 Similarly, a parameter describing the

lineshape of the Doppler-broadened amnihilatiorn photopeak at 511 keV

o
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also exhibited this property.6 To explain these results, several
groupss’6 proposed a phenomenolcgical trapping model which actually
had been introduced earlier by Brande.’

The central assumption of the simple trapping model is that posi-
trons annihilate in a solid from a free or a trapped state. Escape
from traps is neglected, and the rate of trapping x 1s assumed to be

proportional to the concentration of traps, c¢. Thus,

K = yc : (1)

]
where § is a parameter characteriziang a specific trap type in a given’
solid.
The total fraction of annihilations from each state j will be:

F, -af R NOLL )

where Aj is the annihilation rate from state j, and pj(t) is the prob~
ability that the positron is in state ] at time t. A consequence of

this two-state trapping mcdal is chat

I 2 ._ue
Ff Af + Je and Ft Af + uec ? &)

where the subscripts £ and t refer to the free and trapped states,

respectively.

As pointed out by West,8 for example, if any characteristic of the
annihilation process R 1is a linear function of the positron state
such thar

R = IR F, /IF

AR I %)

then measurement of R can provide information about state populations
and the trap concentration. From Eq. (3) it follows that
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Since Ff + Pt = 1, it can be readily shown that,
R, - R
- - . | ®
R - Rt £

In practice, R has been taken to be the positror lifetime, or a
shape parameter derived from a two-photon angular-correlation curve or
from a Doppler-broadened aonihilation line spectrum. The fundameatal
assumptions in this simple model are that it is experimentally possible
to determine Rf and Rt individually, and that only one defect species-
at a time acts as an effective trap during various portions of an
experiment. Evidently, by analogy to electrical-resistivity measure~
ments in radiation-damaged metals, positron experiments can be useful
in studies of defect behavior even when the precise nature of the imper=-
fections is not specifically known. However, were it not for the
additional theoretical and experimental effort of recent years?-géterest
" in the positron annihilation technique as a tool for studying defects
might pot have continuad to grow so rapidly. Studies of pesitrons in
perfect metals as well as in metals containing either equilibrium or
nonequilibrium concentrations of defects are required in order to

develop positron annihilation as a new technique for defect research.

Fortunately, one consequence of the experimental results has been
to stimulate much-needed theoretical interest in developing a quantita-
tive description of positron behavior in metals. For example, in
recent years critical re-examinations of positron slowing down and sub-

sequent motion before annihilation have been made by several investi-

gators,g’lo rate equations governing the trapping model have been re-
derived in a more fundamental fashion,ll annihilation rates have been
recalculated on the basis of '‘several new theoretical apptoaches,lz-lS
17-18

positron-vacancy binding energies have beén calculated, and the

temperature dependeace of the trapping probability has been investi-
gated.19_21 Many of these studies represent contributions to the

general physics of positrons in solids irrespective of their relatiomship



to positron-defect interactions. Congequently, they also have had an

impact upon other positren experiments such as Fermi-surface studies,
and investigations of positron thermalization ‘in metals.

The experiments themselves have become more sophisticated, too.
New detectors, faster electronics and inexpensive computers have made
it possible to measure accurately the very short lifetimes character-
istic of positrons in metals. High-efficiency, high-resolution Ge(Li)
detectors permit rapid data collection in Doppler-broadening measure-
ments. The small computer has become an integral part of most positron
exﬁeriments where it performs many functions from data storaga to elec-

tronic stabilization and preliminary data reduction.

POSITRON :3OURCES

Out of the many beta emitters, oaly a handful are suitable as
positron sources. Each satisfies some of the following criteria:
reasonably long half-life, minimal gémma-ray background, ease of prep-
aration, ability td wifhstand adverge environmental conditions, and
moderate cost for a supply in the fcrm of carrier-free radionuclide of
adequate strength for experiments. In Table 1 are listed some useful
or potentially useful sources. Others can be produced in targets bom-
barded by various particles from accelerators. However, except in
special cases, the utility of such sources has been limited by other

problems such as the high background rfrom competing reactioas or from

nuclear decay.

The positron ranges corresponding to the endpoint energies can be
as much as 207 greater than thosg for electrons of the same energies.
However, a beta emitter produces a continuous energy spactrum, and the
mean range of the positrons from a given source is mg;h shorter than

the maximum. The flux at some depth x is given by

I=1I exp(-ox) ' ‘ ()
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Table 1. Possible Positron Sources

+ End-point
8 Energy
Source Halflife Decay Method of Preparation {(MeV)
772, 37...3
a 2.58 y 89 Al(THe,2a) 0.54
bhpy p48gc 48y 80  se(p,2n);*’sc(d,3n) 1.47
55¢0 8.2 1 60 Bwigp,a) ; “°Felp,2n) 1.50
57 36.0 h 50 ®re(ge,20) 0.85
*58: 71,34 15 %) ; Male,n) 0.48
*64 63
Cu 12.9 h 19 Cu(n,Y) 0.65
*68;./58c, 275 d 88 %521(a,20) 1.90
EL 14.7 b s6 %) 3 7%2rd,20) 1.50

% jindicates commonly-used sources.

where the linear absorption coefficieat, a, has been empirically deter-
nined.22-23 Table 2 contains values of the depth a-l in Al, Cu or Au
at which the positron flux is e“l (37%) of its value, Io‘ ar rhe sur-
face for positrons fron the four most comaonly used sources. Also
shown in parentheses are the ranges of positrons possessing the

maximum energy.

Table 2, e-Folding Distacce in Al, Cu and Au for

Positrons from Four Common Sources

Source Al Cu Ar,
584 90.4 um 27.4 pa 12.6 uo

(7.86 x 10 %cm) °~  (2.71 x 10 2cm) (1.6 x 10" 2cm)
22y, 76.3 um 23.1 um 10.7 um

(9.23 x 1072cm)  (3.10 x 10 %em)  * (1.86 x 10 2cm)
6hcy 118. 1m 35.7 um '16.4 un
' (1.18 x 107 tem) (4.05 x 10" %cm) (2.35 = 10 2cm)
68es%8ca 543, um 165. um 76.3 um

(4.25 x‘10-1cm) (1.42 x 10" Lcm) (7.68 x 10 %cm)
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It is evident from the values given in Table 2 that the majority of the
positrons penetrate to a depth which is considerably smaller than the
range of a positron with the maximum energy of the bata spectrum. Thus, .
the results of experiments in which nonuniform defe:t densities exist
over depths comparable to a-l have to be examined for evidence of this
effect. For example, experiments involving quenching or irradiation
plus quenching in particular must be analyzed with care for near-
surface variations.

‘The source 44Ti/“Sc would appear to be.ideal because of its long
halflife, high-endpoint energy and large percentage of decays via posi-
tron emission. However, it is difficult acd expensive to produce., At
Brookhaven an attempt is being made to gercerate “ri in a vanadium
target exposed to 200-MeV protoos iﬁ the Brookhaven Linac Isotope
Producer (BLIP). It is anticipated that after several months of bom
bardment the target will contain the positron emitter in pCi amounts

anenable to extraction inm a form suitable for subsequent use as a posi-

tror. source.

Pasitron expericents are usually performed with sources of uCli to
oCi strecgth (1 uCi £ 3.7 x 104 disintegrations/sec). The apnnihilation
rate of positrons in aetals is of the order of 5 x 109 sec-l, A simple
calculation reveals that there is mever moc~ th2n one positron at a
time in a sample. ‘' Positron-positron interactions are absent, and
experiments consist of collecting rata for a loug series of independent
events. In the later discussion c¢f positron trapping by defects a set
of rate equations will be intreduced. In view of the foregoing, they
should be regarded as statistical equations describing the probability

that a positron is still present after spending a time, t, in a solid.
POSITRON SLOWING DOWN

Positrons enter a sample with relatively high velocities, and
rapidly slow down to near thermzl velocities in a metal. All theoreti-
cal l:rea:men:_sz4 arrive at the same conclusion that this slowing-down

time {s short relative to positron lifetimes provided the sample
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temperature 15 not too low. The positron loses 2nergy via ionizing
collisions, plasmon creation, a minor amount of bremsstrahlung emission,
electron-hole excitation and phonon creation. - Until rather recently,
the positron-phonon mechanism had been ignored by theorists. However,
Hikeskalo and Perkins and Catbotte9 independer.tly investigated this
interaction and found that at low temperatures it can be the most
important process by which positrons lose enz2rgy. The latter authors
showed that in Na at 190 K,- for example, tha positron-phonon interaction
begins to dominate the approach of the pos:.tron to thermal equilibrium
with the lattice, if the positron effective mass m* = m, the bare mass.
The minimum temperature attained by the positroms in Na before amnihila-
tion in a sample at absolute zero is about 20 K. Recently, Kubica and
S:ewar:zs using a high-resolution aégular-correlacion apparatus have

measured a thermalization temperature of 10 + 10°K in a Mg crystal held
at 4.2 K.

Upon entering the solid, the positron immediately becomes surround-
ed by its own polarization cloud which has the effect of screening it
froz the strong Coulomb interactioas in the metal. The higher the elec-
tron density, the more streoagly screened is the positron. Ia the final
brief period before its annihilation, the positron slowly »igrates
through the lattice. The details of this diffusion process have been
clarified in several recen: theoretical pub].icar.:!.cms,26-'29 stimulated
largely by interest in positron-def.:ct interactions. The topic of
thermalized positron motion in solids will be deferred until we have
discussed the mechanism of defect trapping and the experimenral evidence

which substantiates or has fostered current theories.

POSITRON TRAPYPING BY DEFECTS
In order to understand why positrons are trapped at certaln types
of defects it 1s only necessary o introduce a few basic ideas. First,
it has been shown30 that the probability per unit time for amnihilation
into two photons whose total momentum lies between p and p + dp is

given by the éxpression,
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In E3. (8) the sum is to be taken over all occupied electron states, 1.
wi(g) is the electron wavefunction for state i, ¥ _(r) is the positron
wavefunction, LR is the classical electron radius acd ¢, the velocity
of light. The total annihilation rate A v is then found by integrating
Eq. (8) over all electron momenta, and applying Parseval's theorem to
gbtain, .

2 2
R A E f l’-u_i(g)f [fa+(5)

dr . )

ocec. 1

I£ the annihilation razes are calculated without inclusion of
positrun-electron correlations in an electrom gas, the resulting values
are an order of =magnitude less than rhe zmeasured ones. To accouant for
this discrepancy, an eanhancezent factor is included in the expression
for the ammihilation rate when an independent-particle zodel is used. .

This factor reflects the large increase in local electron demsity in

the vicinity of the positron. .

Prom Eq. (9) it is clear that tha annihilation rate in a solid de-
pends upon the electron demsity at the positron. Thus, if a positron
migrates to a site of low electron deasity relative to the average
value, the probabiiity per unit time that it wlll annihilate is reduced.
In practice, this will manifest itself as an iociease io the lifetime
of the positron. As a matter of fact, a 30lid can contaln many regions
of lower than average electron deasity, the most obvious type being a
vacant lattice site. However, undar appropriate conditions, clusters
of vacancies, vacancy-impurity complexes, yoids and dislocations may

also be preseni.

The second point to be m:de is that it has been shown theoretically

h - .
that vacancies are 1o fact favorable trapping sites. Hodges.l’

Arponen gg_g;.?l Hodges and Stott.18 Seeger,32 Bergersen and Taylor.33
and Brandt and Fahs34 have all investigated the trapping of positrons
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at a vacancy. Hodges reéresen:ed the vacaaocy by a potential well
centered at r = 0 and a Wigner-Seitz sphere of radius Ra surrounding
it. This positron potential exhibits strong Coulomd repulsion near
4on centers and screening of the Coulomb interaction in the inter-
stitlal and vacancy regions. Positron-electroan correlations were
neglected by Hodges although his 2ffective po<«ential was calculated by
treating the positron and its polarization c¢loud as a neutral pseudo-
atonm interacting with the lattice atoms through a pairwise potential.
More recently, Braadt and Fahssa have considered the problem usimg a
statistical niodel of the electron distribution around a vacancy. The
positron wavefuaction and the redistribution of the electrons around

a3 vacancy wvere initially calculated in a self-consistent manner. A new
self-consistent potential for the siscea compased of a posicron occupy-
ing a vacant site was then determiced, and used to deduce new electron
and positron distributions. B3Brandt and Fahs deduced values of the
positrogs-vacancy dinding energy from their theory for a number of
metals. Tieir values are comsiderably larger than those obtained by
Hodges, ranging from 4 to 8 eV. They poiant out that this arises because -
they tcok into considerztion the electroam redistribution around the
positron in the vacancy, a process negiect2d bv Hodges. In any

case, it appears that positrons are :rapped at vacaacias in most meldls

wvith binding energles sufficient to make detrapping ualikely.

Hodges and S:o::l8 extended thelr theory of the positron work
functtonas to a discussion of positroa behavior near voids or external
surfaces of metals. Treating the vsid as an internal surface they con-
cluded that for large volds the positron states of lowest energy are
probably localized in a potential "trough" at the void-metal interface.
Unless the positron work function, $p, is greater th:s about 0.39 Ryd.,
these positron bound states, localized at the surface, ¢an exist, The
binding energy depends upon #p and ranges in value from about 0.03 Ryd.
for Li to v 0.25 Ryd. for Al. Within their approximate one-dimensional
model Hodges and Stott reached the conclusion that positronium (Ps)
formation in voids was less probable than the formation of bound sur-
face states. If Ps does form, there will be states which extend over



/0
the entire void volume.

We conclude that in a metal containing nomequilibrium conceﬁ:ra-
tions of defects several types of pogitromn traps may be present. If
vacarcies and voids cam act as trapping centers, then vacancy complexes
can be expected to trap positrons, also. On the other hand, calcula-
tions by Stott and Kubica3eindicate that single interstitial atoms of
the host metal or of m impurity are repulsive centers for the positron.

..Ihe simple trapping model can be exteaded to allow for the simul-
taneous presence of several types of traps. Assuming that a positrom.
in trap type j has an annihilation rate Xj, we write the rate equations
for pL(t). the probability that a positron is free in the metal at time
t, and pj(t), the corresponding preobabiiity for a trapped pesitron in
the form,

o

dpy(e)/de = = Ap (8) = D < (Dp (®) 10)
J=1

dp,(E)/de = = ) o, (€] + K, (T)p (€) . (11)

"

The trapping rate for each type of trap is KJ(T). Equations (1T} ==
(11) have been discussed by Seeger32 and Hall g£.g£.37 They presup~
pose no escape from traps, and allewv for the possibility that the

4

trapping rate is temperature dependent. Frank aand Seegerll have given
a more extensive theoretical treatmant of the trapping model on the
basis of Waite's theory of diffusicn-limited reactions. Their equations

reduce to Eqs. (10) and (11) when escape from traps is neglected.

All of the theories mentioned treat in a cursory way aomihilations
with core electrons. They proceed from an electron gas model including
electron-positron and electron-electron correlations as well as sophis-
ticated screening models, They strive to match measured anmihilation
rates for the alkali metals and are: genmerally in rather pocor agreement,
although a recent approach for perfict metals by Lowy and Jacksoan

seens to yield somewhat better results. Nevertheless, experimental
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results for metals in other columns of the periodfc table suggest that
the fraction of annihilations with electrons ia higher womentum states
is appreciable. While these events may not be attributable solely to
core states, it is plausible to assume that a liarge percentage of them
can be so identified. Collaborative experiments in progress at Bruook-

hav
tive information about core electron-positron amnihilations, and the

en38’39 and Bell Labs.40 will shortly provide additional quantira-

positron wavefunction. The method of separating experimental data into
core and valence electron countributions may then require revisioun. The
significance of this statement will become evident as the methods of

annihilation detection and data analysis ire considered in the next

section.

DETECTION AND ANALYSIS OF ANNTHILATION IN METALS

Those interested in the experimental details of annihilation detec=-
tion and subsequent data analysis can refer to a large nucher of excel-
lenc smmzu'ies;s'l‘l only the salient features and some critical comments

will be offered iLcre.

Statistics and the selection rules goverzing positron annihilation
state that the most probable event it amnihilation accompanied by tne
emission of two photons. The total «nergy of the photons equals the
rest mass of the two particles (2 mcz) minus the binding energy of the
electron. Momentum must be conserved alfo, and because the posi:f&n is
assumed to be thermalized, the final momentum is taken to be that of
the electron. Three-photon decay 1s less likely than two-photon decay
by the factor 1/372, while decay from a bound Ps state in bulk metals

has not been positively observed.

Three kinds of experiments have been devised to &e:ect the two-
photon annihilation process: the lifetime spectrum is measured, the
angular correlation between the two nearly collinear gamma rays is
determined or the width of the Doppler-broadened amnnihilation pho:opeak
is measured. The latter two propenties can yield informatiomn about the
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electron momentun distribution in a golid, whereas the lifetime is

related to the local electron deasity as pointed out earlier.

. From the previous discussions of positroﬂ trapping at defects, it
1s evident that phenomenological models using eapirically-defined
parameters can be used to study defects systematically. The parameters

ave differenz for each type of measurement.

Lifetime Method

The standard coimcidence techniques arz used to record a time spec-
trum which is the distribution of positron lifetimes in a sample. The
usual parameter is the meam lifetizme T which can be extracted as the
centroid of the tize spectrum. Electronic techniques have beec devised
for accurately detecting shifts ia ihe centroid brought about by trap-
piang of positrons in vacancies, for eximple, where the electrom density
is low. BHowever, the cectroid-shifz wmeasurement is a relative ooe, and
does not furanish values for the lifetimes of free and trapped positroms,
tf and T_, respectively. These nust be deduced freom analysis of the
srectrum, taking care to accurately determine the tize resolution of
the systea. It is zot always obvious where trapping is iavolved that
saturation of the effect has oecurred, cr that no trapping is taking
place. The mean lifetime is then the weighted avasrage of the =2
extrece values. In any case, the li‘etimes in metals can be withim a
fastor of two or so of the instrumental resolution, and a computer
analysis of the data is necessary even if 2nly one lifetime is impor-
tant. Accurate lifetime values can only be deduced from accumulation
of many counts. With a standard fast-slow coincidence system this can
take several days during which drift and stability of the electronics
must remain at a minimum. However, new developments in fast-fast coin-
cidence systems such as that reported by Hardy and Lynn4 can reduce
data-collection times to minutes without a sacrifice.of resolution.
Since lifetime measurements provide unique information regarding elec-
tron densities at defects it seems likely that they will be employed

increasingly once these new techniques become generally known.
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Angular-Correlation Methed

‘Measurements of the angular correlation betwe:n the two annihila-
tion quanta can, in principle, be pérformed as acrurately as desired by
Increasing the distance between the source and thte detectors. However,
because the positrons are distributed nonuniformly throughout the
sample (which is in effect the source), great cire mest be taken to
calculate the optical resolution function of the instrument. 4s applied
to radiation-induced defects there is an increasing tendency to use the
ratio of peak counting rate to tail counting rate as the parameter R,
defined in the Introduction. The basis for this is the assumption that
core annihilations are less probable at a vacant site, and comsequently
walence electron annihilations are sdore probable. Thus, the angular
distribution becomes parrower as trapping increases, and this is reflec-
ted in an increase in the peak counting rate at the expense of the
counting rate in the tails of the distribution. Good statistics

can be achieved by counting at only a few angular positions along the
distribution.
R -

Arbitrary decszposition of the angular distributioa into "valence"
and “core" components is often carriei sut. However, this procedure is
not on completely solid ground. Higk momentum state valence alectrons
can be included zs core states, for example. Moreover, surprisingly
iarge core state fractions seem to bz required to explain some experi-
mental results.43 That core states are involved is evident from several
kinds of experiments and calculatiors. Kubica,44 fi1r example, has shown
that the effects of lattice expansion omo annihilat: un rates at low tem-

peratures can be explained in terms 3f increased overlap of the positron

wavefunction with core states.

While annihilation rates are ircreased by the enhanced local elec-
tron density, it has been shown that the positroa is only weakly
éoupled to its surroundings by virtue of the screéning that arises from
this enhancement. Therefore, it does not perturb the electron momentum -
diatribution characteristic of the solid. However, if the screening

changes, as it will at a defect, the momentum distribution may be
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influenced more strongly-by the positron. These matters pust be clari-

fied through careful experiments on equilibrium concentrations of
defects. '
Dopplez-Broédening Method

Owing to the poor enmergy resolution of scincillator-photomulti~-
plier combinations, Doppler-broadening measureme:nts were for a long
time considered too insemsitive to be gainfullr employed in annihila-
tion studies. The advent of the high efficigncy, high resolution
Ge(Li, has altered this picture.45 Measureménts of the annihilation
photopeak require only one detesctcr. Hence the counting rate can be
high, aud experiments performed relatively rapidly with gcod statistics.
MacRenzie and his colleagues!’6 have;led the way in demonstrating that
changes in the lineshape of the photopeak correspond to variatioms in
the defect structure of metals. Usiog the ratio of counts in channels
around the peak to total counts in two symmetrically-placed groups in
the wings as a lineshape parameter, they have investigated equilibrium
and nonequilibrium defect concentrations in numerous metals. Ia fact,

more studizs of defects in irradiated metals have been performed by
this means than any other.

Doppler~-broadening measurements are still not regarded seriously
as a technique for determining electron momentum distributicns. Never-
theless, it should.be remarked that a broadening of 1.6 keV is associ~
ated with an electron of only 10 eV corresponding to an angle of 6.25
mxrad in an angular-correlation experiment. As a good Ge(Li) detector
will have a resolution of v 1.2 - 1.3 keV at 514 keV, structure in
the high-momentum components of the angular distribution can be
detected. Recent modifications in che Doppler-broadening method have

further enhanced the capabilities of this :echnique.3§-40
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TEMPERATURE DIPENDENCE OF TRAPPING RATES

'Invastigations of annihilations at defects as a funetion of tem-
perature have stimulated interest in the dynamics of positron motion
after thermalization. Specifically, the temperature dependence of the

specific trapping rate, u (see Eq. (1)), has been in question. Several
theorie526’33’47’48 and a few experimental resul:slg;Zl have been pub-
Ilished. The conclusions are no: in accord. It may be that in the case
of tﬂe experiments, conditions were sufficieantly different that agree-
ment should not have been expected. The most cor, tehensive theoretical
development is that r=ceetly published by Brand:.b He divides the
problem into two regimes, ome in which u is diffusion-limited amd the
positron behaves in a particle-liké manner, and a second in whicl the
positroas propagate as extended wave packets and trapping is limited
by the tramsition rate into the localized bound state of a defect.
Defining an apparent diffusion constant for a positrom, Brandt has

been able to represent u for a vacaacy to a first approximation by the
2xpcession,

" Aﬂrd¢

u= (12)

b
1+ Bcsc(300 K/T+)

Here T4 is the radius of the square-well potential of the defecr. The
parameter ¢ has the dimensions of a diffusion constant and is character-
i9tic of the transition rate of thermalized positrons into vacancies.

B equals 1.6 x 104nao3 with n, the atomic demsity and as the Bohr
radius, The concentration of sgattering centers is csc and the thermal-
ized positron temperature is T+. The exponent, b, takes on values such
that 1/2 < b < 3/2 depending upon the imperfection. Equation (12)
indicates the existence of teﬁperatura regimes and dgéect concentrations

over which a temperature dependence Tb might be observed.

A recent addition to this subject has been proposed by Seeger.
He has adapted the concept of "self-trapping" of positive particles to
positrons in metals. Self-trapping occurs when a positive particle
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creates 1ts own distorted region by virtue of repulsive interactions
with its surroundings. The resulting trapped state may be metastable
relative to the ground state, and the phenomenon will be temperature
dependent. Seeger has sugéestad that recent observations by
Lichtenberger EE.él-49 of an apomalous temperature dependence of the
annihilation lineshape at intermediate temperatures (200-400 K) in Cd
can be explained by self-trappirg. Additional axperimental evidence
18 required in this area of_che field, and other subleties sucﬁ as the
temperature dependence of the vacancy formation energy must be taken

into consideration in the analysis of data.
CONCLUDING REMARKS

It seems clear now that after a somewhat prolonged nucleation
peziod.so-sz the growth of positron physics as applied to radiation~-
effects research has begun in earaest. Major new efforts are starting
throughout the world, and several reports from established research
groups are evident in these proceedings. Therefore, the purpose of
this prief ceview has been to iniroduce the bazic theoretical and
experinmental concepts currently in use by those in the field. Hope-
fully, this will have the beneficial effect of making the subsequent

shorter and more specific positron papers understandable to the

wminitiated.

ACKNOWLEDGEMENT

The author wishes to express his deep appreciation to K. G. Lynn
for bis many illuminating discussions and his critical reading of this

manuscript.



REFERENCES

* Research supported by the Znergy Research and Development Adm.

8'

10.

1z.

13.
14.

16.

17.

18.

19.

20,

21.

22.

I. K. MacKenzie, G.F.D. Lengstroth, B.T.A. McKee, and C. G. White,
Can. J. Phys. 42, 1837 (1934).

S. Berko and J. C. Erskine, Phys. Rev. Lett. 19, 307 (1967).

I. K. MacKenzie, T. L. Khoo, A. B. McDonaid, ard B.T.A. McKee,
Phys. Rev. Lett. 19, 946 (1367).

I. K. MacKenzie, Phys. Letters 304, 115 (1969).

B. Bergersen and M. J. Stott, Sol. St. Commun. 7, 1203 (1969).

D. C. Connors and R. N. West, Phys. Letters 304, 24 (1969).

W. Brandt, in Proc. International Conference on Positron Annihila-

" tion (A. T. Stewart and L. 0. Roellig, eds.), Academic Press,

New York, 1967, p. 80.

R. N. West, Adv. Phys. 22, 263 (1973).

A. Perkins and J. P. Carbotte, Phys. Rev. Bl, 101 (1970).

B.~J. Mikeska, Z. Physik 232, 159 (1970); Phys. Lett. 24a, 402
(1967).

W. Frank and A. Seegar, Appl. Phys. 3, 61 (1974).

B.B+J. Hede and J. P. Carbotte, J. Phys. Chem. Solids 32, 727
(1972). »

J. P. Carbotte and A. Salvadori, Phys. Rev. 162, 290 (1967).

A. Sjblander and M. J. Stott, Phys. Rev. 5B, 2109 (1972).

F. Bhattacharyya and K. S. Singwi, Phys. Rev. Lett. 29, 22 (1972).
D. N. Lowy and A. D. Jackson, Phys. Rev. (to be published).

C. H. Hodges, Phys. Rev. Letters 28, 284 (1970).

C. H. Hodges and M. J. Stott, Sol. St. Commun. 12, 1154 (1973).
T. M. Hall, K. C. Jain, R. W. Siegel, and A. N. Goland, Bull. Am.
Phys. Soc. 18, 54 (1973) and Phys. Rev. (to be published).

B.T.A. McKee, H., C. Jamieson, and A. ?. Stewart, Phys. Rev. Lett.
31, 634 (1973). '

I. K. MacKenzie, T. E. Jackman, C. G. White, C. W. Schulte, and
P. C. Lichtenberger, Appl. Phys. 7, 141 (1975). )

R. B, Evans, Atomic Physics, McGraw-Hill Co., 1955.




23.

25.

25.
26.
27.

28.
29.
30.

1.
32.
33.
34,
35.
36.
37.

38.

39.
40.

41.

42,

43,
44,

G. I. Gleason, I. D. Taylor and D. L. Tabern, Nucleonies 8, 12
(1951). '
See for example, J. P. Carbotte and H. Arora, Can. J. Phys. 45,
387 (1967). ‘

P. Kubica and A. T. Stewart, Phys., Rev, Lett. 34, 852 (1975).
W. Brandt, Appl. Phys. 5, 1 (1974).

B. Bergersen, E. Pajarcne, P. Kubica, M. J. Stott, and C. H.
Hodges, Sol. St. Commun. 15, 1377 (1974).

B. Bergersen and E. Pajanne, Appl. Phys. 4, 25 (1974).

A. Seeger, Appl. Phys. 7, 85 (1975).

S. de Benedetti, C. Cowan, W. Konneker and H. Primakoff, Phys.
Rev. 77, 208 (1950).

J. Arponen, P. Hautojlrvi, R.Nieminen and E. Pajanne, Sol. St.
Commun. 12, 142 (1973).

A. Seeger, J. Phys. F. 3, 248 (1973).

B. Bergersen and D. W. Taylor, Can. J. Phys. 52, 1594 (1974).
W. Brandt and J. H. Fahs (to be published).

C. H. Hodges and M. J. Stott, Phys. Rev. B7, 73 (1973).

M. J. Stott and P. Kubica, Phys. Rev. Bl1l, 1 (1975).

T. M. Hall, A. N. Goland, and C. L. Snead, Jr., Phys. Rev. B1l0,
3062 (1974).

F. Geisler, K. G. Lynn, and A. N. Goland, Bull. Am. Phys. Soc.
20, 580 (1974).

K. G. Lynn and A. N. Goland (to be published). s
J. R. MacDonald, R. A. Boie, L. C. Feldman, and M. F. Robbins,
Bull. Am. Phys. Soc. 20, 580 (1974).

See for example, J. A. Merrigan, J. H. Green and S-J Tao in
Physical Methods of Chemistry (A. Weissberger and B, W. Rossiter
eds.) Wiley and Sons, New York, 1972, Voi. 1 Part IID, pp. 501-
586. —

W. B. Hardy, II and K. G. Lynn, IEEE Trams. Nucll Sci. (to be
published). .

K. G. Lynn, private communication.

P. Kubica, Doctoral Thesis, Queen's University, Kingston, Canada
1975 (unpublished).




45.

46.

47.

48.
49,

50.

51.

52.

K. Rama Reddy, R. A. Carrigam, Jr., S. De Benedetti, and R. B.
Sutton, Bull. Am. Phys. Soc. 12, 74 (1967); G. Murray, Phys. Lett.
24B, 268 (1967); F.H.H. Hsu and C. S. Wu, Phys. Rev. Lett. 18,
889 (1967); I. K. MacKenzie and B.T.A. McKee, Bull. Am. Phys. Soc.
12, 687 (1967). .

I. K. MacKenzie, J. A. Eady, and R. R. Gingerich, Phys. Lett.
33A, 279 (1970), and ref. 8.

A. Seeger, Phys. Lett. 404, 135 (1972).

A. Seeger, Appl. Phys. 7, 85 (1975).

P. C. Lichtenberger, C. W. Schulte, and I. K. MacKenzie, Appl.
Pbys. 6, 305 (1975).

J. H. Kusmiss, C. D. Esseltine, C. L. Snead, Jr., and A. N.
Goland, Phys. Lett. 32A, 175 (1970). :

C. L. Snead, Jr., A. N. Goland, J. H. Kusmiss, H. C. Huang, and
R. Meade, Phys. Rev. B3, 275 (1971).

C. L. Snead, Jr., A. N. Goland, T. M. Hall, and F. W. Wiffen,
Bull. Am. Phys. Soc. 18, 3%4 (1973).



