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A B S T R A C T 

Positron lifetimes i n a variety of metals have been measured using 
a high-stability t ime sorter developed in this laboratory. This instrument 
consists of a t ime-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. T h e i n ­
trinsic electronic resolution time of the time-sorter is . 05 nanoseconds, 
with an electronic stability of + x 10- H seconds over the course of a day. 
A resolution time for the prompt gamma rays of Co^O of 0. 8 nanoseconds 
was readily obtained. In addition, the t ime sorter was characterised by a 
linear time calibration over the range involved in the lifetime measure­
ments of one to ten nanoseconds. 

T h e absolute l ifetime 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. 

T h e first method involved the use of Co**" 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 N a " 
source of positrons embedded in an aluminum absorber. T h e delayed coin­
cidence resolution curve was determined.by-measuring the time interval 
between detection of the 1. 28 M e v gamma ray in one channel (indicating 
the instant of emission of the positron) and detection of the 0. 51 M e v rad­
iation in the other channel (indicating the instant of annihilation of the 
positron). A n 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. T h e mean 
lifetime of this distribution was found to be (2. 45 -f 0.15) x 10" 10 seconds 
and the square root of the second moment about the mean was (2. 50 + 0. 1! 
x 10-10 seconds. T h e equality of these two values suggests an exponential 
probability distribution for positron annihilation in aluminum, since most 
other probability distributions would yie ld significantly different values for 
these two characteristics of the distributions. 

T h e second method was distinguished7 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" 10seconds, 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 o b ­
tained. T h e results of these measurements indicated a range of l i f e ­
times from 2.0 to 2. 7 (x 10-10 seconds) but fai led to indicate any de-
pendance of the l ifetime 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. A n interpretation 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 l ifetime 
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. F inal ly , this interpretation is shown to be in qualitative 
agreement with the results of the annihilation radiation angular correla­
tion measurements with the high-momentum component of these measure­
ments being attributed to the " p i c k - o f f " annihilations with the metal ion : 
core electrons. 



ABSTRACT 

P o s i t r o n l i f e t i m e s i n a v a r i e t y of metals have been 
measured using a h i g h - s t a b i l i t y time s o r t e r developed i n t h i s 
l a b o r a t o r y . This instrument c o n s i s t s of a time-to-pulse-
height converter containing high-frequency microwave diodes as 
the d i s c r i m i n a t i n g elements, and l i m i t e r c i r c u i t s s p e c i a l l y 
designed f o r high s t a b i l i t y and count-rate i n s e n s i t i v i t y . The 
i n t r i n s i c e l e c t r o n i c r e s o l u t i o n time of the time s o r t e r i s 
.05 nanoseconds, with an e l e c t r o n i c s t a b i l i t y of - 1 x 1 0 " ^ 
seconds over the course of a day. A r e s o l u t i o n time f o r the 
prompt gamma rays of C o ^ of 0.8 nanoseconds was r e a d i l y ob­
tai n e d . In a d d i t i o n , the time s o r t e r was char a c t e r i s e d by a 
l i n e a r time c a l i b r a t i o n over the range involved i n the l i f e t i m e 
measurements of one to ten nanoseconds. 

The absolute l i f e t i m e of positrons i n aluminum was 
measured by two methods which d i f f e r e d p r i m a r i l y i n the means 
employed f o r o b t a i n i n g the prompt r e s o l u t i o n curve f o r the 
instrument. 

The f i r s t method involved the use of C o ^ as a prompt 
source of coincident gamma rays. P o s i t r o n l i f e t i m e s were 
measured by analysing the delayed coincidence r e s o l u t i o n curve 

22 
r e s u l t i n g from the use of a Na source of positrons embedded 
i n an aluminum absorber. The delayed coincidence r e s o l u t i o n 
curve was determined by measuring the time i n t e r v a l between 
d e t e c t i o n of the 1.28 Mev gamma ray i n one channel ( i n d i c a t i n g 
the i n s t a n t of emission of the pos i t r o n ) and d e t e c t i o n of the 



( i i ) 

0.51 Mev r a d i a t i o n i n the other channel ( i n d i c a t i n g the i n s t a n t 
of a n n i h i l a t i o n of the p o s i t r o n ) . An a n a l y s i s of the f i r s t 
two moments of the r e s u l t i n g r e s o l u t i o n curves enabled a deter­
mination of the f i r s t two moments of the p r o b a b i l i t y d i s t r i b u ­
t i o n c h a r a c t e r i z i n g the a n n i h i l a t i o n of the po s i t r o n s . The 
mean l i f e t i m e of t h i s d i s t r i b u t i o n was found to be (2.45 -. 
0.15) x l O - " ^ seconds and the square root of the second moment 
about the mean was (2.50 - 0.15) x IO-"1''"' seconds. , The 
eq u a l i t y of these two values suggests an exponential probabi­
l i t y d i s t r i b u t i o n f o r p o s i t r o n a n n i h i l a t i o n i n aluminum, since 
most other p r o b a b i l i t y d i s t r i b u t i o n s would y i e l d s i g n i f i c a n t l y 
d i f f e r e n t values f o r these two c h a r a c t e r i s t i c s of the d i s t r i b u ­
t i o n s . 

The second method was d i s t i n g u i s h e d by the use of anni­
h i l a t i o n gamma rays as the prompt source. Although i t was 
impossible to obtain a measure of the mean l i f e t i m e of the 
a n n i h i l a t i o n p r o b a b i l i t y d i s t r i b u t i o n , because of the symmetric 
nature of the r e s u l t i n g r e s o l u t i o n curves, a n a l y s i s of the 
second moments (which correspond to a measure of the width of 
the curves) y i e l d e d a value of the square root of the second 
moment about the mean of (2.65 - 0.25) x lO-"*"^ seconds, i n 
agreement with the corresponding value obtained by the f i r s t 
method. 

In a d d i t i o n , comparisons of the mean l i f e t i m e of 
positrons i n a v a r i e t y of metals (twenty two i n number) to that 
i n aluminum were obtained. The r e s u l t s of these measurements 
i n d i c a t e d a range of l i f e t i m e s from 2.0 to 2.7 (x lO""1"^ seconds) 
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but f a i l e d to i n d i c a t e any dependence of the l i f e t i m e on the 
conduction e l e c t r o n d ensity as would be expected f o r a pure 
c o l l i s i o n a l a n n i h i l a t i o n process. Instead, the p o s i t r o n 
l i f e t i m e s were found to be sh'ortest i n those metals charac­
t e r i s e d by dense c r y s t a l s t r u c t u r e s . An i n t e r p r e t a t i o n of 
these r e s u l t s i n terms of a n n i h i l a t i o n of the p o s i t r o n from 
a bound negative positronium i o n stat e i s presented, the 
a n n i h i l a t i o n being c h a r a c t e r i s e d by an i n t r i n s i c mean l i f e t i m e 
of about 3.2 x 1 0 ~ 1 0 seconds. In metals w i t h c r y s t a l l a t t i c e s 
of small dimensions, the r e s u l t i n g shortened l i f e t i m e i s 
a t t r i b u t e d to an enhanced p o s i t r o n a n n i h i l a t i o n r a t e due to 
" p i c k - o f f " a n n i h i l a t i o n s between the p o s i t r o n i n the positronium 
i o n and core ele c t r o n s of the surrounding metal ions. F i n a l l y , 
t h i s i n t e r p r e t a t i o n i s shown to be i n q u a l i t a t i v e agreement 
with the r e s u l t s of the a n n i h i l a t i o n r a d i a t i o n angular c o r r e l a ­
t i o n measurements with the high-momentum component of these 
measurements being a t t r i b u t e d to the " p i c k - o f f " a n n i h i l a t i o n s 
with the metal i o n core e l e c t r o n s . 
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CHAPTER I 
INTRODUCTION 

Gell-Mann (1959) r e c e n t l y described the e l e c t r o n and 
muon as .... 
" ... pure Dirac p a r t i c l e s with electrodynamic coupling of the 
conventional form. I t now seems c l e a r also that the weak 
couplings of e l e c t r o n and muon are. i d e n t i c a l i n form and 
stren g t h , both i n v o l v i n g the neutrino (presumably the same 
neutr i n o , although we have no way of proving that at the 
moment). Both e l e c t r o n and muon l a c k , so f a r as i s known, 
any other i n t e r a c t i o n whatever, except the g r a v i t a t i o n a l . ... 

I t i s e v i d e n t l y important to r e f i n e e x i s t i n g measurements 
of the, muon and e l e c t r o n s t i l l f u r t h e r , ... i n order to see 
whether the equivalence of the two p a r t i c l e s r e a l l y p e r s i s t s 
down to small distances." 

Since electrodynamic coupling constants are w e l l 
understood, the electrodynamic i n t e r a c t i o n s of these p a r t i c l e s 
can be c a l c u l a t e d with very great p r e c i s i o n . As an example, 
one set of quantum electrodynamic c a l c u l a t i o n s was v e r i f i e d to 
order o t ^ , (where oc i s the f i n e - s t r u c t u r e constant, 1/137 )» by 
radio-frequency resonance measurements of the second-order Zeeman 
s p l i t t i n g of the t r i p l e t ground s t a t e of positronium (a hydrogen­
l i k e , bound system of an e l e c t r o n and p o s i t r o n ) , by Pond and 
Dicke (1952). These p r e c i s i o n measurements have, i n a l l . c a s e s , 

involved p o s i t r o n a n n i h i l a t i o n s i n gases, where a positronium 
atom, once formed, can be considered i s o l a t e d , with n e g l i g i b l e 
i n t e r a c t i o n between i t and the neighbouring gas molecules. 

The t h e o r e t i c a l p r e d i c t i o n s are much l e s s p r e c i s e , 
however, i n the case of p o s i t r o n a n n i h i l a t i o n s i n l i q u i d s and 
s o l i d s , due to the present l a c k of knowledge about the t o t a l 
wave-function of the e l e c t r o n system i n the m a t e r i a l . Thus, 
the suggestion has been advanced ( F e r r e l l , 1956, and Da n i e l , 
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1957) that d e t a i l e d experimental i n v e s t i g a t i o n s of p o s i t r o n a n n i ­
h i l a t i o n i n these m a t e r i a l s should "be capable of extending our 
knowledge of the wave-functions of the e l e c t r o n w i t h i n these 
m a t e r i a l s . 

In a d d i t i o n , discussions of the i n t e r a c t i o n s of other 
Dirac p a r t i c l e s , as, f o r example, the muon, have r e l i e d to some 
extent on information regarding the amalagous s i t u a t i o n s i n v o l v i n g 
p o s i t r o n s and e l e c t r o n s . Thus, the "mesic atom", c o n s i s t i n g of 
a negatively-charged meson bound to a p o s i t i v e nucleus i n d i r e c t 
analogy to normal atoms c o n s i s t i n g of el e c t r o n s bound to the 
n u c l e i , have been observed, and. a study of t h i s system has y i e l d e d 
much per t i n e n t information about the nature and i n t e r a c t i o n s of 
both the mesons and t h e . n u c l e i . The h i g h l y f r u i t f u l i n v e s t i g a ­
t i o n s of the bound sta t e s of posi t r o n s and el e c t r o n s has, as a 
r e s u l t , l e d t o a search f o r s i m i l a r systems i n v o l v i n g mesons. 
However, the bound system c o n s i s t i n g of a p o s i t i v e meson and 
e l e c t r o n , forming a "muonium" atom, has, so f a r , evaded observa­
t i o n , p a r t l y due, perhaps, to the d i f f i c u l t i e s associated w i t h 
the d e t e c t i o n of such a system. Further studies of the more 
r e a d i l y detectable p o s i t r o n - e l e c t r o n system may, however, suggest 
a l t e r n a t i v e approaches to the problem. 

In summary, then, a sound experimental understanding of 
the nature of the a n n i h i l a t i o n process of posi t r o n s i n various 
forms of matter promises to be of eventual assistance i n the 
determination of e l e c t r o n i c wave-functions i n these m a t e r i a l s , i n 
pr o v i d i n g f u r t h e r checks of the v a l i d i t y of quantum e l e c t r o ­
dynamics, and a l s o i n shedding more l i g h t on the analagous 
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problems associated w i t h muon physics. I t i s p o s s i b l y worth 
not i n g that the positronium atom i s a system s a t i s f y i n g Bose-
E i n s t e i n s t a t i s t i c s , and thus may be of i n t e r e s t to workers i n 
the. f i e l d of s o l i d - s t a t e who are i n t e r e s t e d i n a study of bosons 
of e l e c t r o n i c mass. 

1. A n n i h i l a t i o n i n Amorphous S o l i d s . 
The a n n i h i l a t i o n of p o s i t r o n s i n many s o l i d m a t e r i a l s i s com­

p l i c a t e d by the f a c t that s e v e r a l competing processes may occur. 
Such a s i t u a t i o n i s evident i n many amorphous m a t e r i a l s ( l i k e 
t e f l o n ) by the observation of a complex decay curve which can be 
resolved i n t o s e v e r a l components of d i f f e r e n t mean l i f e t i m e s . 
These decay curves u s u a l l y c o n s i s t of two components, a "long" 
component of l i f e t i m e between one and ten nanoseconds, and a 
"short" component of a f r a c t i o n of a nanosecond (although some 
substances, notably l i q u i d helium, and some gases, e x h i b i t three 
w e l l - d e f i n e d decay modes). The "long" component i s normally 
a t t r i b u t e d to the formation of orthopositronium (the bound s t a t e 
i n which both the e l e c t r o n and p o s i t r o n spins are aligned i n the 
same d i r e c t i o n ) , a system which has a l i f e t i m e of about one 
hundred nanoseconds. The positronium atom i s formed when a 
p o s i t r o n of a few e l e c t r o n v o l t s of energy captures a i e l e c t r o n 
from a neighbouring atom. P o s i t r o n a n n i h i l a t i o n g e n e r a l l y occurs 
a f t e r t h e . p o s i t r o n has slowed to these energies, since the 
p r o b a b i l i t y that a p o s i t r o n i s a n n i h i l a t e d while i n f l i g h t i s 

1 

only about two per cent f o r f i v e hundred k i l o v o l t positrons.. 
The a n n i h i l a t i o n of a p o s i t r o n w i t h an e l e c t r o n can give r i s e , 
t h e o r e t i c a l l y , to any number of photons, with the r e s e r v a t i o n , 
1 H e i t l e r . W.. The Quantum Theory of R a d i a t i o n (The Clarendon 

Press, Oxford, 1954), Third E d i t i o n , p. 273. 



of course, that the probability of such annihilations decreases 

by orderOC for each additional photon characterizing the decay. 

As a r e s u l t , only annihilations by' one, two, or three photons 

have been observed i n practice. Single photon annihilation can 

only occur when a t h i r d agent i s available to carry away the 

excess momentum. Such a process can therefore occur when a 

positron annihilates with an electron bound to a nucleus, the 

nucleus r e c o i l i n g a f t e r annihilation i n order to conserve l i n e a r 

momentum. According to H e i t l e r , t h i s process i s proportional 

to che f i f t h power of the atomic number of the absorber. 

However, even i n lead, i t s maximum cross-section (which occurs 

at an energy of 10 mc , with a monotonic decrease i n the cross-

section for decreasing energy) is only twenty per cent of the 

two-photon cross-section at that energy. Consequently, the 

r e l a t i v e amount of single photon annihilation expected during 

the absorption of positrons emitted by radioactive sources l i k e 
22 

Na i s n e g l i g i b l e . Thus, the annihilation of a positron by 

either a d i r e c t c o l l i s i o n with a free electron, or from a -bound 

positronium atom, w i l l proceed v i a two or more photons. Deutsch 

(195:3) described the selection rules which have bean developed to 

describe a n n i h i l a t i o n from various positron-electron configura­

tions. These selection rules arise from the necessity to con­

serve both angular momentum and parity. During two-quantum 

annihilation, the two photons must be emitted i n opposite d i r e c ­

tions with equal energy i n the coordinate system i n which the 

centre-of-mass i s at rest. Thus, since each of the two photons 

has an i n t r i n s i c angular momentum of t i along i t s d i r e c t i o n of 



-5-

prqpogation, with t h i s d i r e c t i o n being chosen as the z- a x i s , then 
the two photons can only r e s u l t from i n i t i a l s t a t e s c h a r a c t e r i z e d 
by z-rcomponents of angular momentum m = 0 or 2. The a n t i ­
symmetric, s i n g l e t c o n f i g u r a t i o n of-the e l e c t r o n - p o s i t r o n p a i r , 
c l a s s i c a l l y described i n terms of o p p o s i t e l y - d i r e c t e d s p i n d i r e c ­
t i o n s , , i s c h a r a c t e r i z e d by a zero t o t a l angular momentum and so 
i s f r e e to a n n i h i l a t e by two-quantum emission. 

The symmetric c o n f i g u r a t i o n , on the other hand, which 
c l a s s i c a l l y has both s p i n axes i n the same d i r e c t i o n , i s charac­
t e r i z e d by a t o t a l angular momentum of one u n i t o f l l , w ith 
r e s u l t a n t z components described by m values of 1, 0, or -1. 
The s t a t e s with a value of i 1 therefore cannot decay by two-
quantum emission which requires the f i n a l s t a t e to have an m 
value of 0 or 2. A l t e r n a t i v e l y , by invoking the law of conser­
v a t i o n of parity, (or, by i n s i s t i n g that the i n i t i a l and f i n a l 
s t a t e s have the same r o t a t i o n a l symmetry), i t can be shown that 
none of these three s t a t e s with d i f f e r e n t m values can decay by 
two-quantum emission. Thus, the p a i r s t a t e with an angular 
momentum quantum number, J , of 1 (which includes the ortho con­
f i g u r a t i o n of positronium) must decay by three or more photons. 
F i n a l l y , a complete treatment of the s e l e c t i o n r u l e s shows that 
i n the absence of e x t e r n a l f i e l d s , two- and three-quantum an n i ­
h i l a t i o n are p o s s i b l e only from s t a t e s of opposite p a r i t y and 
therefore never compete. From order-of-magnitude considera­
t i o n s , then, the l i f e t i m e of ortho-positronium would be expected 
to be at l e a s t one hundred times (l/ofc) that of parapositronium. 

The "long" l i f e t i m e component of p o s i t r o n a n n i h i l a t i o n 
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i n amorphous m a t e r i a l s , however, has a l i f e t i m e l e s s than the 
t h e o r e t i c a l value f o r orthopositronium. I t has a l i f e t i m e 
which i s a fu n c t i o n of the composition and temperature of the 
absorber, and l a s t l y , i s char a c t e r i z e d by two-photon decay. 
This i s i n t e r p r e t e d i n terms of orthopositronium formation 
followed by a n n i h i l a t i o n of the p o s i t r o n by a " p i c k - o f f " process 
i n v o l v i n g the o r b i t a l e l e c t r o n s of the atoms with which the 
positronium c o l l i d e s ( F e r r e l l , 1956). I f such a c o l l i s i o n 
places the p o s i t r o n component of the positronium atom near an 
op p o s i t e l y - d i r e c t e d e l e c t r o n contained i n an atomic o r b i t , then 
there i s a s i g n i f i c a n t p r o b a b i l i t y f o r two-quantum a n n i h i l a t i o n . 
The observed l i f e t i m e s are thus measures of the c r o s s - s e c t i o n , 
f o r t h i s type of " p i c k - o f f " process. 

A d d i t i o n a l information concerning the a n n i h i l a t i n g p a i r 
has been obtained by an experimental technique i n v o l v i n g the 
measurement of the angular c o r r e l a t i o n of the a n n i h i l a t i o n gamma 
rays. I f the cehtre-of-mass of the a n n i h i l a t i n g p a i r has a 
f i n i t e momentum, then, due to the appropriate conservation l a vis, 
the a n n i h i l a t i o n gamma rays must carry away the a d d i t i o n a l momen-

2 

turn and energy. The broadening of the mc gamma l i n e , due to 
a random momentum d i s t r i b u t i o n of the a n n i h i l a t i n g p a i r has been 
observed by DuMond and hi s co-workers (1949). Furthermore, the 
momentum of the a n n i h i l a t i n g p a i r can be determined by measuring 
the angular d e v i a t i o n from c o - l i n e a r i t y of the two gamma rays. 
I f the energy broadening of the gamma l i n e i s small, then the 
momentum of each gamma ray i s mc, and the momentum of the centre-
of-mass r e s u l t i n g from an angular departure of 0 from c o - l i n e a r i ­
t y , w i l l became. Thus, the momentum of the a n n i h i l a t i n g p a i r ( i n 



u n i t s of mc) i s obtained d i r e c t l y i n a measurement of Q . In 

p r a c t i c e , the component of 0 (and hence of the momentum) that 

l i e s i n the p a r t i c u l a r d i r e c t i o n d efined by the experimental 

apparatus i s the q u a n t i t y that i s measured. These momentum d i s ­

t r i b u t i o n s have been measured i n a v a r i e t y of substances by s e v e r a l 

groups of workers. (Warren and G r i f f i t h s , 1951; Lang et a l , 

.1955; and Stewart, 1957). 

A l l the angular c o r r e l a t i o n measurements f o r those amor­

phous m a t e r i a l s which e x h i b i t l o n g - l i f e t i m e components appear to 

be c h a r a c t e r i z e d by a very wide, g a u s s i a n - l i k e d i s t r i b u t i o n topped 

by a l o w e r - i n t e n s i t y narrow peak (Stewart, 1955). Page and h i s 

co-workers (Page et a l , 1955), i n an a n a l y s i s of t h e i r r e s u l t s f o r . 

fused quartz, estimated the i n t e n s i t y o f the narrow peak to be 18% 

of the t o t a l two-photon decay r a t e . The l i f e t i m e measurements, 

on the other hand, performed by Green and B e l l (1957) show the 

f a m i l i a r complex spectrum, with the l o n g - l i v e d component (of l i f e ­

time: 1.5 nsec) amounting to 50% of the total'two-photon decays. 

I f t h i s i s i n t e r p r e t e d i n terms of positronium. formation as des­

cribed, e a r l i e r , 67% of the p o s i t r o n s must form a bound positronium 

s t a t e before a n n i h i l a t i n g , the 67/S c o n s i s t i n g of 50% ortho-

positronium formation, and 17% parapositronium formation, the 

s t a t i s t i c a l weights being 3:1 r e s p e c t i v e l y (the value of the 

s t a t i s t i c a l weight w i l l be di s c u s s e d i n g r e a t e r d e t a i l l a t e r ) . 

The remaining 33% of the p o s i t r o n s w i l l e i t h e r a n n i h i l a t e d u r i n g 

d i r e c t c o l l i s i o n s with bound, o r b i t a l e l e c t r o n s i n the quartz 

with a c r o s s - s e c t i o n deduced f i r s t by D i r a c (which i s discus s e d 

i n more d e t a i l i n the t h e o r e t i c a l s e c t i o n e n t i t l e d "Dirac 

A n n i h i l a t i o n " ) , or by forming a chemical bond, i n which the 



p o s i t r o n shares ele c t r o n s with the oxygen i o n s , . e v e n t u a l l y a n n i ­
h i l a t i n g by two-photon emission from the s i n g l e t c o n f i g u r a t i o n 
with an a p p r o p r i a t e l y oriented e l e c t r o n . 

The positrons i n the orthopositronium atoms are then 
assumed to a n n i h i l a t e by the " p i c k - o f f " mechanism discussed 
e a r l i e r , r e s u l t i n g i n a wide momentum d i s t r i b u t i o n c h a r a c t e r i s t i c 
of p o s i t r o n a n n i h i l a t i o n with o r b i t a l e l e c t r o n s . (Berko and 
P l a s k e t t , 1958, discuss the angular c o r r e l a t i o n r e s u l t s expected 
f o r p o s i t r o n a n n i h i l a t i o n s with the bound elect r o n s of copper and 
aluminum). A l l the processes discussed thus f a r inv o l v e a n n i h i ­
l a t i o n s between the posit r o n s and bound, o r b i t a l e l e c t r o n s which 
have momenta of the order of otmc, c o n t r i b u t i n g , t h e r e f o r e , to the 
wide, gaussian-shaped momentum d i s t r i b u t i o n observed i n the 
measurements. The remaining positrons (17^) which form paraposi-
tronium are expected to decay from t h i s s t a t e with the t h e o r e t i ­
c a l c h a r a c t e r i s t i c l i f e t i m e of parapositronium of 1.25 x 10""^ 
seconds (Ore and Powell, 1949). Since the momentum d i s t r i b u t i o n 
of the gamma rays i s that of the positronium atoms themselves, a 
qui t e narrow d i s t r i b u t i o n may r e s u l t i f the atoms have been slowed 
by t h e r m a l i s a t i o n processes to an energy of l e s s than an e l e c t r o n 
v o l t . This model i s con s i s t e n t w i t h the observations of Page et 
a l (1955) mentioned e a r l i e r , namely, the existence of a narrow 
(low momentum) component of the two-photon decay, of i n t e n s i t y 
18%. 

2. A n n i h i l a t i o n i n L i q u i d s . 
The a n n i h i l a t i o n of positrons i n l i q u i d s f o l l o w s the same 

general p a t t e r n as i n amorphous s o l i d s i n that a complex mode of 
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decay of equivalent r e l a t i v e i n t e n s i t i e s i s a l s o observed. 
Because of the l a c k of angular c o r r e l a t i o n experiments i n . l i q u i d s , 
however, there i s l i t t l e information available- regarding the 
momentum d i s t r i b u t i o n s of the a n n i h i l a t i n g p a i r s . The "long" 
component i n most organic l i q u i d s ( i n c l u d i n g water) has a l i f e t i m e 
of between one and two nanoseconds, and an i n t e n s i t y , u s u a l l y , of 
twenty to t h i r t y per cent. The experimental evidence (Berko and 
Z u c h e l l i , 1956) i n d i c a t e s that the l i f e t i m e of the long component 
can be a l t e r e d (with the i n t e n s i t i e s remaining constant) by i n ­
s e r t i n g small amounts of a s u i t a b l e "quenching" agent i n the 
l i q u i d . T y p i c a l l y , a paramagnetic f r e e r a d i c a l , such as diphenyi 
p i c r y l h y d r a z y l i s employed, the quenching behaviour being i n t e r ­
preted i n terms of t r i p l e t - s i n g l e t conversion of the positronium 
atoms v i a spin-exchange c o l l i s i o n s with the s p i n unpaired 

e l e c t r o n of the free r a d i c a l . Exchange c r o s s - s e c t i o n s of the 
-17 2 

order of 10 cm are obtained, of the same order of magnitude 
as the t r i p l e t - q u e n c h i n g c r o s s - s e c t i o n i n gases due to the a d d i ­
t i o n of NO (Deutsch, 1951A). A somewhat d i f f e r e n t "quenching" 
process r e c e n t l y described by Green and B e l l (1957) involves a 
decrease i n the i n t e n s i t y of the l o n g - l i v e d component without 
an appreciable change i n the value of the l i f e t i m e , due to the 
a d d i t i o n of e i t h e r NOg" or N0^~ ions to water. This process 
i s i n t e r p r e t e d as a decrease i n the number of p o s i t r o n s a v a i l ­
able f o r positronium formation, due to the capture of some of 
them by the negative ions to form the chemical compounds 
positronium n i t r a t e , or n i t r i t e . These captured -positrons 
then decay w i t h a short l i f e t i m e i n a s i m i l a r manner to those 
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a n n i h i l a t i n g from a s i n g l e t s t a t e . I t would appear then, that 
an i n v e s t i g a t i o n of p o s i t r o n decay processes i n l i q u i d s i s l i k e l y 
to a f f o r d a convenient b a s i s f o r the study of p o s i t r o n chemistry. 

3, A n n i h i l a t i o n i n Gases. 
The a n n i h i l a t i o n of posit r o n s i n gases i s , i n many respects, 

s i m i l a r to the corresponding processes i n l i q u i d s and amorphous 
s o l i d s . The main d i f f e r e n c e , a r i s i n g from the g r e a t l y reduced 
den s i t y of gases, i s that the fre e 'Dirac' a n n i h i l a t i o n cross-
s e c t i o n which i s dependent on the e l e c t r o n density i s consider­
ably reduced, r e s u l t i n g i n a.much longer l i f e t i m e f o r a n n i h i l a ­
t i o n by d i r e c t c o l l i s i o n between the p o s i t r o n and the atomic 
elect r o n s (Deutsch, 1953). A short period, of the order of the 
slowing-down time of the posit r o n s has been detected, but not 
measured wi t h s i g n i f i c a n t accuracy. This mode of decay was 
i n t e r p r e t e d as a n n i h i l a t i o n from the s h o r t - l i v e d s t a t e , para-
positronium. A second period, of the order of magnitude of 
that predicted by the Dirac c r o s s - s e c t i o n , and i n v e r s e l y depen­
dent on the gas pressure, i s st r o n g l y suggestive of a n n i h i l a t i o n 
of the p o s i t r o n during free c o l l i s i o n s with the atomic e l e c t r o n s . 
The t h i r d period i s p r a c t i c a l l y independent of pressure and 
corresponds to a mean l i f e of about 0.14 microseconds, both of 
which are con s i s t e n t with a model based on a n n i h i l a t i o n from 
orthopositronium atoms. The f a c t that the three photon y i e l d 
i s much increased i n those gases which are ch a r a c t e r i z e d by a 
r e l a t i v e l y intense, pressure independent, l o n g - l i f e t i m e 
component i s f u r t h e r evidence f o r t h i s i n t e r p r e t a t i o n . 

Both the r e l a t i v e abundances of the three components 
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and the l i f e t i m e of the pressure dependent component of the decay 
depend c r i t i c a l l y on the nature of the gas used. As an example 
of t h i s , l i f e t i m e r e s u l t s i n d i c a t e that almost every p o s i t r o n 
stopped i n freon and carbon di o x i d e form positronium atoms, only 
about two thirds of them are e f f e c t i v e , i n n i t r o g e n and argon, and 
none of them appear to a n n i h i l a t e from the orthopositronium stat e 
i n oxygen (Deutsch, 1951B). Again, i n analogy w i t h the case of 
l i q u i d s , s e v e r a l gases were found which had the a b i l i t y to quench 
the three-quantum a n n i h i l a t i o n ; v i z . NO, NO2, and the. halogens. 
The quenching process due to NO was explained by Deutsch i n terms 
of a s p i n f l i p due to e l e c t r o n exchange daring c o l l i s i o n s between 
the bound positronium p o s i t r o n and the unpaired e l e c t r o n of the NO 
molecule. Since the energy d i f f e r e n c e i n the NO molecule asso­
c i a t e d w i t h the change i n the o r i e n t a t i o n of the unpaired 
e l e c t r o n i s only t h i r t e e n m i l l i v o l t s , he believed the process 
could have the la r g e c r o s s - s e c t i o n required to be compatible 
wi t h the r e s u l t s . The quenching e f f e c t of the halogen mole­
c u l e s , however, was i n t e r p r e t e d i n terms of a formation of 
chemical compounds between the p o s i t r o n s ( p o s i t i v e positronium 
ions) and the halogen io n s . An attempt to determine which of 
these processes i s s i g n i f i c a n t i n a p a r t i c u l a r experiment should, 
of course, be po s s i b l e by measuring the l i f e t i m e s and r e l a t i v e 
i n t e n s i t i e s of the d i f f e r e n t l i f e t i m e components of the p o s i ­
trons i n the gas, as a f u n c t i o n of the concentration of the 
quenching m a t e r i a l (Green and B e l l , 1957). A spin-exchange 
mechanism should r e s u l t i n a shortening of the l i f e t i m e of the 
orthopositronium, the amount of the shortening depending on the 



concentration of the quenching m a t e r i a l , without s i g n i f i c a n t l y -
a l t e r i n g the i n t e n s i t y of the component. The two-photon decay 
r a t e would a l s o r i s e at the expense of the three-photon r a t e as 
the concentration of the-, quenching agent was increased. 
Quenching by chemical compound formation, however, would tend to 
a l t e r the i n t e n s i t y of the l o n g - l i v e d component, rather than the 
value of the l i f e t i m e , the redu c t i o n being dependent on the con­
c e n t r a t i o n of the quenching agent. This mechanism i s the same 
as that postulated by Green and B e l l (1957) to e x p l a i n t h e i r 
observations of such e f f e c t s i n l i q u i d s . 

Angular c o r r e l a t i o n measurements of the a n n i h i l a t i o n 
r a d i a t i o n from various gas absorbers of posi t r o n s have been ob­
tained by Page and co-workers (Heinberg and Page, 1956). In 
many of these gases (contained under about twenty atmospheres 
of pressure) a narrow component of the angular c o r r e l a t i o n 
r e s u l t s was observed above a wide gaussian-shaped d i s t r i b u t i o n , 
s i m i l a r to the r e s u l t s f o r many of the amorphous s o l i d s described 
e a r l i e r . J-n the case of gases, however, where the th e r m a l i z a -
t i o n times are expected to be much longer than those f o r s o l i d s , 
and probably dependent on the nature of the gas employed, con­
s i d e r a b l e v a r i a t i o n s were observed i n the peakedness and i n t e n ­
s i t y of the narrow component from gas to gas. In p a r t i c u l a r , 
argon gas y i e l d e d no s i g n i f i c a n t narrow component at a l l . This 
can be explained i f i t i s assumed t h a t : 
( i ) the parapositronium atoms which are formed have too short a 

l i f e t i m e compared to the t h e r m a l i s a t i o n time f o r the atoms 
to be slowed s i g n i f i c a n t l y from t h e i r o r i g i n a l energies of 



s e v e r a l e l e c t r o n v o l t s before a n n i h i l a t i n g , and 
( i i ) the l a c k of an e f f i c i e n t t r i p l e t - s i n g l e t conversion mechanism 

i n argon would r e s u l t i n the l o n g - l i v e d orthopositronium 
atoms (which might, indeed, have had time to "thermalize") 
..decaying by three-quantum emission, thus e n t i r e l y , removing 
t h i s component from observation by a two-photon angular 
c o r r e l a t i o n technique. On the a p p l i c a t i o n of a magnetic 
f i e l d of s e v e r a l k i l o g a u s s , however, a c e n t r a l , narrow peak 
became qu i t e evident (Page and Heinberg,' 1957). Since the 
presence of a magnetic f i e l d r e s u l t s i n an admixture of the 
s i n g l e t wave f u n c t i o n to the t r i p l e t m = 0 s t a t e ( i n order 
f o r the t o t a l wave f u n c t i o n to be an eigenfunction of the 
new Hamiltonian - - under these circumstances, the t o t a l 
wave-function i s no longer an eigenfunction of the t o t a l 
angular momentum operator), then the m = 0 f r a c t i o n of the 
orthopositronium atoms may a n n i h i l a t e v i a two-photon emission 
through the s i n g l e t component of the wave f u n c t i o n . 

Thus, the a p p l i c a t i o n of a magnetic f i e l d serves to 
quench the three-photon orthopositronium a n n i h i l a t i o n . The 
i n t e r p r e t a t i o n of the angular c o r r e l a t i o n curves therefore 
depends on the f o l l o w i n g assumptions (Page and Heinberg, 1957): 
( i ) The positronium atoms are o r i g i n a l l y formed w i t h a r a t h e r 

l a r g e k i n e t i c energy, namely one to two e l e c t r o n v o l t s , 
( i i ) The positronium atoms are "thermalised" s u f f i c i e n t l y slowly 

that the s i n g l e t s t a t e s , w i t h a l i f e t i m e of the order of 
lO'lO seconds, r e t a i n a good part of t h i s motion, r e s u l t i n g 
i n a c o n t r i b u t i o n towards the wide p o r t i o n of the angular 
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c o r r e l a t i o n d i s t r i b u t i o n , 
( i i i ) The " t h e r m a l i s a t i o n time" i s s u f f i c i e n t l y short that the 

magnetically-quenched f r a c t i o n of the orthopositronium atoms 
whose l i f e t i m e i s of the order of f i v e nanoseconds, w i l l 
have l o s t most of t h e i r motion, t h e i r energy being degraded 
to about 0.3 e l e c t r o n v o l t s , by the time they undergo two-
photon a n n i h i l a t i o n , thus c o n t r i b u t i n g to the narrow com­
ponent of the decay. 

Thus, although the angular c o r r e l a t i o n d i s t r i b u t i o n 
obtained f o r argon i s s i m i l a r i n appearance to those f o r the 
amorphous s o l i d s , the i n t e r p r e t a t i o n of the r e s u l t s i s quite 
d i f f e r e n t f o r the case of the gas. With argon the narrow com­
ponent i s ascribed to the decay of orthopositronium atoms which 
have been magnetically-quenched to produce two-photon emission. 
A n n i h i l a t i o n s from the s i n g l e t s t a t e are assumed to contribute 
to the wide p o r t i o n of the angular c o r r e l a t i o n r e s u l t s , because 
of the r e l a t i v e l y high energy s t i l l - r e t a i n e d by these atoms when 
a n n i h i l a t i n g , whereas i n s o l i d s , where the t h e r m a l i s a t i o n process 
i s f a s t e r , the s h o r t - l i v e d parapositronium can c o n t r i b u t e to the 
narrow component. 

In an attempt to understand i n more d e t a i l the 
processes involved i n d i r e c t p o s i t r o n a n n i h i l a t i o n , positronium 
formation and i o n i s a t i o n , and the various orthopositronium 
quenching mechanisms, Massey and Mohr (1954) c a l c u l a t e d the 
c r o s s - s e c t i o n s f o r these processes i n the i d e a l i z e d case of a 
monatomic hydrogen gas, on the b a s i s of e x i s t i n g t h e o r e t i c a l 
knowledge concerning the i n t e r a c t i o n s of slow pos i t r o n s with 
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matter. Meaningful comparisons of t h e i r p r e d i c t i o n s w i t h ex­
perimental r e s u l t s f o r p r a c t i c a l gases i s v i r t u a l l y impossible, 
however, due to the strong energy dependence of most of t h e i r 
c a l c u l a t e d c r o s s - s e c t i o n s , and the l a c k of knowledge of the 
r e l a t i v e p o s i t r o n - e l e c t r o n energies i n the gas absorbers a f t e r 
t h e r m a l i s a t i o n . In f a c t , they stat e that "Experiments i n which 
t h i s (degree of moderation of the positronium energy) i s con­
t r o l l e d i n some d e f i n i t e way i s e s s e n t i a l i n order to compare 
cr o s s - s e c t i o n s . " 

In a d d i t i o n , the complex nature of the a n n i h i l a t i o n of 
the p o s i t r o n s , from a number of d i f f e r e n t , competing s t a t e s , 
hampers any d e t a i l e d i n t e r p r e t a t i o n of the observed momentum 
d i s t r i b u t i o n s , since these are fr e q u e n t l y composed of sever a l 
completely d i f f e r e n t momentum d i s t r i b u t i o n s corresponding to.the 
d i f f e r e n t a n n i h i l a t i n g s t a t e s . For example parapositronium 
atoms i n gases under twenty atmospheres of pressure appear to 
have k i n e t i c energies of a few e l e c t r o n v o l t s , whereas the ortho­
positronium atoms have, i n general, been slowed to about 0 . 3 

e l e c t r o n v o l t s before a n n i h i l a t i n g (Heinberg and Page, 1 9 5 6 ) . 

i n a d d i t i o n , there i s a component due to the decay of those p o s i ­
trons which a n n i h i l a t e during d i r e c t c o l l i s i o n s w i t h the bound, . 
o r b i t a l e l e c t r o n s of the gas, and the centre-of-mass momentum of 
these p a i r s i s at l e a s t that of the o r b i t a l e l e c t r o n s ; i n t h i s 
case, something of the order of ten e l e c t r o n v o l t s . ' 

Even i n the amorphous s o l i d s (which are somewhat s i m i l a r , 
w ith respect to p o s i t r o n a n n i h i l a t i o n , t o gases under very high 
pressure), there i s a v a r i a t i o n i n the momentum d i s t r i b u t i o n s of 
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the various l i f e t i m e components. The energy of the pos i t r o n s 
at the time of positronium formation i s of the order of an 
e l e c t r o n v o l t , and the momentum d i s t r i b u t i o n of those po s i t r o n s 
which a n n i h i l a t e by d i r e c t c o l l i s i o n s i s qu i t e unknown, since 
t h e i r l i f e t i m e s (of the order of one t h i r d of a nanosecond) i s 
almost c e r t a i n l y l e s s than the t h e r m a l i s a t i o n time of the p o s i ­
t r o n s . In these m a t e r i a l s , the t h e r m a l i s a t i o n time i s probably 
s i g n i f i c a n t l y greater than 3 x 10""^ seconds, the value estimated 
by DeBenedetti et a l (1950) f o r a metal l a t t i c e , where i t was 
assumed that p o s i t r o n s could l o s e energy by e x c i t i n g l a t t i c e 
v i b r a t i o n s . In f a c t , rough estimates of the t h e r m a l i s a t i o n time 
f o r these amorphous s o l i d s by Wallace (1955) i n d i c a t e times of at 
l e a s t one nanosecond. 

For these reasons, i t would seem advisable to, concentrate 
the experimental i n v e s t i g a t i o n s ( l i f e t i m e and angular c o r r e l a t i o n 
measurements) to those absorbers where the momentum d i s t r i b u t i o n s 
of the posit r o n s and electrons are known at the time of a n n i ­
h i l a t i o n , and, where p o s s i b l e , the a n n i h i l a t i o n process y i e l d s 
a simple exponential curve, i n d i c a t i n g a n n i h i l a t i o n from one 
state only. Use of the knowledge of the e l e c t r o n momentum 
d i s t r i b u t i o n s that has been obtained f o r many s o l i d m a t e r i a l s 
from studies of low-energy X-ray i n t e r a c t i o n s i n those s o l i d s 
( P a r r a t t , 1959) should a l s o prove of assi s t a n c e i n the i n t e r ­
p r e t a t i o n of the p o s i t r o n a n n i h i l a t i o n r e s u l t s . Only a f t e r 
the development of a sound understanding of the processes involved 
i n these i n t e r a c t i o n s can the problems involved i n i n t e r p r e t i n g 
the complex decays be attacked i n a reasonable f a s h i o n . Two such 
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m a t e r i a l s which, at f i r s t s i g h t , appear to s a t i s f y these r e q u i r e ­
ments are i o n i c c r y s t a l s and metals. Both these substances 
e x h i b i t only a short l i f e t i m e component, but whether or not t h i s 
component represents a s i n g l e mode of decay i s u n c e r t a i n , since 
the measured mean l i f e t i m e i s shorter than the r e s o l u t i o n times of 
the. equipment used i n the measurements. 

4. A n n i h i l a t i o n i n Ionic C r y s t a l s . 
No measurements have been made, nor d e t a i l e d c a l c u l a t i o n s 

presented, of the t h e r m a l i s a t i o n time of po s i t r o n s i n i o n i c 
c r y s t a l s , although F e r r e l l (1956) claims that there i s some i n d i ­
c a t i o n that i t might be l e s s than lO"""1"^ seconds. Assuming com­
pl e t e capture of the posit r o n s by the negative i o n s , F e r r e l l 
derived l i f e t i m e estimates and angular c o r r e l a t i o n functions 
that were- not incompatible with the measured r e s u l t s . Accurate 
d e s c r i p t i o n s of the p o s i t r o n and e l e c t r o n wave-functions f o r such 
c o n f i g u r a t i o n s have not been c a l c u l a t e d to date, but F e r r e l l ' s 
rough c a l c u l a t i o n s based on a number of s i m p l i f y i n g assumptions 
y i e l d e d p r e d i c t i o n s which should be s u s c e p t i b l e to experimental 
t e s t (such as a dependence of the p o s i t r o n l i f e t i m e on the cube 
of the radius of the negative i o n ) . Further experimental work 
on the determination of p o s i t r o n l i f e t i m e s i n a l k a l i h a l i d e s i s 
necessary before the understanding of the processes involved i n 
these c r y s t a l s w i l l be anywhere near complete. 

5. Annihilation i n Metals. 

DeBenedetti et a l (1950) o r i g i n a l l y c a l c u l a t e d the therma­
l i s a t i o n time of positrons i n metals to be about 3 x 10""^° 
seconds on the b a s i s of energy l o s s of the p o s i t r o n s , f i r s t , by 
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e x c i t i n g or i o n i z i n g the atoms of the absorber, then by causing 
inter-band e l e c t r o n i c t r a n s i t i o n s , and ev e n t u a l l y , when the energy 
i s too low f o r t h i s , by e x c i t a t i o n of l a t t i c e v i b r a t i o n s . A 
m o d i f i c a t i o n of these c a l c u l a t i o n s to include another mechanism, 
that of the p o s i t r o n energy l o s s involved i n the Coulomb 
s c a t t e r i n g . o f conduction ele c t r o n s whereby the ele c t r o n s are 
increased i n energy and scattered out of the Fermi sea, l e d 
G-arwin (1953) followed by Lee-Whiting (1955) with more accurate 
c a l c u l a t i o n s , to a r r i v e at a value f o r the t h e r m a l i s a t i o n time 

-12 
f o r positrons i n metals of approximately 10 seconds. 
Although no experimental v e r i f i c a t i o n of these estimates e x i s t s , 
i t would be reasonable to expect the t h e r m a l i s a t i o n time i n 
metals to be n e g l i g i b l e compared to the p o s i t r o n l i f e t i m e i f the 
probable e r r o r of the t h e o r e t i c a l estimates i s l e s s than a f a c t o r 
of ten. Assuming complete t h e r m a l i s a t i o n , the p o s i t r o n wave-
f u n c t i o n i n the metal l a t t i c e can then be regarded as constant 
( i n d i c a t i n g a momentum of zero ) . Obviously, the positrons w i l l 
have a momentum d i s t r i b u t i o n of at l e a s t that corresponding to 
thermal e x c i t a t i o n s , but t h i s i s very small compared to the 
energies of the electrons i n the Fermi sea. A l s o , the wave 
functions of the valence electrons i n a metal can be considered 
from the point of view of the Sommerfeld (1928) model, to be 
represented by simple plane waves, the momentum d i s t r i b u t i o n 
being determined by the density of a v a i l a b l e s t a t e s i n momentum 
space and Fermi-Dirac s t a t i s t i c s ( i n other words, the normal 
Fermi sea of e l e c t r o n s ) . I t has been suggested (DeBenedetti et 
a l , 1950) that the wave-function of the posit r o n s i s e f f e c t i v e l y 
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constant i n a metal except at the regions occupied by the 
po s i t i v e l y - c h a r g e d , m e t a l l i c i o n cores, where the p o s i t r o n wave-
f u n c t i o n i s excluded and i s assumed to equal zero due to coulomb 
r e p u l s i o n of the posi t r o n s by the io n s . Under t h i s assumption, 
then, the posi t r o n s would a n n i h i l a t e only w i t h the conduction 
e l e c t r o n s . Thus, i t would appear, at l e a s t to a f i r s t a p p r o x i ­
mation, that knowledge concerning the wave functions of both the 
ele c t r o n s and the posi t r o n s i n .metals are a v a i l a b l e as desired 
f o r a complete understanding of the a n n i h i l a t i o n process; 

This simple p i c t u r e i s s u r p r i s i n g l y s u c c e s s f u l i n ex­
p l a i n i n g the shapes of the angular c o r r e l a t i o n functions i n many 
metals, e s p e c i a l l y those i n which the simple Sommerfeld theory 
should most l i k e l y apply, as, f o r example, i n the a l k a l i metals 
(Stewart, 1957; Lang and DeBenedetti, 1957). J-n those cases, 
the momentum d i s t r i b u t i o n of the emitted photons f i t s that of 
the momentum d i s t r i b u t i o n of elect r o n s i n a Fermi sea remarkably 
w e l l . On the ba s i s of t h i s i n t e r p r e t a t i o n , the p o s i t r o n momen­
tum must, indeed, be close to zero to account f o r the observed 
momentum d i s t r i b u t i o n s . 

The r e s u l t s of l i f e t i m e measurements of positrons i n 
metals have not, however, been capable of such ready i n t e r ­
p r e t a t i o n . In f a c t , c a l c u l a t i o n s of the p o s i t r o n l i f e t i m e s due 
to d i r e c t c o l l i s i o n s w i t h the -free, plane-wave conduction e l e c ­
trons y i e l d e d v a r i a t i o n s of a f a c t o r of ten (approximately 0.5 
to 5 nanoseconds) from metal, to metal. (These c a l c u l a t i o n s 
are o u t l i n e d i n more d e t a i l i n the t h e o r e t i c a l s e c t i o n on Dirac 
a n n i h i l a t i o n ) . Experimentally, however, DeBenedetti and 
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Richings (1952) found that the l i f e t i m e s of p o s i t r o n s i n a number 
of metals which v a r i e d g r e a t l y i n conduction e l e c t r o n d e n s i t y , 
were constant to an accuracy of 0.7 x l O " " ^ seconds. L a t e r 
measurements by B e l l and Graham (1952) confirmed these r e s u l t s , 
and a l s o supplied a measure of the absolute l i f e t i m e of p o s i t r o n s 
i n aluminum, 1.5 x 10~ 1 0 seconds. The constancy of these 
r e s u l t s , together w i t h the small value f o r the absolute l i f e t i m e , 
l e d B e l l and Graham to postulate that a l l p o s i t r o n s i n metals 
form s i n g l e t positronium which then decays w i t h a l i f e t i m e of 
1.25 x 10~"10 seconds. Garwin (1953) soon pointed out, however, 
that i f p o s i t r o n s are assumed- to form positronium atoms i n 
metals, both parar- and ortho-positronium should be formed, i n the 
r a t i o of 1:3 r e s p e c t i v e l y because of the s t a t i s t i c a l weights. 
A s i n g l e , short l i f e t i m e could s t i l l be guaranteed, he pointed 
out, by assuming a r a p i d conversion mechanism operating between 
these s t a t e s , such as r a p i d e l e c t r o n exchange with the conduction 
ele c t r o n s which would produce momentum d i s t r i b u t i o n s the same as. 
that f o r the e l e c t r o n s , thus g i v i n g r e s u l t s compatible with the 
angular c o r r e l a t i o n data. Such a r a p i d conversion system would 
r e s u l t , however, i n a l l four s t a t e s (three t r i p l e t , and one 
s i n g l e t ) being populated f o r the. same lengths of time. And, 
since only the s i n g l e t s t a t e can a n n i h i l a t e by two-photon 
emission w i t h the short l i f e t i m e , the r e s u l t i n g measured l i f e ­
time should be four times that of the pure s i n g l e t s t a t e ; i . e . 
5 x 10~~^ seconds, a value s i g n i f i c a n t l y longer than that 
observed. Meanwhile, a succession of t h e o r e t i c a l m o d i f i c a t i o n s 
to the f r e e a n n i h i l a t i o n theory (as described i n the t h e o r e t i c a l 
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s e c t i o n of the t h e s i s ) based on a d i s t o r t i o n of the plane-wave 
e l e c t r o n wave-function due to Coulomb i n t e r a c t i o n s between the 
p o s i t r o n and the conduction e l e c t r o n s succeeded i n reducing, 
but not e l i m i n a t i n g , the discrepancy between the experimental 
l i f e t i m e s and those c a l c u l a t e d i n terms of t h i s model. Fur­
thermore, f o l l o w i n g p u b l i c a t i o n of the measurements of B e l l and 
G-raham (1953), there appeared a succession of determinations of 
the absolute l i f e t i m e of pos i t r o n s i n aluminum by a v a r i e t y of 
techniques, y i e l d i n g r e s u l t s which v a r i e d from 1.5 to 2.5 x 10"""^ 
seconds (Minton, 1959; Ferguson and Lewis, 1953; Gerholm, 1956; 
and Sunyar, 1957). 

Because the processes governing p o s i t r o n a n n i h i l a t i o n 
i n metals should be capable of a d e t a i l e d t h e o r e t i c a l treatment, 
"and f u r t h e r , because of the confused state regarding the e x p e r i ­
mental knowledge of the l i f e t i m e of positrons i n metals, i t was 
deemed worth while to perform a thorough experimental i n v e s t i ­
g a t i o n of the p o s i t r o n l i f e t i m e s i n a l a r g e v a r i e t y of metals i n 
an attempt to resolve some of these problems and i n c o n s i s t e n c i e s . 
The remainder of t h i s t h e s i s i s devoted to a d e s c r i p t i o n of such 
an i n v e s t i g a t i o n and the r e s u l t s obtained. 
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GHAPTER I I 
THEORY 

Three d i s t i n c t mechanisms of slow p o s i t r o n a n n i h i l a t i o n 
i n matter have been considered to date. These three (although, 
of course, there may be others) are described i n some d e t a i l 
below: 
(a) Dirac a n n i h i l a t i o n w i t h f r e e e l e c t r o n s was the f i r s t 

mechanism to be considered i n d e t a i l , and describes the 
a n n i h i l a t i o n of a p o s i t r o n i n an e l e c t r o n gas i n which each 
e l e c t r o n i s considered f r e e . In t h i s approximation, a sub­
stance i s considered to c o n s i s t of an e l e c t r o n gas of . 

•z 

.density NZ , where N i s the number of atoms/cm , and Z i s 
the e f f e c t i v e number of e l e c t r o n s per atom. 

(b) The experimental observations described i n Chapter I 
regarding the complex decay modes i n many substances, 
suggested the existence of a bound, hydrogen-like s t a t e . 
The l i f e t i m e f o r a n n i h i l a t i o n of a p o s i t r o n from t h i s s t a t e 
would be dependent only on the d e n s i t y of the associated 
e l e c t r o n at the p o s i t r o n , and therefore not on the other * 
e l e c t r o n s i n the m a t e r i a l . Reasonable agreement between 
the observed and c a l c u l a t e d values of the l o n g - l i f e com­
ponent of p o s i t r o n decay i n gases was o f f e r e d as f u r t h e r 
evidence f o r the existence of t h i s process. 

(c) Consideration of the existence of a positronium "atom" soon 
l e d to suggestions regarding p o s s i b l e chemical reactions 
between these atoms and those l i k e the halogens with a 
valence of -1. The s t a b i l i t i e s of such compounds were 
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i n v e e t i g a t e d t h e o r e t i c a l l y by Ore (1948, 1952). This 
concept of chemical compound formation has proved u s e f u l 
i n e x p l a i n i n g the i n t e n s i t y v a r i a t i o n s of the long l i f e ­
time mode of decay i n l i q u i d s a r i s i n g from the .addition of 
c e r t a i n solutes to the l i q u i d (as described i n Chapter I, 
Sect i o n 2). 

1. Free Dirac .Annihilation. 

The p r o b a b i l i t y of a n n i h i l a t i o n of a p o s i t r o n - e l e c t r o n p a i r 
w ith the emission of two gamma rays was f i r s t described by Dirac 
(1930) i n terms of a second-order t r a n s i t i o n of the el e c t r o n , 
from a p o s i t i v e energy s t a t e , through an intermediate s t a t e , to 
an empty negative energy stat e (the "hole" i n the negative energy 
stat e s manifesting i t s e l f as the observable p o s i t r o n ) . The 
c a l c u l a t i o n was based on the assumption of p o s i t r o n a n n i h i l a t i o n 
w i t h a fr e e e l e c t r o n , n e g l e c t i n g the e f f e c t of any i n t e r a c t i o n 
between the p o s i t r o n and e l e c t r o n ; i n other words, a plane wave 
approximation was used" f o r the e l e c t r o n . The t o t a l p r o b a b i l i t y 
of a n n i h i l a t i o n was obtained by averaging- over the s p i n d i r e c ­
t i o n s i n the i n i t i a l s t a t e , and summing over a l l s p i n d i r e c t i o n s 
of the e l e c t r o n i n the f i n a l s t a t e . ( E x p l i c i t dependence of 
the two-photon a n n i h i l a t i o n p r o b a b i l i t y on the r e l a t i v e s p i n 
o r i e n t a t i o n s of the two p a r t i c l e s as a f u n c t i o n of t h e i r k i n e t i c 
energy has r e c e n t l y been discussed by Page (1957), h i s r e s u l t s 
being i n agreement wi t h those of Dirac when the s p i n dependence 
i s averaged o u t ) . The f i n a l r e s u l t , a f t e r summing over a l l 
d i r e c t i o n s of the photon p o l a r i z a t i o n , i s the d i f f e r e n t i a l 
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1 

4 * .0rec [ E ; - few* ' ( J S #
4 - A V ^ ; J . 

where p Q i s the momentum of the i n i t i a l e l e c t r o n i n the system 
where the 'centre-of-mass of the a n n i h i l a t i n g p a i r i s at .rest, 

2 
i s the energy of the i n i t i a l e l e c t r o n ( i n u n i t s of mc ), 

O i s the angle between the d i r e c t i o n of the p o s i t r o n arid one 
of the photons, 
and dJflL i s the s o l i d angle i n t o which a gamma ray i s emitted. 

Since l e s s than f i v e per cent of the positrons which 
enter a sample with a maximum i n i t i a l energy of .one Mev are 
a n n i h i l a t e d while moving with a s i g n i f i c a n t r e l a t i v i s t i c 

p 

v e l o c i t y , we are only i n t e r e s t e d i n the n o n - r e l a t i v i s t i c l i m i t 
of the above equation, i . e . E — * m c \ />-J*,**»v, JPC « J E . 
By t h i s means, expression (1) reduces t o : 

4 m x c 3 v (i«) 
and i n t e g r a t i o n over the s o l i d angle gives the t o t a l c r o s s -
s e c t i o n : 

n>xc* V * (.;) 

where K. i s the c l a s s i c a l e l e c t r o n r a d i u s : -r jz - Z.&Zx/O cm 
Although the c r o s s - s e c t i o n diverges f o r low r e l a t i v e v e l o c i t y , 
the r a t e of a n n i h i l a t i o n , R, does not, s i n c e , i n a substance 
w i t h N electr o n s per u n i t volume, R = N<ry. a ftKlcN (s*c'). 

• (3) -
A l t e r n a t i v e l y , the t r a n s i t i o n p r o b a b i l i t y can be determined 
1 He i t l e r , W., The Quantum Theory of Radiation, (Clarendon 

Press, Oxford, 1954), Second Edition, p.207. 
2 i b i d , p.231. 
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d i r e c t l y without i n s e r t i n g the notion of a c r o s s - s e c t i o n . In 
t h i s case, as expected, the t r a n s i t i o n r a t e per -unit e l e c t r o n 
d e n s i t y is:7t»i C per second. The. c r o s s - s e c t i o n can then be 
obtained by normalising to u n i t f l u x , that i s , by m u l t i p l y i n g by 
the f a c t o r l / v , and so obtaining the c r o s s - s e c t i o n f o r a n n i h i ­
l a t i o n given by expression (2) above. Thus, on the basis of 
the theory of Dirac a n n i h i l a t i o n with free e l e c t r o n s , the mean 
l i f e t i m e of positrons i n a substance i s given by: 

I f we assume that the number of f r e e e l e c t r o n s i n a 
metal i s equal to that of the valence e l e c t r o n s , as i n d i c a t e d by 
the r e s u l t s of the angular c o r r e l a t i o n measurements of a n n i h i ­
l a t i o n r a d i a t i o n (Lang and DeBenedetti, 1957), then t y p i c a l 
r e s u l t s as c a l c u l a t e d from equation (4) are as f o l l o w s : 

Metal E f f e c t i v e Electrons/Atom P o s i t r o n L i f e t i m e 
Aluminum 3 0.75 nsec. 
Sodium 1 5.2 nsec. 
Copper 1 1.6 nsec. 
B e r y l l i u m 2 0.'55 nsec. 

The a n n i h i l a t i o n rates discussed thus f a r are only 
those expected f o r two photon a n n i h i l a t i o n . A n n i h i l a t i o n from 
a t r i p l e t s p i n s t a t e of the p o s i t r o n - e l e c t r o n system, on the 
other hand, i s characterised by three-photon emission (as 
described i n Chapter I , Section 1 ) , a process with an a n n i h i ­
l a t i o n r a t e of the order ofoc l e s s than f o r two-photon decay, 
(where Ot i s the f i n e - s t r u c t u r e constant). E x p l i c i t l y , Ore 
and Powell (1949) c a l c u l a t e d the r e l a t i v e a n n i h i l a t i o n rates 



which i s a b o u t ^ o t , or, ^'ibo ^ o r ^ n r e e ~ ^ u a n * ' ^ compared to two-
quantum emission, where, eg A 3-3. i s the p r o b a b i l i t y f o r a n n i h i ­
l a t i o n by 3 photons. Although the bas i c a n n i h i l a t i o n r a t e f o r 
three photon emission i s i - a l e s s than that f o r two-photon a n n i -

o 

h i l a t i o n , e l e c t r o n - p o s i t r o n c o l l i s i o n s r e s u l t i n the formation 
of a t r i p l e t s p i n s t a t e three times as ofte n as the s i n g l e t 
s t a t e because the s t a t i s t i c a l , weights f o r the productions of 
these states are 3/4 and 1/4^, r e s p e c t i v e l y . Thus, p o s i t r o n 
a n n i h i l a t i o n w i t h f r e e electrons should be ch a r a c t e r i s e d by a 
two photon to three photon r a t i o of - r - ^ x ~ 2 s— = / • » 

whereas a n n i h i l a t i o n from a system of i s o l a t e d , positronium atoms 
f o r example, would r e s u l t , i n a r a t i o of 1:3*. 

(A) Experimental Support. 
As described i n Chapter I , Section 1, the momentum d i s t r i - . 

b ution of a n n i h i l a t i n g p o s i t r o n - e l e c t r o n p a i r s can be determined 
by measuring the angular c o r r e l a t i o n d i s t r i b u t i o n of the emitted 
photons. In general, the measured momentum d i s t r i b u t i o n s , i n 
metals are very s i m i l a r to those of the Fermi sea e l e c t r o n s , 
superimposed on an a d d i t i o n a l broad higher-momentum d i s t r i b u t i o n 
The width and i n t e n s i t y of t h i s l a t t e r d i s t r i b u t i o n v a r i e s 
considerably from metal to metal. ' ' ;'• 

The close agreement between the measured momentum 
d i s t r i b u t i o n s and that of the Fermi sea el e c t r o n s n a t u r a l l y 
prompted an explanation of the a n n i h i l a t i o n process i n terms of 
a s t a t i o n a r y p o s i t r o n (which i s reasonable, i n view of the short 
t h e r m a l i s a t i o n time expected; Chapter I , Section 5), a n n i h i ­
l a t i n g w i t h the conduction e l e c t r o n s i n accordance with the, 1 S c h i f f , L . I . . Quantum Mechanics (McGraw-Hill Book Co., Inc., 

1949), F i r s t E d i t i o n , p.226. 



Dirac c r o s s - s e c t i o n , equation (2) (Stewart, 1957). 
The measured r a t i o of three-photon decay to two-photon 

decay i n aluminum i s also consistent w i t h t h i s d e s c r i p t i o n . 
Bassoh (1954) obtained a value of 1/ ( 4 0 6^50), compared to the 
t h e o r e t i c a l value ( f o r p o s i t r o n s a n n i h i l a t i n g w i t h f r e e e l e c ­
trons) of 1/370. These experimental observations are, then, 
co n s i s t e n t with a d e s c r i p t i o n based on the f o l l o w i n g two assum­
p t i o n s : (Stewart, 1959)» 
(a) P r i o r to a n n i h i l a t i o n , the p o s i t r o n has been completely 

thermalised. Estimates of t h i s t h e r m a l i s a t i o n time have 
been c a r r i e d out by Garwin (1953) and Lee-Whiting (1955), 

-12 

the l a t t e r o b t a i n i n g a value of about 5 x 10 seconds. 
(b) The a n n i h i l a t i o n p r o b a b i l i t y (equation 3) i s e s s e n t i a l l y 

. v e l o c i t y independent over the range of v e l o c i t i e s of the 
conduction e l e c t r o n s . 

. The l a t t e r assumption i s p e r f e c t l y consistent with the 
Dirac theory of a n n i h i l a t i o n with f r e e e l e c t r o n s , f o r which case 
the n o n - r e l a t i v i s t i c a n n i h i l a t i o n p r o b a b i l i t y i s e x a c t l y v e l o c i t y 
independent. 

(B) Experimental Disagreement. 
Before the d e t a i l e d angular c o r r e l a t i o n r e s u l t s were ob­

t a i n e d , the l i f e t i m e s of positrons i n a v a r i e t y of metals had 
been determined ( B e l l and Graham, 1952; DeBenedetti and R i c n i n g s , 
1952). The r e s u l t s of these measurements i n d i c a t e d that the 
l i f e t i m e of p o s i t r o n s i n metals (about ten were studied) i s 
(1.5 t 0.5) x lO"" 1^ seconds, independent of the metal. This 
very short l i f e t i m e and l a c k of dependence on the conduction 
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. e l e c t r o n d e n s i t y i s very d i f f i c u l t t o r e c o n c i l e w i t h a fre e 
e l e c t r o n theory ,of the type described i n the above s e c t i o n , 
which, as observed from the examples oh page 25» p r e d i c t s l i f e ­
times v a r y i n g from 0.55 nsec i n b e r y l l i u m to 5.2 nsec i n sodium. 

• 2. Coulomb- Enhancement of the Dirac Cross-section. 
An obvious o v e r - s i m p l i f i c a t i o n inherent i n the d i s c u s s i o n 

of s e c t i o n (1) i s the plane-wave approximation f o r the e l e c t r o n 
and p o s i t r o n wave f u n c t i o n s , i . e . the neglect of any p o s i t r o n -
e l e c t r o n i n t e r a c t i o n . DeBenedetti et a l (1950) showed how the 
Dirac c r o s s - s e c t i o n could be modified f o r a r b i t r a r y e l e c t r o n 
and. p o s i t r o n wave functions provided t h a t : 
( i ) the wave functions of the i n i t i a l and f i n a l ' s t a t e s are 

treated n o n - r e l a t i v i s t i c a l l y so that the spinor and s p a t i a l 
parts of the wave-functions are separable, and 

( i i ) the wave functions of the intermediate ( v i i ' t u a l ) s t a t e s of 
the process are tre a t e d i n the fre e p a r t i c l e approximation, 
(plane waves). 
I f these conditions are s a t i s f i e d , t h e e x p r e s s i o n f o r the 

Dirac t r a n s i t i o n p r o b a b i l i t y f a c t o r s i n t o two p a r t s , one being 
the matrix element discussed i n d e t a i l i n H e i t l e r \ which gives 

p 

a t r a n s i t i o n rate of f t r o c as described e a r l i e r . The other 
< contains the s p a t i a l dependence of the wave-functions, y i e l d i n g 

an expression of the form: ^ | \ J £ » w n e r e 

'XJC ( p ) are the e l e c t r o n and p o s i t r o n wave-functions, respec­
t i v e l y . This i n t e g r a l , as described by P e r r e l l (1956), i s the 
e l e c t r o n d e n s i t y operator at the p o s i t i o n of the p o s i t r o n , 
averaged over the p o s i t r o n p o s i t i o n . In other words, the 
1 H e i t l e r , W. l o c . c i t . p. 206. 
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normal f r e e - e l e c t r o n Dirac t r a n s i t i o n p r o b a b i l i t y i s normalised 
to a new e l e c t r o n d e n s i t y at the p o s i t i o n of the p o s i t r o n . 

A. Simple Coulomb Enhancement: 
Karpman and F i s h e r (1956) considered the case of a pure 

coulomb a t t r a c t i o n between the p o s i t r o n and the e l e c t r o n . This 
coulomb a t t r a c t i o n d i s t o r t s the incoming e l e c t r o n plane wave, 
thereby i n c r e a s i n g the e l e c t r o n wave-function at the p o s i t r o n 
by the f a c t o r ; . ' i , where /3 i s y. , and Ot, i s the 

(/- **p(r™%)) 1 c 
f i n e - s t r u c t u r e constant. For the e l e c t r o n v e l o c i t i e s found i n 
metals, however, the exponential term i s n e g l i g i b l e , r e s u l t i n g 
i n a l / v type of enhancement f a c t o r . As a r e s u l t , the low 
v e l o c i t y e l e c t r o n s are d e f l e c t e d more str o n g l y by the coulomb 
f i e l d of the p o s i t r o n than are the high v e l o c i t y e l e c t r o n s , 
r e s u l t i n g i n an enhancement of the low v e l o c i t y e l e c t r o n s at the 
p o s i t i o n of the p o s i t r o n . The c r o s s - s e c t i o n given i n (2) i s 
therefore modified to the f o l l o w i n g : <Ts ft*Zn$.*. = 2*Prr5"/ 

v A v / 

Thus, the p r o b a b i l i t y per u n i t time of p o s i t r o n a n n i h i l a t i o n 
with e l e c t r o n s having v e l o c i t i e s from v to v + dv at i n f i n i t y , 
i s : d~ = (yy)*i* * ^ ^ > 

where m i s the mass of the e l e c t r o n i n the metal, 
v i s the v e l o c i t y of the e l e c t r o n r e l a t i v e to the p o s i t r o n , • 
and the l a s t term i s the density of l e v e l s i n phase space. 
I n t e g r a t i n g t h i s equation from v = 0 to v = v^, (the v e l o c i t y of 
the el e c t r o n s on the Fermi s u r f a c e ) , Karpman and F i s h e r 
obtained w « - . " V_ See . The mean l i f e t i m e of a 
p o s i t r o n i n the metal would then be given by :T gdj- " ™ 
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where we have s u b s t i t u t e d f o r V„ an expression i n terms of the 
d e nsity of Fermi e l e c t r o n s i n a metal: N = • | - — £ 1 

3 \ZTffc/ 
Thus, t h i s form of coulomb enhancement reduces the E dependence 

-1 -2/3 
of t from N to N ' , s t i l l a marked dependence, however. 
The t h e o r e t i c a l estimates of the l i f e t i m e of positrons i n 
metals, with this•enhancement f a c t o r included, are: A l (0.61), 
Cu (0.96), Ag (1.6), and Au (1.6) where the values i n paren­
theses are i n u n i t s of lO""1"^ seconds. The p o s i t r o n l i f e t i m e s 
are therefore reduced by t h i s method to values near those deter­
mined experimentally, except that a v a r i a t i o n of a f a c t o r of 
three s t i l l e x i s t s between the various c a l c u l a t e d values. 
Furthermore, the d i r e c t i n t e r p r e t a t i o n of the angular c o r r e l a ­
t i o n data i n terms of the momentum d i s t r i b u t i o n of Fermi e l e c ­
trons r e q u i r e s a p o s i t r o n a n n i h i l a t i o n p r o b a b i l i t y e s s e n t i a l l y 
independent of the e l e c t r o n v e l o c i t y , as r e s u l t s , f o r example, 
i n the free Dirac a n n i h i l a t i o n treatment. For these reasons, 
the' simple coulomb enhancement m o d i f i c a t i o n given above, with 
i t s inverse v e l o c i t y dependent a n n i h i l a t i o n r a t e , has been 
regarded by most as an u n s a t i s f a c t o r y explanation of the short 
p o s i t r o n l i f e t i m e i n metals. 

S i m i l a r values f o r the l i f e t i m e s were c a l c u l a t e d by 
Daniel (1957) who used a screened p o t e n t i a l of the form — « 
i n determining the enhanced e l e c t r o n d ensity at the p o s i t r o n . 
By performing a d e t a i l e d numerical c a l c u l a t i o n of the e l e c t r o n 
enhancement i n copper, he obtained a value of: 0.7 x 10""^ 
seconds f o r the p o s i t r o n l i f e t i m e . A more approximate method 



of calculation provided the following r e s u l t s : Na ( 2 . 0 ) , Al ( 0.8), 

and Cu(l.l) i n units of l O - " ^ seconds. Since t h i s enhancement 

depends on a screened potential, i t s effect on distant electrons 

i s attenuated to a much greater degree than the pure coulomb 

att r a c t i o n discussed e a r l i e r . As a r e s u l t , the density en­

hancement of the low-velocity electrons would probably not be 

as strong as that of the e a r l i e r model, although the actual 

v e l o c i t y dependence of the annihilation rate was not discussed by 

Daniel. The dependence of the l i f e t i m e on the electron density 

i s s t i l l too large to be consistent with the experimental 

r e s u l t s , however. 

B. Coulomb Enhancement of the Entire Fermi Sea. 

The more complicated case of considering a screened coulomb 

interaction between the positron and a l l the electrons, not only 

the annihilating pair, has been discussed by F e r r e l l ( 1 9 5 6 ) . 

He considers a l l the electron wave functions to be modified, 

r e l a t i v e to plane waves, by the factor | + » which i s 

p r a c t i c a l l y unity for a l l values of r greater than about 2 a . 
p 

The constant C determines the enhancement factor, (1 + C) , of 

the electron density at the positron. The parameters, C and a, 

are then determined by a v a r i a t i o n a l approach, namely that of 

minimizing the t o t a l correlation energy. His results for such 

an analysis indicate a value f o r C of: 0 .66 Y_^, where V i s a 
s s 

measure of the volume per conduction electron i n the material 

( i . e . a volume of l/N, where N i s the conduction electron 

density) i n units of ^ ff ^ » ̂ n e volume of a sphere of 

radius equal to the Bohr radius, tr0 , (V i s equal to i n 



F e r r e l l * s n o t a t i o n ) . Thus, f o r a f r e e Dirac l i f e t i m e of ̂  n s e c 
l Vt 

the enhanced value becomes — • -—-=-nsec. The en-
(i + atev;*)* 12 

hanced l i f e t i m e s f o r a few examples, are: Na(6.3)> A l ( 1 . 6 ) , 
Cu(2.8), where the values are again given i n u n i t s of l O " 1 ^ sec. 
Again, the i n t r o d u c t i o n of an enhancement f a c t o r increases the 
a n n i h i l a t i o n r a t e , b r i n g i n g the l i f e t i m e s i n t o c l o s e r agreement 
w i t h the experimental values. The t h e o r e t i c a l values, however, 
are close to the experimental ones only f o r those metals with 
f a i r l y high conduction e l e c t r o n d e n s i t i e s , as i n the case of 
aluminum, f o r example. 

This form of enhancement i s , i n a d d i t i o n , consistent w i t h 
the angular c o r r e l a t i o n data, s i n c e , according to F e r r e l l , the 
a n n i h i l a t i o n r a t e f o r the f a s t e s t e l e c t r o n s i n a metal i s only 
ten to twenty per cent greater than f o r the slowest. According 
to t h i s model, the dens i t y of the f a s t e r e l e c t r o n s i s more en­
hanced at the p o s i t r o n because the P a u l i e x c l u s i o n p r i n c i p l e 
allows only the elect r o n s near the top of the Fermi band to have 
pr o p e r t i e s s i m i l a r to those of c l a s s i c a l l y f r e e e l e c t r o n s . 

In summary then, p o s i t r o n a n n i h i l a t i o n r a t e s i n metals can 
be s u b s t a n t i a l l y increased over those predicted by the Dirac 
f r e e e l e c t r o n theory by se v e r a l models of e l e c t r o n enhancement 
at the p o s i t r o n . Some of these, however, lead to strongly 
velocity-dependent a n n i h i l a t i o n r a t e s which are incompatible 
w i t h the i n t e r p r e t a t i o n of angular c o r r e l a t i o n data i n terms of 
Fermi e l e c t r o n momentum d i s t r i b u t i o n s . An exception to t h i s 
statement i s the enhancement model, deduced by a v a r i a t i o n a l 
approach i n v o l v i n g a screened coulomb i n t e r a c t i o n between the 
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p o s i t r o n and a l l the e l e c t r o n s , y i e l d i n g ah a n n i h i l a t i o n r a t e 
which v a r i e s by l e s s than twenty per cent f o r the d i f f e r e n t 
e l e c t r o n v e l o c i t i e s i n the Fermi sea. Even the l a t t e r form of 
enhancement, however, i s unable to e x p l a i n the constancy of the 
l i f e t i m e of po s i t r o n s from metal to metal. ' 

I t should perhaps be pointed out here that the v e l o c i t y -
independent nature of the a n n i h i l a t i o n r a t e s c a l c u l a t e d by the 
l a s t theory described above r e s u l t s p r i m a r i l y because of the 
i n i t i a l form of enhancement assumed f o r the p o s i t r o n - e l e c t r o n 
wave-function. That i s , the same enhancement f a c t o r , 
(1 + Ce~ r / / a) i s assumed to apply to a l l the plane-wave e l e c t r o n 
wave-functions of various momenta. Removal of t h i s somewhat 
d r a s t i c assumption would probably r e s u l t i n an e l e c t r o n enhance­
ment somewhat intermediate i n nature between that c a l c u l a t e d by 
Daniel and F e r r e l l . ' In other words, the constant, f r e e - e l e c t r o n 
wave-function should probably be enhanced f i r s t by a method 
s i m i l a r to that of Daniel (1957), which i s based on the screened 
coulomb p o t e n t i a l o u t l i n e d i n Mott and Jones, 1936, (pg. 87), 
before performing a F o u r i e r decomposition i n order to determine 
the momentum d i s t r i b u t i o n of the e l e c t r o n s described by the wave-
f u n c t i o n . 

3. A n n i h i l a t i o n From Bound P o s i t r o n - e l e c t r o n States. 
F e r r e l l (1956) attempted to l i m i t the maximum l i f e t i m e of 

positrons i n metals of low conduction e l e c t r o n density by invoking 
the formation of positronium ions (a system c o n s i s t i n g of two 
elect r o n s bound to a positron) i n these metals. The s t a b i l i t y 
of such a system was checked by H y l l e r a a s (1947) who deduced a 
binding energy of about 0.2 e l e c t r o n v o l t s . 



-34-

..Thus, i f there i s room i n the c r y s t a l l a t t i c e f o r the 
formation of these l a r g e atoms (a question r a i s e d and discussed 
to some extent by DeBenedetti et a l , 1950), e l e c t r o n capture by 
the p o s i t r o n would not stop with the formation of > the positronium 
atom but would continue u n t i l the f u l l quota of two e l e c t r o n s was 
captured by the p o s i t r o n . F e r r e l l assumed that i n a normal 
metal ( l i k e aluminum) the conduction e l e c t r o n d e n s i t y i s so high 
that a negative p o t e n t i a l energy (of greater magnitude, than the 
binding energy of the positronium atom) a t t r i b u t e d to p o s i t r o n -
e l e c t r o n c o r r e l a t i o n s prevents the formation of bound sta t e s i n 
which the p o s i t r o n Is c o r r e l a t e d s t r o n g l y with only one or two 
e l e c t r o n s r a t h e r than a l l of them. On reducing the e l e c t r o n 
d e n s i t y , and hence the magnitude of the c o r r e l a t i o n energy, the 
point i s eventually reached where the c o r r e l a t i o n energy i s about 
the same as that of the binding energy of the positronium atom. 
Under these conditions the p o s i t r o n i s assumed able to capture 
p a r t i c u l a r e l e c t r o n s , c o r r e l a t i n g s t r o n g l y with them, thus forming 
positronium ions. 

A. C h a r a c t e r i s t i c s of Positronium Ion Decay. 
A two-parameter estimate of the wave f u n c t i o n of the p o s i t r o ­

nium i o n has been shown by H y l l e r a a s (1947) to be of the form: 

where the constants C j are functions of two parameters, v a r i e d 
to minimize the t o t a l energy of the system. Using t h i s wave 
f u n c t i o n f o r the i o n , F e r r e l l (195.6) c a l c u l a t e d the l i f e t i m e of 
the p o s i t r o n s i n t h i s c o n f i g u r a t i o n to be about 3*25 x lO -" 1"^ 
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seconds, w i t h a p o s s i b l e e r r o r of ten to twenty per cent, depending 
on the accuracy of the t r i a l wave f u n c t i o n . 

Since the P a u l i p r i n c i p l e requires the two electrons to have 
opposite s p i n d i r e c t i o n s i n the ground stat e of the positronium 
i o n , a n n i h i l a t i o n of the p o s i t r o n with one of them (spins p a r a l l e l ) 
would always r e s u l t i n three-quantum a n n i h i l a t i o n , whereas a n n i h i ­
l a t i o n with the other (spins o p p o s i t e l y d i r e c t e d ) would be from a 
s t a t e c o n s i s t i n g of the three-photon em i t t i n g t r i p l e t s t a t e h a l f 
the time, and the tx<ro-photon e m i t t i n g s i n g l e t s t a t e the other h a l f , 
(since oL_ Q ss 9

 t where 00. and are the two o p p o s i t e l y -
d i r e c t e d spinors of the e l e c t r o n and p o s i t r o n , r e s p e c t i v e l y , and 

4? and <p, are s i n g l e t and t r i p l e t wave-functions of zero m 
-value, r e s p e c t i v e l y ) . This i s substantiated by a more d e t a i l e d 
treatment, where the wave-function of the i o n , ij/j , 

d i a g o n a l i z e d with respect to the t o t a l angular momentum and the 
various m values, i s expanded i n terms of ^ and <P, , the 
spin f u n c t i o n s f o r the e l e c t r o n - p o s i t r o n p a i r s . I f we take, f o r 
example, J = m = 4 " » 

as shown i n Appendix (D), where 0tfc and ^ are the two spinor 
f u n c t i o n s d e s c r i b i n g one of the elect r o n s (the r e c o i l e l e c t r o n , 
say). I t i s seen that the p r o b a b i l i t y c o e f f i c i e n t s of the f i n a l 
s t a t e spinor functions agree with those given i n the e a r l i e r rough 
estimates. Since the t o t a l a n n i h i l a t i o n r a t e , R, i s : 

*4»»T where *»/fttr» }ftoo  2 6 )  

then, *D. s ^tr \(|) + I which i n d i c a t e s three-quantum 
a n n i h i l a t i o n of an i n t e n s i t y 1/370 that of two-quantum a n n i h i l a -
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t i o n , a s i t u a t i o n i n d i s t i n g u i s h a b l e from f r e e p o s i t r o n a n n i h i l a ­
t i o n with randomly oriented e l e c t r o n s , and hence, i n agreement 
wit h observation (Basson, 1954). Following the a n n i h i l a t i o n of 
the p o s i t r o n and one of the e l e c t r o n s , the remaining.electron can 
not be l e f t i n any a r b i t r a r y momentum state because of the P a u l i 
e x c l u s i o n p r i n c i p l e , but must enter a vacant momentum state i n 
the Fermi sea. In other words, i f the positronium ion.has been 
slowed to thermal energies before a n n i h i l a t i o n (by the same pro­
cesses as those which govern the t h e r m a l i s a t i o n of a p o s i t r o n , 
Garwin, 1953; and Lee-Whiting, 1955), the a n n i h i l a t i o n gamma rays 
must carry o f f a momentum equal and opposite to tha t c a r r i e d away 
by the remaining e l e c t r o n . Since there w i l l e x i s t at l e a s t two 
vacant s t a t e s formed by the capture of the two electrons, from 
the Fermi sea by the p o s i t r o n , i t might be. expected that the 
momentum d i s t r i b u t i o n of the r e c o i l e l e c t r o n (and hence of the 
a n n i h i l a t i o n gamma rays) would be that of the Fermi sea of e l e c ­
trons. 

An explanation of the type given here, however, i s r u l e d 
out because of the very short r e l a x a t i o n times of the ele c t r o n s 
i n the Fermi sea. A con s i d e r a t i o n of the r e l a x a t i o n process 
involved i n c o l l i s i o n s of the Fermi e l e c t r o n s w i t h the c r y s t a l 
l a t t i c e , f o r example, y i e l d s an estimate of the r e l a x a t i o n time 
i n a metal of the order of 10 seconds."*" On the other hand, 
c a l c u l a t i o n s of the time involved i n the f i l l i n g of a p o s i t i v e 
valence hole by Auger processes have i n d i c a t e d p o s s i b l e times of . 

1 K i t t e l , C , In t r o d u c t i o n to S o l i d State Physics, (John Wiley 
F i r s t E d i t i o n , ^ g . ^ f : I n ° " N- York, 1953), 



the order of 10- sec (Landsberg, 1949). Thus, the r e l a x a t i o n 
time i s f a r too short f o r an explanation of" the a n n i h i l a t i o n 
gamma-ray angular c o r r e l a t i o n r e s u l t s by the simple model des­
cr i b e d e a r l i e r . I f a r a p i d , e l e c t r o n exchange mechanism 
between the positronium i o n and the conduction e l e c t r o n s i s 
assumed, however, of a r a t e at l e a s t that of the r e l a x a t i o n of 
the valence e l e c t r o n s , vacant s t a t e s would s t i l l be a v a i l a b l e i n 
the conduction band at the time of a n n i h i l a t i o n of the i o n . The 
c o l l i s i o n r a t e between a positronium atom and the conduction 
e l e c t r o n s i n a t y p i c a l metal i s of the order of: ft K, * vA/~ tf^rtCW, 
(Gerholm, 1956), where r i s the Bohr r a d i u s ; thus g i v i n g , f o r N 

oo T c 

of about 10 electrons/cm , a ra t e of •*v 10 exchanges/sec, a 
value of the same order as the estimated r e l a x a t i o n time of the 
valence band holes. This r a t e i s , however, c a l c u l a t e d on the 
bas i s of conduction e l e c t r o n c o l l i s i o n s w ith an i s o l a t e d s o l i d 
sphere of a radius equal to that of a hydrogen atom. An exchange 
rat e greater than t h i s value should occur i n r e a l i t y , however, due 
to the expected overlap between the e l e c t r o n i c wave-functions of 
the positronium i o n and those of the valence e l e c t r o n s from 
the neighbouring metal atoms. A s i g n i f i c a n t overlap would 
i n d i c a t e a s u b s t a n t i a l sharing of these e l e c t r o n s between the two 
systems, r e s u l t i n g i n an enhanced e l e c t r o n exchange rate probably 
of s u f f i c i e n t magnitude to exceed the Fermi e l e c t r o n r e l a x a t i o n 
times, and so r e s u l t i n a momentum d i s t r i b u t i o n of the positronium 
ions at the time of a n n i h i l a t i o n equal to that of the el e c t r o n s 
i n the Fermi sea. 

Problems concerned with the s t a b i l i t y of the weakly-
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- bound positronium i o n under bombardment by energetic e l e c t r o n s 
i n the Fermi sea, are a l s o s i m p l i f i e d when the e f f e c t s of the 
P a u l i e x c l u s i o n p r i n c i p l e are considered. Since an i n c i d e n t 
e l e c t r o n cannot change i t s momentum i f the neighbouring momentum 
sta t e s are occupied (as they are i n a Fermi sea), anything other 
than exchange c o l l i s i o n s with the positronium i o n are forbidden. 

I f the above assumptions concerning the formation and 
decay of positronium ions i n metals are admitted, the r e s u l t i n g 
observable e f f e c t s are consistent with the experimentally deter­
mined r e s u l t s , v i z : 
(a) a three-photon to two-photon r a t i o of 1:370. 
(b) a short l i f e t i m e of about 3 x l O " " ^ seconds. 
-(c) a constant l i f e t i m e from metal to metal, because the e l e c t r o n 

d e n s i t y at the p o s i t r o n i s determined only by the wave-
f u n c t i o n -product w i t h i n the i o n , independent of the conduc­
t i o n e l e c t r o n d e n s i t y i n the metal, 

(d) a consistency w i t h the i n t e r p r e t a t i o n of the a n n i h i l a t i o n 
angular c o r r e l a t i o n data i n terms of the momentum d i s t r i b u ­
t i o n of elect r o n s i n a Fermi sea. 

B. C h a r a c t e r i s t i c s of Positronium Atom Decay. 
In a s i m i l a r way, the a n n i h i l a t i o n of posi t r o n s from p o s i ­

tronium atoms i s a l s o consistent with the experimental data i f 
the assumption of r a p i d e l e c t r o n exchange i s introduced. Such 
an assumption i s necessary to insure a simple exponential decay . 
f u n c t i o n , as o u t l i n e d i n Chapter I , and also to produce the 

. three-quantum to two-quantum r a t i o of 1:370 as observed e x p e r i ­
mentally. I f , as suggested by F e r r e l l , c o l l i s i o n s of the 
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conduction e l e c t r o n s w i t h the positronium atoms r e s u l t s i n a 
t r a n s f e r of the p o s i t r o n from one e l e c t r o n to another, the 
momentum d i s t r i b u t i o n of the positronium atoms w i l l be j u s t that 
of the Fermi e l e c t r o n s . The r a p i d e l e c t r o n exchange, t h e r e f o r e , 
produces a l i f e t i m e f o r the system which i s four times that of a 
f r e e atom i n the s i n g l e t s t a t e , (as discussed i n more d e t a i l i n 
Chapter I, Section 5 )» that i s , 5 x lO""1"^ seconds. 

Thus, i n terms of p o s i t r o n a n n i h i l a t i o n from bound s t a t e s , 
consistency w i t h the usually-accepted i n t e r p r e t a t i o n of the 
angular c o r r e l a t i o n r e s u l t s no longer requires a v e l o c i t y indepen­
dent a n n i h i l a t i o n p r o b a b i l i t y , but, i n s t e a d , requires that the 
momentum d i s t r i b u t i o n of the a n n i h i l a t i n g p o s i t r o n - e l e c t r o n p a i r s 
be -the same as that of the conduction e l e c t r o n s . 

C. Formation of Positronium Atoms and Ions i n Metals. 
There are two major problems involved i n the hypothesis of 

the formation of and the existence of positronium atoms (or ions) 
i n metals. The f i r s t i n v o l v e s the question of s u f f i c i e n t "room" 
f o r the existence of a bound s t a t e i n the metal s t r u c t u r e , and the 
second i n v o l v e s the time required f o r the formation of such a 
s t a t e . 

Although the general problem of the s t a b i l i t y of such a 
bound p o s i t r o n - e l e c t r o n s t a t e w i t h i n a metal l a t t i c e has not been 
treated i n d e t a i l , s e v e r a l aspects of the problem have been d i s ­
cussed by v a r i o u s authors. One of these i s concerned w i t h the 
volume a v a i l a b l e f o r the positronium atom w i t h i n the c r y s t a l 
l a t t i c e . This question was discussed to some extent by 
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DeBenedetti et a l (1950), who considered the positronium atom i n 
a c r y s t a l i n terms of an atom confined w i t h i n an impenetrable 
sphere. - As an example of t h i s , i t was pointed out that the 
binding energy of a hydrogen atom becomes p o s i t i v e i f i t i s 
enclosed i n an impenetrable sphere of diameter.less than 1.84 times 
the diameter of the i s o l a t e d hydrogen atom Bohr o r b i t . This 
argument i s probably a p p l i c a b l e i n many types of i o n i c c r y s t a l s 
where the atoms are c l o s e l y packed. In metals, however, the 
m e t a l l i c i o n cores f r e q u e n t l y represent a r a t h e r small f r a c t i o n 
of the volume, of the u n i t c e l l , being l e s s than about f i f t e e n 
per cent f o r the metals Lithium, sodium, b e r y l l i u m , magnesium, 
aluminum, germanium, t i n , bismuth, calcium, barium, z i n c , cadmium, 
and lead (Lang and DeBenedetti, 1957). In aluminum, barium, 
calcium, and l e a d , f o r example, c o n s i s t i n g of face-centred cubic 
and body-centred cubic l a t t i c e s , the maximum i n t e r s t i t i a l volume 
a v a i l a b l e i n the l a t t i c e s would contain a sphere of diameter a-2b, 
where a i s the l a t t i c e constant, and b the i o n i c r a d i u s . These 
values, c a l c u l a t e d f o r the above metals, range from 3.58 A 0 f o r 
calcium, to 2.31 A° f o r barium, most of them w e l l i n excess of 
the diameter of the positronium atom,, v i z 2.1 A 0. The existence 
of analogous bound systems i n many semi-conductors, such as 
electr o n s bound to impurity atoms, and the formation of bound 
electron-hole systems (excitons) suggests that the r e l a t i v e volume 
of the i o n cores i s fre q u e n t l y not too larg e f o r s t a b l e binding. 

The other aspect considered, i n the formation of positronium 
i n metals i s the e f f e c t of the high conduction e l e c t r o n d e n s i t y . 
This question was discussed by Karpman and F i s h e r (1956) and 



-41-

F e r r e l l (1956). Karpman and F i s h e r regarded the high e l e c t r o n 
density to be s u f f i c i e n t l y e f f e c t i v e i n screening the coulomb 
p o t e n t i a l of the p o s i t r o n that the formation of a bound s t a t e 
was impossible. A c t u a l l y , the e f f e c t i v e screening distance 
(corresponding to the Debye-HUckel screening radius considered 
i n the theory of e l e c t r o l y t e s ) of the p o t e n t i a l of an i s o l a t e d 
point source due to the surrounding conduction e l e c t r o n s i s ^ 2A° 
(Mott and Jones, 1936, pg.88) f o r most metals. I f a bound s t a t e 
could be formed, they concluded that the screening e f f e c t would 
reduce the binding and smear the wave f u n c t i o n out over a l a r g e r 
volume. Such a screened p o t e n t i a l , however, i s s i m i l a r to that 
employed i n the a n a l y s i s of the " e x c i t o n " s t r u c t u r e 1 , described 
e a r l i e r . 

F e r r e l l , on the other hand, chose to consider the problem 
i n terms of a c o r r e l a t i o n binding energy due to many-body i n t e r ­
a c t i ons between the p o s i t r o n and a l l the e l e c t r o n s , according to 
a c o l l e c t i v e i n t e r a c t i o n formulation o u t l i n e d by Bohm and Pines 
(1952). F e r r e l l estimated that f o r the e l e c t r o n d e n s i t i e s found 
i n most metals, t h i s c o r r e l a t i o n energy i s more negative than the 
positronium binding energy by a f a c t o r of between two and three, 
thus preventing the formation of a bound s t a t e . Because of the 
d r a s t i c nature of the assumptions involved i n the form of the • 
enhancement factor, (as discussed i n greater d e t a i l on pg 33), 
however, a d e t a i l e d comparison of the r e l a t i v e magnitudes of the 
c o r r e l a t i o n energy and the positronium binding energy i s probably 
1 K i t t e l , C., i n t r o d u c t i o n to S o l i d State P h y s i c s , (John 

Wiley and Sons, Inc. N.Y.) Second E d i t i o n , p.505. 
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unwarranted at the present time. 
. The second question mentioned e a r l i e r , regarding the 

formation time of positronium atoms, has been discussed i n some 
d e t a i l by Beg and Stehle (1959). These authors point out that 
the c r o s s - s e c t i o n f o r ordinary r a d i a t i v e capture of a free e l e c t r o n 
i n t o a bound s t a t e i s about an order of magnitude smaller than 
the observed a n n i h i l a t i o n c r o s s - s e c t i o n of the p o s i t r o n . They 
i n d i c a t e , however, that i n a f r e e e l e c t r o n gas, the capture r a t e 
i s considerably increased by means of Auger t r a n s i t i o n s of a t h i r d 
e l e c t r o n to an energy greater than the Fermi energy of the gas. 
Thus, t h e i r a n a l y s i s i s r e s t r i c t e d , e s s e n t i a l l y , to the formation 
of bound s t a t e s i n metals. The r e s u l t s of t h e i r c a l c u l a t i o n s 
i n d i c a t e that the capture r a t e involved i n the formation of 

15 
positronium atoms i s of the order of 10 per sec f o r thermalised 
p o s i t r o n s . T h i s . r e s u l t should be most accurate i n the case of 
low e l e c t r o n density, N, (such as i n the a l k a l i metals), where 
t h e i r approximations are most a p p l i c a b l e . The r a t e would 

2 
increase w i t h N, though not as f a s t as N , s i n c e , w i t h i n c r e a s i n g 
Fermi energy, the l o w - l y i n g e l e c t r o n s cannot p a r t i c i p a t e i n the 
process. However, t h e i r approximations, as w e l l as the assump­
t i o n of a hydrogenic ground s t a t e f o r positronium, get pro­
g r e s s i v e l y worse f o r i n c r e a s i n g N. Although they d i d not 
discuss the equivalent process f o r the formation of the p o s i ­
tronium i o n , i t -would seem that t h e i r d e s c r i p t i o n would probably 
apply i n t h i s case too, w i t h , perhaps, a capture rate somewhat 

15 
l e s s than the 10 per second, given above. 
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4. Consistency with Experimental R e s u l t s : 
The various measurable p r o p e r t i e s of the a n n i h i l a t i o n process 

as predicted by the two main types of theory ( i . e . a n n i h i l a t i o n 
during c o l l i s i o n versus a n n i h i l a t i o n from a bound state) were 
examined i n order to determine which of the suggested models 
has the strongest experimental support: 
(a) Shape of Decay Curve: Both types of model y i e l d a pure 

exponential decay curve i f the t h e r m a l i s a t i o n time of the 
p o s i t r o n s can be considered n e g l i g i b l e (and there e x i s t s 
strong t h e o r e t i c a l support- f o r t h i s expectation). The 
c o n d i t i o n under which the bound-state model leads to a 
s i n g l e simple exponential decay i s described i n the previous 
s e c t i o n : i . e . a r a p i d e l e c t r o n exchange mechanism i s 
required f o r the positronium atom, but i s unnecessary f o r 
the positronium i o n . 

(b) Angular C o r r e l a t i o n R e s u l t s : In those metals characterised 
by l a r g e l a t t i c e spacings (see pg 133), the measured angular 
c o r r e l a t i o n s of the a n n i h i l a t i o n gamma rays i m p l i e s a 
momentum d i s t r i b u t i o n of the a n n i h i l a t i n g p o s i t r o n - e l e c t r o n 
p a i r s equal to that of the p a r t i c u l a r conduction e l e c t r o n s 
concerned. This observation i s predicted by both t h e o r i e s 
i f the f o l l o w i n g r e s t r i c t i o n s are assumed: 
( i ) A n n i h i l a t i o n during C o l l i s i o n : Both the f r e e Dirac 

a n n i h i l a t i o n theory and the modified form i n v o l v i n g 
c o r r e l a t i o n s between the p o s i t r o n and the e l e c t r o n s 
are compatible with t h i s observation, but that des-

.. c r i b e d by pure . coulomb enhancement of the a n n i h i l a -
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t i o n c r o s s - s e c t i o n i s not. 
( i i ) A n n i h i l a t i o n from Bound States: A n n i h i l a t i o n from 

both the positronium atom and the i o n c o n f i g u r a t i o n s 
are compatible with t h i s r e s u l t i f r a p i d e l e c t r o n 
exchange c o l l i s i o n s are assumed. 

(c) Two-Photon: Three-Photon Y i e l d : Both t h e o r i e s y i e l d the 
same t h e o r e t i c a l value of 370:1. 

(d) Absolute P o s i t r o n L i f e t i m e i n Aluminum: The l i f e t i m e 
r e s u l t s l i s t e d here ( i n u n i t s of 1 0 ~ 1 0 seconds) are" those 
c a l c u l a t e d on the basis of a n n i h i l a t i o n with the conduction 
e l e c t r o n s of aluminum only, as necessitated by the r e s u l t s 
of (b) above. The reasons f o r the choice of aluminum as 
an example were twofold: F i r s t , aluminum i s one of the. 
metals of DeBenedetti's Group A c l a s s i f i c a t i o n , (see pgl33 ) i 

i n d i c a t i n g an angular c o r r e l a t i o n d i s t r i b u t i o n of the type 
described above. A l s o , i t i s the metal f o r which most of 
the absolute l i f e t i m e determinations have been performed, 
and so should be known most a c c u r a t e l y . The free Dirac 
a n n i h i l a t i o n theory p r e d i c t s a value of: 7.5. (x lO"*"1"^ 
s e c ) . Simple coulomb enhancement y i e l d s a value of: 
0.61 - 0.8. 
The F e r r e l l many-particle c o r r e l a t i o n model g i v e s : 1.6 

For the bound-state models we have: 
Positronium atom wi t h r a p i d , e l e c t r o n exchange: 5.0 
Positronium i o n with or without e l e c t r o n 

exchange: about 3.0 
(e) P o s i t r o n L i f e t i m e Dependence on Conduction E l e c t r o n 

Density, N: Both bound s t a t e models i n d i c a t e a n n i h i l a t i o n 
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r a t e s which are independent of the conduction e l e c t r o n density, 
to f i r s t order. A marked d e v i a t i o n from hydrogenic o r b i t s 
under high e l e c t r o n d e n s i t y would n a t u r a l l y have an e f f e c t on 
the a n n i h i l a t i o n l i f e t i m e of the s t a t e . A l l the c o l l i s i o n a l — 
a n n i h i l a t i o n processes, on the other hand, y i e l d a s i g n i f i c a n t 
dependence. The f r e e - e l e c t r o n Dirac a n n i h i l a t i o n process 
y i e l d s an a n n i h i l a t i o n r a t e p r o p o r t i o n a l to N. The F e r r e l l 
c o r r e l a t i o n model y i e l d s a f i r s t - o r d e r dependence on N, with 
c o r r e c t i o n terms of higher-order, and the simple Coulomb 

2/3 
enhancement theory p r e d i c t s a dependence on N- . 

( f ) Metal Structure E f f e c t s : P o s s i b l e e f f e c t s a t t r i b u t a b l e to 
environmental c o n d i t i o n s i n the neighbourhood of the p o s i t r o n 
should a l s o be considered as a means of d i s t i n g u i s h i n g between 
the various suggested mechanisms f o r p o s i t r o n a n n i h i l a t i o n , 
( i ) The C o l l i s i o n a l A n n i h i l a t i o n Process: 

Since a c o l l i s i o n a l a n n i h i l a t i o n process i s only depen­
dent on the conduction e l e c t r o n density, v a r i a t i o n s i n 
the s t r u c t u r e of the metal should e x h i b i t a r e l a t i v e l y 
minor e f f e c t . Thus, changes i n the phase of the 
m a t e r i a l (e.g. s o l i d to l i q u i d ) , and the s t r u c t u r a l 
changes involved i n d i f f e r e n t l a t t i c e c o n f i g u r a t i o n s , 
should have no e f f e c t on the p o s i t r o n l i f e t i m e , 
p r o v i d i n g the m e t a l l i c d e n s i t y (and hence the density 
of the conduction e l e c t r o n s ) remains unaltered. On 
the other hand, changes which a l t e r the p h y s i c a l 
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density s i g n i f i c a n t l y , as, f o r example, marked tempera­
ture changes, should a f f e c t the a n n i h i l a t i o n rate to 
approximately the same extent, 

( i i ) A n n i h i l a t i o n from a Bound' State: In the case of 
p o s i t r o n a n n i h i l a t i o n from a "bound s t a t e , however, quite 
d i f f e r e n t dependences would be expected. Since the 
a n n i h i l a t i o n of a p o s i t r o n i n a bound p o s i t r o n - e l e c t r o n 
system i s dependent on the d e t a i l e d nature of the wave-
f u n c t i o n of the system, and therefore on the volume 
a v a i l a b l e i n the i n t e r s t i t i a l regions of the metal, the 
c h a r a c t e r i s t i c s of the l a t t i c e s t r u c t u r e should be much 
more s i g n i f i c a n t f o r t h i s case than for that of the 
conduction e l e c t r o n d e n s i t y . Thus, a dependence of 
the a n n i h i l a t i o n rate on changes i n the l a t t i c e c o n f i g u ­
r a t i o n ( e s p e c i a l l y f o r the various a l l o t r o p i c forms of 
a p a r t i c u l a r metal), and the phase of the metal ( l i q u i d 
to s o l i d ) should r e s u l t , independent of the conduction 
e l e c t r o n d e n s i t y . In other words, the e f f e c t on the 
l i f e t i m e due to a density change r e s u l t i n g from a 
change of the a l l o t r o p i c form, or the phase of the metal, 
could w e l l be more s i g n i f i c a n t than that due to an 
equivalent density change r e s u l t i n g from a change i n 
temperature or pressure. The dependence of the l i f e ­
times measured i n t h i s work on the s t r u c t u r a l form of 

• the absorber i s discussed i n some d e t a i l i n Chapter V I I . 

(g) Magnetic E f f e c t s : Although, at f i r s t s i g h t , i t might 



-47-

appear that a n n i h i l a t i o n of a positronium i o n might be 
d i s t i n g u i s h a b l e from that of a positronium atom by a d i f f e r ­
ence, say, i n the r e l a t i v e t r i p l e t - s i n g l e t s t a t e admixture 
i n response to the a p p l i c a t i o n of a magnetic f i e l d , the 
e f f e c t s of such admixtures are completely obscured by the 
very r a p i d e l e c t r o n exchange mechanism assumed. In other 
words, the magnetic enhancement e f f e c t can only be detected 
when observing a "complex" decay, with two d i s t i n c t l i f e t i m e 
components, by i t s e f f e c t on the r e l a t i v e i n t e n s i t i e s of the 
two l i f e t i m e components. I f an exchange process e x i s t s 
which i s s u f f i c i e n t l y r a p i d (as i s assumed i n the case of 
metals) to quench completely the l o n g - l i v e d component, then 
i t i s obviously meaningless to discuss the p o s s i b i l i t i e s 
of any f u r t h e r quenching by an app l i e d magnetic f i e l d . 
Thus, f o r p o s i t r o n a n n i h i l a t i o n from bound s t a t e s , no apparent 
e f f e c t should r e s u l t from the a p p l i c a t i o n of a magnetic f i e l d . 

For the case of c o l l i s i o n a l a n n i h i l a t i o n s , however, a 
s l i g h t dependence of the r a t i o of two-photon to three-photon 
a n n i h i l a t i o n s may occur depending on the d i r e c t i o n of the 
appl i e d magnetic f i e l d (Hanna and Preston, 1953). Since the' 

22 
posi t r o n s emitted by Na which enter an absorber are a c t u a l l y 
p o l a r i z e d along t h e i r , d i r e c t i o n of motion (Page and Heinberg, 
1957), the r e l a t i v e p r o b a b i l i t i e s of occurrence of t r i p l e t 
and s i n g l e t s t a t e s during p o s i t r o n - e l e c t r o n c o l l i s i o n s i s 
then a f u n c t i o n of the d i r e c t i o n of the alignment of the 
r e l a t i v e spins of the electrons and p o s i t r o n s , and the d i r e c ­
t i o n of the e l e c t r o n o r i e n t a t i o n can be c o n t r o l l e d to an 
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extent by the a p p l i c a t i o n of an e x t e r n a l magnetic f i e l d . 
Small two-photon enhancement e f f e c t s of t h i s s o r t have been 
observed and described by Hanna and Preston,(1958). . Such 
e f f e c t s , then, could be expected f o r those a n n i h i l a t i o n s 
r e s u l t i n g from c o l l i s i o n a l processes such as those described 
by the f r e e , Dirac a n n i h i l a t i o n process, and " p i c k - o f f " 
a n n i h i l a t i o n s between positrons i n bound s t a t e s and p o l a r i z e d 
e l e c t r o n s from a neighbouring atom. For c o l l i s i o n a l p o s i ­
t r o n a n n i h i l a t i o n s i n a Fermi sea of e l e c t r o n s , however, 
only the few el e c t r o n s at the top of the sea are capable of 
any net p o l a r i z a t i o n (Mott and Jones, 1936, pg 184). Thus, 
only p o s i t r o n a n n i h i l a t i o n w i t h oriented core ele c t r o n s 
(such as can occur i n the t r a n s i t i o n metals) should possess 
any marked e f f e c t s of the type described above. 

A c o n s i d e r a t i o n , now, of the a v a i l a b l e experimental data 
y i e l d s the f o l l o w i n g checks: 
(a) The decay curve d e s c r i b i n g p o s i t r o n a n n i h i l a t i o n i n metals 

has been assumed exponential i n shape (although no e x p e r i ­
mental v e r i f i c a t i o n e x i s t s due to l i m i t a t i o n s i n the i n s t r u ­
mental r e s o l u t i o n a v a i l a b l e ) . 

(b) With s u i t a b l e r e s t r i c t i o n s a p p l i e d to the models (as 
mentioned i n (b) above) both forms of theory are compatible 
with the angular c o r r e l a t i o n data. 

(c) The experimental value f o r the r a t i o of the two- tothree-
photon y i e l d from metals has been found to agree with the 
t h e o r e t i c a l one w i t h i n the experimental e r r o r (Chapter I I , 
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Section 1 ) . 
I t i s obvious that the most s e n s i t i v e t e s t s of these 

t h e o r i e s are those l a b e l l e d (d) and ( e ) , both dependent on l i f e ­
time measurements. Experimental determinations of the l i f e t i m e 
of' p o s i t r o n s i n aluminum have ranged from 1.5 to 2.5 x 1 0 ~ 1 0 

seconds. These values can be considered consistent with both 
the F e r r e l l c o r r e l a t i o n model and p o s s i b l y the positronium i o n 
model, without f u r t h e r m o d i f i c a t i o n . . I f the l i f e t i m e of the 
positronium atom i s assumed to be d i f f e r e n t i n a metal to that 
r e s u l t i n g from a n n i h i l a t i o n i n f r e e space (or i f the t h e o r e t i c a l 
c a l c u l a t i o n s are fundamentally i n c o r r e c t ) , then c o m p a t i b i l i t y 
between the experimental r e s u l t s and that predicted by the p o s i ­
tronium atom model might be p o s s i b l e . 

I t i s i n the comparative l i f e t i m e s f o r d i f f e r e n t metals 
that we have perhaps the most s t r i n g e n t t e s t of the t h e o r i e s . 
The r e s u l t s of these measurements suggest that the l i f e t i m e of 
positrons i s the same i n a l l metals (measured t o an accuracy of 
0.7 x 1 0 ~ 1 0 seconds). Assuming p o s s i b l e v a r i a t i o n s i n these 
l i f e t i m e s of an amount allowed by these l i m i t s , we f i n d a 
p o s s i b l e v a r i a t i o n of a f a c t o r of two i n l i f e t i m e [if the lower 
l i m i t of the absolute value i n aluminum i s accepted), whereas. 
the c o l l i s i o n a l a n n i h i l a t i o n process with the l e a s t dependence 

2/3 
on conduction e l e c t r o n d e n s i t y ( v i z . p r o p o r t i o n a l to N ) s t i l l 
y i e l d s an expected v a r i a t i o n of about 4.5 f o r the e l e c t r o n 
d e n s i t y range considered. The p r e d i c t i o n s of the bound s t a t e 
model are c l e a r l y c o n s i s t e n t with the r e s u l t s as f a r as indepen­
dence of l i f e t i m e on e l e c t r i c d e n s i t y are concerned. 
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Since the l i f e t i m e r e s u l t s appear to represent an impor­
tant measure of the v a l i d i t y of the various t h e o r e t i c a l 
approaches, a more d e t a i l e d a n a l y s i s of the r e l i a b i l i t y of the 
various e x i s t i n g measurements w i l l be presented. 

5. Previous Experimental R e s u l t s . 
A. Sources of Systematic E r r o r . 

Because the l i f e t i m e s of positrons i n metals are smaller 
than the r e s o l v i n g times of e x i s t i n g instruments, a determination 
of the l i f e t i m e from the measured delayed coincidence curve r e ­
quires f o r a n a l y s i s some form of comparison to an instrumental 
"prompt" curve. I d e a l l y , the prompt curve should be obtained 
from a measurement of a source of r a d i a t i o n i d e n t i c a l i n a l l 
respects to that being i n v e s t i g a t e d , except that the coincident 
r a d i a t i o n s are simultaneous. Deviations from t h i s i d e a l i n 
a c t u a l measurements can give r i s e to a number of systematic 
e r r o r s , the most s i g n i f i c a n t of which i s that introduced when 
the r a d i a t i o n s emitted by the prompt source d i f f e r i n energy 
from those of the comparison source. The reason f o r t h i s i s 
the f o l l o w i n g . Assuming that the f r o n t edge of the l i g h t 
pulse (which decays with a c h a r a c t e r i s t i c time-constant, T) i n 
the s c i n t i l l a t o r p o r t i o n of the detector occurs immediately 
a f t e r the detected r a d i a t i o n i s i n c i d e n t upon the c r y s t a l , 
then, as each of the photons s t r i k e s the photocathode surface of 
the p h o t o m u l t i p l i e r , a photoelectron i s ejected with a c e r t a i n 
p r o b a b i l i t y ; u s u a l l y l e s s than ten per cent. The time r e s o l u ­
t i o n of the whole instrument, then, has as i t s u l t i m a t e l i m i t 
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the u n c e r t a i n t y i n the time of e j e c t i o n of the f i r s t photoelectron. 
Post and S c h i f f (1950) derived an expression f o r the mean time 
delay f o r the e j e c t i o n of the f i r s t photoelectron of the form: 

(l+f[) » where R i s the t o t a l number of photoelectrons 
i n the pulse. For p r a c t i c a l values of T and R,.(T about f i v e 
nanoseconds, and R a value l e s s than one hundred), t h i s un­
c e r t a i n t y becomes comparable with the l i f e t i m e s to be measured. 
Although T i s f i x e d f o r a given s c i n t i l l a t o r , R i s l i n e a r l y 
dependent on the i n t e n s i t y of the s c i n t i l l a t i o n s , and hence on 
the energy d i s s i p a t e d by the r a d i a t i o n i n the c r y s t a l . Thus, 
an energy-dependent instrumental time s h i f t develops, which i s 
undoubtedly the major systematic e r r o r involved i n the measure­
ment of short l i f e t i m e s . 

B. Methods f o r Measuring P o s i t r o n L i f e t i m e s . 
In the measurement of p o s i t r o n l i f e t i m e s s e v e r a l methods 

have been employed f o r obtaining the prompt and delayed r e s o l u t i o n 
curves. 
(a) P o s i t r o n l i f e t i m e s may be determined by measuring the time 

i n t e r v a l between the emission of the 1.28 Mev nuclear gamma 
22 

ray of a Na p o s i t r o n source surrounded by a p o s i t r o n 
absorber and the 0.51 Mev gamma ray emitted by the a n n i h i ­
l a t i n g p o s i t r o n . This method (employed by Ferguson and 
Lewis, 1953, Minton, 1954, and'Gerrholm, 1956) a c t u a l l y 
determines the d i f f e r e n c e between the mean l i f e t i m e s of the 
po s i t r o n s , and the 1.28 Mev gamma rays. Thus, i t i s a 
u s e f u l method f o r the determination of the p o s i t r o n l i f e -
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times.only i f the l i f e t i m e of the 1.28 Mev gamma ray i s short 
compared to 10""^ seconds. Recent experimental evidence f o r 
such a short l i f e t i m e i s discussed on page 90 . The absolute 
l i f e t i m e of the p o s i t r o n s i n the absorber can then be det e r ­
mined by comparing the r e s u l t i n g coincidence r e s o l u t i o n curve 
w i t h a prompt r e s o l u t i o n curve obtained using a source of 
pa i r s of coincident gamma rays. Although a "prompt" source 

22 
y i e l d i n g gamma rays of s i m i l a r energies to those from Na 
would be d e s i r a b l e to minimize the energy-dependent, i n s t r u ­
mental time s h i f t s , such sources are extremely d i f f i c u l t to 

60 
f i n d . Thus, Co , which has a mean time i n t e r v a l between the 
two gamma rays (of energy, 1.33 and 1.17 Mev) of (1.1 - 0.2) 

—12 
x 10 seconds (Metzger, 1956) has been employed almost 
e x c l u s i v e l y as the prompt source. To eli m i n a t e the type of 
systematic e r r o r described above, which tends to r e s u l t from 
the use of a prompt source of gamma rays of these energies, 
workers using t h i s method have employed d i f f e r e n t i a l p ulse-
height s e l e c t o r s i n the system to ensure that the only c o i n ­
cidences that are counted are those produced by s c i n t i l l a t i o n s 
of s i m i l a r i n t e n s i t y (and s i m i l a r i n t e n s i t y d i s t r i b u t i o n over 
the selected range) f o r both sources. In other words, only 
the f a s t coincidence pulses corresponding to the selecte d 
portions of the Compton spectra of the i n c i d e n t gamma rays 
are recorded. 
(b) As an a l t e r n a t i v e approach, B e l l and Graham (1952) measured 
the time i n t e r v a l between the d e t e c t i o n of a pulse produced 



-53-

by the energetic p o s i t r o n passing through a t h i n c r y s t a l of 
a s c i n t i l l a t i o n counter, and the d e t e c t i o n of the a n n i h i l a ­
t i o n gamma ray i n a second counter, emitted when the p o s i t r o n 
decayed i n a sample m a t e r i a l . The two counters were able 
to be separated i n space because a beta-ray spectrometer 
was used to define the momentum (and hence the t r a n s i t - t i m e ) 
of the accepted p o s i t r o n s . The delayed coincidence curve 
was obtained by al l o w i n g the s e l e c t e d p o s i t r o n s to be stopped 
i n a p o s i t r o n absorber placed d i r e c t l y i n f r o n t of the 
second s c i n t i l l a t i o n counter. A prompt r e s o l u t i o n curve 
was obtained, on the other hand, by removing the p o s i t r o n 
absorber, and a l l o w i n g the selecte d p o s i t r o n s to impinge 
d i i r e c t l y on the c r y s t a l of the second s c i n t i l l a t i o n counter. 
The d i f f e r e n c e between these curves i s then due t o the l i f e ­
time of the po s i t r o n s i n the absorber, the t r a n s i t time of 
the positrons i n the spectrometer s u b t r a c t i n g out. 

(c) Comparisons of the l i f e t i m e s of posi t r o n s i n various m a t e r i a l s 
i s f a c i l i t a t e d by comparing only the r e s u l t i n g r e s o l u t i o n 
curves, thus y i e l d i n g the d i f f e r e n c e s i n the l i f e t i m e s f o r 
the v a r i o u s absorbers. In t h i s way, p o s s i b l e systematic 
e r r o r s due to d i f f e r e n c e s i n s p e c t r a l shapes, and d i f f e r ­
ences i n counting r a t e s , are completely eliminated. 

C. Numerical Re s u l t s of the P o s i t r o n L i f e t i m e Measurements. 
(a) Absolute L i f e t i m e Determinations. 

The numerical values obtained f o r a number of metals 
— 1 0 

( i n u n i t s of 10 seconds), and a d i s c u s s i o n of the 
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technique involved i n the measurements, i s given below. 
( i ) Aluminum: B e l l and Graham (1953) by the method 

i n v o l v i n g the use of a beta-ray spectrometer, 
obtained a value of: 1.5-0.3 
The f o l l o w i n g workers used C o ^ as a 
prompt source. 
Ferguson and Lev/is (1953) obtained 
the value: ' 1.6 - 0.6 
•Minton (1959), on the other hand, 
measured a l i f e t i m e of: 2.4 -
Gerholm (1956) stated a s i m i l a r re s u i t : 2.5 - 0.3 

( i i ) Gold: B e l l and Graham also measured the absolute 
l i f e t i m e of positrons i n gold, using the same tech­
nique as that described f o r aluminum. Their r e s u l t 
f o r t h i s m a t e r i a l was: 1.2 - 0.3 

( i i i ) Lead: Using a "diode" time-sorter, s i m i l a r to that 
described by Jones (1955), Sunyar (1957) measured the 
l i f e t i m e of positrons i n l e a d . The nature' of tte 
prompt r e s o l u t i o n curve used i n h i s a n a l y s i s was not 
reported. 
The r e s u l t he obtained was: 1.6 i 0.15 
Gerholm, however, found no d i f f e r e n c e (to - 0.3 x 
1 0 - ^ sec) between h i s values f o r lead and aluminum 
(from the comparative r e s u l t s described l a t e r i n t h i s 
s e c t i o n ) . 

I t i s i n t e r e s t i n g that the determinations of the 
absolute l i f e t i m e of positrons i n aluminum (and lead) show 
such a large v a r i a t i o n , and a l s o appear to be segregated i n t o 
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two p r i n c i p a l groups, one centred at about 1.5 x 10~ 1 (^ sec, and 
the other at 2.5 x lO"" 1^ sec. Since the major p o r t i o n of the 
quoted e r r o r s were probably s t a t i s t i c a l i n nature, i t i s f e l t 
that the major causes of the disagreement i n these values are 
due to the existence of systematic e r r o r s due t o : (1) energy-
dependent time s h i f t s of the type described i n part (a) of t h i s 
s e c t i o n , and ( i i ) v a r i a t i o n s i n the count-rates between the two 
comparison sources. 

In an attempt to minimize systematic e r r o r s of type ( i ) 
above, B e l l and Graham set t h e i r spectrometer to s e l e c t p o s i ­
trons of 220 Kev, an energy near the mean of the range of the 
a n n i h i l a t i o n Compton spectra s e l e c t e d by the side channel d i s ­
c r i m i n a t o r ( v i z . 150 - 340 Kev). With t h i s arrangement, they 
estimated the d i f f e r e n c e i n time delay between the sample-out 
and sample-in conditions to be l e s s than 0.2 x 10"*"^ sec. 
Although the means of the two energies are s i m i l a r , Gerholm 
(1956) suggested that the lack of s i m i l a r i t y i n the s p e c t r a l 
shapes under the two conditions could give r i s e to changes i n 
the instrumental delay of the order of lO""1"^ seconds. Several 
other p o s s i b l e c o n t r i b u t i n g sources of e r r o r i n the l i f e t i m e de­
terminations of B e l l and Graham are a l s o discussed by Gerholm. 

Gerholm, on the other hand, attempted to minimize t h i s 
instrumental time s h i f t by employing a comparison source of 

22 207 
s i m i l a r gamma-ray energies to those of Na , v i z . Pb , which 
emits s e v e r a l gamma rays, the two predominant ones (of energies 

207 
1.06 and 0.57 Mev) being i n cascade. A B i source was there­
fore employed, which, f o l l o w i n g decay by e l e c t r o n capture to 
the 1.63 Mey state of Pb , de-excites through the 0.57 Mev 
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l e v e l to the ground s t a t e , thus e m i t t i n g the two gamma rays 
mentioned above. The mean l i f e t i m e of the 0.57 Mev l e v e l was 
f i r s t determined by St e l s o n and McGowan (1955) by a measurement 

r 

of the t r a n s i t i o n p r o b a b i l i t i e s involved i n a Coulomb e x c i t a t i o n 
of the l e v e l , r e s u l t i n g i n a value of (1.0 - §'|) x 1 0 ~ 1 0 sec. 
A determination by delayed coincidence techniques (Sunyar, 1957), 
y i e l d e d a value of: (1.1 ± 0.15) x 1 0 " 1 0 sec. 

With one side channel window set to detect the top p o r t i o n 
(about f o r t y per cent) of the a n n i h i l a t i o n gamma ray Compton 
spe c t r a , and the other adjusted to detect everything above 500 
Kev of e l e c t r o n energy, Gerholm (1956) found that the l i f e t i m e 
of p o s i t r o n s i n aluminum was longer than the mean l i f e t i m e of the 
f i r s t e x c i t e d s t a t e of P b 2 0 7 by (1.1 i 0.3) x 1 0 ~ 1 0 sec, i n ­
d i c a t i n g a p o s i t r o n l i f e t i m e greater than the 1.5 x 10"*"^ sec 
measurement of B e l l and Graham. 

Gerholm then measured both positron-in-aluminum and 
Pb 2 (^ 7 l i f e t i m e s using G o ^ as a prompt source, both measure­
ments being performed under i d e n t i c a l c o n d i t i o n s . His r e s u l t s 
were then c a l c u l a t e d by averaging the measurements f o r both 
"normal" and "in v e r t e d " modes of operation of h i s instrument. 
By an " i n v e r t e d " mode of operation i s meant that mode which 
r e s u l t s when the s e t t i n g s of the two side channel analysers are 
interchanged, so that the detector which normally detects the 
"delayed" pulse, would, under the in v e r t e d mode of operation, 
detect the "prompt" (or zero time) pulse. The f i n a l r e s u l t s 
quoted by Gerholm are: (2.5 - 0.3) x 1 0 ~ 1 0 seconds f o r the 
l i f e t i m e of positrons i n aluminum, and (0.9 - 0.3) x 1 0 ~ 1 0 



seconds f o r the l i f e t i m e of the 0.57 Mev state of Pb . The 
good agreement between h i s value f o r the f i r s t e x c i t e d s t a t e of 

207 
Pb and the values quoted e a r l i e r adds to the r e l i a b i l i t y of 
h i s r e s u l t f o r the l i f e t i m e of posi t r o n s i n aluminum. 

I t i s c l e a r from t h i s c o l l e c t i o n of measurements, that 
a more accurate determination of the l i f e t i m e of posi t r o n s i n 
metals, associated with a thorough q u a n t i t a t i v e i n v e s t i g a t i o n 
of the systematic e r r o r s involved i n these measurements i s 
required before attempting to e s t a b l i s h the d e t a i l e d nature of 
the p o s i t r o n decay processes. 
(b) Comparative L i f e t i m e Measurements: 

The r e s u l t s of the comparison measurements described i n 
Section B (c) of t h i s chapter w i l l be given next. An i n t e r e s ­
t i n g observation regarding these values i s the degree of 
consistency between the r e s u l t s of d i f f e r e n t workers. This 
would be expected.if the d e v i a t i o n s i n the absolute value 
measurements were due to the type of systematic e r r o r which 
subtracts out i n the comparison measurements, 
( i ) Comparisons With an Aluminum Reference: 

DeBenedetti and Richings (1952) found that the d i f f e r e n c e s 
i n the mean l i f e t i m e s of po s i t r o n s i n the metals: l i t h i u m , 
sodium, potassium, s i l v e r , l e a d , and copper, as compared 
to aluminum, were (0 i 0.7) x IO"* 1 0 seconds. 
B e l l and Graham (1953) determined that the mean p o s i t r o n 
l i f e t i m e s i n aluminum, b e r y l l i u m , copper and mercury 
( l i q u i d ) were constant w i t h i n 0.4 x l O - 1 ^ seconds. 
Minton (1954, 1959), however, detected a s i g n i f i c a n t 
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d i f f e r e n c e between the mean l i f e t i m e s of positrons i n lead 
and aluminum, y i e l d i n g an increased l i f e t i m e i n the lead 
of (0.5 - 0.3) x 10"" 1 0 seconds. 
Gerholm, on the other hand, detected no d i f f e r e n c e ( w i t h i n 
0.3 x l O - 1 ^ sec) between the mean l i f e t i m e s of positrons 
i n l e a d , copper, and i r o n , 

( i i ) Comparisons wi t h a Lead Reference: 
Ferguson and Lewis (1953) found that the mean l i f e t i m e s of 
p o s i t r o n s i n aluminum, magnesium, and i r o n , were the same 
as i n lead to an accuracy of 0.5 x 1 0 - 1 ^ seconds. 

Although the r e s u l t s of the comparative measurements 
l i s t e d above have been i n t e r p r e t e d as i n d i c a t i v e of a constant 
p o s i t r o n l i f e t i m e , independent of the nature of the metal 
absorber ( B e l l and Graham, 1953), i t i s evident that measure­
ments of greater accuracy are required i n a l a r g e r number of 
metals before any conclusions about the nature of p o s i t r o n 
a n n i h i l a t i o n i n metals are j u s t i f i e d . 



CHAPTER I I I 

DEVELOPMENT OF A FAST TIME SORTER 

1. I n t r o d u c t i o n , 
Equipment used f o r measuring short time i n t e r v a l s i n the 

range 1 0 " 1 1 to 10"^ seconds i s g e n e r a l l y one of the f o l l o w i n g 
two types: e i t h e r a "delayed coincidence c i r c u i t " or a "time 
s o r t e r " . The delayed coincidence c i r c u i t i s a single-channel 
time-measuring device, i n which voltage pulses from two detec­
t o r s are counted when they are coincident i n time. In p r a c t i c 
a coincidence i s counted when the pulses a r r i v e w i t h i n a short 
time i n t e r v a l of each other, t h i s time i n t e r v a l being termed 
the e l e c t r o n i c r e s o l u t i o n time of the instrument. When 
measuring short l i f e t i m e s with t h i s form of apparatus, c o i n ­
cident count rates are normally recorded as a f u n c t i o n of the 
amount of time delay i n s e r t e d i n one of the detector c i r c u i t s . 
Such c i r c u i t s (and t h e i r a p p l i c a t i o n i n the measurement of 
short l i f e t i m e s ) have been f u l l y described b y . B e l l (1954, 1955) 
Multichannel coincidence c i r c u i t s , or "Chronotrons", have a l s o 
been designed (Ticho and Gauger, 1956), but have not found 
wide acceptance because of t h e i r complex mechanical design and 
i n f l e x i b l e time c h a r a c t e r i s t i c s (the time channel width, f o r 
example, i s f i x e d by the mechanical design), 

The "time s o r t e r " , another form of multichannel time-
measuring device, c o n s i s t s of a c i r c u i t capable of producing: 
voltage pulses whose amplitudes are a measure of the time 
i n t e r v a l between the p a i r s of input pulses. This "time-to-
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pulse-amplitude converter" may then be followed by a conven­
t i o n a l k i c k s o r t e r (multi-channel pulse amplitude analyser) to 
complete the instrument. The advantage of increased capacity 
f o r data c o l l e c t i o n afforded by such a multi-channel instrument 
more than compensates f o r the s l i g h t l y increased e l e c t r o n i c 
complexity. 

A form of time s o r t e r which has seen f a i r l y widespread 
use employs a 6BN6, gated-beam tube with two c o n t r o l electrodes 
i n the time-to-pulse-amplitude converter, and was f i r s t des-
c r i b e d by N e i l s o n and James (1955). This c i r c u i t , however, 
f a i l e d to achieve the r e s o l u t i o n times a t t a i n a b l e with the 
delayed coincidence c i r c u i t of B e l l et a l . (1952). This was 
p a r t l y a t t r i b u t a b l e to the n e c e s s i t y of developing l a r g e r 
pulses f o r operation of the 6BN6 converter than was necessary 
i n the c i r c u i t of B e l l et a l . , which employed a c r y s t a l diode 
i n the coincidence detector. The l o s s of bandwidth associated 
w i t h the higher gain required f o r the 6BN6 c i r c u i t thereby r e ­
duced the i n t r i n s i c r e s o l u t i o n time of the instrument. 

Since good r e s o l u t i o n (hence, a high bandwidth) l i n e a r i t y 
of response i n the nanosecond range, and high e l e c t r o n i c s t a b i ­
l i t y were desired f o r the measurements described i n t h i s t h e s i s , 
i t was considered d e s i r a b l e to u t i l i z e a modified form of the 
time s o r t e r described by Jones and V/arren (1956) i n which.a 
c r y s t a l diode was used as the s e n s i t i v e element i n the converter 
c i r c u i t . Since microwave diodes have a higher operating band­
width and require smaller s i g n a l s f o r operation than do vacuum 
tubes of the 6BN6 type, a time s o r t e r c i r c u i t based on these 



components was developed. 
The basic c i r c u i t and operation of the type of time 

s o r t e r to be discussed i n t h i s s e c t i o n was described by Warren 
and Jones, 1958, as having the f o l l o w i n g c h a r a c t e r i s t i c s : 
(a) An i n t r i n s i c e l e c t r o n i c r e s o l u t i o n time of l e s s than 

."05 nsec. 
fin 

(b) A r e s o l u t i o n time, using prompt gamma rays from Co , 
of 0.8 nsec. 

(c) An e l e c t r o n i c s t a b i l i t y of b e t t e r than 1% ( i . e . l e s s 
than .05 nsec.) over the course of a day. 

(d) Linear time c a l i b r a t i o n s i n the range of one to ten 
nanoseconds. 

2. D e s c r i p t i o n of the Time S o r t e r . 
A standard f a s t - s l o w coincidence system ( B e l l et a l , 1952) 

was employed as shown i n f i g . l , v;ith l i m i t e r s or e q u a l i z e r s 
f o l l o w i n g the s c i n t i l l a t i o n counters to produce the necessary 
step voltage pulses f o r operation of the time s o r t e r i t s e l f . 
The operation of the time-to-amplitude converter c i r c u i t i s 
s i m i l a r to that described by Jones and Warren (1956) and i s 
described b r i e f l y as f o l l o w s ( f i g . 2): 
(a) Upon d e t e c t i o n of a gamma-ray of s u f f i c i e n t energy, the 

l i m i t e r produces a step voltage ( r i s e - t i m e estimated at 
l e s s than one nsec), ivhich, a f t e r a f l a t plateau of about 
one microsecond, recovers w i t h a longer time-constant 
(about one hundred nanoseconds). 

(b) Upon reaching the time s o r t e r , t h i s s t e p i s c l i p p e d by a 
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s h o r t i n g stub to a f i x e d l e n g th, X9 (about f i f t e e n nano­
seconds). 

(c) I f a pulse i s produced by the secorri l i m i t e r w i t h i n a time 
T0 of a c t i v a t i o n of the f i r s t l i m i t e r , a l i n e a r super­
p o s i t i o n of the two waveforms occurs.at the input to the 
s h o r t i n g ,stub. I f the converter i s biased to the l e v e l 
shown, only the overlap p o r t i o n of the pulse w i l l be t r a n s ­
mitted i n t o the i n t e g r a t o r c i r c u i t . 

(d) In the time s o r t e r a f a s t diode switch i s operated by the 
overlap pulse, and a f i x e d current i s integrated f o r a 
time determined by the l e n g t h of the overlap. A f t e r 
a m p l i f i c a t i o n , then, a pulse'of the form shown i n f i g . 2(d) 
i s obtained. 

The purpose of the a n c i l l a r y apparatus shown i n the block 
diagram, f i g . 1, i s adequately described by Jones (1955). 

3. D e t a i l e d D e s c r i p t i o n of I n d i v i d u a l U n i t s . 
(A) Time-to-Pulse Height Converter: 

The c i r c u i t diagram of the converter i s given i n f i g . 3. 
The c i r c u i t i s simply a f a s t current switch c o n s i s t i n g of 
two microwave diodes followed by a M i l l e r integrator.'^"-
Preceding the diode switch i s a shorted stub c l i p p i n g 
l i n e , used i n the same manner as 'that described by B e l l 
et a l (1952). In contrast to the 6BN6 time s o r t e r system 
(Ne i l s o n , 1955) i n which separate c l i p p i n g l i n e s are i n ­
corporated i n t o each l i m i t e r , t h i s system u t i l i z e s a 

1 F a r l e y , F.J.M., "Elements of Pulse C i r c u i t s " . (Methuen 
Monograph), Methuen and Co., L t d . , England (1956), 
p. 76. 
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s i n g l e s h o r t i n g stub f o r both channels. In the quiescent 
s t a t e , the input diode conducts a constant current of one 
milliampere to ground (from the 250 kilohm r e s i s t o r to the 
p o s i t i v e 250 v o l t l i n e ) , while the second diode i s biased 
o f f by about 0.7 v o l t s . 

The presence of a s i n g l e pulse at the input merely causes 
a r i s e i n voltage at the diode j u n c t i o n , w i t h the second 
diode remaining c u t - o f f . Superposition of two coincident 
pulses, however, causes the voltage at the j u n c t i o n of the 
two diodes to exceed the b i a s voltage, thus switching the 
constant c\irrent i n t o the i n t e g r a t o r as the f i r s t diode cuts 
o f f . Since the input diode i s cut o f f during t h i s time 
i n t e r v a l , the l o a d i n g e f f e c t of the time s o r t e r on the i n ­
coming pulses i s small (one milliampere of the i n c i d e n t 
f o r t y milliamperes being required f o r the i n i t i a l s w i t c h i n g ) . 

This i d e a l i z e d d e s c r i p t i o n of the apparatus i s not 
s t r i c t l y r e a l i z e d i n p r a c t i c e , however. Since the charac­
t e r i s t i c s of the diode switch are not i n f i n i t e l y sharp, 
there i s a small current conducted by the second diode 
during a s i n g l e pulse or during the pedestal surrounding a 
p a r t i a l overlap. The d.c. switching c h a r a c t e r i s t i c s of 
these microwave diodes i s i l l u s t r a t e d i n f i g . 4, i n which 
the output d.c. current i s p l o t t e d as a f u n c t i o n of an 
input d.c. voltage, with no b i a s a p p l i e d to the second 
diode. As i s i n d i c a t e d i n the diagram, a l i m i t e d pulse 
of amplitude greater than 0.4 v o l t s i s required to switch 
the output from zero to f u l l current. A l s o , to prevent 
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conduction during the s i n g l e pulses, a b i a s of about 0.25 v o l t 
more than the l i m i t e d pulse amplitude must be s e l e c t e d . The 
value of 0.47 v o l t s f o r the l i m i t e d pulse amplitude (given i n 
s e c t i o n 3(c)) should therefore produce s a t i s f a c t o r y switching, 
and would also i n d i c a t e a b i a s l e v e l of at l e a s t 0.72 v o l t s . 
By operating the c i r c u i t i n t h i s manner, a doubles:singles 
r a t i o of greater than twenty:one i s e a s i l y r e a l i z e d , 
(a) Hole Storage E f f e c t s : 

I f the d.c. c h a r a c t e r i s t i c s of the current switch shown 
i n f i g . 4 are a l s o assumed to apply to the f a s t pulses', the 
operation of the time-to-amplitude converter would be expected 
to be Independent of the input amplitude (provi d i n g the 
pulses were l a r g e enough f o r complete switching of the c u r r e n t ) , 
thus g r e a t l y s i m p l i f y i n g the design of the l i m i t e r s . With 
p r a c t i c a l diodes, however, such operation i s not obtainable, 
due, p r i m a r i l y , to hole storage e f f e c t s . The r e s u l t of 
these e f f e c t s i s shown i n f i g . 5 which i l l u s t r a t e s the s w i t ­
ching c h a r a c t e r i s t i c s of the diode c i r c u i t during pulsed 
operation. The ordinate i s the amplitude of the i n t e g r a t e d 
output pulse, and the a b s c i s s a i s the amplitude of the c l i p p e d 
input pulse. The d.c. b i a s f o r the diodes was set to a 
convenient, a r b i t r a r y value and kept constant f o r both 
measurements. The d e v i a t i o n i n the amplitude of the i n ­
tegrated output pulse f o r the ten' nanosecond input N pulse from 
that expected (on the b a s i s of the i n t e g r a t e d output being 
1/10 of that obtained with a 100 nsec pulse) i s a t t r i b u t e d 
to m i n o r i t y c a r r i e r conduction ( i n the reverse d i r e c t i o n ) i n 
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the f i r s t diode during the period when i t i s supposedly cut 
o f f . Since the r e l a t i v e amount of min o r i t y c a r r i e r conduction 
i s s t r o n g l y dependent on the input pulse width, the l i n e a r i t y 
of response i s a l s o dependent on t h i s parameter. As i s seen 
from the diagram, however, t h i s e f f e c t i s small i f the b i a s 
i s adjusted so that the current switched by the overlap pulse 
i s about 95J? of the maximum (corresponding to the operating 
point i n d i c a t e d by the voltage L i n f i g . 5). Under these 
c o n d i t i o n s the l i n e a r i t y i s good down to- overlap pulse lengths 
of a few nanoseconds. Such operating c o n d i t i o n s increase the 
s t a b i l i t y requirements f o r the l i m i t e r c i r c u i t s . 

M i n o r i t y c a r r i e r conduction i n the second diode tends to 
remove some of the switched current from the i n t e g r a t o r when 
the input s i g n a l returns to ground l e v e l . Since the minority 
c a r r i e r l i f e t i m e i s expected to be i n the nanosecond range f o r 
microwave diodes, t h i s e f f e c t can be reduced by preventing the 
input s i g n a l from r e t u r n i n g to ground f o r a period of several 
nanoseconds a f t e r the overlap s i g n a l . This was accomplished 
by using ( f o r the l i f e t i m e measurements described herein) a 
sh o r t i n g stub length of fourteen nanoseconds and a r e l a t i v e 
channel delay of nine nanoseconds, which, f o r coincident 
pulses, r e s u l t e d i n an overlap length of f i v e nanoseconds, 
and a pedestal length (on both sides of the overlap pulse) of 
nine nanoseconds, during which time the second diode was able 
to recover. The r e s u l t s of t h i s e f f e c t can be observed i n 
f i g . 6 which i s a p l o t of the measured output pulse from the 
time s o r t e r as a f u n c t i o n of the delay i n s e r t e d i n one of 
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the channels. The l o s s i n output pulse amplitude ( r e s u l t i n g 
i n n on-linear response) near complete overlap (and hence zero 
pedestal length) i s a t t r i b u t e d to t h i s e f f e c t . 

The choice of the diodes i n the diode switch was governed 
by three f a c t o r s , v i z . good high frequency response (thus 
i n d i c a t i n g a short minority c a r r i e r l i f e t i m e ) , high back 
r e s i s t a n c e (to lessen the temperature dependence of the 
switching c i r c u i t by reducing the magnitude of the s t r o n g l y 
.temperature-dependent reverse leakage c u r r e n t s ) , and high 
forward conduction ( i n order to produce a sharp switching 
a c t i o n ) . Associated with the high frequency response, i s the 
d e s i r a b i l i t y of a f a s t turn-on time f o r the diode. Of the 
s e v e r a l commonly-available microwave mixer diodes examined, 
the 1N23A was se l e c t e d on the b a s i s of the above requirements. 
I t i s designed f o r use as a microwave mixer up to 9000 mc.. 
In a d d i t i o n , i t has a reverse current of l e s s than twenty 
microamperes at a voltage of one v o l t (room temperature), and 
a forward conduction of about f i f t e e n milliamperes at one v o l t . 
With regards to p o s s i b l e improvements i n t h i s p o r t i o n of the 
c i r c u i t r y , some r e c e n t l y developed diodes such as the B e l l 
Telephone IN696 V a r i s t o r should be i n v e s t i g a t e d . The 1N696, 
f o r example, has the f o l l o w i n g c h a r a c t e r i s t i c s : a reverse 
leakage current of .001 microamperes at one v o l t , a forward 
conduction of twenty f i v e milliamperes at one v o l t , and a 
recovery time of l e s s than f i v e nanoseconds on switching from 
ten milliamperes forward to ten milliamperes reverse current. 
This recovery time w i l ] be correspondingly shorter f o r smaller 
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forward conduction currents. 

The value of lma for the constant-current employed i n the 

fast, diode switch was chosen for the following reasons. The 

voltage range required to switch from zero to f u l l current i s 

a function of the amount of current switched. For example, 

the voltage range required to switch from 5% to 95% of the 

Current was calculated to be 0.25 volts for a current of 0.5 

milliamperes and 0.6 volts for a current of f i v e milliamperes. 

Since the amount of stored minority c a r r i e r s i s also a function 

of the current, a good switching ch a r a c t e r i s t i c requires the use 

of small currents. Thus, sharp switching and the use of small 

voltage signals are both f a c i l i t a t e d by using small currents. 

These benefits tend to be off s e t , however, by the f i n i t e time 

required to charge up the junction of the diodes, thus 

producing an undesired delay between the time the f i r s t diode 

switches off and the second diode switches on. Since even a 

one milliampere current requires a time of one nanosecond to 

charge up a capacity from the junction to ground of only two 

picafarads (stray plus diode capacity) by 0.5 vo l t s , the use 

of s t i l l smaller current was not considered advisable. Thus, 

a value of one milliampere was regarded as a satisfactory 

compromise. 

The integrating c i r c u i t was supplied with a variety of 

integrating capacitors that could be switched i n when desired. 

By this means, a variety of operating ranges could be obtained; 

a 0-200 m i l l i v o l t range of output pulse amplitudes for pulse 

overlaps of zero to f i f t e e n nanoseconds for the ten pf range, 
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120 nsec for the 250 pf range, and about 400 nsec for the 750 

pf range. A f i f t y foot, shorted length of RG17, a high-

frequency 52 ohm coaxial cable, was obtained to enable time 

measurements to be made i n the one hundred nanosecond range, 

using square pulses of 150 nsec length. S t i l l larger time 

intervals could no doubt be measured i f larger shorting stubs 

were used. 

) G-amma-Ray Detectors: 

The gamma-ray detectors consisted, as mentioned e a r l i e r , of 

s c i n t i l l a t i o n counters followed by l i m i t e r 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 components of the s c i n t i l l a t i o n detector, v i z . 

the s c i n t i l l a t i o n c r y s t a l , and the photoraultiplier tube. As 

pointed out on page 51, the mean time delay for the appearance 

of the f i r s t photoelectron from the photocathode of a s c i n ­

t i l l a t i o n counter, i s : ̂  = "^"( '" ' ' ff) » w n e r e T* i s the 

mean l i f e of the s c i n t i l l a t i o n i n the phosphor, and R i s the 

t o t a l number of photoelectrons produced during the pulse. 

Since R i s proportional to the l i g h t output from the c r y s t a l , 

i t i s strongly dependent on such factors as the nature of the 

op t i c a l coupling of the c r y s t a l to the photomultiplier, etc. 

Thus, the achievement of short resolution times requires care 

i n the selection of the components to minimise t . It 

should be noted, however, that the formula given above only 

considers that portion of the s c i n t i l l a t i o n counter consisting 

of the c r y s t a l and photocathode, and i s the ultimate l i m i t i n 
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the r e s o l u t i o n time of the instrument only i f the spread i n 
t r a n s i t - t i m e of the elect r o n s i n the p h o t o m u l t i p l i e r s t r u c t u r e 
i t s e l f can be considered n e g l i g i b l e compared to t , and i f the 
ph o t o m u l t i p l i e r i s capable of s u f f i c i e n t gain f o r the d e t e c t i o n 
of s i n g l e e l e c t r o n pulses from the photocathode. 

The p h o t o m u l t i p l i e r tube chosen f o r t h i s work was the 1P21, 
selected f o r i t s short t r a n s i t - t i m e spread and high gain ( B e l l , 
1954). Since the photocathode-first dynode e l e c t r o n t r a n s i t -
time spread i s ge n e r a l l y much greater than that between 
successive dynodes because of poorer focussing, the 1P21, by 
v i r t u e of i t s i n t e r n a l photocathode, ha3 a much shorter t r a n s i t -
time spread than the conventional end-window tubes. The 
recently-developed, curved photocathode tubes (designed with 
s p h e r i c a l geometry as the o b j e c t i v e ) , such as the RCA 7264, 
are much superior to the f l a t end-window tubes regarding 
t r a n s i t - t i m e spreads (Widmaier, 1958) and f a c i l i t a t e much b e t t e r 
o p t i c a l coupling to the c r y s t a l than the i n t e r n a l photocathode 
tubes such as the 1P21. The choice of the s c i n t i l l a t o r 
should depend, as i n d i c a t e d by the formula of Post and S c h i f f 
(pg. 51 ) , on having as small a r a t i o of decay time to i n t e n ­
s i t y of l i g h t pulse as p o s s i b l e . Of the commercially-available 
organic c r y s t a l s , diphenylacetylene appears to be supe r i o r 
(Jones, 1955) with a decay constant of four nanoseconds, and a 
l i g h t y i e l d f o r beta p a r t i c l e s , r e l a t i v e to that of anthacene, 
of 0.8. NE102 (a p l a s t i c s c i n t i l l a t o r manufactured by Nuclear 
E n t e r p r i s e s , Pembina St., Winnipeg, Canada) has somewhat poorer 
c h a r a c t e r i s t i c s , a decay time of the same value, but a r e l a t i v e 



l i g h t output, compared to anthacene; of 0.6. Since the p l a s t i c 
phosphor can be r e a d i l y machined, however, i t was f e l t that 
s u i t a b l e shaping of the phosphor to a s s i s t i n focussing the 
l i g h t pulse on the photocathode of the 1P21 might improve the 
e f f e c t i v e l i g h t - c o u p l i n g s u f f i c i e n t l y to make t h i s assembly 
superior to that using diphenylacetylene. The r e s u l t s of t h i s 
i n v e s t i g a t i o n were somewhat i n c o n c l u s i v e , however, with no 
s i g n i f i c a n t difference- i n r e s o l u t i o n observed between the two 
assemblies, 

(a) Assembly: 
The 1P21 tubes were f i r s t s i l v e r e d on the outside by the Brashear 
process to reduce tube noise (MacKenzie, 1953). The phosphors 
were glued to the sides of the tubes w i t h R313 1, and then 
covered with MgO f o r good l i g h t r e f l e c t i v i t y . The complete 
mount was then wrapped with black scotch e l e c t r i c a l tape and 
painted w i t h black enamel to ensure l i g h t t i g h t n e s s . A t o t a l 
of four counters were constructed, two c o n s i s t i n g of 
diphenylacetylene c r y s t a l s of s i z e : 1" x 3/8" x 3/8", with one 
l o n g i t u d i n a l face machined to f i t the p h o t o m u l t i p l i e r tube, 
and the other two with shaped NE102 phosphors, of approximate 
s i z e : 1" x x 5/8". The best two s c i n t i l l a t o r - p h o t o m u l t i -
p l i e r combinations (one being a diphenylacetylene counter, 
and the other a p l a s t i c phosphor counter) were then selec t e d 
from these four and used i n the subsequent measurements. 

The p h o t o m u l t i p l i e r dynode voltages were determined by a 
r e s i s t i v e bleeder chain placed across a regulated, e l e c t r o n i c 
1 R 313 Bonding Agent, C a r l H. Biggs Co., 2255 Barry Ave., 

Los Angeles 64, C a l i f o r n i a . 
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high t e n s i o n supply, the r e s i s t o r values being given i n f i g . 8. 
C a p a c i t i v e decoupling was used on the l a t e r dynode stages to 
reduce c a p a c i t i v e degeneration of the output pulses. Small 
damping r e s i s t o r s were i n s e r t e d i n s e r i e s w i t h the condensers, 
however, to reduce the tendency f o r high frequency r i n g i n g 
(Jones, 1955). 

(C) L i m i t e r s : 

The requirement of high s t a b i l i t y i n the operation of the time 
s o r t e r described i n t h i s t h e s i s r e s u l t e d i n s e v e r a l s t r i n g e n t 
c o n d i t i o n s f o r the l i m i t e r c i r c u i t . F i r s t l y , the l i m i t e r tube 
had to be a sharp c u t - o f f tube, capable of producing an anode 
pulse with a r i s e - t i m e of l e s s than one nanosecond. The tube 
had to be capable of conducting a dc p l a t e current of about 
twenty milliamperes i n order to produce the desired one v o l t 
output pulse across the e f f e c t i v e p l a t e load of f i f t y ohms. 
Further, the c i r c u i t had to be c h a r a c t e r i s e d by a high degree 
of dc s t a b i l i t y , so that the l i m i t e r output pulse amplitude 
would be constant f o r the reasons described on page 65. 
F i n a l l y , i t was d e s i r e d that the c i r c u i t should be count-rate 
i n s e n s i t i v e , so that the amplitude of the output pulses would 
be uniform and independent of count-rate. The data given on 
page 86 i n d i c a t e that the t o t a l f l u c t u a t i o n s i n the l i m i t e r 
current must be l e s s than 0.3$ i f time measurements to an 
accuracy of - 0.1 x 1 0 ~ 1 0 seconds are intended. 

The time s o r t e r described by Warren and Jones (1958) (an 
improved v e r s i o n of that described by Jones, 1955) contained 
l i m i t e r s designed about a secondary-emission pentode, the 
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Z319"*", w i t h both dc and count-rate compensation feed-back 
loops to improve the s t a b i l i s a t i o n (as shown i n f i g . 7). 
Use of t h i s c i r c u i t was discontinued, however, when d i f f i c u l ­
t i e s . involved i n attempting to reduce random s h i f t s occurring 
i n the time measurements l e d to the discovery that these tubes 
had the c h a r a c t e r i s t i c that l a r g e negative input pulses f a i l e d 
to t u r n o f f the tubes completely. I t appeared that a f t e r the 
i n i t i a l warming-up period, the dynode continued to emit e l e c ­
trons t h e r m i o n i c a l l y f o r some time a f t e r a negative, c u t - o f f 

pulse was applied to the g r i d . This temperature-dependent, 
r e s i d u a l current thus introduced'a l i m i t a t i o n to the constancy 
and u n i f o r m i t y a t t a i n a b l e f o r the amplitude of the output 
pulses. For t h i s reason, a t t e n t i o n was d i r e c t e d to r e c e n t l y -
developed high-gain, high current pentodes. Two pentodes were 
found s u i t a b l e i n o v e r a l l c h a r a c t e r i s t i c s , and able to handle 
a continuous dc current of twenty milliamperes; the E180F (a 
P h i l i p s tube, marketed i n North America under the number 6688) 

and the 404A (a Western E l e c t r i c pentode). Since the 404A 
tubes were obtained f i r s t , the l i m i t e r s employed i n the equip­
ment described h e r e i n were constructed w i t h these tubes. The 
c i r c u i t i s s u f f i c i e n t l y i n s e n s i t i v e to tube c h a r a c t e r i s t i c s , 
however, that the E180F can be used with but a few minor a l t e r a - , 
t i o n s i n the screen voltage supply ( P r e s c o t t , 1959), and use 

' of t h i s tube r a t h e r than the 404A i s advised, since i t i s 
cheaper than the 404A by a f a c t o r of three. 

1 EMI.Research Labs., L t d . , Hayes, Middlesex, England. 
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The c i r c u i t diagram of the f i n a l l i m i t e r s i s given i n 
f i g . 8. Considering, f i r s t , the dc operation of the c i r c u i t , 
i t i s to be noted that both the g r i d and screen are operated 
under "clamped" c o n d i t i o n s (Millman and Taub, 1956, pg 126), 
to minimise the changes i n the p l a t e current r e s u l t i n g from 
contact p o t e n t i a l changes i n the cathode-grid s t r u c t u r e . 
Thuc, assuming that the g r i d (and screen) captures a 
geom e t r i c a l l y - d e f i n e d f r a c t i o n of the current that i s emitted 
by the cathode, then, i f the g r i d (and screen) current i s 
forced to a t t a i n a constant value by e x t e r n a l means, t h e . g r i d 
and screen voltages must adjust themselves to be compatible . 
w i t h these currents, therefore ensuring that the r e s u l t a n t 
plate current i s w e l l - d e f i n e d and constant at l e a s t to a 
f i r s t approximation. 

An a d d i t i o n a l b e n e f i t i s obtained by connecting the g r i d 
supply r e s i s t o r to the screen. I f the screen current tends 
to decrease ( i n d i c a t i n g reduced tube conduction and decreased 
p l a t e c u r r e n t ) , then the screen voltage r i s e s , a u t o m a t i c a l l y 
i n c r e a s i n g the g r i d current and so i n c r e a s i n g the t o t a l tube 
conduction. In t h i s way, a d d i t i o n a l negative feed-back i s 
introduced. The screen voltage supply i s adjusted to be a 
few v o l t s more p o s i t i v e than the screen i t s e l f , so that the 
diode, D l , i s cut o f f i n the dc s t a t e . Since the g r i d i s 
biased p o s i t i v e l y , the screen voltage w i l l be low (about 
s i x t y v o l t s ) i f a p l a t e current of only twenty milliamperes 
i s to be produced. By employing a low plate voltage a l s o 
(about ninety v o l t s ) , the power d i s s i p a t i o n s of both the 
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screen and the anode are kept w e l l w i t h i n t h e i r rated maxima.. 
The operation of the c i r c u i t under pulsed conditions i s 

as f o l l o w s : • When the tube i s cut o f f by a negative input 
pulse applied to the g r i d , a current of close to ten m i l l i a m ­
peres i s d e l i v e r e d to the e x t e r n a l load as d e s i r e d , and the 
screen voltage r i s e s as the decoupling condenser, C l , charges 
up. When t h i s voltage reaches the screen supply v o l t a g e , 
the diode D l comes i n t o conduction and clamps the screen 
voltage to t h i s value. V/hen the tube returns to i t s con­
ducting state,.the diode D l turns o f f as the screen current 
increases, and the screen voltage drops to i t s normal value 
with a time-constant of R1C1 which i s 20 x 1 0 ~ 1 2 x 50 x 10-*. 
= 1.0 microsecond. Thus, by keeping the decoupling condenser 
•Cl s m a l l , the screen voltage i s able to recover to i t s dc 
l e v e l w i t h i n a few microseconds, thus a s s i s t i n g i n reducing 
the count-rate e f f e c t s to a minimum. Since the value of C l 
i s at l e a s t ten times l a r g e r than the expected 404A p l a t e - t o -
screen capacity, l e s s than 1/10 of the seven milliamperes 
screen current w i l l flow i n the p l a t e c i r c u i t when the tube i s 
cut o f f , and t h i s i s l e s s than f i v e per cent of the t o t a l plate 
current. Thus, i f the v a r i a t i o n s i n the screen current are 
kept below two per cent, the c a p a c i t i v e c o n t r i b u t i o n to the 
fr o n t edge of the output pulse w i l l vary by l e s s than 0.1%. 

The value of the g r i d supply r e s i s t o r , R2, was chosen 
to recharge the g r i d c i r c u i t to i t s nominal value of 0.5 v o l t s 
w i t h i n a time i n t e r v a l of approximately one microsecond a f t e r 
p h o t o m u l t i p l i e r conduction. An important advantage of t h i s 
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methoct of g r i d clamping i s that an approximately constant value 
of recharge current i s supplied to the capacity of the g r i d 
c i r c u i t to ground a f t e r the g r i d has been charged negatively 
by the current pulse from the p h o t o m u l t i p l i e r . Thus a wave­
form of the type shown at the g r i d point i n f i g . 8 i s produced, 
r a t h e r than the usual exponential recovery which approaches 
the baseline slowly, a poor c h a r a c t e r i s t i c from the point of 
view of count-rate i n s e n s i t i v i t y . The use of a negative 
p h o t o m u l t i p l i e r HT allows d i r e c t coupling between the anode of 
the p h o t o m u l t i p l i e r and the g r i d of the l i m i t e r tube, thus 
enabling another frequent source of count-rate s h i f t s , the 
coupling condenser, to be eli m i n a t e d . The value of R2 given 
f o r t h i s c i r c u i t was found to be much too small f o r a one 
microsecond recovery when usi n g p h o t o m u l t i p l i e r s which are 
cha r a c t e r i s e d by l e s s a f t e r - p u l s i n g than the 1P21 (Pr e s c o t t , 
1959), and i n those cases, a l a r g e r value i s re q u i r e d . D C 
monitor points were supplied f o r measuring the screen voltage, 
D l b i a s voltage, and the pl a t e current. The D l reverse bias 
voltage was normally adjusted to about two v o l t s . Monitoring 
of the plate current a l s o a f f o r d s a convenient method f o r 
determining the t o t a l l i m i t e r count-rate, since the f r a c t i o n a l 
decrease i n the mean dc plate current i s equal to the f r a c ­
t i o n a l mark-to-space r a t i o (to f i r s t o r d e r ) . The cable used 
to transmit the l i m i t pulses to the time s o r t e r was a 100 ohm 
type with good high-frequency c h a r a c t e r i s t i c s , Telcon AS48"^' 

1 T.C.M. Co. Greenwich, London, England. 
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which has a semi-air core contained w i t h i n a polythene d i ­
e l e c t r i c . 

(D) The Shorting Stub: 
The s h o r t i n g stub i s a c o a x i a l l i n e constructed of brass, with 
a 3 /16" brass rod mounted w i t h i n a 7/16" inner diameter 
outer diameter) brass tube. With an a i r d i e l e c t r i c , t h i s 
r a t i o produces a c h a r a c t e r i s t i c impedance very close to f i f t y 
ohms, the value required f o r matching the impedances between 
the stub and the two, e f f e c t i v e l y p a r a l l e l l e d , 100 ohm cables 
to the l i m i t e r s ( B e l l et a l . , 1 9 5 2 ) . In t h i s way, the s h o r t i n g 
stub i s terminated i n i t s c h a r a c t e r i s t i c impedance, thus 
preventing the occurrence of m u l t i p l e r e f l e c t i o n s of the 
voltage pulses w i t h i n the s h o r t i n g stub. The use of a low 
impedance stub of t h i s s ort does r e s u l t , however, i n a mismatch 
of the i n d i v i d u a l l i m i t e r cables, the terminating impedance of 
these cables being the p a r a l l e l combination of the s h o r t i n g 
stub and the other cable^Q ^ + ^ Q Q = 33 JC1 . Thus, a r e f l e c t i o n 

100—•x-z 

..of an amount: 200'+33 = occurs when the l i m i t e r output 
pulse s t r i k e s t h i s j u n c t i o n . For a t y p i c a l l i m i t e r output 
pulse of 0 . 9 4 v o l t s ( 9 .4 ma i n t o 100 ohns) t h i s r e s u l t s i n 
a pulse amplitude of 0 . 4 7 v o l t s being transmitted i n t o the 
s h r r t i n g stub, a value shown i n s e c t i o n 3(a) of t h i s chapter 
to be s i x f f i c i e n t f o r s a t i s f a c t o r y operation of the time s o r t e r 
proper. 

A d i e l e c t r i c constant very close to that of a i r was ob­
tained by packing the tube w i t h a homogeneous spacer con­
s i s t i n g of hollow c y l i n d e r s of styrofoam. The outer tube 
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contained slots at 1/2 nanosecond intervals into which shorting 

bars could be inserted to produce clipped pulses of lengths 

varying from three to fourteen nanoseconds i n one nanosecond 

steps. Time calibrations, obtained by varying the clipped 

pulse length (thus a l t e r i n g the overlap pulse lengths) were 

rea d i l y performed with t h i s type of shorting stub. The shor­

ting stub was terminated at the f a r end by a forty seven ohm 

carbon r e s i s t o r , to absorb secondary r e f l e c t i o n s and prevent 

them a f f e c t i n g the behaviour of the l i n e . 

Throughout the fast pulse portion of the c i r c u i t r y , type 

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

(E) A n c i l l a r y Equipment: 

The power supplies used throughout were standard, e l e c t r o n i ­

c a l l y regulated, "Lambda"-type power supplies (Lambda 

Electronics Corp., Corona, New York, model 28), except for the 

l i m i t e r supply, which was a high s t a b i l i t y , Lambda model C282. 

A l l the power supplies were supplied with Sola-stabilized mains 

voltage. . 

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

analysers were designed at UBC but are si m i l a r i n block diagram 

to those designed by R.E. B e l l and R.L. Graham at AECL, Chalk. 

River. Standard c i r c u i t r y was employed i n their design, the 

c i r c u i t diagram being given i n f i g 9. Their count-rate 

characteristics were determined using a General Radio pulse 

generator (Type 1217A), producing O.'l microsecond wide pulses 

of sixty m i l l i v o l t s amplitude. It was found that the effective, 

gain of the analysers (determined by noting the lower d i s c r i m i -



nator s e t t i n g j u s t r e q uired f o r t r i g g e r i n g the d i s c r i m i n a t o r s ) 
increased by about 3 4 $ 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, v i z . ore microsecond, when the pulses were 
s i g n i f i c a n t l y l a r g e r i n amplitude than that corresponding t o 
the lower d i s c r i m i n a t o r l e v e l . . For pulses j u s t greater than t h i 
lower l e v e l , a dead time of about f i v e microseconds was obtained, 
which decreased r a p i d l y as the pulse amplitude was increased 
above the lower d i s c r i m i n a t o r l e v e l . 

The slow coincidence u n i t i s a standard diode coincidence 
c i r c u i t (Millman and Taub, 1956, pg 398) followed, by a t r a n s i t o r 
e m i t t e r - f o l l o w e r used to d r i v e the 100 ohm cable l e a d i n g to the 
biased a m p l i f i e r . The r e s o l v i n g time of t h i s u n i t i s a l s o one 
microsecond, determined by the length of the input pulses from 
the analysers. 

The time s o r t e r pulses, a f t e r p r e l i m i n a r y a m p l i f i c a t i o n i n 
the time s o r t e r i t s e l f , were f u r t h e r a m p l i f i e d i n a wide-band 
pulse a m p l i f i e r (Northern E l e c t r i c a m p l i f i e r , type AEP1444). 
The time s o r t e r output pulses of about s i x t y m i l l i v o l t s .ampli­
tude ( f o r a f i v e nanosecond overlap, eleven pf i n t e g r a t i n g 
capacity) were a m p l i f i e d to about 200 mv by a pulse transformer 
(used p r i m a r i l y to match the 100 ohm cable to a 1000 ohm delay 
l i n e ) before e n t e ring the 'Moody' pulse a m p l i f i e r . The 1000 
ohm delay l i n e of l e n g t h 0.5 microseconds i n s e r i e s with the 
s i g n a l path compensated f o r the delays inherent i n the "slow" 
gate pulses. The' 1000 ohm input impedance connection of the 
Northern E l e c t r i c a m p l i f i e r was used i n order to terminate the 
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delay l i n e . The second r i n g only of the Northern E l e c t r i c 
a m p l i f i e r was used to amplify the input pulses to a twenty v o l t 
l e v e l , corresponding to a gain of about one hundred. These 
pulses were then d e l i v e r e d to a gated, biased a m p l i f i e r p r i o r 
to being recorded i n the k i c k - s o r t e r . 

The biased a m p l i f i e r i s one which was designed and con­
str u c t e d at UBC and described by P.J. R i l e y (1958). The gate 
pulses from the gate pulse generator were nominally set to about 
one microsecond width. The shaped output pulses from t h i s u n i t 
were then connected to e i t h e r the t h i r t y channel Marconi k i c k -
s o r t e r (Pulse Amplitude Analyser, type #115-935), or the one 
hundred channel G.D.C. instrument (Computing Devices of Canada 
K i c k s o r t e r , type AEP2230). T y p i c a l s e t t i n g s f o r these i n s t r u ­
ments ( f o r a pulse overlap of f i v e nanoseconds) were as f o l l o w s : 
Northern E l e c t r i c A m p l i f i e r : Attenuation, 3 db; Top Cut, 4; 

Bottom Cut, 5. 
Biased A m p l i f i e r : Gain 4; B i a s , about 3. 

4. Operational C h a r a c t e r i s t i c s of the Time So r t e r . 
The t o t a l response of the equipment as a f u n c t i o n of the 

time delay i n s e r t e d i n one channel i s i l l u s t r a t e d i n f i g 6. 
This curve was obtained by using an e l e c t r o n i c pulse generator 
(Epic, E l e c t r i c a l and P h y s i c a l Instrument Co., N.Y., Model 200) 
to d r i v e both l i m i t e r s , one output passing through a cable delay 
of about twenty nanoseconds before operating the l i m i t e r , and 
the other passing through a tapped", h e l i c a l delay l i n e before 
operating the other l i m i t e r . This system was found u s e f u l f o r 
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i n i t i a l checks of the system, hut was not used f o r performing 
time c a l i b r a t i o n s because of d i f f i c u l t i e s associated w i t h the 
e l i m i n a t i o n of r e f l e c t i o n s and other matching problems i n the 
h e l i c a l delay l i n e and associated,cables. An example of a 
c i r c u i t f a u l t detected with t h i s system was one associated w i t h 
" r i n g i n g " of the l i m i t e r pulses. I f both l i m i t e r s produce a 
t r a n s i e n t r i n g superimposed on the l i m i t e d square pulse, then, 
since the time s o r t e r response i s a l s o somewhat amplitude-' 
dependent, a system response s i m i l a r to that shown i n f i g 10(a), 
which i n d i c a t e s the observed response of the o r i g i n a l l i m i t e r s , 
would be expected, with the time s o r t e r output being a f u n c t i o n 
hot only of the r e l a t i v e time delay between the input pulses, 
but a l s o of the r e l a t i v e phases of the t r a n s i e n t r i n g s . The 
p r i n c i p a l frequency component of t h i s r i n g , as estimated from 
the p e r i o d i c i t y of the points i n f i g 10(a) was about 500.-mc. 
Since t h i s frequency was too high to be observed d i r e c t l y with 
equipment i n our l a b o r a t o r y , v i s u a l v e r i f i c a t i o n " o f the- r i n g s 
on the l i m i t e r pulses was never obtained. These r i n g s were 
e f f e c t i v e l y eliminated f o r overlaps of p r a c t i c a l i n t e r e s t , 
however, by performing some mo d i f i c a t i o n s i n the l i m i t e r c i r ­
c u i t s , v i z . the i n s e r t i o n of damping r e s i s t o r s i n a l l sections 
suspected to be capable of r i n g i n g , and the a l t e r a t i o n of the 
p h y s i c a l lay-out to reduce lead lengths. F i g 10(b) i n d i c a t e s 
the equivalent c a l i b r a t i o n curve obtained a f t e r these m o d i f i ­
cations were completed. 

(A) Measurement of V e l o c i t y of Pulses i n L i m i t e r Cables: 
The v e l o c i t y of nanosecond voltage pulses was measured i n 
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the Telcon AS48 cable using the system arrangement described 
above. The time delay f o r a f i x e d length of the cable (when 
i n s e r t e d between the pulse generator and the one l i m i t e r ) was 
determined r e l a t i v e to the c a l c u l a t e d time delay of the 
pulses i n the h e l i c a l l i n e ( i n which the v e l o c i t y of the 
pulses was assumed to be equal to the v e l o c i t y of l i g h t , 
since the l i n e possesses an a i r d i e l e c t r i c ) . By t h i s means, 
a value of ( 2 . 4 8 - JD5) x lO"4""^ cm/sec was obtained, a value 
i n good agreement with that of Neilson ( 1 9 5 5 ) : 2 . 40 x 10"^ 

cm/sec, and that of Rupaal ( 1 9 5 9 ) : 2 .50 x 1 0 + 1 ° cm/sec, 
determined by measuring the resonant frequencies of open- and 
s h o r t - c i r c u i t e d l i n e s . 

(B) Time C a l i b r a t i o n s of the Equipment: 

Time c a l i b r a t i o n s of the equipment could be obtained i n e i t h e r 
of the f o l l o w i n g ways. V a r i a t i o n s i n the time delay i n one 
channel, obtained e i t h e r by i n s e r t i n g c a l i b r a t e d cable lengths, 
or by moving a source of coi n c i d e n t gamma rays between the two 
counters, afforded a d i r e c t method of c a l i b r a t i o n . A second 
method, which was ge n e r a l l y e a s i e r to perform, consisted i n 
p l a c i n g a f i x e d source of coincident gamma rays between the 
counters, and measuring the time s o r t e r pulse amplitude as 
the s h o r t i n g stub length was v a r i e d . Since the s h o r t i n g stub 
method was only capable of producing time increments i n u n i t s 
of one nanosecond, the former c a l i b r a t i o n procedure was 
u s u a l l y employed i f the range desired i n the time measure­
ments was only a few nanoseconds or l e s s . Thus, f o r the 
measurements described i n t h i s t h e s i s , which normally con-
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s i s t e d o f comparisons between two r e s o l u t i o n curves separated 

by l e s s than one quarter of t h e i r width at h a l f - h e i g h t , ' a 

time c a l i b r a t i o n curve was obtained f o r an i n t e r v a l o f two 

to f o u r nanoseconds, u s i n g the v a r i a b l e delay technique. 

One such c a l i b r a t i o n curve i s i l l u s t r a t e d i n f i g 11. As 

i n d i c a t e d on the diagram,the c a l i b r a t i o n c o n s i s t s of two sets 

of p o i n t s , each group c o n s i s t i n g of gamma-ray t i m e - o f - f l i g h t 

c a l i b r a t i o n s c o v e r i n g an i n t e r v a l of one-half to one nano­

second, the two d i f f e r e n t groups being a s s o c i a t e d with 

d i f f e r e n t cable delays introduced i n t o the l i m i t e r c i r c u i t s . 

These delays were i n t u r n c a l c u l a t e d u s i n g the measured 

value of the pulse v e l o c i t y i n the cable (2.48 x l O 1 ^ cm/sec). 

The l i n e a r r e l a t i o n s h i p e x i s t i n g between the two s e t s of 

p o i n t s i s f u r t h e r evidence of the i n t e r n a l c o n s i s t e n c y of 

these measurements. 

The gamma-ray t i m e - o f - f l i g h t c a l i b r a t i o n s were obtained 

i n the f o l l o w i n g manner. A f t e r s e p a r a t i n g the counters by 
22 

a d i s t a n c e of about twenty inches, a Na source of 0.4 mc 

s t r e n g t h was a l i g n e d between them, so that the two s c i n ­

t i l l a t i o n counters and source were c o l i n e a r . T h i s was 

accomplished by a d j u s t i n g the p o s i t i o n o f the source i n a 

plane p e r p e n d i c u l a r to the l i n e j o i n i n g the two counters 

u n t i l a maximum c o i n c i d e n t count r a t e was obtained. During 

these measurements the two s i n g l e - c h a n n e l a n a l y s e r s were set 

to accept a major p o r t i o n of the 0.51 Mev Compton spectrum 

of the a n n i h i l a t i o n gamma r a y s . Coincidence r e s o l u t i o n 

curves were then recorded f o r v a r i o u s p o s i t i o n s o f the source 
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along the l i n e j o i n i n g the two counters. The time co­
ordinates of the c a l i b r a t i o n curve were c a l c u l a t e d from the 
f l i g h t time of the gamma rays, and the time s o r t e r output 
amplitudes determined from the p o s i t i o n s of the centroids of 
the corresponding r e s o l u t i o n curves on a k i c k s o r t e r . In 
t h i s way, a d e t a i l e d c a l i b r a t i o n curve was obtained, enabling 
a check on the l i n e a r i t y and i n s u r i n g that no p e r i o d i c f l u c ­
t u a t i o n s of the sort described on page 80 were in v o l v e d . 
That the " v a r i a b l e s h o r t i n g stub" method of time c a l i b r a t i o n 
i s c o n s i s tent with that of v a r y i n g the time delay i s i l l u s ­
t r a t e d i / i f i g 12, where the two c a l i b r a t i o n s are superimposed. 
R e s o l u t i o n and S t a b i l i t y : 

Figure 13(a) i l l u s t r a t e s the i n t r i n s i c e l e c t r o n i c r e s o l u t i o n 
of the apparatus when i t i s dr i v e n by a r t i f i c a l "prompt" 
pulses produced by the Epic mercury pulse generator. The 
value of .05 nanoseconds i s much smaller than that r e s u l t i n g 
froma prompt gamma'ray source. Figure 13(b) i s the r e s o l u ­
t i o n curve obtained when both l i m i t e r s are dri v e n by the same 
s c i n t i l l a t i o n counter. The increased width of t h i s curve 
over that of curve (a) i l l u s t r a t e s the e f f e c t of prompt pulses 
of v arious r i s e times and various amplitudes (although iden­
t i c a l i n both counters) on the r e s o l u t i o n surve. The r e s o l u -
t i o n curve f o r Co , shown i n f i g 13(c) i s cha r a c t e r i s e d by 
a r e s o l u t i o n time of 0.8 nsec, and thus serves to i l l u s t r a t e 
that the l i m i t i n time r e s o l u t i o n f o r gamma-ray d e t e c t i o n i s 
s t r i c t l y one of the r a d i a t i o n detectors at the present time 

60 
A semi-logarithmic p l o t of a Co r e s o l u t i o n curve i s 
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i l l u s t r a t e d i n f i g u r e 14, recorded with one side-channel 
analyser biased to detect gamma-rays of energy greater than 
about 700 Kev, and the other analyser set to cover the top 
t h i r d of the 0.51 Mev a n n i h i l a t i o n gamma ray Compton spectrum. 
The values of the width at h a l f - h e i g h t l L O x 1 0 " 1 0 sec. and 
the slopes of the sides of the curves: a f a c t o r of two i n 
1.2 x 1 0 ~ ^ sec on the l e f t , and 1.9 x l O - " ^ sec on the r i g h t , 
are somewhat worse than those obtained by Green and B e l l 
(1958) f o r a recent 6BN6 time s o r t e r , v i z : 8.5 x 10_1-° sec 
width at h a l f - h e i g h t , and 1.4 x 10""^ sec f o r the slope of 
the r i g h t side of the curve. This d i f f e r e n c e i s probably 
a t t r i b u t a b l e to the s c i n t i l l a t i o n counters used. Green and 
B e l l employed end-window, 6342 p h o t o m u l t i p l i e r s (operated at 
2100 v o l t s ) i n conjunction w i t h diphenylacetylene c r y s t a l s . 
Because of the magnitude of the d i f f e r e n c e s noted here, i t 
i s f e l t that use of the new 7264 p h o t o m u l t i p l i e r s may y i e l d 
s t i l l f u r t h e r improvement i n r e s o l u t i o n . The slope of the 
right-hand side of the curve i n f i g 14 i s l e s s than that on 
the l e f t because i t corresponds to longer counter delays 
o c c u r r i n g during the d e t e c t i o n of the lower energy gamma rays 
associated with t h i s counter. The formula of Post and S c h i f f 
(given on page 51) i n d i c a t e s the inverse dependence of these 
counter delays on the energy l o s s of the detected r a d i a t i o n . 

(D) Count-Rate E f f e c t s : 

Figure 15 i l l u s t r a t e s the count-rate e f f e c t s on the r e s o l u t i o n 
curves f o r the r a t e s : 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 j u s t above the noise l e v e l 
so that most of the Compton spectra of the a n n i h i l a t i o n gamma 
rays were detected. I t i s apparent that f o r these r a t e s no 
s i g n i f i c a n t a l t e r a t i o n of the slopes or p o s i t i o n of the 
r e s o l u t i o n curves i s observed. The very small s h i f t 
apparent i n the f i g u r e can be a t t r i b u t e d to somewhat d i f f e r e n t 
gamma-ray f l i g h t times f o r the two cases. 

The dc current observed at the monitor points on the 
l i m i t e r s v a r i e d by an amount consistent with these r a t e s (about 
2fo decrease at the high r a t e ) . 

(E) O v e r a l l S t a b i l i t y : 
The s t a b i l i t y of the time c a l i b r a t i o n of the whole apparatus 
i s i n d i c a t e d i n f i g 12, where the gamma-ray t i m e - o f - f l i g h t 
time c a l i b r a t i o n curve i s a c t u a l l y a composite of two sets of 
measurements taken two months apart. I t was observed- that 
the small changes i n the experimental conditions which 
occurred over the course of a day g e n e r a l l y r e s u l t e d i n , a 
small s h i f t i n the p o s i t i o n of the time c a l i b r a t i o n curve 
r a t h e r than a change i n slope. 

A d e t a i l e d study of the s t a b i l i t y of the complete system 
was performed by v a r y i n g the operating co n d i t i o n s of each of 
the various portions of the instrument i n t u r n , and observing 
the corresponding time s h i f t of the r e s u l t i n g r e s o l u t i o n 
curves. These measurements were obtained while d r i v i n g both 
l i m i t e r s w ith one s c i n t i l l a t i o n counter, thus producing a 
narrowed r e s o l u t i o n curve of the type shown i n f i g u r e 13(b). 
( i ) V a r i a t i o n s i n the r i s e time of the s c i n t i l l a t i o n pulses 



as a r e s u l t of v a r i a t i o n s i n the p h o t o m u l t i p l i e r g a i n r e s u l ­
ted i n time s h i f t s of l e s s than .01 nsec f o r HT v a r i a t i o n s 
of l e s s than i 50 v o l t s i n 1850 v o l t s . This i s a somewhat 
ov e r - o p t i m i s t i c estimate of t h i s dependence, however, since 
i n a c t u a l p r a c t i c e two counters were employed, and the d i f ­
ferences i n the c h a r a c t e r i s t i c s of the two counters would 
r e s u l t i n d i f f e r e n t gain v a r i a t i o n s f o r the two photo-
m u l t i p l i e r s , which, i n t u r n , would produce greater time 
s h i f t s than would be observed f o r j u s t the one counter. 

( i i ) AC mains v a r i a t i o n s of - 10% r e s u l t e d i n time s h i f t s of 
l e s s than .02 nsec. 

( i i i ) S t a b i l i t y of the time s o r t e r power supply to - 1 v o l t c o r r e s ­
ponded to a time s t a b i l i t y of i i % . (~ ± 0.25 x I O - 1 0 sec) 

( i v ) The temperature of the diode u n i t i n the time s o r t e r must 
be kept constant to i 0.8°C. f o r er r o r s of l e s s than .005 
nsec i n the time measurements. 

(v) For a time uncertainty of l e s s than - .01 nsec the l i m i t e r 
current had to be constant to i 0.15%. 

For the measurements described i n the next chapter the 
operating conditions of the equipment were r e s t r i c t e d to the 
f o l l o w i n g l i m i t s : 
( i ) P h o t o m u l t i p l i e r HT v a r i a t i o n s of l e s s than 10 v o l t s were 

ensured. 
( i i ) The effects of AC mains v a r i a t i o n s were reduced by using a 

Sola r e g u l a t o r . 
( i i i ) A regulated power supply was employed f o r the time s o r t e r . 
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( i v ) The room temperature was normally kept constant to about 
one degree Centigrade. Temperature lagging of the f a s t 
diode assembly was a l s o introduced by mounting the diode 
u n i t i n a styrofoam-insulated box. 

(v) The l i m i t e r c urrents, determined by frequent monitoring, 
were observed to remain constant to - 0.2% over the 
course of a day. A slow de c l i n e i n the l i m i t e r current 
of about 6% occurred over the course of one h a l f year of 
c o n t i n u a l operation. 

I t would appear, therefore, that a s i g n i f i c a n t improve­
ment i n the time s t a b i l i t y would re q u i r e a l i m i t e r and time 
converter system of s t i l l higher q u a l i t y . E i t h e r a l i m i t e r 
system of greater s t a b i l i t y than the 0.2% mentioned above, or 
a diode switch assembly w i t h l e s s amplitude dependence would 
be required. Achieving the former while s t i l l r e t a i n i n g a 
high degree of count-rate s t a b i l i t y i s a d i f f i c u l t problem. 
The l a t t e r might be the more.promising approach co n s i d e r i n g 
the advent of the new diodes with low hole storage and fa s t 
recovery, as described on page 66. The p o s s i b i l i t y of ob­
t a i n i n g a narrower r e s o l u t i o n surve by using the newly-
developed p h o t o m u l t i p l i e r s (see page 69) should a l s o be 
i n v e s t i g a t e d , since such curves would g r e a t l y improve the 
accuracy involved i n the a n a l y s i s of the r e s u l t s . In summary, 
the c h a r a c t e r i s t i c s of the time s o r t e r described i n t h i s 
s e c t i o n were considered to be s a t i s f a c t o r y f o r the accuracy 
desired i n the measurements of p o s i t r o n l i f e t i m e s i n metals. 
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CHAPTER IV 

MEASUREMENT OF POSITRON LIFETIMES IN ALUMINUM 

1. Comparison with a Cobalt-60 Prompt Source. 

A. Experimental D i f f i c u l t i e s and Sources of E r r o r : 
A determination of the absolute l i f e t i m e of posi t r o n s i n 

aluminum was obtained by a method s i m i l a r to that used by Minton 
(1954), and Gerholm (1956) (as o u t l i n e d e a r l i e r on page 52). 
The method c o n s i s t s e s s e n t i a l l y of a mathematical comparison of 

22 
the coincidence r e s o l u t i o n curves r e s u l t i n g from the Na p o s i ­
t r o n a n n i h i l a t i o n s i n aluminum and those from a C o ^ prompt 
source. The use of appropriate side-channel energy s e l e c t i o n 
ensures that only one of the l i m i t e r s detects the high-energy 

2? 
gamma rays (the 1,28 Mev gamma ray f o r the case of Na ~) 
all o w i n g the other l i m i t e r to detect one of the lower-energy 
c o i n c i d e n t ( w i t h i n the l i f e t i m e of the posi t r o n ) a n n i h i l a t i o n 
gamma ray s . The accuracy of the f i n a l r e s u l t s i s very much 
dependent on the f o l l o w i n g three f a c t o r s : 

fin 
( i ) l i f e t i m e of the Co gamma rays; 
( i i ) l i f e t i m e of the N e 2 2 1.28 Mev s t a t e ; and, 
( i i i ) systematic e r r o r s due to lack of energy s i m i l a r i t y 

between the two sources. 

( i ) Although these l i f e t i m e measurements should, i n 
p r i n c i p l e , be obtained by a comparison of the r e s u l t i n g r e s o l u ­
t i o n curves to those from a t r u l y prompt source of coincident 
gamma rays, an approximation to such a prompt source i s a l l that 
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can be expected i n p r a c t i c e . Cobalt-60 has frequently been 
employed as a prompt source because of the f o l l o w i n g charac­
t e r i s t i c s (Strominger et a l , 1958). 

fin 

The nuclear decay of Co as shown i n f i g 16, i s free of 
any detectable p o s i t r o n decay, an obvious requirement f o r a 
reference source used i n p o s i t r o n l i f e t i m e determinations. 

The d e - e x c i t a t i o n of the daughter product, N i ^ , occurs 
predominantly by the emission of two cascade gamma rays. 
P o s s i b l e complication of the i n t e r p r e t a t i o n of the r e s o l u t i o n 
curves due to the existence of other cascade gamma rays emitted 
i n coincidence (as occurs i n many other sources) i s thereby 
el i m i n a t e d . 

T h i r d l y , the l i f e t i m e of the second gamma ray, the one 
fin 

emitted from the 1.33 Mev l e v e l of N i i s short compared to the 
l i f e t i m e of the p o s i t r o n s , a necessary c h a r a c t e r i s t i c i f Co^^ i s 
to be a s a t i s f a c t o r y approximation to a tru e , prompt source. 
Numerical estimates of the l i f e t i m e of the f i r s t e x c i t e d state 
of N i ^ have been obtained by s e v e r a l methods. Bay et a l 
(1955) found that the mean l i v e s of both e x c i t e d s t a t e s of N i ^ ^ 

-11 
are l e s s than 10 seconds by measurements with a f a s t c o i n ­
cidence apparatus. By a s i m i l a r method, Coleman (1955) 
obtained the value of (0.8 i 0.5) x 1 0 " 1 1 seconds f o r the mean 
l i f e of the 1.33 Mev l e v e l . Using a resonance fluorescence 
s e l f - a b s o r p t i o n technique, Metzger (1956) determined a l i f e t i m e 
of (0.11 i .02) x 1 0 - 1 1 seconds from the measured t r a n s i t i o n 
p r o b a b i l i t i e s . Thus, the l i f e t i m e of t h i s s t a t e i s l e s s than 
a few per cent of the mean l i f e t i m e of positrons i n a metal. 
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The e f f e c t of such a l i f e t i m e i s reduced, of course, i n an 
arrangement where both gamma rays are detected with equal f a c i ­
l i t y i n both s c i n t i l l a t i o n counters. In t h i s case, a f i n i t e 
l i f e t i m e f o r the 1.33 Mev st a t e would merely widen the c o i n ­
cidence r e s o l u t i o n curve ( i . e . an increase i n the value of the 
va r i a n c e ) , rather than a l t e r the ce n t r o i d of the r e s o l u t i o n 
curve. Since an a n a l y s i s of the r e s u l t s by means of higher 
moments than the f i r s t was de s i r e d , however, a short l i f e t i m e 
f o r the 1.33 Mev st a t e was d e f i n i t e l y r e q u i r e d . 

22 
( i i ) Measurements of p o s i t r o n l i f e t i m e s obtained when Na 

i s used as the source of posi t r o n s a c t u a l l y determine the mean 
time i n t e r v a l between the emission of the 1.28 Mev nuclear gamma 
ray shown i n the decay scheme, f i g 16, and the a n n i h i l a t i o n of 
the p o s i t r o n . In order f o r t h i s value to be a reasonable 
measure of the p o s i t r o n l i f e t i m e , the nuclear gamma ray l i f e t i m e 
must be sma l l . 

Alkhazov et a l (1959) obtained an estimate f o r the l i f e -
22 

time of the 1.28 Mev l e v e l of Ne by measuring the Coulomb 
e x c i t a t i o n c r o s s - s e c t i o n f o r t h i s s t a t e . I n t h i s way, the 
reduced t r a n s i t i o n p r o b a b i l i t y , and hence the l i f e t i m e (which i s 
the r e c i p r o c a l of the t r a n s i t i o n p r o b a b i l i t y ) of the r a d i a t i v e 
t r a n s i t i o n was c a l c u l a t e d . The l i f e t i m e that Alkhazov et a l 

—12 
quote f o r t h i s l e v e l i s 4.8 x 10 seconds. Since t h i s value 
i s only of the order of two per cent of the mean l i f e t i m e of 
positrons i n metals, use of the 1.28 Mev gamma ray to i n d i c a t e 
the i n s t a n t of formation of the p o s i t r o n i s j u s t i f i e d . 

fin 
( i i i ) When using Co as a prompt source f o r these measure-
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ments, the p o s s i b i l i t y of a systematic e r r o r a r i s i n g from the 
energy-dependent, instrumental time s h i f t described i n d e t a i l 
on page 51 must be considered. Since the gamma rays i n t e r a c t 
w ith organic and p l a s t i c phosphors p r i m a r i l y by means of the 
Compton e f f e c t , a f u l l spectrum of pulses of various amplitudes 
(up to a maximum determined by the energy of t h e " i n c i d e n t r a d i a ­
t i o n ) i s produced. Thus, by employing side-channel energy 
s e l e c t i o n with coincidences between both side channels used to 
gate the time-sorter pulses, only those time-sorter pulses 
o r i g i n a t i n g from p h o t o m u l t i p l i e r pulses of the same amplitude 
range ( f o r both sources) are recorded. By t h i s means, the ener­
gy-dependent systematic e r r o r can be reduced to zero i n the 
l i m i t of zero window width i n the low-energy side channel. The 

high-energy side channel may, of course, be set to detect any 
22 

energy above 0.51 Mev since the 1.28 Mev gamma rays from Na , 
and the i . 17 and 1.33 Mev gamma rays from C o ^ a l l produce 
s i m i l a r pulse amplitude spectra. 
B. Method of A n a l y s i s of R e s o l u t i o n Curves. 

The mathematical comparison of the r e s u l t i n g r e s o l u t i o n 
curves was performed by c a l c u l a t i n g the f i r s t few s t a t i s t i c a l 
moments of the curves and then using the methods described by 
Newton (1950), and Bay (1955)» "to determine the corresponding 
moments of the unknown p o s i t r o n a n n i h i l a t i o n d i s t r i b u t i o n 
f u n c t i o n . Because of the decreased s t a t i s t i c a l accuracy of 
the higher moments, only the f i r s t two moments were used i n the 
l i f e t i m e c a l c u l a t i o n s described i n t h i s chapter. 
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FIGURE 17. SOURCE CONSTRUCTION 
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In summary, then, the l i f e t i m e of posi t r o n s i n aluminum 
was determined by performing a s e r i e s of measurements i n which 

22 
the r e s o l u t i o n curves f o r a p o s i t r o n source (Na ) imbedded i n 

60 
aluminum were compared to those of a prompt source (Co ). 
C. Preparation of Sources: 
(a) Sodium-22 Source: 

2? 
Three Na sources were constructed as shown i n f i g 17. 

The source occupied a d i f f u s e r e g i o n of about 1/4 inch i n 
diameter i n the centre of the i n c h x \ in c h c e n t r a l , t h i n 
source backing. The backings f o r a t o t a l of three sources were 
prepared by covering four .001 inch aluminum frames with .00023 2 2 inch (1.6 mg/cm ) aluminum sheet, and two frames with 0.5 mg/cm 
c o l l o d i o n f i l m s . The t h i n aluminum was glued to the .001 in c h 
frame with metal lacquer (Ind i a Paint and Lacquer Co., type 
46-A). The c o l l o d i o n f i l m s were produced by mixing C o l l o d i o n 
(reagent grade) w i t h an equal volume of amyl acetate and dropping 
about t h i r t y f i v e drops of the mixture on to d i s t i l l e d water i n 
a four i n c h P e t r i d i s h . The evaporated•film was then removed 
from the water, on a seven centimeter (diameter) copper wire 
r i n g . Two lacquered aluminum frames were then l a i d on the 
c o l l o d i o n f i l m and cut loose w i t h a razor blade when dry. 

22 
The Na source was obtained from an aqueous s o l u t i o n 

of a c t i v a t e d sodium c h l o r i d e of t o t a l strength 0.8 mc, k i n d l y 
supplied to the UBC Van de Graaff group by Professor W. E. 
Burcham, Physics Dept., U n i v e r s i t y of Birmingham. About 0.16 
mc of t h i s s o l u t i o n was concentrated by slow evaporation i n a 
c r u c i b l e using a heat lamp, u n t i l the a c t i v i t y was about .010 
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mc per drop. Then one drop of the s o l u t i o n was deposited on one 
of the aluminum-covered and one of the collodion-covered frames. 
These, were then evaporated to dryness using the heat lamp.; One 
drop of f i v e per cent c o l l o d i o n ( i n amyl acetate) was then.added 
to the aluminum-backed source, t o hold the sodium c h l o r i d e 
deposit i n place. Another aluminum-covered frame was then -
placed on top of t h i s source and the edges glued w i t h R313. 
Before g l u i n g the other c o l l o d i o n frame on to the c o l l o d i o n -
backed source, a piece of .001 i n c h tungsten wire was l a i d 
across the source to a i d i n removing the accumulating charge. 
A stronger source was prepared by d e p o s i t i n g two drops of more 
h i g h l y concentrated s o l u t i o n from the c r u c i b l e on one .of the 
remaining aluminum-covered frames. On d r y i n g , i t formed a 
f a i r l y - t h i c k , ' heterogeneous deposit of about \ inch i n diameter 
with a l a r g e number of small c r y s t a l s i n evidence. . This was 
then covered with the l a s t aluminum frame i n the manner des­
cr i b e d above. The r e s t of the source components were mounted 
together using the R313 as glue. The source strengths, as 
c a l i b r a t e d using a Nal s c i n t i l l a t i o n counter, and one of the 
UBC Van de Graaff group standards as comparison, were found to 
be: " 

( i ) C o l l o d i o n source: .0081 mc. 
( i i ) Weak Aluminum source: .0063 mc. 
( i i i ) .Strong Aluminum source: .0600 mc. 
Since these sources were intended to be used to measure 

the l i f e t i m e of p o s i t r o n s i n other m a t e r i a l s , i t was desired 
to have as few positrons absorbed i n the. source m a t e r i a l as 
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p o s s i b l e . An estimate of the amount of p o s i t r o n l o s s i n the 
source was made as f o l l o w s : 

( i ) Geometrical l o s s i n the .001 inch aluminum frames. The 
mean distance from the source to the frame was about 0.2 
inches. Therefore the l o s s due to the s o l i d angle sub­
tended by the frame was about = -j~ * = 0.5%; 

( i i ) F o i l Absorption: F i g 32, Appendix A, shows that a sand­
wich source of the form described above, with an aluminum 
f o i l thickness of .00023 inches would absorb about nine 
per cent of the positrons when a t e f l o n absorber i s placed 
around the source. I t i s expected that the c o l l o d i o n 
backing, being about one t h i r d as t h i c k (by weight) as the 
aluminum, would absorb two or three per cent of the p o s i ­
t r o n s . Thus, i t would appear that the geometrical l o s s 
estimated i n ( i ) i s i n s i g n i f i c a n t compared to the l o s s 
involved when the p o s i t r o n s traverse the backing f o i l s . 
A dependence of the a c t u a l f r a c t i o n a l l o s s of the positrons 
on the nature of the p o s i t r o n absorber placed around the 
source would a l s o be expected, since the amount of back-
s c a t t e r i n g of pos i t r o n s i s dependent on the atomic number 
of the surrounding m a t e r i a l ( S e l i g e r , 1955). 

The estimate of the p o s i t r o n l o s s given above i s i n 
agreement w i t h that assumed by B e l l (Green and B e l l , 1957), but 
i s s i g n i f i c a n t l y l e s s than the (18 t 5%) l o s s determined by 
Hatcher et a l (1958) f o r .0002 inch aluminum f o i l s . Since the 
method employed to determine the p o s i t r o n l o s s described i n 



-95-

Appendix A i s i d e n t i c a l to that described by Hatcher et a l , i t 
i s d i f f i c u l t to e x p l a i n the l a r g e discrepancy between the two • 
values unless they used a s i n g l e aluminum window ( t h e i r geometry 
was not described) i n which case t h e i r quoted value f o r the l o s s 
would a l s o include the p o s i t r o n s backscattered from the sample. 
• (b) Cobalt-60 Source: 

fin 
The Co source was prepared by imbedding a short piece 

(about 1/8 inch) of a c t i v a t e d cobalt wire i n an aluminum sand-
.wich,. formed of .008 i n c h aluminum sheet. The source was 
formed i n t h i s f a s h ion to simulate the positron-in-absorber 
sample as f a r as geometry i s concerned. In order to minimise 
p o s s i b l e e r r o r s i n the l i f e t i m e measurements due to d i f f e r e n c e s 

60 
i n count-rates from the two sources, the s i z e of the Co- wire 
was chosen to produce a source strength of about .008 mc. 
D. Time C a l i b r a t i o n s : 

Time c a l i b r a t i o n s were performed as described on page 82, 
and were repeated s e v e r a l times during the course of the 
measurements. The curve shown i n f i g 11 i s one such c a l i b r a ­
t i o n . A value of (1.10 - .02) x 10"""^ seconds per k i c k s o r t e r 
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 were al i g n e d at 
an angle of 180° with respect to the source, and, f o r the sake 
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of c o i n c i d e n c e e f f i c i e n c y , the d i s t a n c e s between the source and 

the phosphors were kept small ( l e s s than one-half i n c h ) . To 

e l i m i n a t e the p o s s i b i l i t y of d e t e c t i n g c o i n c i d e n c e s between the 

1.28 Mev gamma rays detected i n the "high-energy" counter, and 

the sane gamma-rays, which, a f t e r r e c o i l i n g from the f i r s t 

counter are s u f f i c i e n t l y degraded i n energy that they may be 

•detected i n the 0.51 Mev counter, a 180° alignment of the source 

and counters was employed, so that any back - s c a t t e r e d gamma rays 

i n c i d e n t on the second counter would be so degraded i n energy 

that they could e a s i l y be d i s t i n g u i s h e d from the 0.51 Mev a n n i ­

h i l a t i o n gamma r a y s . Because of the s i g n i f i c a n t s o l i d angles 

i n v o l v e d i n the geometry of the source-counters arrangement, 

the p o s s i b l e d e t e c t i o n of photons ba c k - s c a t t e r e d by angles bet­

ween 180° and 110° were considered when determining the s i d e -

channel b i a s l e v e l s r e q u i r e d . Since the energy of the back-

s c a t t e r e d gamma, ray i s s t r o n g l y dependent on the angle of 

r e f l e c t i o n , being a minimum. (212 Kev) f o r a b a c k - s c a t t e r i n g of 

180°, and s t i l l only 300 Kev f o r a s c a t t e r i n g angle of 110°, the 

alignment of the counters and soxirce as d e s c r i b e d above enabled 

d i s c r i m i n a t i o n a g a i n s t the "back-scattered" c o i n c i d e n c e s by 

b i a s i n g the 0.51 Mev side-channel a n a l y s e r above 300 Kev. 

Thus, only the upper p o r t i o n of the 0.51 Mev a n n i h i l a t i o n 

Compton spectrum was u t i l i s e d . The degree of removal of t h i s 

prompt background was checked by measuring the coincidence 
65 

r e s o l u t i o n curve f o r a Zn source which produces a s i n g l e 

gamma ray of 1.11 Mev energy (Strominger, 1958). Although 

1.5% of the nucl e a r decays are c h a r a c t e r i z e d by p o s i t r o n 
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emission, a l l of these are ground state t r a n s i t i o n s , w i t h the 
r e s u l t that no true coincidences between the 1.1 Mev gamma rays 
and the p o s i t r o n a n n i h i l a t i o n s would occur. The coincidence 
count r a t e obtained with t h i s source was found to be l e s s than 

22 
one per cent of that with the Na source. 

Another method considered to eliminate the p o s s i b i l i t y 
of recording "back-scattered" coincidences involved a l i g n i n g 
the counters at 90° with respect to the source,, and p l a c i n g a 
lead absorber between the two counters. Adequate s h i e l d i n g of 
the two counters from each other, however, required a substan- ' 
t i a l increase i n the source-counter d i s t a n c e s . Thus, i n order 
to- r e t a i n p r a c t i c a l Coincidence counting r a t e s , a stronger 
source would be required and t h i s would r e s u l t i n a correspon­
d i n g l y l a r g e r random coincidence background. Because the 180° 
alignment method appeared to give quite s a t i s f a c t o r y p e r f o r ­
mance, and was f r e e of> the counting-rate d i f f i c u l t i e s inherent 
i n the a l t e r n a t e method, i t was decided to adopt t h i s geometrical 
arrangement f o r the absolute l i f e t i m e measurements. 

A second source of extraneous prompt coincidences was 
a l s o considered. The c o - l i n e a r alignment of the source and 
detectors could r e s u l t i n the recording of extraneous prompt 
coincidences due to random coincidences between the gate pulses 
generated by the slow coincidence c i r c u i t and time s o r t e r 
pulses r e s u l t i n g from the coincident" d e t e c t i o n of two a n n i h i ­
l a t i o n quanta. This e f f e c t was expected to be a very minor 
one, however, since the random count-rate would, be given by 
2N N Tf, where N i s the a n n i h i l a t i o n - p a i r " f a s t " coincidence 
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count-rate, N i s the side-channel "slow" coincidence count-rate c 
due to 1.28 Mev - 0.51 Mev coincidences, and t i s the c o i n c i d ­
ence r e s o l u t i o n time of the system ( i n t h i s case, equal to the 
gate pulse width of one microsecond). Since the true coincident 
count r a t e recorded on the k i c k s o r t e r i s about N^ ( a c t u a l l y N c 

may be a f a c t o r of about two higher than the true coincidence 
rate due to the increased number of random coincidences i n the 
slow coincidence system), then the f r a c t i o n of recorded c o i n ­
cidences contributed by t h i s prompt background i s 2N t . The 
coincidence count r a t e , Na, f o r the a n n i h i l a t i o n gamma rays was 
measured by r e s e t t i n g both side-channel analysers to cover the 
majo r i t y of the a n n i h i l a t i o n gamma ray Compton spectra. T y p i c a l 
r a t e s under these c o n d i t i o n s were t h i r t y to f i f t y counts per 
second.. I f one hundred counts per second i s taken as an upper 
l i m i t , the f r a c t i o n a l c o n t r i b u t i o n from t h i s e f f e c t i s then 2 x 
100 x 10"^ = 2 x l O " ^ , a background e f f e c t of n e g l i g i b l e pro­
p o r t i o n . 
(b) Side Channel S e t t i n g s : ~ 

As mentioned e a r l i e r (pg 88), the side-channel, pulse-
amplitude analysers were set so that one analyser was biased to 
t r i g g e r only f o r that p o r t i o n of tte 1.28 Mev Compton spectrum 
above the a n n i h i l a t i o n spectrum, and the other was set to accept 
a range of pulses near the top'of the 0.51 Mev Compton spectrum. 
The d i s c r i m i n a t o r l e v e l s normally employed i n these measurements 
are i n d i c a t e d on the spectra ( f i g 18) obtained f o r the two 
counters by using the side-channel analysers as single-channel 
instruments w i t h a one v o l t window. The counter w i t h the best 
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r e s o l u t i o n was employed i n the 1.28 Mev channel to insure p o s i ­
t i v e d i s c r i m i n a t i o n against the 0.51 Mev pulses. A check was 
made of the upper l i m i t of the 0.51 Mev pulses by p l o t t i n g the 
coincidence count r a t e f o r the Col i n e a r arrangement of the; 
counters and source as a f u n c t i o n of i n c r e a s i n g lower d i s c r i m i ­
nator l e v e l f o r the 1.28 Mev analyser. The turning- p o i n t 
between a r a p i d decrease i n coi n c i d e n t count r a t e and a low 
l e v e l plateau i n d i c a t e d the maximum 0.51 Mev pulse heights. A 
d i s c r i m i n a t i o n l e v e l greater than t h i s value was employed i n 
the siibsequent measurements. The lower l i m i t of the 0.51 Mev 
analyser was normally r e s t r i c t e d to about 2/3 of the f u l l energy 
to insure d i s c r i m i n a t i o n against back-scattered 1.28 Mev photons, 
(c) Nature of Experimental, Measurements: 

A s e r i e s of coincidence r e s o l u t i o n curves (each about l£ 
hours i n duration) were then obtained i n alterna-te f a s h i o n f o r 
the C o ^ source imbedded i n aluminum and the collodion-backed 

22 
Na source i n an aluminum absorber. The aluminum samples 

22 
surrounding the Na source were about .060 inches t h i c k , 
s u f f i c i e n t to stop the p o s i t r o n s , about 5/8 inches square, and 
polished and cleaned with e t h y l a l c o h o l on the side which faced 
the source. A spr i n g wire c l i p , glued to the backs of the 
samples w i t h rubber cement, was used to hold the aluminum sam­
ples f i r m l y against both sides of the source. Care was exer­
c i s e d i n attempting to place the two sources i n the same 
p h y s i c a l p o s i t i o n since a d i f f e r e n c e of 0.15 cm i n the source-
counter distances could r e s u l t i n an e r r o r i n the l i f e t i m e 
measurement of 0.1 x 10""^ sec, of the same order as the 
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accuracy d e s i r e d . 
A number of s i m i l a r curves were then obtained w i t h the 

s e t t i n g s of the two side-channel analysers interchanged. Thus, 
the former 1.28 Mev channel was set on the 0.51 Mev range, and 
vi c e - v e r s a . By t h i s means, the " f a s t " coincidences that were 
selected were those r e s u l t i n g from d e t e c t i o n of the 1.28 Mev 
gamma rays by the former 0.51 Mev s c i n t i l l a t i o n counter, and 
de t e c t i o n of the 0.51 Mev gamma rays by the other, formerly.1.28 
Mev counter. Whereas the former experimental arrangement 
(with added time delay i n the 1.28 Mev channel so th a t , at the 
time s o r t e r , the 1.28 Mev square pulses appeared near the end 
of the 0.51 Mev square pulses) r e s u l t e d i n an increased pulse 
s i z e f o r increased delay i n the 0.51 Mev channel, the l a t t e r 
arrangement r e s u l t e d i n a decreased pulse s i z e . Reproducibi­
l i t y of the two sets of r e s u l t s would therefore be considered to 
be a good check of t h e i r v a l i d i t y and of the operation of the 
apparatus. 

A check of p o s s i b l e count-rate e f f e c t s was a l s o obtained 
by performing a s e r i e s of measurements with various source-. 
c o u n t e r 1 d i s t a n c e s , and also by changing the strength of the 
fin 

Co source by a f a c t o r of two during one s e r i e s of runs. 
An experimental estimate of the e f f e c t of d i f f e r e n c e s . i n 

the accepted range of the s p e c t r a l d i s t r i b u t i o n of pulses (as. 
viewed by the 0.51 Mev analyser) f o r the N a 2 2 and C o ^ sources, 
was determined from a set of curves f o r which the width of the 
0.51 Mev channel window was v a r i e d , so that an e x t r a p o l a t i o n 
of the r e s u l t s corresponding, to the i d e a l case of zero window 



FIGURE 19.- DELATED COINCIDENCE RESOLUTION CURVES FOR 
SODIUM-22 IN ALUMINUM AND COBALT-60. 
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wid.th could be obtained. ' • 
Although most of the r e s u l t s were obtained using the 

t h i r t y - c h a n n e l pulse-amplitude analyser, s e v e r a l curves were 
obtained using the 100-channel. instrument .to' check, p r i m a r i l y , 
the p o s s i b l e existence of a l o n g - l i v e d component of the p o s i t r o n 
decay which was. reported by Gerholm (1956). 

F..' R e s u l t s : ' ' 
(a) Method Employed .for Determining the L i f e t i m e : • 

T y p i c a l r e s o l u t i o n curves obtained f o r the two -sources are 
shown i n f i g 19 f o r both l i n e a r and l o g a r i t h m i c s c a l e s . The 
curves shown are the, experimental data without background sub­
t r a c t i o n . As d e s c r i b e d . i n Appendix C, the mean l i f e t i m e , t 

Of.the positrons i s determined by the d i f f e r e n c e i n the f i r s t 
moments (means, or ce n t r o i d s ) of the p o s i t r o n resolution- curve 

60 

and the Oo prompt r e s o l u t i o n curves. • I n a d d i t i o n , the 
variance of the p o s i t r o n a n n i h i l a t i o n d i s t r i b u t i o n f u n c t i o n i s 
given by the d i f f e r e n c e i n the variances of the two r e s o l u t i o n 
curves. Since the square, roots of. the variances, have dimensions 
of time, t h i s measure of the p o s i t r o n a n n i h i l a t i o n d i s t r i b u t i o n 
f u n c t i o n i s termed, i n t h i s . t h e s i s , the :'rms lifetime." and i s 
denoted by the - symbol, c . 

The moments analyses of the experimental r e s o l u t i o n curves 
described above were performed using" the UBC Alwac. I l l E d i g i t a l 
computer, the program used f o r the a n a l y s i s being given i n 
Appendix H. - The random coincidence background rates were 
s u f f i c i e n t l y small that t h e i r c o n t r i b u t i o n to the values t and 
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*- have been neglected i n the r e s u l t s quoted below.. Analyses 
of s e v e r a l runs i n which the backgrounds were subtracted i n d i c a ­
ted that t h e i r i n c l u s i o n r e s u l t e d i n an e r r o r i n the c e n t r o i d 
determination of l e s s than two per cent, and an e r r o r i n the 
rms l i f e t i m e determination of l e s s than f i v e per cent. One 
reason that the backgrounds were neglected was due to the d i f f i ­
c u l t y i n estimating the t o t a l random coincident background over 
the time range i n v o l v e d . Since t h i s t o t a l background was 
normally l e s s than f i f t y counts (as estimated from the random 
rate outside the r e s o l u t i o n curve) f o r the curves that were 
obtained i n these measurements, an exact estimate of t h e i r e f f e c t 
on the r e s u l t s was impossible due to s t a t i s t i c a l f l u c t u a t i o n s 
both i n t h e i r t o t a l number and 1 i n t h e i r d i s t r i b u t i o n w i t h i n the 
time range in v o l v e d . Consequently, the r e s u l t s were analysed 
without background s u b t r a c t i o n . Instead, an estimate of the 
u n c e r t a i n t i e s introduced by n e g l e c t i n g these random counts was 
included i n the e r r o r s quoted f o r the r e s u l t s , 
(b) R e s u l t s f o r Inverted Operation': 

The r e s u l t s obtained using the 100-channel k i c k s o r t e r 
showed, as expected, that i n v e r s i o n of the mode of. operation of 
the apparatus had n e g l i g i b l e e f f e c t on the measured values of 
the l i f e t i m e . This i s i n d i c a t e d i n f i g 20(c), where two p a i r s 
of measurements are i n d i c a t e d corresponding to an ab s c i s s a of 
four v o l t s (a window width of 25% of the upper l e v e l ) . Each 
p a i r c o n s i s t s of a determination of the mean l i f e t i m e , t , and 
the rms l i f e t i m e , t' , of the p o s i t r o n a n n i h i l a t i o n d i s t r i b u ­
t i o n f u n c t i o n . The two p a i r s of measurements were obtained 
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under equivalent c o n d i t i o n s , except that the mode of operation 
of the apparatus was reversed (as described i n greater d e t a i l on 
pg.lOO). 
(c) Zero Window-Width Extrapolated R e s u l t s : 

P i g 20 i l l u s t r a t e s the dependence of the r e s u l t s on the 
window width of the side-channel analyser i n the a n n i h i l a t i o n 
r a d i a t i o n channel. (a) and (b) were obtained under s i m i l a r 
operating c o n d i t i o n s , w i t h the equipment arranged so that an i n ­
creased delay i n the a n n i h i l a t i o n channel y i e l d e d an increase i n 
the time-sorter output pulse, whereas (c) was obtained w i t h the 
equipment operating i n the reverse mode. An aluminum absorber 
was used i n curves (a) and ( c ) , and a tantalum one f o r (b). A 
la c k of any onvious dependence of the r e s u l t s on the window width 
i n d i c a t e s t h a t , f o r the window widths employed, v a r i a t i o n s of 
the shapes of the pulse amplitude spectra between the C o ^ and 

77 

Na soucres w i t h i n the windows, had n e g l i g i b l e e f f e c t on the 
l i f e t i m e determinations. As a r e s u l t , measurements c o r r e c t to 
+ 0.1 x 1 0 ~ ^ seconds are i n d i c a t e d f o r measurements with a window 
width as larg e as four v o l t s . 
(d) Count Rate E f f e c t s : 

The t e s t s conducted to determine a count-rate dependence 
of the r e s u l t s by va r y i n g the source-counter distances f a i l e d to 
y i e l d any such e f f e c t , as i n d i c a t e d i n f i g 15. An a d d i t i o n a l 
check was obtained by changing the strength of the Co*^ source 
by a f a c t o r of two i n the middle of a set of runs. Again, no 
e f f e c t was observed. 
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(e) I n v e s t i g a t i o n of the P o s s i b l e Existence of a Long-Life 
Component i n P o s i t r o n A n n i h i l a t i o n s : 
In f i g 21 i s shown a semi-logarithmic p l o t of a r e s o l u t i o n 

curve with b e t t e r s t a t i s t i c s than those shown pr e v i o u s l y f o r 
positrons a n n i h i l a t i n g i n aluminum. No evidence of a long-
l i v e d component of the decay was observed over a range of at 
l e a s t three decades, i n contrast to the r e s u l t s of Gerholm 
(1956) which seemed to suggest the existence of such a com­
ponent by a change i n the slope of the right-hand side of the 
r e s o l u t i o n curve i n the second decade from the top. 

( f ) Compilation of L i f e t i m e R e s u l t s : 
Besides the l i f e t i m e r e s u l t s mentioned e a r l i e r , a s e r i e s of 

a d d i t i o n a l measurements were obtained using the t h i r t y - c h a n n e l 
Marconi k i c k s o r t e r , and a n n i h i l a t i o n gamma-ray window widths 
of both two and four v o l t s . Because of the r e s t r i c t e d number 
of channels a v a i l a b l e f o r these runs, due p a r t l y to a d e s i r e 
f o r a channel width of about I O - 1 0 seconds, i t was found that 

-.about one per cent- of the true coincidences from p o s i t r o n a n n i ­
h i l a t i o n i n aluminum were o c c u r r i n g outside the range of the 
k i c k s o r t e r . These were monitored, however, i n the overflow 
channel at the top of the k i c k s o r t e r . The true coincidences 
(above the random background) were estimated by s u b t r a c t i n g 

22 
from the top channel counts of a Na curve, the corresponding 
counts obtained from an appropriately-normalized Co^^ curve, 
f o r which only random coincidences were detected i n the over­
flow channel. This " t r u n c a t i o n l o s s " could be allowed f o r by 
applying the c o r r e c t i o n f a c t o r s described i n Appendix B. For • 
a t y p i c a l t r u n c a t i o n l o s s of one per cent, f o r example, t h i s 
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c o r r e c t i o n f a c t o r was about f i v e per cent f o r the c e n t r o i d 
estimate, t , and about fourteen per cent f o r the rms l i f e t i m e 
r e s u l t , ~ . The r e s u l t s from an a n a l y s i s of twenty four 
curves for.which the Co and the Na i n aluminum sources were 
a l t e r n a t e d , y i e l d e d a mean value f o r the mean l i f e t i m e , f , of 
2.45 x lO -" 1"^ seconds, whereas the mean value obtained from a l l 
the one hundred-channel k i c k s o r t e r runs, a t o t a l of twelve 
curves i n a l l , was 2.30 x 1 0 ~ 1 0 seconds. A n a l y s i s of the com­
pl e t e set of t h i r t y s i x runs f o r both T and t ' y i e l d e d the 
d i s t r i b u t i o n s of r e s u l t s shown i n f i g 22, i n which are a l s o 
i n d i c a t e d gaussian curves with the same means and standard 
d e v i a t i o n s . 

The experimental estimates of t , the f i r s t moment of the 
po s i t r o n a n n i h i l a t i o n p r o b a b i l i t y f u n c t i o n were found to be 
d i s t r i b u t e d about a mean value of 2.40 x lO -" 1"^ seconds, with a 
standard d e v i a t i o n of 0.175 x 10""1"0 seconds. The values of 

t ' , the 'rms' measure of the p o s i t r o n a n n i h i l a t i o n f u n c t i o n 
were d i s t r i b u t e d about a mean of 2.50 x 10"""*"̂  seconds with a 
standard d e v i a t i o n of 0.27 x 10 """̂  seconds. These s t a t i s t i c s 
i n d i c a t e a standard e r r o r of the mean of .04 x 10""^ seconds 
f o r f , and .06 x lO""1"^ seconds f o r where the standard 
formula was used f o r the estimates of the e r r o r : t * -£E. T 

where s^ i s the observed standard d e v i a t i o n of the r e s u l t s , n 
i s the number of l i f e t i m e determinations (given by one h a l f the 
number of curves; thus, n = 18), and t ^ i s obtained from 
Student's t d i s t r i b u t i o n , about one f o r a value of n as larg e 
as eighteen. 
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(g) Discussion of the E r r o r s : S t a t i s t i c a l and Systematic. 
The standard d e v i a t i o n of the mean l i f e t i m e d i s t r i b u t i o n , 

—10 
0.175 x 10 v seconds, consisted mostly of the s t a t i s t i c a l 
u n certainty i n the mean of an i n d i v i d u a l r e s o l u t i o n curve. 

22 
With a standard d e v i a t i o n f o r a t y p i c a l Na i n aluminum reso­
l u t i o n curve of 5.5 x l O - 1 ^ seconds and a t o t a l number of counts 
contained i n the curve of 3600 (a t y p i c a l v a l u e ) , the standard 
d e v i a t i o n of the d i s t r i b u t i o n of means should be: 

• .oq* IO seconds. Since t h i s estimate would V360O' 
only be s t r i c t l y true i f the r e s o l u t i o n curves were of gaussian 
form, the p r a c t i c a l case i s described by a standard d e v i a t i o n 
of the means somewhat l a r g e r than the above c a l c u l a t i o n i n d i ­
cates. F i n a l l y , the standard d e v i a t i o n of a d i s t r i b u t i o n of 
d i f f e r e n c e s of such means would be 41 {.o<\) ••(.o*?)1' a IO 

seconds, or 0.13 x 10"""^ seconds. This estimate of the standard 
d e v i a t i o n i s too small f o r s e v e r a l reasons, v i z : 

( i ) the non-gaussian nature of the r e s o l u t i o n curves; 
( i i ) a d d i t i o n a l f l u c t u a t i o n s due to the random c o n t r i b u ­

t i o n , and 
( i i i ) v a r i a t i o n s i n the p o s i t i o n i n g of the sources. 

As mentioned e a r l i e r (page 99), v a r i a t i o n s of 0.15 cms i n the 
p o s i t i o n i n g of the sources would r e s u l t i n changes of 
Xx 0>iS _ QI ^ fo , a sec i n the a r r i v a l times of the two gamma 
3 * io'° 

rays. V a r i a t i o n s of t h i s amount would increase the t o t a l 
standard d e v i a t i o n to about 0.17 x 10"*"^ sec, i n s a t i s f a c t o r y 
agreement with the value obtained. 

A d d i t i o n a l p o s s i b l e e r r o r s of a more systematic nature 
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would i n c l u d e : 
( i ) Uncertainty of.two per cent i n the time c a l i b r a t i o n 

producing an unc e r t a i n t y of .05 x 10~ 1 (^ seconds i n the 
r e s u l t . 

( i i ) A po s s i b l e systematic e r r o r i n the p o s i t i o n i n g of the 
two types of sources, due to a d i f f e r e n c e i n the d i s ­
t r i b u t i o n of the a c t i v e m a t e r i a l w i t h i n the source 
i t s e l f . A d i f f e r e n c e here of 0.15 cm would produce 
an a d d i t i o n a l e r r o r of 0.1 x lO -'"^ second i n the value 
f o r the mean l i f e t i m e , t , but would not a f f e c t the 
experimental value of the rms l i f e t i m e , f ' . 

( i i i ) The e r r o r involved i n ne g l e c t i n g the random coincidence 
background was described on pg 102 as c o n t r i b u t i n g about 
2% (.05 x 1 0 ~ 1 0 sec) to the e r r o r i n the estimate of the 
mean l i f e t i m e , T* , and about 5% (0.12 x 1 0 ~ 1 0 sec) to 
the e r r o r f o r the rms l i f e t i m e , t ' . 

22 
( i v ) The f i n i t e l i f e t i m e of the Ne nuclear gamma ray 

decreases the observed l i f e t i m e of the posi t r o n s by 
.05 x 1 0 ~ 1 0 sec (Alkhazov et a l , 1959). Since 
Tp-Tr - observed *C = 2.40 x 10""^ seconds, the true 
Tjp i s therefore given by: 2.45 x 10""^ seconds. 

I n c l u s i o n of the above estimates of p o s s i b l e systematic 
e r r o r y i e l d s a t o t a l standard e r r o r f o r the measurements, of: 

5^ k a •*- <<i,) where i s the variance of the 
s t a t i s t i c a l d i s t r i b u t i o n of r e s u l t s , and K and K, are estimates 

a b 
of the systematic e r r o r . 
* Smart, W. M., Combination of Observations, 

(Cambridge U n i v e r s i t y Press, 1958), p. 53. 
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On s u b s t i t u t i n g the appropriate values, we obtai n f o r an 
estimate of the t o t a l e r r o r , [(.0+)X+(.o?)lf=:' 

0*12 x 1 0 ~ 1 Q seconds. 
On the ba s i s of the preceding d i s c u s s i o n , the f i n a l 

experimental values quoted f o r the l i f e t i m e of positrons i n 
aluminum, are: 
(2.45 - 0.15) x 1 0 ~ 1 0 seconds f o r the mean l i f e t i m e , t , and 
(2.50 - 0.15) x 10"" 1 0 seconds f o r the "rms l i f e t i m e , tr' ", i . e . 
the square root of the second moment about the mean. 

A s i m i l a r set of t h i r t y eight measurements with a d i f f e r ­
ent absorber, tantalum, y i e l d e d the r e s u l t s : 
(2.30 i 0.15) x I O - 1 0 seconds f o r the mean l i f e t i m e , f , and 
(2.30 t 0.15) x IO*" 1 0 seconds f o r the "rms l i f e t i m e , V* ", i . e . 
the square root of the second moment about the mean. 

The i n d i c a t i o n of a s l i g h t d i f f e r e n c e i n the absolute 
l i f e t i m e of posit r o n s between aluminum and tantalum i s f u r t h e r 
substantiated by the comparative measurements of Chapter VI 
where.the l i f e t i m e i n aluminum was found to be longer than that 
i n tantalum by (0.38 - 0.14) x 1 0 ~ 1 0 seconds. 

2. Comparison with a Prompt Source C o n s i s t i n g of A n n i h i l a t i o n  
Gamma Rays. 
A f u r t h e r measurement of the value of the p o s i t r o n l i f e t i m e 

i n aluminum was obtained by. employing a d i f f e r e n t prompt source. 
Since Co^° emits two gamma rays of high energy compared to the 
energy of the p o s i t r o n a n n i h i l a t i o n r a d i a t i o n , i t was considered 
worthwhile to attempt to measure the l i f e t i m e of positrons i n 
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aluminum by a method using lower energy prompt r a d i a t i o n , such 
as the a n n i h i l a t i o n r a d i a t i o n i t s e l f as the prompt source, and 
dependent on a new technique f o r comparing the r e s u l t a n t r e s o l u ­
t i o n curves. Since p o s i t r o n a n n i h i l a t i o n i s described i n terms 
of a second-order e l e c t r o n i c t r a n s i t i o n , the expected mean delay 
between the two gamma rays would be of the order of -^j from 
the u n c e r t a i n t y p r i n c i p l e where i s the energy i n v o l v e d i n 
one of the t r a n s i t i o n s , 0.511 Mev. By t h i s means, an estimate 

-21 
of 10 seconds i s obtained f o r the mean l i f e t i m e of the t r a n ­
s i t i o n from the intermediate to the f i n a l s t a t e , a value i n d i ­
c a t i v e of a most s a t i s f a c t o r y "prompt" source. Using a prompt 
source of t h i s type, however, r e q u i r e s that the side-channel 
analysers be so adjusted that both channels accept pulses c o r r e s ­
ponding to the top p o r t i o n of the 0.511 Mevi, Compton spectrum. 
Consequently, when the delayed r e s o l u t i o n curves f o r positrons 
i n aluminum were obtained, care was exercised to ensure that the 
two counters and the source were NOT c o - l i n e a r , otherwise a high 
prompt coincidence counting r a t e (due to a n n i h i l a t i o n gamma 
rays) would have been recorded. 

A. Experimental Procedure. 
(a) Background Prompt Coincidence C o n t r i b u t i o n : 

The p o s s i b i l i t y of d e t e c t i n g coincidences due to the 1.28 
Mev gamma r a d i a t i o n being backscattered .from one counter to the 
other would tend to be increased with t h i s 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 p o s s i b l e the source was po s i t i o n e d as shown i n f i g 2 3 ( a ) "to 
ensure that the s c a t t e r i n g angle of the 1.28 Mev gamma rays 
required f o r d e t e c t i o n of t h i s gamma ray i n both counters, 
would be greater than 110°, thus r e s t r i c t i n g the r e c o i l gamma 
ray to an energy of l e s s than 300 Kev. A l s o , the f a c t that 
the s c a t t e r i n g angle of the 1.28 Mev gamma ray had to be l e s s 
than 70° (and thus much l e s s than the 110° mentioned above) i n 
order f o r the Cornpton i n t e r a c t i o n to produce a pulse i n the 
0.51 Mev p o r t i o n of the 1.28 Mev spectrum i n the f i r s t counter 
f u r t h e r a s s i s t e d i n r e s t r i c t i n g the number of coincidences 
r e s u l t i n g from t h i s process. 

As a r e s u l t of these two c o n d i t i o n s , the p o s s i b i l i t y of 
de t e c t i n g coincidences due to back-scattered gamma rays was 
considered to be e f f e c t i v e l y e l i m i n a t e d . Experimental v e r i ­
f i c a t i o n of t h i s c onclusion i s discussed on page 113. 
(b) Experimental D e t a i l s Involved i n the Measurements: 

With t h i s arrangement, e i t h e r counter could detect the 
0.51 Mev a n n i h i l a t i o n gamma ray or the equivalent p o r t i o n of 
the Cornpton d i s t r i b u t i o n of the associated 1.28 Mev gamma ray, 
thus forming a symmetric delayed r e s o l u t i o n curve whose ce n t r o i d 
p o s i t i o n i s the same as that f o r the prompt curve. The width 
or variance of the delayed r e s o l u t i o n curve was, however, 
l a r g e r than that of the prompt curve and so an estimate of the 
po s i t r o n l i f e t i m e could be obtained by a d e t a i l e d comparison 
of these variances. The procedure f o r o b t a i n i n g these measure­
ments was as f o l l o w s : 
The counters were set close together to subtend a large s o l i d 
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angle at the source, and a delayed r e s o l u t i o n curve was obtained 
22 

by p l a c i n g the aluminum-covered Na source between them as 
shown i n f i g 23(a), o f f s e t somewhat from c o - l i n e a r i t y . Side-
channel window widths of four v o l t s ( i n s i x t e e n v o l t s ) were 
employed. Next a C o ^ prompt curve was obtained by r e p l a c i n g 
the Na source by the approximately ten microcurie Co source. 
L a s t l y , the counters were separated to reduce the s o l i d angle 
as i l l u s t r a t e d i n f i g 23(b), and the s i x t y microcurie aluminum-

22 
covered Na source was i n s e r t e d between them i n a c o - l i n e a r 
alignment, thus producing the desired prompt r e s o l u t i o n curve 
by d e t e c t i n g the p a i r s of a n n i h i l a t i o n quanta. In t h i s case, 
the source-counter distances were chosen so that the i n d i v i d u a l . 
side-channel count r a t e s were close to those obtained f o r the 
previous two runs. In t h i s way, count-rate dependent e f f e c t s 
were e l i m i n a t e d . A large separation of the counters was al s o 
u s e f u l i n ensuring that only the p a i r s of a n n i h i l a t i o n gamma rays 
would be e f f e c t i v e i n producing coincidences as the r a t i o of co­
incidences due to a n n i h i l a t i o n gamma rays compared to those due 
to coincidences between a n n i h i l a t i o n gamma rays and the 1.28 
Mev gamma rays i s given by: N e*~ UJ//\/e* tu* = l/^ where N i s 
the d i s i n t e g r a t i o n r a t e of the source and the two counters are 
sssumed to have the same d e t e c t i o n e f f i c i e n c y , £ , and s o l i d 
angle, cj . A c t u a l l y , the d e t e c t i o n e f f i c i e n c y f o r the 1.28 Mev 
gamma ray w i l l be s i g n i f i c a n t l y l e s s than-that f o r the 0.51 Mev 
gammas due to the d i f f e r e n t r e l a t i v e f r a c t i o n s of the two 
Cornpton spectra detected by the side channels. For the source 
counter distances used, o f two to three inches, the r a t i o l/ur 
was at l e a s t 200/l. Examples of the experimental r e s o l u t i o n 
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curves are given i n f i g 24. : 

Since only symmetric curves were obtained by t h i s method, 
i t was impossible to determine the value of t ? , the f i r s t moment 
of the p o s i t r o n a n n i h i l a t i o n p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n . 
Determinations of t't the standard d e v i a t i o n of the d i s t r i b u t i o n 
f u n c t i o n , were obtained, however, by using the formula: 
t' = (variance of delayed curve - variance of prompt curve) ^, 
derived i n Appendix C ( i i ) . 

Because the second moment c a l c u l a t i o n s are so s t r o n g l y 
dependent on the t a i l s of the r e s o l u t i o n curves as discussed i n 
Appendix B, v/hich analyses the e f f e c t s of t r u n c a t i o n l o s s , the 
100-channel CDC k i c k s o r t e r was employed f o r these measurements. 

B. R e s u l t s : 
Two determinations of each type of r e s o l u t i o n curve were 

obtained. 
fin 

The variances of the Co prompt runs 
-20 2 

were both: 35.9 x 10 sec . 
The variances of the a n n i h i l a t i o n 

o 
—20 sec 

r a d i a t i o n prompt curves were: 35.6 x 10 ' 
and 35.9 x 1 0 " 2 0 s e c 2 . 

22 
The variances of the Na i n aluminum 

-20 2 
runs were: 50.7 x 10 sec , 

and 49.2 x 1 0 ~ 2 0 s e c 2 . 
The e q u a l i t y observed between the variances of the C o ^ and 
a n n i h i l a t i o n r a d i a t i o n prompt r e s o l u t i o n curves i s f u r t h e r 
evidence f o r two previous observations, v i z : 

( i ) The s p e c t r a l shapes of the Cornpton d i s t r i b u t i o n s f o r 
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both the a n n i h i l a t i o n and Co^° gamma rays are s u f f i ­
c i e n t l y close over the range covered by the side-channel 
window widths employed, that e f f e c t s r e s u l t i n g from 
energy-dependent instrumental time s h i f t s are n e g l i g i b l e 
i n these measurements. These measurements, the r e f o r e , 
o f f e r f u r t h e r experimental evidence f o r the conclusions 
o u t l i n e d on page 103 regarding the l a c k of any depen­
dence of the absolute l i f e t i m e r e s u l t s i n v o l v i n g corn-

fin 
parisons to Co prompt r e s o l u t i o n curves on the window 
widths of the single-channel analyser employed i n the 
a n n i h i l a t i o n channel ( f o r the window widths employed i n 
t h i s work, at any r a t e ) . 

) Secondly, the observed agreement between these prompt 
variances also v e r i f i e s the e a r l i e r assumption regarding 
the low i n t e n s i t y of the c o n t r i b u t i o n of the back-
scattered gamma rays to the recorded coincidences. The 

60 
Co source would, of course, be more s u s c e p t i b l e to the 
production of coincidences of t h i s type than would the 

22 
Na because two high-energy gamma rays are emitted per 
d i s i n t e g r a t i o n rather than one. Although these c o i n ­
cidences were described, as "prompt" when compared to 
those r e s u l t i n g from p o s i t r o n decay (pg 110) they would 
i n f a c t tend to broaden a t r u l y prompt curve due to the 
f l i g h t time of the gamma ray between the two counters 
(a path length of the order of I O - 1 0 seconds). The 
la c k of any s i g n i f i c a n t d i f f e r e n c e between the variances 
of the two types of prompt source can therefore be i n t e r -
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preted as evidence that the r e l a t i v e number of such 
back-scattered coincidences i s l e s s than a few per cent 
f o r the experimental arrangement employed. 

The value of V* , the square root of the second moment 
about the mean of the p o s i t r o n a n n i h i l a t i o n d i s t r i b u t i o n , 

-20 2 
c a l c u l a t e d from the mean "prompt" variance of 35.8 x 10 sec 

-20 2 
and the mean "delayed" variance of 50.0 x 10 sec 

i s : 2.65 x 10*" 1 0 seconds. 
The standard d e v i a t i o n of the d i s t r i b u t i o n of estimates 

of f ' i s assumed to be approximately t h a t ' o f the d i s t r i b u t i o n 
6 0 

of. f ' given i n f i g 22(b) obtained by the method i n which a Co 
prompt source was' employed; namely: 0.25 x 1 0 ~ 1 0 sec. Because 
of the small number of d i s t i n c t experimental l i f e t i m e measure­
ments performed by t h i s method, very l i t t l e r eduction of t h i s 
standard e r r o r i s j u s t i f i e d . The value o f f e r e d , then, f o r the 
"rms l i f e t i m e " of positrons i n aluminum^ obtained by the method 
described i n t h i s s e c t i o n , i s : (2.65 - 0.25) x 10"~ 1 0 seconds. 
C. Dis c u s s i o n of an A d d i t i o n a l Source of E r r o r . 

As mentioned e a r l i e r , the mean values of a l l these symmet­
r i c r e s o l u t i o n curves should be the same i f the r e l a t i v e 
e f f i c i e n c i e s of 0.51 Mev compared to 1.28 Mev gamma ray de t e c t i o n 
were the same f o r the two counter-analyser combinations. 
Since the two s c i n t i l l a t i o n phosphors were of d i f f e r e n t shape 
and d i f f e r e n t m a t e r i a l , t h i s assumption i s probably not 
warranted. The r e s u l t i n g lack of complete symmetry i n the 
positron-in-aluminum r e s o l u t i o n curves would r e s u l t i n a s l i g h t 
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s h i f t at the cen t r o i d of these curves as compared to the symmet­
r i c prompt curves (the mathematical dependence of t h i s s h i f t i s 
treated i n Appendix C ( i i ) ) . Such a s h i f t was observed, i n 
f a c t , with the centroids of both the broadened r e s o l u t i o n curves 

22 -10 from Na i n aluminum disp l a c e d by about 0.5 x 10 ' seconds 
with respect to the C o ^ prompt curve. This e r r o r might 
c e r t a i n l y have been p a r t l y composed of a systematic p o s i t i o n a l 
e r r o r i n the placement of the two sources, as discussed more 
f u l l y on page 106. I t i s doub t f u l whether t h i s could be the 
complete explanation, however, since such a d e v i a t i o n would 
correspond to a p o s i t i o n a l e r r o r of 0.75 cm, a value s i g n i f i ­
c a n t l y l a r g e r than might be expected. Consequently, the degree 
of p r e f e r e n t i a l counting necessary to produce a c e n t r o i d s h i f t 
of 0.5 x l O - " ^ sec was determined (thus y i e l d i n g a measure of 
( g ^ - g 2 ) , Appendix C ( i i i ) ) , and the corresponding e f f e c t on 
the variances of the r e s o l u t i o n curves estimated. The e f f e c t 
of such a p r e f e r e n t i a l d e t e c t i o n on the f i n a l r e s u l t was e s t i ­
mated to r e s u l t i n an e r r o r i n the determination of the rms 
l i f e t i m e of about one per cent. That i s , an i n t e r p r e t a t i o n 
of the observed c e n t r o i d s h i f t completely i n terms of the 
asymmetry e f f e c t r e s u l t e d i n ah e r r o r of but one per cent i n 
the estimated value of f'. I f , on the other hand, a p o s i ­
t i o n a l e r r o r i n the placement of the two sources i s considered 
to have contributed s i g n i f i c a n t l y to the observed c e n t r o i d 
s h i f t , then an even smaller asymmetry e r r o r would be expected. 
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3. D i s c u s s i o n and Conclusions: 
Using Co^° to define the prompt coincidence r e s o l u t i o n 

curve, a value of (2.45 - 0.15) x 1 0 ~ 1 0 seconds was deduced f o r 
the mean l i f e t i m e -tf of positrons i n aluminum. Variance 
a n a l y s i s of the same curves a l s o y i e l d e d an estimate of the root 
mean square d e v i a t i o n about the mean ( f') of the p o s i t r o n a n n i ­
h i l a t i o n d i s t r i b u t i o n f u n c t i o n , v i z : (2.50 i 0.15) x 1 0 ~ 1 0 sec. 

• An a l t e r n a t e method of ob t a i n i n g a prompt r e s o l u t i o n 
curve by using the a n n i h i l a t i o n gamma rays as a prompt source 
y i e l d e d a value f o r X>\ of (2.65 - 0.25) x 1 0 ~ 1 0 sec, a value i n 
agreement with that obtained by the former method. 

The l i f e t i m e of positrons was also measured i n a second 
absorber, tantalum, by comparison to the prompt source, Co^°, 
y i e l d i n g the values (2.30 i 0.15) x 1 0 ~ 1 0 sec f o r f , and, 

(2.30 - 0.15) x 10"" 1 0 sec f o r V . 

The e q u a l i t y between the mean and "rms" l i f e t i m e r e s u l t s 
f o r both absorbers can be considered as a d d i t i o n a l information . 
about the nature of the decay of positrons i n these metals. 
Some examples of t h i s information are discussed i n the f o l l o w i n g 
s e c t i o n s . 

A. Nature of the P o s i t r o n A n n i h i l a t i o n D i s t r i b u t i o n . 
F e w ' d i s t r i b u t i o n functions y i e l d the same value f o r the mean 

as- f o r the square root of the varia n c e . The pure exponential 
f u n c t i o n i s one which does give the same value f o r each, however, 
and hence i s a reasonable one to assume f o r the p r o b a b i l i t y 
d i s t r i b u t i o n f u n c t i o n of the a n n i h i l a t i o n process. In contrast, 
both a l i n e a r and a gaussian decay curve would y i e l d a value f o r 
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f ' of l e s s than 80# of the value of f (Appendix C ( i v ) ) . 
Such a p o s s i b i l i t y i s w e l l outside the e r r o r s quoted f o r the 
above r e s u l t s . These r e s u l t s , then,provide a p a r t i a l check 
of the v a l i d i t y of the assumption of the pure exponential nature 
of p o s i t r o n a n n i h i l a t i o n i n metals as suggested by B e l l and 
Graham (1953). 

B. Experimental Evidence Regarding P o s i t r o n Thermalisation 
Times: 
A f i n i t e slowing-down time of the posi t r o n s p r i o r to a 

pure exponential decay would a l s o give r i s e to a decrease i n 
f ' r e l a t i v e to f , I f we assume: 

( i ) the positrons are thermalised i n a mean time, t ; 
( i i ) the variance of the p r o b a b i l i t y d i s t r i b u t i o n f o r t h e r -

2 
m a l i s a t i o n i s , as f o r an exponential d i s t r i b u t i o n , t . 

2 

An assumed variance of l e s s than t as would r e s u l t , 
f o r example, from a gaussian form of p r o b a b i l i t y d i s ­
t r i b u t i o n would y i e l d l i f e t i m e estimates (r and t") 
even more incompatible w i t h the experimental r e s u l t s 
than f o r that assumed here, 

( i i i ) . t h e a n n i h i l a t i o n of the positrons from the thermalised 
s t a t e i s given by the standard exponential p r o b a b i l i t y 
d i s t r i b u t i o n , of mean l i f e , ^ , and variance , 

then, according to Appendix C ( i v ) , these q u a n t i t i e s are r e l a t e d 
to the experimental values o f f and f ' by: 

I f a value f o r t of 0.25 x 10~ 1 0 sec i s assumed, f o r example, 
then since f = 2.45, ̂  = 2.20 ( x 10~ 1 0 s e c ) . 
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S u b s t i t u t i n g back i n t o the above * formulae, 
f - 2.45 x 1 0 " 1 0 sec, but 
T ; = 2.21 x 1 0 - 1 0 sec, almost two standard d e v i a t i o n s 

removed from the experimental value. Thus, according to t h i s 
example, a t h e r m a l i s a t i o n time as la r g e as 0.25 x .10~ 1 0 sec has 
a p r o b a b i l i t y of l e s s than ten per cent of c h a r a c t e r i s i n g the 
a n n i h i l a t i o n process described i n the assumptions. Smaller 
values of the assumed t h e r m a l i s a t i o n time are obviously more 
compatible with the experimental r e s u l t s . 

C. The Maximum I n t e n s i t y of a P o s s i b l e Long-lived Component 
of P o s i t r o n A n n i h i l a t i o n : 
For a l o n g - l i v e d component wi t h a l i f e t i m e l e s s than one 

nanosecond and w i t h i n the r e s o l u t i o n time of the apparatus, an 
i n v e s t i g a t i o n of the maximum i n t e n s i t y allowed such a component 
again involves a comparison of the expected l i f e t i m e s (forK and 
f 1 ) w i t h the experimentally-observed ones. Let us assume f o r 
t h i s case: 

( i ) the t h e r m a l i s a t i o n time of the posi t r o n s i s n e g l i g i b l e 
compared to the l i f e t i m e of the p o s i t r o n s ; 

( i i ) the a n n i h i l a t i o n of the positrons i s cha r a c t e r i s e d by 
two components, a s h o r t - l i v e d one ( f, ) of about that 
i n d i c a t e d by the measured value of f , and a l o n g - l i v e d 
one ( *c x) of about 5 x I O - 1 0 sec, say. 

I f we assign, f o r the sake of a numerical value, an 
i n t e n s i t y f o r the l o n g - l i v e d component of f i v e per cent, then, 
by the formulae given i n Appendix C ( i v ) , the observed mean 
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X + f f 

l i f e f = — L — - — i . f which on s o l v i n g f o r , gives 2 . 3 2 x 
—io n "Zf C ^ * — f ) 

1 0 " sec, while -rr - 1 — - — — ^f- , which on s u b s t i t u t i n g 
f o r , f x , / gives 1 . 1 1 , i n d i c a t i n g an experimental f of 
2.45 x 1 0 ~ 1 0 sec and an experimental t' of 2 . 70 x 1 0 ~ 1 0 sec. 
Since the d i f f e r e n c e i n these values exceeds the standard 
e r r o r involved i n the measured values by more than \\ times, 
the i n t e n s i t y of any l o n g - l i v e d component of the p o s i t r o n 
l i f e t i m e of about -5- nsec mean l i f e i s probably (to a 90$ 

confidence l e v e l ) l e s s than 5%. 

A check of the existence of a l o n g - l i f e component of 
a value of 10 x lO-"*"^ sec or more can, on the other hand, be 
obtained more r e a d i l y from an i n v e s t i g a t i o n of the "delayed" 
side of the r e s o l u t i o n curve shown i n f i g 2 1 . Such a com­
ponent of the decay would manifest i t s e l f by an increased 
number of counts at k i c k s o r t e r channeL numbers of about 7 0 . 

The f a c t that there are l e s s than about 9 true coincidence 
counts i n channel 71 (the accuracy of t h i s estimate being 
l i m i t e d by the s t a t i s t i c s and random coincidence background) 
would i n d i c a t e an upper l i m i t f o r the i n t e n s i t y of such a 
component of about Ifo rather than the 6% value obtained by 
Gerholm ( 1 9 5 6 ) . In conclusion, t h a i , no i n d i c a t i o n of a 
l o n g - l i f e t i m e component i s observed, the experimental uncer­
t a i n t i e s a l l o w i n g a maximum i n t e n s i t y f o r such a component 

l e s s than 1% f o r l i f e t i m e s of the order of 10 x 10" "^ sec, and 

l e s s than 5% f o r a l i f e t i m e of about 5 x 1 0 ~ ^ sec. 
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• CHAPTER V 

POSITRON LIFETIMES IN AMORPHOUS SUBSTANCES 

As a f u r t h e r check of the time c a l i b r a t i o n of the equipment 
measurements were made of the r e s o l u t i o n curves of positrons 
a n n i h i l a t i n g i n t e f l o n and quartz. . By using the 100-channel 
k i c k s o r t e r , the l o n g - l i v e d components of the l i f e t i m e (of one 
to three nanoseconds mean l i f e , B e l l and Graham, 1953) could be 
detected while s t i l l r e t a i n i n g the same gain and time-constant 
s e t t i n g s as used on the previous measurements. The time c a l i ­
b r a t i o n used f o r these measurements was given i n f i g 11. 
Although these l i f e t i m e measurements encompassed a l a r g e r time 
i n t e r v a l (about eight nanoseconds) than that covered by the time 
c a l i b r a t i o n curve of f i g 11, the c a l i b r a t i o n was assumed to 
apply eq u a l l y w e l l over the extended time i n t e r v a l . 

1. Experimental Procedure. 
Day-long runs were performed with absorbers c o n s i s t i n g of 

5/8 inch square samples of 1/8 i n c h t h i c k -teflon and quartz, 
mounted on the spr i n g c l i p holders described on page 99 . The 
quartz was of a pure, v i t r e o s i l type. The p o s i t i o n i n g of the 
source and counter and the use of a f o u r - v o l t window on the 
a n n i h i l a t i o n gamma-ray side-channel analyser were the same as 
f o r the measurements described i n Chapter IV, Section 1. A 
Co^° prompt curve was al s o obtained to i n d i c a t e the zero of 
time. 

2. R e s u l t s . 
The r e s u l t s of these measurements are i l l u s t r a t e d i n f i g 25 
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where the s t r a i g h t l i n e drawn through the l o n g - l i v e d t a i l s are 
l e a s t squares f i t s , . The least-squares analyses y i e l d e d the 
f o l l o w i n g r e s u l t s : 
T e f l o n : mean l i f e , tx: (2.8 i 0.25) nsec; i n t e n s i t y of ^a. : 

(28 i 3) % 
Quartz: mean l i f e , Vx : (1.34 - .05) nsec; i n t e n s i t y of f ^ : 

(47 ± 3) %. 
The e r r o r s quoted f o r these values are only s t a t i s t i c a l i n 
nature and do not include p o s s i b l e systematic e r r o r s such as 
the u n c e r t a i n t y i n the time c a l i b r a t i o n of two per cent. The 
s a t i s f a c t o r y f i t of the t a i l s of the r e s o l u t i o n curves by an 
exponential curve i n d i c a t e s the l a c k ofany gross n o n - l i n e a r i t y 
i n the time c a l i b r a t i o n curve. 

The measured i n t e n s i t i e s of the components are 
expected to be a l i t t l e low i n both cases due to p o s i t r o n 
absorption i n the source. Such absorption was estimated i n 
Chapter IV, Section 1, to be about 3% f o r the collodion-backed 

22 
Na source. Thus, f o r T e f l o n , the corrected i n t e n s i t y i s 
(29 i 3) %, and f o r Quartz, i s (49 ± 3) %. 

Another p o s s i b l e source of e r r o r i s that r e s u l t i n g from 
a c o n t r i b u t i o n to the counts i n the t a i l s of f i g 25 from 
highly-delayed p o s i t r o n a n n i h i l a t i o n s which produce time s o r t e r 
output pulses on the "wrong" h a l f of the t r i a n g u l a r time c a l i ­
b r a t i o n curve (given i n f i g 6 ) . As a r e s u l t , a small back­
ground of exponential shape decreasing towards the l e f t of 
f i g 25 should be considered. The right-hand l i m i t of the 
abs c i s s a i n f i g 24 i s , however, about f i v e nanoseconds from the 
equivalent point on the other h a l f of the time c a l i b r a t i o n 
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curve. Thus, the exponential background mentioned above i s 
decreased by a.n a d d i t i o n a l f i v e nanoseconds of delay, which for 
the right-hand l i m i t of the t e f l o n r e s o l u t i o n curve amounts to 
an e r r o r of 14$, decreasing r a p i d l y f o r lower channel number. 
The corresponding e r r o r at the right-hand l i m i t of the quart's 
r e s o l u t i o n curve i s only 5$ due to the shorter l i f e t i m e of the 

component i n quartz- Since the s t a t i s t i c a l e r r o r s ascribed 
to the points of t h i s p o r t i o n of the r e s o l u t i o n curves are 
l a r g e r than these values, t h i s background e f f e c t i s unobservable. 
The e f f e c t of t h i s background would be to increase s l i g h t l y the 
measured value of f o r t e f l o n over the true value, but should 
have n e g l i g i b l e e f f e c t i n the value of f v f o r quartz. 

The f i n a l e r r o r s are a l s o increased s l i g h t l y by the 
a d d i t i o n of the u n c e r t a i n t y of 2$ i n the slope of the tirre c a l i ­
b r a t i o n curve. The f i n a l r e s u l t s , then, are: 
Teflo n: *x= (2.7 - 0.3) nsec, of i n t e n s i t y : (29 - 4) $. 
Quartz: tx = (1.35 - 0.1) nsec, of i n t e n s i t y : (49 - 4) $. 

In a d d i t i o n , d i f f e r e n c e s between the t o t a l r e s o l u t i o n 
curve f o r quartz, and the extrapolated shape of the l T t compo­
nent ( i n d i c a t e d i n f i g 25) were taken, the r e s u l t i n g curve then 
representing the expected r e s o l u t i o n curve f o r the f , compo­
nent alone. A moments a n a l y s i s of t h i s curve as compared to 
the C o ^ prompt curve y i e l d e d a value f o r the short l i f e t i m e , 

Xt , of: (3.6 i 1) x 1 0 " 1 0 sec. 

3. D i s c u s s i o n and Conclusions. 
The f i n a l 'results are i n s a t i s f a c t o r y agreement with the 
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published r e s u l t s ; 
T e f l o n : tt = (2.1. ± 0.3) nsec (Gerholm, 1956) 

1^ = (3.5 - 0.4) nsec ( B e l l and Graham, 1953) 
with an i n t e n s i t y of about 30%. 

V i t r e o s i l Quartz: t x = (1.53 - .05) nsec (Green and B e l l , 
1957), 

with an i n t e n s i t y of : (53 - 8) % 
In conclusion, the s a t i s f a c t o r y agreement between the r e s u l t s 
obtained from these measurements and the published r e s u l t s f o r 
these amorphous m a t e r i a l s c o n s t i t u t e s a f u r t h e r check of the 
value of the slope and the degree of l i n e a r i t y of the time 
c a l i b r a t i o n curve f o r t h i s instrumenet. 
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CHAFTER VI 

COMPARATIVE LIFETIMES OF POSITRONS IN VARIOUS 

METALS 

The comparison measurements of the l i f e t i m e s of p o s i t r o n s 

i n v a r i o u s metals was d e s c r i b e d i n Chapter I I , S e c t i o n 5B(c), 

as beinp - f r e e of most of the sources of systematic e r r o r t h a t 

plague absolute determinations of p o s i t r o n l i f e t i m e s i n metals. 

In summary, the f o l l o w i n g reasons were presented f o r the im­

proved a c c u r a c i e s obtainable by comparative l i f e t i m e measure­

ments : 
22 

( i ) Since the same Na"" source i s employed i n both absor­

bers, the unknown and the comparative, i t need not be 

moved, and so e r r o r s due to v a r i a t i o n s i n the p o s i ­

t i o n i n g of the source are e l i m i n a t e d . 

( i i ) As the energy s p e c t r a o f the r a d i a t i o n s are the same f o r 

both absorbers, there need be no concern about the 

energy-dependent i n s t r u m e n t a l time s h i f t s o c c u r r i n g i n 

the time s o r t e r thus e n a b l i n g the use of wider windows 

i n the side-channel a n a l y s e r s and hence higher c o i n ­

cidence counting e f f i c i e n c i e s . 

( i i i ) The use of the one source and constant counter-source 

d i s t a n c e s assures equal count-rates i n the two l i m i t e r s , 

and hence e l i m i n a t i o n of d i f f i c u l t i e s due to count-rate 

e f f e c t s . 

The l a s t statement a p p l i e s o f course only when the gamma-

ray a t t e n u a t i o n i s the same i n both samples. The "sandwiched" 

absorber method used by DeBenedetti and R i c h i n g s (1952) ensures 



-125-

that such absorptions are the same, by e q u a l i z i n g the t o t a l 
gamma-ray absorptive m a t e r i a l in.both samples. I f the source 
i s termed S, the sample A, a nd the reference m a t e r i a l B, then 
one source-absorber u n i t i s arranged i n the form BASAB, and the 
other i n the form ABSBA. This procedure was al s o followed i n 
our set of measurements. The reference absorber used f o r these 
measurements, was aluminum, f o r which the absolute l i f e t i m e of 
positrons had been determined (as discussed i n Chapter I V ) . 
Because of the reduced er r o r s c h a r a c t e r i s t i c of t h i s method, the 
comparative measurements of p o s i t r o n l i f e t i m e s i n metals could 
be obtained, to an accuracy of about 0.1 x I O - 1 0 sec or 4% of the 
absolute l i f e t i m e i n aluminum. 

1. Experimental Procedure. 
The experimental procedure involved was very s i m i l a r to that 

described i n Chapter IV, Section 1, f o r absolute l i f e t i m e deter­
minations. The same source-counter geometries were employed, 

22 
the same•Na source was used, and the same method of a f f i x i n g 
the absorber samples to the source was followed. The a n n i h i ­
l a t i o n gamma-ray window width was increased to s i x v o l t s f o r 
these measurements, however, to increase the coincidence counting 
e f f i c i e n c y . ' The thickness of the metal absorbers required to 
stop 0.56 Mev posi t r o n s were obtained f o r a l i m i t e d number of 
metals from the measurements of S e l i g e r (1955), and estimated 
f o r the r e s t from the c a l c u l a t i o n s of Nelms (1956). For most 
metals, these values corresponded to thicknesses between .010 
and .020 i n . A s e r i e s of measurements of.about l£ hours 
du r a t i o n were then obtained f o r the two absorbers employed i n 
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a l t e r n a t e fashion. The metal samples, i f not a v a i l a b l e i n t h i s 
l a b o r a t o r y , were obtained e i t h e r from the UBC Metallurgy Dept. 
or purchased from a commercial s u p p l i e r . Since the r e s o l u t i o n 
curves obtained were so very s i m i l a r to each other, the t h i r t y -
channel Marconi k i c k s o r t e r was employed. There was no nece s s i t y 
of c o r r e c t i n g the r e s u l t s f o r t r u n c a t i o n l o s s since these had 
very l i t t l e e f f e c t on the l i f e t i m e d i f f e r e n c e s measured. 

2. R e s u l t s . 
The moments program of-Appendix H was again used i n conjunc­

t i o n with the Alwac computer f o r these c a l c u l a t i o n s . As before, 
the gain of the equipment was adjusted f o r a k i c k s o r t e r channel 
width of about 1 x 1 0 ~ 1 0 second. The r e s u l t s f o r s i l v e r , 
n i c k e l , germanium and tungsten are shown i n f i g 26, with the 
centroids p l o t t e d i n s e q u e n t i a l order. The s c a t t e r i n these 
r e s u l t s i n d i c a t e s a standard d e v i a t i o n of about 0.2 x 1 0 ~ 1 0 sec. 
The r e s u l t s were obtained e i t h e r by determining the d i f f e r e n c e 
between the mean values of the centroids f o r the two absorbers, 
or by applying the l e a s t squares a n a l y s i s of the type i n d i c a t e d 
i n Appendix G. The former was normally employed when the 
ce n t r o i d d i s t r i b u t i o n s ( l i k e most of those of f i g 26) were 
reasonably h o r i z o n t a l , and the l a t t e r c a l c u l a t i o n used when a 
s i g n i f i c a n t slope e x i s t e d i n the experimental r e s u l t s (as i n the 
n i c k e l curve of f i g 26) implying the existence of a slow e l e c ­
t r o n i c d r i f t of the apparatus. The r e s u l t s f o r a v a r i e t y of 
metals are tabulated i n f i g 27, where the values are given i n • 
the form A f t tfOL . ±3 the c a l c u l a t e d estimate of the 
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P A L L A D I U M 4 6 • 0 7 ± 10 

FIGURE 27. TABLE OF COMPARATIVE LIFETIME RESULTS 
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increase i n the mean l i f e t i m e of positrons i n aluminum over that 
i n the sample m a t e r i a l , 
t ^ i s obtained from Student's t d i s t r i b u t i o n , with n - l degrees 
of freedom (where n i s described below), and enlarges the e r r o r 
because of the un c e r t a i n t y introduced by the small number of 
measurements, and orL i s the expected standard d e v i a t i o n of the 
mean, Kr . c a l c u l a t e d from (_££.*" + \ *- where or <utd n. are 
the standard d e v i a t i o n and number of measurements obtained f o r 
the p a r t i c u l a r absorbers. I f the number of measured r e s o l u t i o n 

curves, n, i s the same f o r both absorbers, then CC ~ s — 
where V i s the expected standard d e v i a t i o n of the d i s t r i b u t i o n 
of estimates of A f . The variances themselves were c a l c u l a t e d 
from: CT 

n-i 

Most of the metal samples were obtained from the UBC Van 
de Graaff group, which had employed such metals as target backings 
at various times. Their p u r i t i e s were estimated to be greater 
than 99%. The p u r i t i e s of s e v e r a l of the metals obtained 
commercially are given below: 

.026 inch t h i c k Vanadium, 99.5%. 

.030 i n c h Palladium, 99.9%. 

.050 inch Gadolinium, 99.9%. 

.070 inch Bismuth, 99.999%. 
The germanium was a .043 inch s l i c e of i n t r i n s i c germanium cut 
from a s i n g l e c r y s t a l grown by the UBC S o l i d - S t a t e group. 

3. E r r o r s . 
The e r r o r s quoted f o r these l i f e t i m e d i f f e r e n c e s are a l l 

s t a t i s t i c a l i n nature, being derived from the v a r i a t i o n s about 
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the mean which characterised a given set of measured values. 
Other p o s s i b l e e r r o r s , of a more systematic nature, were also 
considered. 

( i ) Time C a l i b r a t i o n : An e r r o r of i 2% i n the time c a l i ­
b r a t i o n would introduce an er r o r of i .01 x 1 0 ~ ^ sec 
i n a measurement of a time of 0.5 x 10~~^ sec. Since 
t h i s e r r o r i s l e s s than o n e - f i f t h the s t a t i s t i c a l e r r o r s , 
i t was neglected as a s i g n i f i c a n t source of e r r o r f o r 
the comparative l i f e t i m e s . 

( i i ) P o s i t r o n F l i g h t Time to the Absorber: Since not a l l the 
absorber surfaces were completely plane, s l i g h t v a r i a ­
t i o n s i n the f l i g h t time of the posi t r o n s between the 
source and the absorber due to small v a r i a t i o n s i n th? 
distance t r a v e l l e d , were considered as a po s s i b l e source 
of e r r o r . To determine the magnitude of t h i s e f f e c t , 
a s e r i e s of runs were performed using two aluminum 
absorbers i d e n t i c a l i n p h y s i c a l c h a r a c t e r i s t i c s , except 
that one possessed a .016 inch spacer around i t s edges 
to maintain i t at a distance from the source. The 
other absorber was clamped around the source in the usual 
fashion . The r e s u l t s of t h i s set of measurements i n ­
dicated an increased l i f e t i m e i n the " d i s t a n t " aluminum 
absorber of (.05 - .06) x 10"""^ sec. Since t h i s value 
i s no greater than the e r r o r s quoted, and since the 
v a r i a t i o n s i n the source-absorber distance due to sur­
face i r r e g u l a r i t i e s was expected to be much l e s s than 
.016 inches, t h i s e r r o r was al s o considered i n s i g n i f i c a n t 
compared to the s t a t i s t i c a l e r r o r . 
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4 . Miscellaneous Measurements: 
As a check of the consistency of these short time measure­

ments wi t h those of other i n v e s t i g a t o r s , a comparison measure­
ment between the l i f e t i m e s of p o s i t r o n s i n aluminum and mica was 
performed. Following the experimental procedure f o r the compa­
r a t i v e l i f e t i m e determinations i n metals, a s e r i e s of measure-
ments employing a mica absorber of thickness 175 mg/cm were 
performed, y i e l d i n g the value: (0.85 - 0.1) x 1 0 ~ 1 0 sec f o r the 
increased p o s i t r o n l i f e t i m e i n mica as compared to aluminum. 
This r e s u l t i s i n good agreement w i t h the value of (0.7 - 0.5) 
x 1 0 ~ 1 0 sec obtained by B e l l and Graham, (1953). 

Several a d d i t i o n a l comparative measurements i n v o l v i n g the 
metal samples were performed as checks of i n t e r n a l consistency. 
(a) Since both the i r o n and n i c k e l samples y i e l d e d lower l i f e ­
times f o r the absorbed positrons than d i d aluminum, a comparison 
measurement between these two metals was performed. The r e s u l t 
i n d i c a t e d that the p o s i t r o n l i f e t i m e i n i r o n i s greater than that 
i n n i c k e l by (.03 - .08) x lO -" 1"^ sec, i n confirmation of the 
e a r l i e r comparison measurements i n d i c a t i n g that the l i f e t i m e of 
positrons i s the same i n both metals, v i z . (0.30 i 0.10) x 10"""^ 
sec l e s s than i n aluminum. 
(b) Since both the i r o n and cobalt samples were formed from 
si n t e r e d powders, r o l l e d to the appropriate thickness, the ques­
t i o n concerning the e f f e c t of the sample s t r u c t u r e on the p o s i t ­
ron l i f e t i m e s might be r a i s e d . Thus, a set of measurements to 
compare the l i f e t i m e of p o s i t r o n s i n the s i n t e r e d i r o n absorber 
to that i n a sample of w e l d i n g - s t e e l were performed. These 
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r e s u l t s i n d i c a t e d a shorter p o s i t r o n l i f e t i m e i n s t e e l by 
(0.12 - -.08) x 1 0 ~ 1 0 sec, i n d i c a t i n g that", w i t h i n the s t a t i s ­
t i c a l e r r o r , there i s l i t t l e dependence of the p o s i t r o n l i f e ­
time i n i r o n on the gross s t r u c t u r e or method of formation of 
the i r o n sample. 
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CHAPTER V I I 

DISCUSSION AND CONCLUSIONS 

1- Summary of R e s u l t s . 
These measurements show that the absolute l i f e t i m e of posi­

trons i n aluminum i s (2.45 - 0.15) x I O - 1 0 seconds, with the 
r e s u l t s s t r o n g l y i n d i c a t i v e of a pure, exponential decay (see 
Chapter IV f o r d e t a i l s ) . Furthermore, measurements, of the 
r e l a t i v e l i f e t i m e s of positrons i n a v a r i e t y of metals (about 
21 i n number) compared to aluminum i n d i c a t e d the existence of 
s t a t i s t i c a l l y - s i g n i f i c a n t v a r i a t i o n s of the l i f e t i m e s i n these . 
metals, the values ranging from 2.0 to 2.75. (x 1 0 ~ 1 0 sec), a 
t o t a l v a r i a t i o n of about 30% of the l i f e t i m e i n aluminum. Our 
value of the absolute l i f e t i m e of positrons i n aluminum i s i n 
good agreement with the measurements of: 
Minton (1959) who obtained (2.4 - 0.6) x 1 0 ~ 1 0 sec, and 
Gerholm (1956), of (2.5 - 0.3) x 1 0 ~ 1 0 sec, 
but disagrees with those of: 
Ferguson and Lewis (1953), of (1.6 ± 0.6) x 1 0 ~ 1 0

 s e c a n d 

B e l l and Graham (1953), of (1.5 ± 0.3) x 1 0 " 1 0
 s e c . 

The l a s t value given above ( B e l l and Graham, 1953) was 
obtained by a quite d i f f e r e n t technique, described more f u l l y 
on pg 53 ? whereby the positrons themselves were used.to define 
the prompt r e s o l u t i o n curve. This method l a c k s the symmetry 
inherent i n the method of the other workers, ( i n c l u d i n g the 
method described i n t h i s t h e s i s ) where gamma-ray d e t e c t i o n i s 
employed throughout, i n that one form of " r a d i a t i o n " (namely 



p o s i t r o n s ) was employed i n determining the prompt r e s o l u t i o n 
curve and another form, the a n n i h i l a t i o n gamma rays, f o r the 
delayed r e s o l u t i o n curve. 

Gerholm (1953) pointed out a number of p o s s i b l e sources 
of systematic e r r o r s inherent i n the method of B e l l and Graham 
(as described i n more d e t a i l i n Chapter I I , Section 5C). 

The r e s u l t s f o r the comparative l i f e t i m e s are also i n 
general agreement with those of previous workers (with d e t a i l s 
given i n Chapter V I ) , except that the p r e s e n t ' r e s u l t s , with t h e i r 
reduced e r r o r s i n d i c a t e the existence of s i g n i f i c a n t l i f e t i m e 
d i f f e r e n c e s which were masked by the large probable e r r o r s of 
the e a r l i e r measurements. In a d d i t i o n , whereas the comparative 
measurements of B e l l and Graham (1953) appeared to i n d i c a t e a 
l i f e t i m e dependence on the atomic number of the absorber, with 
decreased l i f e t i m e r e s u l t i n g from the use of an absorber of 
higher atomic number, the r e s u l t s of Chapter VI f a i l e d to i n d i ­
cate any such dependence (as may be observed by r e f e r r i n g to 
f i g 26). The p h y s i c a l parameters of the absorber on which 
these r e s u l t s do depend, and the conclusion that can be drawn 
from them are described i n the f o l l o w i n g s e c t i o n s . 

2. I n t e r p r e t a t i o n of R e s u l t s . 
A. A n n i h i l a t i o n During C o l l i s i o n s with Conduction E l e c t r o n s : 

The d e t a i l s of t h i s mechanism are discussed i n Chapter I I , 
Section 2 (A and B), wi t h the p o s i t r o n l i f e t i m e s being estimated 
oh the basis of the f o l l o w i n g t h e o r i e s : 

( i ) A n n i h i l a t i o n of s t a t i o n a r y ( i n r e a l i t y , thermalised) 
positrons with plane wave ele c t r o n s of a momentum d i s -
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t r i b u t i o n g i v e n by the simple Sommerfeld f r e e - e l e c t r o n 

theory of a metal. In t h i s case, the a n n i h i l a t i o n r a t e 

of the p o s i t r o n s i s expected to be p r o p o r t i o n a l to the 

conduction e l e c t r o n d e n s i t y , and i s expected to be of 

the order of (0.5 to 2.0) x 1 0 9 s e c " 1 , 

( i i ) A c o l l i s i o n a l a n n i h i l a t i o n process e s s e n t i a l l y i d e n t i c a l 

to that of ( i ) , above, except t h a t coulomb i n t e r a c t i o n s 

between the p o s i t r o n and e l e c t r o n are taken i n t o account, 

.thereby mod.ify.ing the e l e c t r o n i c wave-functions so that 

they can no longer be regarded as plane, waves. In t h i s 

case, p o s i t r o n a n n i h i l a t i o n r a t e s of about (5 to 10) x 

10 9 s e c - 1 are obtained, with a dependence on the conduc-
2 /3 

t i o n e l e c t r o n d e n s i t y (N) of something between N"' and 

The c o m p a t i b i l i t y of these expectations with the obsei"ved a n n i ­

h i l a t i o n r a t e s (R) was t e s t e d by examining a p l o t of R vs N. 

In t h i s case, only those metals f o r which the angular c o r r e l a t i o n 

r e s u l t s are i n good agreement wi t h the i n t e r p r e t a t i o n i n terms 

of a n n i h i l a t i o n with conduction e l e c t r o n s were considered . 

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

s e p a r a t i o n of metals i n t o three groups on the b a s i s of meas\ired 

angular c o r r e l a t i o n f u n c t i o n s was used to determine the "good" 

metals. The groups are: 

Group A: ( L i , Na, Be, Mg, A l , Ge, Sn, B i ) . These metals 

y i e l d angular c o r r e l a t i o n f u n c t i o n s composed of 

c e n t r a l i n v e r t e d parabolas with s m a l l t a i l s at 

l a r g e angles. 
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Group B: (Ca, Ba, Zn, Cd.). These metals again are charac­

t e r i z e d by c e n t r a l parabolas, but have l a r g e r t a i l s . 

T h e i r d i s t i n c t i o n between Groups A and B i s r a t h e r 

a r b i t r a r y . 

Group C: (Cu, Ag, Au, Fe, Co, N i , Rh, Pd, Pt, V/). These 

metals e x h i b i t b e l l - s h a p e d angular d i s t r i b u t i o n s . 

The observed a n n i h i l a t i o n r a t e s as a f u n c t i o n of the conduction 

e l e c t r o n d e n s i t y f o r the metals of Groups A and B are given i n 

f i g 28. 

The s o l i d l i n e i n f i g 28 i s the expected dependence of the 

coulomb-enhanced a n n i h i l a t i o n r a t e on the conduction e l e c t r o n 

d e n s i t y as d e s c r i b e d by F e r r e l l (1956), and d i s c u s s e d i n more 

d e t a i l i n Chapter I I , S e c t i o n 2 B. From the data presented i n 

this, f i g u r e , i t may be concluded that the a n n i h i l a t i o n r a t e of 

p o s i t r o n s i s independent of the conduction e l e c t r o n d e n s i t y , at 

l e a s t f o r those metals (Groups A and B) f o r which t h i s i n t e r ­

p r e t a t i o n would appear to be v a l i d . The f a i l u r e of t h i s 

t h e o r e t i c a l approach i n e x p l a i n i n g the observed p o s i t r o n a n n i ­

h i l a t i o n r a t e s i n the Groups A and B metals suggests an exami- . 

n a t i o n of the. c o m p a t i b i l i t y of the a l t e r n a t i v e mechanism, that 

of a n n i h i l a t i o n from bound p o s i t r o n - e l e c t r o n systems. 

B. Positronium and Positronium Ion Formation: 

On the b a s i s of the" assumption of formation of bound p o s i ­

t r o n - e l e c t r o n systems, the r e s u l t s of f i g 28 are adequately 

ex p l a i n e d . In f a c t , positronium i o n formation would seem to 

be most c o n s i s t e n t with the r e s u l t s , since the r e p u l s i o n of the 

conduction e l e c t r o n s by the excess negative charge of the i o n 
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( i n other words, the production of a "charge hole" around the ion) 

would reduce the r a t e of a n n i h i l a t i o n of the bound p o s i t r o n s 

with nearby conduction e l e c t r o n s , thereby strengthening the i n ­

dependence of the a n n i h i l a t i o n r a t e on the conduction e l e c t r o n 

d e n s i t y . On the other hand, positronium atoms, being n e u t r a l 

i n charge, would not produce such a "charge holei" with the r e s u l t 

that some dependence of the a n n i h i l a t i o n r a t e on the d e n s i t y of 

the conduction e l e c t r o n s i n the v i c i n i t y of the positronium 

atoms might be expected. 

C. A n n i h i l a t i o n with Core E l e c t r o n s : 

A comparison of the a n n i h i l a t i o n r a t e s of the v a r i o u s metals 

i n f i g 27 i n d i c a t e d t h a t the Group C metals g e n e r a l l y y i e l d a 

f a s t e r a n n i h i l a t i o n r a t e than the Group A and B metals. Group 

C metals are a l s o c h a r a c t e r i s e d by an i n c r e a s e d p r o p o r t i o n of 

high-momentum p o s i t r o n a n n i h i l a t i o n (Stewart, 1957, and Lang and 

DeBenedetti, 1957), an e f f e c t g e n e r a l l y a t t r i b u t e d to one or both 

of the f o l l o w i n g mechanisms (Lang and DeBenedetti, 1957): 

( i ) The p o s i t r o n s , although thermalised, have a s i g n i f i c a n t 

z e r o-point motion because of t h e i r confinement i n the 

p e r i o d i c p o t e n t i a l of the l a t t i c e (excluded-volume' e f f e c t , 

favoured by Lang and DeBenedetti, 1957).. 

( i i ) The p o s i t r o n s a n n i h i l a t e with higher momentum core 

e l e c t r o n s as w e l l as with valence e l e c t r o n s (favoured by 

Berko and P l a s k e t t , 1958). 

Although these e f f e c t s were o r i g i n a l l y a p p l i e d to c o l l i ­

s i o n a l a n n i h i l a t i o n s between the p o s i t r o n s and e l e c t r o n s , i t 

would appear that they are j u s t as a p p l i c a b l e f o r the case of 
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positronium i o n formation. In t h i s case, e f f e c t ( i ) would he 
a t t r i b u t e d to a zero-point motion of the positronium i o n i t s e l f . 
This explanation, however, s u f f e r s from the d i f f i c u l t y of attemp­
t i n g to i n t e r p r e t the very high momentum porti o n s of the t a i l s 
of the angular c o r r e l a t i o n curves (corresponding to k i n e t i c 
energies of the ions of ten to twenty e l e c t r o n v o l t s ) i n terms 
of motion of the i o n as a whole. Such an explanation i s con­
sidered implausable because of the r e l a t i v e l y low binding energy 
of the p o s i t r o n - e l e c t r o n system (6.78 ev). I f the lower momen­
tum po r t i o n s of the t a i l s are a t t r i b u t e d to t h i s e f f e c t , however, 
the r e l a t i v e number of these higher momentum a n n i h i l a t i o n s would 
be expected to be l a r g e r f o r c l o s e r packing of the metal atoms. 
One would not expect, however, (at l e a s t to f i r s t order) a depen­
dence of the l i f e t i m e of the i o n on the atomic packing, since 
the a n n i h i l a t i o n r a t e of the i o n i s independent of i t s v e l o c i t y , 
and hence of the nature of i t s p h y s i c a l environment, except, of 
course, f o r the s l i g h t increase i n e l e c t r o n density at the 
po s i t r o n r e s u l t i n g from the increased confinement of the p o s i ­
tronium i o n i n a l a t t i c e of smaller dimensions. 

On the other hand, e f f e c t ( i i ) would pr e d i c t a d e f i n i t e 
dependence of the a n n i h i l a t i o n r a t e on the s i z e of the c r y s t a l 
l a t t i c e because the p r o b a b i l i t y f o r a n n i h i l a t i o n of the p o s i t r o n 
i n the positronium i o n i s p r o p o r t i o n a l to the overlap of the 
po s i t r o n wave-function with the wave-functions of both i t s 
associated e l e c t r o n , and the high-momentum core elec t r o n s of 
the metal ions. Thus, on the ba s i s of t h i s i n t e r p r e t a t i o n j 
an increased a n n i h i l a t i o n r a t e should r e s u l t f o r those metals 
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c h a r a c t e r i z e d by more closely-packed atoms and thus greater 
penetrations of the core e l e c t r o n s i n t o the region occupied by 
the positronium i o n . 

F i g 29, a p l o t of the measured p o s i t r o n a n n i h i l a t i o n rate 
vs the mean inter-atomic spacing f o r the various metals suggests 
the existence of such an e f f e c t . The measure of the "mean 
interatomic spacing" used here i s merely the cube root of the 
r e c i p r o c a l of the atomic dens i t y . As a r e s u l t , however, of 
the many d i f f e r e n t forms of c r y s t a l s t r u c t u r e (face-centred 
cubic, -body-centred cubic, hexagonal close-packed, e t c . ) , the 
"space" a v a i l a b l e f o r the positronium system i n a metal may 
vary considerably even amongst metals of the same atomic den­
s i t y . As an example, the diameter of the l a r g e s t s o l i d sphere 
that w i l l f i t i n both the face-centred cubic, and body-centred 
cubic, s t r u c t u r e s i s one of diameter equal to the l a t t i c e con­
stant minus the metal i o n diameter, whereas the density of 
metal atoms per u n i t c e l l i s twice as lar g e f o r the face-centred 
cubic as f o r the body-centred cubic s t r u c t u r e . Therefore, f o r 
metals of the same atomic d e n s i t y , those with face-centred 
cubic l a t t i c e s have s l i g h t l y l a r g e r u n i t c e l l s (and therefore 
more "room" f o r a positronium ion) than do those with a body-
centred cubic s t r u c t u r e . I f t h i s i n t e r p r e t a t i o n of the 
mechanism of positron, a n n i h i l a t i o n i s at a l l meaningful one 
should expect a more s i g n i f i c a n t dependence of the various 
a n n i h i l a t i o n r ates on some measure of the u n i t c e l l s i z e , such 
as the l a t t i c e constant. The next f i g u r e ( f i g 30) i l l u s t r a t e s 
a p l o t of the a n n i h i l a t i o n rate vs l a t t i c e constant f o r the 
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metals i n v e s t i g a t e d . The standard e r r o r s shown on a l l the 
f i g u r e s i n t h i s s e c t i o n i n d i c a t e the u n c e r t a i n t y i n the a n n i h i ­
l a t i o n r a t e s i n the metals concerned as compared to the a n n i h i ­
l a t i o n rate i n aluminum. The t o t a l e r r o r f o r any i n d i v i d u a l 
point should i n c l u d e , t h e r e f o r e , the 0.25 x 10 sec standard 
e r r o r of the estimate of the a n n i h i l a t i o n r a t e i n aluminum. 
The f a c t that the s c a t t e r of the measured values i s much smaller 
f o r t h i s f i g u r e than f o r the previous one serves to i n d i c a t e 
that the p o s i t r o n a n n i h i l a t i o n r a t e i s -more dependent on the 
l a t t i c e s i z e than the mean interatomic spacing. Both these 
p l o t s ( f i g u r e s 29 and 30) serve a l s o to i n d i c a t e that 
DeBenedetti's Group A and B metals are, i n f a c t , those with 
r e l a t i v e l y l a r g e i n t e r s t i t i a l volumes, whereas the Group C metals 
are those c h a r a c t e r i z e d by smaller i n t e r s t i t i a l regions, an 
observation consistent with the i n t e r p r e t a t i o n of the h i g h -
momentum t a i l i n terms of a " p i c k - o f f " a n n i h i l a t i o n between the 
p o s i t r o n i n the positronium i o n and the core e l e c t r o n s , as des­
cribed above. In f a c t , on the b a s i s of the r e l a t i v e p o s i t i o n s 
of the metals i n f i g 30 with respect to the DeBenedetti group­
ings, gadolinium would be expected to y i e l d an angular c o r r e ­
l a t i o n f u n c t i o n d e s c r i p t i v e of the metals of Groups A and B. 

The values f o r the l a t t i c e constants used f o r f i g 30 
were obtained from S e i t z , "The Modern Theory of S o l i d s " , (McGraw-
H i l l Book Co., 1940), F i r s t E d i t i o n , pg 4. For metals with 
body-centred cubic and face-centred cubic l a t t i c e s , the 
l a t t i c e constants were obtained d i r e c t l y from the table i n S e i t z . 
For the case of hexagonal-close-packed s t r u c t u r e s which are 



- r e ­
c h a r a c t e r i z e d by two d i f f e r e n t l a t t i c e constants, a a n d c , 
however, a r a t h e r rough approximation was used. Since the 
l a r g e s t s o l i d sphere that can f i t i n t h i s l a t t i c e i s one of 
diameter somewhere between a and c f o r the values c h a r a c t e r i ­
s i n g most of the metals, a simple a r i t h m e t i c mean of a and c was 
used as a measure of the " e f f e c t i v e " l a t t i c e constant f o r f i g 30. 

A p o s s i b l e dependence of the observed p o s i t r o n a n n i h i l a -
t i o n r a t e on p h y s i c a l c h a r a c t e r i s t i c s of the metal other than 
those of density and l a t t i c e constant (as i l l u s t r a t e d i n f i g s 
28-30) was a l s o examined. Neither the f r a c t i o n a l i o n i c volume 
(defined by the r a t i o of the t o t a l i o n i c volume i n a u n i t c e l l 
to the volume of the u n i t c e l l ) n o r the average density of outer 
core e l e c t r o n s of the metal i o n s , f o r example, y i e l d e d as strong 
a dependence as that of f i g 30. For the body-centred cubic and 
face-centred cubic metals on the other hand, somewhat l e s s 
s c a t t e r than that i n d i c a t e d i n f i g 30 r e s u l t e d when a c o r r e c t i o n 
to the a b s c i s s a of f i g 30 f o r the f i n i t e i o n diameters was i n ­
cluded by p l o t t i n g the p o s i t r o n a n n i h i l a t i o n r a t e against the 
l a t t i c e constant minus the metal i o n diameter. The s c a t t e r i n 
the experimental points was reduced f o r a l l the metals of the 
l a t t i c e s t r u c t u r e defined above, except f o r the three metals, 
copper, s i l v e r , and gold. A p o s s i b l e explanation f o r the 
deviations observed f o r these three metals i s given on pg 147 

of t h i s chapter. 

D. Experimental Estimate of the L i f e t i m e of the Positronium Ion: 
Assuming the existence of the positronium negative i o n i n 

these metals, the l i f e t i m e of such a bound system can be e s t i -
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mated from the seven measured p o s i t r o n l i f e t i m e s i n the Group A 
and B metals on the assumption that the f r a c t i o n of core e l e c t r o n 
( p i c k - o f f ) a n n i h i l a t i o n s to positronium i o n a n n i h i l a t i o n s i s 
given by the r a t i o of the i n t e n s i t i e s of the gaussian angular 
c o r r e l a t i o n component and the pa r a b o l i c component (obtained from 
the data of Lang and DeBenedetti, 1957). That i s , assuming that 
the t o t a l p r o b a b i l i t y f o r a n n i h i l a t i o n , P^, i s given by: 

P t = P i o n + Pp-o , 
where P. i s the c h a r a c t e r i s t i c a n n i h i l a t i o n r a t e f o r the nega-l o n 0 

t i v e positronium i o n , and P i s the a n n i h i l a t i o n rate f o r the r p-o 
p i c k - o f f process i n v o l v i n g a n n i h i l a t i o n of the p o s i t r o n with the 
core e l e c t r o n s , and f u r t h e r , t h a t P //P. = A /A , the r a t i o ' ' p-o/ i o n g' p' 
of the gaussian component to the parabolic component i n the 
angular c o r r e l a t i o n work, then P. = P. - P = P. (1 + A /A , to ' i o n t p-o t x g p) 
The r e s u l t s of t h i s c a l c u l a t i o n f o r the seven metals (Zn, A l , Cd, 
Sn, B i , Pb, Ge) y i e l d e d a mean value f o r the a n n i h i l a t i o n rate 
of the positronium i o n of: (3.16 - 6.10) x 10^ s e c " 1 , where the 
e r r o r quoted i s the s t a t i s t i c a l standard d e v i a t i o n of the mean. 
I n c l u s i o n of the standard error of the a n n i h i l a t i o n rate f o r the 
reference metal, aluminum, y i e l d s : (3.16 - 0.27) x 10^ sec"""1", 
corresponding to a l i f e t i m e of (3.16 - 0.3) x I O - 1 0 sec. This 
i s i n good agreement with the t h e o r e t i c a l mean- l i f e t i m e of the 
positronium i o n of (3.26 ± 0.35) x I O - 1 0 sec ( F e r r e l l , 1956). 

I f , instead of the i o n i c s t a t e , a n n i h i l a t i o n from a 
positronium atom (with r a p i d e l e c t r o n exchange) i s assumed, a 
large discrepancy e x i s t s between the.measured l i f e t i m e and the 
t h e o r e t i c a l value of 5 x I O - 1 0 seconds (Garwin, 1953). A 
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m o d i f i c a t i o n of the order of 35% would be required i n the theo­
r e t i c a l estimate of the a n n i h i l a t i o n r a t e f o r the s i n g l e t p o s i ­
tronium state before consistency with the experimental r e s u l t s 
could be obtained. ^ 

E. E f f e c t of a Magnetic F i e l d on the Angular C o r r e l a t i o n 
R e s u l t s . 
In some ferromagnetic metals, Hanna and Preston (1958) 

observed a small enhancement of the two-photon a n n i h i l a t i o n rate 
when an e x t e r n a l magnetic f i e l d was applied i n a d i r e c t i o n ten­
ding to a l i g n the ele c t r o n s of the metal i n a d i r e c t i o n a n t i -
p a r a l l e l to the p o l a r i z a t i o n of the p o s i t r o n . This enhancement 
was only observed,however, f o r those p o s i t r o n - e l e c t r o n p a i r s of 
r e l a t i v e l y high momenta, the low momenta p a i r s being character­
i z e d by a s l i g h t decrease i n the number of two-photon a n n i h i l a ­
t i o n s . 

In terms of the model of p o s i t r o n a n n i h i l a t i o n presented 
above, t h i s e f f e c t i s a t t r i b u t e d to an enhancement of the p i c k -
o f f a n n i h i l a t i o n r a t e of the pos i t r o n s with aligned core e l e c ­
trons of the metal. This i n t e r p r e t a t i o n does require.the 
assumption that the i n i t i a l d i r e c t i o n of p o s i t r o n p o l a r i z a t i o n 
c h a r a c t e r i s t i c of the i n c i d e n t positrons i s reta i n e d by many of 
them even a f t e r being captured i n t o bound positronium i o n 
systems, thus r e s u l t i n g i n the formation of positronium ions with 
the p o s i t r o n s predominantly al i g n e d i n one d i r e c t i o n . The 
a p p l i c a t i o n of a magnetic f i e l d would not be expected to a f f e c t 
the a n n i h i l a t i o n r a t e of the i o n i t s e l f , because the two e l e c ­
trons form a closed s h e l l , thus preventing the occurrence of any 



-142-

net alignment of the s p i n d i r e c t i o n s of these electrons with 
that of the p o s i t r o n . I f a p i c k - o f f a n n i h i l a t i o n process i s 
assumed to e x i s t then, the two-photon a n n i h i l a t i o n r a t e would 
c e r t a i n l y be expected to increase when the s p i n d i r e c t i o n s of 
the core e l e c t r o n s were aligned a n t i p a r a l l e l to those of the 
p o s i t r o n s because of the increased s i n g l e t n a t u r a of the wave-
fu n c t i o n of the a n n i h i l a t i n g p a i r . An enhanced a n n i h i l a t i o n 
rate with the core electrons would al s o r e s u l t i n a decreased 

number of a n n i h i l a t i o n s from the i o n i c s t a t e , i . e . P „/P. 
p-o i o n 

and thus Ag/Ap would increase, an e f f e c t i n agreement wi t h the 
observed decrease i n the number of two-photon a n n i h i l a t i o n s of 
low p o s i t r o n - e l e c t r o n momenta. Furthermore, the r e s u l t s of 
f i g 30 i n d i c a t e a much reduced " p i c k - o f f " a n n i h i l a t i o n r a t e 
f o r gadolinium than f o r i r o n suggesting a r e l a t i v e l y small 
wave-function overlap with the core e l e c t r o n s . Thus, the two-
photon enhancement e f f e c t at high p o s i t r o n - e l e c t r o n momenta 
would be expected to be correspondingly smaller f o r gadolinium 
as compared to i r o n . This expectation i s a l s o i n complete 
agreement with the r e s u l t s of Hanna and Preston f o r gadolinium 
cooled to -100°C. At t h i s temperature gadolinium i s s t r o n g l y 
ferromagnetic, yet the r e s u l t s f a i l e d to i n d i c a t e any s i g n i f i ­
cant enhancement e f f e c t at a l l , e i t h e r i n the wings or i n the 
c e n t r a l peak of the angular c o r r e l a t i o n f u n c t i o n . 
3. Suggestions f o r Further Measurements. 

In reviewing the metals that have been employed i n t h i s 
i n v e s t i g a t i o n , i t can be seen that those metals ch a r a c t e r i z e d 

by compact c r y s t a l l a t t i c e s are w e l l represented, whereas those 
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of l a r g e r l a t t i c e spacings are somewhat few i n number. I t 
would therefore be of i n t e r e s t to measure p o s i t r o n l i f e t i m e s i n 
the metals: strontium, c a l c i u m , s i l i c o n , and barium, a l l (except 
s i l i c o n ) having been i n v e s t i g a t e d i n angular c o r r e l a t i o n 
measurements according to which they have been c l a s s i f i e d as 
Group A or B metals. These metals are a l s o d i s t i n g u i s h e d i n 
having l a t t i c e constants i n excess of f i v e angstrom u n i t s and 
thus should be cha r a c t e r i z e d by mean l i f e t i m e s between 2.50 and 
3 . 0 0 (x 1 0 - 1 0 seconds). Calcium and s i l i c o n , i n p a r t i c u l a r , 
(from a comparison with f i g 30) should lead to p o s i t r o n l i f e ­
times of 2.7 to 3.0 (x 1 0 ~ 1 0 seconds). The f a c t that these 
metals have been c l a s s i f i e d as belonging to Groups A or B, 
i n d i c a t i v e of a low i n t e n s i t y of core e l e c t r o n a n n i h i l a t i o n s , i s 
f u r t h e r evidence i n support of t h i s p r e d i c t i o n . 

Since many of the r a r e - e a r t h metals are a l s o charac­
t e r i s e d by large c r y s t a l l a t t i c e s , they should a l s o be in v e s ­
t i g a t e d i n d e t a i l , both with regards to l i f e t i m e and angular 
c o r r e l a t i o n measurements. Although most of them have l a t t i c e 
s t r u c t u r e s very s i m i l a r to that of the r a r e - e a r t h metal studied 
i n t h i s work, gadolinium (with a hexagonal, close-packed s t r u c ­
t ure; a — 3.5 A 0, and c 5.6 A 0 ) , there are two or three of 
them with quite d i f f e r e n t l a t t i c e s t r u c t u r e s . Samarium, f o r 
example, has a rhombohedral l a t t i c e with the l a t t i c e constants, 
a = 3.6 A 0, and c = 26 .3 A 0. Europium, on the other, hand, has 
a body-centred cubic l a t t i c e of l a t t i c e constant 4.6 A 0, and 
ytterbium i s cha r a c t e r i z e d by a face-centred cubic l a t t i c e of 
l a t t i c e constant 5.5 A 0. Thus, on the b a s i s of the model 
presented here, one should expect very s i m i l a r r e s u l t s f o r 
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ytterbium as f o r calcium, s i n c e calcium a l s o has a face - c e n t r e d 

cubic l a t t i c e of 5 . 5 A 0 l a t t i c e constant, and i n a d d i t i o n an 

i o n i c r a d i u s almost i d e n t i c a l to that of ytterbium, v i z . .1.00 A 0. 

More accurate measurements of the absolute p o s i t r o n l i f e ­

time measurements i n the metals with l a r g e c r y s t a l l a t t i c e s 

should a l s o y i e l d a b e t t e r experimental estimate of the mean 

l i f e t i m e of the negative positronium i o n . Gray t i n i n p a r t i ­

c u l a r , the c r y s t a l l i n e phase acquired by normal white t i n a f t e r 

prolonged exposure t o temperatures of the order of -40°C, has 

probably the l a r g e s t l a t t i c e constant of any metal, v i z . 6.46 A 0, 

and should t h e r e f o r e l e a d to a p o s i t r o n l i f e t i m e of about 5.0 x 

lO-"*"'"' seconds. I t would, i n f a c t , be i n t e r e s t i n g to attempt to 

detect a d i f f e r e n c e i n the mean l i f e t i m e s between white and gray 

t i n , i n .order to t e s t the dependence of the p o s i t r o n l i f e t i m e 

on the nature of the c r y s t a l l i n e s t a t e . 

Two other metals o f i n t e r e s t are l i t h i u m and potassium. 

These metals have extremely low conduction e l e c t r o n d e n s i t i e s 

(1.3 x 10 electrons/cm f o r potassium, a value 1/13 of that 

f o r aluminum), whereas t h e i r l a t t i c e constants are e f f e c t i v e l y 

the same as those of most other metals; l i t h i u m , f o r example, 

has a smaller l a t t i c e constant than aluminum, v i z . 3 . 5 0 A 0, 

while that f o r potassium i s almost as l a r g e as germanium, v i z . 

5.33 A 0. A check of the a n n i h i l a t i o n r a t e s of p o s i t r o n s i n 

these metals compared t o the expected r a t e s from f i g 30 i n terms 

of the l a t t i c e constants only (independent of the conduction, 

e l e c t r o n d e n s i t y ) should o f f e r a q u i t e e x a c t i n g t e s t of the 

present i n t e r p r e t a t i o n o f the a n n i h i l a t i o n process. A t e s t of 

the dependence of the a n n i h i l a t i o n r a t e on the c r y s t a l l i n e 
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s t r u c t u r e should also be detectable using some selected a l l o y s , 
those, f o r instance, which change t h e i r c r y s t a l s t r u c t u r e when 
a p a r t i c u l a r concentration of the solute metal i s reached. An 
i n v e s t i g a t i o n of the d e t a i l s of p o s i t r o n decay (both the d e v e l ­
opment of a p a r a b o l i c angular c o r r e l a t i o n f u n c t i o n and the 
development of the s i n g l e short p o s i t r o n l i f e t i m e ) as a metal 
i s allowed to change i t s s t a t e from a high-pressure gas to the 
l i q u i d and s o l i d s t a t e s should a l s o be very u s e f u l i n shedding 
more l i g h t on the mechanism of p o s i t r o n a n n i h i l a t i o n i n metals. 

4. Conclusions. 
The r e s u l t s f o r the p o s i t r o n l i f e t i m e s i n metals i n d i c a t e 

a simple, exponential form of decay of mean l i f e t i m e v a r y i n g 
between 2.0 and 2.7 (x I O - 1 0 s e c ) , depending on the c r y s t a l l i n e 
s t r u c t u r e of the metal absorber. The value of the l i f e t i m e i s 
a t t r i b u t a b l e to the formation of a positronium i o n (a bound stat e 
of a p o s i t r o n and two e l e c t r o n s ) i n a time small compared to the 
p o s i t r o n l i f e t i m e , which then decays with i t s own c h a r a c t e r i s t i c 
l i f e t i m e . A decrease i n the measured l i f e t i m e s i n metals of 
more compact l a t t i c e s i s a t t r i b u t e d to a form of " p i c k - o f f " 
a n n i h i l a t i o n with the core e l e c t r o n s of the neighbouring metal 
ions. The r e l a t i v e number of core e l e c t r o n a n n i h i l a t i o n s to 
the a n n i h i l a t i o n s from the bound stat e i t s e l f , i s i n d i c a t e d by 
the degree of enhancement of the a n n i h i l a t i o n rate as mentioned 
e a r l i e r , and by the r e l a t i v e i n t e n s i t y of the high-momentum 
component i n the a n n i h i l a t i o n gamma ray angular c o r r e l a t i o n 
curves. The angular c o r r e l a t i o n r e s u l t s f o r many of the 
t r a n s i t i o n metals of Group C are d i f f i c u l t to i n t e r p r e t i n 
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d e t a i l , because the r e l a t i v e l y large overlap i n the wave-functions 
of the 3d electrons between the various atoms i n the c r y s t a l 
r e s u l t s i n the a d d i t i o n of a s i g n i f i c a n t number of these e l e c ­
trons to the valence band, thus complicating the a n a l y s i s of the 
measured momentum d i s t r i b u t i o n s i n terms of the simple Sommerfeld 
f r e e - e l e c t r o n model. The angular c o r r e l a t i o n r e s u l t s f o r the 
Group A and B metals i n d i c a t e s a momentum d i s t r i b u t i o n of the 
p o s i t r o n - e l e c t r o n p a i r e s s e n t i a l l y i d e n t i c a l to that of the con­
duction e l e c t r o n s . This can be i n t e r p r e t e d i n terms of the 
existence of a r a p i d e l e c t r o n exchange mechanism between the 
electr o n s of the positronium i o n and the conduction e l e c t r o n s , 
probably r e s u l t i n g to a large extent from the s i g n i f i c a n t overlap 
that must e x i s t between the e l e c t r o n i c wave-functions of the 
positronium i o n e l e c t r o n s and the valence e l e c t r o n s of the 
surrounding metal atoms. This p i c t u r e of the a n n i h i l a t i o n 
mechanism receives f u r t h e r support from the agreement between the 
observed and t h e o r e t i c a l values f o r the mean l i f e t i m e s of the 
negative positronium i o n . I t i s considered that the model 
described here i s appropriate f o r nearly a l l the metals inves­
t i g a t e d i n t h i s work, because the r a t i o of the metal i o n to u n i t 
c e l l volumes are c h a r a c t e r i s t i c a l l y l e s s than 20%, i n d i c a t i n g a 
r e l a t i v e l y small dependence of the space a v a i l a b l e for the 
positronium system i n the l a t t i c e on the volume of the metal 
ions. For the three noble metals, copper, s i l v e r , and gold, 
however, t h i s r a t i o l i e s between 30% and 65%. In f a c t , Mott 
and Jones (1936, pg 174) describe the noble metals as "c o n s i s ­
t i n g of ions f o r which the closed d s h e l l s must be regarded as 
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touching". For these metals then, an i n t e r p r e t a t i o n of p o s i t r o n 
a n n i h i l a t i o n not i n terms of the formation of positronium, hut 
rather by d i r e c t c o l l i s i o n a l a n n i h i l a t i o n s w i t h the conduction 
e l e c t r o n s and some of the 3d e l e c t r o n s as suggested by Berko 
and P l a s k e t t (1958) may be the more correct approach. 
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APPENDIX A. 

POSITRON ABSORPTION IN THIN ALUMINIM FOILS. 

22 
An estimate of the Na p o s i t r o n l o s s i n t h i n aluminum 

f o i l s was obtained by the method of Hatcher, M i l l e t t and Brown 
(1958), whereby the source of p o s i t r o n s was covered w i t h t h i n 
sheets of aluminum of the appropriate thicknesses, and the whole 
arrangement covered w i t h a t e f l o n absorber. The decrease i n 
the i n t e n s i t y of the l o n g - l i v e d component of p o s i t r o n a n n i h i l a ­
t i o n i n the t e f l o n produced by i n c r e a s i n g the thickness of the 
aluminum.is a. measure of the absorption of the positrons i n the 
aluminum. The f r a c t i o n r of pos i t r o n s a n n i h i l a t i n g i n the 
f o i l s i s given by: } ~ r = . (Hatcher et a l , 1958), 

it (** 

where •£{x) i s the i n t e n s i t y of the l o n g - l i v e d component of the 
positrons i n t e f l o n , and f^Lf-J i s the i n t e n s i t y a f t e r the source, 
has been covered by the e x t r a aluminum. These r a t i o s were 
c a l c u l a t e d by summing the same f i f t e e n channels on the t a i l s of 
the delayed r e s o l u t i o n curves f o r the various thickness absor­
bers ( a f t e r f i r s t s u b t r a c t i n g the random coincidence backgrounds). 

Because of the very s i g n i f i c a n t dependence of the f r a c t i o n 
of back-scattered p o s i t r o n s on the atomic number of the absor­
ber, these values are expected to be only very approximate f o r 
heavy elements, but should be f a i r l y close f o r l i g h t elements of 
atomic number about that of the mean f o r t e f l o n . 

22 
The Na source used f o r these measurements was the 0.5 

mg/cm collodion-backed source. The delayed r e s o l u t i o n curves 
f o r s e v e r a l thicknesses of absorber are shown.in f i g 31. 
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The experimental values of r as a f u n c t i o n of the absorber 
thickness are I l l u s t r a t e d i n f i g 32. The point i n d i c a t e d by the 
l e t t e r 'A' i s a check of the value f o r .0007 inches of aluminum 
obtained by repeating the whole procedure eight months l a t e r , 
with...modified c i r c u i t r y i n the equipment. 

The r e s u l t s f o r small absorber thicknesses i n d i c a t e a p o s i ­
t r o n absorption of about 10% f o r a .0002 i n c h aluminum absorber, 
a value s i g n i f i c a n t l y smaller than that measured by Hatcher et 
a l (1958) of (18 i 5)%. P o s s i b l e reasons f o r t h i s discrepancy 
are described i n Chapter IV, S e c t i o n l C ( a ) . 
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• APPENDIX B. 

TRUNCATION LOSS. 

A D i s c u s s i o n of the E r r o r s Introduced i n t o the 
Estimated Moments of Decay D i s t r i b u t i o n Curves 
when an I n s u f f i c i e n t l y Large Range of the Abscissa 
of the R e s o l u t i o n Curves i s Considered, i . e . When 
the R e s o l u t i o n Curve i s Truncated at Some Po i n t . 

Considering the coincidence r e s o l u t i o n curves i l l u s t r a t e d i n 
f i g 19, the er r o r introduced i n t o a c a l c u l a t i o n of the f i r s t two 
moments of the p o s i t r o n decay d i s t r i b u t i o n due to a neglect of 
the p o r t i o n of the curves to the r i g h t of the dashed l i n e , T, 
i s t r e a t e d i n t h i s appendix. 

The c o r r e c t i o n term necessary to corr e c t the c a l c u l a t e d 
moments (using truncated r e s o l u t i o n curves) was determined from 
a d e t a i l e d a n a l y s i s of the delayed and prompt r e s o l u t i o n curves 
obtained using the 100 channel k i c k s o r t e r . . Use of t h i s k i c k -
s o r t e r enabled measurements with a s u f f i c i e n t l y extensive range 
of channels that no t r u n c a t i o n c o r r e c t i o n s were necessary i n the 
r e s u l t i n g moment c a l c u l a t i o n s . However, t r u n c a t i o n e r r o r s were 
introduced, and t h e i r e f f e c t s determined, by computing the 
moments of the curves as a f u n c t i o n of the channel number des­
c r i b i n g the point T ( f i g 19). The f r a c t i o n a l number of counts 
contained i n the truncated t a i l of the r e s o l u t i o n curve compared 
to the number of counts under the whole curve was also obtained 
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as a f u n c t i o n of the value of T. With t h i s information, then, 
a t r u n c a t i o n c o r r e c t i o n f o r the experimental moments (obtained 
using the 30 channel k i c k s o r t e r , f o r example) was p l o t t e d as a 
fu n c t i o n of the " t r u n c a t i o n l o s s " i n the number of counts r e c o r ­
ded ( f i g s 33 and 34)- "Truncation l o s s " was used as the depen­
dent v a r i a b l e because i t could be determined d i r e c t l y from 
measurements i n v o l v i n g the 30 channel k i c k s o r t e r by determining 
the r a t i o of counts contained i n the t h i r t i e t h , "overflow" 
channel, to the sum of the counts i n a l l the channels. The 
'true' moments could then be obtained from the 'observed' moments 
by a p p l y i n g the c o r r e c t i o n corresponding to the measured t r u n ­
c a t i o n l o s s . 

The r e s u l t i n g curves f o r : 
( i ) Truncation c o r r e c t i o n f o r the measured means, and 

( i i ) Truncation c o r r e c t i o n f o r the measured variances, 
of the p o s i t r o n decay d i s t r i b u t i o n are i n d i c a t e d i n f i g s 33 and 
34. 

The 'true' moments are obtained by using the f o l l o w i n g 
r e l a t i o n s h i p s : 

'True' mean = (1 - g m ) _ 1 x ('Observed' mean) 
'True variance = (1 - g v ) - 1 x ('Observed variance) 
The dashed l i n e s shown i n f i g s 33 and 34 are rough theore­

t i c a l estimates of the c o r r e c t i o n s gffi, and g v , and are given 
p r i m a r i l y to i n d i c a t e that the experimentally-determined 
c o r r e c t i o n s are quite reasonable i n t h e i r absolute values and i n 
t h e i r dependence on the t r u n c a t i o n l o s s . 

The t h e o r e t i c a l value was obtained assuming t h a t : 



( i ) the delayed r e s o l u t i o n curve was a pure exponential, 
\e : , and 

( i i ) the prompt r e s o l u t i o n curves were e f f e c t i v e l y zero over 
the range considered. 

-A- Thus, the " t r u n c a t i o n l o s s " i n the recorded counts due to 
a t r u n c a t i o n of the curve at a time ? a i s : 

-B- Ratio of the 'true' mean to the 'observed* mean, where the 

true mean = l / A . 7° _kt _i?c 

I t e 0({ The 'observed' mean = \t} - —~ ~ *~ —~— 

and the 'true' mean / = A n a — ) 
'observed' mean / - <yr 

The dashed l i n e of f i g 32 i s a p l o t of g m = --ZL___ ^ ^ 

-B- Ratio of 'true' variance to 'observed.' variance, where the 
true variance = l / \ l _xf 

The 'observed' second moment = \t / 

2 
So the 'observed' variance = second moment - (, f i r s t moment) = 

A* 
_ ,-; 

Thus, the 'true' variance _ ( 
•observed' variance 

where « = ">7f ) 



-153-

APPSNDIX C. 

RESOLUTION CURVE ANALYSIS. 

Newton (1950) analysed, the e f f e c t of a f i n i t e instrumental 
r e s o l u t i o n time on the measurement of short time delays. In 
p a r t i c u l a r , the d e t e c t i o n of p a i r s of r a d i a t i o n s emitted with 
a r e l a t i v e time delay described by a p r o b a b i l i t y d i s t r i b u t i o n , 
f ( t ) , y i e l d s an experimental "delayed-coincidence" r e s o l u t i o n 
curve: P(t) r e l a t e d to P(t) by a "convolution" i n t e g r a l : 

CO 

F(T) = Jf(t)P(T-t)dt, where P ( t ) i s a "prompt" r e s o l u t i o n 
- 0 0 

curve produced by the instrument when the detected r a d i a t i o n s 
were emitted- simultaneously. 
(I) Bay's General A n a l y s i s 

Bay (1950 and 1955) showed g e n e r a l l y that the m̂ *1 moment of 
P(T),- M m[p(T)] , where F(T) i s defined by: 

F(T) = Jf(t)P(T-t)dt, i s : 
^ [ F ( T ) ] = ^ ( ; ) M ( m - n ) [ p ( T ) ] M ( n ) [ f ( t ) | . 

The various moments of f ( t ) can therefore be determined from 
the measured moments of F and P by the f o l l o w i n g r e l a t i o n s : 

(1) M1^] = M1[p]M°ff] + M°[p]M 1[f] . 
Noting that M^Q] = j x°Q(x)dx = 1, 
we have: M ^ f ] = M 1 ^ ] - M 1[p] , i n agreement with the r e s u l t s 

of Newton.(1950) 
(2) M2[F] = M 2 [ p ] + 2 M 1 [ p ] M 1 [ f ] + M 2[f] . 
I f we now consider, i n p a r t i c u l a r , moments about the mean, 
w r i t i n g T^^F] as the m̂ *1 moment of F about the mean, M^|F], 
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t h e n ^ f Q ] S o , 
and T12[F] =1»I2[P] +/T»I2[F] 
or: D t 2ff3 =T>l2rF3 - T ^ f p ] . 

(3) S i m i l a r l y : T l 3 f f ] =I£(FJ -H 3fp3 . 

The corresponding r e l a t i o n s h i p s f o r the higher moments are 
obtained i n a s i m i l a r way, but contain a d d i t i o n a l cross terms, 
eg. 

T * 4 f F j =1n4[p] •+ 6\ xLp ]X 2[f] + H 4 [ f } . 
( I I ) Symmetric Curve A n a l y s i s : 

A r a d i o a c t i v e source i s assumed to emit p a i r s of gamma 
rays, T, , and Tx , where Tt i s emitted a short time, t , a f t e r 
7*( , with a p r o b a b i l i t y d i s t r i b u t i o n of f ( t ) d t , f o r t ^ 0, 

and 0, f o r t < 0. 
The detector biases are assumed to be adjusted so that the 
r e l a t i v e number of detected coincidences of the type: 
(a) 7J detected by counter ( 1 ) , and 7\_ by counter ( 2 ) i s = g-̂  and 
(b) 7*r detected by counter ( 1 ) , and 7) by counter ( 2 ) i s = 

where g^ + g 2 = 1. 
For the d i s c u s s i o n of part ( I ) , g^ was assumed to be 1, and 
g 2 = 0. 
For the present case the apparent decay d i s t r i b u t i o n of the 
source i s of the form: 

f X ( t ) = g,f(t) + g ? f ( - t ) , 
so t h a t : M ^ f * ] = J t f ^ ( t ) d t = g / t f ( t ) d t + g 2 / t f ( - t ) d t 

= g - f / t f ( t ) d t - g2°/tf(t)dt = ( g 7 - g 2
) M l W -

O <*> ° 
S i m i l a r l y : H i 2 [ f*] = / ( t - t ) 2 f x d t 
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-u 
For the s p e c i a l case of an exponential decay, i e f(t) = A e 

V M = l/x =* , a n d ^ f ] = ( l / A ) 2 = r 2 . 

s o . - v T f * ] =• r 2 + [1 - ( g r g 2 ) 2 ] 2 

and: * = ^(f^lfl ( *-(j.-*;-\f 
I f we consider the two s p e c i a l cases, (a) g^ = 1; - 0> 

(b) g 1 = g 2 = 
then, f o r the f i r s t moments, (using the r e s u l t s of ( I ) ) , we 
obtain: (a) r = M 1 [ f * ] = M ^ F ] - M 1 ^ ] 

(b) M ^ f * ] = M ^ F ] - M^Pj = 0. 
and f o r the second moments: 

( I I I ) Determining the Mean L i f e t i m e s of Radioactive Sources  
Without Using a 'Prompt' Source. 
Two r a d i o a c t i v e sources, both described by an exponential 

decay, one of mean l i f e : t. , and the other ^ , are assumed to be 
measured by a f a s t coincidence c i r c u i t , y i e l d i n g the e x p e r i ­
mental delayed r e s o l u t i o n curves: F-^(T) and F2(T), r e s p e c t i v e l y : 
Now, from ( I ) , M 1 ^ ] = Ts = M 1 [ P 1 ] - M^p] 

and M1rf2] = ?t = M 1 [ F 2 ] - M 1 ^ ] , 

So: t 2 - T-L = M ^ P g ] - M ^ p J = a measured value, Gx- ( l ) 
S i m i l a r l y , from'Vffj] = T ;

2 = 1*I2[F,.] -Tft2[VJ, j= 1,2 

we obta i n : ? 2
2 " \ 2 = (\ +?2) (%2 -\) = ^ ^ 2 \ - ^ 2 [ F i l 

(2) 

and d i v i d i n g (2) by ( l ) : 

(r 2 =1H2[F2] - V f p J 
another measured value, &2. 
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So: t1 = | (G 2 - G 1) 

and: T 2 = £ ( G
2
 + G l ^ 

(IV) C a l c u l a t i o n s of the Moments f o r Various Forms of f('t) 
In the preceding examples, various c h a r a c t e r i s t i c s of the 

experimental r e s o l u t i o n functions were examined on the assumption 
of e i t h e r an exponential or a general decay d i s t r i b u t i o n charac­
t e r i z i n g the source. In t h i s s e c t i o n are l i s t e d the r e s u l t s 
of determinations of s e v e r a l moments f o r an assortment of types 
of decay d i s t r i b u t i o n s , f ( t ) . 



f(t) 
MEAN 
M'Cf] 

VARIANCE 

EXPONENT IAL 
v - A t r i.o 1.260 

L INEAR 
0 . 7 0 7 0 . 5 8 8 

GAUSS IAN 

0 . 7 5 6 0 . 7 5 5 

MIXED D E C A Y ; 
D O U B L E 

E X P O N E N T I A L 

t - A / t - A i t 
A , c * f A x « 

MIXED D E C A Y ; 
D O U B L E 

E X P O N E N T I A L 

t - A / t - A i t 
A , c * f A x « 



f(t) 
M E A N 

M'Cf] 

V A R I A N C E 

M ' C f ] 

DELAYED 
EXPONENTIAL 

f-O, OS t < T T+r r r r 3 
r 

7* * t 
i.ze>r 

SIGNIFICANT 
THERMALISATION 

TIME 

o 

SIGNIFICANT 
1.28 MEV LEVEL 

LIFETIME 

A^X^ c ^ * . f ^ o 
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APPENDIX D. 

SPINOR FUNCTION OF NEGATIVE POSITRONIUM ION 

Problem: To determine the r a t i o of two-photon to three-photon 
emission from the positronium i o n . 

Since the a n n i h i l a t i o n of a p o s i t r o n creates a number of 
gamma rays i n a quantum state with i n t e g r a l angular momentum, a 
repr e s e n t a t i o n of the spinor f u n c t i o n of the positronium i o n as 
a l i n e a r combination of such eigenfunctions would f a c i l i t a t e 
c a l c u l a t i o n of the r e l a t i v e numbers of photons emitted per 
a n n i h i l a t i o n . Let the spinor functions d e f i n i n g the i n d i v i d u a l 
p o s i t r o n and electrons be: 

(&f, fa) f o r the p o s i t r o n , and 

(3>) 1 f o r the two e l e c t r o n s . 

These three spinors may be combined i n the f o l l o w i n g way to 
produce spinors which are eigenfunctions of the angular momentum 
operator."1" 

if 

"*i - -V i f . -i 
= ~y~> [fir fit *L * fipt'At. * A , 4 t 7 Symmetric spinor X ' ' ' ' ' c o n f i g u r a t i o n s . 

1 S c h i f f , L. I . , Quantum Mechanics, (McGraw-Hill Book Co., Inc., 
Toronto, 1949) F i r s t E d i t i o n , pg. 229. 



-160-

*" 1 ' Antisymmetric spinor 
' ; i K s - y r [ ^ f V / ^ ^ I c o n f i g u r a t i o n s . 

However, since the t o t a l wave-function of the system must 
be antisymmetric w i t h respect to interchange of the two elect r o n s 
( l and 2), and since the s p a t i a l part of the wave f u n c t i o n , a I s 
ground s t a t e , i s symmetric ( t h i s wave-function i s given on pg 34), 
the spinor p o r t i o n then, must be antisymmetric, v i z . the f i n a l 
p a i r of functions given above, 

corresponding to a t o t a l angular momentum of £t. 
Following a n n i h i l a t i o n , the f i n a l s t a t e i s represented by a 

product of two spinor f u n c t i o n s , one a spinor corresponding to a 
t o t a l angular momentum of quantum number 1 or 0 (representing 
the emitted gamma r a y s ) , and one of angular momentum of - ^ ( r e p ­
r e s e n t i n g the r e c o i l e l e c t r o n ) . As a r e s u l t , an expansion of 
the i n i t i a l s tate i n terms of a l i n e a r combination of the spinor 
functions of the f i n a l state i s d e s i r e d . 

I f the r e c o i l e l e c t r o n i s defined to be the second e l e c t r o n 
(the two elect r o n s are i n d i s t i n g u i s h a b l e ) , then - L'\fl can be 

T fx. 
expanded i n terms of c-j.,^}*., ±i,0(^t , 9(f0 

where '(pl = 0Lp ^ 
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Thus we obta i n : 

The t o t a l spinor f u n c t i o n of the i o n i s now composed of an 
admixture of t r i p l e t and s i n g l e t spinor functions o c c u r r i n g with 
the same r e l a t i v e weights as those c h a r a c t e r i s i n g f r e e p o s i t r o n -
e l e c t r o n c o l l i s i o n s of random r e l a t i v e o r i e n t a t i o n s : 
( i ) a t r i p l e t s t a t e of J = 1, and m value of - 1 oc c u r r i n g 

with a weight of \, 
( i i ) a t r i p l e t state of J = 1, and m = 0, with a weight of 

i , and 
( i i i ) a s i n g l e t state of J = 0, with a weight of 
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APPENDIX E . 

EFFECTS OF (a) SIGNIFICANT POSITRON SLOWING DOWN TIME, or 
(b) SIGNIFICANT BOUND STATE FORMATION TIME, 

ON THE RESOLUTION CURVES. 

Problem: I t i s desired to determine the nature of the apparent 
decay d i s t r i b u t i o n , f ( t ) , f o r the s i t u a t i o n described by: 
(a) a n n i h i l a t i o n of the positrons from some state S with a 

-A* 
p r o b a b i l i t y d i s t r i b u t i o n : A« , with the c o n d i t i o n that, 

(b) the a n n i h i l a t i n g s t a t e , S, i s formed at a time t to t + dt 
with a p r o b a b i l i t y p^(t) d t . 
Thus, t h i s d e s c r i p t i o n can be appli e d t o : 

( i ) Thermalised p o s i t r o n a n n i h i l a t i o n with f r e e e l e c t r o n s with an 
a n n i h i l a t i o n p r o b a b i l i t y given by the Dirac c r o s s - s e c t i o n , thus 
le a d i n g to an exponential decay as i n d i c a t e d i n (a) above. The 
e f f e c t of a s i g n i f i c a n t t h e r m a l i s a t i o n time i s included i n the 
PfCt) of part (b). 
( i i ) P o s i t r o n a n n i h i l a t i o n from a positronium i o n s t a t e , i s 
described by (a), above. The e f f e c t of a s i g n i f i c a n t formation 
time f o r the positronium i o n (the formation time i n c l u d i n g both 
p o s i t r o n t h e r m a l i s a t i o n time and e l e c t r o n capture times) i s 
contained i n the f u n c t i o n p ^ ( t ) . 

Now, the t o t a l p r o b a b i l i t y f o r a n n i h i l a t i o n of the p o s i t r o n 
i n a time t to t + dt a f t e r the i n s t a n t of emission of the p o s i ­
t r o n i s : -e 

o 
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The f i r s t moment of f ( t ) i s : 
which, on i n t e g r a t i n g by parts, 

c 
eo 

O — — — — _ _ _ _ _ _ _ 

S i m i l a r l y , the second moment of f ( t ) i s : 
M ^ f J - J tx\& i J f>{ [r) <±rd.rj d X Again, i n t e g r a t i n g 

by p a r t s , oo - i •» * r 1 7. / 

The second moment about the mean i s therefore, 

Thus' ^tMl-7«ltr>M)*Y*-
A l t e r n a t i v e l y , these r e s u l t s could have been obtained d i r e c t l y 
from the equations of Appendix C by noting the equivalence 
between + > r°° 

where p ^ ( t ) = 0 f o r r < o 
and g ( t - r ) = A e A t , « $ * 

= 0, f o r T>t 
to 

and the f u n c t i o n P(T) = J U^TiT-—)^ 

given at the beginning of Appendix C ( l ) : 
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APPENDIX F. 

THE EFFECT ON THE POSITRON DECAY FUNCTION, f ( t ) , OF 
A SIGNIFICANT LIFETIME OF THE 1.28 Mev STATE OF Ne 2 2, 

22 
The decay scheme f o r Na i s i n d i c a t e d i n f i g 16. 

Let the a c t u a l p o s i t r o n decay f u n c t i o n be: \A e 

and the gamma-ray f u n c t i o n be: h^ 
fi decay , T ~~\ > 

7* emission i 1 ^ 

I f the case of decay i n the time to t^+ dt, and a 
gamma emission i n the time t y to t y+ dt i s considered, the 
measured time delay between them i s T = t ^ - t ^ . The p r o b a b i l i t y 
that these two events w i l l occur as described i s : 

w h e r e : WU\- U*>h UiU Url 
On s u b s t i t u t i n g f o r t ̂ : $ *[-r)dip = \^ \ ?, & & drpe£+r 

and the t o t a l p r o b a b i l i t y of a p o s i t r o n decaying T sec a f t e r the 
emission of the gamma ray i s : 

a But the p o s i t r o n may also a n n i h i l a t e before the emission of the 
gamma ray, i . e . T may be <0. 
For t h i s case, however, since t^s cannot be<0, then only that 
time i n t e r v a l f o r t^, from + j v j to<» may be considered. In other 
words, since t = t . - T and so equals -T when t = 0, then t must 

r r r 

Thus f(T )dT = | t'MJ-t,. - ~ T e ~ J * ' ^ ha + hj* 
- T 1 
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That i s : f ( t ) = 

~Xr\ t±o 
A(» Ar 

In the l i m i t of ) ^ - * (that i s , a n e g l i g i b l e 1.28 Mev l i f e -
time compared to ) then f ( t ) = \/i e , 

= O , ^ , as expected. 
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APPBNDIX G-. 

"COMPOSITE" LEAST SQUARES ANALYSIS OP DATA. 

In the comparative l i f e t i m e measurements i l l u s t r a t e d i n 
f i g 26, i t i s desired to obtain the best estimate of the 
d i f f e r e n c e s of the l i f e t i m e s of the positrons i n the two metals. 

Let the data of f i g 26 be represented i n the form shown i n 
the accompanying diagram: * i ^ N -

The constant d i f f e r e n c e , At, 
between the l i f e t i m e s i s 
defined to be c. 

X 

The problem i s to determine the best s t r a i g h t - l i n e through 
the composite points (yV and yj^ + c) (since the same instrumental 
d r i f t should apply to both sets of points) i n the customary 
least-squares fashion, and a l s o to obtain an e x p l i c i t estimate of 
the unknown constant, c. 

I f the number of points of (x^,y|) i s n', and the number of 
points ( x ^ y ^ ) i s n"* where n = n' + n" and the best l i n e a r f i t 
i s y = mx + b, then the t o t a l squared error i s : 

all fo'-ifft y£ 

where: <~ «-*/ , „ 

Now, s e t t i n g J>t^ _ _ >̂g„ - Q , the f o l l o w i n g three 
equations are obtained: 
(1) * Z*;1-* l>Z*i - cZ'*c = 2-*'*Yi 

(2) M + h n -cm' c £ 
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(3) m,')',' * ~ C H ' =' % Vl 

By s o l v i n g t h i s set of simultaneous equations, the l i n e y = mx + b 
and a l s o the constant, c, can be determined. 

S p e c i a l Case 
For the s p e c i a l case of very l i t t l e experimental d r i f t , m~ 0. 

which i s merely the d i f f e r e n c e i n the mean values of the ordinates 
of the two groups of p o i n t s . 
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APPENDIX H 

COMPUTER PROGRAM FOR CALCULATION OF MOMENTS. 

The program used f o r the c a l c u l a t i o n s of the moment of the 
coincidence r e s o l u t i o n curves i s given below. 

With the program i n the working channels, the computer i s 
ready to receive a s e r i e s of four d i g i t numbers ( p o s i t i v e , d e c i ­
mal i n t e g e r s ) , such as a s e r i e s of ordinates of a r e s o l u t i o n 
curve ( i n proper s e q u e n t i a l order). These four d i g i t numbers 
must be separated by one character, e i t h e r a 'space* or a 
'carriage r e t u r n ' . At the termination of the sequence of 
numbers, i n d i c a t e d by a l t e r i n g the form described above (e.g. by 
i n s e r t i n g a 'period' or other character, other than a 'space' or 
'carriage r e t u r n ' , a f t e r a f o u r - d i g i t number), the computer types 
out the f o l l o w i n g symbols and numbers: 

m3 ( t h i r d moment about the mean) 
2£ ( t o t a l number of counts, i . e . the sum of a l l numbers i n 

the sequence) 
m (the f i r s t moment of the sequence) 
ss (variance, or second moment about the mean). 

The program i s c a l l e d i n t o the working channels preparatory to 
an a n a l y s i s by the c a l l l e t t e r s : "al20 carriage r e t u r n " 
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a004 
00000000 00000000 00000000 00000000 
00000000 00000000 00000000 00000000 
79041160 791af785 5b444180 00000000 
790ff785 5ble7907 0311060c .51)491400 
5bl37900 1160791d 5b444000 05000094 
11607912 f7851120 02070209 00000003 
f7855bl6 00000000 5b465900 0000005b 
79051160 5a05a05a 030e0491 00000001 
al04 
81a02800 c5043800 e702eb00 a3Heb00 
fl443132 6 l l f 4 9 0 1 c506e702 c5044103 
61004900 2800f301 eb00a301 e702eb00 
e7013200 19311124 c50b4103 e717bf0b 
61024902 651bl9b5 2800a311 29326504 
e5003200 11244102 eb00c503 4904790a 
61034903 2800a3H bf06c507 f785871f 
e500bd04 ebOOc505 41042800 5b0ell08 
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