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ABSTRACT

Positron lifetimes in a variety of metals have been measured using
a high-stability time sorter developed in this laboratory. This instrument
consists of ‘a time-to-pulse~-height converter containing high-frequency
microwave diodes as the discriminating elements, and limiter circuits
specially designed for high stability and count-rate insensitivity. The in-
trinsic electronic resolution time of the time-sorter is . 05 nanoseconds,
with an electronic stability of + x 10-11 seconds over the course .of a day.
A resolution time for the prompt gamma rays of Co60 of 0, 8 nanoseconds
was readily obtained. .In addition, .the time sorter was characterised by a
linear time calibration over-the range involved in the lifetime measure-
ments of .one to ten nanoseconds. :

The absolute lifetime of positrons in aluminum was measured by
two methods which differed primarily in the means employed for obtain-
ing the prompt resolution curve for the instrument.

‘The first method involved the use of Co%0 as.a prompt source of
coincident gamma rays. Positron.lifetimes were measured by analyzing,
the delayed coincidence resolution curve resulting from the use of a Na22
source of positrons embedded in an aluminum absorber. The delayed coin-
cidence resolution curve was determined:by-measuring the time interval
between detection.of the 1,28 Mev gamma ray in one channel (indicating
the instant of emission of the positron) and detection of the 0. 51 Mev rad-
iation in the other channel (indicating the instant of annihilation of the
positron). An analysis of the first two moments of the resulting resolution
curves enabled a determination of the first two moments-of the probabil-
ity distribution characterizing the annihilation of the positrons. The mean
lifetime of this distribution was found to be (2. 45 + 0.15) x 10-10 seconds

and the square root of the second moment about the mean was (2. 50 + 0. 15) -

x 10-10 seconds. The .equality of these two values suggests an exponential
probability distribution for positron annihilation in aluminum, since most
other probability distributions would yield significantly different values for:
these two characteristics of the distributions.

The second method was distinguished by the use of annihilation
gamma rays as the prompt source. Although it was impossible to obtain
a measure of the mean lifetime of the annihilation, probability distribu-
tion, because of the symmetric nature of the resulting resolution curves,
analysis of the second moments (which correspond to a measure .of the
width of the curves) yielded a value for the square root of the second
moment about the mean of (2. 65 + 0. 25) x 10~ 10 seconds, in agreement
with the corresponding value .obtained by the. first method.

!

.In addition,. comparisons of the mean lifetime of positrons in a
variety of metals (twenty-two in number) to that in aluminum were ob-
tained, The results of these measurements. indicated a range of life=
times from 2.0 to 2, 7 (x 10-10 seconds) but failed to indicate any de-
pendance of the lifetime on the conduction electron density as would be"

expected for a pure collisional annihilation process, Instead, the positron
lifetimes were found to be shortest in those metals characterised by dense
crystal structures. An intempretation of these results in terms of annihila-
tion of the positron from a bound negative positronium ion state is pre-
sented, . the annihilation being characterised by an intrinsic mean lifetime
of about 3.2 x.10-10 seconds, In metals with crystal lattices of small
dimensions, the resulting shortened lifetime is attributed to an enhanced
positron annjhilation rate due to "pick-off" annihilations between the
positron in-the positronium ion and core electrons of the surrounding
metal ions. Finally, this interpretation is shown to be in qualitative
agreement with the results of the annijhilation radiation angular correla-
tion measurements with the high-momentum component of these measure-

. ments being attributed to the "pick~off" annihilations with the metal ion :

core electrons.



ABSTRACT

Positron lifetimes in a variefy of metals have been
measured using a high-stability timé sorter’developed in this
laboratory. This instruﬁent consists of a time-to-pulse-
height convertef containing high—ffequency microwave diodes as-
the discriminating elements, and limiter circuits specially
designed for high stability and count-rate insensitivity. The
intrinsic electronic resolution time of the time sorter is
.05 nanoseconds, with an electronic stability of *1x107H
seconds over thg course of a day. A resolution time for the.

prompt gamma rays of 0060

of 0.8 nanoseconds was readily ob-
tained. In addition, the time sorter was characterised by a
linear time calibration over the range involved in the lifetime
measurements of one to ten nanoseconds. |

The absolute lifetime of positrons in aluminum was
measured by two methods which differed @rimarily in the means
employed for obtaining the prompt resolution curve for the
instrument.

60 as a prompt

The first method involved the use of Co
source of coincident gamma rays. Positron lifetimes were
measured by analysing tle delayed coincidence resolution curve

22 source of positrons embedded

resultihg from the use of a Na
in an aluminum absorbér. The delayed coincidence resolution
curve was determined by measuring the time interval between

detection of the 1.28 lev gamma ray in one channel (ihdicating

the instant of emission of the positron) and detection of the
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0.51 Mev radiation in the other channel (indicating the instant
of annihilation of the positron).l An a2nalysis of the first
two moments of the resulting resolution curves enébled a deter-
- mination of the first two moments of the probability distribu-
tion characterizing the annihilation of the positrons. The
mean lifetime of this distribution was found to be (2.45 i

10

10.15) x 10”7 seconds and the square root of the second moment

10

about the mean was (2.50_i 0.15) x 107" seconds. . The
equality of these two values suggests an exponential probabi-
lity distribution for positron annihilation in aluminum, since
most other probability distributions would yield signifiCéntly
different values for these two characteristics of the distribu-
tions.

'he second method wasvdiatinguished by the use of anni-
hilation gamma rays as the prompt source. Although it was
impossible to obtain a measure of the mean lifetime of the‘
annihilafion proBability disfribution, because of the symmetric
nature of the resulting resolution curvesg, arnalysis of the
second moments (which correspond to a measure of the width of
the curves) yielded a value of thevsquare root of the second

moment about the mean of (2.65 ¥ 0.25) x 10710

seconds, in
agreement with the corresponding value obtained by the first
method.

In addition, comparisons of the mean lifetime of

positrons in a variety of metals (twenty two in number) to that

in aluminum were obtained. . The results of these measurements

0

indicated a range of lifetimes from 2.0 to 2.7 (X.'lO"l seconds)
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but failed to indicate any dependence of the lifetime on the
conduction electron density as would be expected for a pure
collisional annihilation process. Instead, the positron
lifetimes were found to bé shHortest in those metals charac-
terised by dense crystal sfructures. An interpretation of
these results in terms of annihilation .of the positron from

a bound negatiﬁe positronium ion state is presented, the |
annihilation being characterised by an intrinsic mean lifetime

of about 3.2 x 10”10

seconds. In metals with crystal lattices
of small dimensions, the resulting shortened lifetime is
attributed to an enhanced positron annihilation rate due to
"pick-off" annihilations between the.positron in the positronium
ion and core electrons of the surrounding metal ions. | Finally,
this interpretafion is shown to be in qualitati&e agreement

with the results of>tka annihilation radiation angular correla-
tion measurements with the high-momentum componentrof these

measurements being attributed to the "pick-off" annihilations

with the metal ion core electrons.
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CHAPTER I
INTRODUCTION

Gell-Mann (1959) recently described the electron and
muon 88 sess ’

", pure Dirac particles with electrodynamic coupling”of the
conventional form. It now seems clear also that the weak
couplings of electron and muon are identical in form and
strength, both involving the neutrino (presumably the same
neutrino, although we have no way of proving that at the
moment) . Both electron and muon lack, so far as is known,
any other interaction whatever, except the gravitational. ...
i It is evidently important to refine existing measurements
of the muon and electron still further, ... in order to see
whether the equivalence of the two particles really persists
down to small distances." . -

Since electrodynamic coupling cdnstants are well
understood, the electrodynamic interactions of these particles
can be czlculated with very great precision. A9 an eiample,

. one set of Quantum eléctrodynamic calculations was verified to
order m; , (where ot is the fine-structure constant, 1/137), by
radio-frequency resonance measurements of the second-order Zeeman
splitting of the triplet ground state df positroﬁium (a'hydrogen—v
like, bound system of an electron and positron), by Pond and
Dicke (1952). These precision meaSﬁreménts have, in all cases,
involved positron annihilations in gases, where a positrénium
atom, once formed, can be considered isolated, with negligible
interaction between it and the neighbouring gas molecules.

The theoretical predictions are much less precise,
howevér, in the case of positron annihilations in liquids and
solids, due to the present lack of knowledge about the total
wave-function of the electron System in the material.  Thus, .

the suggestion has been advanced (Ferrell, 1956, and Daniél,
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1957) that detailed experimental investigations‘of positron anni-
'hiiation in these materials should be capable of,extending our
knowledge 6f the wave-functions of the electron within these
materials.
In addition, discussions'bf the interactions of other

Dirac particles, as, for example, the muon, have relied to some
"iextent‘on information regarding the analagous situafiohs invblving 
positroﬁs and eiectrons; Thus, the "mesic atom", consisting of
a negatively-charged meson bound td a positive nucleus in direct
f'éhaiogy to normal atoms consisting of electrons bound to the
nuclei, have been observed, and a study of this system hasbyielded_
much pertinent information about the nature and interactions of-
botﬁ the mesons and the nuclei. The highly fruitful investiga-
tions of the bound states of positrons and electrons has, as a
result, led to é search gor similar systems involving mesons. .
Hdwever,vthé bound system consisting of a positive meson and
electron, fbrming a "mﬁonium" atom, has, so far, evaded observa-
tion,vpartly due, perhaps;kto the difficulties associéted with
the detection of such a system. Fufther studies of the more
readily detectable positron-électrdn system may, however, suggest
alternative aﬁproaéhes to the problem.

| In summary, then, a sound experimental understénding of
the nature of the annihilation process of pdéitrons in various
fbrms of matterApromises to be of eventual assistance in the
determination 6f electronic wave-functions in these materials,‘in,
providing further checks of the validity of quantum electro-

dynamics, and also in shedding more light on the analagous
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problems associated with muon physics; It is possibly worth
noting that the positronium atom is a éystem satisfying Eose—
Einstein statistics,'and thus may be of interest to workers in
the field of solid-state who are interested in a study of bosons

of electronic mass.

1. Annihilation in Amorphous Solids.

fThe annihilation of positrons in many solid materials is com-
plicated by the fact thét séveral cbmpeting processes méy occur.
Such ‘a situation is evident in mariy amorphous materials (like
- teflon) by the observation of a oomplex decay curve which can be
resolved into several components of different mean lifetimes.
These decay curves usually consist of two components, a "long"
compgﬁént of . lifetime between one and tén nanoseconds, anq a
"short" component of‘a fraction‘of a nanosecond (although some
sﬁbstances, notably liquid helium, and some gases, e#hibit three
well-defined decay modes). The 5long" Component is normally
attributed to the formation'bf orthopositronium (the bound sﬁate
‘in which both the eiéctron and positron’spins are allgned in the
same direction), a gystem which has a lifetime df aboﬁt one -
hundred nanoseconds. The positronium atom is formed Wheﬁ a
posifron of a.few electron volts of energy capturesam eleétron
from a'néighbouring atom. Positron annihilation generally occurs-
.'aftér_tﬁerositron has slowed to these energies, since the
probability that a positfon is annihilated while in flight”is
' oni&‘about two pef cent for five hundred kilovolt poéitrops,l
Thé'annihilatiOn ot a positron with an electron can give riée,

thedretically, to any number of photons,_with the‘reséfvation,

1 Heitler, W., The Quantum Theory of hadiation (The Clarendon
Press, Oxford, 1954), Third Edition, p. 273.
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of course, that the probability of such aﬁnihilations decreases
by order<l for each additional phqton characterizing the decéy.
As a‘result,_only annihilationé by one, two, or three photons
“have been.observed in practice. 4vSingle photon’annihilation can |
only occur when a third agent is avallable to carry away the.
excésé‘mpmentum. - Such a process can therefore occur when a
pqsitron annihilates with an eleétron bound to a nucleus, the
nucleué reéoiling after annihilation in drdér to conserve linear
‘momentum. According to Héitler, this process is proportional

1o the titth power of the atomic number of the absorber.
_Aggwevér; even in lead, its maximum éross-section {which occurs
iﬁglén energy of 10 mcz; with a monotahic decrease in the cross-
section for decreasing energy) is only twenty per cent of‘the
two~photon cross~section at. that energy. Consequently, the
relative;é@ount of single photon annihilation expected during
‘tﬁe,absorptién of positrons emitted by radioactive sources like

'Na22

'is negligible. Thus, the annihi;ation of a positron by
eithér a direct collision with a freéﬂgiectron, or from a bound
: positronium atom,»will proceed via‘two or more photons. Deutsch
_(1952) described the selection rules which have beamdevéloped to
‘ -deécfibe annihilation from various positron-electron configura-
‘tions.A‘ These selection rules arise from the necessity tq C6n4
servehboth angular momentum and parity. During two-quantum
annihilation, the two photons must be emitted in:oppoéite>direc¥:
tions with equalienérgy in the coordinate system in whi§h the |
cenfre&of—mass is at rest. Thus, sincé each of the tWogphotons

" has an intrinsic angular momentum of ¥& along its direction of
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prpogation, with this direction being chosen as the z-axis, then
;'tﬁé»two photons can only result from initial states characterized
by z-components of anguler momentum m = O or 2.  The anti-
 :§yﬁﬁ§tric, Sinélet cdnfiguratiOn of-the»electron;positronfpair,
\élﬁéqidally described in terms of oppositely—direéted spin direb-
.ﬂﬁidné;,is characterized by a zero total angularvmomentﬁm”and 1o} |
ifgﬂfréeto anﬁihilate by two-quantum emission.- v._v
o ,The symmetricléonfiguration, on thé other hand, which

Vnciaséiéaily has both spin axes in the(samé directioﬁ, is charac-
férized'by.a total angular momentum of one unit of H, ﬁith :
'resultant z‘components deséribed by m vaiues of 1, 0, or -1.
"The states with a value of £ 1 therefore cannot decay by two-
"qﬁéntumvemission which requires tﬁe final sfate to have an m
- 551ﬁe'6f 0 or 2. Alternati?eiy, by invoking the law of conser-
vation of parity,(or,.by insistiﬁg that the initial and finél
‘states have théfsame iotational symmetry),vit can be shown thaf
noﬁe of these three‘sfates with-different_m values cén decéy by
two-quantum emissidn./ Thus, the paif state with an angular |
momentum quantﬁm number, J, of.l (which includes the ortho con-
'figﬁration of positfonium) must decay by three or more photons.
. Finally, a complete treatment of the selection rules shows that.
in the absence of external fields, two- and three-quantum anni-
hilatiqn are possible only from states 6f Opposité parity and |
ﬁherefore never compéte. From order—of-magnitﬁde conéidefa—
tions, fhen,‘the lifetime of ortho-positronium would be expected
to be at least one hundred times (lﬁx) that of parapositroniumdf

'The"long" lifetime component of positron annihilation
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in amorphous materials, however, has a lifetime less than the
theoretical value for orthopositronium. It has a lifétime
‘which i§ a function of the composition and temperature of the
abéorber, and 1astly; is characterized by tﬁo-photon decay.

This is interpfeted in terms of orthopositronium formation
foildwed by annihilation of the positron by a "pick—off¢ process
involving the orbital electrons of the'atoms with which the
positronium collides (Ferrell,_l956); If such a collision
places the positron<compohent of the positronium atom near an
oppbsitely—directed electron contained in an atomic orbit, then
there ié a significant probability for two-quantum annihilation.
lhe'ébsefved lifetimes are thus measures of the‘cross—section
for this type of "pick—off"'proéess.

Additional information concerning the annihilating pair
,ﬁas,been obtained by an experimental technique involving the
measurement 6f the angular“correlatioﬁ of the annihilation gamma
rays. If the cenire—bf—mass of the annihilating pair has a .
finife momentum, then, due to the appropriate conservation laws,
the annihilation gamma rays must carry away the additional momen-
tum and energy. The broadening of the mc2 gamma line, due to
a random mOmentum.distribution ofvthe annihilating pairAhas been
observed by DuMoﬁd and his cb—workers (1949). Furthefmore, the
momentum of the énnihilating pair can be determined by meésuring
the angular deviation from co-linearity of the two gamma réys;
If the energy broadening of the gamma line is small,.then the

momentum of each gamma ray is mc, and the momentum of the centre-

" of-mass resulting from an angular departure of @ from co-lineari-

ty, will be ®mc. Thus, the momentum of the annihilating pair (in
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units of mc) is obtained directly in a measurement of © . In
practice, the component of © (and hence of the momentum) that
lies in the particular direction defined by the experimental
apraratus is the quantity that is measured. These momeﬁtum dis-
tributions have been measured in a variety of substances by several
groups of workers. (Warren and Griffiths, 1951; ILang et al,
19553 and Stewart, 1957).

all the angular correlatioﬂ measurements for those amor;
rhous materials which exhibit long-lifetime componeﬁts appear 10
be characterized by a very wide, gaussian-like distribution topped
by a lower-intensity narrow peak (Stewart, 1955). Page and his
cb—workers (Page et al, 1955), in an analysis of their results for.
fused quartz, estimated the intensity of the narrow peak to be 18%
of the total two-photon decay rate. The lifetime measurements,
on the other hand, performed by Green and Bell (1957) show the
familiar complex sﬁectrum, with the long-lived component (of life-
time: 1.5 nsec) amounting to 50% of the total two-photon decays.
'If this is interpreted in terms of positrohium formation.as des-
cribed earlier, 67% of the positrons must form a bound positronium
stéte before annihilating, the 67% consisting of 50% ortho-
positronium formation, and 17% pafapositronium formation, the
statistical weights being 3:1 respectively (the value of the
statistical weight will be diséussed'in'greater detail later).
The remaining 33% of the positrons will either annihilate during
direct collisions with bound, orbital electrons in the quartz
with a cross—section deduced first by Dirac (whiéh ig discussed 
in more detail in the theoretical section entitled "Dirac

Annihilation"), or by forming a chemical bond, in which the-
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positrbn shares'electrons_with the oxygen ions, eventually énni—
hilating by twb—photon emission from the singlet configuration
with an appropriately oriented electron.
The positrons in the orthopositronium atoms are then

assumed to annihilate By the "pick-off" mechanism discussed
~ earlier, resulting inAa'wide momentum distribution characteristié
of positrdnlannihilation with orbital electrons. (Berkbvand
Plaskett, 1958, discuss the angular correlation results expected
for positron annihilations with the bound:electrons'of cdpper and
aluminum). All the processes discussed thus far involve arinihi-
lations between the positrons and boﬁnd, orbital electrons which
'ha§é momenta of the order of emc, contributing, therefore, to the
wide, gaussian-shaped momentum distribution observed in the
meésurements. The remaining positrons (17%) which form paraposi-
tronium are expected to decay from this state with the theb?eti—
cal characteristic lifetime of parapositronium of -1.25 x 10-10
seconds (Orehand Powell, 1949), Since tiie momentum distfibution
df the gamma rays is that of thé positronium atoms themselves, a
quite narrow distribution méy result if the atoms have been slowedv
by thermalisation processes to an energy of less than an electron
volt. This model is consistent with the observations of Page ét
al (1955) mentioned earlier, namely, the existence of a narrow
(low momentum) aampéﬁent of the two-prhoton decay, of intensity
18%. |
2. Annihilation in Liguids..

. The énnihilation of positrons in liquids follows the same

general pattern as in amorphous solids in that a complex mode of
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decay of equivalent relative intensities is also observed.

Bnguse of the lack of angular cofrélation experiments inﬁliquids,
nowever, there is little information available regarding the'
momentum distributions of the annihilating pairs. ihe "long"
component in most organic liquids (including,qéter) has‘allifetime
of betweeh one and two nanosecondg, and an infensity, usually, of
'twenty to.thirty per cent.' The experimeﬁtalxevidencé (Berko and
Zuchelli,.l956) indicates that the lifetime of the.long compqnent
can be altered (with thé intensities remaining constant) by in-
serting small amounts of a suitable "guenching" agent in fhe
liquid.  Typically, a parasmagnetic free radical, such as diphenyl
picryl.hydrazyl is employed, the quenching‘behaViour beiﬁg inter-
pretedvin terms of triplet4singlét conversion of the positronium
atoms'via spin-exchange collisions with the spin unpaired
electron of the free radical. Exchange cross-sections of the

order of 1077

Cm2 are obtained, of the same order of magnitude
aé the triplet-quenching cross-section in gases due tolthe addi- |
tion of NO (Deutsch, 19514). A somewhat different'"quehching"
process recently described 5y Green and Bell (1957) involves a
decréase in the'intensity of the long-lived component without

an appreciablé change in the value of the lifetime, due to the
addition of either NOé_ or NO3_ ions to water.  This process

is interpreted as a decrease in the number of positrons'évail~
abie for positronium formation, due to the capture of some of
them by the negative'ions to form the chemical compoundsb

positronium nitrate, or nitrite. These captured positrons

then decay with a short lifetime in a similar manner to those
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annihilating from a singlet state. = It would appear then, that
an investigation of positron decay processes in liquids is likely

td afford a convenient basis for the study of positron chemistry.

b Annihilation in Gases.

The annihilation of positrons in gases is, in many respects,
similar to the corresponding processes in liquidsend amorphous
solids. The main difference, arising from the greatly reduced
density of gases, is that the free 'Dirac’ annihilation cross-
‘section which is dependent on the electron density is consider-
ably reduced, résulting in a much longer lifetime for annihila-
tion by direct collision between the positron and the.atomic
electrdns (Deutsch, 1953). A short period, of the order of the
slowing-down time of the ppsitrons has been detected, but not
measured with significant accuracy. This mode of decay was
ihterpreted as annihilation'from the short-lived state, para-
positronium, A second period, of the order of magnitude of
-that predicted>by‘the Dirac cross-section, and inversely depen-
dent on the gas pressure, is strongly suggestive of annihilation
of the positron during free collisions with the atomic eléctrons.
The third period is practically independent of pressure and
correéponds to a mean life. of about 0.14 microseconds, both of.
which are_consisteﬁt with a model based on annihilation from
orthopositronium atoms.. The faét that fhe three photon yield
is much increased in those gases which are characterized byba
relatively intense, pfessure independenf, 1ong-lifétime
component is further evidence for this interpretation.

Both the relative abundances of the three components
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and fhe lifetime of the pressure depehdent cemponent of the decay
depend critically on the nature of the gas used. _Ae'aﬁ example
of thie, lifetime resulte indicate that‘almost every poSitron
stopped in freon and carbon dioxide form positronlum atoms, only
'ebout two thlrﬂsof them are effective in nitrocen and argon, and
none of them appear to annlhllate from the orthopositronlum state
in'oxygen {beutsch, 19513). Again, in analogy with the ease'of
.liquids,‘several gases were found which had the ability tovquench
the three-quantum annihilatidn' viz. NO. NO,, and the halogens.
The quenchlng process due to NU was explained by Deutsch in terms
of a spin fllp due to electron exchange during colllslons between
the bound positronium positron and the umpaired electron of the NO
molecule. Since the energy difference in the NO molecule asso-
ciated with the change in the orientation of the unpaired
eleetron is'only thirteen millivolts, he believed the process
could have the large.croee—section required to be compafible
with the'results. 1he quenchlng effect of the halogen mole-
cules, however, was interpreted in terms of a formation of

. chemical compounds between the positrons (positive positronium
ions)-and_the halogen ions. An at%empt*to determine which of
these proeesses is'significant in a particular experiment should,
of coufse, be poeeible by measuring the lifetimes and relative
intensitiés of the different lifetime eomponents of the posi-
~trons in the gas, as a function ef the concentration of the
guenching material (Green and Bell, 1957). - A spin-~exchange
mechanism should result in a shortening of the lifetime of the

orthopositronium, the amount of the shortening depending on the
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concentration of.the gquenching material, without significahtly'
‘,altering the intensity of the component.  The two-~photon décay
rate.woﬁld also rise at the éxpense of the thfee-phbton rate as
the cbnoentration of the- quenching'agent‘was increased}
Quenching by chemical compound formatign, ho#evef,‘would tend to
alter the intensity of the long-lived component, rather than the
value of the lifetime, the reduction being dependent on}the con-
centration of the‘quenchihg agent; ‘This mechanism is the Séme
as that postulated by Green and:Bell (1957) to explaih their
observations oflsuch effects in liqﬁids.

Angular correlation measurements of the annihilation
radiation from various gas absorbers of‘pdsitrons have been ob-
‘fained by Page and co-workers (Heinberg and Page, 1956). In
many of these gases (contained under about twenty atmospheres
?f pressure) a narrow component of the ;ngular correlation
fesults was observed above a wide gaussian-shaped distribution,
similar to the results for mény of the amorphous solids described
earlier. 4in the case of gasés, however, where the thermaliza-
ﬁion times are expected to be much longer than those for solids,
and probably dependent on the nature of the gas employed, con-
siderable variations were observed in the peakedness and inten-
sity of the narrow component from gas to gas. in particular,
argon gas yielded no significant nafrow component at all. :This
can be explained if it is assumed that:

(i)‘-the parapositronium atomg which are formed have ﬁoo short a
"lifetime compared_to the theéermalisation time for:the atoms

to be slowed significantly from their original energies of
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éeveral electron volts before annihilating, and |
.(ii) the lack of an efflcient trlplet-81nglet conversion mechanism
;Jn argon would result in the long-llved orthop051tron1um
atoms (which might, indeed, have had time to "thermallze")
 {decaying by three—quantum'emission, thus entirely removing
this component from observation by a two-photon angular'»
v corfelatibn technique. - On the application of a magnetic
.fieid of séveral'kilogauss, however, a central, narrow peak
became quite evident (Page and Heinberg, 1957). Since the
presence of a magnetic field results in an admixture of the
singlet wave function to the triplet m =0 state (in order’
for the total wave’function to be an eigenfunction of the
" new Hamiltonian - - under theée circumstances, the total
wave-function is no longer an eigenfunction of the tofal
angular momentum operator), then the m = O fraction of the
orthopositronium atoms may annihilate via two-photon emissioﬁ
" through the singlet component of the wave function. / |
Thus, the application of a magnetic field serveé to
quench'the three~photon orthopositronium annihilation, | The |
interpretation of the angular correlation curves fherefore
| depends on the following assumptions (Page and Heinberg, 1957):
(i) ‘the positronium»atoms are originally formed with a rather
large kinetic energy, namely one to t%o electron volts,
'(ii) The positroniﬁm atoms are "thermalised" sufficiently slowly
‘that the singlet states, with a lifetime of tieorder of
10-10 seconds, retain a good part of this motion, resulting

in a contribution towards the wide portion'of the angular
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.:correlation distribution.
(1ii) The "thermalisation time" is sufficiently short that the
. magnetically~quenched fraction of the orthopositronium atoms
whose lifetime is of the order of five nanosecbnds, will
have lost most of their motion, their energyvbeihg degraded'
| to about 0.3 electron'volts, by thé time they undergo two-
photon annihilation, thﬁs contributing to fhe-narfow com=-
ponent of the decay. |
Thus, although the angular correlation distribution
obtained for argon is similar'in apprearance %o thése for the
amorphous solids, the‘interpretation,of‘the results is guite
-different for the case of the gas. With argon the narrow com-
ponent is ascribed to the decay of orthopoéitronium atoms which
have been mégnetically-quenchéd to produce two—phdton emission._
Annihilations from the singlet state are assumed to contfibuté
to the wide portion of the angular correlétion results, bedausé,i
of the relatively high energy still retained by thésekatoms when
ahnihilating, whereas in solids, where the thermalisatidn process
is faster, the short-lived parapositronium can cohtributé to the
narrow component. |
In an attempt to understand in more detaii the -
processes involved in direct positron annihilafion, posifroniﬁm
formation and ionisation, and the various orthopositronium
Quenching mechanisms, Massey and Mohr (1954) calculafed the
cross-~sections for these processes in the idealized case of a
monatomic hydrogen gas, on the basis of existing theoretical

knowledge concerning the interactions of slow positrons with
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matter. Meaningfui comparisohs of their predictidnsiwith ex=—
perimental results for practical gases is virtually impossible,
however, due to the strong energy depehdence of most of their
calculated cross-sections, and the lack of knowledge of the
relative positron~-electron enérgies in the gas absorbers after
thermalisation. In fact, they state that "Experiments in which
‘fhis (degree of moderation of the positronium energy) is con-
trolled.in some definite way is essential in order to compare
© cross-sections.” |

In addition, the complex nature of the annihilation of
- the positrons, from a numbervof different, competing‘states,
hampers any detailed interpretation of the observed momentum
distributions, since these are frequently comﬁosed of several
completely different momentum distributions corresponding to the
different annihilating states. For éxample parapositronium
étoms\in gases under twenty atmospheres of pressure appear to
have'kinetic energies of a few electron volts, whereas the ortho-
positronium atoms have, in general, been slowed to about 0.3
electron #oltslbefore annihilating (Heinberg and Pége, 1956).
In addition, there is a component due to the decay of those poéi—
trons which anhihilate during direct collisions with the bound, .
orbital eleétrons of the gas, and the centre-of-mass momentum of
these pairs is at least that of the orbital electrdns;lin this
casé,vsométhing of the order of ten electron volté. .

Even in the amofphous solids (which are somewhat éimilar,
with respect to positron annihilation,to gases under very high

pressure), there is a variation in the momentum distributions of
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the various lifetime components. The energy of the positroﬁs
}at the time of positronium formation is of the order of an
electron vblt, and the‘momeﬁfum distribution of those positrons
- which annihilate by dirécf collisions is guite unknown, since
their lifetimes (of>the order of one third of a nanoseéond) is
almost certainly less than'the thermalisation time of the posi-
trons. In these materials, thé thermalisation time is probably

significantly greater than 3 x 10710

seconds, the value estimated
by DeBenedetti et al (19505 for a metal lattice, where it was
assumed that positrons-could‘lose_enérgy by exéitihg léfticé
vibrations. In fact, roughAeétimateé of the thermalisation time
for these amorphous solids by Wallace.(1955) indicate times of at
least one nanosecond.

For thesé reasons, it would seem advisable towcéhcentrate
. the experimental investigations (lifetime and angular correlation
measurements; to those absorbers where the momentum distributions
of the positrons and electrons are known at the time of anni-
hilation, and, where possible, the annihilation process yields
a simple exponential curve, indicating annihilatibn from one
~state only. Use of the knowledge of the electron momentum
' distributions that has been obtained for many solid materials
from studies of low-energy X-ray interactions in thbse solids
(Parratt, 1959) should also prove of assistance in the inter-
-pretation of the positroﬁ annihilation reéults. Only after
the development of a sound understanding of fhe processes involved

in these interactions can the probiems involved in interpreting

. the complex decays be attacked in a reasonable fashion. Two such
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materials which, at first sight, appear tovsafisfy these require-
ments are ionic crystals andeetals. Both these substances vv
exhibit only a short lifetime component, but whéthér or not this -
componehﬁ represents a singlé mode of decayvis uncertain, since
the measured mean lifetime is shorter than the resolution times of

the equipment used in the measurements.

4. Anhihilation in Tonic Crystals.

No measurements have been made, nor detailed calculations
presented, of the thermalisation time of positrons in ionic
crystals, although Ferrell (1956) claims that there is some indi-

cation that it might be less than 1070

seconds. Assuming com-
plete capture of the positrons by the negative ions, Ferrell
derived lifetime estimates and angular correlétion functions
‘that were-not'incompatible with the méasured results. Acéurate
descriptions of the positron and electron wave-functions for such
~configurations have not been calculated to date, but Ferrell's -
rough calculations bhased on a numbef of simplifying assumptions
yielded predictions which should be susceptible tb experimental
test (such as a dependence of the positron lifetime on the cube
of the radius of the negative idn). Further éxperimental work
on the detefmination of positron lifetimes in alkali halides is
necessary befofe the understanding of the prbcesses involved. in

these crystals will be anywhere near cdmplete.

5. Amihilation in Metals.

DeBenedetti et al (1950) originally calculated the therma-

Iisation time of positrons in metals to be about 3 x 10710

seconds on the basis of energy loss of the positrons, first, by
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exciting or_ioﬁizing the atoms of the absorber, then by cauéing
inter-band electronic transitions, and eventually, when the energ&
'is too low for this, by excitation of lattice vibrations. A
modificatibn of' these calcuiations’to'include another'mechanisﬁ;
that of tﬁe positron energy loss iﬁvolved in the Coulomb
.scéttéring‘Qf éonduction electrons whereby the electrons are
increased in energy and scattered out of the Fermi sea, led
Garwih‘(1953) followed by Lee-Whiting (1955) with more accurate
calcﬁlations, to arrive at a2 value for the thermalisation time

12 seconds.

for positrons in metals of approximately 10~
Although no experimental verification of these estimates exists,
vit would be reasonable to expect the thermélisation time in
metals to be negligible cOmparéd to the positron lifetime if the
probable error of the theoreticai estimates is less than a factor
of ten. Assuming complete thermalisation, the positron wave~
function in the metal lattice can then be regarded as constant
(indicating a momentum of zero). Obviously, the positrOns will
have a momentum distribution of at least that corresponding to
_thermal-excifations, but this is very small compared to the
-energies of the electrons in the Fermi sea. Also, the wave
functith'of the velence electrons in a metal can be considered
from the péint of view of the Sommerfeld (1928) model, to be
represented by simple plane waves, the momentum distribution
being determined-by the density of available states in momentum
space and Fermi-Dirac statistics (in ofher words, the normal

Fermi sea of electrons). it has been suggested (DeBenedetti et

al, 1950) that the wave-function of the positrons is effectively
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constant in a métal except at the regions occupried by the
vpositivély-charged, metallic ioncofes, where the positron wave-
function ié.excluded and'is assumed to equal zero due to coulomb
vrepulsion of the positrons by the ions. Under this assumption,
theh, thé positrons would annihilate oniy with the conduction
electrbns. Thus,.it wbuld appear, at least to a first approxi--
métion, that-knowlédge concerning the'wavé fuﬁctioné of both the
electrons and thé positrbns in metals are available as desired
'for a complete understanding bf the annihilation proceséf
This simple picture is surprisingly successful in‘ex-

plaining the shapes of the angular correlafion functions in many
~metals, especially those in which the simple Sommerfeld theory
should most likely apply, as, for example, in the alkali metals
(Stewarf, 1957; Lang and DeBenedetti, 1957); in those cases,
the momentum distribution of the emitted photons fits that of |
fhe moméntum distribution of electrons in a Fermi sea remarkably
well. On the basié of this interpretation, thevpositron momen=-
tumn must, ihdeed, be close to zero to account for thé_observed
_mbmentum'distfibutions. |

| The results of lifetime measurements of positrons in
metals have not, however, been capable of such ready'inter-
pretation. in fact, calculations of'the positron lifetimes due '
"to direct cdllisions with the free, plane-wave conduction'elec—‘
trons yielded variations of a factdr of ten (appréximately 0.5
to 5 nanoseconds) from metal to metal. (These caiéulations
are outlined 'in more detail in the theoretical seétion on Dirac

annihilation). Experimentally, however, DeBenedetti and
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Richings (1952) found that the lifetimes of positrons in a number
"of metals which varied greatly in conduction e1ectron density,

10 seconds. Later

were,constant to an accuracy of 0.7 x 10~
. measurements by Bell and Graham (1952) confirmed these results,
and also supplied a measure of fhe absolute.lifetime of positrons

10 seconds.  The constancy of these

in aluminum, 1.5 x 10~
results, together with the small value for the absolute 1ifetime,
led Bell and Graham to postulate that all positrons in metals
form singlet positronium‘which then decéys with a lifetimé of.

1.25 x 10710

seconds. Garwin (l953)_soop pointed out, however,
that if  positrons are assumed. to form positronium atoms in
metals, both para- and ortho—positronium.should be formed, in the
ratio of 1:3 respectively because of the statistical weights.

- A single, short lifetime could sti;l be guaranteed, he pointed.
out, by assuming a rapid conversion mechanism operating between
thése'sfates, such as rapid electron exchangé with the conduction
~electrons which would produce momentum distributions the same as -
that for the,electrons, thus giving results”éompatible with théi,t
angular correlation data. Such a rapid conversion system would
result, however, in all four states (three triplet, and one
singlet) being populated for the same lengfhs of tine. And,
since only thé singiet state can annihilate by two-photon
emission with the short lifetime, the resulting measured life-
time should be four times that of the pure singlet state; i.e.

5 x 10—10 seconds, a value significantly longer than that.
observed. Meaﬂwhile,\a succeseion of theoretical modifications

to the free annihilation theory (as described in the theoretical
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section of the thesis) based on a distortion of the plane~wave
eleétron.wave—function dué to Coulomb interactions between the
pqsitron and_the conduction electrons succeeded in reducing,
but noﬁ eliminating,vthe disérepancy bétween.the éxperimental
lifetimes and those calculated in terms of this model. Fur-
thermore, following1publication of the measurements of Bell and
.Graham.(1953), fhere appeared a succession of determinations of
the absolute lifetime of positroné in aluninum by a variety of .
techniques, yielding results which varted from 1.5 to 2.5 x 10~10
seconds (Mintoﬁ, 1959; Ferguson and Lewis, 1953; Gerholm, 1956; .
"and Sunyar, 1957).

Because the‘processes'governing positron annihilation
in metals should be capéble of a detailéd theoretical treatmént,
“and further, because of the confused state regardihg the experi-
mental knowledge of the lifetime of positrons in metals, it was
_déemed worth while to perform a thorough experimental investi-
gation of the positron lifetimes in a large variety of metals in
‘an attempt to resolve some of these problems and inconsistencies.
The remainder of‘this thesis is devoted to a description of such

an investigation and the results obtained.
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CHAPTER II
THEORY

Three distinct mechanisms of slow positron annihilation

in matter have been considered to date. These three (although,

of course, there may be others) are;described in some detail

‘below:

(a)

(b)

(c)

,denéity NZ_, where N is the number of atoms/cm

Dirac annihilation with free electrons was the first
mechanism to be consi&ered in detail,‘and describes thé
annihilation of a positron in an electron gas in whichveach
electron is considered free. In this approximation, a sub- ’
stance is considered to cohsist of an élgctron gas of . -
>, and 2 is
the effective number of electrons per atom. v |

The experimental obser&ations described in Chapter 1 .
regarding the complex décay‘modes in many subStances,
suggested the existence of.a pohnd, hydrogen-~like state;

The lifetime for annihilation of a positron from this state

"would‘Be dependent only on the density of the associated

electron at the positrdn, and therefore not on the;other >
electrohs in the material. ' Redsonable agreement between
the observed and calculated values of the iong-life com~
ponent ‘of poéitron decay in gases was offered as furfher
evidence for the existence of this process. -

Consideration of the existence of a positronium "atom" soon
led to suggestions regérding possible cﬁemical_reactions

between these atoms and those like the halogens with a-

valence of -1. . The stabilities of such compbunds were
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investigated theoretically by Ore (1948, 1952).  This
'concept of.chemical compound formation has proved useful
in explaining'the intensity variations of the long life~
time mode of decay in liquids arising from the addition of
certain solutes to the liquid (as deseribed in Chapter I,
Section 2).

l." Free Dirac Annihilation.

The probability of annihilation of a p051tron—electron pair
w1th the emission of two gamma rays was first described by Dirac
(1950) in terms of a second-order tran31tion of the electron.
from a positive»energy state, through an ihtermediate state, to
an empty negative energy state (the "hole" in the negative energy
states manifesting itself as the observable pos1tron) The
calculation wastbased on the assumption of positron annihilation
with a free electron, neglecting the(effeot of any interaction
between the positron and electron; in other words,-a plane wave
approximation was used” for the electron, | The total probability
of annihilation was obtained by averaging over the spin direc-
tions in the initial state, and summing over all spin'directions
| of tbe electron in the final state. (Explicit depen&ence of
the two—photon annihilation probability on the relative'spin '
orientations of the two particles as a function of their kinetlc
‘energy has recently been discussed by Page (1957), his results
being in agreement with those of Dirac when the spin dependence
is averaged out). The final result, after summing over all

directions of the photon polarization, is the differential
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cross—Section:l : : .
o o et |ebndepdsne _ _zp'dsinfe | (i
" 4pEc | El-pictsn'd  (EJ-pictcos’s)

where Py is the.momentum of the initial electron in the sjstem-
where the centre-of-mass df‘the annihilating pair is atArest,
| Ed’is the energy of the initial electron (in units_Of mc2),
FEBis the angle between the direction of-the.positfonand one
of the photons, | ' "
: and' dfl is the solid angle info which a gamma ray‘is emitted.
Since less than five per'cent of thé_positrons which
ehter a sample with a maximum initial energy‘of .one Mev aré‘
énnihilated while moving with a significant felativistic
veloéiﬁyz, we are only intefested in the non—relativistic‘limit
of the above equatioh, i.é.. E"""“-L, p—rmv, pc KE, |
By this means, expression (1) reduces to: |
oo = et ) | | |
Am*cd3v (1)

vand integration over the solid angle gives the total cross-
section:
4 2

_ me _ mr*e
0‘-— mtc3_vh -‘7.(_0 V’

(2)

' , - et -3
where F, is the classical electron radius: —=zx = 2.82x/0 ‘cm
Although the cross-section diverges for 1low relative velocity,
the rate of annihilation, R, does not, since, in a substance

with N electrons per unit volume, R = Ny, = 7ti*e N (sec ).

(3)

: Alternatively; the trasnsition probability can be determined

T Heitler, W., The Quantum Theory of Radiation, (Clarendon
- Press, Oxford, 1954), Second Edition, p.207.
2 ibid,  p.231. B |
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t directly without inéerting the notibn of a crOss—section.’ In
this case, as expected, the tfansitionraxe per unit electron
density is:?ﬁﬁ?c. per second; Thé_cross—section één»then be
| obtained by normélising to unit fﬁﬁi,'%hat is, by multiplyihg by
the factor 1/v, and éé oﬁtaining the crdss—sectioﬁ‘for annihi-
~lation given by expression (2) above. vThus,'on the basis of
the theory of Dirac annihilation with free electrons, the mean
- lifetime of positrons in a substance is given by:
R - L

If we assume that the number of free electrons in a
metal is equal to that of the valence electrons; as indicated by
- the results of the angular correlatibn measurements of annihi-
lation radistion (Leng and DeBenedetti, 1957), then typical

results as calculated from equation (4) are as follows:

Metal Effedtive Electrons/Atom PQsitron Lifetime
Aluminum ] - 0.75 nsec.
Sodium 1 5.2 nsec.
Copper 1 1.6 nsec.
Beryllium 2 0.55 nsec.

The annihilation fates diScussed thus far are only.
thdse expécted for two photon annihilation. ‘Annihilation from.
a friplet spin staterf the positron-electfon system, on the
other hand, is characterised by three—phbton emission (és
deseribed in'Chaptef.I, Section 1), a process with an annihi-
lation rate of the order ofolL less than for two-photon decay. -
(where o is the fine-structure constant). Explicitly, ure

and Powell (194G) calculated the relative annihilation rates
A Asr A | o
AZT vqn. 7( q | A .
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which is about<da , for three-quantum compared to'tWo—

'8 or, 11%0-
quantum emlssion, where, eg A3,a. is the probability for annlhl-
lation by 5 photons. Although the baslc annlhllatlon rate for
three photon emission is-sl-oc. less than that for twoephoten anni-
hilation, electron—poeitron coliisions result_inAthe formétion'
of a triplef spin state three times as often as the-Sipglet
state because the statistical weights Tor the productions of

these states are 3/4 and 1/41,'respectively. Thus, positron

annihilation with free electrons should be characterised by a
Aar 1 370
Azr 3 3°‘ 1

whereas annihilation freana system of isolated, pos1trdnium atoms,

twe photon to three photon ratio of

for example, would result in-a ratio of 1:3.

(A) EXperimental Support.

As described in Chapter I~ Sectien 1, the momentﬁm digtri-.
'butlon of annihilating positron-electron pairs can be determined
by measurlng the angular correlatlon distribution of the emltted
photone. In general, the measured momentum dlstrlbutlonegln
4metals-are very similar td‘those of the Fermi seahelecffehs,
ouperlmpoqed on an addltlonal broad higher-momentunm dlstrlbutlon.
The w1dth and 1ntensity of this latter distribution varleq
conu;derably from metal to metal. |

The close agreement between the measured momentum:
dlstrlbutlons and that of the Fermi sea electrons naturally
prpmpted an expianatlon of the annlh;latlon process 1n_terms of
é-statidnary positron (whjch is reaeonable,‘in view of'fhéeshort
thermalisation time expected; Chapter I, Section 5), annlhl—

'latlng with the conductlon electrons in accordance WLth the

1 Schiff, L.I., Quantum Mechanics (McGraw-Hill Book Co., Inc.,
: 1949), PFirst Edition, p.226.
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. Dirac cross-section, equatlon (2) (Stewart, 1957)

The measured ratio of three—photon decay to two—photon

' decay in aluminum is also conoistent with this descrlption.

Basson (1954) obtained a value of l/(406 50), compared to the .

theoretical value (for positrons annihilating with free elec- -

trons) of 1/370', These experimental observations are, theh,

consistent withea description based on the following two assum=-

ptions: (Stewart, 1959), |

(a)' Prior to annihilation, the poeitron has been completely
thermalised. Estimates of‘this thermelisation time have
been carried out by Garwin (1953),and Lee-Whiting (1955),

-12 seconds.

i the'latter obtaining a value of about 5 x 10
(b) The annihilation probability (equation 3) is essentially

.velocity independent over the range of velocities of the

- conduction electrons. |
. The letter essumption is perfectly consistent'with the
Dirac theory of annihiletionlwith free electrons, for wﬁich case
the non-relativistic annihilation probability is exaetly velocity
'iﬁdependent.
| (B) Experimental Disagreement;

Before the detailed ahgular correlation results werebob—
tained, the lifetimes of poeitrons in a‘variety of metgls had
been determined'(Bell:ahd Graham, 1952; DeBenedetti and.Richings,
1952). The results qf these measurements indicated thaﬁ the
lifetime of positrons in metals (about ten were studied) is
(1}5 i‘O.S) x 10"10 seconds, independent of the metal. fThis

very short lifetime and lack of dependence on the conduction
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" electron density is very difficult to reconcile with,a free
'.electfon theory .of the type described in the above section,'
which, as observed from the examples on page 25 predicts life-~

'times.varying from 0.55 nsec in beryllium to 5.2 nsec in sodium.

.2;‘ ‘Coulomb*Enhencement of the Dirac Cross—eection;

~ An obvious over-simplification inherent in the discﬁseion\

of section (1) isbthe plane-wave approximation for the electron

end positron'wave funetions, i.e. the negleet of any poeitron—
electron interaction. DeBenedetti et al (1950) showed how the
~Dirac cross-section could be modified for arbitrary electron
laﬁd,positron wave functions provided that: |

(1) the wave functions of the initiel_and finaljstatee are
treated non-relativistically so that the'spinor and spatial
parts of the wave-functions are separable, and ..

(ii) the wave functions of the intermediate (#irtual)_efafes of
the process are treated in the ffee particle approiimation,
{plane waves). ‘

"If these conditions are satisfied, the express1on for theid'
’Dirac transition probability factors into two parts, one being
“the matrix element discussed in detail in Heitlerl,,which gives
a transition rate of 1!r§c as described earlier. ‘fhe other
contains the spatial dependence of the wave—functions, yielding
an expression of the form: fhy(..)’ "\V’(r)' ol v , where

’Ik%(‘) are the electron and positron weve—functions,jréépeci
tively. 'This integral, as described by Ferrell (1956),18 the
. electron density operator at the position Qf the positron,

averaged over the positron position.  In other wofds, the

1 Heitler, W. loc. cit. p. 206.
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normal free-electron Dirac transition probability is normalised

- to a new electron density at the position of the positron.

A Simple Coulomb Enhancement:

| Karpman and Fisher (1956) cohsidered the.case of a pure ’
coulomb éttraction between the posit._ron and the electron, This
coulomb a.ttraction di“stérts the incoming electron plane wave,

thereby increasing the electron wave—functlon at the posrbron

o

by the factor 2%°/p , where/J is -_! ’ andm is the
- (1~ ¢xp(-zﬂ%»

fine-structure constant. For the electron veloc1ties found in

metéls, however, the exponential term is negligible, resulting

in a l/v type of enhancement factor., As a result, the low

- velocity electrons are deflected more strongly by the coulomb

field of the positron than are the high velocity electfons,

resulting in an enhancement of the low velocity electrons at the~“
position of the positron. The cross-section given in (2) is

* therefore modified to the following: 0’=1¢l:,"—§-;21(€_m= 2 g_g,_;)z

Thus, the probability per unit fime of positron annihilation

with electrons having velocrties from v to v + dv at 1nf1n1ty,

dw = (O'_V)xe 4ﬂ6”\9 a((mv)

| is:
where m 1is the mass of the electron in the metal,

v is the velocity of the electron relative to the. positron,

ahd the last term is the density of levels in phase space.
Integrating this equation from v = O to v = vy (the velocity of
the electrons on the Fermi surface), Karpman and Flsher |

. ot.am 2 -1 v
obtained w= T Ve sec . The mean lifetime of a

positron in the metal would then be given by:T= ;:,'-‘-ﬂ‘:;t 3_7:51-)%
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~ where we have substituted for VE an expression in terms of the
S

. ' v,
density of Fermi electrons in a metal: N = _8-?-’- mVe
de _ 3 \Zrk

Thus, this form of coulomb enhancement reduces the E dependence
of ¥ from N-l to N'2/3, still a marked dépendence, however,
The theoretical'estimates of fhe lifetime Qf positrons.in.
metals, with this - enhancement faetof included; are: Al'(O.61),
Cu (0.96), Ag (1.6), and Au (1.6) where the values in paren-

theses are in units of 10~1°

seconds, The positron lifetimes
are therefore reduced by this method to values near those deter-
mined experimentally, except that a variation of a factor of
three still exists between the various calculated.values;
‘Furthermore, the direct interpretation of the angular correla-
tion dafa in terms of the momentum distribution of Fermi elec-
trons requires a positron annihilation probability_eesentially
independent of the electron velocity, as results, for example,
in the free Dirac annihilation treatment._ For these feasone,
the simple coulomb enhancement modification given above, with
itS-inverse velocity dependent annihilation rate, has been
regarded by most as an unsatisfactory explanatidn of the short
positron lifetime in metals. |

Similar values'for the lifetimes were calcuiated by
Daniel (1957) who used a screened potential of the form -% eagr
in determining the enhanced electron‘density at the positron;
By performing a detailed numerical ealculation,of the electron
10

enhancement in copper,.he obtained a value of: 0.7 x 10~

seconds for the positron lifetime. A more approximate method



=31~

of calculation provided the,following results: Na§2.0); A1(0.8),

and Cu(1l.1) in units of 10~%°

seconds. Since this enhancement
depends on a screened potential, ité effect on distant electroné
is attenuated to a much greéter degree than the pure coulomb

| attraction discussed earlier. As a result, the density en-

' hancement»of thé low-velocity electrons would prbbably not be

aé Strong'as that of the earlier model, although the actual
velocity dependence of the annihilation rate was not discussed by
‘Daniel. The dependence of the.lifetime on the electron density

is still too large to be consistent with the experimental

results, however.

B. Coulomb Enhancement of the Entire Fermi Sea.

The more complicated case of considering a screened coulomb
interaction between the positron and all the electrons, not only
the annihilating pair, has been discussed by Ferrell (1956).

‘He considers all the electron wave functions to be modified,
reiative to plane waves, by the factor | + Ce’art , which is
practibally unity'for.all #alues of r greater than about 2a.
The constant C determines‘the enhancement factor, (1 + 0)2, of
the electron density at the positron. The parameters, C and a,
aré'then determined by a variationai appfoach, namely that qf
minimizing the total correlation energy. His results for such
an~analysis indiéate a value forFC of: 0.66 VS%, where V is a
measure of the volume per conduction electron in the material
(i.e. a volume of 1/N, where N is the conduction electron
density) in unifsl of %”}—03 , the volﬁme of a sphere of

radius equai to the Bohr radius, t , (Vs is equal to I;s in
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Ferrell's notation). Thus, for a freeVDirac lifetime»of‘ii nsec.,

. . | " A
| (a+o ssv")‘ lz
hanced lifetimes for a few examples, are: Na(6 3), A1(1.6),

»Cu(2 8), where the values are- agaln given in unlts of 10 lo‘sec»

nsec. The en-—

‘the enhanced value becones

_Agaln, the introductlon of an enhancement factor 1ncreases the
‘ annihilatlon rate,»bringlng the llfetlmes into closer agreement
with the experimental values. The theoretical values,‘nowever,
‘are.close to the experimental ones only for those metals with
fairly high conduction electron densitiesitas‘in the case of
aluminum, for.example.. .v

This form of enhancement 1s,‘in addition, cons1stent w1th
the engular correlation data, since, accordlng o Ferrell the
annihilation rate for the fastest electrons in a metal is only -
ten to tWenty per cent'greater than for‘the SLoweSt, ‘ According
to this model, the density of the faster eleetrons is more en-
hanced at the positron because the Pauli exclusion principle
- allows onlybthe electrons near the top of the Fermi band to havem
- properties similar to those of classically‘free electrons.

| ln‘summary'tﬁen, positron annihilation rates_in metals can
be smbstantially increased over those predicted By the Dirae :
free electron theory by several models of electron enhancement
at the p081tron. Some of these, however, lead to str@ngly
velocity-dependent annihllatlon rates which are 1ncompat1ble
with the-interpretation,of angular COrreiation data‘in terms of
Fermi electron momentum distributions.» An exception to thls
statement is the enhancement model deduced by a variatlonal

zapproach involving a screened ooulomb'lnteractlon between the
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positron énd all the electrons, yielding an annihilétion rate
which varies by less than twenty per cent for,the différeht
electron velocifies in the Fermi sea. Even the latter form of
enhancement, however, is unable to explain the conStancybof the'
'lifetime of positrons from metél to metal.

1t should perﬁaps’be pointed out hefe that the veiodity—
independent nature of the annihilation rates calculated by the
last theory described above results primarily because of the
initial form of enhancement assumed.for'the positron-electron
wave-function. That is, the same enhancement factor,
(1 +'Ce_r/a) is assumed to apply to all the plane-wave éiectron :
wave-functions of various moménta. Removal of this somewhat
dfastic assumption would probably reéult in an electfon énhance~
ment somewhat intermediate in nature between that calculéted by
Daniel and Ferrell. In other words, the constant, ffeeeelectron
wave-function should probably»be enhanced first by a mefhod
similér to that of Daniel (1957), whidh.is based on the screened
coﬁlomb potential outlined in Mott aﬂd Jones, 1936, (pg. 87),
before performing a Féurier decbmposition in order to determine
the momentum distribution of the electrons described by the wave-

function.

3. Annihilation From Bound Positron-electron States.

Ferrell (1956) atteﬁpted to limit the maximum lifetime of
positrons in metals of low conduction electron density by invoking
~ the formation of posifronium ions (a system consisting of two
electrons bound to a positron) iﬁ these.metals.b The stability
of such a system was checked by Hylleraaé (1947) who deduced a

binding energy of about 0.2 electron volts.
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..Thus, if there is room in the crystal lattice for the
formétidn_of these large atOms.(a question raised and discussed
to some extent by DeBenedetti et al, 1950), electron capture by
the pésitroh would not stop with the formation of the positronium
- atom but would contihue until the full quota of twq‘electrons was
captufed by the positron. Ferrell‘assumed that in a normal
_metal (like aluminum) the conduction electron denolty is so0 high
that a negatlve potentldl energy (of greater magnltude than the
binding energy of the positronium atom) attributed to positron-
electfon correlations prevents the formation bf bound states in
IWhich the pqsitroﬁ is correlated/strdngly‘with only one or two
electrons‘rather than all of them.:  On reducing the electr§n
density, and'hence the magnitude of the correlation energy, the
point is eventually reached where the correlation energy is about
.the same as that of the binding energy of the positronium atom.
Under these conditions the positron is assumed able to capture
particular electrons, correlating strongly #ith‘them, thus forming

positronium ions.

A. Characteristics of Positronium Ion Decay.
A two-parameter estimate of the wave>function of the positro-~

nium ion has been shown by Hylleraas (1947) to be of the form:

WGin) = C, e 20 [1+G ()]

where the constants (:j are fanctlons of two parameters, varied
to minimize the total energy of the system. 'Using‘this wave
function for the ion, Ferrell (l956)_calculated the lifetime of

the positrons in this configuration to be about 3.25 x 10-'10
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m seconds, with a possible errbr of ten tq twenty per éeﬁt,‘depénding
on the:accuracy of the trial wave function. |

Since the Pauli principle requires the two eléétrons to ha&e
oppbsite gpin directions in the ground state of the positronium
ion, annihilation of the positron with one of them (spinslparallel)
- would always result in three-guantum annihilafion, whereas annihi-
| lation with the other (spins oppositely directed) would_be frbm a
stafe éonsisting of thevthree-photon emitting triplet state half‘

the time, a.nd the two-photon emitting singlet state the'other half,
-] . . ’
2+ 9
N2

directed spinors of the electron and positron, respectlvely, and

(since o f%_ where 04 and f&; are the two oppositely-
°¢. and Q, are sin slet and triplet wave-functions of zero m
«value,respectively) This is substantiated by a more detailed
treatment, where the wave- functlon of the ion, "Hpgv’ R
. diagonalized with respect to the total angular momentum and the
various m values, is expanded in terms of m and "(?. y the
spin functions for the electron-positron pairs. if‘we take, for
example, J=4, m= 1,
- v=/’» et Al LA |
as shown in Appendlx (D), where 0, and (3; are the two spinor
functlons describing one of the electrons (the recoil electron,
éay). "It is seen that the probability coefficientsAof the final
state Spinor_fuhctions agree with thosé.given ih the eariier rough
estimates. Since the total annihilation rate, R, is: |
_nc‘on-‘- {‘Rsr" xR ar“*nw where ”/pl’_ /oo (p. 26)

then, R, = ﬁ'z-r [(|) 03( ] which indicates three-quantum

: ann:.hllatlon of an 1nten51ty 1/370 that of two- quantum annlhlla--
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tion, a situation indistinguishable from free positron'annihila¥
tion wifh randomly oriented electrons, and hence, in agréement
with observationﬁ(Basson, 1954); Following the annihilation df
the positron and one of the electrons, the-remaining_eléctron can
not be left in any arbitrary momentqm state because bf the Pauli
exclusion principle, but must enter a vacant momehtﬁm state in
fhe‘Fermi sea. in other words, if the positronium_ion,has béen
.slowed‘to thermal enefgies before annihilation (by the’éame pré—"m
geSses as those which govern fhe thermalisation of a poéitron,
Garwin, 1953; and Lee-Whiting, 1955), the anﬁihilétion gamma rays
must. carry off a'momentum equal and opposite to that_carried away
‘by the remaining electron. Since there‘will exist ét least two
vacant states formed by the capture of the two electrons. from

the Fefmi sea by the ﬁositron, it might be_ expected that the
‘mémentum distribution of the recoil electron (and‘hence of the
annihilation gamma rays) would be that of the Fermi sea:of elec—-
ﬁf0n3~ | .

An explanation of the type given here, however, is ruléd
out because of the very short relaxation ﬁimesvof the electrons
in the Fermi sea. A consideration of the relaxafion process
involved in collisions of the Ferhivélectrons with thé crystal
lattice, for example, yields'éh estimate of the relaiatibn time

14

in a metal of the order of 10~ seconds.l On the other hand, .

calculations of the time involved in the filling of a positive

valence hole by Auger processes have indicated possible timeskdfﬂ:ﬁ’”

I Kittel, C., Introduction to Solid State Physics, (John Wiley
Pirst Bdition,Bg.598§: irc. N. York, 1953),
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the order of 10716 sec (Landsberg; 1949).,  “Thus, the_felaxatioh
time is far.too short.for jan explanation of the annihilation
.gamma—ray anéular correlation results by the simple model des-
cribed earliér; If a rapid,.electron'exchange mechanism

betweeﬁ the positfonium ion and the conduction électrons is'
assumed, however, of a rate at least that of the relaxation of
the valence electrons, vacant states would still be availéble in
the conduction band at the time of annihilation of the ion. The
collisioh rate between a positronium atom and the éonduction
el.ectrons in a typical metal is of the order of: ﬂﬁ?'VN"’ﬂ’:’z“CN!
(Gerholm, 1956), where r, is the Bohr radius; thus giving, for N

22 3 15 exchanges/sec, a

of about 10°° electrons/cm’, a rate of ~ 10
value of the éﬁme order as the estimated relaxation fime of the
valence band héles. This rate is, however; éalculated on the
basis of conduction electron collisions with an isoiated solid'
sphere of a radius equal to that of a hydrogen atom. An exchange
rate greater than this value should occur in reality, however, due
to .- the expected‘oveflap between‘the electronic wave-functions of
the positronium‘ion and those of the valence electrons from

the neighbouringvmétal atoms. A gignificant overlap would
indicate a substantial sharing of these electrons betwéen.the two
gsystems, resulting in an enhanced electron exchange rate probably
of sufficient magnitude to exceed the Fermi electron relaxation
times, and so result in a momentum distribution of the positronium
ions at the time of annihilation e@ual:to that of the electrons

in the Fermi sea.

Problems concerned with the stability of the weakly-
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- bound_positronium ion under bombardment by energetic electrons
in the Fermi sea, are also simplified when the effects of the
Péuli exclusion principle are considered. Since an incident
elecfron cannot change its momentum if the neighbouring momentum
states are occupied (as they are in o Fermi sea), anything other
than exchangé collisions with the positfonium ion are forbidden.
If the above assumptions concerning the formation and
decay of positronium ions in metals are admitted, the resulting
qbservable effects are consistent with the experimentally deter-
mined results, viz:
(a)' a three-photon to two-photon ratio of 1:370.

10

* (b) a short lifetime of about 3 x 10~ seconds.

(c) a constant lifetime from metal to metal, becau;e the electron
density af the positron is defermined only by the wave-
function -product within the ion, independent of the conduc-
tion electron density in the metal. |

(d) a consistency with the interpretation of the annihilation .

angular correlation data in terms of the momentum distribu-

tion of electrons in a Fermi sea.

B. Characteristics of Positronium Atom Decay.

‘In a simiiar way, the annihilation of positroﬁs ffom posi-
tronium atoms is also consistent wifh the experimentalldafé if
the‘assumptibn of:rapid electron exchange isvintrqduced. Suchﬁ:f,
an assumption is nécessary to insure a simple exponential_decay"gﬁ
function, as outlined in Chapter I, and also to produée the
.thfee—quantum‘to two—-quantun ratio of 1:370 as observed experi-

mentally. 1f, as suggested by Ferrell, collisions of the
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_conduétion electrons with the poéitronium atoms results in a
transfer of the positron from one electron to another, the |
momehtum distributioh of the pbsitronium atoms ﬁill be just that
df the Fermi electrons. The rapid electron exchange, therefore,
éroduces.a lifetime for the system which is four times thét,of a
free atom in the singlet’state, (as discussed in more detail in

Chapter I, Section 5 ), that is, 5 x 10“10

seconds.

Thus, in terms of positron annihilétion from bouﬁd states,
consistenéy with the usually-accepted interpretation of‘the
aﬁgular cbrrelation results no longer requires a velocity indepen-
dent annihilation probability, bﬁt, instead, requires that the

momentum distribution of the annihilating positron-electron pairs

- be -the same as that of the conduction electrons.

C. Formation of Positronium Atoms and Ions in Metals.

There are two major problems involved in the hypothesis of
the formation of and the existence of positronium atoms (or ions)
in metals.. The first involves the question of sufficient "yoom"
for the existehcevof a bound state in the metal structure, and the
second involves the'timé required for the formation of such a
state.

Although the general problem of the stability of such a
bound positron-elecfron state within a metal lattice has not been
treated in.detail, severel éspécts of fhe problem have been dis-

cussed by various authors. One of these is concerned with the

volume available for the positronium atom within the crystal

lattice. This question was discussed to some extent by
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DeBenedétti ét al.(l950), who cbnsidéred the positronium atom in
a crystal in termS"of.an atom confined within an impenetrable
sphgre} . As‘an exemple of this, it was pointed out that the
biﬁding energy of a hydrogen atom becomes positife if it is
enclosed in an impenetrable sphere'of diameter less than 1.84 times
the diameter of the isélated hydrogen atom Bohr orbift. ~ This
.argﬁment is probably applicable in many types of ionic‘crystalé
ﬁhere the atoms are cloSely'packed. In metals, however, the
metallic ion cores frequently represent a rather small fractién
of fhe volume. of the unit cell, being_less than about fifteén»
ver cent for the metals Lithium; sodium,‘beryllium,'magnesium,
aluminum, gérmanium, tin, bismuth, calcium, barium, zinc, cadmium,
and 1ead-(Lang and DeBenedetti, 1957). ~ In aluminum, barium,
calcium, and lead, for example, consisting of face-centred cubic
and‘body—centred cubic lattices, the maximum inteérstitial volume
aveilable in the lattices would contain a sphere'of.diameter a~2b,
where a is the lattice constant, and b the ionic radius. These
values, calculated for the above metals, range frdm %.58 A° for
calcium, to 2.3%1 AQ.for bariﬁm,-most of them well in excess of
the diameter of the positronium atom;:viz 2,1 A°. The existence
of analogous bound s&stems in many sémifconductors, such as |
electrons bound to.impurity atoms, and the formation of bound
electron-hole systems (excitons) suggests that the relative volume
of the ion cores is frequenﬁly not too large for stable binding.
The other aspect considered in the formation of positrohiumv
‘in metals is the effect of the high oconduction electron density{itt

This question was discussed by Karpman and Fisher (I956)'and
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Ferrell (1956). Karpman and Fisher régardedifhe high electron
‘deﬁsity to be sufficiently effecfive in screening‘the coulomb .
potential of the positron that the formation of a bound state-
Was impossible. Actually, the efféctive scréening distance
’(correspondlng to the Debye-Huckel screening radlus considered
~in the theory of electrolytes) of the potentlal of an isolated
."point squrce due to the surround;ng conduction electrons is 2:2A°
(Mott and J&nes, 1936, pg.88) for mést metals. If a bound state
could ‘be formed, they concludéd,that fhe screening effect would
reduce the binding and smear the wave function out over a larger
" volume. Such a screened pptential, however, is similar to that
employed in the analysis of the "exciton" structurel, described
earlier. |
| Ferrell, on the other hand, chose to consider the pr§blem

in terms of a correlation binding energy due to mahy—body inter-.
actions between the positron and all thé electrons, according to
ba collective interaction formulation outlined by Bohm and Pines
(1952). Ferrell estlmated that for the electron densities found
in most metals, thls correlatlon energy is more negatlve than the
. positronium binding energy by a factor_of between two and three,
thus preventing the formation of a bound state. Beca@se of the
drastic nature of the assumptions involved in the form of the -
enhéncement facfor;(as discussed in greater detail on pg 33),
however, a detailed'comparison of ‘the relative magnitudes of the

correlation énergy and the positronium binding energy is probably

1 Kittel, C., lntroduction to Solid State Physics, (John
Wiley and Sons, Inc. N.Y.) Second Edition, p.505.
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unwarranted ét~the present time.

. The second question mentioned earlier; regarding the
formation time of positroniumﬁatoms, has been discussed in some
détail'by Beég and‘Sfehle (i95§). These. authors point out.that
the.cross—secﬁion for ordinary radiative capture of a free electronb
into a bound state is about an order of magnitude smaller than |
the observed apnihilation cross-section of the positron. They
indicate, however, that in a free eleétron gas, the capturg raté
is considerably increased by means of Augér transiticns of a third
electron to an energy greater’than_the Fermi énergy of the gas..

- Thus, their‘analysis is restricted, essentially, to the formation
of bound statés in metéis. The results of their calculations
‘indicate that the capture rate in#olved in the formation of

positronium atoms is of the order of lO15

per sec for thermalised
positrons.  This-result should be most accurate in the case of
low electron density, N, (such as in the alkali metals), where
their approximations are most applicable. The rate ‘would
~increase with N, though not as fast as NZ; since, wifh increasing»
Fermi energy, the low-lying électrons cannot participate‘in the
prbcess. However, their approximations, as well asythe»assump-
tion of a hydfdgenic ground state for positronium, get pPro-
gressively worse fqr increasing N. Although they did not '
discuss the equivalent process for the formation of the posi-
tronium ion, it would seem that'their description would probably
apply in this case too, with, perhaps, a éapture rate BOméwhat

15

~less than the 10 per second,vgiven above.
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' Consistehcvaith Experimental Results:

The various measurable properties of the annihilation process

as predicted by the two main types of theory (i.e. annihilation

during collision versus annihilation from a bound state) were

examined in order to determine which of the sugzgested models:

has the strongest experimental support:

@)

(b)

Shape 6f Decay Curve: Both types of model yield a pure
exponential decay curve if the thefmalisation time of the
positfons can be considered negligible (and there exists
strong theoretical support for this expectation). The
condition under which the bound-state model leads to-a
single simple exponential decay is described in the previous

section: i.e. a rapid electron exchange mechanism is

‘required for the positronium atom, but is unnecessary for

the positronium ion.

Angular Correlation Results: In those metals characterised
by lérge lattice spacings (see pg 133), the measured’angular

correlations of the annihilation gamma rays implies:é

" momentum distribution of the anhihilating positron-electron

-pairs equal to thatof the particular conduction'electrons

*" concerned.  This observation is predicted by both theorles :

'EV_lf the following restrictions are assumed.

(i) 'Annihilation during Collision: Both the free Dirac

annihilation theory and the modified form invoiVing
correlations between the positron and the electroﬁs
- are compatible;with this observation, but thatﬁdés- :

cribed by pure . coulomb enhancement of the annihila-



(c)

(@)

V(e)

results listed here (in units of 10~
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tion cross-éection is.not.

(1i) Annihilation from Bound States: Annihilation from
both the positronium atom aﬁd the ion configuratioﬁs
are compatibie with this result if rapid electron

exchange collisions are assumed.

Two-Photon: Three-Photon Yield: Both theories yield the
éame theoretical value of 370:1. |
Absolute Positron Lifetime in Aluminum: The lifetime
10 geconds) are those
calculated on the basis of annihilation with the conduction
eléctrohs of aluminﬁﬁ only, as necessitated by the results
of (b) above. The reasons for the choice of aluminum as
an example were twofold: .First, aluminum is one of the
metals of DeBenedetti's Group A élassification, (see pg133),
indicafing an ahgular correlation distribution of the type
désCribed above. Also, it is the metal for which most of
the absolute lifetime determinations have been performed,
and so should be known moét accurately. Thevfree Dirac
annihilation theory predicts a value of: 7.5 (x 1070
sec). Simple coulomb enhancement yields a value of:
0.61 - 0.8.
The Ferrell many-particle correlation model gives: 1.6
‘For the bound-state models we have:

Positronium atom with rapid, electron exchange: 5.0

Pogitronium ion with or without electron
' exchange: about 3.0

Positron Lifetime Dependence'on Conduction Electron

Density, N: Both bound state models indicate annihilation
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rates‘which_are independent of the conduction electron density,
to first order. A marked deviation from'hydrogenic_drbits-
‘undeflhigh'electhn density would naturally have an effect on
the annihilation lifetime of the state. All the collisionsl-
ahniﬁilation processes, on the other hand, yield a significaht
dependence. The free-electron Diréc annihilation process
yields an annihilétion_;ate proportional'td N, The Ferrell
correlation model yields'a first-order dependence on N,'with
correction terms of higher-order, and the simple Coulomb

enhancement theory predicts a dependence on N2/3,

(f) Metal Structure Effects: Possible effects attributable to
énvifonmental cohditions in the neighbourhood . of the positron
'should also be considered as a means of distinguishing betweén
the various'sgggested mechanisms for positroh annihilation.
(i) The Collisiohal Annihilation Process:
Since a collisional annihilation process is only depen-
dent on the conduction électron densify, variations in
‘the structure of the metal should exhibit a relatively
minor effect. Thus, changes in the phase of the
material (e.g. solid to liquid), and the structural
changes involved in different lattice configurations,
should have no effect on the p081tron llfetlme,
providlng the metallic density (and hence the density
of the conduction electrons) remains uﬁaltered. On

the other hand, changes which alter the physical
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density.significantly,.as, for example, marked tempera—
ture changes, should affecf the annihilation raté to
approximately the same extent. |
© (41) Annihilation from a Bound State: In the case of
| positron annihilation from a bound state, however, quite

different dependences would be expected. Since the
annihilation of a positron in a bound pOsitron—électron
system is dependent on the detailed nature of the wave-
function of the system, and therefore on the volume
avéilable in the interstitial regions of the metal, the
characteriétics of the laftice.structure should be much

_more significant for this case than for that of the
conduction electron density. Thus, a dependence of

the anﬁihilation rate on changeé in the lattice configu-
ration (especially for the various allotropic forms of
a particular metal), and the phase of the metal (liquid
to solid) should result, independent of the conduction
electron density. In other words, the effect on the
lifetime aue to a density change resulting from a

change of the allotrbpic form, or the phase of the metal,'
could well be more-signifieant than that due to an
equivalent density change:resulting from a change in
.temperaturé‘or pressure. The dependence of the life-
times measufed in this work_én the structural form of

- the absorber is discussed in some detail in Chapter VII.

(g) Magnetic Effects: Although, at first sight, it might
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appear that annihllatlon of a positronium 1on mlght be
dlstingulshable from that of a positronlum “tom by a differ-
‘ence, say, in the relative triplet—-singlet state admixture
in response to the application of a magnetic field, the
effects of such admixtures are'completely obscured by the
vefy rapid electron exchange mechanism assumed. In other
words, the magmetic enhanoement effect can only be detected -
when observing a'"complex".decay, with two distinct lifetime
oomponents, by its effect on the relative' intensities of the:
two lifetime components. If an exchaﬁge process exists
mhich is sufficiently rapid (asis assumed inthe'case of
metals) to quench completely the long—llved component then}
it is obviously meaningless to dlscuss the p0551bllities |
of any further quenching by an applied magnetic field.
'Thus;'for positron annihilation from bound states, no apparent
- effect should result from the application of a magnetic field.
For the case of collisional annihiletions,_however, a
slight dependence of the ratio of two-photon to three-photon.
annihilations may occur depending on the direction of the
' applied magnetic field (Hanna and Preston, 1958). Since the

positrons emitted by ﬁazz

which enter an absorber are actually
polariZed along their direction of motion (Eage and Heinberg,
1957), the relative probabilities of occurrence of triplet

and singlet states during positron—electron collisions is'
then a function'of\the difection of the alignment of'the_

relative spins of the electrons and positrons, and the direc-

tion of the electron orientation can be controlled +to an
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'extent by the application of an external magnetic fiéid.
Small twé—photon enhancement effects of this sort have been
observed and described by Hanna and Preston, (1958). . Such
effects, then, could‘be expected'for those annihilations
resulting from‘collisional processes such as those:deécribed
by the free, Dirac'annihilation process, and "pick-off"
annihilations'betweenlpositrons in bound states ahd polarized
electrons from a neighbouring atom. For collisional posi~
tron annihilations in a Fermi sea of electrons, however,
voniy the few electrons at the toﬁ of the sea are caﬁéblevof
any net polarization (Mott and Jones, 1936, pg 184). Thus,
only positron.annihilation with oriented core electrons |
(such as can occur in the transition metals) should possess

,any.marked effects of thé'type described above.

" A consideration,‘now, of the available experimental data
yields the fdilbwing checks:

" (a) The decay cwurve describing positron annihilation in metals
has been assumed exponential in shape (although no experi—
mental verification exists due to limitations in the instru-.
mental resolution available). | |

(b) With suitable restrictions applied to the models (as _
mentioned in (b) above) both forms of theory.are compatible
with the angular correlation data. |

(¢) The experimental value for the ratio of the two- tothrée-

photon yield from metals has been found to agree'with the

theoretical one within the experimental error (Chapter II,
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Section 1).

’ It is obvious that the most sehsitive tests of these
theories are those labelled (d) and.(e), both dependeht on life~
time measurements. Experimental determinations of the lifétime \
'of‘positrons in aluminum have ranged from 1.5 to 2.5 x 10—10
'secondé. These values can be considered consistent with both
the Ferrell correlation model and possibly the positronium ion
model, without further modification. . If the lifetime,of}the
- positronium atom is assumed ‘o be“different in a metal to that
resulting from annihilation in free space (orvif the theoretical
calculations are fundamentally incorrect), then ¢0mpatibility
between thé experlmental results and that pfedicted by the posi-~
tronium atom model might be pdSsible. |

It is in the comparative lifetimes for dlfferent ‘metals
that we have perhaps the most stringent test of the fheories.
bThe results of these measurements suggest that the lifetime of
positrons is the same in all metals (measured to an accuracy of

0.7 x 1010

seconds).  Assuming possible variations in these
lifetimés of an amount allowed by these limits, we-fihd a,
pbssible variation of a féctor of two in lifefime (if the lower
limit of the absolute Valueiln aluminum is accepted), whereas.
the collisional annihilation process with the least dependenoe
on conduction electron density (viz. proportional to N2/3)”still
yields an expected variation of about 4.5 for the electron
density range considered. The predlctlons of the bound state

model are clearly consistent with the results as far a8 indepen-

dence of lifetime on electric density are concerned.
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Since the lifetime results appear to represent an impor-
tant measure of the_validity'of the various theoretical
approaches, a more detailed analysis of the reliability'of the

various existing measurements will be presented.

5. Previous Experimental Results.

A, Sources of Systematic Error.

Because the lifetimes of positrons in metals are smaller
Vthan the resolving times of ex1st1ng instruments, a determinatlon
of the lifetime from the measured delayed coincidence curve re-
quires for analysis some form of'cdmparison to an_instrﬁmental
"prompt" curve. Ideally, the prompt curveiéhould be obtained
from a measurement of a source of radiation identical in all
respects to that being investigated,vekcept that the coincident
radiations.are simuitaﬁeous. Deviations from this ideal in
~actual measurements can give rise to é‘number of systematic
errors, the mostvsignificant of which is that introduced wﬁen-
the radiations emitted by the prompt source differ ip“energy
from those of the comparison source. The reason for fhis is
the following. Assuming that the front edge of the light
pulse (which decays with a characteristic time-constant, T) in
the scintillator portion of the detector occurs immediately
after the detected radiation is incident upon the crystal,
then, as each of the photons strikes the photocathode surface of
the photomultiplier, a photoelectron is ejected with a certaih
" probability; usualiy léss than ten per cent. The time resolu-~

tion of the whole instrument, then, has as ité ultimate limit
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the uncertainty in the time of ejectlon of the first photoelectron.
Post and Schlff (1950) derived an expression for the mean time
delay for the ejection of the first photoelectron of the form:
'Ei (H-.n) ’ where R is the total number of photoelec‘brons
in the pulse. For practical values of T and R,‘(T about five |
nanoseconds;.ahd R a value less than one hundred), thl§ un-
geitainty becomes compérable with the lifetimeé to be measured.
'Alfhough T is fixed for a given scintillator, R is linearly
dependent on the intensity of the scintlllations, and hence on
the energy di831pated by the radiatlon in the crystal., Thus,
an energy—dependent instrumental time shift develops, which is.
~undoubtedly the major systematic errof involvéd in the measure-

ment of short lifetimes.

B. Methods for Measuring Positron Lifetimes.

In the measurément of positron lifetimes éeveral methods
have béen employed for obtaining the prompt and delayed resolution:
éurves. | | |
{(a) Positron lifetimes may be determined by measﬁring the time‘

interval between the emission of the 1.28 Mev nuclear gamma

22 positron source}surrounded by a posifron

ray pf a Na
abéorber and the 0.51 Mev gamma ray emitted by the annihi-
lating positron. | This method (employed by Ferguson and
Lewis, 1953, Minton, 1954, and-Gefrholm', 1956) actually
determines the difference between the mean lifetimes Qf the -

positrons, and the 1,28 Mev gamma rays. Thus, it is a

useful method for the determihation of the positron life-
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times'only if the lifetime of the 1.28 Mev gamma ray is short

compared to 10710

seconds. Recent experimental evidence for
such a’éhort lifetime is discussed on page 90 . TheAabsolute
1ifetime of the positrons in the absorber can then be‘deter-
mined by comparing the resulting coincidence resolution’éurve
with a prompt fesolufion curve obtained.using a source of
pairlef coincident gamma rays.' Although a "prompt" source
yieldingAgamma rays of similar energies to those from Na22 |
would be desirablé to minimize the energy-dependent,Tinstru—
mental time shifts, such sources are extremely difficult to

60

find, Thus, Co ~, which has a mean time interval between. the

two gamma»fays (of energy, 1l.33 and 1.17 Mev) of (1.1 to.2)

12 Seconds (Metzger, 1956) has been employed almost

x;lO_
exclusively as the prompt source. To eliminate the fype of
systematic error described above, which tends to result from
the use of a prompt source of gamma réys of these energies,-
workers using.this method have employed‘differential pulse-
height:selectorS‘in the’system to ensure that the'only*coin—
'cidénées’that are counted are'those produced by sCintiilétions
of similar intensity (and similar intensity distribution over
the selééted range) for bofh sources., In other words, 6nly
the fast coincidence pulses corresponding to the sélected
portions of the Compton spectra of the incident gamma rays

are recorded. o

(b) As an alternative approach, Bell and Graham (1952) measured

the time interval between the detection of a pulse produced
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by the energetic positron passing through a thin crystal of
a scinfillation counter, and the detection of the annihila-

~tion gamma ray in a'second_counter, emitted when the positron

decayed in a sample material. The two counters were able
to be separated in space because a beta-ray spectrometer

was used to define the momentum (and hence the transit-time)

. of the accepted positrons.  The delayed coincidence curve

was obtained by allowing tle selected positrons to be'stdpped
in a positron'absorber pleeed directly iﬁ front of the
second scintillation counter. A prompt resolution curve
was obtained, on the other hand, by removing the positron
absorber, and allowing the selected positrons to impinge
&irectiy on the crystal of the second scintillation counter,
The difference between these curVes is then due to the life-
time of the p081trons in the absorber, the transit tlme of
the positrons in the spectrometer subtractlng out.
Comparisons of the lifetimes of positrons in various materials
is facilitated by comparing only the resulting resolution
curves, thus yielding the differences in the lifetimes for
the various absorbers. In this way, possible systematic

errors due to differences in spectral shapes, and differ-

ences in counting rates, are completely eliminated.

Numerical Results of the Positron Lifetime Measurements.
Absolute Lifetime Determinah;ons.

"The numerical values obtained for a number of metals

10

(in units of 10~ seconds), and a discussion of the
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teéhnique involved in the measurements, is given below.
(i) Aluminum: Bell and Graham (1953) by the method

involving the use of a beta—réy spectrometer,

obtained a value of: . : 1.5 ¥ 0.3
The following workers -used 0060 as a

prompt source.

Ferguson and Lewis (1953) obtained

the value: - 1.6 £ 0.6

Minton (1959), on the other hand,

measured a lifetime of: 2.4 % 0.6
Gerholm (1956) stated a similar result: 2.5 £ 0.3

(ii) Gold: Bell and Graham also measured the absolute

. lifetime of positrons in gold, using the same tech-
nigue as tﬁat degcribed for aluminun. Their result
for this materiai was: 1.2 % 0.3‘

(iii) Lead: Using a "diode" time-sorter, similar to that
described by Jones (1955), Sunyar (1957) measured the
lifetime of positrons in lead. The nature of the
prompt resolution curve used in his analysis was not
reported.
The result he obtained was: 1.6 £ 0.15
Gerholm, however,rfound no difference (to Yo.3x

-10 sec) between his values for lead and aluminum

10
(from the comparative results described later in this
section).

It is interesting that'the determinations of the

absolute lifetime of poéitrons in aluminum (and lead) show

such a large variation, and also appear to be segregated into



-55-

twofprincipal groups, one centred at about 1.5 x lO—lo'sec, and

the other at 2.5 x 1070 sec.  Since the major porfion of the

quoted errors were probably statistical in natﬁré,_it is felt

that the major causes of the disagreement in these values are

: due to thé existénce of systematic errors due to: (1) energy-
dependent time shifts of the type described in part (a) of this

section, and (ii) variations in the count-rates between'the two

comparison sources.

In an attempt to minimize systematic errors Qf type (i)
above, Bell and Graham set their spectrometer to select posi-
trons of 220'Kev,_an enérgy near the mean bf the range of the
“annihilatién Compton spectra selected by the side channel dig-
criminator (viz. 150 —v34O Kev). Wifh this arrangement, they
estimated the difference in time delay between the samplé—out
énd sample-in éonditions to be less than 0.2 X lO’lO sec.
Althougﬁ the means of_the two energiés are similar, Gerholm
(1956) suggesﬁed that the lack of similafity in the gpectral
éhapes undervfhe two conditions could give rise to changes in

10

'the instrumental delay of the order of 10~ seconds. | Several

other possible contributing sources of error in the lifetime de-
terminations of Bell and Gtaham are also discﬁssed by Gerholn.
Gerholm, on the other hand, attempted to minimize this

instrumental time shift by employing a cbmparison sourée of

22 207

similar gamma-ray energies to those of Na®®, viz. Pb“°', which

emits several gamma rays, the two predominant ones (of energies

207

1.06 and 0.57 Mev) being in cascade. A Bi source was there-

fore employed, which, following decay by eléctron capture to

207

the 1.63 Mev state of Pb , de-excites through the 0,57 Mev
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level to the ground state, thus emitting the two gamma rays
mentioned abQVe. The mean lifetime of the 0.57 Mev level was
first determined by Stelson and McGowan (1955) by a measurement

of the transition probabilities involved in a Coulomb excitation

of the level, resulting in a value of (1.0 1"8'3) X 10710 gec.
A determlnatlon by delayed coincidence techniques (Sunyar, 1957),
yielded a value of: (1.1 % 0.15) x 1070 sec.

'_With one side channel window set to detect the top porticn
(about forty per cent) of the annihilation gamma ray Ccmpton
spectra, and the other adjusted to detect everything above 500
Kev of electron energy, Gerholm (1956) found that the lifetime
of positrons in aluminum was longer than the mean lifetime of the

first excited state of Pb20! by (1.1 ¥ 0.3) x 10710 sec, in-

dicéting a positron lifetime greater than the 1.5 x‘ld‘lo‘séc
measurement of Bell and Graham. |
Gerholm then measured both positron-in-aluminum and

Pb207 lifetimes using Qo6o

as a prompt source, both measure-
ments being performed under identical conditions. His results
were then calculated bj averaging the measureﬁents'for both
"normal" and "inverted" modes of operation of his instrument.
By an "inverted" mode of operation is meant that mode which
results when the settings of the two side channel analysers are
1nterchanged, so that the detector whlch normally detects the
"delayed" pulse, would, under the inverted mode of operation;'
detect the "prompt" (or zero time) pulse. The final results

~10 econds for the

lifetime of positrons in aluminum, and (0.9 * 0.3) x 10710

quoted by Gerholm are: (2.5 0.3 x 10
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-seconds for the lifetime of the 0.57 Mev state of 207, The

gOod agreement between his value for the first excited state of

Pb207

and the values quoted earlier adds to the reliability of
his result for the lifetime of positrons in aluminum. | '

It is qlear'from this collection of measureméhts,:that
a mofevéccurate determination of the lifetime.bf positrohs ihy
 metals, assbciated with a fhorough quantitative invéstigation
of the systematic errors invqlved.in'these measurements is

required before attempting to establish the detailed nature of

the positron decay processes.

(b) Comparative Lifetime Measuremeﬁts:

The results of thé comparison measurements described in
Section B (c¢) of this chapte£ will be given next. An interes-
ting observation regarding these values is the‘degree.of
consistency between the resﬁlts of differept workers. This
would be expected.if the deviations'in the .absolute value
measuréments were due tb the type of systematic error which
subtracts éut in the comparison measurements.

(1) Comparisons With an Aluminum Reference:
| AADeBenedetti_and Richings (1952) found that the differences
in the mean lifetimes of positrons in the metals: lithium,
”sodiﬁm, pdtasaium, silver, lead, and coppef, as cp@pared'f
to aluminum, were (O ¥ 0.7) k 10710 seconds. '

Bell and Graham (1953) determined that the mean posifron

lifetimes in aluminum, beryllium, copper and mercury

10

(1iquid) were constant within 0.4 x 107~ seconds.

Minton (1954, 1959), however, detected a significant.
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(i)

"as in lead to an accuracy of 0.5 x 10~
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difference between the mean lifet;mes of positrene in lead
and aluminum; yielding an increesed lifetime in the leed
-10 seconds. |
Gerholmnm, on‘thefother.hand, detecfed no'difference (within
10 sec) between the mean lifetimes of posifrons
in lead, copper, and ironm. |
Comparisons with a Lead Reference:

Ferguson and Lewis (1953) found that the mean llfetlmes of
p051trons in alumlnum, magnesium, and 1ron, were tne same
-10 seconds, -

Although the'results of the comparative measurements -

~ listed above have been interpreted as indicative of a constant

positron lifefime, independent of the'nature of the metal

absorber (Bell and Graham, 1953), it is evident that measure-

ments of greater accuracy are required in a larger number . of

metals before any conclusions about the nature of positron

annihilation in metals are justified.
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. CHAPTER III

DEVELOPMENT OF A FAST TIME SORTER

1. Introduction.

Equipment used for measuring short time intervals in the

11 4o 107

range 10” seconds is generally one of the following
twb fypes: either a "delayed coincidence circuit" or a "time
sorter"., The delayed coincidence circuit is a single-qhannel
time-measuring device, in which voltage pulses from two.detec-
tors are counted‘when they are coincident in time. = In practice,
a coincidencé is Counted when the pulses arrive within a short
time interval of each other, this time interval being termed
the electronic resolution time of the instfument. When
meésuringwshort lifetimes with thi§ form of apparatus, coin-
cident‘couﬁt rates are nqrmallyvrééorded as a function of the
amount of time delay inserted in one of the detector circuits,
Such circuits (and their appiication in the measurement of
short lifetimes) have been fully described by_Bellv(l954,.l955).
Multichannel coincidence circuits, or ”Chronotrons", have also
been designed (Ticho and Gauger, 1956), bﬁt have not found
wide acceptance because of their complex mechanical design and
»inflexible time characteristics (the time channel width, for
example, is fixed by the mechanical design).

The“fime sorter", another form of multichahnel time-
measuring device, consists of a circuit capable of produéing

voltage pulses whose amplitudes are a measure of the time

interval between the pairs of input pulses. This "time-to-
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pulse—amplitude convgrter" may then be followed by a conven-
tional kick sorter (mplti-channel pulse amplitude analyser)'to
compléte'the instrument. The advantage of iﬁcfeaéed capacify
for.data qollectioq afforded by such a multi—channel‘instrument
more:thanAcompensates for the slightly increased eiectronic
complexity. | »

A form of time sorter which has seen fairly widespread
use empioYs a 6BN6, gated~beam tﬁbe with two‘control.elecfrodes
in the time-to-pulse-amplitude conyérter, and was first des-

" cribed by-Ne§lson‘and James (léSS’-Mt This ciréuiﬁ1 however,
failed to achieve the resolution times attainable with the
delayed coincidence circuit of Bell et al. (1952). bThis was
partly attributable to the necessity of developing larger |
pulses for operation of the 6BN6 conﬁerter than was necessary
in the circuit of Bell et al., which employed a crystal diode
in the coincidence‘detectof. The loss of bandwidth associated
_with thé higher gain required for the 6BN6 circﬁit.thereby re-
duced the intrinsic resoiution time:of the instfument.'

Since good resolution (hence, a high bandwidth) linearity
of_response in the nandsecdnd range, and high electronic stabi-
lity were desired for the measurements described in this thesis,
it was considered'desirable to utilize a modified form of the
time sorter describedAby Jones and Warren (1956) in which a
_crystal diode was used as the sensitive elemént in the converter
circuit. Since microwave diodes have a higher operating band -
width and require smaller signals for operation than do Vécuwm

tubes of the 6BN6 type, a time sorter circuit based on these
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cbmponents was develoﬁed. _
The basic circuit and operation of the type of time
- sorter to be discussed in this éection was described'by wérren
‘and Johes, 1958, as having the following characteristiés:
(a) An ihtrinsic electrohic resolution time of less.ﬁhan'
.05 nsec. |
(b) A resolution time, using prompt gam@a rays from 0060,
of 0.8 nsec. |
(c) An electronic stability of better than 1% (i.e. less
than .05 nsec.) over the course of a day.

-(d) Linear time calibrations in the range of one to ten

~nanoseconds.

2. Description of fhe Time Sorter.

A standard fast-slow coincidence system (Bell et al, 1952)
was employed as shown in fig.l, with limiters or equalizers
following the scintillation counters to produce fhe neceséary
step Voltage pulses for operation of the time sorter itself.'
The operation of the time-to-amplitude converter circuit is
similar to that described by Jones and Warren (1956) and is
described Briefly as follows (fig. 2):

(a) Upon detection of a gamma-ray of éufficient energy, the
limiter produces‘a step voltage‘(rise-time estimated at
less than one nsec), which, after a flat plateau of about
one microsecond, recovers with a longer time-constant
(about one hundred.nanoseconds).

(b) Upon reaching the time sorter, thisstep is-élipped by a-
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shorting stub to a fixed length, t; (about fifteen nano-
seconds). |
If a pulse is produced by the secoml limiter within a time

T, of activation of the first limiter, a linear super-

position of the two waveforms occurs at the input to the

_shorting,stﬁb. If the converter is biased to the level

chown, only the overlap portion of the pulse will be trans-
mitted into the integrator circuit.

'In the time sorter a fast diode switch is operatéd_by the
overlap'pulse, and a fixed current is integratedvfor a

timé determinedmby the length of the overlap. After
amplification, then, a pulse®of the form shown in fiv.'Z(d)
is obtained.

The purpose of the ancillary apparatus shown in the block

diagram, fig. 1, is adequately described by Jones (1955).

Detailed Description of Individual Units.

Time-to-Pulse Height Converter:
The circuit diagram of the converter is given in fig. 3.
The circuit is simply a fast current switch consisting of-

two micfowave diodes followed by a Miller integrator.l
Preceding the diode switch is a shorted stub clipping

line, used in the same manner as 'that described by Bellv
et al (1952). In contrast to the 6BN6 time. sorter system
(Neilson, 1955) in which separate clipping lines ére'in-

corporated into each limiter, this system utilizes a

1 PFarley, F.J.M,, "Elements of Pulse Circuits", (Methuen

Mono%raph),‘Methuen and Co., Ltd., England (1956),
p. 76.
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single shorting stub for both channels. In the_qgiescent

state, fhe input diode conducts a constant cﬁrrent Cf‘one
milliampere té ground (from the 250 kilohm resistdr(to the
positive 250 volt iine), while the second diode is biased
off by anut 0.7 volts. |

- The presgncé 6f a single pulse at the iﬁput merely causes
a rise in voltage at the diode junction, with the second |
diode remaining‘cut-off. Supervosition of two coincident
pulses, however, causes the'valfage at the junctioﬁ Qf the
two diodes to exceed the bias voltage, thus switchingithe
constant current into the integrator as the first diode cuts
off. Since the input diode is cut off during this time
interval, the léading effect of the time sorter on the in-
coming pulses is small (one milliampere of the incideht
forty milliamperes béing required for the initial switching).

This idealized description of the apparatus.is not <‘
'strictly realized in practice, héwevef. Since thé"charac—
teristics of the diode switch-are not infinitely sharp,
there is a small current éonducted by the secohd diode
duriiig a single pulse or during the pedestal surrounding a
parfial overlap. The.d.c. switching éharacteristics of
these microwave diodes is illustrated in fig. 4, in whichi
the output d.c. current\is plotted as a function of an
input d.c. voltage, with no bias applied to the second
diode., As is indicated in the diagram, é limited pulse .
of amplitude greater than 0.4 volts is required to switch

the output from zero to full current. Also, 1o prevent
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| conductfon during the single pulses, a bias of about 0.25 volt
. more thah the limited pulse amplitude must be selected. The
_value of 0.47 volts for the limited pulse amplitude (glven in
section 3(c)). should therefore produce satisfactory switching,
and would also indicate a bias level of at least 0.72 volts.
By Operating the circuit in thisfmanher, a doubles:singles
ratio of greater than twenty:one is ea31ly realized.

(a) Hole Storage Effects:

If the d.c. characteristice'of the current sﬁitch shown -
in fig. 4 are also assumed to aéply to the fast puises; the
operation of the time-to-amplitude converter would be expected
to be Endependent of the input amplitpde (providing the
pulses were large enough for complete switching of the current),
thus greatly simplifying the design of-the.limiters. With
practical diodee, however, such oreration is not obtainable,
due, primarily, to hole storage effects. The result of
these effects is shown in fig. 5 which illustrates the swit-
ching charactefistics of the diode circuit during puleed
operation. The ordinate is the amplitude of the integrated
output pulse, and the abscissa is the amplitude of the clipped
input pulse. .The d.c. bias for the diodes was set to a
convenient, arbitrary value and kept constant for both
measurements., The deviation in the amplitude of the in-
tegrated output pulse for the ten nanosecond input‘pulse'from
that expected (on the basis of the integrated output being
1/10 of that obtained with a 100 nsec pulse).is attributed

to minority carrier conduction (in the reverse direction) in
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the first diode during the period when it is supposedly cut
. fo. Since thé relative amount of minority carrieér conduction
is stronglj dependent on the input pulse width,'the'lineérity'
of response is also dependent on this parameter, | As.fs seen
 from the dimgram, however, this effect is small if the bias
is adjusted so that the current switched by the oveflap pulse
is about 95% of the maximum (corresponding ﬁo théloperating
point indicated by the voltage I in fig; 5). Under these
conditions the lihearity is good down to overlap pulse lengths
of a few nanoseconds. Such operating conditions increase the
étability requirements for the limiter circuits.

Minority carrier conduction in the second diocde tends to
remove some of the switched current from the integrétor when
- the input signal returns to ground level, Since the minbrity
carrier lifetime is expected to be in the nanosecond range for
microwave diodes, this effect can be reduced by preventing the
input signal from returning to ground for a period of several
nanoseconds after the overlap signal, Thistwas'accomplished
by using (for the lifetime measurements described herein)'a
shorting stpb length of fourfeen nahoseconds_and a relative
channel delay of nihe nanoseconds, which, for coincident
pulses, reéulted in an overlap length of five nanoéeconds,
and a pedestal length (on both sides of the overlap pulse)of
: nine nanoéeconds, during which time the second diode was able
to .recover. .The results of this effeét can be observed in
‘fig. 6 which is a plot of the measured output pulse from the

time sorter as a function of the delay inserted in one of
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i 4

the channels. The loss in output pulse amplitude (resulting
in non-linear response) near complete overlap (and hence zero
pedestal length) is attributed to this effect.

The choice of the diodes in the diode switch wae.governed
by three factors, viz. good high frequency response (thus
indicating e short minority carrier lifetime), high,back‘
resistance (to lessen the temperature dependence of the
switching circuit by reducing the magnitude of the strongly
.temperature-depenuent reverse leakage currents), and high
forward conduction (in order to produce a sharp switching
action). Associated with the high frequency response, is the
desirability of a fast»turn-on time for the diode. 0f the
several commonly-availecle microwave mixer diodes examined,
the 1N23%A was selected on the besis ofvthe above requirements.
lt is designed for use as a microwave mixer up to 9000 mc. .

In addition, it has a reverse current of less than twenty
microamperes at a voltage of one volt (room temperature), and
a forward conduction of about fifteen milliamperes at one volt. -
With regards to possible improvements in this portion of the
circuitry, some recently developed diodes such as the Bell
Telephone 1N696 Varistor should be investigated. The 1N696,
for example, has the follcwing characterietics: a reverse
leakage current of .00l microamperes at one volt, a forward
conductbn of twenty five milliamperes at one volt, and a
recovery time of less than five nanoseccnds on switching from
ten milliamberes forward to ten milliamperes reverse current.

Thisvrecovery time will be correspondingly shorter for smaller
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forward conduction currents.

The value of lma for the constant-current employed in the
fast, diode switch was chosen for the following reasons. The
-~ voltage range required to switch from zero to full current is
a function of the amoﬁnt of current switched. For example,
the voltage range_reduired to switch from 5% to 95% of the |
current was calculated to be 0.25 volts for alcurrént of 0.5
milliamperes and 0.6 volts for a current of five milliamperes.
Since the amount of stored minority carriers is also équnction
of the current,'a gocd switching charactéristic requires the use
of small currents. Thus, sharp switching and the dse of smali
voltage signals are both facilitated by using small currenﬁs.
These benefits tend to be offset, however, by the finite timc |
required to charge up the junction of the diodes, thus '
~producing an ﬁndesired delay between the time the first diode
switches off and the second diode switches on. Since even a
one milliampere current regquires a time of one nanosecond~to
charge up a capacity from the junction to ground of only two
picafarads (stray plus diode capécity) by 0.5 volts, the use
of still smaller current was'not considered advisable, Thus;
a value of one milliampere was regarded as a satisfactory
compromise, |

The integrating circuit was supplied with a variety of
integrating capacitors that could be switched in.when desired.
By this means, a Variet& of operating rangeé ccuid>be obtained;
a 0-200 millivolt range of oufput pulse ampiitudes for pulse

overlaps of zero to fifteen nanoseconds for the ten pf range,’
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120 nsec for the 250 pf fange, and about 400 nsec for the 750
pf range. A fifty fdot, shorted lengfh of RG17, a high-
frequency 52 ohm coaxial cable, was 6btained to enéble time
measurements to be made in the one hundred nanosecond range,
using square pulses of 150 nsec length.  Still larger time
intervals could no doubt e measured if larger shortingsfubs
were used,

Gamma-Ray Detectors:

- The gamma-ray detectors consisted, as mentioned earlier, of

scintillation counters followed by limiter tubes used for

pulse shaping. In order to obtain good time resolution with
the instrument, serious consideration was given to the selec-
tion of the two éomponents of the scintillation detector; viz.

the scintillation crystal, and the photomuliiplier tube. As

. pointed out on page 51, the mean time delay for the zppearance

of the first photoelectron from the photocathode of a scin-

tillation counter, is: ‘E = %(l-&‘:'ﬁ) , where T is the

mean life of the scintillation in the phosphor, and R is the

~total number of photoelectrons produced during the pulse.

Since R is proportidnal to the light output from the crystal,
it is strongly dependent on such factors as the nature of the
optical coupling of the crystal to the phdtomultiplier, ete.
Thus, the achievement of short resolution times requifes care
in the sélection of the components to minimise t . It
should be noted, however, that the formula given above only

considers that portion of the scintillation counter consisting

of the crystal and photocathode, and is the ultimate limit ip
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the resolution time of the instrument only if the spread_in
transit-time of the electrons in the photomultiplier structure
itself can be considefod negligible compared to E y and if the
photomultiplier is capablé of sufficiont gain for the detection
of single electron pulses from the photocafhode. |

A The photomultiplier tube chosen for this work was the 1P21,
selected for its short transit-time spread and high gain (Bell,
1954). Since the photocathode-first dynode electron transit-
time spread is generally much greater than that between
successive dynodes because of poorer focussing, the 1P21, by
virtue of its internal photocathode,has a much shorter transit-
time spread than the conventional end-window tubes. The
recently-developed, curved photocathcde tubves (designed with
‘spherical geometry as the objective), such as the RCA 7264,
are much sﬁperior to the flat end-windowltubes regarding
transit-time spreads (Widmaier, 1958) and facilitate much better
optical coupling to the crystal than the internal photocathode
- tubes such as the 1p2l. The choice of the scintillétor
should depend, as indicated by the formula of Post and Schiff
(pg. 51 ), on having as small a rafio of decay time to inten-
sity of liesht pulse as possible. Of the commercially—available
organic crystals, diphenylacetylene appears to be superior
(Jones, 1955) with a decay constant of four nanoseconds, and a
light yield for beta\particles, relative to that of anthacene,
of 0.8. NE102 (a plastic scintillator manufactured by Nuclear
Enterprises, Pembina St., Winnipeg, Cénada) has somewhat poorer

characteristics, a decay time of the same value, but a relative
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light output, compared %o anthacene; of 0.6. Since the plastic
phosphor can be readily machined, however, it was felt that
suitable shaping of the phosphor to.assiSt in focussing the
light pulse on the photocathode of the 1P21 might improvevthe
effective light-coupling sufficiently to make this assembly
superior to that using diphenylacetylene. The results of this
invéstigatiop wére éomewhat inconclusive, however, with no
significant difference in resolution observed between the'two
agssemblies. | |
Assembly:
The 1P21 tubes were first silvered on'the'outside by the Brashear
process to reduce tube noise (MacKenzie, 1953). The phosphors
were glued to the sides of the tubes with R313%, and then |
covered with.MgO‘for good light reflectivity. The complete
mount was then wrapped with black scotch electrical tape and
- painted with blaék'enamél to ensure light tightness., ‘A total
of four counters were constructed, two consisting of
diphenylacetylene crystals of size: 1" x 3/8" x 3/8", with one
longitudinal face machined to fit the photomultiplier tube,
and the othér-two with shaped NE1O2 phosphors, of approximate
~ size: 1" x 3" x 5/8", The best two scintillator-photomulti-
plier combinations (one being a diphenylacetylene counter,
and the other a plastic phosphof counter) were then selected
from these four and used in the subsequent measurements.

The photomultiplier dynbde voltages were determined by a

resistive bleeder chain placed across a regulated; electronic

T R 313 Bonding Agent, Carl H. Biggs Co., 2255 Barry Ave.,
Los Angeles 64, California,
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high'tension supply, the resistor values being given in fig. 8.
Capacitive decoupling was used on the later dynode'stages to
reduce capacitive degeneration of the output pulses. = Small

damping resistors were inserted in series with the condensers,

- however, to reduce the tendency for high frequency'ringiﬁg'n

(c)

'accuracy of Yo.1x 10

(Jongé, 1955).

Limiters: .

The requlrement of high stablllty in the ooeratlon of the time

sorter descrlbed in this thesis resulted in several strlngent
condltlons for the limiter circuit. Firstly, the limiter tube
had to be a sharp cut-off tube, capable of produ01ng an anode
pulse with a rise-time of less than one nanosecond. The tube
had to be capable of conducting a dc plate current of about
twenty milliamperes in order to produce.the desired 6ne volt
output puise across fhe effective plate load of fifty ohms,
Further, the circuit had to be characterised by a high dégree
of dc stability, éo that the.limiter output pulse amplitude

would be conStant'for‘the reasons described on_page 65.

'Finally, it was deéired that the circuit shduld be count-rate

insensitive, so that the amplitude of fhe output pulses would
be uniform and independent of count-raté.v The data given on
page 86 indicate that the total fluctuations in the limiter
cﬁrrent nust be'léss than 0,3% if time measurements to an

10

_seconds are intended.

The time sorter described by Warren and Jones (1958) (an

- improved version of that described‘by Jones, 1955) contained

- limiters designed about a'secondary-emission pentode, the
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Z3191, with both dc'and count-rate compensation feed-back
loops to improve the stabilisation (as shown‘in fig. 7). .
Uge of this circuit was discontinued, hoﬁévef, when difficul4
ties involved in attempting to reduce random shifts occurring
in the timé measurementsAled to the disco§ery that‘fhese tubes
had the characteristic that large negétive input‘pulses failed
to turn off the tubes cdmpletely. - It appeared that after the
initial warming-up period; the dynode continued to emit elec-
trbns thermionically for éome time after a negative, cut-off
vpulsevwas applied to the grid. This temperature-dependent,
residual current thus.introducéd'a:limitation to the constancy
and uniformity attainable for the amplitude of the output
pulses. For this reason, attention was directed to recently-
developed high-gain, high current pentodes. Two pentodes were
found suitable in overall characteristics, and able to handle
a continuous dc current of twenty milliamperes; the E180F (a
Philips tube, marketed in North America under the number 6688 )
and the 404A (a Western Electric pentode). Since the 404A
tubes were obtained first, the limiters employed in the équip—
ment described herein were constructed with these tubes. : The
circuif is.sufficiently insensitive to tube chéracteristics;-
| however, that the E18CF can be used with but a few minor altera-.
tions in the screen voltage supply (Prescott, 1959), and use
of this tube rather than £he 404A is advised} since it:is

cheaper than the 404A by a factor of three.

1 EMI. Research Labs., Ltd., Hayes, Middlesex, England.
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The circuit diagram of the final limiters is given in
fig. 8; Considering,,first, the dc operation‘of the circuit,
it is to be noted thét both the grid and screen.are operated
under "clamped" conditions (Millman and Taub, 1956, pg 126),
to minimise the changes in the plate current resulting from
contact potenﬁial'changes in the cathode-grid structure. .
Thus,‘assumiﬁg'thqt the grid (and screén) captures a
geometrically-defined fraction of the current that is emitted
by the cathode, thén, if the grid (and scréen) current is
forced to attain a-constant value by external means, the.grid
and screen voltages must adjust themselves to be compatible .
with these currents, therefore ensuring that the resultant
plate current is well-défined and constant at least to a
first approximation. | |

An additional benefit is obtained by connecting the grid
suﬁply‘resistor to the.screen. If the screen current tends
to decrease (indicating reduced tube conduction and decreased
platé current), then the screen voltage rises, automatically
 increasing the grid current and so increasing thé total tube
conduction, In this way, additional negative feed-back is
introduéed. The screen voltage sdpply»is adjusted to Be a
few volts more positive than the screen itself, so that the
diode, D1, is cut off in the dc state. Since the grid is
biased positivély, the screen voltage will.be low (about
sixty volts) if a plate current of only twenty milliamperes
is to be produced. By émploying a low plate voltage alsob

(about ninety volts), the power dissipatiohs of both the
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screen and the anode are kept well within their'rated'maxima..
The operation of the circuit under pulsed'conditions is
as follows: ;When the tube is cut off bj a negatiﬁe‘inpuﬁ
puise applied to the grid, é current of close to ten milliam-
~ peres is‘délivered to the external load as desired, and the
screen vbltage rises as the decoupling-condénser, Ci, charges
up. When this voltage reaghes the screen suppiy vdltage,
the diode D1 comes into conduétion and clamps the screen
voltage'to this wvalue. When fhe tube returns to its con-
ducting state, the diode D1 tufns off as the screen current
increases, and the screeﬁ voltage drops to its ndrmal valué

with a time-constant of R1CL which is 20 x 10~ %2

x 50 x 103-
= 1.0 microsecond. Thus, by keeping the decoupling condenser
.C1l small, the screen véltage is able to recover to its dec
level within a few microseconds, thus aésisting in reducing
the count-rate effects to a minimum. Since the value of Cl
is at least ten times larger than the expected 404A plate-to-
screen capacity, less than 1/10‘of the seven milliamperes
screen current will flow in the plate éircuit when the tube is
cut off, énd this is less than five per cent of the total plate -
current. Thus, if the variations in the screen currént are
kept below two per cent, the capacitive contribution to tlre
front edge of the output pulse will vary by less than 0.1%.
The valué of the grid supply reéistof, R2, waé chosen
to recharge the grid circuit to its nominal value‘of 0.5 volts

“within a time interval of approximately one microsecond after

photomultiplier conduction. An important advantage of this
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method of grid‘clamping is that an approximately constant value
of recharge current is supplied to the cépacity of the grid
circuit to ground after the grid has been charged'négatively
by the‘curfeni pulse from the photomultiplier. - Thus a-wave~
'form of the type shown ét the grid point in fig.'8'is pfoduced,
rather than the usual exponential recovery which approaches |
the baseline slowly, a poor éhgracteristic from the point of
viéw of count-rate insensitivity.  The use of a negative
photomultiplier.HT allowg direct coupling Between the anode of
the photomultiplier and the grid of the limiter tube, thus
enabling another frequent source of count-rate shifts, the
coupling condensef, tb be eliminated. The value of R2 given
for'this circuit was found to be much too small for a one
microsecond recovery when using photomultirliers which are
characteriéed by less after-pulsing than the 1P21 (Prescott,
_1959)y and in those cases, a larger value is required. D C
monitor"points were supplied forAmeasuring the screeh voltage,
- D1 Bias'voltage, and the plate current. The D1 reverse biés
voltage was normally adjusted to about two volts. aniering
of the plate current also affords a convenient method for
‘détermining the total limiter count-rate, since the fractional
décrease in the mean dc plate current is e@ual to the frac-
“tional mark-to-space ratio (to first order). The cable used .
to transmit the limit pulses to the time sorter was a iOO ohm

type with good high-frequency characteristics, Telcon AS48’

1 ?.C.M. Co. Greenwich, London, England.
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which has a semi-air core contained within a polythene di- -

electric.

) -The Shorting Stub:
The shorting stub is a coéxial line constructed of bfass,'with

'a 3/16" brass rod mounted within a 7/16" inner diameter (4"

outer diaﬁeter) brass tube, With an air dielectric{ this

ratio produces avcharacteristic impedance very close to_fifty
ohms, the value required for matching the impedances between

fhe stub and the two, effectively parallelléd; 100 ohm cables

to the limiters (Bell et al., 1952). : In this way, the shorting

stub is terminated in its characteristic impedance, thus

pfeventing the occurrence of multiple reflections of the

voltage pulses within the shorting stub. The use of a low

impedance stub of this sort does result, however, in a mismatch

- of the individual limiter cables, the terminating impedance of

these cables being the parallel combination of the‘shortiﬁg

'stub and the other cable: 20x100 330 . Thus, a reflection

50 +100
100~

. of an amount: 155:%% = 50% occurs when the limiter oﬁtput

pulse strikes this junction.. For a typical limiter'output
pulse of 0.94 volts (9.4 ma into 100 ohams) this results in
a pulse amplitude of 0.47 volts being transﬁitted into'the
shorting stub, a value shown in section 3(a) of this chapter
to be sﬁfficient for satisfactory operation of the time sorter
proper. R

A dielectric constant very close to that of air was ob;
tained by packing fhe tube with a homogeneous spacef con-

sisting of hollow cylinders of styrofoam. The outer tube
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" contained slots at 1/2 nanosecond intervals into whioh shorting

(B)

bars could be 1nserted to produce cllpped pulses of 1engths

varying from three to fourteen nanoseconds in one nanosecond

steps. Time callbratlons, obtained by varying the cllpped
pulse length (thus altering the overlap pulse lengths) were
readily performed with this type of ehorting stub,  The shor-
ting stub was terminated at the far end by a forty seven ohm -
carbon resistor, to absord secondery reflections end prevent
them affecting the behaviour of the line.

Throughout the fast pulse portion of the circuitry, type

N constant impedance (75 ohm) Amphenol connectors were employed.

Anciilary Equipment:
The power supplies used throughout were etandard, electfoni—
celly regulated, "Lambda"-type power supplies (Lambda |
Electronics Corp., Corona, New York, model 28), except foruthe
limiter supply, which was a high stability, Lambda model C282.
Ail the power supplies were supplied withiéola—stabilized mains
voltage. | .

o The side-channel, single-channel, pulse amplitude

analysers were designed at UBC but are similar in block diagram

“to those designed by R.E. Bell and R.L. Graham at AECL, Chalk

River. Standard circuitry was employed in their design, the
circuit diagram being given in fig 9. Their count-rate

characteristics were determined using a General Radio pulse

bgenerator (Type 12174), producing Oli microsecond wide pulses

of sixty millivolts amplitude. It was found that the effective

gain of the anaiysers (determined by noting the lower discrimi-
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 nator setting just required for %figgering the discriminators)
.increésed by about 3% from 200 pps to 100;000 pps; The dead-
time of the instrument was found to be equal to the width of
the output pulse, viz. ore microsecond, when the pulses were
significantly larger in amplitude than that corresponding to
thévlower‘discriminator level. Fof pulses just greater than this
lower level, a dead time of about five microseconds was obtained,
which decreased rapidly as the pulse amplitude was increased
abové the lower discriminator level. |

The slow coincidence unit is a standard diode coincidence
circuit (Millman and Taub, 1956, pg 398) followed,by‘a:transitor-
emitter-follower used to drive the lOO.ohm cable leading to the
Eiasedémplifier. - The resolving time of this unit is also one
‘microéééond, determihed by the length of the input pulées from
the analysers. '

The time_sorter‘pulses, after preliminary amplification in
the timé‘sortei itself, were further ampiified in a wide-band
- pulse amplifier (Norfhern Electric amplifier, type AEP1444),
The time sorter outpuf pulses of about sixty millivolts ampli-
tudé (for a five nanosecbnd overlap, eleven pf integrating
capacity) were am?lified to about 200 mv by a puise trénsformer,
(used primarily to match the 100 ohm cable to a 1000 ohm delay
line) before entering the 'Mood&' pulse amplifier. The 1000
ohm delay line of length 0.5 microseconds in series with the
signal ?ath cdmpénsated for the delays inherent in the "slow"
gate pulses. The‘lOOO ohmvinput impedance éonnection of the

Northern Electric amplifier was used in order to terminate the
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v_delay line. The second ring only of the Northern Electric
amplifier was used to amplify the input pulées tbva twenty volt
level, corresponding to a gain'of about one hundred.' These
ﬁulSes were then deli#ered to a gated, biased amplifier prior
td being recorded in the kick-sorter.

'The'biased amplifier is one which waé designéd and_cone
;structed at UBC and described by P.J. Riley (1958). The gate
pulses from the gate pulse genefator»wére nominally set to about.
 one microsecond width. The shaped output pﬁlses from-thié unit
"were then connected to either the thirty chénnel:Marconi kick-
sorter (Pulse Amplitude Analyser, type #115-935), or the one’
‘hundred channel C.D.C. instruﬁent (Computing Devices of,Canéda
'Kicksorter,_type AEP2230).  Typical settings for these instru-
ments (for a pulse overlap of five nanoséconds)_wére as fBllows:

Northern Electrid Amplifier: Attenuation, 3 db; Top Cut, 4;
Bottom Cut, 5.

Biased Amplifier: Gain 4; Bias, about 3.

4, Qperational'Characteristics of the Time Sorter.

The total response of the equipment as a function of the
time delay inserted in one channel is illustrated in fig 6.
‘This curve was obtained by ﬁsing an electronic pulsé generator
(Epic, Electrical and Physical Ihstrument Co., N.Y., Model 200)
to drive both limiters, one output passing throﬁgh a cable delay
of about twenty nanoseconds before operating the limiter, and
the other passing through a tapped, helical delay line before

operating the other limiter. This system was found useful for
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initial checks of the system, but was not used_for péffofming
time calibrations because of difficulties associated‘with the
elimination of reflectibns and othér matching'pfoblems in'the '
helical delay line and associated. cables. = An example of a
circuit féult detected with this system was ohe,associatediwith
"ringing" of the limiter pulses. If both limiters produce a
transient fing superimposéd on the iimited square pulse, then,
since the time éorter response 1is also_somewhat.amplitude—"
depéndent, a ‘system reépbnée similar to that shown in fig 10(a),
Which indicétes;the observed response of the original limiters,
would be expectéd;'with the time sorter outﬁut beiné a functioni
ﬁdt only of the relative time delay between the input pulses,
But.also of the relative phases of the transient rihgs. The
principal frequency component of thisvfing,Aas estimated from .
thejperiodicify of the .points ih fig 10(a) was about 500.mc.
~Since this frequency'was too high fo bevébserved‘directly with
equipment in our laboratory, visual verification“df'thewrings
on the limiter pulses was never obtained. These’rings.wére
effectively eliﬁinated for overlaﬁs of pfactical intereSt,
however, by performing some modifications in the_limiter'cir-
cuits, viz. the insertioﬁ of damping resistors in all sections
suspected tb be capable of ringing, ahd_the alteratioﬁ of thé
physical lay-out to reduce lead lengths. Fig 10(b) indicates
the equivalenf caiibration curve obtained aftef these moaifi-
~cations were completed. | | |

(A) Measurement of Velocity of Pulses in Limiter Cables:

The velocity of nanosecond voltage pulses was measured in
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in good agreement with that of Neilson (1955): 2.40 x 10
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‘the Telcon AS48 cable using the system arrangement deseribed

above. The time delay for a fixed length of the cable (when
inserted between the pulse generator and the one limiter) was

determined relative to the calculated time delay of the

pulses in the helical line (in which the velocity of the

pulses was assumed to be equal to the velocity of light,

- gince the line possesses an air dielectric). Byeﬁhis means,

+10 cm/sec was obtained, a value

10

a value of (2.48 X 05) x 10

+10 cm/sec,

cm/sec, and that of Rupaal (1959): 2.50 x 10
determined by measuring the resonant frequencies of . open~ and

short-circuited lines.

‘Time Calibrations of the Equipment:

Time calibrations of the equipment could be obtained in‘either
of the following ways. Variations in the time delay in one

channel,'bbtained either by inserting calibrated cable lengths,

'or by moving a source of coincident gamma rays between the two

counters, afforded a direct method of calibration. A second
method, which was generally easier to perform, consisted in
placing a fixed source of coincident gamma rays between the
counters, and measuring the time sorter pulse amplitude as

the shorting stuﬁ length was varied. Since the shorting stub

1method was only capable of producing time increments in units

" of one nanosecond, the former calibration procedure was

usually employed if the range desired in the time measure-
ments was enly'a few'nanoseconds or less. Thus, forlthe

measurements described in this thesis, which normally con-
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sisted of coﬁparisons between two resolution curves separated;
by less than one quarter of their width at half-height, a
timé'calibratién curve was obtained for ah intérval of two

to four nanoseconds, using the variable delay technique.

One such calibration curve is illustrated in fig 11.  As
indicated on the diagram, the calibrétion consists of two sets
of points, each group consisting of gamma—ray time-of—flight'
_ calibrationsvcovering an interval of one-half to one nano-
second, the two different groups being associated with
’different cable delays iﬁtroduced into the limiter circuits.
These delays were in turn calcuiated using the measured

10 cm/sec).

value of the pulse veiocity in the cable (2.48 x 10
The linear relationship exiéting between the two éets of
points is further evidence of the internal consistency of
thése measurements.

The gamma-ray time-of-flight calibrations were obtained
'in the following manner. After separating.the counters 5yv‘

22 source of 0,4 mec

a distance of about twenty inches, a Na
strength was aligned between them, so that the two scin-

tillation counters and sourée were colinear. This was

~accomplished by adjusting the positioﬁ of the source in a

pfgne perpendicular to the line joining the two counters
unfil a maximum coincident count rate was obtained. During
these measurements the two single-channel analysers were set
to aécept a major portion of the 0.51 Mev Compton spectrum
of the annihilation gamma rays. Coincidence resolution

curves were then recorded for various positions of the source-

\
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along the line joining the two counters. The time\COe
ordinates of the calibration curve were calcﬁlatéd from thé
flight time of the gamma rays, and the time sorter output
amplitudeé determined from the positioné of the centroids of
the corresponding resolution curves onla kicksorter. In
thié way, a detailed calibration curve'was obtained, enabliﬁg
a check bn the linearity and insuring that no‘periodic fluc-
tuations of the sort described on page 80 were involved.,
That the "variable shorting stub" method of time calibration
is consistent with that of #arying thertime delay is illus-~
trated in fig 12, where the two calibrations are superimposed,
(c) Resolution and.Stability:
Figure 13(a) illustrates the infrinsic electronic resolution
of the apparatus when it is driven by artifical "érompt"
pulses produced by the Epic mercury pulse geherator. The
value of ,05 nanosecohds is much smaller than that resﬁlfing
bfromglpromptvgamma'ray source. Figure 13(b) is the resolu-
tion curve obtained when both limiters are driven by the éame,
scintillation counter. The increased width of this curve
- over éhat of curve (a) illustrates the effect of prompt pulses
“of various rise times and various amplitudesl(although iden-
tical in both counters) on the resolution surve. The resolu-

60, shown in fig lﬁ(c) is characterised by

tionAcurve for Co
a resolution time of 0.8 nsec, and thus serves to illustrate
that the limit in time resolution for gamma-ray detection is
strictly one of the radiagtion detectors at the present time

A_sémi—logarithmic plot of a CoOO resolution curve is .
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illustrated in figure 14, recorded with one side-channel

- analyser biased to detect gamma-rays of energy greater than

(D)

about 700 Kev, and the other anaiyser set to cover the top
third of the 0.51 Mev annihilation.gamma ray Comptdn spectrunm.
The values of the width at half-height 11.0x 107° sec. and
the slopes of the sides of the curves: a factor of two in

10 10

1.2 x 107" sec on the left, and 1.9 x 10~ ~° sec on the right,

are somewhat worse than those obtained by Green and Bell

(1958) for a recent 6BN6 time sorter, viz: 8.5 x 10'1-O sec.

width at half-height, and 1.4 x 10730

sec for the slope of
the rigﬁt side of the curve. This difference is probaﬁly
attributable to the scintillation counters used. Green and
Bell employed»endfwindow, 6342 photomﬁltipliérs (operated at
2100 volts)in bonjunction with diphenylacetylene crystals.
Because of the magnitude of the differences noted here, it
is felt that use of the new 7264 photomultipliers may yield
still furthef improvement in resolution. | The slope of the
right-hand side of £he curve in figAi4 is less than that on
the left because it correspondé to longer counter delays

occurring during the detection of the lower eﬁergy.gamma rays

aSsbciated with this counter. The formula of Post and Sdhiff

(given on page 51) indicates the inverse dependence of these

counter delays on the energy loss of the detected radiation.
N

Count-Rate Effects:

Figure 15 illustrates the count-rate effects on the resolution

curves for the rates: 850 cps and‘22,000 cps, these rates

being those counted at the outputs of the side-channel
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analysers whose biases were set just above the noise level

s0 that most of the Compton spectra of the annihilation gamma
rays were detected. It is apparent that for these rates no
Significant‘alteration_ofvthe slopes or position of the
resolution curves is bbserved. The very small shift

apparent in the figure can be attributed to somewhat different
gamma-ray flight times for the two cases.

The dc current observed at the monitor points on the
limiters varied by anamount consistent with these rates (about
2% decrease at the high rate).

Overall Stability: |

The stabiiity of the time calibration of the whole apparatus
is indicated in fig 12, where the gamma-ray time-of-flight
time calibration curve is actually a composite of two sets of
measurements taken_two months apart. It was observed:thaf
the small changes in the experimental~conditiohs which
occurred over the course of a‘day generally resulted in a
small shift in the position of the‘time calibration curve
rather than a change in slope.

A detailed study of the stability of the complete s&stem
was performed by varying the operating conditions of each of
the various portions of the instrument in turn, and observing
the corresponding time shift of the resulting resolution
curves., These measurements were obtained while driving both
limiters with Oné scintillation counter, thus producing a
narrowed resolution curve of the type shown in figure 13(b).

(i) Variations in the rise time of the scintillation pulses



(ii)
(iii)

(iv)

(v)

ponded to a time stability of I 3% (~¥ 0.25 x 10”
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as a result of variations in the photomultiplier gain resul-
ted in time shifts of less than .01 nsec for HT variations

of less than £ 50 volts in 1850 volts. This is a somewhat
over—optimistic estimate of this dependence, however, since
in actual practice two counters were employed, and the dif-
ferences in the characteristics of the two cbunters would
result in different gain variations for the two photo-
multipiiers, which, in turn, would produce greater time
shifts than would be observéd for just the one éounter.

AC mains variations of I 10% resulted in time shifts of

less than .02 nséc.

Stability of the time sorter power supply to t 1 volt corres—
10 sec)
The temperature of the diode unit in the time sorter must
be kept constant to ¥ 0.8%. for errors of less than .005
nsec in the time measurements.

For a time uncertainty of less than ¥ .01 nsec the limiter
current had to be constant to ¥ 0.15%. |

For the measurements described in the next chapter the

operating conditions of the equipment were restricted to the

following limits:

(1)

(i1)

Photomultiplier HT variations of less than 10 volts were
ensured.
The effectsof AC mains variations were reduced by using a

Sola regulator.

(iii) A regulated power supply was employed for the time sorter.
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(iv) The room temperature was normally kept constant fd about
one degree Centigrade. Temperature lagging of the fast
diode assembly was also introduced by mounting the diode
unit in a styrofoam-insulated box.

(v) The limiter currents, determined by frequent mOniforing,
were observed to remain constant to ¥ 0.2% over the
course of a day. A slow decline in the limiter current

of about 6% occurred over the course of one half year of
continual operation.

It would appear, therefore, that a significént improve-
ment in the time stability would require a limiter and time |
converter system of still higher quality. Dither a limiter
system of greater stability than the 0.2% mentioned above, or
a diode switch assembly with less amplitude dependence would
be required. Achieving the former while still retaining a
high degree of count-rate stability is a difficult problem.
The latter might be the more. promising approach considering
the advent of the new diodes with low hole storage and fast
recovery, as described on page 66. The possibility of ob-
taining a narrower resolution surve by using the newly-
developed photomultipliers (see page 69) should also be
investigated, since such curves would greatly improve the -
accuracy involved in the énalysis of the results. In summary,
the characteristics of the time sorter described in this
section were considered to be satisfactory for the aécuracy

~ desired in the measurements of positron lifetimes in metals.
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CHAPTER IV

MEASUREMENT OF POSITRON LIFETIMES IN ALUMINUM

1. Comparison with a Cobalt-60 Prompt Source.

A, Experimental Difficulties énd Sourcés of Error:

A determination‘of_the absolute lifetime of positrons in
aluminum was obtained by a method similar to that used by Mintoh
'(1954), and Gerholm (1956) (as outlined earlier on page 52).

The method consists essentially of a mathematical comparison of

-the coincidence resolution curves resulting from the Na22

posi-
"tron annihilations in aluminumland those from a Co60 proupt
‘source. - The use of appropriate side-channel energy selection
ensures that only one of the limiters detects the high-energy
gamma rays (the 1,28 Mev gamma ray for the case of Na2?) |
allowing the other limiter to detect one of the lower—enérgy
coincident (within the lifetime of the positron) annihilation
- gamma rays. ' The accuracy of the final results is'véry much
_dependent on the following three factors:

(1) lifetime of the 0060 gamma rays;

(ii) lifetime of the Ne22

1.28 Mev state; and,
(iii) systematic errors due to lack of energy similarity

between the two sources.

(i) Although these lifetime measurements should, in
principle, be obtained by a comparison of the resulting resolu-
tidn‘curves to those from a truly prompt source of coincident

gamma rays, an approximation to such a prompt source -is all that
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can be expected in pfactice. Cobalt-60 has frequently been
employed as a prompﬁ source because of the following charac-

terisfics (Strominger et al, 1958).

60

The nuclear decay of Co as shown'in fig 16, is free of

any detectable positron decay, an obvious requlrement for a

reference source used in positron lifetime determlnatlons.

The de-excitation of the daughter product, NL6O,_occurs'

predominantly by the emission of two cascade gamma rays.
Possible complication of the interpretation of the réSolution
curves due to the existence 6f other cascade gamma rays emitted
in coincidence (as occurs in many other sources)‘is théreby
eliminatéd. |

Thirdly, the lifetime of the second gamna ray, the one

emitted from the 1.33 Mev level of Ni60 is short compared to the

lifetime of the positrons, a necessary characteristic if 0060 is

4o be a satisfactory approximation to a true, prompt source.

Numerical estimatés of the lifetime of the first excited state

60

of Ni have been obtained by several methods. Bay et al

(1955) found that the mean lives oflbotg excited states of Nif0

-11

are less than 10 seconds by measurements with a fast coin-

cidence apparatus: By a similar method, Coleman (1955)

obtained the value of (0.8 £ 0.5) x 1071t

seconds for the mean
life of the 1.33 Mev level, Using‘a resonance fludrescenée
‘self-absorption technique, Metzger (1956) determined a iifetime
of (0.11 ¥ ,02) x 10711 seconds from the measured transition
probabilities. Thus, the lifetime of this state is léss~thah'

a few per cent of the mean lifetime of positrons in a metal.
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The efféct of éuch a lifetime is reduced;'of course, in an
arrangement where both gamma rays are detectéd-with equal faci-
1lity in both scintillatioh counters. In this case, a finite
'lifetime for the 1.33 Mev state would merely widen the coin-
cidence resoiution curve (i.e. an increase in the Value of the :
variance), rather than alter the centroid of the resolution
curve, Since aﬁ analysis of the results by means of higher
moments than the first wés desired, however, a short lifetime
for the 1.3%3 Mev state was definitely requifed.
(ii) Measureﬁents of positron lifetimes obtained when Na22
is used as the source of positrons actually determine the mean
. time interval between the emissidn of the 1.28 Mev nuélear gamma
ray shown in the debay scheme, fig 16, and the annihilation of
the positron. In order for this value to be a reasonable
measure of the positron lifetime, the nuclear gamma ray lifetime
must be small. |
Alkhazov et al (1959) obtained an estimate for the life-

22 by measuring the Coulomb

time of the 1.28 Mev level of Ne
excitation cross-section for this state. In this way, the
reducéd transition probability, and hence the lifetime (which is
the reciprocal of the transition probability) of the radiative
transition was calculated. The lifetime that Alkhazov et al

2

Quote for this level is 4.8 x 10-l seconds. Since this value

is only of the order of two per cent of the mean lifetime Qf
positrons in metals, use of the 1.28 Mev gamma ray to indicate
the instant of formation of the positron is justified.

60

(iii) When using Co ~ as a prompt source for these measure-
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meots; the possibility of a systematic error arising from the
energy-dependént, instrumental timé'shift descrlbed in detail
On’pageb51 must be considered. Since the gamma rays inteiact.
with organic and plastic phosphors primarily by means of the
Compton effect, a full spectrum'of pulses of various amplitudes
(up to a maximum determined by the energy of the‘inoidént radia-
‘tion) is produced. Thus, by employing side-channel energy
gselection with coincidences between both side channels used fo
gaté the time-sorter pulses, only those time-sorter pulses
originating from photomultiplier pulses of the same amplitude
range (for both sources) are recorded. By this means, the ener-
"gy—dependent systématic error can be reduced to zero in the
1imit of zero window width in the low-energy sfae'chanﬁel. The
high-energy side channel may, of course, be set to detect any-

energy above 0,51 Mev since the 1.28 Mev gamma rays irom Na22,

60

and the'l,l7 and 1.33 Mev gamma rays from Co all produoe

similér pulse amplitude spectra.

B. Method of Analysis of Resolution Curves.

‘The mathematical comparison of the resulting resolution
curves was pérformed by calculating the first few statistical
moments of the curves and then using the methods described by
Newton (1950), and Bay (1955), to determine the corresponding
moments of‘the unknown positron annihilation distribution
function, Because of the decreased statistical accuracy of
the higher moments, only the first two moments were used in tho

lifetime calculations described in this chapter.
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In summary, then, the lifetime of positrons in aluminum
was determined by perfdrming a series of measurements in which
the resolution curves for a positron source (Na22) imbedded in

‘aluminum were compared to those of a prompt source.(Co6O);

' C.  Preparation of Sources:
(a) Sodium-22 Source:

22

Three Na®™“ sources were constructed as shown in fig 17.

The source occupied a diffuse region of about 1/4 inch in
diameter in}the centre of the 4 inch x + inch central, thin
source backing. The backings for a tofal'of three sources were
prepéred by covering:four .001 inch aluminum frames with .00023
incﬁ (1.6 mg/cmz) aluminum sheet, and two frames with 0.5 mg/cm2
collodion films. The thin aluminum was glued to the .00l inch
.frame with metal lacquer (India Paint and Lacquer Co., type
46-4). The collodion films were produced by mixing Collodion
(reagent grade) with an equal volume of amyl acetate and dropping
about thirty five drops of the mixture on to distilled water'in
a four inch Petri dish. ‘The evapbrated‘film was then removed
from the water on a seven centimeter (diameter) copper wire
ring. Two lacquered aluminum frames were then laid on the
coilodion film and cut loose with a razor blade wheﬁ dry.

The Na22

source was obtained from an aqueous solution
of activated sodium chloride of total strength 0.8 me, kindly
supplied to the UBC Van de Graaff group by Professor W. E,
_Burcham, Physics Dept., University of Birmingham. About 0.16

mc of this solution was concentrated by slow evaporation in a

crucible using a heat lamp, until the activity was about ,010
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mc per drop. Themone dron of the soiution was depositedrOn‘one
Aof the alum1num~covered and one of the collodlon—covered frames.
These were then evaporated to dryness using the heat lamp.. One
\dron of five per cent collodlon (in amyl acetate) was then added
to the aluminum~backed source, to hold the sodium chloride ‘
deposit in place. | Another alumlnum-covered frame was then
cpiaced on ton of this‘source*and'the edges glued with R313.
Before vlulng the other collodlon frame on. to the collodion— Af
backed source, a piece of .001 1nch tungsten wire was laid
‘across the,source to aid in removing the accumulating charge.

A strongéf*source was prepared by depositing two'drops of more
'highly concentrated solution from the crucible onione,of‘the
remaining alhminum—covered frames, Onddrying,‘it formed a.
fairly—thick: heterogeneous deposit’of about + inch in.diameterd
with a large number of small crystals 1n ev1dence.5v This was
then covered with the last alumlnum frame 1n the manner des—
’crlbed above. The rest of the source components were mountedv
together using the R3l3 as glue. The source strengths, as
calibrated using a NaI s01nt111atron counter, and one of the

UBC Van de Graaff group standards as comparison, were found to

be:
(i)AA Collodion source: . ,0081 mc.
(ii) Weak Aluminum source: .0063 mc.‘
(iii).Strong Aluminum source: .0600 mc.

Since these sources were intended to be used to measure
the lifetime of positrons in other materials, it was desired

to have as few positrons absorbed in the source materiai as
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} possible, An estimate of thé.amount of positron loss in the

‘source was made as follows:

_(i) Geometrical loss in the .00l inch aluminum frames. " The
mean distance from the source to the frame was about 0,2
inches. Therefore the loss due to the solid angle sub-

tended by the frame was about

A rAr ar 1x.00i .
axr: . 2r =,mel—_o°5%'

(i1) Foil Absorption: ~Fig 32, Appendix A, shows that a sand-

| ~wich gource of the form described above, with an aluminum
foil thickness of .00023 inches would absorb about nine
per cent of the positrons_when a teflon absorber is placed
around the source. It ié expected thgt the cqllédion
backing, being}about one third as thick (by weight) as the
aluminum, would absorb two or three per cen£ of the posi—-
frons, Thus, it would appear that the geémetricalvloss

‘es¥imated'in (i)_is insignificant compared to the loss
invblved when the positrons trayersevthe backing'foils.

A dependence of the actual fractional loss of the positrons
on the nature of the positron absorber piaced around the
source‘wduld also be expecfed, since the amount of béck-

_.s¢attering of positrons is:dependenf.qn the atomic number

of the surrounding material (Seliger, 1955). |

The estimaté of the positfon ldss given above is in
agfeement.with that assumed by Bellv(Green and Bell, 1957), but
is significantly less than the (18 ¥ 54) loss determined by
Hatcher et al (1958) for .0002 inch aluminum foils. ‘Since the

method employed- to determine the positron loss described in
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Appendix'A is identical tO'that'descfibed by Hatcher ét‘al; it
ié difficult to explain the-largé discrepancy‘between the.t#04
values ﬁnlesé they used a single aluminum‘window»(theirfgéOmetry
was not described) in whiqh case their quoted value‘fof:the loss
_ would.alsb igclude the positréns backscaftered from the sample,
\.(b)b‘Cobéitf%d Source: |

o Thé CbGO'source was preparéd by:imbedding'alshort piece
‘(about 1/8‘inch) of activated cbbalt wire in én aluhinum sand-
,wiCh; formed of .008 inch aluminum sheet; The source was |
"forméa in this fashion to simulate the poéitron-in—absorber
'éample as far as geometry is concerned. In order tdhminimise
possible efrors in the lifetime measurements due to differénces
in:count-rates from thé two sources, the size of the-Cgéo_wire

' was,éhosen to produce a source strength of about ,008 mc.

b;‘ Time Calibrations:

Tihe calibfations were performed as described on page.éz,
and were repeated several times during the course of the
meésurements. The curve shown iﬁ fig 11 is one such calibra-

10

tion. A Valué of (1.10 ¥ .02) x 10” seconds per kicksorter

channel width was obtained when the equipment was set up accor-

ding to the conditions described on page 79.

E.  Experimental Procedure:
(a) Source-Counter Geometry:
During the measurements, the two counters'wepe aligned,atf

an angle of 180° with respect to the source, and, for the sake
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of coincidence efficiency, the distances between the source and
the phosphors were kept~Small (less than one-half inch). To
eliminate the possibility of detecting coincidences between the
1.28 Mev gamma rays detected in the "high-energy" counter, and
the same gémma—rays, which, after recoiling from the first
counter are sufficiently degraded in energy that they may be
-detected in the 0,51 Mev countef, a 180° alignment of the source
‘and counters was employed, so that any back-scattered gamma rays
incident on the second counter would be so degraded in energy
that they could easily be distinguished from the 0.51 Mev anni-
hilation gamma rays. Because of the significant solid angles
involved in the geometry of the source-counters arrangement,

the possible detection of photdns back-scattered by angles bet-
ween lSOo.and llOO were considered when determining the side-
channel bias levels required. Since the energy of the back-
scattered gamma ray is strongly depeﬁdent on the angle of
reflection, being a minimum (212 Kev)'for a back-scattéring of
_1800, and. still only 300 Kév for a scattering angle of 1100, the
2lignment of the counters and source as described above enabled
discrimination against the "back-scattered" coincidences by
biasing the 0.51 Mev side-channel analyser above 300 Kev.

Thus, only‘the upper portion of the 0,51 Mev annihilation
Compton sprectrum was utilised. The degree of removal of this
prompt background was checked by measuring the coincidence

65

resolution curve for a Zn"~ source which produces a single
gamma ray of 1.11 Mev energy (Strominger, 1958).  Although

1.5% of the nuclear decays are characterized by poéitron
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em1851on, all of these are ground state tran81tlons, w1th the
result that no true c01n01dences between the 1.1 Mev gamma rays
and thecpos1tron annlhllatlons would occur. The coincidence
cduht:rate obtained with this source was found to be lesé fhan“
one per cent of that with the Na22 source. | |

- Another method conq1aered to ellmlnate the poss1b111ty
of recordlng "back—scatﬁered"'c01n01dences 1nvolved alignlng
the counters at 90 with respect to the source,. and plac1np a
- lead absorber between the two counters, Adéquate shielding of
the two counters from each other, however; required é‘substan— :
tial increase in(the source-counter distances, Thus, in order
tc'retain practical coincidence counting rates, é stronger |
gsource would be required and this would result.ih a ccrrespon-
dingly larger randomn coihcidencelbackground. | Because the l80°
alignmeht method appeared to givé quite satisfactofy perfor-
‘mance, and was free of, the counting-rate difficulties inherent
in the altérnate method, it was décided to adopt.this geometrical
arrangemént for the absolute lifetime measuremenfs.

A.second source of extraneous prompt coincidences:was
also considered. The co-linear alignment of'the'source and
cdctectoré could result in the recording of extraneous»érompt
-coincidences due ﬁo random coincidences between the gate pulses
generated by fhe slow .coincidence circuit and time sorter;t
pulées resulting from:the coincident‘detection of tﬁo”anﬁihi--
lation quanta. This effecf,was expected to be a very:ﬁinor_

’ oﬁe; hcwéver, since the random count-rate would be giﬁen_by

ZSaNét, where Né is the annihilation~pair "fast" coincidence
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count;rate; NC is the side—channel‘“slow" coincidenge count-rate
~due fo 1.28 Mev - 0.51 Mevvcoincidences, amd  is the coincid-
_ence.resclution time of the system (in this case, équal to the
.gate pulse width of one'microéecond). Since the true coincident

count rate recorded on the kicksorter is abouthc (actually Nc

may be a factor of about two higher than fhé trug éoinéidence
rate dﬁe to the inéreased number of random coincidences in the
slow cdincidence system), then the fraction of recorded coin-
cidences_qontributed»by this prompt background is 2Na1f;' The.
COincidenCG count rate, Na, for the annihilation gamma rays wésv
.méasured by résetting both_side-channel analysers to cover the
majority of the annihilation.gamma ray Compton spectra.  Typical
rates under these conditions were thirty to fifty counts per
second, If one hundred counts per second is takén as an uppér
limit,'the'fractional contribution from this effect is then 2 X

6 = 2 x'lO—4, a background effect of negligible pro-

100 x 10~
ﬁdrfibn. _
(b) 8ide Channel Settings: B ' _ -

- As mentioned earlier (pg 88), the side-channel, pulse-
ampiitude analysers'were set so that one analyser was biased to
trigger only for that portion of the 1,28 Mev Comﬁton ébectrum
above the annihilation spectrum, ahd the other was set to acceﬁt
a range of pulses near the top of the 0.51 Mév‘Compton spectrum.
The discriminator ievels normally émbloyed in these measurements
, afe jindicated on the spectra (fig 18) obtained for the two |

counters by‘using the side-channel analysers as single-channel

instruments with a one volt window. The counter with the best
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.-resolution was_employed in the 1.28 Mev chénnel tb,insuré pési; 
}£i§e:discriminafion againsf,the 0.51 Mev‘pulses.' A‘chéck'ﬂés _
maae of the upper limit of the 0.51 Mev pulées by plotting the -
cdinéidence,count‘rate for the CO;inear érrangement'of'ﬁheg'
fcoﬁnters and soufce‘as a function'éf.incréésing,iower‘discfiﬁi-
‘nator level for the 1.28 Mev analyser. The tﬁrniﬁg-point
between a rapid decrease in coincident count rété and a'iow .
level plateau indicated the maximum 0.51 Mev pulée heights;.’ A
" discrimination level greéter than this félue was employed in
the subéequent measurements, The lower iimit of the 0.51 Mev
analyser was normally restricted to about 2/3 of the fﬁll enéfgy
to insure discrimination against backéscattered'l.ZB Mev photons.
(¢c) Nature of Experimental Measurements: |

A series of coincidence résolution curves (each abbutvli
hours in duratidn) were_then obtained ih-éltern&%e;fashion.fér:

60

~ the Co source imbedded in aluminum and the collodion-backed

22 . ' 5 . ' ‘
Na™® source in an aluminum absorber. The aluminum samples

22 source were about .060 inches thick,

surrounding the Na
sufficient to stop the positrons, aboutf5/8_inches équare,'and
poliéhed and cleaned with ethyl alcohol on the side which faced
the source. A spring wire~clip, glued to thé backs of the>
~samples with rubber cement, was used to hold the aluminum sam-.
ples firmly against both sides of‘the source., Care Qas eief-
cised ih attempting fo place the two sources in the same

- physical positioh since a differenceof 0.15 cm in the source-
counter distanées couid result in an error in the lifeﬁime.

10

measurement of 0.1 x 10~ se¢, of the same order as the



-100-~

accuracy desired. _

A number of similar curves were then obtained with the
'Settings of the twé side-channel analysers,infefchahged.' Thus,
the former 1.28 Mev channel was set on the 0;51 Me& range, and

’vice;verSa.' IBy this means, the "fast".coincidenées that were

selected were those resulting from detection of the 1.28 Mev
>gamﬁa rays by thevformer 0.51 Mev scinfillation éountef; and
detection of the 0,51 Mev gamma rayw by the other, formerly 1.28
Mev counter. Whereas the‘former experimental arrangement:
(with added ﬁime.délay.in the 1.28 Mev channel so that,_dt the
time sorter,»the 1.28 Mev square pulses appeared’negr the end
oflfheAO.Sl Mev square pulses) resulfed in an increased pulse
~ size for increased delay in the 0.51 Mev'éhannel, the latter
arrangement resulted in a decreased pulseISize. 1Répfoducibi—
‘lity'éf fhe typ setsvof resulté would therefore be édnsidéred'to
'£e a good check of their validity aﬁd of the 6peration of the
_apparatus. | |

A check of possible count-rate effects was also obtained
by performing a series of ﬁeasurements with various-source—.
cpunﬁer‘distances, and also by changing fﬁe strength of the

: CQ60

source by a factor of two during one series of runs.
" An expefimental estimate of the effect of differences.in
_the accepted range of the spéétral distribution of pulses (as.

22 60 sources,

viewed by the 0.51 Mev analyser) for the Na““ and Co
was determined from & set of curves for which the width of the
"0.51 Mev channel window was varied, so that an extrapolation

of the results corresponding to the ideal case of zero window
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ﬁidth could be obfainéd.

:Althou h most of the results were ootalned using “the
'thirty;channel pulse—amnlitude analyser,'several curves were
obﬁa* é* ‘ ing tho 100~ channel instrument to check, prlm&rllj,
the no Lle tonce oI a 1ona-llved comnonent of the positron

décay which was.reportea by uerholmz(1956).

.EQ'_ Reéqlts:

.‘;(a)- Method L pWUyed_fof Deterﬁiningithe:Lifetime:-
Typical-resolutionWCurves obtéinéd-fof the two éources afe

shown in fig 19 for both linear and logarithmic scales.  The

purves éhown are the‘experimehfal data withoﬁt background sub-

'-trcctioh;_ As describéd“in Appendix C the mean lltetlme,‘f s

of the pOﬁltron is defermlneu by the dif 'renCc in the fwrut

momonts (meanq, or controde) of tne poeltron res olution curve

‘and the Co%0

prompt resolution curves., - In addltion, the
variance of the oo)ltron annlhlldtlon dlstrlbutlon function is
,glven by the difference in'the’variances of the two resolution
;curﬁesi ‘Since-the squarefrootsvof,the vafiances have dimensions_
of timc; this measure of the positron annihilation~distribution
functjon is tefméd inithi th,uls,,the‘”rms lifetime" and is
denoteo by the- syﬂool ', | |

The moment‘ analjses of the experlmental resolution curves
'é's Jbed above wore Derformpd using’ the UBC Alwac. III B digital
voonouter, the pro"ram used for the analys1b being glven in

- Appendix H. The‘random coincidence background rates were

'sufficienfly small that their contribution to. the values T and

f
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;t'.haVe been heglected in the resuits quoted below. fAnalyses
of several runs in which the backgrounds were subtracted indica-
ted that their inclusion resulted in an error in the ceﬁtroid
determination of less than two per cent; and an error in the

rms lifetime determination of less than five per cent. One
reason that the backgrounds were neglected was due to the diffi-
culfy in‘estimating the total random coiﬁcident background over
the time range involved. Since this total background was
normally less than fifty counts (as'estimated.from the random
rate outside the_resolution-curve) for the curves that were
obtained in these measurements, an exact estimate of their effect
on the results Was'imposéible”duevto statistical fiuétuatiohs
both in their total number and~in their distribution within the
time rénge involved. Consequéntlj,_the results were'analysed
without backgrouhd‘subtfaction. Ihstead, ah estimate of the
uncertainties introduced by neglecting these random counts was
included in the errors quoted'for the results;

(b)~'Resﬁlts for Inverted Operatiodé“

Thé-results obtained using the 100-channel kicksorter
’showed, as expeﬁted, that inversion of the mode of.dperation of
the apparatus had negligible effect on the measured values of
the lifetime. This is indicated in fig 20(c), where two pairs
of measurements are indicated corresponding to ah_abscissa of |
foﬁr volts (a window width»of 25% of the upper level). Eadh
pair consists of a determination of the mean lifetimé, f’, and
the rms lifetime, %', of the positron annihilation distribu~

tion function. The two pairs of measurements were obtained
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under equiﬁalent ébnditions, except_fhat the mode of dperation
of the apparatus‘Was_revefsed (as described in gréateridetail‘on
pg 100) . | | |

(¢) Zero Window-Width Extrapolated Results:

FPig 20 illustrates the dependence of the fesults onbthe
window width of the side-channel analyser in the annihilation
radiation channel. (a) and-(b) were obtainedjundervsimilar
operatihg c@ndiﬁions,-with the equipment érranged.so that én in-
creased delay in the annihilation channel yielded an increase in
the time-sorter output pulse, whereas (c) was obtained with the
equipment operating in the reverse node. An aluminum absorber
was used in curves (a) and (c),land a tantalum one for (b). | A
lack of any onvious dependence of the results on the window width
indicates that, for the window widths employed, variations of

60

the shapes of the pulse amplitude spectra between the Co and

22

Na soucreé within the windows, had negligible'éffect on the

lifetime determinations. As a result, measurements correct to

10 . . . c .
seconds are indicated for measurements with a window

+ 0.1 x 107
width as large as four volts.
(d)  Count Rate Effgcts:

‘ The tests conducted to determine a count-rate dependence
of the results by varying the soufce—counter distances failed to
yield any such effect, as indicated in fig 15. - An additional
check was obtained‘by changing the strength of the o0 source
" by a factor of two in the middle of-a sét.of runs. Again, no

effect was observed.
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(e) Investigation of the Possible Bxistence of a LongéLife
| Component in Positron Annihilations:. |

In fig 21 is shown a semi—logarithmic plot of a résolution
curve with better statistics than those shown previously for."
positrons annihilating in aluminum. No evidence of a long-
’1ived componenf of the decay was observedvover a range of at
" least three decades, in contrast to the results of Gerholm
(1956 ) which seemed to suggest'thé existence of such a com-
ponent by a change'in the slope of the right-hand side of the
resolution curve in the second decade from the top. |
- (£) Compilation of Lifetime Results: |

Besides the lifetime results mentioned earlier, a Series»of
additional meésuiements were obtained using the thirty—chénnel
Marconi k;cksorter, and annihilation gamma-ray window widths
of both two and four volts., Because of.thelrestricted number
of channels‘available for these runs, due partly to a desire

_ for a channel width of about 107 *°

seconds, it was found that
;:;%bout one per cent of the true coincidences frém positron anni-
hilation in aluminum were occurring outside the range of the
kicksorter, These were monitored, however, in the overflow
channel at the top of the kicksorter. The true coincidences
(above the_random background) were estimated by Subtfaéting

22

from the top channel counts of a Na curve, the corresponding

counts obtained from an appropriately-normalized 0060 curve,
for which ohly random coincidences were detected in the over-
flow channel. This "truncatioh loss" could be allowed for by
applying the correction fggtqrs described in Appendix B. .For ~

a typical truncation loss of one per cent, for example, this
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correction factor was about five per cent for the'centroid
estimate, T , and about fourteen per cent for the rms lifetime

result,~t” . The results from an analysis of twenty four

60 22

curveg for which the Co and the Na in aluminum sources were -

alternated, yielded a mean value for the mean lifetime, T , of

10

2.45 x 10"~ seconds, whereas the mean value obtained from all

the one hundred-channel kicksorter runs, a total of twelve

~10

curves in all, was 2.30 x 10 seconds. Analysis'of_thé com-

.plete set of thirty sii runs for both T and T'yielded the
distﬁibutions‘of results shown in fig 22, in which are also
indicated gaussian curves with the same means and'standard
deviations, |

The experimental estimates of T, the first moment of the

positron annihilation probability function were found to be

10

distributed about a mean value of 2.40 x 10~ seconds, with a

10

standard deviation of 0.175 x 10~ seconds. The values of

©', the 'rms' measure of the positron annihilation function

: were distributed about a mean of 2,50 x 10710

10

seconds with a

standard deviation of 0,27 x 10~ seconds, These statistics

10

inﬂicate a standard error of the mean of .04 x 10~ seconds

10 seconds for TJ, where the standard

for ¥, and .06 x 10~
formula was used for the estimates of the error: ¢, -%%,
where s, is the observed standard deviation of the results,.n '
is the number of lifetime determinations (given by one half the
number of curves; thus, n = 18), and ty is obtained from

Student's t distribution, about one for a value of n as large

as eighteen,
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(g) Discussion of the Errors: Statistical and Systematic.

The standard deviation of the.mean lifetime distribution,
=10

-

0.175 x 10~ seconds, consisted mostly of the statistical

uncertainty in the mean of an individual resolution curve.

With a standard deviation fof a typical Na22 in aluminum reso-

10

lution curve of 5.5 x 10 ~~ seconds and a total number of counts

contained in the curve of 3600 (a typical value), the standard

deviation of the distribution of means should be:
» §.5» 10~’°

NETYT)

only be strictly true if the resolution curves were of gaussian

= .O0Q x /o'“’ seconds, Since this estimate would

form, the vractical case is described by a standard deviation
of the means somewhat larger than the above calculation indi-
cates. Finally, the standard deviation of a’ distribution of

-10
differences of such means would be- /\/(.0‘1)"0-(.0‘!)P x /0

~ seconds, or 0.13 x lO"lo seconds. This estimate of the standard
deviation is too small for several reasons, viz:

(i) the non-gaussian nature of the resolﬁtion curves;

(ii) additional fluctuations due to the random contribu-

| tion, and

(iii) variations in the positioning of the sources.
As mentioned earlier (page 99), variations of 0.15 cms in the
positioning of the sources would result in éhanges of
22005 5.1 x 10”sec in the arrival times of the two gamma

3x0'°
rays. Variations of this amount would increase the total

standard deviation to about 0.17 x 10~ %0

sec, in satisfactory
agreement with the value obtained.

Additional possible errors of a more systematic nature
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would include:

(i)  Uncertainty of two per cent in the time calibration

10

producing an uncertainty of .05 x 10—~ seconds in the

result.

(ii) A possible systematic error in the positioning of the
tﬁo types of sources, due to a difference in the dis-
tribution of the active material within the source'

itself. A difference here of 0.15 cm would produce

10

an additional error of 0.1 x 107 second in the wvalue

for the mean lifetime, T , but would not affect the
experimental value of the rms lifetine, ',
(iii) The error involved in neglecting the random coincidence

background was described on pg 102 as contributing about

10

2% (.05 x 10° " sec) to the error in the estimate of the

10

mean lifetime, T, and about 5% (0.12 x 10"~ sec) to

the error for the rms'lifetime,'r‘.

22

(iv) The finite lifetime of the Ne““ nuclear gamma ray

decreases the observed lifetime of the positrons by

10

.05 x 107" sec (Alkhazov et al, 1959). Since

'T%f't} = observed T = 2.40 x 10~%0 seconds, the true

7? is therefore given by: 2.45 x 10_lO seconds,
Inclusion of the above estimates of possible systematic
error yields a total standard error for the measurements,of:*
(s: - k:+ k:)"iv where S: is the variance of the

statistical distribution of results, and Ka and Kb are estimates

of the systemaﬁic error.

* Smart, W. M., Combination of Observations,
(Cambridge University Press, 1958), p. 53.
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On substituting the appropriate valués, we obtain‘for an
v -
estimate of the total error, [(.o‘i-)"-+ (.05)L+(-1)]l=

0.12 x 10710 seconds.

On the basis of the preceding discussion, the final
expérimeﬁtal values quoted for the lifetime of positrons in
alﬁminum,'are: | |
(2.45 £ 0.15) x 10 lQ seconds for tﬂe mean lifetime, T , and

l

(2.50 £ 0.15) x 1070 seconds for the "rms lifetime, =' , i.e.

the square root of the second moment about the mean.
A q1m11ar set of thirty eight measurements with a differ-
ent abuorber, tantalum,<ylelded the resultis:

(2.30 % 0.15) x 10710

_]_O

seconds for the mean lifetime, T , and
(2.30 £ 0.15) x 10 seconds for the "rms lifetime, T' ", i.e.
the square root of the second moment about the mean.

The indication of a slight difference in the absolute
lifetime of positrons between aluminum and tantalum is further
substantiated by the comparatiﬁe measurements of Chapter VI

where the lifetime in aluminum was found to be longer than that

in tantalum by (0.738 ¥ 0.14) x 10710 seconds.

2. Comparison with a Prompt Source Consisting of Annihilation

Gamma Rays.

A further meésUrement of the value of the positron lifetime
in aluminum was obtained by. employing a different prompt-éource.
Since 0060 emits twb'gamma rays of higﬁ-energy compared fo the
energy of the positron annihilation radiation, it was considered

worthwhile to attempt to measure the lifetime of positrbns in
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aluminum by a method using lower energy prompt radiation, such
as the annihilation radiation itself as the prompt source, and
dependent on a new technique for comparing the resultant resolu—l
tion curves, Since positron annihilation is described in-terms
of a second-order electronic transition, the expected mean deiay
‘between the two gamma rays would be ‘of the order éf 5% frorh
the uncertainty principle where AE is the energy'involved in
one of the transitiéns, 0.511 Mev. . ByAthis means, an estimate

of 1021

seconds is obtained fér the mean lifetime of the tran-
sition from the intermediate to the final state, a vaiue indi-
cative of a most satiéfactory "prompt" source. Using a prbmpf
.sourcé bf‘this type, however, requires that the side-chanﬁel
analysers be so adjusted that both channels accept pulses corres-
ponding to the top portion'of the 0.511 Mewv. Compton spectrum.
Consequéntly, when the delayed fesolution curves for positrons
in aluminum were obtgined, care was exercised to ensure that the
two'cbdhters.and thé source were NOT co-linear, otherwise a high

prompt coincidence counting rate (due to annihilation gamma

rays) would have been recorded.

A. Experimenfal Procedure.
- (a) Background Prompt Coincidence Contribution:

The possibility of detecting c¢oincidences due to the 1.28
Mev gamma radiation being backscattered from one counter'to the
othér would tend to be increased with.this geometrical arrange-
ment as compared.to that discussed on page 96 . In order to

‘reduce these background prompt coincidences to as small a value
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as possible the séurce‘was positioned as shown in fig23(a) to
-ensure that the scattering angle of the 1.28 Mev gamma rays
required for detection of this gamma ray in both counters,
_vwould be greater than llOo, thus restricting the recoil gamma
Aray to an energy of less than 300 Kev. Also, the fact that
the séattering'angle of the 1.28 Mev gamma ray had to be less
than 70° (and thus much less than the 110° mentioned above) in
order for fhe Cémpton’interaction to produce a pulse in the
0.51 Mev portion of the 1,28 Mev spectrum in the first counter
furthér asgisted in reStricting the-nﬁmber of coincidences
fesulting.frdm this process.

| As a result of these two conditions, the possibility of
" detecting coincidences due to back-scattered gémma rays was
considered to be effectively eliminated. Experimental veri-
fiéation of this conclusion is discussed on page 113.
(b) Experimental Details Involved in the Measurements:

With this arrangement, either counter could detect the

0.51 iev annihilation gémma ray or the equivalent portion of
the Compton distribution of the associated 1,28 Mev gamma ray,
thus forming a symmetric delayed resolution curve whose centroid .
position is the same as that for the prompt curve. The widthlgig
vor variance of the delayed resolution curve was, however, |
larger-than that Qf.th pfompt curve and so an estimate of the
positron lifetime could be obtained by a detailed comparison
of these variances. The pfocedure foerbtaining these measure-
ments was. as follows: |

The counters were set close together to subtend a large solid
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angle at the source, and a delayed resolution curve was obtainéd

22

by placing the aluminum-covered Na source between them as

shown in fig 23(a), offset somewhat from co-linearity. Side-

channel window widths of four volts (in sixteen volts) were

employed. Next a 0060

22

prompt curve was obtained'by'replacing

source by the approximately ten microcurie 0060 source.,

the Na
ILastly, the counters were separated to reduce the SOlld angle
 as illustrated in fig 23(b), and the sixty microcurie aluminum-

22'souuf‘ce was inserted between them in a co-linear

covered Na
alignment, thus producing the desired:prompt reéqlution curve’

by detecting the pairs of annihilation quanta. " In thié case,
the source-counter distances were chosen so that thevindividual
~side-channel count rates were close to those obtalned for the
previous two runs. In thls way, count-rate dependent effects
were eliminated. A large separation of the counters was also
useful in ensuring that only the pairs of annihilation gamma rays
- would be effective in producing coincidences as the ratio'of co-
- incidences due to annihilation gamma rays compafed to those due:
to coincidences betweén annihiiation gamﬁa rays and the 1.28

Mev gamma rays is given by: Pdeloﬁ/yqsl“ﬁ-= C/CJ _ where_N'is

the disintegration rate of the source and the two counters are
lsssumed to have the same detection efficiency, £ , and solid

' angle,a)g. Actually, the detection efficiency for the 1,28 Mev
| gammé ray will be significantly less than'that_fér the 0.51 Mev
gammss due to the different relative fractions of the two
Comptonvspecfra detected by the side channéls. '~ For the sourée

counter distances used, of two to three inches, the ratio l/usr

waé at least 200/1. Examples of the experimental resolution
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curves are given in fig 24.

Since only symmefrid curves were obtained_by_this method,
it was impossible to determine the value of.‘t),the first moment
of the positron annihilation probability distfibution function.
Determinations of 7', the.standard‘deviation of the distribution
function, were obtained; however, by using the formula:
ft': ¥ (variance of delayed curve - variance of prompt gurve) %,
derived in Appendix C (ii). |

Because the second moment calculations are so étrbngiy
dependent on theltails of the resolution curves as discussed in
~Appendix B, which analyses the effects of truncation.loss, the

100-channel CDC kicksorter was employed for these measurements.

B. Results:

Two determinations of each type of resolution curve were

obtained. :
The variances of the 0060 prémpt runs |
were both: 35,9 x 10720 gec?,
The variances of the annihilation | | |
radiafion prompt curves were: ' 35.6 x 10—20 secZ,
‘and 35.9 x 10~2° gec?.
The.variances of the Na22 in aluhinum
runs were: ’50.73x lO—zo”secz,
~and - 49.2 x 10~20 secz.
60 '

The equality observed between the variances of the Co ~ and
annihilation radiation prompt resolution curves is further
evidence for two previous observations, viz:

(i) The spectral shapes of the Compton distributions for
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60

both the annihilation and Co gamma rays are suffi-

ciéntly close over the range covered by the‘side—chanhel

window widths employed, thatAeffects resulting from-

energy—dependent instrumental time shifts are negligible

in these measurements. These measurements, therefore,

offer further experimental'evidencé,for the conclusions

outlined on page 103 regarding the lack of any depen-

dence of the absolute lifetime results involving com-

parisons to Co6O

prompt resolution curves on the window
widths of the single-channel analyser employed in the

annihilation channel (for the window widths employed in

“this work, at any rate).

Secondly, the observed agreement between these prompt.
variances also verifies the earlier assumption regarding
the low intensity of thelcontribution of the back-
scattered gamma rays to the recorded coincidences.  The

60

Co sourcevwoﬁld, of course, be more susceptible to the

production of coincidences of this type than would the
Na22 because two high-energy gamma rays are emitted per
disintegration rather than one. Although fhesé coin-

cidences were described as "prompt" when compared to

~those resulting from positron decay (pg 110) they would

in fact ténd to broaden a truly prompt curve due to the

flight time of the gamma ray between the two counters

(a path length of the order of 10710 seconds). The
lack of any significant difference between the variances

of the two types of prompt source can therefore be inter-
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preted as'evidehce that thevrelative number of such
back-scattered coincidendesvis less tﬁan a few per cent
for the exberiﬁenﬁal arfangement employed.

The value of 2!, thé square root of the gecond moment
about ‘the mean of the positron annlhllatlon dlstrlbutlon,
calculated from the mean "prompt" variance of 35.8 x 107 -20 se'c2

| ahd the mean "delayed“ Variance of 50.0 x lO"2O,se02

-10

is: 2,65 x 10 seconds.

The standard deviation of the distribution of estimates
of ' is assumed to be approximately that of the distribution

ofx?’ given in fig 22(b) obtained by the metrod in which a CoOQ

ﬁfompt source waS'employed;,namely: 0.25 xle lO'sec, Because
of‘fhe small number of distinct experimental lifetime measure-
ments performed by this method, véry little reduction of this

standard error is justified. The>value offered, then, for the
"rms 1ifétime" of positrons in aluminum, obtained by the method

-10

'descrlbed in this sectlon, is: (2. 65 0. 25) x 10 seconds.

C. Discussion of an Additional Source of Error.

As mentioned earlier, the mean values of all these symmet-

ric resolution curves should be the same if the relative

_ efficiencies of 0.51 Hev éompared to 1.28 Mev gamma ray detection '

were the same for the two counter-analyser combinations.
Since the two 801nt111at10n phosphors were of different shape
and different materlal this assumption is probably not
warranted.. The rgsultlng lack of complete symmetry in the

positron-in-aluminum resolution curves would result in a slight
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shift at the éentroid of these curﬁes as ccmpared tolthe symmet—
ric prompt curves.(fhé mathematical dependence of this shift is

treated in Appendizx C(ii)), Such a shift was observed, in

' féct, with thg centroids of both the broadened resolution curves

from Na®° in aluminum displaced by about 0.5 x 10710

60

seconds
with respect to the Co pfompt curve, -,This error might
certainly have been partly composed of a systematic positional
error in the placement of the two sources, as discussed more
fully on page 106. It is doubtful whether this could be the
complete explanation, however, sincé such a deviation would
correspond to a posifional error of 0.75 cm, a value signifi-
cantly larger than migﬁt be expected. Conseguently, the degree
of preferentiai cdunting necessary to produce a centroid shift
of 0.5 x lO—lo sec was determined (thus yielding a measure of

| (gl—-gz), Appendix C(iii)), and the corresponding effect on

the variances of the resolution curves estimdted, The effect
of such a preferential detection on the final result Qas_esti—
~mated to result in an efror in the determination of the rms
lifetime of about one per cent, That is, an interpretation

of the observed centroid shift completeiy in terms of the
asymmetry effect resulted in ah error of but one per cent in
the.estimated value of T, If, on the other hand, a posi-
tional error in the placement of the two sources is considered
to have éontributed significantly to the observed centroid

shify, then an even smaller asymmetry error would be expected.
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3 Discussion and Conclusions:

60 to define the prompt coincidence resolution

10

Using'Co
curve, a value of (2.45 ¥ 0.15) x 107" seconds was deduced for
" the mean lifetime T of positrons in aluminum. Variance.
analysis of the same curves also yielded an estimate of the root
_mean square deviation about the mean (T') of the positron anni-

10 sec, A

‘hilation distribution funétion, viz: (2.50 % 0.15) x 10~
-An dlternate method of obtaining a prompt resolution
curve by using the annihilation gamma réys as a prompt source’

‘yielded a value for T, of (2.65 % 0.25) x 10710

sec, a value in
agreement with that obtained by the former method.
The lifetime of positrons was also measured in a second

absorber, tantalum, by comparison to the prompt source, Co6o,

10

yielding the values (2.30 ¥ 0.15) x 10” sec for T , and,

(2.30 £ 0.15) x 10~1C

sec for ',

The equality between the mean and "rms" lifetime reéu}ts
for both absorbers can be considéred as additional information
about the nature of the decay of positrons in these metals.‘

Some examples of this informetion are discussed in the followihg

sections.

A.  Nature of the Positron Annihilafion'Distribution.

'_ Few distribution functions yield the same value for the mean
as. for the square root of the variance. The pure exponential
function is one which does give the same value for each, however,
and hence is a reasonable one to assume for the probability.
distribution function ofvfhe,annihilation.process. In contrast,

both a linear and a gaussian decay curve would yiéld a value for
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v or less than 80% of the value of T’(Appendix C(iv)).

~ Such 2 possibility is well outside the errors Quoted for the
.above fesults. Thegse results, then,provide a partial check

of the validity of ﬁhe assumption of the pure exponential nature
of positron annihilation in metals as éuggested by Bell and

Graham (1953%).

B. Experimental RNvidence Regarding Positron Thermalisation

Times: | |

A finite slowing-dqwn timé of the positrons.prior to a

puie exponential decay'wduld also give rise to a decfeasg iﬁ
' relative to T’; If we assume:
(i} the positrons are thermalised in a mean time, t;
(1i) the variance of the probability distribution for ther-
malisation is, as for an exponential distribution, fz.
An assuﬁed variance of less thén t2 as would result,
for example, from a gaussian form of probability dis-
tribution would yield lifetime estimates (¥ and T')v
even more incompatible with the éxperimental results
than for that assumed here.

(iii).the annihilation of the positrons from the thermalised
state is given by the standard éxponentiél probability
disﬁribution, of mean life, f;‘, and variance ?;L,,

'then, according to Appendix‘c(iv); these quantities are related

to the experimental values of T and ! by:

: | 8 2 I's
Tz fc"4+t, (z') = (’t,'a)+t
If a value for t of 0.25 x lO-lO.sec is assuméd, for example,

10

then since T = 2.45, Tk = 2.20 ( x 107" sec).
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Substituting back into the aboverformulae,

10

10

7'z 2,21 x 107" sec, almost two standard deviations

removed from the experimental value. Thus, according to this

10 sec has

example, a thermalisation time as large as 0.25 x .10~
a probability of less than ten per cent of characterising the
annihilation process described in the assumptions. Smaller
values of the assumed thermalisation time are obviously more

compatible with the experimental results.

C. The Maximum Intensity bf a Possible Long-lived Componenf
of Positron Annihilation:

For a long-lived component with a lifetime less than one
nanosecond and within the resolutioh time of the apparatus,‘an
investigation’of,the maximum intensity allowed such a éomponent
again involves a comparison of the expected lifétimes_(fortfand
') with the experimentaliy—observéd ones. Let us assume for
this case: | | |

(i) the thermalisation time of the positrons is negligible
compared to the lifetime'of the positrons;

(ii) the annihilation of the positrons is.characterised by
two components, a short-lived one (1, ) of about that
indicated by thevmeasured vaiue of ¥, and a long-lived
one (T, ) of ébout-S X lO-lO sec, say.

If we assign, for the sake of a numerical value, an

intensity for the long-lived component of five per cent, then,

by the formulae given in Appendix C(iv), the observed mean
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+7
life T = }%}{f_i , which on solving for T, , gives 2.32 x

-10 . ' 2£(n-)"
sec, while —= = ]+ —M——=£L

’ . f 1 (t’,f‘F't‘l)x
for ¥, , %, f gives 1.11, indicating an experimental T of

10 sec and an expérimental ' of 2.70 x 10710 sec.

10 y which on éubstituting
2.45‘x 10~
Since‘the difference in these values exceeds the standard
error involved in the measured values by more than 1% times,
the intensity of any long-lived component of the positron
lifetime of about % nsec mean life ié probably (to a 90%
confidence level) less than 5%.

| A check of the exiétence of a long-life component of
a value of iO b'd lO-lO sec or more can, on the other hand, be
obtained more readily from an investigation of the "delayed"
side of the resolution curve shown in fig 21. Such a com-
ponenf of the decay would manifest itself by an increased
number of counts at kicksorter channel numbers of about 70,
- The fact that there are less than about 9 true coincidence
counts in channel 71 (the accuracy of this estimate being
limited by the statistics and random coincidence backgrouhd)
would indicate an upper limit for the intensity of such a
component of aboﬁt 1% rather than the 6% value obtained by
Gerholm (1956). In conclusion, then, no indication of a
long-lifetime chponent is observed, the experimental uncer-
taintiés allowihg a maximum intensity for such a component |
of :

10

less than 1% for lifetimes of the order of 10 x 10~ sec, and

less than 5% for a lifetime of about 5 x lO—lO sec.
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- CHAPTER V

POSITRON LIFETIMES IN AMORPHOUS SUBSTANCES

As a further check ~f the time calibration of the equipment
measurements were made of the resolution curves of positrons
annihilating in teflon and quartz. . By using the 100-channel
'kickSOrfer, the long—liyed components of the lifetime (of one
to three nanoseconds mean life, Bell and Graham, 1953)‘could be
detécted while still retaining the same gain and time-constant
settings as used on the previous measurements; The time cali—
bration used for these measurements was given in fig 11.
vAlthngh these lifetime méasurements encompassed a larger time
interval (about eight nanoseconds) than that covered by the time
calibration curve of fig 11, theicalibration was assumed to

~apply equally well over the extended time interval.

1. Experimental Procedure.

Day-long rung were performed.with absorbers consisting of
5/8 inch square samnples of 1/8 inch thick teflon and quartz,
mounted on the spring clip holders described on page 99 . The
quartz was of a pure, vitreosil type. The positioning of the
gource and counter and the use of a four-volt window on the
annihilation gémma-ray side-channel analyser were the same ag
for the measurements described in-Chapter IV, Section 1. A

60

Co prompt curve was also obtained to indicate the zero of

tine.

5. Results.

The results of these measurements are illustrated in fig 25
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where thé étraight line dfawn through the long-lived tailé are
Ieastlsquéres fits, | The.least-sqﬁares énalyses ylelded the:
following results: | | |
Teflon: mean life, ?,: (2.8 1’0.255 nsec; intensity of z'.,
' | (8t3) %

Qtartz:»mean life, ‘T;: (1.34 £ ,05) nséc; inténsity of T,:

| | (47 % 3) %,
The.érrqrs quoted fdr these values are qﬁly'statistical iﬁ
‘nature and do not include_pdssibie systematic errdrs.SUCh as
the uncertainty in the time 9alibration of two per cent. The
satisfactdry fit of the tails of the resolution curves By_an
exponential curve indicates the lack ofany gross non-linearity
in the time calibration curve. |

The megsured intensitieé of the T, components are
expebted to be a little low inbboth cases due to positron
absorption‘in the source. Such absorption was eétimated in
Chapter 1V, Section 1, to be about'3% for the collodion-backed
Na22 source. | Thus, for Teflon, the corrected intensity is
(29 £ 3) %, and for Quartz, is (4l9,i 3) % | |

Another possibie source of error is that resulting‘from
" a contribution to the counts in the tails of fig 25 from
highly-delayed positron annihilations which produce time sorter
output pulses on the "wrong" half of the triénguléf time cali-
Braticn curve (given'in fig 6). As a résult, a small back-
ground of exponential shape decreasing towards the left of
fig 25 should be considered. The right-hand limit of the
abscigssa in fig 24 is, however,‘about five nanoseconds from the

- equivalent point on the other half of the time calibration
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curve. = Thus, the exponential background @entioned above is
decreased by an additional five nanoseconds of delay, which for
the right-hand limit of the teflon resolution curve amounts to
an error of 14%, decreasing rapidly for lower channel number.
The corresponding error at the right-hand limit of the quartz
resolution curve is oniy 5% due to the shorter lifetime of the
T, component in quartz. Since the statistical errors ascribed
to the points of this portion of the resolution curﬁes are

larger than these values, this background effect is unobservable,

he effect of this background would be to increase slightly the

=

measured value of T, for teflon over the'true vélue, but should
have negligible effect in the value of T, for quartz.

The final errors are also increased slightly by thé
addition of the uncertainty of 2% in the slope of the time cali-
bratibn curve. The final results, then, are: » |
4) %.
CQuartz: Ty = (1.35 * 0.1) nsec, of intensity: (49 a4 %,

1+

Teflon: ‘tlg (2.7 £ 0.3) nsec, of intensity: (29
In addition, differences between the total resolution

curve for quartz, and the extrapolated shane of the T, dompo—

nent (indicated in fig 25) were taken, the resulting curve then

representing the expected resolution curve for the T, compo-

nent alone. A moments analysis of this curve as compared to
6 . : _ . . .
the Co 0 prompt cirve yielded a value for the short lifetime,
’ = + -1
T, , of: (3.6 = 1) x 10 0 sec,

3, Discussion and Conclusions.

The final results are in satisfactory agreement with the



published resulis:

1+

Teflon: Y, = (2.1. 0.%) nsec (Gerholm, 1956)
To= (%.5 £ 0.4) nsec (Bell and Graham, 195%)
with an intensity of about 30%.
Vitreosil Quartz: T, = (1.53 ¥ .05) nsec (Green and Bell,
1957).
with an intensity of : (5% X 8) %
In conclusion, the satisfactory agreemént between the results
obtained from these measurements and the published results for
these amorphous materials constifutes a further check of the

value of the slope and the degree of linearity of the time

calibration curve for this instrumenet.
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CHAPTER VI

COMPARATIVE LIFETIMES OF POSITRONS IN VARIOUS

METALS

The comparison measuremenfs of the lifetimes of positrons
- in #arious metals was described in Chapter II, Section 5B(c),
as beins free of most of tle sources of systematic error that
plague absolute determinations of positron lifetimes in metals.
In summary, the following reasons were presented.for the im-
proved accuracies obtainable by comparative lifetime measure-
ménts: ‘

(i) Sinoe the game Na22 gource is emﬁioyed in both abéér-
bers, the unknown and the comparative, it need not be
moved, and so errors due to variations in the posif |
tioning of the source are eliminated,

. (ii) As the energy spectra of the radiations are the same for
both absorbgrs, there need be no concern about the
energy-dependent instrumental time shifts occurring in
the time sorter thus enabling the use of wider windoﬁs
in the side-channel analysers and hence higher coin-
cidence counting efficiencies.

(iii) The use of the one source and constant counter-source
distances assures equal count-rates in the two limiters,
and hence elimination of difficulties due to count-rate
effects; |

The last statement applies of course only when the gamma-
ray-attenuation is:the samé in both samples. The "sandwiched"

absorber method used by DeBenedetti and Richings (1952) ensures
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that such absorptions are the sane, by equalizing the total
gamma-ray absorptive material in both samples. If the source
is termed S, the sample A, a2 nd the reference material B, then
one source—absorbér unit is arranged in the form BASAB, and the
other in the form ABSBA. This procedure was also followed in
our set of measurements. The reference absorber used for these
measurements. was aluminum; for which the absolute lifetime of
posifrons had been determined (as discussed in Chapter IV),.
Because 6f the reduced errors characteristic of this method, the
éomparative measurements of positron lifetimes in metals could

10

be obtained to an accuracy of about 0.1 x 10~ sec or 4% of the

absolute iifetime in aluminum.

1. Experimental Procedure.

The experimental procedure involved was very similar to that
described in Chapfer‘IV, Section 1, for absolute lifetime deter-
minations. The same source-counter geometries were empldyed,
the same-Na22 source was used, and the same method of affixing
the ébsorber samples to the soﬁrce was followed. The annihi-
1étion gamma-ray window width was increased to six volts fbr
these measurements, however, to increase the coincidence counting
efficiency. ~ The thickness of thé metal absorbers required to
stop 0.56 Mev positrons werelobtained for a limited number of
metals from the measurements of Seliger (1955), and estimated
.for the.rest from the calculations of Nelms (1856). For most
metals, thése values corresponded to thicknesses between .010
and ,020 in., A series of measurements of about 14 hours

- duration were then obtained for the two absorbers employed in
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alternate fashion. The metal gamples, 1f not available in this
laboratory, weré obtained either from the UBC Metallurgy Dept.

or puréhased from a commercial supplier. Since the resolution
curves obtained were so very similar to eabh other, the thirty-
channel Marconi kicksorter was employed. There was no necessity
of gorrecting the results for truncation loss since these had

véry little effect on the lifetime differences measured.

2. Results.

The moments program of Appendix H was again used in conjunc-
tion with the Alwac computer for these calculations. As before,
the gain of the equipment was adjﬁsted for a kicksorter channel

width of about 1 x 10~1°

second. The results for silver,
nickel, germanium and tungsten are shown in fig 26, with the
centroids plotted iﬁ sequential corder. The scatter in these
results indicates a standard deviation of about 0.2 x lO-lO sec.
The results were thained either by determining the difference
between the mean values of the centroids for the two absorbers,
or by apvlying the least squares analysis of the type indicated
in Appendix G. The former was normally émployed when the
ceﬁtroid distributions (like most of those df fig 26) were
recasonably horizontal, and the latter calculation used when a
significant siope existed in the experimental results (as in the
nickel curve of fig 26) implying the existence of a SIOW elec-
tronic drift of the avparatus. The results for a variety»of'

metals are tabulatéd in fig 27, where the values are given in

the form AT * 4,0z ; AT is the calculated estimate of the
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lPaLiabium | 46 | 07= 10 ]
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increase in the mean lifetime of positrons in aluminum over that
in the sample material,

tf is obtained from Student'élt disfribution,'with n-1 degrees
of freedom (where n is described below), and enlarges the error
because of the uncertainty introduced by the small number of

measurements, and U% is the expected standard deviation of the
A

— e 'O’L
mean, A , calculated from LA ._# )" where & and n. are
n, kS

the standard deviation and number of measurements obtained for

the particular absorbers. If the number of measured resolution

z 8 'Y
. ) 1 _ 0,7« @, o
curves, n, is the same for both absorbers, then 07 = . " = = —

where O is the expected standard deviation of the distribution

of estimates of AT, The variances themselves were calculated
inif(f}-f)‘

from: o 7

Most of the metal samples were obtained from the UBC Van
de Graaff group, which had emplbyed such metals as target backings
at’various fimes. Their purities were estimated to be greater
than 99%. The purities of several of the metals obtained .

commercially are given below:

.026 inch thick Vanadium, 99,5%.
.030 inch Palladium, 99,9%.
.050 inch Gadolinium; | 99.9%.
.070 inch Bismuth, . 99.999%. -

The germanium was a .043 inch slice of intrinsic germanium cut

from a single crystal grown by the UBC Solid-State group.

3. Errors,
The errors quoted for these lifetime differences are all

statistical in nature, being derived from the variations about
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the mean which characterised a given set of measured values.
Other possible errors, of a more systematic nature, wéré also
considered.

(i) Time Calibration: An error of b 2% in the‘fime éali—

bration would introduce an error of + .01 x lO_lO sec

.| .
0 10 sec, Since

in a measurement of a time of 0.5 x 1
this error is less than one-fifth the statistical errors,
it was neglected as a significant source of error for
the comparative lifetimes.

(ii) Positron Flight Time to the Absorber: Since not all the
absorber surfaces were completely plane, slight variée
tions in the flight time of the positrons between the
source and the absorber due to small variations in the
distance travelled, were considered as a possible source
of error, To determine‘the magnitude of this effect,

a series of runs were performed using two aluminum
absorbers identical in physical characteristics, except
that one pussessed a .016 inch spacer around its edges
to maintain it at a distance from the source. The
other absofber was clamped around the source in the usual
fashion, The results of this set of measurements in-
dicated an increased lifetime in the "distant" aluminum
absorber of (.05 % .06) x 10710 gec. Since this value
is no greater than the errors quoted, and since the
variations in the source-absorber distance due to sur-
face irregularities was expecfed to be much less than

.0l6 inches, this error was also considered insignificant

compared to the statistical error.
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4. Miscellaneous Measurements:

As a check of the COnsistency of these short time measure-
ments with thoée of other investigators, a compafison measure-
ment between the lifetimes of positrons in aluminum and mica was
performed, Following the experiméntal procedure for the compa-
rative lifetime determinations in metals, a series of measure-
ments.émploying a mica absorber of thickness 175 mg/cm2 were

performed, yielding the value: (0.85 ¥ 0.1) x 10™10

sec for the
increased positroh lifetime in mica as compared to aluminum.

This result is in good agreement with the value of (0.7 ¥ 0.5)

x 10710 sec obtained by Bell and Graham, (1953).

| Several additional»comparative measurements involving the
metal samples were performed as checks of internal consistency;
(2) Since both the iron agd nickel samples yielded lower life-
times Tor the absorbed'positrcns than did aluminum.Aa comparison
meagurement between these two metals was performed. - The résulf
indicated that the_positron lifetime in iron is greéter than that

10

in niekel by (.08 % .08) x 10~ sec, in confirmation of the

earlier comparison measurements indicating that the lifetime of
" positrons is the same in both metals, viz. (0.30 ¥ 0.10) x 10710
sec léss than in aluminum,

(b) Since both the iron and cobalt samples were formed from
sintered powders, roiled to the appropfiate»thickness, the ques-
tion concerning the effect of the sample structure on the posit-
ron lifetimes might be raised, Thus, a set of meaSurements to

- compare the lifetime of positrons in the sintered iron absorber

to that in a sample of welding-steel were performed. These
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results indicated a shorter positron lifetime in steel by

(0.12 * .08) % 10710 sec, indicating that, within the statis-

tical error,‘there is 1little dependence of the positron life-

time in iron on the gross structure or method of formation of

the iron sample,
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CHAPTER VII

- DIS CUSSION AND CONCLUSIONS

1. Summary of Results.

‘These measurements show that the absolute lifetime‘Of,posi-‘
tfons in aluminum is (2.45 ¥ 0.15) x 10—10 seconds, with the
results strongly indicative of a pure, exponential decay'(seé
Chapter IV for details). Furthermore, measufements of the
relative lifetimes of positrons in a variety of metals (about
?] in number) compared to aluminum indicated the existence of
statistically-significant vorlatnons of the lifetimes in these:
metals, the values ranging from 2.0 to 2.75‘(xj10—lo sec), a
total variation of about 30% of the lifetime in aluminum." Our
value of the absolute 1ifeti@e of positrons in aluminum'is.inA

good agreement with the measurements of:

Minton (1959) who obtained (2.4 X 0.6) x lO-lO sec, and
“Gerholm (1956), of (2.5 Yo.3) x 10710 sec,
'but disagrees with those of:

Ferguson and Lewis (1953), of (1.6 ¥ 0.6) x lO"lo sec, and

Bell and Grsham (1953), of (1.5 £ 0.3) x lO_lO sec.

The last value given above (Bell and Graham, 1953) was
obtained by a guite different technique, described moré fuily'
on pg 53 , whereby the positrons themselves were used to define
the prompt resolution curve. This method lacks the symmetry
1nherent in the method of the other workers, (1nclud1ng the |
method described in thlk thesis) where gamma-ray detection is

employed throughout, in that one form of "radiation" (namely
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positfons) was employed in deterﬁining the prompt resolution
curve and anothervform, the annihilation gamma rays, for the.
delayed resolution curve. | |

Gerholm‘(1953) pointed out a number of possiblé sources
of systematic errors inherent in the method of Beil and Graham
(as deSCribed in more detail in Chapter II , Section 5C).

The results for the‘comparative lifetimes are also in
general agfeement with those of previous workers (with details
given in Chapter VI), except that the preseﬁt'results, with their
reduced errors indicate the existence of significant lifetime
differences which were masked by the large probable errors of
the narlier measurements. In addifion, whereas the comparative
measurements of Bell and Graham_(lQSS) appeared to indicate a
lifetime'aependence on the atomic number of the absorber, with
deoréaséd lifetime resulting from the use of an absorber of
higher atomic number, the results of Chapter VI failed to indi-
cate any such dependence (as may be observed by referring to
fig 26). The physical parameters of the absorber on which
these results do depend, and the conclusion that can be‘drawn

from them are described in the following sections.

2. Interpretation of Results.

A. Annihilation During Collisions with Conduction Electrons:
The details of this mechanism are discussed in Chaptér 11,
1Sectioh 2 (A aﬁd B), with the positfon lifetimes beine estimated
on the busis of the following theories:
(i) Annihilation of stationary (in reality, thermalised)

positrons with plane wave electrons of a momentum dis-
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~tribution given by the simple Sommerfeld free-electron
theory of a metal. In this case, the annihilation rate
of the positrons is expected to be proportional to the
conduction electron density, and is expected to be of
the order of (0.5 to 2.0) x 107 sec™ .

(ii) AvcollisiOnal annihilation process essentially identical
to that of (i), above, except that coulomb intefactionsn
between the positron and electron ére taken into account,
thereby modifying the electronic wave~functions so that
they can no longer be regarded as plane waves. In this
case, positron annihilation rates of about (5 to 10) x
109 sec—1 are obtained, with a devendence on the éonduc—

2/3

tion electron density (N} of something between N”

Nl.

and

The compatibility of these expectations with»fhe obsérved anni-v

hilstion rates (R) was tegted by examining a plot of R vs N,

In this case, only those metals for which the angular correlétion

results are in good agreement with the interpretation in terms

of annihilation with conductioﬁ electrons were considereq

(Groups A and B, below). The Lang and DéBenedetti (1957)

separétion of metals into three groups on the basis‘of measured

angular correlation functions waé used to determine the "good"

metals.,  The groups are:

Group A: (Li, Na, Be, Mg, Al, Gé,‘Sﬁ, Bi). These metals

yield angular correlation functions composed of
central inverted parabolas with small tails at

large angles.
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Group B: (Ca, Ba, Zn, Cd.). These metals again are charac-
terized by centrai parabolas, but have larger tails.
Their distinétion between Groups A and B is rather
arbitrary.
Group C: (Cu, Ag, Au, Fe, Co, Ni, Rh, Pd, Pt, W). These
metals éxhibit bell-shared angular distributions.
The observed annihilatioﬁ rates as a function of the conduction
electron density for the metals of Groups A and B are given'in'
fig 28. | |
| The solid line in fig 28 ié the expected dependence of the
coulomb—enhanced annihilation rate on the conduction electron
density as described by Ferrell (19%6), and discussed in mere
detail in Chapter.II, Section 2 B. From the data presented in
this figure, it may be concluded that the annihilation rate of
positrons is independent of the conduction electron density, at
least for those metals (Groups A and B) for which this inter-
pretation would appear to be valid. The failure of this
theoretical approach in explaining the observed positrén anni-
hilation rates in the Groups A and B metals suggests an exami—b
nation of the compatibility of the alternative mechanism, that

of annihilation from bhound positron-electron systems.

B. Pogitronium and Positronium Ion Férmafion:

On the basis of the assumpticn of formation of bound posi—.
tron-electron systems, the results of fig 28 are adeguately
explained. In fact, positronium ionhformation vwould seem to
be most consistent with the results, since the repulsion of the

conduction electrons by the excess negative charge of the ion
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(in other words, the production of a "charge hole" afound the ionj
would reduce the rate of annihilation of the bound positrons

with nearby conduction electrons, thereby strengthening the in-
depeﬁdence of the annihilation fate on the conduction electron
density. On the other hand, positronium atoms, being neutral

in charge, would not produce such a "chafge hole" with the result
that some dependence of the annihilation rate on the dénsity of
the conduction electrons in the vicinity of the positronium

atoms might be exvected.

C. Annihilation with Core Electrons:

A comparison of the annihilation rates of the various metalé
in fig 27 indicated that the Group C metals generally yield a
faster annihilation rate than the Group A and B metals. Group
C metals are also characferized by an increased pronportion of
high-momentum positrqn annihilation (Stewart, 1957, and Laﬁg and
DeBenedetti, 1957), an effect generally attributed to one or both
“of the following mechanisms (Lang and DeBenedetti, 1957):

(i) The ppsitrons, although thermalised, have a significant
zero-point motion because of their confinement in the
periodic potentiél of thé lattice (excluded-volume effect,
favoured by lang and DeBenedetti, 1957). -

(ii) The positrons annihilate with higher momentum 6ore
electrons as well as with valence electroné (favoured by
Berko and Plaskett, 1958). |

Although these effects were originally aprlied to colli-
sional annihilations between the pdsitrons and elecﬁrons, it

would appear that they are just as applicable for the case of
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positronium ion formation. In.this'case, effect.(i) would be
atfributed to a zero-point motion of.thé positronium ion itself.
This explénation, howéver, suffers from the difficulty of attemp—'
‘ting_to ihterpret the very high momentum pértions of the tails

of the angular cofrelation curves (correqunding to kinetic
enérgies of the ions of ten to twenty electron volts) in terms

of motion of the ion as a whole. Such an explanation is con~
sidered implausable because of the felatively low binding energy
of the positron-electron system (6.78 ev). If the lowér momen-—
tum portions of the tails are attributed to this éffect, however,
the relative number of these higher momentum annihilations would |
be;expected to be larger fof closer packing of the metal atoms.

: Ohe would not expect, however, (at least to first order) a depen-
dence of the lifetime of the ion on the atomic packing, since

the annihilation rate:of the ion is independent of its velocity,
and hence'éf thé nature of its physical environment, exéept, of
course, for the slight increase in electron density at the
pesitron resulting from the increased confinement of the posi-
tronium{ion in a lattice of smaller dimensions.

On the other hand, effect (ii) would predict a definite
dependenée of the annihilation rate on the size of the crystal
lattice because the probability for annihilation of the positrbﬁ;;; f
in the positronium ion is proportionél to the overlap of the .
.positron waye-function with the wave-functions of both its
associated elecfron, and the high-momentum core electrons of
the metal ions. Thus, on the basis of this interpretation,

an increased annihilation rate should result for those metals
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chafaéterized'by mdre closely-packed atoms and thus greater
penetrations of the core electrons into the region occupiéd by
the positronium ion.

‘Fig 29, a plot of the measured positron annihilation rate
vs the mean inter-atomic spacing for thé various metals suggests
the existence of such an effect. he measure of the "mean
interatomic spacing" used here is merely thé cube root of the“
reciprocal of the atomic density. As é result, however, of
the many different forms of crystal structure (face-centred
cubic,-body-centred cubic, hexagonal élose-packed, ete.), the
"space" available for the positronium system in a metal may
vary considerably even amongst metals of the same atomic den-
sity. As an example, the diameter of the largest solid sphere
that will fit in both the face-centred cubic, and body-centred
" cublec, structures is one of diameter equal to the lattice con-
stant minus the metal ion diameter, whereas the density of
metal atoms per unit cell is ﬁwice as large for the face-centred
cubic as for the body-centred cubic structure. Therefore, for
metals of the same atomic density, thdse with face-centred
cubic lattices have slightly larger unit cells (and therefore
more "room" for a positronium ion) than do those with a body-
centred cubic structure. If this interpretation of the
mechaniém of positron annihilation is at all meaningful one
should expect a more significant dependence of fhe various
annihilation rates on some measure of the unit cell size, such
as the lattice constant. The next figure (fig 30) iilustrates

a plot of the annihilation rate vs lattice constant for the
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metals investigated. The standard errors shown on all the
figures in this section indicate the uncertainty in the annihi-
lation rates in the metals concerned as compared to tﬁe ahnihi—
lation rate in aluminum. The total error for any indiVidual

-1 standard

point should include, therefore, the 0.25 x lO9 sec
error of the estimate of the annihilation rate in aluminum. -
- The fact that the scatter of the measﬁred values is much smaller
for this figure than for the previous one serves to indicate
that the positron annihilation rate.is-mére dependent on the
lattice size than the mean interatomic spaéing. Both these
plots (figures 29 and 30) serve also to indicate that
DeBenedetti's Group A and B metals afe, in fact, those with
relatively large interstitial'volumes;-whereas the Group C metals
are those characterized by s?aller interstitial regions, an
observation consistent with the interpretation of the high-
momentum tail in terms of a "pick-off" annihilation between the
.positron in the positronium ion and the core electrons, as des-
cribed above. In fact, on the basis of the relative positions
of the metals in fig 30 with respect to the DeBenedetti group-
ings, gadolinium would be expected to yield an angular corre-
lation function descriptive of the metals of Groups A and B.

Phe values for the lattice constants used for fig 36
were obtained from Seitz, "The Modern Theory of Solids", (McGraw-
Hill Book Co., 1940), First Edition, pg 4. For metals with
‘body-centred cubic and face-centred cubic lattices, the
lattice constants were obtained directly from the tabie in Seitz.

For the case of hexagonal-close-packed structures which are
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_ characterized by two different lattice constants, a and. c,
however, a rather rough approximation was used. Since the =
largest solid sphere that can fit in this lattice is one of
diameter somewhere between a and ¢ for the values characteri-
.zing most of the metals, a simple arithmetic mean of a and c was
“used as a measure of the "effective" lattice constant for>fig 30.

A possib;§ dependenceof the observed positron annihila-
tion rate on phyé&cal characteristics of the metal other than

‘those of density and laftice constant (as illustrated in figs

- 28-30) was also éxamined. Neither the fractional ionic volume
(defined by the ratio of the total ionic volume in a unit cell
to the volume of the unit cell)nor thé average densify‘of outer
core electrons of the'metal ions, for example, yielded as strong
a dependence as that of fig 30. For the body-centred cubic and
face-centred cubic metals on the other hand, somewhat less
scatter than that indicated in fig 30 resulted whep a gorrection
“to the abscissa of fig 30 for the finite ion diameters Qas in-
cluded by plotting the positron annihilation rate against the
.lattice constant minus the metal ion diameter. The scatter in
fhe experimental points was reduced for all the metals of Qpe
lattice structure defined above, except for the fhree metals,
copper, silver, and gold. A possible explanation for the
deviarions observed for these three metals is given on pg 147

of this chapter.

D. Experimental Estimate of the Lifetime of the Positronium Ion:
"Assuming the existence of the positronium negative ion in

these metals, the lifetime of such a bound system can be esti-
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matéd from the seven measured positroh lifetimes in the Group A
'znd B metals on the assumption_that the fraction of core electron
(pick-off) annihilations to positronium ion annihilations is
given by the ratio of the intensities of the gaussian angular
correlation component and the parabolic component (obtained from
the data'of Lang and DeBenedetti, 1957). That is, assuming that
the total_probability for annihilation, Pt’ is given by:

P + P

t = Pion p-0 ,

where Pion is the characteristic annihilation rate for the nega-

tive positronium ion, and Pp—o is the annihilation rate for the

- pick-off process involving annihilation of the positron with the

core electrons, and further, that Pp—o//Pio - Ag/Ap, the ratio

n
of the gaussian component to the parabolic component in the

" : . D _ -1
angular correlation work, then P, = =P, Pp—o = Pt(l + Ag/Ap) .

The results of this calculation fof the seven metals (Zn, Al, CA4,
.Sn, Bi, Pb, Ge) yielded a mean value fof the annihilation rate
of the positronium ion of: (3.16 ¥ 0.10) x 107 sec-l, whére the
error gquoted is the statistical standard deviation of the mean.

inclusion of the standard error of the annihilation rate for the

reference metal, aluminum, yields: (3.16 ¥ 0.27) x 109 sec_l,

corresponding to a lifetime of (3.16 to0.3) x_lO"lo sec. This

is in good agreement with the theoretical mean lifetime of the

10

positronium ion of (3.26_i 0.35) x 10" sec (Ferrell, 1956),

If, instead of the ionic state, annihilation from a
positronium atom (with rapid electron exchange) is assumed, a:
large discrepancy exists between the measured lifetime and the

10

theoretical value of 5 x 10~ seconds (Garwin, 1953). A
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modification of the 6rder of 35% would be required in the theo-
‘retical estimate of the annihilation rate for the singlet posi-
tronium state before consistency with the experimental results

could be obtained. ' ' N

'E. Effect of a Magnetic Field on the Angular Correlati‘on
| Results. v
In some ferromagnetic metals, Hanna and Preston (1958)

observed a small enhancement of the two-photon annihilation rate
when an external magnetic field was applied in a direction ten-
ding to align the electrons of the metal in a direction aﬁti—
parallel to the polarization of the positrdn. This enhancement
was'only observed, however, for those positron-electron pairs of
relatively high momenta, thé low momenta pairs being character-
ized by a slight‘decrease in the number of two-photon annihilé—
tions. |

In terms of the model of positron annihilation presented
‘above, this effect is attributed to an enhancement of the pick-
off annihilation rate of the positrons with aligned core elec-
'troﬁs of the metal. This interpretatibn does require.the N
assumption that the initial direction of positron poiarizatioh
charactefistic of the incident positrons is retained by many of
" them even after being captured_into bound positronium ion
systenms, thusvresulting in the fdrmation of positronium ions with
the positrons predominantly aligned in one direction. The
application of a magnetic field would not be expected to affect
the annihilation rate of the ion itself, because the two elec-~

trons form a closed shell, thus preventing the occurrence of any



=142~

net alignment of the spin directions of these electrons with
that of the positron. If a pick-~off annihilation process is
assumed to exist then, the two-photon annihilation rate would
éertainly be expected to increase when the spin directions of
thé core electrons were aligned antiparallel to those of the
positfons because of the increased singlet hature,of ths wave~
funetion of the annihilating pair. An enhanced annihilation
rate with the core eiectrons would also result in a decreaseﬁ
number of annihilations from the ionic state,li.e. Pp_O/Pion
and thus Ag/Ap would increase, an effect in agreement with the
observed decrease in the number of two-photon anﬁihilations of
low positron-electron momenta. Furthermore, the resulté of
fig 30 indicate a much reduced "pick-off"'annihilation rate
for gadolinium than for iron suggesting a relatively small
wave-function overlap with the core electrons. Thus, the two-
photon enhancement effect at high positroh-electron momenfa
would be expected to bé correspondingly smaller for gadolinium
as compared to iron. This expectation is also in complete
agreement with the fesults of Hanna and Preston for gadolinium
cooled to -100°C. At this temperature.gadolinium is strongly
ferromagnetic, yet the results failed to indicate any signifi-
cant enhancement effect at all, either in the wings or in the 

central peak of the angular correlation function.

3. Suggestions for Further Measurements.
In reviewing the metals that have been émployed in this

investigation, it can be seen that those metals characterized

by compact crystal lattices are well represented, whereas those
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of larger lattice spacings are somewhat few in number. It
would therefore be of interest to measure positron lifetimes'in
the metals:.strontium, calcium, silicon, and barium, all'(except
silicon) having been investigated in angular correlation
measurements according to which they héve been ciassified as

. Group A or B metals. These metals are also distinguished in
having lattice constants in excess of five angstrom units and
thus should be characterized by meaﬁ’lifetimes between 2.50 and

10

3,00 (x 107" seconds). Calcium and silicon, in particular,

(from a comparisbn with fig 30) should lead to positron life-

times of 2.7 0 3.0 (x 1010

seconds). The fact that these
metals have been classified as belonging to Groups A or B,
~indicative of a low intensity of core electron annihilations, is
further evidence in support of this prediction.

Since many of the rare-earth ﬁetals are also charac-
terised by large crystal lattices, they should also be inves-~
tigated in detail, both with regards to l;fetime and angular
corrélatibn measurements. Althougzh most of‘them-have lattice
structures very similar to that of the rare-earth metal studied
in this work, gadolinium (with a hekagonél, close-paéked struc-
ture; a ~ 3,5 AO, and ¢~ 5,6 AO), there are two or three of
them with quite different lattice stfuctures. Samarium, for
example, has a rhombohedral lattice with the lattice constants,
a = 3.6 Ao, and ¢ = 26.3 A°, Europium, on the other. hand, has
a body-centred cubic lattice of lattice constant 4.6 A°, and
ytterbium is characterized by a face-centred cubic lattice of

lattice constant 5.5 A°. Thus, on the basis of the model

presented here, one should expect very similar results for
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ytterbium as for calcium, since calcium also has a face-centred
cubic lattice of 5.5 A° lattice constant, and in addition an
ionic radius almost identical to that of ytterbium, viz. 1.00 A°.
More accurate measurements of the absolute positron life-
time measurements in the metals with large crystal lattices
should also yield a bettef experimental estimate of the mean
lifetime of the'negative positronium ion. Gray tin in parti—
cular, the crystalline phase acquired by normal white tin after
prolonged exposure to temperatures of therordér of —40°C,.has
probably the largest lattice constant of any metal, viz. 6.46 Ao,
and should therefore lead to a positron lifetime of about 3.0 x

lo—lO

seconds. It would, in fact, be interesting to attempt to
detect a difference in the mean lifetimes between white and gray
tin, in order to test the dependence of the positron lifetime
on the nature of the crystalline state.

Two other metals of interest are lithium and potassium.
These metals have extremely low conduction electron densities

(1.3 x 10°° 3

electrons/cm for potassium, a value 1/13 of that
for aluminum), whereas their lattice constants are effectively
the same as those of most other metals; -lithium, for example,
has & smaller lattice constant than aluminum, viz. 3.50 AO,V
while that for potassium is almost as large as germanium, viz.
5.33 A°. A check of the annihilation rates of positrons in
these metals compared to the expected‘rates from fig 30 in terms
of the lattice constants only (independent of the Qonducfion.
electron density) should offer a quite exacting test of the |

present interpretation of the annihilation process. A test of

the dependence of ﬁhe annihilation rate on the crystalline
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structure should also be detectable using some selected alloys,
those, for instance, which change their crystal structure when
a particular concentration of the'solute metal is reached. An
investigation of the details of positron decay (both the devel-
opment of a parabolic angular correlation function and the
development of the single short positroﬂ lifetimé) as a metal
is allowed to change its state from a high-pressure gas to the
liquid and solid states should also be very useful in shedding

more light on the mechanism of positron annihilation in metals.,

4. Conclusions.

The results for the positron lifetimes in metals indicate
a simple, exponential form of decay of mean lifetime varying

‘between 2.0 and 2.7 (x 10710

sec), depending on the crystalline
structure of the metal absorber. The value of the lifetime is
attributable to the formation of a positronium ion (a bound state
of a positron and two electrons) in.a time small compared to the
positron lifetime, which then decays with its own chafacteristic
lifetime. A decrease in the measured lifetimes in metals of
more compact lattices is attributed to a form of "pick-off"
annihilation with the core electrons of the neighbouring metal
ions. The relative number of core electron annihilations to
the annihilations from‘the bound étate itself, is indicated by
the degree of enhancement of the annihilation rate as mentioned
earlier, and by the relative intensity of the high—momentum
component in the annihilation gaﬁma ray angular correlation
curves. The angular correlation results for many of the

trangition metals of Group C are difficult to interpret in
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detail, because the relatively large overlap in the wave-functions
of the 3d electrons between the various atoms in the crystal
results in the addition of a significant number of these elec-
trons to the valence band, thus complicating the analysis of the
measured momentum distributions in terms of the simple Sommerfeld
free-electron mddel. The angular correlation results for the
Group A and B metals indicates a momentum distribution of the
positron-electron pair essentially identical to that Qf the con-
duction electrons. This can be interpreted in terms of the
existence of a rapid electron exchange mechanism between the
electrons of the positronium ion and the conduction electrons,
probably resulting to a large extent from thé significant overlap
that must exist between the electronic wave-functions of the
positronium ion electrons and the valence eleqtrons of the
surrounding metal atoms. This picture of the annihilation
mechanism receives further support from the agreement between the
observed and theoretical values for the mean lifetimes of the

~ negative positronium ion. it is considered that the model
described here is appropriate for nearly all the metals inves-
tigated in this work, because the ratio of the metal ion to unit
ce’l volumes are characteristically less than 20%, indicating a
relatively small dependence of the space available for the
positronium system in the lattice on the volume of the metal
ions. For the three noble metals, copper, silver, and gold,
however, this ratio lies between 30% and 65%. In fact, Mott

and Jones (1936, pg 174) describe the noble metals as "consis-

ting of ions for which the closed d shells must be regafded as
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touching". For these metals then, an interpretation of positron-
annihilation not in terms of the formation of positronium, but
rather by direct collisionai annihilations with the conduction
electrons and some of the 3d electrons aé suggested by Berko

and Plaskett (1958) may be the more correct approach.
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" APPENDIX A.

POSITRON ABSORPTION IN THIN ALUMINIM FOILS.

22 positron 1053 in thin aluminum

An estimate of the Na
‘foils was obtained by the method of Hatcher, Millett and Brown
(1958), whereby the source of p031trons was covered with thin
sheetSvof aluminum of the appropriate thicknesses, and the whole
arrehgement:eovered with a teflon absorber.  The decrease in
the‘intensity of the long-lived component of positron annihilé-
tlon in the teflon produced by 1ncreas1ng the thlckness of the

aluminum is a measure of the absorption of the positrons in the

aluminum. The fractlon r of pos1trons annihilating in the
| F(x)
fe ()

wheree£00 is the intensity of the long-lived component of the

foils is given by: |-r= (Hatcher et al, 1958),
positrons in.teflon, andvTibﬁ is the intensity after the seurce.
. has been covered by the extra aluminum. " Phese rativeg - were
calculated by summing the same fifteen channels on the tailsvof
the delayed reeolution curves for the various thickness absor-
bers (after first subtractingithe random eoincidence backgrounds).
| Because of the very significant dependence of the fraction
of_back;scattered positrons on the atomic number of the abeor-
ber; these values are expected to be only very approximate for
‘heavy elements, but should be fairly close for light elements of
atomic nqmﬁer about that of the‘mean for teflon.

The Nagz.source used for these measurements was the 0,5

mg/cm2 collodion-backed source. The delayed resolution curves

for'several thicknesses of absorber are shown in fig %1.
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The experimental values of r as a function of the absorber
ﬁhicknesé are illustrated in fig 32, The point indicatedlby the
letter 'A' is a check of the value fdr .0007 inches of aluminum
obtaihed by fepeéting the whole procedure eight months latér,
with modified cirecuitry in fhe equipment.

The results for small absorber thicknesses indiéate avpoéi- ’
tron absbrption of about 10% for a .0002 inch aluminum ébsorber,
a vélue.significantly smalier than that measured by Hatcher et
al (1958) of (18 £ 5)%. Possible reasons for this discrepancy

are described in Chapter IV, Section 1C(a).
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APPENDIX B.

- TRUNCATION LOSS.

A Discussion of the Errors Introduced info-the
Estimated Moments of Decay Distribution Curves
when an Insufficiently large Range of the Abscissa
“of the Resolution Curves is Considéred, i.e. YWhen

the Resclution Curve is Truncated at Some Point,

Considering the coincidence resolution curves illustrated in
} fig 19, the error introduced into a caiculation of the first two
moments of the positron deday distribution due to a neglect of
the portion of the curves.to the right of the dashed line, T,
.is treated in this appendix. | | |

The correction.term necessary %o cérrect the calculated
‘moments'(using truncated resolution curves) was determined from
a detailed analysis of the‘delayed and prompt resolution curves
| ‘obtained using the 100 channel kicksorter.. Use of this kick-
éorter enabled measurements with a sufficiently extensive range
of channels that nb truncation corrections were necéssary in the -
resulting moment calculations. . However, truﬁcation errors were
introduced, and their effects determined, by computing the
moments of the curves as a funcfion of the channel number des-
cribing the point T (fig 19). The fractional number of counts

contained in the truncated tailidf the resolution curve compared

to the number of counts under the whole curve was also obtained
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as a function of the value of T.  With this information, then,
'a truncation correction for the experimental moments (obtained
using the 30 channel kicksorter, for example) was plotted as a
function of the "truncation loss" in the number of counts recor—v
: déd (figs 3% amd 34). "Truncation loss" was used as .the depen;
dent variable because it could be determined directly from
measurements involving the 30 channel kicksorter by determiﬁing
the ratio of counts contained in the thirtieth, fo?erflow"
channel, to the sum of the counts in all the channels. The
ttrue! mqments could then be obtained from the 'observed' moments
by abplying the correction corresponding to the meaSﬁred trun-
cation loss.

The resulting curves for:

(i) Truncation éorrection for the measured méans, andv
(ii) Truncation correction for the measured variances,
of the positron decay distribution are iﬁdicated in figs 3% and
34.

The 'true' moments are obtained by using the following
relationships:

'"True' mean = (1 - gm)-l x ('Observed' mean)

'"True variance = (1 - gv)—l x ('Observed variance)

The dashed lines shown in figs 33 and 34 aré rough theore-
tical eétimates of the corrections Em? and 8y and are given
primarily to indicate that the experimentally—determined_s.
corrections are quite reasoﬁable in their absolute values and in
their dependence on the truncation loss.

The theoretical value was obtained assuming that{
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t

(i) the delayed resolution curve was a pure exponential,
At
Ae -, and
(ii) the prompt resolution curves were effectively zero over

the range considered.

-A- Thus, the "truncation loss" in the recorded counts due to
a truncation of the curve at a time T, is:
~ A7,
” = f\fxe*xf = e

~-B- Ratio of the 'true' mean to the 'observed' mean, where the

true mean = 1/A. f _,\t -7,
The 'ob ar _ "'"> — )‘ te _o Lo, ~-%. .
e 'observe mean =\t) = j° — ‘A TZT??
: ~Aey \~!
and the 'true' mean _ AT, e
'observed' mean 1.. I I = [~ e A% .

The dashed line of fig 32 is a plot of g = -I"z,)( [ » Vvs 7.
- L

-B- Ratio of 'true' variance to 'observed' variance, where the
‘true variance = 1/,* Te .,
f_tl "(" "'—\Ta b ‘}3'32,
X o e Eadhd 2' Ltoe . ’C:‘ e
ATeatt T AT Mi1-2¥) 1-aP
) _

The 'observed' second moment = {t*) =

So the 'observed' variance = oecond moment - (flrst moment)-z =
AT,
- 'L —~ e ( ”&’r) ) .
- -1
Thus, the 'true' variance -%,

' 1 y : = = — )\‘t'o) __Q_.____
: observed' variance I ( e
- gv (1 - &%)

- In Y
.where gv = /7(_% .
\i-7
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APPENDIX C.

RESOLUTION CURVE ANALYSIS.

‘Newton (1950) analyeed the effect of a finite instrumeﬁtal
resolution time on the measurement of short time delays. in
particular, the detection of pairs ofbradiations emitted with
a relative time delay described by a probability distribution,
f(t), yields an experimental "delayed—coincidence" resolution
curve: F(t) related to P(t) by a "convolution" 1ntemral
F(T) = .[f(t (T t)dt, where P(t) is a "prompt” resolutlon
curve produced by the instrument when the detected radiations

were emitted  simultaneously.

(I) Bay's General Analysis
1 v

Bay (1950 and 1955) showed generally that the n®? moment of
#(1), M[F(1)], where P(T) is defined by:
F(1) = 'ff(m(cn t)at, is: -
w(F(1)] = () m“n)[P (2] u o]
~The various moments of f(t) can therefore be determlned from
fhe measured moments of F and P by the following relations:
(1) w(E) = w0 [g] + wOle]i )
Noting that MO[Q]— fx Q(x)dx = 1,

we have: l[f} M [F] - MI[P] s, in agreement with the results

of Newton (1950)

(2) ¥2[F) = w2[p] + 2ul[Pui[c] + w?[¢]
If we.now consider, in particular, moments about the mean,

writing M'[F] as the o™? moment of F about the mean, Ml[F},
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then M[Q) =
and ’1'12[1*‘]_ =m2[P] +M°[F]
or: W) =mIr) - W[l

(3) Similarly: ’ﬁ3ffl =m[r] -wL[P]

The corresponding relationships for the higher moments are
obfained in a similar way, bﬁt contain additional cross terms,
eg.

WF] =Ml + [P [£]) +WO[1].

(II) Symmetric Curve Analysis:

A radioactive source is assumed to emit pairs of gamma
rays, % , and 7, , where % is emitted a short time, t, after
7 , with a probability distribution of f£(t)dt, for t > O,

and 0, for t ¢ O.
The detector biases are assumed to be adjusted so that the
relative number of detected coincidences of the type:

(a) 7; detected by counter (1), and 7, by counter (2) is = g, and

85

’

(b) 9, detected by counter (1), and 7} by counter (2) is
where g1 + 8 = 1.

For the discussion of part (I), g, was assumed to be 1, and
For the present case the apparent decay distribution of the
source is of the form:

£5(t) = g £(t) + g,7(-t),
so that: M %] = ftf (t)at = g, ftf(t)at + g, ftf ~t)dt
gl ft £(4)dt - gzjtf(t)dt = (gl-cr ywe].

Similarly: M [fx] = f(t -t) £Xat

= [£] + {l —(gl-g2)2} {M [ £ }
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. _at
For the special case of an exponential decay, ie f(t) =DMAe
] = 1/, =7 , andaW[f] = (1/a)% =22,
so: m*] = 2% + {l ¥ (gl“b2)2}
and: ¥ = hl(ft'zd] /Z '
: 1"(3:'91}1
If we consider the two special cases, (a) g, =1 &, = 0,

(b) &) =8, =%,
then, for the first moments, (using the results of (I)), we
obtain: (a) 7 =_,M1 [fx]= Ml[F] - Ml[P]

) ue] = wlfr] - wlp] = 0.
and for the second moments:

() v LT - ”m-%‘fpﬂ'"
(b) 2= ZJH [t ]} z (#2171 - —)J)

: (III) Determlnlng the 'VIean Lifetimes of Radioactive Sources

Without Using a 'Prompt' Source.

Two radioactive soui'ces, both described by an exponential
~decay, one of mean life: Tf , and the other 7, , afe assumed to be
megsured by a fast coincidence circuit; yielding the experi-
mental delayed resolution curves: Fl(’l‘) and FZ(T)’ respectively:
Now, from (I), M[f;] = 7 = wl[r,] - u'[p]

| w'fr,] - wtpl,

So:v 'L'2-— ’tl = Ml[Fz]— VllfFl] = a measured value, G. (1)
Similarly, from'h@[f‘-;} = .2 =h2[p,] _’);,?[P] j= 1,2

we obtain: ’1’22 - le (T, +5)(T, -”C) _7)\,2 2j ')nf[F

and M'£,] =7,

(2)

and dividing (2) by (1):
(v, +7) =w[r,] - W[z ]
M[r,] - ¥[F ]

= another measured value, G2.
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% (G2 - Gl)

w2
o]
_
i

and: T, = * (G2 +'Gl)

(IV) Calculations of the Moments for Various Forms of f(t)

| In the preceding examples, various characteristics of the
experimental resolution functions were examined on the assumption
of either an exponential or a general decay distribution dharac—
terizing the source. In this section are listed the results
of determinations of several moments for an assortment of types

of decay distributions, f(t).
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APPENDIX D,

SPINOR FUNCTION QF NEGATIVE POSITRONIUM ION

Problem: To determine the ratio of two-photon to three-photon

emission from the positronium ion.

Since the annihilation of a positron creates a number of
gamma rays in a guantum state with integral angular momentum, a
fepresentation of the spinor function of the positronium ion as
‘a linear combination of such»eigenfunétions would facilitate
calculation of the relative numbers of photons emitted per
annihilation. Let the spinor functions defining the individual

positron and electrons be:

_ (“pyfp) for the positron, and
01“19) ) for the two electrons.
(atl/-)

These three spinors may be combined in the.following way to
produce spinors which are eigenfunctions of the angular momentum

operator.l

%
lx”“‘ = gy ‘
"’ : é . 7
X = g5 [eritn e e o pro]
l-XB/ - ,_J—. . o 3 . 3 A . .
Y P,p, Lf/FOQFL'*u?/;ﬂl Symmetric spinor

"/zx configurations.
34 = /3",/3 By

K
X} V"'[O‘lﬂv{ﬁ‘f‘dszﬂlal—lppo»wt]

ua)(bi dr‘[f%/’““*ﬂﬁ’"/gx“l “f{’ 3 ]

1 ° Schiff, L. I., Quantum HMechanics, (McGraw-Hill Book Co., Inec.,
Toronto, 1949) First Edition, pg. 229.
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Vo gz [ g
Wz Lo - e

However,
be antisymmetric with respectito
(1. and 2), and since the spatial
ground state, is symmetric (this
the spinor portion then, must be
pair of functiqns given above,
N, = 5 lan, fr=appie, ]

Y - 7’{' [ ol e = e /s,]
corresponding to a total angular

Following annihilation, the

- product of two spinor functions,

Antisymmetric spinor
configurations. -

since the total wave-function of the system must

interchange of the two electrons
part of the wave function, a ls
wave-function is given on pg 34),

antisymmetric, viz. the final
and
momentum of +%

final state is represented by a

one a spinor corresponding to a

total angular momentum of quantum number 1 or O (representing

the emitted gamma rays), and one

resenting the recoil electron).

of angular momentum of ¥%(rep-

As a result, an expansion of

the initial state in terms of a linear combination of the spinor

functions of the final state is desired.

If the reéoil electron is defined to be the second eleciron

(the two electrons are indistinguishable), then.ta\%.can be

. - ' tlo0 °
expanded in terms of %1, Ba, ’ CP: , Po

4
where P, = o, «,

@7 (wpp- gpe)
-._CP‘ s Fr’/-’/ .

n

[

('PD = 'T;fzdffgl -—/SFQ’I),
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Thusvwe obtain:

g [ A - - ]

- l{/l

K W7 e - 3.5 - ;‘"’*O‘p"] |

4

The fotal spinor function of the ion is now composed of an
admixture of triplet and singlet spinor functions occurring with .
the same relative weights as those charactefising free positron—
electron collisions of random relative orientations:
(i) a triplet state of J = 1, and m value of ¥ i occurring
ﬁith a weight of %; |
(i1) a triplet state of J = 1, and m = 0, with a weight of
+, and |

(1ii) a singlet state of J = O, with a weight of 4.
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APPENDIX E.

EFFECTS OF (a) SIGNIFICANT POSITRON STOWING DOWN TIME, or
(b) SIGNIFICANT BOUND STATE FORMATION TIME,
ON THE RESOLUTION CURVES.

Problem: It is desired to determine the nature of the apparent
decay distribution, f(t),'for the situation described by:
(a)‘annihilation of the positrons from some state S with a

.probability diétribution: Aé*t y with the condition that,
(b) the annihilating state, S, is formed at a time t to t + dt

with a probability po(t) dt.

Thus, this description can be applied to:
(i) Thermalised positron annihilation with free electrons with an
anmihilation probability given by the Dirac cross—sectibn,_thus
leading to an exponential decay as indicated in (a) above. The
effect 6f a significant-thermalisation time is included in the
pf(t) of part (5).
(ii) fositron annihilation from a positronium ion state, S, is
descfibed by (a), above. The effect of a significant formation.
time for the positronium ion (the formation time including both
positron thermaiisation time and electron capture times) is
contained in the function pf(t).

. Now, the total probability for annihilation of the positron
in a time t to t + dt after the instant of emission of the posi-

tron is: N
~A(#-Ti

+
- A 4 ) AT
$t) dt = [S“?F(g; ) e o(flzu = Je ,,({! pime de
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The first moment of f(t) is:

3

Slennwd = S+ ' [50)]

Slmllarly, the second moment of f(t) is:
~at7

M*[t] = )"‘Ae Lff’; \?')o- u("_j dt Again, integrating
by parts, o0

1ra]- !(t%—l;—-o- %)fﬂf) dt = Ml[f:(*}]"‘:;l"l‘[h(f)}+ 7/,\‘

' it —}.-{F , v AT i
M[t] = t)e L:’(Pp"/e d'r]olf . which, on integrating by parts,

The second moment about the mean is therefore,

%lz;:'(fﬂ: /\111{:?‘*]—] - {M'[:#L,f{]}l'

Thus, Oﬂz [.F (f)] . %1 [Fi (f)J + VAt

Alternatively, these results could have been obtained directly
from the equations of Appendix C by noting the equivalence.

between

) (- -]
'F(‘b) 5‘9; (?/)\eh(t i t’ = J Pr (-r)j (t—'t} A

where po(¥) = O for 't;jo
~a{t-

and g(t -7T) e <t

I

>
= 0, for >t .
o0
and the function F(T) = J £{¢) Plr-2)dt

P

‘given at the beginning of Appendix C(I):
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- APPENDIX T,
THE EFFECT ON THE POSITRON DECAY FUNCTION, f(t), OF

A SIGNIFICANT LIFETIME OF THE 1.28 Mev STATE OF N822.

The decay scheme for Na®? is indicated in fig 16.
. Apt
Let the actual positron decay function be: )\, e £
' , “ApE l
and the gamma-ray function be: A,e

B decay — =T >,
A o ' -+ t
, 8
. [}
emission - +
r o 't7' >¢

If the case of a/‘ decay in the time t4 to ta+ dt, and a
{ {

gamma emission in the time t,. to t,.+ dt is considered, the

measured time delay between them is T = t(g-—t;-. The probability

that these two events will occur as described is:

! ~Apts Mt
Pt = Nohm @00 Ty, o8,

where: | yt,|= [dt,] = [dels 1dTi _
~AsT ~(Aat)rit

; : I I » ,

On substituting for t(,,: fr)dt, = /\(, Are e At dt5e

and the total probability of a positron decaying T sec after the

emission of the gamma ray is:
w, y kar -)PTJ
F(+)¥l o‘f(- e )\(b"'xr
But the positron may also annihilate before the emission of the
gamma ray, i.e. T may be O.
For this case, however, since tF cannot be { 0, ‘then only that

time interval for tr from +]7i toe may be considered. In other

words, since t)_: -t/j - T and so equals -T when t{,= 0, then t?, must

“be > -T. o )
As A »l
_ PR = Lo
Thus £(T_)AT = jf (T) dt, xorin © AT |
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~hqt
x;a X?‘ e fid £

That is: £(t) = X +A, , t20

-

; - art
Xe Ar : r , t <0
AptAnr
In the 1limit of M\, o2 (that is, a negligible 1.28 Mev life-
~Ag ¢
= :\/36 T, 20

time compared to l/)‘(J ) then f(t)
=0, t<@ , as expected.
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APPENDIX G.

"COMPOSITE" LEAST SQUARES ANALYSIS OF DATA.

In the comparative iifetime measurements illustrated in
fig 26, it is desired to obtain the best estimate of the
differences of the lifetimes of the positrons in the two metals.

Let the data of fig 26 be represented in the form shown in

\
the accompanying diagram: Y{ },\.\ (2. ..)
\» ‘!\.«‘/ () Y;'
) O Tl o
The constant difference, AT, T W, .
o .\_l\ //'(xl'; Ye ""}

between the lifetimes is “\\j“\\

SURN
defined to be c. ™~

>

x

The problém is to determine the best straight-line through
the composite points (y; and yi + c¢)(since the same instrumental
drift should apply to both sets of points) in the cusfomary
least-squares fashion, and also to obtain an explicit estimate of
the unknown constant, c.

"If the number.of points of (xi,yi) is n', and the number of
points (x;,¥y) is n", where n = n' + n" and the best linear fit
is ¥y = mx + b, then the total squared error is:

. — 3 ! 1
€= Si(yi-mu~8)+ 22 (%' - myi-b+ %)
. allroa'n'fs }'i‘

where: ' “—r,
Z;n = Z:x/f‘Zan-'

Now, setting €% _ Q&'  2¢

- B
Am 2b de
equations are obtained:

(1) mIxteb3x ~cZ'n;= Zxy
(2) mIx;+bébrn ~cn' €2y,

3

=0 » the following three
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' . LI
(%) MZ’)‘: +bn ~—cr = 2 Ye
By solving this set of simultaneous equations, the line y = mx + b

and also the constant, ¢, can be determined.

Special Case

For the special case of very little experimental drift, m o~ O.
' P 4 s ) < . : i
C = n 2)4' n z Y. h‘ 2};_ — n' Zlﬁ' n 2 e - h'Z\/..'

-—

h' (w-nY n (n-n') n'ln-n')
g .' 1 " 2 1
= i}’f -~z e - E'Yl. = 2 YL" — 2)”;"
h- n! ' n' n' ,'I.

which is merely the difference in the mean values of the ordinates

of the two groups of points.
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APPENDIX H

COMPUTER PROGRAM FOR CALCULATION OF MOMENTS.

The program used for the calculations of the moment of the
coincidence resolution curves is given below,.

With the program in the working channels, the computer is
ready to receive a series of four digit numbers (positive, deci-
mal integers), such as a series of ordinates of a resolution
curve (in proper sequential order). .These four digit numbers
must be separated by one charécter, either a 'space'! or a
'carriage return'. At the termination of the sequenceiof
numbers, indicated by altering the form described above (e.g. by
inserting a 'pericd' or other character, other than a 'space' or
" 'carriage return', after a four-digit number), the computer types
out the following'symbols and numbers:

m3 (third moment about thelmean)
2. (total number of counts, i.e. the sum of all numbers in
the sequence)
m (the first moment of the sequence)
ss (variance, or second moment about the mean).
The progfam is called into the working channe1s4preﬁaratory to

an analysis by the call letters: "al20 carriage return"



al04
00000000
00000000
79041160
T90££785
5b137900
111607912
£7855b16
79051160

'alld4
81202800
£144313%2
61004900
e701%200
61024902
©5003200
61034903
e500bd04
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00000000
00000000
791af785
5b1e7907
1160791d
£7851120"
00000000
5a05a05a

c5043800
6114901
2800301
19311124
651b19b5
11244102
28008311
eb00c¢505

00000000
00000000
5444180
0311060c
5444000
02070209
5465900
0%0e0491

e702eb00
c506e702
eb00a301
c50b4103
2800a311
eb00c503%
bf06c507
41042800

00000000
00000000
00000000

5491400

05000094
00000003
0000005b
00000001

a311eb00
c5044103
e702eb00
e71l7bf0b
29326504
490477904
£785871f
5001108
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