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PREPACE

The writer has attempted to show in this thesis how the scintillation
sounter may be used for the meacurement of chort time intervals in muclear
physice and how this technique may be applied to the study of positron
annihilation.

In the first section, the significence and the ococurrence of shart
lifetimes in the generzl field of muclear physics is briefly surveyed,
and the penerel methods of messuring ahort time intervals are discussed.
\ more deteiled study i= mede of positron amnihilation. The material of
this section is dresm mainly from the literature.

Section two consists of the analysis leading to the design of a
ielayed coincidence apparatus using scintillation counters. The design
and construction of the suthor's apparatus are described and evidence of
Ltz perfer-ance is presented and discussed. The analysis and designs
vhich are presented here are generally origimal though their besic prin-
eiples are not.

In pection three are described the experimental investigations of
the lifetimes of positrons in solids., The matter here is ariginal, all
the work having been carried out sclely Yy the author who wes also respons-
itle for the interpretation of the remults.

“ection four deseribes the experimental investigation of the spectrum
of annihilntion -rays from positrons amnihilating in freen and axygen.
fhis work wae carried out in collaboration with Mr. G, M. lewis who hed
the major responsibility for the experimental work. The interpretation



and discussion vere shared equally Yy us.

Work done by the writer in the field of -rey spectroscopy using
rcintillntion counters end o pulse amplitude analyser is presented in
Appendix T. The study of Iul’® was initisted by Mr. D. Dixon who sug-
gested the epplication of scintillation counter techniques. The seintil-
lation counter measurements were made hy the writer. In Appendix II
tre finel cireuits of the ocoincidence units are shown by diagrams.

Thanks are due to Professor F, I, Dee, Dr. S, €, Curran and
Ur, G. Y. Lewls for their interest in this werk, Professor J. €. Cumn
and D, C. A, P, Tyllie for helpful discussions on points of theory and
the technical staff of the labaratory for their co-operation.
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The majority of the results of sections IIX
and IV have been published in two papers:-

by A. T. G. Ferguson and G, M, lewis, Phil.
m-, M’ m, m:

on the Anmihilation Spectmm of Positrons in
Preon and Oxypen, by G. M. lewis and A, T. €.
Ferpuson, Phil. Mag., 44, 1011, 1953.
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CHAPTER I

The historic importance of the study of the time dependence of moclear
processes and a survey of those which might be of short duratiom.

It was not long after the discovery of Radicectivity by Becquerel
in 1896 that the transient and time dependent nature of many radio-active
phenanena was appreciated, The study of this aspect of the subject has,
over and over again, proved fruitful for cur understanding of muclear pro-
cesses. In recent years, the introduction of new techniques has made
possible the extension of these studiss to ovents of very short duration,
and a new field of inveatigation has thereby been opened up.

The fundamentel laws of Radio-active change were deduced by Rutherford
and Soddy in 1902 fram their studies of the thorium emanation and its active
deposit. In their words "..... the activity in each case diminishes regu-
larly with the lapse of time, the intensity of radiation at each instant
being proportional to the amount of energy remsining to be radiated.”

These authors then formlate this law in its well-known mathematical form
and go on to explain the more complex cases of growth and decay of activity
encountered in their experiments,

From the laws for large mumbers of atoms, Rutherford postulated the
lew for an individual atom in terms of probability. He proposed that for
each species of radio-active atom, there was a constant probability per unit
time of disintegretion. The reciprocal of this quantity can readily be
shom to be the "mean life" of an atom.

After the discoweries of Rutherford, the mean life became one of the

most important characterising properties of a radio-active species and the
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measurement of the wariation of activity with time was one of the most
poverful techniques in the unravelling of the natuzal redio-active series.

Sven within the relatively limited field of the natural radio-elements
wileh emit O -particles, the magnitudes of the mean lives onocuntered wary
from 1.3 = 10'° years in the case of Thorium, to 5 x 10”7 8. for .o,
This would seen to indicate s large variation in the degree of instebility
of aotive nuelei.

It was found by Gedger, (4910), that the O ~particles from a particular
material had a definite range in matter. Here was another messure of
micleor instability. Gedger and Muttal (1911) related the range of the
d-partiole and the mean life of the emitting mucleus by an empirical expres-
sion

log? = A+ B logR N = 1

R = Rangs
A, B = Constants
A theoretiocel explanation of this law by Gamow (1928) was the firet success-
ful application of gquantum mechanics to muclear physics. Camow's expression
(see page > ) depends strongly on the muclear redius., Consequently, a
msasurement of the mean life of an o -emitting mcleus gives a wlue for
this important quantity. There are many other exanples of similar relation-
ships of the meean life to fundamental properties of muclei. In( -decay
the product of the lifetime and a fimotion of the meximua energy shauld
have a constant value which indicates the degree of forbiddenncss, This



constant also is a measure of the magnitude of thel ~nuuleon eaupling eon-
stant. Similarly, the msan lives of resons indicste the styength of meson
internctions. The long mean life of sumd muclear isamers drew attention o
the emission of X-rays by higher miltipoles (Von Weissacker, 1936).

In all these fields the measurement of mean life hes been a most waluable
tool. The measurements referred to have, in the main, been made by observing
the change in activity with lapse of tine, the intervals bedng long encugh to
be measured with a clock or stop~watah, [ew pethols of timing have mede it
possible to study processes of very much shorter duration where the time inter-
vals may be as short es 10 Us, Tt would be of interest to cosider what
muolsar and fundamsntal pertiels processes might have short mean lives.

Refore discussing particular examples of proocesses which wmight have short
meen lives, there age some gernwral relationsbips that are important heve,

Ay quantun mechanical system is desoribed by an eigenfunction, whose eigen-
values give the enorgy states of the system. For stable systeus, these
eigenvalues are definite or “sharp”, VWhon there is & finite probabdllity of
decay this is represented by s time dependent exponential term in the eigen-
- funotion, which gives rise %o an “uncortainty” in the edgenwvalues. The mean
~ width of the enerpzy uncertainty of the state, dencted by " , is related to the
msan life T by the equation

DT » et x Planck's constant
21T

‘m,asuhhwingsmlinarif‘z-.huamﬁdﬂzcrtbmt

hx107° a.v.



The probability of decay per undt time, )\ , 4s equal to =

and so e 'R

Ay
If a state can deony in several alternative ways which have reapectively
probabilities N, , N, | N\ eeeeeess then the total probebility
per unit time of decay 48 A = A, * AL * N * N+ seseeens

Thus, the total width of the state is the sum of the partial widths for
the various modas of decay. In any experiment, it is the total width of
the state which we will measure, The partisl widths may be found fyom
the relative intersitiea of the wverious modes of &scay.

There are a greet many time devendent maclear nrocesses, Naturel and
artificial radio-elements emit o and T particles and de-excite with the
exisaion of \-mys., The compound micleus, the intermediate state in
molear reactions, 1s known ¢o emit neutyons, protons and other charged
perticles. All the lmown mesons decay spontanocusly into other syeciss.
Electromagnetio intersctions of ¥ -rays with charged partioles have inter-
melate states of Pinite durations. Positrons in matter annihilate with
electrons profucing two or more photons. Short lifetimes oould be assooi-
ated with many of these processes and their expected magnitudes will now
be discussed briefly.

Muclei may be found in either their ground or in one of a serdes o
excited states, The first excited states of light malel lie about 1 i.e,.v.
cbove the ground state, while for heavy mclei, the firet lewel (A, Bohr

-b-



and Mottelson, 1954) may be only a few tens of kilovolts above the lowest
state. In heavy muclei, and with excitation energy of the order of 8 M.e.v.,
levels are about 1 e.,v. apart.

When the excitation energy of a mucleus is less than the separation
enexpy of any micleon or group of mucleons, the state can decay only b%
the emission of electromagnetic radiation, When sufficient energy is
available, the emission of heavy particles and =-rays respectively are
coampetitive processes.

If a bombarding particle enters a mucleus, the strong interaction
between nmucleons rapidly causes its binding energy and kinetlc energy to be
shared among the mucleons, and the resulting coampound micleus (Bohr 1936)
“"forgets" how it was formed. Excep! for its high degree of excitation,
(~8 Mev for proton or neutron capture), it does not differ from an ordinary
rucleus, This mucleus is energetically unstable. A more stable configura-
tion may always be reached by the emission of particles or % -reys.

Such & micleus has a finite lifetime due to two factors. PFirstly,
for a particle to be emitted it must, in the random collision processes
within the nucleus, acquire an appreciable fraction of the energy of excita~
tion. Seocondly, such a mucleon is prevented from leaving the mucleus by
a potential barrier for which there is only a definite probability of pene-
tration. Por charged partiocles the high coulomb barrier mekes this proba-
bility small. The emission of particles with spin is inhibited by the
centrifugal barrier and all particles may be reflected at the change of
potential.

Blatt and Weisskapff ( Thecretical Nuclear Physies, page 389) give the
fornmula



outside the mucleus

st i y 5
k_( U"'m’ﬁ

k = wave musber of the particle
\ E = wave nunber of the partlcle
inside the mcleus
V3 ° penctrability of centrifugael or eouliomd barricr,
P = average spacing betwoen levels of the samo ppin and parity.

The first bracket represents the probability of euission of a perticle with
suitable energy, the sccond represents the freguency with which this energy
is concentrated on one particle,

For a neutron of 20 ev. and D 10 ev., the mean life of neutron emis-
aion is about 10°0s, For higher energles the lifetime is correspordingly
gherter, For mrotons of 3 iev, channel energy, the mean life will exceed
that for a corresponding neutron by a factor of 40. (Z = 20, see Blatt and
¥eloskopdf, p. 363).

In coopetition with these nrocesses, Y~-reys may be emitted. The life-
tice for emiszion of X ~raye such ss those following neutron carture is esti-

mated to be about 10'123. Thus the aean life of the compound rmecleus coannot

seo\es
be than this,

In a number of heavy nuclei, the seperation energy of and ~perticie is
negative and these particles may be emitted from the gtate, Ho com-
peting processes are present in this eese. demow (1928) celaulated the
enission probability here and found

a\ -G
K =16

R N )

£ = nucleayr charge




z = charge of emitied particle
b = width of the potentinl barrier for a particle with
ener;y ¥

R = meclear radivs

#ith a suitable wvalue of R this fonmule gives the correct order of mag-
nitude of A for o very wide range of clements. Amongst the heavy mucled
the shortest livedt -emitter is ThC' which has a mean 14fe of 3 x 10" ‘s,
(Dunworth 1939). The evergy of d-particles from the ground state of this
micleus is greater thon those from the ground state of any other micleus,
This is therofore likely to be the shortest mean-life that may be found
anongst the heavy A -emditters., In the light elements however the low poten-
tial berrier of the Ie" leads one to expect a mean 1ife in the yegion of
107165,

The emdssion of ¥ -rays.
X ~rays are emitted when a mwleus goes froc a higher ¢c a lower energy

level, Por the purpose of caloulation the mueleus is considered as an cocil-
lating systen of charves and currents and its rediation exrpressed as the cun
of a series of clectric and magnetic mltipoles. Angular momentum and parity
selection rules determine the lowest multipole order thet uay contyibute.

For eleoiric trangitions with o chapge of energy E and of anguler mowmen-

tun 1, Mlett and Weisshopffgive (p. €27) o

§ 2
g el l) S )l . 81y Q‘B‘Qx \0
TNt {20y | (A0 Mes
R = melear redius in undts of 10™ Jon.
his Pormula is deduced on the besis of the independent particle model of the




micleus. '\ varies repidly with 1. For E about 200-kev and R = 6 x 1073 em
changes by 10° for a unit chenge in 1.

The corresponding magnetic transitions are less probable by a factor of
about 1,000. A transition of energy 200-kev and 1 = 1 i.,e. electric dipole
would have a mean 1ife of 5 x 10™4g., while corresponding megnetic dipele ar
electric quadrupole trensitions would have mean lives of about 5 x 1010s,,
and 5 x 10" s. respectively. The wide spacing of the lifetimes for the
various transition types leads one to hope that a measurement of \ -ray mean
lives in this enerpgy region would lead to the assignment of spins and parities,

Internal conversion

Por transitions with energles below a few lundred kilovolts orbital
electron capture competes strongly with the emission of ¥ -rays and the mean
lives of these states are therefore reduced, The ratio of the mmber of
conversion electrons to the mmber of corresponding ¥ -rays, i,e,, the conver-
pion coefficient, increases with = and 1 and decreases with B, The order of
magnitude of the mean 1ife for this rrocess is seldom more than an order of

magnitude different from that for X -ray emlssion in the region where it is
important.
E -Ray Emission

The lifetime of a Q -emitting state decreases slowly with increasing
trensition energy. The { -particles of 148 have an energy limit of 12-Mev.
(Lewis, Burcham =nd Cheng 1937) =2nd a corresponding mean life of 0.1l1s.

Henee it is unlikely that (b -emitting states with lifetimesof less than 10~%s
will exist. Due, however, to the slow varistion of trensition probability
with trensition energy, daughter muclei are frequently formed in their lower
excited states. This fact hasz greatly facilitated the study of the mean

lives of such states against r?a-—ea.rcg.tation.



Electromagnetic and Qther Processes

Electro-magnetic processes, €,7,, Compton effect, proceed through inter-
pediate states, The intermediate state in the Mlein-Nishina tyeatwent of the
Compton effect has o 1ifetime of about 10 2 s,, while on the slternntive theery
of Bohr and Kramer the tiwes of apnearance of the eleotyon and scattered quan~
tam are unrelated,

It is not proposed to discuss meson lifetimes further than to note how
closely they are grouped within a few orderc of magnitude of 10™ Vg,

The lifetiuwes predicted by electro-magnetic theory for positrons range
fyom about 1078, for soldds to 10™'s. for gases on the simplest theory, The
magnitudes to be expected depend greatly on the physical assumpticins made and
their correctness verified by experiment. This subject will however be dis-
cussed in more detail in Chapter II.

In Chapter VI we shall see that, using scintilletion counters, lifetiues
of the oxder of 10~ Vs, may be measured. Prom the ebove discussions we see
that two procengses other than the deoay of wesons have lifetimes of this order
unoamplicated by much: faster corpeting processes, The firet is the emiesion
of X=rays fra: the lovwer exelited states of muclei, the pecond the annihilation
of positrons in solids,

States having a measurable lifetice for the emission of Y-rays are %o be
cxpected amonsst the isctopes of mediuc and heavy meclei and cre wost oimply
reached (from an experimental point of view) by the deeay on-ac‘tivo isotopes.
Moany of the latter have half-lives of one day or less and it was felt that
such studies ecoculd lest be pursued where a pile was awvailable.

Although sone low lying levels produced in H,T. set reactions were thought
to warrant stody, ez, the 30 keV level in AZC (Smith and Anderscm, 1951), it -
vas folt that at the time the technicue of tlne neasurement wae not sufficiently

far dcveloped for experiments with machines.
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Further consideration of the state of ‘movledge of positron annihilation
showed the need for further study in this field. Por this work a long-lived
source of positrons Mn22 was avallable, and the relatively hish energy of the
nuclear and amihilation X=rays involved suited the state of development of
the apparatus, This field of study was therefore chosen as the main subject

of the work of this thesis.

- 10 -



CHAPTER IIX

Prior to the year 1932, the known fundamental particles of miclear
physics were the massive, positively charged proton and the light electron
of apposite charge., The assymetry of this situation made inevitable, specu-
lation on the possible existence of negative protons and of electrons with
positive charge,

The existence of positive electrons was predicted theoreticelly by
Dirac (1930) in his "hole theory'. In this paper, Dirac, though he refers
to the particles as protons, takes their mass equal to that of the electron
and deduces many properties of the positron which have since been verified
experimentally. The first experiuzental proof of the existence of light
positively charged particles was that of Anderson (1932) and this was veri-
fied by Blackett and Occhialini (1933) in the following year, These workers
identified the positron by the curvature of its track in a cloud chamber
situated in 2 strong magnetic field. Curie and Joliot (1933) discovered
that many artificiasl radiocactive isotopes were positron emitters, This
greatly facilitated the experimental study of positrons in the laboratory.

The Hole Theory

Dirac's relativistic wave equation for a free electron has solutions
corresponding to states in which the energy of the particle is negative.
This arises from the double valued nature of the square rcot, i.e.

m = mass of electron
p = momentum of

3 = 2 / (m2)2 + pzcz electron
E = energy of Elec-

v tron
Clearly an electron cannot have energy between + mcz. If an electrcn of

erergy + E should jump to the level - E, the energy difference, viz, 2 E

would appear as radiation. In seeking the lowest available level, we should



expect all electrons to jump into the negative energy states. To overcome
this difficulty, Dirac proposed that, normelly, all the states of negative
enercy should be filled with electrons, though these eleetrons should not
contribute to the total energy and momentum of the system, The absence
of one of these electrons manifests itself as a positively charged particle
of positive energy, i.e,, a hole is eguivalent to a positron.

The conception of the positron as a vacanoy or "hole" in the negative
energy states of electrons suggests two of its moet important properties.
Pirst, by the sction of an electro-megnetic field, e,g.,, & ¥ -ray, a positron-
electron pair may be created. By raising one of the infinite sea of elec-
trons in =ve energy states to a state of positive energy, there ap,éears an
electron and a hole - in other words, a positron-electron pair. Secondly,
if we have initially an electron and a positron, the latter represents a
- vaceney in the negative energy states into which the electron mey fall, with
the emission of energy in the fomm of \-rays,

Using the hole theory, it is possible to predict the rate of annihilation
of positrons, The simplest case is that in which a free positron annihilates
in collision with a free negative electron. It may be shown (see e.g.

Ferml, page 54) that energy and momentum can be conserved in such a proecess
only when the energy of annihilation is emitted in the form of two or more
quanta, When the electron is tightly bound to a mucleus these considerations
do not apply, as the mucleus may act as a momentum sink. Hence under these
conditions, annihilation with the emission of a single quantum may occur,

This process is relatively unimportant except for positrons of high energy

in heavy materials (see Heitler, page 209). This effect will not be con-

sidered further here.
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The two quantum proecess in vhich an initial state of a positron and
electron goes to a final state of two quanta is a second order process,
i.,e., the matrix element for the éirect transition is zero and hence it
can only take place through an internediate state, Similarly, annihi-
lation processes in which three or more quante are emitted are of third
or higher order. Since the probability of a2 process decreases repidly
with increasing order, the most important and probable event is two
quantum annihilation,

Iwo Quanbum Annihilation

The calculation of the annihilation probability per unit time for
a free positron and electron uses a perturbation method. The probability
per unit tize P is given by

é See e.g. )
Schiff p., 193)

(AR SN ERENEEE NN E AN RS NN N (1)

W

Q¢ = density of final states per unit energy interval

Planck's constant

\-\.u = matrix element for the transition

For a second order process involving an intermediate state, HII'

is of the form

B Hpy Hgp

E

I -EB (I E AR R NN RN B AR EE R N AR (2)

E., E

I’ "B are the energies of the initial and intermediate states

respectively.



Brns Bap are the matrix elements for the transition from the initial
to the intermediate and intermediaste to f'inal states respectively.

The summation is over all spin directions and energy signa. It is
found that only those cases in which the initiai spin is zeroc give non-

vanishing contributions to H i.e,, two quantum annihilation from the

IF,

triplet state is forbidden.

If the calculation is performed in deteil, representing the incident
positren as & plane wave, the formula first deduced by Dirac is obtalned
for the annihilation eross-section.

The positron has energy E* and the electron *s at rest.

¢ = et \ X a WY 4 Yes L‘*J\‘-\ Xy
I O B 9 X X L
E R RN B N A W N NN NN R N NN (3)
X # 5
— To = classical redius of the electron
Oc LY
» éc-z

The above formla describes the variation of the annihilation
cross-section with energy. During a fraction of its path dx the
positron has energy E. The probability of annihilation with energy E

in dx is
P » g (8B) & (for unit electron density)
. ax \ am
= # (3)(— = \
= P(B) a
_=
=

- i) =



Assuming that the electron density is M2 (where N = no, of atoums
Der Gu0,) and using his calculated values of %, Heitler (p. 231, fig. 6)
shows that in lead, less than 3/ of positrons of initial energy 500 keV
annihilate in flight. The remainder annihilate at rest and this is the
dominant process,

When the positron ldnetic energy becomes small, i.e, 1, the crogs-

1
velocity or positron

per unit time for ennihilation v x § becomes constant.

section § diverges as " Therefore the probability

W -» '“‘rOZD forv =» 0 i.eq X = 1

Hence in an electron atmosphere of density n per ¢.c., a slow positron

hes a probability of amihilation per unit time u¥vr G

nw rozc = constant = ‘>\ say

The emission of ¥ -rays in the annihilation of a slowed down nositron is
thus analogous to the emission of radiation by a mucleus where the proba-
bilidy of emission of radiation is also constant. A slow positron may
be said to have a mean 1life in the same sense as an excited micleus,

Mumerical substitution shows that vf is sensibly constant below a
few keV, The time to reach such energies is calculable roughly from
the range, enerpy relationship for elcctrons. In aluminium for example

115, for 500 keV positrons, while the

it is not greater than about 10
expected lifetinme of the slow positron is at least one order of magnitude
greater, We may thus speak of the mean lif'e of the positron in the
material.

Three gquantum annihilation of a positron and a free electron

As wes pointed out above, three quantum annihilation is a third order



process, No general formula corresmonding to eguation (3) has been
deduced but the limiting case for smell velocities has been worked out
by Ore and Powell (1949). The general method of calculation is the same
as the two quantum case,

The probability of amnihilation per unit time P is given by a formmls
similar to equation (1) and Ore and Powell show that this cuantity differs

from zero only when the initlal spin state of the positron and electron

is a triplet.

At small velocities the cross-section is proportional to

velocity 1of‘ posi tron

Ore and Powell celculate the ratio of the two quantum annihilstion
cross-section to be 1100 : 1. As, however, triplet states have three
times the statistical weight of singlet states, three quantum annihilation

is favoured by this factor in free collision., Under these circumstances

lumber of three guantum annihilation _ 1
Number of two quantum ennihiletion

The methods and assumptions of the above theory are closely related
to the calculations of the Klien-Nishina theory of the Compton effect.
The predictions of the latter have been thoroughly verified experimentally.
We should therefore expect the positron caleculations to be socund as far
as they go. [levertheless, their experimental verifiieation, esvpecially
of the third order processes, would be of itself of some interest. Some
indirect experiments however suggest that the application of these results
to real materisls may involve complications which add further interest to
these studies.
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Simple theory applied to real materials
If A is the probability of annihilation per unit time

% - {>\ 2 + ‘)\ 3 where
A o = probability of two quantum annihilation
‘>\ 3 * probability of three guantum annihilation
Pog vt - Ol
3 37
gl N2 :
SIS = N

Thus we should observe a single lifetime approximately equal to the two
quantum lifetime,

In a rough atiempt to estimate positron lifetimes in materials,
Heitler (p. 208) assumed that to the alow positron the material appeared
a8 an electron atmosphere of density I electrons per c,c, where N =
no, of atoms vmer e.,c. Since Z's_%

)\2 X M ¢ ..Néé. o< density of the material
Therefore, the lifetime observed should be inversely proportional to the
density of the material and in the case of gases to their pressure.

Typical velues to be expected on this view are gziven in tables I

and II below,
TARLE I (Solids)
I Material | Li I120 Al Fe Pb
| | . " ; - -
; < } 10x 10 103. 5x10 10s. 18x10 103. 0.6 x 10 'Os. 0.5x 10 105.
| |
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Gases at N.T.P.

g

H 0] ie

L 25x10%. | 32107 |10, | 2x107%. | 1077, |

The ef'fect of Coulomb forces

The main defect of the theory presented above and the difficulty of
applying it to real meterial arises from the neglect of the coulomb forces
acting on the positron. An attractive forece increases the concentration
of positron wave function while a repulsive force has the opposite effect.

The repulsive force between the positron and a nuecleus decreases the
positron amplitude in the region of the inner electron shells and hence
makes annihilation with these electronsz improbable. This has the effect
of reducing the number of electrons available for annihilation and con-
sequently increasing U ., There is some experimental evidence (which
will be discussed later) that only the wvalence cleetrons are available.

On the other hand, the attractive force between a pesitron and
electron would tend to increase the annihilation probability, il.e., de~
crease the lifetime. 1In the absence of general solution of the wave
equation of a positiron and electron, no accurate theory of this effect
nes been worked out. A slightly better aprroximation suggested by

Heitler (p. 84)

L
¥ = Yplena « § (&) XS

\J = vel.of

& 4B = :
Pes\\con \




The correction 1s c¢learly strongly velocity dependent (sce e,g,
Heitler, ps 84) and hence the lifetime would depend on the enerpgy distri-
bution of the available electrons in the material and so in the solid state
would be influenced by the material structure.

For an adequate solution of this problem the interaction of the
positron with the whole atom would need to be considered and in condensed
metter the atomic interactions would be an added complication,

An experimental study of positron lifetimes might be expecied to show
which of the oppesing effects discussed above is the more important. The
crude picture first presented (Ph)does hovever lead one to expect life-
times that might be measurable by the technicues discussed in Chapter\

A further effect of the attractive force would be to make possible
the formation of bound states of the positron and electron, This bound
system is known as positronium, If positronium formation was strongly
competitive with other modes of amnihilation, the positron lifetime would
become largely independent of the material in which it was taling plaoce.

The properties of this peculiar and intriguing atom will now be discussed.

Positronium

The possibility of a bound positron-electron state was first pointed
ot by Ruark (1945) who named such a system "Positroniun”., In 1946
Wheeler was attempting to explain nesons as aggregates of positrons and
electrons, calling them polyelectrons., He started by investigating the
simplest of such systems, the bi-electron., He showed that positronium
was stable by 6.77 ev. against dissociation and should have a half-life

againat annihilation considersbly longer than its veriod of revolution.
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A very detailed study of positron-electron interactions has been made by
Pirenne (1946) in a series of pupers in the last of which he discusses
positronium,

Positrconium may exist in either a singlet or triplet staote depending
on whether the splns of the particles are anti-paraliel or parallel res-
vectively. Ac has been pointed out above, annihilation by two quantum
emission is forbidden when the spins are parallel., In this case anni-
hilation is by three quantum emission, It has been shovn by Jheeler
that the lifetime against ennihilation (two quantum) of all S states is

% » 125 = 107

[ -4

z 0 ? sec. where Y\ is the principal

quantum mumber, The fact that this increases rapidly with ©\ , while
the lifetine against opticel de-excitation decreases, sugcests that most
of the annihilation will be from the ground state,

The annihilation quanta will share the rest energy of the positron and
electron equally and will be emitted in opposite directions,

The lifetine against annihilation from the triplet stnte is caloula-
ted by Ore and Powsll (1949) 4o be 1.4 x 10~7 x0? sec. Simple dynamdcs
show that the three gquanta mist be coplanar and that the greatest energy
that any one photon may have is uocz.

We should therefore expect the amnihilation X -rays from triplet
positroniun to have o contimuous spectrvm, Ore and Powell have deduced
the shape of this spectrum, This is discussed more fully in Chapter Xl.

Positroniun is formed in the triplet and s inglet states in proportion
to the statistical weights 28 + 1 of the states,

—

i.es no, of atoms in triplet state 2z x93
= A =4

no., of atoms in singlet state x0+ 1

-

O
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Thus we should expect to be associated with this phenomenon two independent

helf lives and a large proportion of three~quentum annihilation. The
half lives which would be observed might differ from those predicted by
the theory above owing to phenomena, e.g. electron exchange, whereby a
positronium atom in a triplet state might change t© a singlet state or
vice versa. leth, g %3 be the probability of amnihilation per unit
time from singlet and triplet states reavectively, and a, be the probabil-
ity ner unit time of & transition from one state to the other. Suprose
positronium is formed in the triplet state, Probability of annihilation

3
per unit time = %5 + a% + 8.2.[\3 + a ‘x“ . 2 e s asnensssoeeY

= %3 + "X if a is small,
Similarly for poeitroniam formed in the singlei state.

Probability of annihilation per unit time

= %1 3 l’)\j + 8.2)\1 * sssssressresesean

= N, 1f ads spall simoe A OO N,

These consideratious lead us to expect one lifetime of about
1,25 x 10~ 1%, for the singlet state and another lifetime lyins between
this value and 1,4 x 10-75. for the triplet state, If positronium were
formed in a condensed material, one might expect compression of its wave
function and consecuent depertures from the times discussed above, but
the characteristic of two infependent lifetimes would not be altered,
They might, however, not be resolved experimentally.

7f the probability of formation were high, one would expect the
lifetime of the positron annihilation from the bound singlet state to be

independent of the materiel,



While much theoretieal work hes been published regarding the anni-
hilation of positronium and about its stable states, no calculations
have been made of the cross-section for its formation in practiecal cases.
Such work would seem 4o be very wvuluable, The formation of positronium
would ta%e place in competition with direct annihilation in free colli-
sions and would thus reduce the free annihilation lifetime.

A mumber of other suggestions have been made regarding possible
positron annihilation reactions, The formation of compounds in which
& positron replaces a hydrogen ion, e.g., @°C1l™ (Ore, Hyideras, 19§8).
The theoretical analyses concern themselves mainly with stability of
such compounds, and not with the likelihood of formaticn and decay,

It would seem probable that if formed they would possess a single life-
tine of the same order as that of positronium.

Prom these discussions it is certainly eclear that the simple pie-
ture presented on page \\ is unlikely to give more than an order of mag-
nitude for the positron lifetime and that the additional phenomenon of
positronium formation may introduce two further lifetimes,

The effects of solid state structure both in the case of free
annihilation and positronium formetion would be difficult to analyse
accurately by theoretical means, and would make the annihilation pro-
cesses there more complicated and consequently more difficult to inter-
pret experimentally than in the case of gases,

The decision to study the annihilation of positrons in solids
despite its complication was made because at the time these exveriments
were begun there was practically no direct measurements of positron
lifetives in solids, while Deutsch had begun to publish his now well-
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known expericents which established the formation of positroniwa in

gases.

The experimental study of Positron lifetimes

At the time the writer's work began, the gererally accepted picture
of positron amnihilation wns the rather crude one described on page
above., A few experiments had been done to investigate its validity
and their results may be summed up as having cast considerable doubt
on this interpretation without being able to replace it with a more
certain one,

In several gases, 3hearer and Deutsch (1949) measured - lifetime
which was shorter than that predicted by ihe formula

|
—E- & TV rozc x N& {if = no, of atomns per c.c.)

by a fastor of about 2. Purther, they found thet the lifetlime did

not vary with pressure in the expccted manmer, i.e,, inversely. They
sugrested that vpositronium might be formed and la‘*er were able to estab-
lish this very elegantly (Deutsch 1951).

The mos* definite evidence about armihilation in solids at this
time came from indirect experiments. These soughit %o evemine the wvelo-
oity distribution of the positron-electron sysiems at the time of anni-
hilation., In {wo quantum annihilation the moidon of the positron-
electron centroid would show itself in two ways. Fivst, the ¥ -~-rays
would not be emitted at exactly 180°, The deviation from 180° would
depend on the veloeity of the centroid and the angle between its direc-

tion and that of one of the XY =-rays, Thus, corresponding to a given
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velocity, there would be a characteristic distribution about 180° whose
width would be a measure of the veloeity., Allowence would require to
be maje for the finite angular resclution of any measuring system.

Such an experiment was carried out by DeBenedetti et al. (1950) who
used two Nal scintillation countere in coincidence., The crystals were
120 em. apart, subtending only a few mimutes of arc at the scurce on the
mid point of their axis. The source wes Cua" wrepped in the minimm
quantity of gold needed to stop the positrons in order to reduce scat-
tering., The dimensions of the source were such that it also subtended
only a few mimites of arc. By moving one of the counters transversely
and plotting the number of coincidences against angle, the angular dis-
tribution was measured. From this experiment it was concluded that the
motion of the centroid did not correspond to an energy greater than a
few e.v. It was therefore sugpested that only the outermest shell
electrons took part in the annihilation process. This would result

in lifetimes an order of magnitude greater than those expected if all

Z electrons were available,

The second efffect of the motion of the centroid would be a slight
spread in the energy of the amnihilation X-rays for cua*%* annihilating
in Cu. VUsing a very high resolution curved crystal spectrometer,

Du Mond, Lind and Watson (1949) studied this effect, Allowing for all
instrumental broadening of the line, the residual effect could be ex-
plained by assuming an energy at annihilation of less than 4 e.v,, in
pgood agreenent with DeBenedetti's experiment. These authors point out
that in copper the only electrons having energies of this order are the

conduction electrons which have a distribution of energies up to 7 e.v.
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Assuming only the conduction electrons to be available, the life-
time expected would depend on their density. A large difference of
the order of several times 10 s, was expected between the lifetime in
lead and in potassium say which has a small mumber of such electrons.

A measurement of the difference in lifetime using a delayed coincidence
technique was reported by DeBenedetti and Richings (1951) in abstract
form. Contrary to the result expected, they found the diff'erence to
be not greater than 10™ s,

Mocre (1951) reported a lifetime of 1 + o5 X 10775, for positrons

in stilbene and Millet a8 lifetime of about 10™7s, in plexiglass, both
results claimed to be in agreement with an "all electron® theory,

From a study of these rather inconclusive and indeed conflieting
results, it appeared that mich more work was required and that in parti-
cular more accurate measurements were needed before emmm & cuantitative
picture could be obtained,
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ERAPTER IZX1

Hethods of measurdng short time interwvals in Nuclear and

Fundamental Particle Physies

There are ‘wo genersl approaches to the problem of measurding life-
times of unstable nuclei and fundamental particlea, As it was pointed
out in Chapter I, page 3 the lifetime and the level width of an un-
stable nucleus are related by the uncertainty principle. Experiments
may thercfore measure either quantity. The measurement of very short
times and very narrow widths presents considerable experimental diffi-
culty, It is perhaps fortunate therefore that these quantities are

reciprocal, In one case, viz. the 411 kev, state of Auwa

, both the
level width (Davey and Moon, 1953) and the lifetime (Bell et coll, 1952)
have been measured but, in general, only one quantity has been experi-

ventally accessible.

Heasurement of Widths of Nuclear levels.

When the width of a level excited by charged particle bombardment
is larpe compered with the homogeneity of the incident beam, a measure-
ment of the excitation funetion for the reaction at the resonance may give
a value for the level width, Many widths have also been deduced in
reactions initiated by slow neutrons, lere, the high enerpy resolution
obtainable with mechanieal velocity selectors enables widths of hundredths
of an ev. to be measured accurately, e.g., the 1,44 ev. resonance in
In"S shich has a neutron width of 2.4 x 107> ev. and a Y-ray width of
.09 ev. (Eavens et al. 1947).

An indirect application of width measurement is that of Elliot and

- 26 =



Bell (1949). The width of a % -ray line may be increased by Dopler
effect if the micleus from which it is emitted is still in motion after
particle emission, 'The X-ray chosen was that from the 479 kev. state
of 1.17 and the width was measured using a high resolution( -ray spectro-
meter, From the width the velocity of the mucleus and hence the time

of emission, the mean life of 0,75 x 10"1%, was deduced.

Direct Yethods.

A great variety of direct methods of measuring lifetimes have been
described in the literature and a few typical examples will be discussed,
1llustrative of the more important techniques,

When the unstable particle has high energy and either is, or deoays
into an ionizing particle, the cloud chamber is amongst the best instru-
ments for lifetime measurements, This appliecation of cloud chambers
is discussed by Wilson and Butler (1952). They show that for each
event we require a knowledge of three quantities - x, x, and p, where
x is the distance travelled in the chamber before decay, xo is the maxi-
mum possible path length in the chamber, and p is the momentum of the
particle. From a knowledge of these quantities and applying the analy-
sis of Peirls (1935), an estimate may be made of the lifetime.
€.g8. For the Vo' particle (Page and Wewth, 1954)

Vo' = wt o+ p° 4+ 37 dev.
From the mechanics of the disintegration the momentum and direction of

1 particle

the Vo may be deduced. From this imowledge, and the geometry

10

of the events in the chamber, the mean life of 3.7 x 10° s. was obtained,
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Similer techniques are possible with photographic emilsions, One
of the earliest measurements of the TU' lifetime was made using photo-
graphic plates arranged round the circumflerence of a cyeclotron tank in
which the mesons were produced. The radius and field detcrmined the
momentum of the particles and the mumber decaying in each plate gave a
measure of the distances travelled before decay.

Such techniques are not suitable when the momentum of the unstable
partiele is low and it is being rapidly brought to rest, e,g., a com-
pound mucleus., Here the particle is brought to rest in an immeasurably
short length and it is not certain that emission occurs before the nucleus
comes to rest. It is elsc unsuited for the study of positron aanihila-
tion at low energies due to the scattering of the particle in mmerous
collisions, For high ensrgies it offers the moet direct if rather
tedious method of studying annihilation in flight,

Where the rhotographic technicues are inapplicable, counters may
sometimes be used. By accurate collimation they may be made sensitive
only to radiations from a ldmited region of space. This may be used
to define the distance travelled (say be an unstable nucleus, before
particle or \-ray emission), from a target in which the mucleus is pro-
duced, Its velocity may be deduced from the dynamics of the reaction,

This type of method was used by Devons et al (1949) to measure

the lifetime of the peir emitting state of 016. This they found %o

Micew & mach Jife of ohewt 0%, e A8 45 necessary to assume
that the deczying body moves in a straight line, the method could not
be applied to the study of slow positrons due to their tortucus paths

and short ranges,
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Yet another method - the use of electronic delayed gates,finds
its application when the particles are produced in short bursts, e.g.
by a synchrotron or linear accelerator, or by an interrupted neutron
bean from 2 pile.

Here a counter is used to detect the emltted secondary particles,
Its output is fed to a block of electronic delayed gates, the first of
which is made sensitive by a pulse from the machine, The latter pulse
defines the instant of creation of the states. The other gates open
successively at fixed intervals and count the number of states deoaying
at that time., From the mumber of pulses in each gate, the lifetime of
the state may be deduced. This technique has been applied by Reid and
Moteil using the 30 Mev, synchrotron at Glasgow.

lastly we wish to consider the method of delayed coincidences using
counters, Here, a muclear event detected in a counter amnounces the
"birth" of the state, and the detection of the decay radiation announces
its "death”, 1In order to pick out the events in which one is interested,
separate counters (4 and B say) may be used to detect the announcing and
decaying radintions, This enables one to use geometry and shielding
to incresse the selectivity of the counters,

A coincldence circuit gives an cutput pulse only when pulses from
A and B reach it simltanecusly. The amount by which event A has to
be delayed in order for it to coincide in time with event B is a measure
of the delay in emission of B, In the measurements described above,
€.Ze., those using cloud chambers, the velocity of the unatable secondary
particle itself provided the scale for time measurements., Here the
velocity of an electrical pulse in a cable or delay network is taken as
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a secondary standard. This velocity may be measured with very great
sccuracy by resonance techniques and errors from this source can be
made very small,

This method has wide general applications. It is pearticularly
sulted to the study of delays between light perticles and \ -rays for which
the other methods are unsuitable, and it has been widely applied to the
study of the lifetimes of isomeric states,

Delayed coincidence techniques would seem well suited to the study
of positron annihilation, Either the positron itself or a miclear
¥ -ray assoclated with it could mark the emission of the perticle, and
the annihilation™ ~rays could mark its "death". We would thus require
an apparatus suitable for detectingP -§ or \ - X coincidences, and, in
the latter case. of distinguishing between the announecing and decaying
X -ray.
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CGEAPTER 1V

The method of delayed coincidences between counters

In this chapter we are concerned with those analytical considera-
tions which affect coincidence counting. In particular its object is
to set out the analysis by which information may be obtained from delayed
coincidence experiments, The limitations of these technigues are dis-
cunsed and guidance is obtained in the design of practical apparatus,

A coincidence unit may be defined as a device whose function is
to detect events ococurring similtaneocusly in several counters, Ve
shall be concerned mainly with the simplest case of ¢wo counters,
However, due to practical limitations in the speed of response of the
circuitel elements used, and of the oounters themselves, the instrument
can only Judge when an approximation to simmltaneity has been achieved.
Thus, if events occur within the same interval 'Co they are judged by
the instrument to be simltaneous, This time ‘Co is characteristic
of the particular counters and circuits and is called the resolving
tine of the coincidence unit? Suppose we have two counters looldng
at a source emitting N pairs per second of coincident radiations A and
Be Let us assume for simpiicity that each counter is sensitive to
only one of the radiations and that ‘\A + (\B are the efficiencies

of detection of A and B by their respective counters., Then

Mumber of counts due to A in counter 1 = N\’\A

‘umber of counts dvue to B in counter 2 = N\’\B
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No, of coincidences No, of counts due to A x
per unit Linme probability per unit time
that a radiation B will
be counted

= N r\ y X (\ B
For two identical counters the number of coincidences is double this
mmber,

If the counters are irradiated by sevarate sources such that
there is no time relationship between the radiations emitted, it is
st1l1] possible that a radintion may be detected in each counter
simltaneously. If the oounters detect H1, i, counts per second
respectively, then a number of coincidences 2 N, Nzto vill be
recorded, This may be seen as follows, Each time a radiation is
deteected in counter 1 the coincidence unit becomes sensitive for a
time 'Co. If a pulse cocurs in 2 during this interval, a ecoincideuce
is recorded. Due to counts in 1 the coinecidence unit is sensitive
for a time N1Uo per second, and this fraction of the counts in 2, i.e,,
N1C'°x N, will give rise to coincidences. Similarly, due to the N,

counts in 2, Nzt'o x N, coincidences arec recorded. Therefore in all

1
N1‘Co x Ny + N2C0 x N, d.e., 2 N1N2t0 coincidences are recorded.
These are called random or statistieal coincidences, Thus in actual
experiment the number of coincidenc es cbserved will be the sum of the
numbers of real and random coincidences. The number of random coin-
cidences can be regarded as a sort of background which we must try to
reduce. The ratio of real to random coincidences is of importance.

Consider the simple case above where we have a source emitting pairs

of radiations A and B with two counters each sensitive to only one.
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Number of resl coincidences H (\ 1 (\ 2
-
Number of random coincidences 3
"\ 2T

o 1
2 Nto

We wish this ratio to be aslarge as possible and hence require 'Co
to be small, We wish to have N small and hence to obtain a sultable
coincidence counting rate we must have ‘\ 1 » ©\ o @s large as possible.
Thus two of the most important features of a coincidence apperatus of
ony %ype are detectors of rapid response and high efficiency.

Suppose we have a pair of siwultanecus radiations detected by two
counters connected t0 a coincidence unit of resolwving time T o+ Let
us suppose that delay x is inserted beiween one of the counters and the
coincidence unit. In an ideal case, so long as x is less than U 02

coincidence will be recorded. Ifxis U no ccincldence will be

0
recorded, Thus 1f we have Nc coincidences per second and the number

of random coincidences i3 negligible, the graph of Nc as a function of

x will be a rectangle of width 2 -t"O’ x having both positive and nezative
values {eorresponding to delaying the other counter). This funetion

we call P(x). In the case where random coineidences are not negligible,
forx ¢ © o the number of coincidences recorded will be the sum of the
real coincidence and random coinecidences, for x>\ p it will equal the
mumber of random coincidences only, (Clearly a convenient means of
measwring the background of random coincidences is to insert a delay

greater than the resolving time and count the muuber of coincidences

under these conditions.

- 33 -



We have considered above the simple case where the relative radlations
A and B are emitted simltaneously. Suppose now that B is always emltted
at a time t after A. The number of coincidences as a function of delay
x inserted F(x) will still give a rectangular distribution but this will
be displaced by an amount t with respect to distribution in the ecase of
similtanecusly emitted radiations, If now the related particles A and B
are seperated by a variable time t where the probability of delay ¢ is
given by a function £(t), F(x) will no longer be rectangular and its shape
will be govcined by £(%). Clearly for x large compered with U o the
distribution will have the form £(x).

In practical cases (which will be discussed in Chapter V), a varicty
of instrumental delays of a random nature may occur, and any real systematic
delays in the emission of one radiation with respect to another are super—
imposed on these, Clearly random delays will increase the resolving time
Just as amplifier noise limits the energy resolution of an ion chamber,
The ecese in vhich these random delays have a Gaussion shape has been dis-
cussed by Binder (1950) and that in which we have a triangular distri-
bution of delays by Newton (1950). Macintyre has shown that the analysis
of Binder is in good agreement with experiment,

In thece ceses the resolving time as defined above loses much of its
significance and is not readily observable from experiment, It is found
convenient to redefine U o in terus of measurable gquantities by the
equation

umber of random coineidences = 2 N, Nzt 0
The modification in the shape of the graph of mumber of coincidences as

e funetion of delay inserted when random delays are present is shown in
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fig 1« In the case where there is no delay between the pairs of radia-
tions being counted this aurve, which is characteristic of the apraratus
and radiations, is called the "prompt coincidence resolution curve P(x)".
Clearly the mean width of this curve will be 2t’0’ When one of the mairs
of radiations detected is systematieally delayed with respect to the other,
the corresponding curve is called the "delayed ccinclidence resolution
curve F(x)". With suitable normalization (to unit area) we may re-
interpret these curves. In the case of P(x) the ordinate represents the
probability that a coincidence will be recorded when two radiations are
emitted simultanecusly and detected, one of them being delayed by an amcunt
x., A similar interpretation can be given to F(x).

An important relationship exists between P(x) and F(x) when the only
difference between the two cases is that in the latter one of the redieations
is delayed with respect to the other, This relationship was pointed out
by Newton (1950), It may be seen as follows, '

Let the probability per unit time that a radiation will be delayed
by an amount t with respect to the other member of the pair be £(t).
Suppose a pair of radiations is emitied with delay t between them and an
artifieial delay x is inserted.

Probability that this peir will
be recorded as coincident

P(x~t)as
ssewoe (1)
Probability of recording a coin-

cidence with delay x inserted
and a delay t between the

P(t) P(x - t;dt

radiations sitddd (2)
«'e Probability of recording a L
coincidence with delay x - g f(t) P(x - t)at
inserted -

sneses (})
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But this is F(x)

o0
*e  F(x) > X £(t) P(x = ¢) at
e vecsess (B)

If £(t) has the form A o" ™ chich weuld avise if e first of the
pair of rediations announced the formatlion of an exponentially decaying

state whose decay was maried by the emission of the second radiation, this

case becomes

£
F(x) = N e.')‘x S e'>\t P(t)at
i sseving (5)

If we now differentiate this eguation we obtain

i = N (P-P)
edsonse (6)

1 -

We may deduce from these equations certain properties of the curves which
are useful in the interpretation of experimental results. From equation
(7), if x is such that P<¢( P then

7 oL e‘%x
T R RN A (8)

and thus we are able to weasure N from a logarithmic plot of the "tedl"
of F(x) for large velues of x in the region where P(x) is small.
The accuracy with which we mey measure this slope depends on the
statistical accuracy of the points, This quantity depends largely on
the ratioc of the mumber of delayed counts compared to the number of random
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coincidences, As the resolving time 1s increcased the mumber of random
coincidences rises. Purther, the P(x) curve is broadened and hence the
delay x at which the condition F(x)»% P(x) is satisfied is increased
and consequently P(x)oCe” * decreased. Thus we see that incresse in
resolving time worsens the delay coincidences to random ratio, and there-
fore the accuracy with which decay constants can be measured., Looked at
from another point of view, if we have a given resolving time, then as
the decay period to be measured decreases, so the accuracy measurenent
decreases, and for a glven resolving time this sete a lower limit to the
times measurable by this method,

A further analysis, however, shows an alternative method in which
these restrictions are avoided. Starting with equation (6) we have

¥ ob -
(xiz ax = A g xP(x)dx - gxr(x)dx
)q» d x -0 o
av P
LS. = on.a...;dx = Ex?(x)‘k-“ - F(x)ax
1

Provided F(x) diverges less rapidly than %

-K\ F(x)ax = -1

=0 L)
g"x Plx)ix = g x P(x)ax
senasse (9)

o
With the above normalization S.xF(x)éx = centroid of #(x)
Similarly *P(x)dx = centroid of P(x)
-0

mean life = U =

%
N

Hence U = displacenent of the centroid of P(x) with the centroid of

P(x).
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This was £irst shown by Bay (1950) using a more general analysis discussed
below.
It is clear that if we can produce a corresponding pair of curves
P(x) and F(x), the limits of measurement of U depend only on the stability
of the centroids of P(x) and F(x) and on the statistical accuracy with
which the centroids can be determined, Since all the counts, and not
Just those in the tail, can be used in this method of amlysiﬁ, the statist-
ical accuracy is mmch greater than that in the first method described above,
and in the author's experience in practice seldom forms the final limitation.
Prom the equations (5), (6) and (7) above, Bell (1952) makes several
deductions which act as checks of the consistency of the results,
(a) P(x) and P(x) rise from the same point on the left, We
have found this a useful check against centroid shift due to
instrumental drift.
(b) If only 2 single lifetime is present in F(x), then from
equation (6) P(x) and P(x) intersect at the maximum of P(x).
This eriterion is found to be rather difficult to apply
with any sccuracy when T is short.
(e) 1If only a single lifetime is present in F(xz), and if the
curvature of log P(x) is nowhere positive, then the curvature
of P(x) is nowhere positive., The author has found the
positive "kink" very valuasble in the detection of complex
lifetimes.
The above analysis is a partiocular case of a much more general theorem
proposed by Bay in a brief letter where he gives a relationship between

the “th moment of the curve F(x) and the moments of the curves P(x) and
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£(4)s Bay, in this letter, promises a demonstration of this in a later
paper, tut this has not apveared to the writer's knowledge. We have
constructed a2 proof and the necessary assurptions are noteworthy. We
start from equation (5) above,

We define in the usual way " F(x) - g‘xnﬂ(x)

o L]
By equation (6) u° P(x) = g ax & = P(x - t) £(t) at
- -

By Taylor's theorem
P(x - t) = P(I) - P1 (X} + ‘i t 2P11(x) + seevses
()" 8™ PNx) 4 gaesian
\B, % o0 ©
W opx) = §‘P(x)xndx g f(t)at - &x"?‘(x)&agﬂ’(t)dt

L] -0l -ad -0

+ \i g-xnpﬂ(x)ax gtzf(t)dt TR

- -old “

P [ an"(x)dx E tP(1)At 4+  seseees
- -l -ab

= w0 (o(thr, - ul Lf(t)\ I, + %H‘k(t))l.._

e {=1)" W'e(8) T 4 \_R"In+ 1 wE(t)
I.i In + 1

Now I, = &P(x)xndx = u® p(x)

- & > Ec“?"(x)ax = [ /x:?‘() ]" - ng:“"p’“ax

The condition that the bracketed term be zero is thet all the derivatives

of P(x) should converge at infinity more rapidly thani- o By repeated
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integration by parts we obtain

o
I = ()™ a(net) see  (ner 4 1) gxn-rl’(x)c\a
-ob

ol SR T px) r{ n

"\-n -7

-} -
Ifrdn (z=n)

=|n g P islx . 0n (x)]
e [2’( ~ 0
Thus we have with hay

1 P(x) = ¥° £(8) KR(x) + uM' £(t) ¥ B(x)
NS . ¥T Px) W 2E) .t E° P(x) M® £t

sussnas (40)

Equation (10) shows that given P(x) and P(x) we may in principle
deduce the moments of £{t) and hence §\t). In proctice we have found it
more useful 4o use a fit and try method.

Soiz simple cases deserve study and corrent, and we will now consider
these. In the case above where one detecter is sensitive to the announeing
radiation and the other to the decay redintion where the decay is exponen-
tial, we take first moments.

() = Ae 59%.0

p! (x) PR ¥(x) m")\e"‘t +  ¥° B(x) x‘ae'“



shown above,
sSsetane (11)

There may arise cases in which it is not possible %o satisfy the
condition that only one of the counters is senstive to the decaying radia-
tion and the above analysis does not apply. In this case we have

£(t) = N\ e-k[t’

Integration by parts shows that

N\ e-)\(t) Y Ln n even or zero
=
= 0 n odd

sessase (12)

Applying Bay's expression for ' F(x) we £ind that the centroid P(x)

coincides with that of P(x), However for Mz P(x) we obtain

¥ B(x) -~ W Px) x 1 + N° B(x) %

2% - .;7 s Bl e B9 e
sesssve (13)

Hence from a measurement of the second moments of P(x) and ®(x) U may be

determined,
It is clear that if all the pairs of radiations are separated by a
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fixed delay the curve F(x) will be similar in all respects to P(x) but
each peint {and hence the centroid) displaced by the amount of the delay.
We have found the Dirac® function useful in dealing with more complex

cases'(if F(t) » B (t-a) this represents a fived delay of a:)‘using
o

the property that .\f. x)§ (x-a)ax = x(a)

From first prineiples we have
(\”
F(x) = x f(t) - P(x-t)dt
-0

I (L) = 2 (x = a)
od
F(x) = (;S(t—a) P(x=-t)dat

P (x =a) — the result deduced above

Since SS(x)dx = 1 and SQlx)r(x) = £(o)

Clearly i S (x) = 1 neo

- 0 n o

We use these in a final example of 2 more complex case, Suppose
the announcing radiation signifies the formation of one of several possible
separate states with decay eonstants y \r of which decay promptly.
The former have individual £(t) of A, ¢™A ... snd the latter § (8).
f(t) for the whole system will have the form

a,: 'Ai e—}t + !12)\2 e-k zt soven ar%re-krt sese ¥ b g\\\
where Zar + b s 1

For a solution to this problem we will clearly require 2¥ equations

and these can be obtained from the first 2< moments of (x) and P(x).
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It must, however, be remembered that each moment has an assoclated
probable error which increases as the order of the moment inereases.
It may be shown that the solutions of these 2¢ equations for the moments
of £(t) (which determine the latter function) consist of a series of
terms of the fom :

o P(x) - i p(x)

As the mumber of unimowns increases these tems become less and less

accurate and the method brealms down,

Conclusions

The power and limitation of delayed coincidence technique depend
greatly on our lmowledge by other means of the camplexity or otherwise
of the delays which will be enocountered, If it is certain that only
one period is present the analytical method above may be applied and
the limit to the accuracy of the result is likely to be set more by
the stability than the resolving time of the apparatus, However, as
the known complexity increases so the accuracy possible decreases, until
the method becomes no longer profitable,

When, on the other hand, there is no fore-knowledge of the "delay
scheme” , the analysis above is of little vaiue, It then becomes neces-
sary to examine the "tail" of the resolution curve, We have discussed
the limitations of this methed above, While it is difficult to measure
a period shorter than the resolving time in this way, care is needed
lest a long periocd associated with only a fraction of the decays be
overlooked, This would be observed more resdily with a longer

resolving tine.
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Combining these considerations with those set out earlier, the
following requirements for a high resolution delayed coincidence appera-
tus may be deduced.

(1) Detectors of high efficiency to reduce counting time

and hence "improve" stability. The ratio of reel to
random coincidences would also be increased.

(2) Minimum random delays to give shortest possible resolving

time,

(3) High stability in order to make fullest use of analytical

techniques.,

These are therefore the considerations %o be kept in mind when
designing a delayed coinecidence unit, though a certain degree of

compromise is necessary between the requirements of stability and
resolving time.



CHAPTER ¥V

Delayed Coincidence Technigues

Historicsl Survey

The first application of elsctrical coincidence counting to the
study of nuclear phenomens was made by Bothe and von Baeyer (1925),
though as early as 1910 Geiger and Marsden had viewed with the eye,
scintillations appearing to occur simltaneously on two zinc sulphide
screens, Dunworth (1939), however, was the first to use such methods
in the measurement of very short time intervals when he measured the
3% 10" 5. lifetime of ThO', His apparatus consisted of two Geiger
counters connected to a coineidence unit of variable resolving time.

Dunworth pointed out that a lower limit tc the useful resolving time
of his apparatus was set at about 5 x 10°7 5. by the randem delays
inherent in the operation of Geiger counters. Subsequent investiga-
tions have confirmed that this is so (e.g. Den Hartog et al, 1947,
Sherwin, 1948)., This is a defect of gas counters and represents the
drift time of electrons towards the region cf multiplication round the
collecting wire, 1In addition to this limitation, their low efficiency
for the detection of ¥ -rays makes them unsuitable for coincidence ex-
periments of the type proposed by the writer.

The great advance in delayed coincidence technicque cane with the
introduction of scintillation counters (licGowan et al. 1949) as detec-
tors with such apparatus. Seintillation counters may readily have

efficiencies of the order of 10, and more for ¥ -rays of 1 Mev and



detect p -rays with similar efficiency to a Geiger counter., With
regard also to speed of responae, the scintillation counter is frem
ten tc a hundred times faster than any "gas counter'. This aspect
of the secintillation ocounter will te examined in more detail below.

The great improvement in the speed of response of the counter
was an incentive to develop electronic circuits of shorter resolving
time. The early scintillation counter gave output pulses of the
arder of 107> to 10~ volts due to the low gain of the available phobo-
mltipliers and imperfect phosphors, Considerable amplification was
required before application to coincidence circuits, This increased
the rise time of pulses to about 1.5 x 10-7 Se; €e8e MoGowan et al.
(19%7). To overcome this limitation, amplifiers of greater bandwidth
were designed, culminating in the distributed asplifier of Gintzon et
al, (1948) which had a bandwidth of 200 megascycles. Another approsch
was that of Bell and Petch (1949) who, with selected photo-mmltipliers,
applied inter-stage voltages considerably in excess of the recommended
values, and in this way obtained pulses of several volts from a single
electron leaving the photo-cathode of the photo=nultiplier, This
method produces little or no increase in rise time,

Since the scintillation counter produces pulses proportional to
the ener;y expended in the phosphor, some form of amplitude diserimina-
tion is usuelly required., With pulses of finite rise time, a large
mulse trigeers a discriminator earlier than a smaller one, thus intro-
ducing spurious delays, Special cirenits to minimise these effects
were introduced by P, R, Bell et al.(1947). Such difficulties were
removed by Bell and Petch (1949), who used amplifiers and discriminators
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in parallel with the fast colncidence channel to measure the pulse
height from each of two counters. A triple coincidence unit fired
only when both amplitude and coineidence channels were satisfied,
The "side-channels" and triple coincidence unit could be of conven-
tional "slow" design as they had no effect on the resolving time of
the circuit proper, This arrangement has since beern universally
adopted.

Coineidence Circuits

In the work with Celger counters, and in the early experiments
with scintillation counters, the coincidence circuit commonly used
was thet due %o Rossi, of DeBenedetti and McGowan (Phys, Rev. 70,

569, 1946). This consists of two pentodes with a large common anode
load so that each acts as a clamp on the anode voltage when the other
iz cut off by 2 single pulse. Colncident mulses cut off both giving
a large output, The resolving time of this clrcuit is limited to
about 5 x» 10.85. kr the rise #ire of the znode mulse, Pulses of
sbout L-v sre required to operate such a clrcuit, Similar to the
Rossi circuit was that of Baldinger et al, (1949) which was two triode
valves with a cormon cathode lead, The pulse at the cathode was
weasured by & low caracity diode discriminator cirewit, With the low
output impedance for non-coincidert pulses due to the cathode follower
aption and the reduced stray capacity, a resolving time of 5 x 1077 s,
was achieved.

Catiode ray tubes were used as delayed coincidence units by sone

workers. Krashaar et al, (1950) measured the mean life of the W'
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meson. The pulses representing the stopping of the W' meason and
the emission of the M"* neson were displayed on a time base. This
was photographed and the separation in time of the pulses measured
Zrom the photographs, The resolving time was about 3 x we .,
Used in this way, the cathode ray tube is a mmlti-channel time-sorber
(by analogy with a mlti-channel pulse amplitude analyser) and greatly
reduces the time recuired for experiments., This is especially valu-
able when events of infrequent occurrence are bdeing studied., The
rmain disedvantage of the cathode ray tube lay in its poor deflecticn
sensitivity such that pulses of tens of volts were required to produce
a measurable deflection., This effect was accentuated when the dura-
tion of the applied pulse was less than the transit time of the electron
beam through the deflecting plates. The recent intvoduction of travel-
ling wave amplifiers and deflection systems (Pierce 1949) have largely
removed these objections, but there seems to the writer to be little
advantage in the use of such complex devices when comparable performance
can be attained with the simpler cirecuits tc be described below,
Circuits specially designed to tale advaantage of the time-resolving
rroperties of scintillation counters have the common property of requir-
ing only small pulses that can be supplied direct from a photo-mltiplier
avolding all amplification, All make use of germanium crystal recti-
fiers which have a very low if'ocrward resistance even for pulses of 0,1 v.
and small capacitive ecoupling f{rom anode to cathode., These circuits
mey be divided into two main types - balanced circuits and circuits
esploying pulse equalization. In the former type (e.gs Baldinger
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et al., 1947, Bay, 1951) the eirecuits are sc arranged that a single
pulse cancels itself, while due to the non=linear elements, a coin-
cidence gives an output pulse. With the circuit of Bay, resolving
tines less than 10”7 s, may be schieved. Further, pulses of a large
range of amplitudes may be applied to the circuits. The disadvantage
of these circuits lies in the difficulty of matching erystal diodes
over a wide freguency band, and also matching their teuperature charac-
teristics.,

The two best knovm circuits of the second type are those of Eell
et al, (1952) and DeBenedetti et al, (1952), The feature of both is
that pulses from a photo-uultiplier are applied to 2 pentode causing
the current in the latter to be cut off. A standard pulse is thus
produced, The standardised pulses from the two counters are added
and amplified in a "slow" amplifier. A crystal diode at the input
of this amplifier prevents the addition of pulses within its resolving
time. The advantage of these circuits is in their simplicity and
reliability, and as shall be shown below, the limiting action may be
used to improve the resolviang time. The 1limit to the resolving tinme
is set by the rise time of the pulse at the anode of the limiting
valves and is probably about 1077 s,

Most of the above techniques and circuits were known in principle
to the author before he began his experimental work, but it was not
until some time later that any details of the important circuits such

es those of Bell and DeBenedettl were published,
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On the grounds of simplicity and stability, it was decided to
build a ctireuit similar in prineiple to that of Bell and to use photo-
zmltipliers as detectors.
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CEAPTER Vi

The development of z delayed coincidence apparatus
of 2 x 10°

8. resolving ﬁnm

Introduction

In the preceding chapter, the development of delayed coincidence
technigque has been traced and some of the circults used in this field
discussed. From such a survey it appeered that for ocur purposes the
circuit best suited was that of Bell, as it gave adequate verformance
with the greatest simplicity and reliability. This decision wes fur-
ther strengthened by the fact that an apparatus on similar mrinciples
had been built by Mr, G, M, Lewis of this laboratory. It had a resolv-
ing time of about ‘IO-8 Se At that time, Bell had published ouly the
kroad prineciples of his clircuits and so the writer's apparatus wes
developed rather from that of Lewis.

The Apparatus

The general principles of the apparatus were described in the
previous chapter. A block diagram is given in fig. 2 (full line).

The two side channels which provided amplitude discrimination were not
altered materially from those of Lewis., They consisted of a head
anplifier - a cathode current fed back pentode, to which the pulse was
apnlied via an attenuator. “2 was & two-valve RC coupled amplifiler

without feed back. Inductive compensation was employed to increase
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the bandwidth. D, was an AERE type 1028 diseriminator, the wiring of
which was modified to reduce the input capecity.

The triple coincidence unit was also af'ter lLewis, It was of
conventional Rossi type and had a resolving time (in conjunction with
the discriminators) of C.6 Ms.

The counters and fast coincidence channel were considerably modi-
fied, 1In the original design the counterz consisted of B.X.I. type
5311 photo-mltipliers with anthracene as phosphor. Pulses from the
counters were applied directly to the limiting pentode. To avoid feced-
back, the cathode of the latter was decoupled. TIts anode load was
matched to the 95 Ohm Uniradio 31 coaxial delay cable along which the
mulges are transmitied to be mixed in the shorted line which determines
the duration of the pulse., The cables from ¢, and C, meet the shorted
line at the "mixing point', Preceding the "diode clam", a single
valve gives further amplification, The "diode clamp” prevents further
superposition of pulses within the resclving time of the subseguent
"slow" electroniecs and also lengthens the pulses to be suitable for the
latter. Beyond the diode clamp there was a further stage having o pain
of 25 to bring the pulses to an amplitude sulted to diserimination by

the standard discriminator D Detailed circuits of this apparatus

3
will not be given here. In Appendix I} the circuits of the authcv's

final apparatus are given.

Hodificetions

Conventional technicues of electronic development usiog pulse

generator and oscilloscope could not he employed in this work because
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no generator or oscilloscope of adequate speed was aveilable., 1In the
early stages deduction had to be made from the lengthened waveform at
the output of Az and later from delayed coineidence resolution curves,
Yiodifications were usually suggested from consideration of the general
principles of the apparatus, so that it is proposed, before going fur-
ther, to give a more detailed analyais of certain of its aspeets and

the modifications they sugpested.

Pulse duration

The resolving time is primarily determined Ly “.e duration of the
malases at the diode clamp., It may be shown that this duration D may
be written

L = time for a pulse
D = 21,4»‘1‘A to {raverse the
shorted line

TA’ rise time of the
pulse

Rurther, T 4 Dy be divided into two components, viz,, the inherent rise
time of the electronics, Tgs when a step palse is applied to the limiting
valve, and the time to cut off the limiting velve, If the rise time of
the photo-multiplier pulse is T_ the cut-off time will be 'f& R

is a function of the ratio

amplitude of pulse
amplitude required for cut-of'f

(If v\ can be made large, cut-off time can he made negligible. This
was not the original murpose for which the limiting valve was introduced
by Lewis, Bell and others, and it was the realisation of this property
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that led the writer to hope to obtain short resolving times despite
predictions as to the unsuitability, due to alow response, of the only
availgble type of photo-multiplier.) We wish D to be a minimmum,

If 2L is made less than 'l‘A then it may be shown that pulse ampli-
tude 1s rapidly lost with littie improvement in D. This sets a lower
limit to 2L, Clearly to obtein an improvement it is the rise times
which must be reduced.

I

The main factors affecting Tr, the rise time of pulses from the
photorultiplier, are:-

1. Decay time constant of the phosphor,

2. Spread in transit time in the photomltiplier.

3. Time constant of the output cireuit,

The statistical effects (random delays in emission of the first photo-
electron) due to the excitation of a relatively small mumber of phosphor
molecules (Post and Schiff, 1950) are not significant when energies

such as are proposed are expended in phosphors, viz., more than 500-kev
and 1ight collection is good.

An anslytiecal discussion of the pulses from a photomultiplier has
recently (iLewis and Wells, 1954) been given, but for our purpose a more
qualitative treatment seens adequate, The photomultiplier is essentially
& current generator and the output time constant determines whether or
not the pulse of current is integrated. If the time constant is short
campared with the spread in transit time and phosphor decay time, the

rise time depends almost entirely on the former, Prom the work of
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Relative Decay Time

: Phosphor Energy + 10~ &
l Yielad 4
l

inthracene 100 23+ 5

Napthalcne 24 60

Stilbene 67 6X1

Ty 2.2 % 0.3

in Toluene
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Allen and Engelder (195)) it would seem that rise times of shout ‘10"8 Se

could be expected with conventional accelerating voltages. With an
integrating eircuit, the rise time would be increased by of the oxder

of the decay time of the phosphor., Decay times for a mmber of phos-
phors have been measured and are given in Table opposite, For
stillbene, and solutions of terphenyl, the rise time would appear to be
little greater than for the case of short time constant The pulse
amplitude would be greater, The advantage would seem to lie with the
integrating circuit in these circumstances.

Hote: The transit time spread mentioned above refers to the E.M,I.
type photo-multiplier., For the electrostatically focussed type, €ege,
R.C.A, type TP21, transit time spread is of the order of 10”2 s. (Morton
1949), The above conclusions would not then hold. However, to obtain
the required gain with IP21 type photo-mltipliers, it is necessary to
greatly exceed the mamifacturers' recomended voltages, and so the risic
of failure is high, Since these tubes had to be imported, invelving
delays and dollar expenditure, it was felt that no risks could be taken
with them. It was therefore decided to use the E.M,I, type tubes and
attempt to overcome their disadvantages.

L2 "

N
Since the pulse width can be reduced by a large 0\ we clearly wish
to have as larpe outvut pulses as possible, The pulse amplitude is
proportional to -
1, The number of vhoto-electrons emittcd by the photo-cathode.

- 55 =



2, The gaein of the photo-mltiplier,

3+ 'The reciprocal of the output capacity.

The first quantlity depends on the efficiency of the phosphor for
the conversion of the energy expended by tie ionizing perticle into
light, and also on the efficiency of the photo-cathode for the conver-
sion of this light into photo-electrons (see Table). Another factor
involved is the fraction of the light emitted which aectually reaches
the photo-cathode, This fraction depends on the geometry and optical
vroperties of the arrangement.

The gain of the photo=multiplier depends strongly on the applied
voltage varying approximately as the seventh power, It is limited by
the maximm voltage that can be applied to a stage. This limit may be
set by onset of corona discharge from sharp points or regenerative posi-
tive ion effects and varies with individual tubes (Post, 1950). To
obtain more gain the nmumber of stages may be increased, though transit
time spread changes with the squere root of the mumber of stages (ilcrton,
1949) .

From the above considerations, it was decided to use either still-
bene or solutions of terphenyl in toluene as scintillator on the grounds
of their short decay constant., Their scintillation efficiency is also
not unfavourable. In the case of the solution, it was to be contained
in cells of quartz with thin, plane ends cemented with Araldite to give
good light transmdssion to the photo-cathode. A reflector of HgO wes

to be used,
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The 11-stage photo-rmltiplier was to be replaced by the new 1Lh-stage
E. M, I, type 6262 (see fig. 3 ). As well as a gain of 10° (160~w per
stage) thece tubes have a photo-eathode 2" in dameter so that light
collection from large cells is possible,

To reduce cutput capacity a new mounting wes designed in which the
limiting valve was mounted on the photo-multiplier light tight box with
its grid pin close to the output electrode. In these ways the writer

T
atteupted to reduce the quantity -a‘l

'1“.‘ is the rise time of o pulse which would reach tho dlode clamp
if a step~pulse were applied at the grid of the limiting valve. It
appeared that oaly minor alterations were possible in the limiting walve
circuit, but it seemed desirable to eli:niz';ate the amplifying stage pre-
ceding the dlode clamp, Some remarks about the latter seem pertinent,
The dicde clamp has the function of lengthening the pulsze so that it may
be amplified by conventional techntues, and of preventing superposition
within the lengthened time, It is very important that the charging time
through the diode should be less than the propesed pulse width., To
facilitate this ‘the diode should have a low forward impedance for the
applitude of signal epplied. Using electronic diodes, it appeers that
a signal approaching 1 volt is needed to obtein a sufficiently low for-
ward impedance, Since the signal from the limiting valve is only 0,25
volts, the additional stage of amplification is required, To eliminate
this, germanium erystals type GEX 44, some of which have a forwerd impedance
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of about 200 Ohms for 0.25-v signals, were introduced, This reduced
the charzing time to about 2 x 10”2 s, Finally, two such crystals
were used in parallel, These crystals were inserted between the mixing
point and the first walve of A3. At the same time, the output circuit
of the limiting wvalve was cleaned up by the use of miniature components,
improved radio-frequency plugs, and better earthing.

Resolving tle

The resolving time for two pulses may be said to be

duration of pulse A + duration of pulse B
- minimm overlap required

3
2
Since the diode clamp is an integrating circuit of time constant about
10~%s,, the transmitted amplitude of the overlapping part of the super-
imposed pulses will depend on its width. Hence the bias of discrimina-
tor D3 will affect the resolving time for a pair of pulses., Since the
expression above (page §3) for the duration of a pulse contains the
pilse amplitude (through O\ ) the resolving time will be a funetion of
the pulse amplitude., If the coincident pulses have a distribution of
amplitudes, the experimentally measurable quantity will be the mean
resolving time, This quantity is clearly dependent on the pulse spectrum
as well as the circuitry.
Suppose the pulses from the two photomultipliers are identical.
If delay is now inserted between either counter and the mixing point,
the number of coincidences will be constant as a function of delay until

the overlap is so small that D3 does not trigger. The resulting
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"eoineidence resolution curve’ will be a rectangle symmetrical about

zero delay. [INow let the pulses on one side all be inecreased in ampli-
tude, Two effects will follow. Firstly, the duration will be decreased
at the mixing point of pulses from the counter giving the inereased ampli-
tude. Hence the resolving time and width of the rectangle will be re-
duced., Secondly, the centroid of the rectangle will be displaced from
zero. The significant point on the pulse for such circults as these is
the centroid, In the shorter wulse this will be nearer the true point

in time of the muclear event which is at o fixed time from the beginning
of the rise of the pulse. Hence the pulse reprecerting a low energy
event will eppear delayed with respect to one representing a higher energy
event,

Whena the coincident pulses from both counters have a distribution
of amplitudes, the resolution curve will be the superposition of an
infinite set of rectangles of varying widths displaced relative to one
another, giving rise to a smooth curve, The exact shape of the curve
depends on the pulse spectrum, The position of its centroid depends on
the mean pulse height from each counter.

The three bias levels of D1 » Dy, IJ3 each affect both the resolving
time and position of the centroid of the resolution curve. D3 affects
nainly the resolving time, while Dy D2 change the mean accepted pulse
height and produce displacemenis of the centrold of the resolution curve,

Initial tests

The main variables of the spraratus were the multiplier voltage,
the length of the shorted line, and the settings of the three discrimina-
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tors. The maximuw voltage that may be applied to the tube is 2600,
From the point of view of speed of operation it is desirable to operate
as near this wvalue as possible. The application of such high voltage
raised tvo main difficulties,

Pirstly, above about 1700~-v the number of noise pulses was observed
to increazse considerably., This was talen to signify the onset of pro-
cesses in addition to thermal emission from the photo-cathode, e.g.,
cold emission from sharp points, Secondly, at voltages greater than
this, signal pulses from 500-kev Y -rays began t¢ limit and thus signal
to noise ratio was reduced. Plle up of the increased number of nolse
pulses in the side channels contributed to this effect. Pile up was
minimized by reducing the output time constant of the photo-mltiplier,
A type C,V,1192 diode was inserted between the first and second wvalves
to lengthen the pulses suffieiently to operate the discriminator while
preventin: plle up of successive small signals, Extra decoupling on
the last few stages of the photo~muliiplier was also found to be helpful
in re@ucing the 1limiting effect. The effects of space-charge, however,
could not be eliminated.,

It was found very convenient to have the cathode of the phototube
at eaxrth potential and tests also showed a reduction in noise using this
method of operating. As the tubes are surrounded by an earthed can,
the latter has a defocussing effect in the important early stages when
the photo-cathode is at a negative potential.

As the length of the shorted line was reduced below 5 x 1077 s.,

the pulse height at the ocutput of A3 was found to decrease considerably.
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This was thought to be due to the excessive rise time of the pulse.

A3 was redcsigned using four valves to have much greater gain, The
resolving time measured, however, decressed steadily, which would not
have happened had the pulses risen as slowly as the fall in amplitude
indicated, A% resolving times of the opder of 10~ s. an amplifier
of mid-band gein of about 10 was needed to give signals in the repion
from 10-20-v, The estimated bandwidth was about 5 li/cs.

In a paper giving detailed designs of a ecircuit very similar to this,
Bell, Graham and Petch (1952) use an amplifier of gain 2 x 10* and band-
width 2 1/cs without comment. An explanaticn of this effect has been
suggested by F, H, Wells (private correspondence) who has examined the
milse at the grid of the first valve with a fzst triggered oseilloscope.
le finds that the crystal dlode does not lengthen the pulse as mmuch as
D,C., measurements of its backward resistance lead ore to expect.

The werformance of the circuit

There is good reason to expect that the delay in emission of' the
second Y -roy of 0060 is very small. Coincidences between these ¥ -rays
wvere used to measure the resolving time cf the circuit. GSolutions of
terphenyl in toluene were uged as scintillators. and 2000 volts applied
to the mltiplier, The shorted lime was of length equivalent to
2% 10”7 s., Dy wes set 50 as to Just exclude single pulses, and D, and
D, set at their minimm value. A resolving time of b x 1072 &, was
obtained. If the setting of D3 was increased above the ninimum value,

the resolving time was reduced towards 2 x 10~ 5. However, the mumber
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of coincidences also decreased, Vith a shorted line 1 x 10-'9 s. long

and miniermm settings, a resolving time of 2,5 x ‘IO-9 s, was achieved,

and by increasing Dy bias, this could also be reduced towerds 1.5 x 1077,
The effect of inereasing the bias of l)1 and D2 by similar amounts

decreased the resolving time, but not to the same extent as corresponding

increases in Dj. If only one of D, or D, was increased, the resolving

2
time decreased only slightly, but the resolution curve was displaced
by about 1.5 x 10”7 s, for a ratio of sbout 2 in mean pulse heights in
channels 1 and 2.

The above tests showed that a delayed ceincldence apparatus with
a resolving time of 2 x 109 8., capable of giving repeaﬁble resoluticn
curves, was available, They underlined most strongly the not unexpected
dependence of the position of the centroid of the resolution ecurve on
the relative energy bands accepted by discriminators D, and Dye

As & final test of the apparatus, an experiment to measure the tine

60

of flight of the % -rays of Co was oarried out. (1) The experimental

arrangement is showm in Pig. 4 The source of about 20MC is first
placed in position A. The pulses in mltiplier B, corresponding to
those in A, are delayed by an anmnt'%. S:i.milarly,in position B they
are delayed by :% . We therefore expect the centroid of the resolution
curve to be displaced in the second case by an amouni -2'5 with respect to

the first. This was done for several values of d, the smallest being

\
(1) A somewhat similar technique has been applied by Cleland and Jastram
(1951) in the measurement of the veloeity of annihilation X -rays.
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7 cm, This corresponds %o a separation of the curves of 5 x 1()"10 Ss

(see Pig, b ). The eurves arc clearly resolved point for point and

the estimated errcr in the determination of the centrold position was

+ 4z 10-105.

These results showed that if suitable comparison curves could be

obtained, delays of a few imes 10770 &, could be detested and measured

in favourable cases,
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CHAPTER VII

Some early experiments on the lifetimes of positroms
in solids

Introduction

It had been shown by DeBenedetti (1951) that the difference between
the lifetimes of positrons in lead and potassium was probebly less than
1079, His experiments cemeisted of allowing the positvens from a cu™
source to pass through a thin crystal into the sample, A second crystal
detected the annihdlation radiation, The pulse initieted by the passing
of the positron through the first crystal merked the time of entering the
sample, while the pulse due to the annihilation radiation indicated the
instant of its annihilation, This method has the' disadvantage that, due
to the contimicus nature of the positron spectrum, and the poor geometry
used, much annihilation takes place in the crystal and other foreign bodies,
If, %o avoid this, the crystal is mede thin, the pulse height is reduced
and the time resolution of the apparatus adversely affected,

An alternative method was suggested by the work of Deutseh (1951) in
geses, He used ¥a®? as s source of positrons (see decay scheme fig, S ),
If there is no appreciable delay in the emission of the 1,28 liev X -ray
following the positron, this may be used to merk the instant of emlssion
of the particle, This technique allows the source to be completely sur-
rounded by the material in which one is attempting to measure the positron
lifetime., Annihilation in the source itself can be kept small, as,with

care,it can be obtained relatively free from carrier.




The Positron Source

Ha22 decays by the emission of a positron to the 1,20 Mev excited

level of Ne22. The latter is an even-even mucleus and hence its ground
state has spin O and even parity. From the shell model, the first excitei
state is expected to have spin 2 and even parity. The 1.28 Mev X =ray
would therefore be electric quadrupole and have a lifetime of the order
of 10°1% 5, This 1s negligibly swsil fer our puspesss hese.

Na2? is prepared hy the reaction llga‘ (a, NaZ2, The cross-sectio
for this reaction rises rapidly with the bombarding energy of the deuteross,
A mgnesiun target was bombarded in the Birminghar cyclotron and the Na’2
chemically extracted at Harwell, The writer is greatly indebted to both
establishments,

The source, of strength about 10 pC, was received in the form of a
solution of NaGH, Tests showed that with chemically very weak solutions,
aluninium was protected from further chemical attack by the sodium alumin.
ate layer initially formed. The considerable delay in obtaining the
source precluded risks and the aluminium upen which the active material
was deposited was ,005" thick, Two such pieces were used and the source
material enclosed between them, It is estimated that about 207 of the

positrons annihilate in this source and backing.

The Apparatus and Experiments
The spparatus used was that desoribed in Chapter VI. The scintil-

lators were bottles 24" long and 15" in diameter oontaining a solution of
terphenyl in toluene.
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The geometrical arrangement of the source and counters is showm in
figs  The object of this was to avold coincidences between the oppo-
gitely directed annihilation quanta. This was dons for the following
reason, With the source on the axis of the two counters, coincldences
between annihilation quanta (which would be "prampt') would be muech more
frequent than coincidences between a miclear X -ray and one of the quanta.
This would tend to mask delayed coincidences largely because of the 180°
angular correlation of the annihilation quanta.

bBecause the side channel system was rather nen-linear,to exclude all
the pulses due to annihilatior rediation in one of the counters would
have necessitated sueh a high bias setting as to reduce sericusly the
efficiency of detection of the muclear radiation, On the other hand,
wvith the proposed geametry, a setting which passed say 5° of the "ami-
hilation pulses" increased almost twofold the effieiency of the system,
without adversely affecting the working of the apparatus,

4n Upper Limit to the Lifetime of the Positron in Aluminium

If it is assumed that only the valence electrons contribute to the
annihilation proc ess, and neglecting the formation of positronjum, life-
times in metals of several times 107 s, might be expected., Lifetimes
of this magnitude would give rise to a readily measurable exponential
“tail" to the delayed coincidence resoclution curve,

The source was therefore enclosed in sufficient aluminiur to stop all
the positrons and a resolution curve was obtained. From a logarithmic
plot, a lifetine of about 1.5 x 102 s. was deduced. Repeating the



measurement with changed settings of the side channels gave a considerably
different result, The introduction of a mass of seattering material was
also found to influencse the result. Change in the counting rate also
mroduoed changes.

Further experiments along these lines using a source of 0060 confirmeq
that a "tail" dependent on the apparatus and its settings might be obserwveg,

With the higheat settings of the disoriminator bias of the side chan.
nels the tail seemed to correspond to a mean life of about 10”2 s, and
we may therefore conclude that the lifetime of positrons in aluminium i
less than this, Similar results were obtained with other metals.

From these preliminary experiments it was clear that the more refined
techniques,in which the resolution curve for the suspected delayed events
/¥(z)/ is compared with a prompt resolution curve /P(x)/, were necessary,

A search of the literature rewealed no suitable source for the purpose

of comparison, It was hoped to ocbtain some information therefore by
careful comparison of the resclution curves for amihilation in different
metals., Taking note of the lessons of the experiments described above,
scattering material in the vicinity of the source was reduced to a minimu
and when metal A was being compared with metal B both samples were present
at once in the form of a sandwich — A,B,Source,B,A - in order that the
residual scattering might be the same in both ¢sses. Arrangements were
also made for the accurate replecement of source and counters, Pairs

of delayed coincldence curves were obtained, in the first of which A was
next the source, and in the second, B, The relative displacement of
the ecentroids of the two ocurves i= equal to the difference in the mean
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life of the positron in the two materials, In this mamer the positron
Lifetimes in lead, iron, magnesium and aluminium were camared. The
curves obtained for the comparison of lead and iron are showm in fNg. ")
and thesc are typical of the results obtained. The muber of random
coincidences wos always negligible.

Clearly, frou the figure,we ocan see that the difference between the
lifetime of positirons in the metals investigated is wery small, 'The
results were analysed by the method of Bay assuming a single lifetime,
The errors of the experiment arise from two sources, The statistical
errors in estimating the position of the centrold are smll for the fol-
lowing reason. G, the position of the centroid is given by

e = szle X = delay inserted

2 F(x) P(x) = mno. of coincidences

With each F(x) is sssoclated a probable error &F(x), but since the same
terms appear in muerator and denominator a positive error in the mumera-
tor corresponds to a positive error in the denominator, The erxrors in
the quotient are therefore small,

The second source of error arises from instrumental drifts, If,
for exampls, the gain or discriminator bias on one of the side channels
varies, the resultant change in aceepted pulse height will result in a
change in the mean delay on that aide. The magnitude of this exror can
be estimated from the shift of the point on the extreme left of the curve
F(x) over the period of the experiment,

The probable errors from these sources seemed to be about & 5 x 10",
Within these errors no difference was found between the positron lifetime
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in any of the pairs of metals investigated., We may thus conclude that
the difference between the lifetimes of positrons in any of the metals,

aluminium, lead, iron and megnesium, is less than 5 x 10'"11 S

Comparison with Non-Hetals

By similer experiments to the above, the lifetime in several non-
metals was compared with that in aluminium, As it was felt that the
presence of conduction electrons might enter into the explanation of the
results in metals, the non-metals were chosen to be insulators, viz,,
paraffin wax, mica and Distrene, For these, a definite shift in the
position of the centroid was observed. The curves for aluminium and
wax are shown in fig, ® It was not possible to be certain from the
curves whether the assumption of a single exponential lifetinc was Justi-
fied.

Applying the analysis of Bay, sssuming a single period, a mean delay
of about 2 x 10°10 5, with respect to the lifetime in metals was observed
for cach of the materials tested. The errors in this determination are
similar to those for the metals, We can therefore conclude that in

these non-netals some positrons have mean lives lonper than 2 or J times

These results were oonfirmed by those of DeBeredetti and Richings
(1952) which were published towards the completion of this work. By
very similar experiments but using a different method of amalysis, they
studied a large mumber of both metals and non-metals.
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Discussion

From the experiments of this chapter we have three main results,
viz,, that in the metals studied positrons have mean lives which are
equal to within 5 x 1071 s.; that this mean 1ife is less than 10”2 s,;
that in non-mectals some positrons have a mean life exoeeding that in
mstals by at least 2 or 3 x 10”10 s,

Even when it is assumed that all Z electrons are aveilable, a
aifference of at least 1.3 x 10" Us, would have been expected between
the lifetimos of positrons in lead and aluminium, Hewever, all the
indirect evidence (Du Mond et al., 1949; DeBenedetti et sl, 1950), forces
one to the conclusion that many times fewer electrons, viz., only the
valenoe electrons, can take part in the process of amihilation from
unbound states. This greatly increases the difference between the
experimentel and theoretical results., The conclusion is therefore
suggested that bound states of the positron and elecotron mey be rapidly
formed in the material. To a first ander, the lifetime cbserved would
then depend on the properties of the positron-electron system and be
independent of its enviromment, Particularly in metals, SEB the conver-
sion of triplet states of these systems to the rapidly annihilating

singlet states seems highly probable. (Thus cne might expect a lifetime
of sbout 10 0 &. in metals.)

If this process were slightly leas effective in amorphous insula-
tors such as wax or distrens, one would expect § of the positrons to
have a lifetine T intermediate between 10”/ 5. and 10”0 s, This

would produce s centroid shift of spproximately § U. For the insula-
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tors etudied, T would appesr to be of about 3-4 x 10~10 g,

Another possibility might be that the besic theory gives a value for
the cross-section per electron that is too low by several orders of meg-
nitude. This would allow the variation of the lifetime in metals to be
within the errors of the comparison experiment. The lifetime in lead
would require to be not more than a few times 10-11 s,

The considerations set out irn the discussion above show the import-
ance of measuring the absolute value of the lifetime of positrens in a
metal. Failing this, an experiment to set an upper limit of 10-10 g,
or less would be of cansidersble value.

¥ith the resolving time of the present apparatus it would be diffi-
cult to detect the possibly complex lifetimes of positrons in the non-
metals exsmined. It was decided therefare to attempt to reduce the

resolving time further with this end in view.



ADDENDUM

Subsequent to the experiments described above, and while the appera-
tus was being developed, ancther experiment was performed which will be
presented here.

The strong dependence of the amnihilstion probebility on the spins
of the positron and electran (cf Chapter II) might possibly heve been
expected to produce a difference between the lifetimes of positrons in
iron compared with other metals if the free annihilstion pleture wes valid.
This is because of the aligned spins of the d-shell electrons in the do-
mains. No such difference wes observed and, as a final check, the
effect on the positron lifetime of applying a saturation magnetic field
to st iron wes examined. This exmpriment was sugpested hy G. M, Lewis.

The pample was in the form of a hollow cylinder #" dismeter and 13"
long, whase walls were 1/168" thick. Threaded through the cylinder were
a few turns of copper wire, through which a large current ~ 20 amps could
be passed. Four turns of fine copper were comnected to a fluxmeter.
This instrument indiceted a flux of some 7000 gauss per cm?,

The Ne?2 pource described sbove was placed ingside the cylinder less
than 107 of whose surfece wns obscured by the copper wire. The experi-
ment consisted of measuring the mmber of coincidencee F(x) at o fixed
delay x (x = 8 x 10-9 5., see fig. 1\ ) alternately with and without the
field., If, due to the field there was a chenge in the mesn life of the
vositrons, the resolution curve would be diplaced by © x say. The
counting rate at delay x would be apuraximately P (x + © x), i.e., &
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changecr%'ax. If'%islarge, 2 small change § x will produce an
sprreciable change in counting rate. The procedure of taking alternate
countz eliminntes the effect of apparatus drift. The tdnl mumber of
counts with the fleld wes the same as that without the field to within
the statistical errors vhich were less than 1¥. This corresponds to a
crenge of less than 3 x 1011 g, The low value of the limit set here
arises from the fact that a cycling procedure cezn be applied without the

risk of physical displacement, etec.
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CHAPTER YIII

The Camplex Behaviour of Positrons in Some Solid Materlials

Introduction

One of the possible explanations of the phenomens described in the
last chapter involved the formation in the meterial of positronium. The
apparent absence of a long period associated with its triplet state was
ascribed to the probable rapid conversion of triplet to singlet state by
exchange processes. The most promising materisls in which to observe
these camplex phenamena appesred to be in plastice. There being no ap-
parent reason to choose one more than another, the most readily awmnilable,
distrene, wes chosen for study. Bell and Graham (1952), in an abstract,
had reported a second long period in some materials which increased the
interest in the investigatiom.

Bef'ore prooeeding with these experiments, two major improvement= in
technique were made. The first was the preparation of e much thimner
source in which less than 3.07 of the positroms amnihilated. The second
was a reduction in the resolving time by about 507 in actual use.

Preparstion of the source

In order to reduce the amount of anrihilation in the source and back-
ing, a new and thimmer source ofmzzmproparod. Turnings from a mag-
nesium target bomberded with deuterons from the Birminghsm 37-inch cyclo-
tron contained the Ne??, estimated to be about 100 pc in activity. The

standard method of extraction (Irvine and Clark, 1948) required a high
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level of chemical technique, and particularly required the hamdling, and
centrifuging, of relatively large volumes of active solution. The chief
adventage of this method is the high efficiency of extraction of NaZ?,
As this wes not required, a more simple method was adopted. The turnings
were boiled in distilled water which slowly converted the magnesium, and
the sodium within it, to their respective hydroxides. This process was
contimed for seversl days until a sample of the solution showed an ade-
quate activity. The solution wvas decanted off 2nd slowly concentrated
by evaporation. Due to its low solubility, the magnesium hydraxide
ceme dovn as a precipitate, leaving the Na22 in solution. Evaporation
was contimied until less than 1 ce. of sclution remained.

The Na?? was deposited on 0.0002 inch aluminium foil (free from pin
holes) and covered with a similar foil. The total thickness of source
and becking was 4 mg/em?.  Assuming a mean energy of 300 kev fo NaZ2

positrons, the fraction stopped in the source would be about 3%.

The Coincidence Apparatus

Several modificotions were mede to the coincidence apperatus. These
resulted in a decrease in resolving time from 2.4 x 109 5. to 1.4 x 10°? s.
for similar settings. The pulse height in the side channels was at the
same time made more nesrly a linear function of the energy expended in
the phosphor.

To reduce the capacity coupled to the collector of the photo-multiplier,
Bell et al. (1952) took the side channel sigmal from the last dynode. It

was reslised by us that the same purpose would be served by taking the
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signal from an esrlier dynode (D.1l1 in fect) where it would be more nesrly
proportioral to the energy expemded in the phosphor. The intermediate
stages were heavily decoupled.

To obtain a sharper cut off of the limiting velve, Bell used zero bias,
i.e. grounded ecathode. In our apparatus this also eliminated the cathode
decoupling condenser (2 pf.). The latter had almost certainly an inductive
component which would slow up the response of the circuit as e whole. A
new miniature valve, type C.V.138, was used, with an H.T. voltage of 100 v.
A nepative signal of 0.8 volts applied to the grid reduced the current to
207 of its standing velue. With the previous arrangement 1.5 volts were
required. The valve could therefore be cut off in a mich shorter time.

A new layout of the photo-miltiplier and associsted velves was de-
signed to facilitate assembly and give a more compect eerthing system.
Parallel to the brases plete on which the hesad amplifier valves were fitted,
the "photo-tube” was supported by two cresdles of tufnpl. The earth points
of the photo-miltiplier and limiting valve were grouped round the signal
ocutput plug which wes soldered to the baseplate.

NOTE

The importsnce of the earth return system at these frequencies wes
brought home to the anthor when investigating a change in layout at the
mizing point. Here the signal leads were brought moh closer together at
the expense of e much greater ( ~ 3 inches) separation of the earth points;
An incresse of 507 in resolving time was observed, attributed to the loss

of high frequency components of the signals. The resolving time returned
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to its previous wvelue when the circuit wos restored to its original stete.
In the side charmel s cathode follower replaced the head amplifier.
A stabilized 100-v. power pack was constructed to supply the new limiting

valve and cethode follower.

The Lifetimes of Positrons in Distrene

The modified apperatus described sbove wes used for these experiments.
The phosphors ﬁere bottles of terpheryl 1 inch in diameter by 1 inch long.
The side channel output was tested using a kicksorter and found to be
approximetely linesr with & -ray energy. A sandwich was prepeared as
previoucly, with two distrene plates 0.05" thick and two aluminium plates
0.02" thick. The distrene plates were machined from rod.

In order to achieve grester geametrical efficiency, the sandwich was
pleced on the axis of the counters. Dus to the linesrity of pulse height
with energy, it wes now possible to exclude the Z-Mev - -Mev coincidences
without excessive reduction in the efficiency for 1.2-Mev - 5-Mev coin-
cidences. '

The experimental procedure was to teke delayed coincidence resclution
curves with nlternately aluminium and distrene next the source. In teking
these curves, a set of resdings was first obtained for odd multiples of
109 5. delay, and then for even multiples. Any instrumental drifts would
shor up as departures from a smooth curve.

A pair of msolutic;n curves obtained is shown in fig. @ plotted on
» logarithmic scele. Several quelitotive festures of the curves may be

noted. TPirstly, on the left hand side, both the aluminium end the distrene



curves rise from the same point, showing that no drif't had occurred. Then
we note that the distrene curve tends to 2 straight line for long delays
only. There is a distinct concovity towards the right which is absent in
the aluminium curve. This concavity ims & certain indication that more then
one period is present. If we compare the period measured from the =lope
of the tail with the centroid shift, we find that the latter quantity is
only one-third of the fommer.

Repeating these experiments with different settings of the discrimins-
tors, the slope of the tail extending beyond the sluminium curve gave a
consistent result. Alse, when all pulses due to 1l-Mev ¥ -rays were ex-
cluded fram one of the counters, further increasse in that discriminater
had no effect on the displacement of the centrold. Small variations in
the centroid shift with the position of the low energy discriminator were

noticed until the latter was set so as to exclude Y% -rays of enerpgy
less than 280-kev. This was thought to be due to the exclusion of coin-
cidences between the 1.28-Mev ¥ -ray and its Compten scattered photens,
These would give rise to praempt coincidences.

As points far out on the tail mﬂenkﬁegligi‘hle contritutions to the
higﬁ.ar momenta of the resolution curves, the mmber of random coincidences
was determined. This was done directly by delaying the pulses from amni-
hilation radiation by 9 x 1072 s. (the point - 9 on fig. &% ). No real
coincidences could then occur and the total count wes the random coin-

cidence rete.
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Analysis
Fron the toil of the curve a period of 2.5 +.5 x 109 s, is measured.
It is clesr that there is enother period which is much lesz than this.
To apply the analysis of Bay, the simplifying asswmption was mede that
the short perial wes close to that of shuminiven. The analysis then gave
the long period as .5 + 0.8 x 107Ps. for a fraction 0,27 » .05 of the
positrens. This sgrees vell with the lifetime as meesured fram the tail
and sapports the assuaptions made. A further analytical check was made
by applying the formula for a higher order of moments. Tn prineiple
this should give a conclusive check. Unfortunately, the statistical
errors, cerried through the caloulaten crithmetieslly, increese with
order of moments, and the check confirmed the sassumptions with no greatexr
veight then the cauparison with the "tail®. The mognitude and fraction
of the long period hag since been confirmed within the errors by the work
of Bell and Grsham (1953), who found the second period to be 2.3 + .2 x
1079 a. These workers were sble to detect a short lifetime differing
by 2 x 10710 s, from that in aluminium. If this correction is epplied
to the results here it brings them very close to those of Bell and Graham.
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The Variation of the Lifetine of Positrons in Distrene

Bell end Grohem (1952) reparted that in fused quortz there wes a
second long period, while in erysialline quartz this effect was not ob-
served. A considersble influence of the gross structure of materials
on the anmnihilation process seemed indicated. The magnitude of these
eff'ects might depend on the space parumeters of the sample, so it was
decided to investigate this point.

Some properties of plastics, e.g. density, vary from sample to
ssmple, depending on its history, and methad of preperation, and, in
particuler, strain effects due to rolling, extrusion, etec., may remain
"frozen" in the plastic. Further eviience of this comes from verie-
tion of optical properties (R. . Gray, Private cummmicstion). The
samples used in the experiments described above were machined from a
Z-inch diameter rod. The experiments were repeated using samples cut
from the edge of a large sheet and also a sample made from many layers
of 0.002-inch foil. No significent departures from the results obteined
previously were noted.

The effect of temperature

For szimilsr reasons, it was decided to investigate the effect of
heating the specimen. 1In case there might be resziduel effects, the
experiment vas tried at a serlies of gradually increasing temperatures -
15%, 30°%, 689, 100°C, 150°C. At the lstter temperature the distrens
sof'tens.

In this experiment, the source sandwich wos in an electricelly
heated oven. A thermo-couple, one junction of which was in contact



with the sample, was used to measure its temperature. Due to the proxi-
mity of the heated sample to the liquid phosphors, it was found necessary
to cool the latter. They were surrounded by a thin copper can through
vhich air wes blown from the comressed supply.

Only e small effect wvms observed over this temperature range. At
1509, the long period was found to have a value 2.8 + .3 x 10~ s, far
e fraction .25 +.03 of the positrons.

The results at intermediate temperstures were:-

Temperature °C T x 1070 &.
15 2.5 + .3
30 2.4 ¢ .3
68 2.6 + .3
100 2.9 + 3
150 2.8 + .3

Although the errars on individusl results are large, there would appear to
be a definite increcse of the long period with time of the order of 107
for the 115° rise in temperature. Bell and Graham (1953) have reported

a velue 1.7 x 109 s, for this quantity at 196°C, a decrease of 25% for
220°C chenge in temperature, i.e. a similar rate of change at both high
snd low temperatures.

The radintion associated with the long period

In geses, (see Chapter XI) a long period is sometimes essociated
vith three quentun radiation. DeBenedetti and Seigel (1952) had found
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very little three-quantum armihilation from metals using three Nal scintil-
lation counters in coinecidence. The long period in distrene raised the
poseiblility that three-quantum annihiletion might be more frequent in that
material. An experiment similar to that of DeBenedetti was attempted, using
the apparatus available.

Three Nel scintillation counters were used. The phosphars were
cylinders 0,75-inch diameter and 1l.5-inch long. Having aluminiuwm for
refiector, these were mounted with paraffin in perspex containers. The
pulses from the scintillation counters were amplified and discriminated by
the side chammels of the fast coincidence unit and a third similer amplifier
and 48 criminator. The triple coincidence unit of the fast coincidence
apperatus was also utilized.

The source of positrons was Cub4 in the form of .0002" copper foil
irrediated in the Harwell pile. Source strengths of about 10% positrens
per second were chosen. Some days after use, when the source had decayed
to & sultable value, its activity wes meesured with a Geiger counter. The
ratio of positrons to electrons given in Nuclear Data was assumed.

There are two mein sources of spurious triple coincidences, viz.,
statitical coincidences and coincidences due to scattering. The former may
be computed if the mmber of counts in each channel is measured and the
resolving time knowm. In order to reduce the proportion of such counts,
the source strength wes kept amall. In order to reduce the latter, the
counters were raised on light stands 12 inches above the bench, and the
diseriminastors were set so as to exclude radiations of energy less than

Qm -'kBV .
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Fig, 10
Arrengement of countera for the
triple coincidence oxperiment.



The three counters were set up to be co-planar and meking sngles of

120° with one another. Pig. |O shows a photograph of the arrangement.
The source wee placed in a slit in a distrene rod 0.25" diameter and raimed
into the plane of the counters. The mmber of triple coincidences war ob-
served when set up in this wvay. The single coumting rate in each chamnel
wae also wted. One of the counters wes then lavered out of the plane, its
axis meking an angle of 450 with the plane., Allowing for the decay of the
source with time, the counting rate in this counter was unaltered. Also
its position relative to each of ite neighbouring counters was unchanged.
Therefore the scattering would be as before. Since the quanta fram three-
quantum smmihiletion are co-plenar, no true coincidences would be chbserved.
A run in this position gave the background. A typlesl hour's run gave
(correcting for source decay)

Counts co-planar = 254+ 5

Counts nomn-co-planar = 13 + 8.5

Similar results were obtained from several such runs.

Analysis
The mmber of triple coincidences T, is given by

Tc = J3Nge egeqy
where
Nﬁ = No. of three-quantun amihilstions
€1,2,3 = efficiencies of counters 1, 2, 8
N = tdtal mmber of positrons emitted

Fram a rough calculation, it is clear that Ny is small compered with N.
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The single counts in the scintillation counters were therefore almost
entirely due to two-quantum ammihilstion. From the kmown source strength
and the pingle count rate, the efficiency of the counters for 511-kev radia-
tion was found. Assuming that the X -ray spectrum of three-quantum amni-
hiletion is similar to that observed in gases (Chapter XI), and remembering
that radintion of energy less than 200-kev was excluded, an estimate wes
made of the efficiency for three-quantum detectiam. This estimate may be
in error by at least 207%.

The calculation gave the fraction of positrons amnihilating by three-
quanta to be 1.5%. This figure may be in error Wy a factor of two. Even
at its lowest value it wes three times the value sugpgested by DeBenedetti
et coll. (1952) for copper. In this calculation the effect of engular
correlation has not been taken into account as the deta did not warrant
this refinement.

M attempt to compere the amounts of three-quantum radiations in distrene

and aluminium

Another attempt to investigate the three-quantum amnihiletion used a
method sugcested by the experiments of Pond and Dicke (1952) in their study
of positronium in gases. This method uses two counters set up far epart

go that the detection of the highly correlated two-quantum ammihilstion
thotons is favoured.

Ve wish to find the difference in the mmiber of three-quantum annihi-

lations in distrene and nluminium. If the mmber of "triplets" in distrene
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exceed the mmber in aluminium, the mmber of twoe-quantum emnihilations will
be lesc by this amount. The experiment therefore consists of finding the
difference in two-photon coincidence rate when distrene and aluminium res-
pectively are next to the source.

Two of the counters of the previous experiment with the same amplifiers,
etc., wvere comnected in coincildence. Two inputs of the triple coincidence
unit were comnected together so that it operated as a simple coincidence
unit. The counters were set up 20 cm epart.

The discriminators were set on the least rapidly varying part of their
bias curves, corresponding to a point jJust below the photo-electric pezk on

the differential pulse height curve. This was done in order to obtain
maximm stability.

Seattering of one of the quanta even through e small angle would result
in the loss of a coincidence. In order that the probebility of scattering
should be the same when the annlhilation is in distrene as when it is in
aluminium, the sandwich technlque was again used.

The experimental procedure was to tske alternate runs with aluminium
and distrene next to the source. Six peirs of runs, each of 60 mimtes'
duration, were taken. While statistice could have been improved by further
runs, the devisntions due to gain changes in the electronics did not warrant

this. The results obtained were:-

Distrene 371 + §coincidences/mimite

Aluminium 370 + 3coincidences/mimite



Prom this we can only set an upper limit on the proportion of three-quantum
ennihiiations. Thie upper 1imit would seem to be /1B in 370, i.e. not
more than 1,257,

To measure a difference of, say 1%, to an accuracy of +10% would have
required an apraratus of very high stability. The efficiency of detection
would then have had to remain constant to +.057% over a period of several
hours. The major effort required to xroduce such an apperatus was con-
sidered beyond the scope of the writer's work.

NOTE :

The triple coincidence experiment gave a result that 1.5% of the
positrons deceyed by the emission of three-quanta. The errors in this
quantity were at least a factor of two. It may therefore be taken to
set a lower limit of, say 0.5%7. The two counter experiment setz an
upper 1imit of 1.357 compared with aluminium. It would seem therefore
that the result mst lie in the vieinity of one percent.

The results of this chapter will be discussed in Chapter X.



CHAPTER IX

In the disouscion of Chapter VII the importance was stressed of
obtaining an sbeslute measuremert of the lifetims of positroms in metels,
The expericents of that chapter showsd that this lifetime was less then
109 5. If the lypothesis thet annihilation in metals was associsted
with positronium were correct, = lifetime in the region of 10-10 5, might
be expected. The technicel preparations far the experiment were based
on the assumption that the lifetime wos of the omder of 1010 5. The
root of the probtilem appeared to be that of providing a suitable prompt
resolution curve with thich to campere the delayed curve for coincidences
votween the 1.28-llev Muclear X -rey of Mas2 and the delayed onmihilation
rediation. Several instructive attempts to overcome this Aiffioulty
were made before the final solution was found. These will now be men-

tioned triefly.

The idsal molution af this problem would have been to £ind a radio-
active seuree giving two X <rayr in mrompt coincidence, having energies
of 1,28 Mev and .511-Mev vespectively. A pacrch of the literature
revecled no munrh seroe nor even anythine epproximating to it. The
rrroe Cof0 hoe tvo ¥ ~rays of enargy (1.17 ond 1.33-Mev respectively)
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not very different from thet of the Na?2 X -ray. If the X -raye of
o0 were to fali en & seattorvx, the secondury \ ~rays would, Yy the
Compten eifect, have a cantimuous distribution of ewergies. Iy sulb.
able collimetion it would be poseible to selsct those of approwimstely
500-cev, Coincidences wouid then be taken between the dilrect % -rays
and sclected X -rays. While sound in principle, this method lmoaks
down on the grownds of intensily. The dovble collismetlom, wviz., fram
source to goatterer, and from scatlerer to crystal, grestly reduces the
oifickengy of tie low-cneryy counter. The maximwm permissible count-
ing rate in the direct counter pet en upper limit %o the source strength
that could be used. Even with this scurce strength (~10 w0) the
ooincidence counting rate wes unacceptatly low. The ratio of rezl %o
randon counte was also adveresely affected. For thesze recsons the
method was abandoned.

ihe next atiempt made use of the “methad of reversals". This
method was used by Bell, Grahem snd Petoh (1953} in their studies of
the deley in emiseion of the X -rey of AlfC, The method may be des-
eribed op follown., With the announcing redistion in Counter A end the
decaying rndistion in counter B, a delayed repolution curve P(x) is
obtained. The apparatus s then readjusted go that tho ammouncing
radiation is detected in counter B and the decaying radistion in counter
A. This gives a cuxre P(=x). In the absence of delays due to palse
height, the centreoids of these curves will be seperated Ly a distance
2 T (wvhere U is the mean life for emission of the decaying radistiom).



Pig. 11

proposed sbsolute determination

of lifetime oft Q* in a metel.




The method climincdes nry fixed delays in transit time, etc., but not
delays due to pulze height.

It was renlimed by the writer that the Campton electron spsctm
of both the miclesr snd anmnihilation ¥ ~rays was a contimous distyri-
bution of electrons dGowe to merv enerygy. By the use of a kicksorter
in ecch channel, pulses of scual amplituds ocould de selected fyom both
the armauncing ond decaying radiations. In order to be certain that
the anmnihiletion radiation only wee detected in one counter, a third
“alor” coincidenoe counter wan to be introfueced to detect the second
emnihilation quantum. The poometrical arrengement is shown in fig.\\
Iue to the foot that the sanildlation gnn&ﬁntttd at exnotly 180°,
if ¢ maclear % -vay is detected in B (see fig.\\) and a coxrrespending
arnthilotior photon in A, the second annihiletion photon camot possibly
be detected in the third comter. (mly if tho desired detection of
e maclenr ¥ -roy in A, and ennihiletion quaniua in B, takes plaoe can
the second quantum be detected in C. The exgeriment them comsists of
obtainirg a curve P(x) with C in the position shown. By moving C %o
the carresponding position with respect to cowder A, the curve P(-x)
is obtained. The pulse Mghte are unealtered in the two experiments,
so that the distance detween the centrodds would be 4V,

The coincidence counting rates in thie expsrinent were estimated
to be leas than those of, say the experiments of Chapter VII, by a factor
of 10 or 20. An incresse of source strength ty a fuctor of four was
expected to give the minimum adequate ocounting rete. This source wes



arédsred from Harwell and was expected to be resdy by the time the eppara-
tus was prepared. Delivery took vlace in €ast ore yeor later. In the
meantime a simpler though less elepmnt method had heen Asvired using
much of the spparatus for this vromosed experiment, end the mwethod was
sucoeesfully carried out.

The basis of this mthod waz to compere the coincidence resolutien
curve for the Na?2 mcleer % -rey and ermiMistien X-reyr with o slallar
curve obtained using Cof0. A kicksorter rerlaced the diseriminater on
the lav cnergy chammel so that the same pulse smplitude was picked out
from the Compten recoil speotra of both the amihiletisn X -roy and the
X -ray of Co™. Since the mean emervy of the 0680 X .ruye doss not
aiffer greatly from that of the Ma?? mclear X -rey, the Aigeriminator
excluding arnihiletion redistion was retained.

This method is similer in principle te the first method descrided.
The latter recuired two callimations - source to soetterer,and sontterer
to orystal; and, further, the efficiency of the seatterer vep omall.
Here only onse effective collimation, vis., the selection of pulse anspli-
tudes, is required, and there is mo intermediste scatterer. The effi-
ciengy is therefore at 1u.tmlmwmmhwmm
previous method. For the Na%Z source it is only lese ir efficlency
than the comerative anmihiletion experiments by s factor of adbout 3.

If we suppose that the proposed techmique successfully overcemes
the Aifficulties due to pulse height delays, to what extent does the
experiment provide an absolute measure of the positron mean life or
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lives? PFrom the discussion of Chapter VII, page b§, it was concluded
that the delsy in emission of the 1.28-Mev Y -ray with respect to the
instant of emission of the positrom was of the order of 10712 a, or less.
An uncertainty of this order is therefore introduced inte the measure-
ments.

The intermediate state of Co®C wes shown by an angular correlation
experiment (Metsger and Deutsch 1950) to have spin 2 end even perity.
The ground state is inown to have spin sero and even perity. The second
¥ -ray from Co™ must therefare be emitted in an electric quadrupole
trensition. The meen delsy in its emiselon with respect to the first
wlll be of the arder of 10732 g, But eince doth counters sre sensitive
to both the ammouncing and deceying redistions, the centroid of the coin-
cidence recolution cwrve for CofC will coincide with that of P(x). Any
small delays will apresr as s hroademing of the distribution enly. It
would therefore appeear that in principle the messurement will differ from
the sbsolute value only Yy wmcertainty in the delay of the 22 muclear
¥ -ray. This errvor is likely to be mich smaller than the experimental
arrars, =0 that the mesasurement mey be consiiered sbmolute within these

erTor:.

The Apperetus

A block disgram of the apparatus is shown in fig. \% . The besie
apparptus, chown in full line, does not differ from that desceribed in
Chapter VII1. Discriminator Iy wes set as befove to ml@ annihilation
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rediotion. At first, an additional discrimimetor, D, wes ocamected
in parellel with Iy, The eutputs of this and the triple coincidence
unit 3-C veaze fod to on anticoincidence unit. The triple coinoidence
mit gnve a milse vhen o coincidence ocowrred in which the pulse in
Oy exceedsd the bias of Dy.  If, havever, it also exocesied the hdas
of D;, this coincidence was rejected. Tims, only yulses frem Cy
having amplitudes between the biss levels of Dp and Dy could give rise
to acoeplable colncldences. The two discrimineators and the amti-
coincidence unit acted ns a kicksorter. later, the full apperatus shoen
in fig 1 wes usel. Theve, Glscrininator Dy was set below the lover
1imit of the kioksorter chamnel end so 814 not affect this sspoot of
the varking of the apperatus. 4 pulse from the triple coincidence
unit opaned the gate of the kicksowbter snd allawed it to sccept pulses
within its charmel. Tue to the delsy intrdiuced Wy travelling through
the forepoing cloctramies (perticularly the diserimimetors), the output
palse from 5-0 vae delayed by about 1.85 ms. To oxpenante for this,
the julses from ¥ were delsyed artificlially bty introdueing o deley
onble (type 7.14V, chavacteristie impedance 1000 N) between there and
Ay

The sarm pleocs of orperatus served beth as & kicksorter heze and
as an sntl-coinsidence uwnit in the eurlisr methed. This very verse~
tile plece of ecquipmont, of which noveral ave in use in the leberwtory,
wan eupplied By e, G, M, lewls. Essentlelly it conmisted of & C.R,T.
As o simple kic:rsapter, pulses from the amplifier were fod to a lengthen~



ing unit end a brightening unit in paraliel. These unite supplied
flat-topred pulsee such that the brightening pulse lay entirely under
the flnt portion of the lempthemed pulse. The former wes applied to
the biaseed off grid of the C.R.,T, and the latter ¢to the Y deflecting
plates. The pulse was represented on the screen by 2 bright spot

vhoee position wns a measure of its emplitude. In practice, the

amount of D,C. bias required to bring the spot to & fixed position

wos measured. A photo-mmltiplier fallowed by a scaler, counted the
spots cocmrTing between the edges of a slit which wee plsced ageinst
the screen. The channel width was determined by the width of the

slit.

2ince ths brightening unit and lengthening unit oould be actuated
hy seperate pulses, this allowed the spectrum to bde gnted (es was done
above by pulses from 3«C). On the other hand, with zero bias, pulses
entering the brightening charmel can be counted. Then, a pulse applied
to the deflecting plates acts as & rejector sigmal.

The advantage of the second method over the first was that in the
first, the width of the chamnel depended on two completely independent
blases and thus was mibject to conmidereble variations. These gove
rise to changes in the counting rate and therefore erratic points in
the coincidence resolution curves. It served well for preliminary
work, though the final results were obtained Yy the second method. The
discussion of the remainder of the chapter will refer to the second
method.



Irellnimry Teats

Uaing the klckeorter with its normal narrow channel width, the pulse
spectrun of 00™C frem amplifier Ay was examined: 2 cathode fallower was
uged.  Similerly the pulse spectrum due to the muclear ¥ -ray of Ned?
was looked at. These spectra were famd to be very close to cne another.
By gating the kicksorter with the cutput of Dy, the lower energy perts
of the spectra wore cut off and only the spectrum of pulses paseed Ly
Iy was observed. From a number of runs like this it wee poesible to
measure the mean pulse height accepted Wy Dy as e function of discrimina-
bar Vles. The gpectrun of annthilation ¥ -rays frem Cu'* and tie ) -reys
of 000 in chermel 2 was elso examined.

The use of o kicksorter in place of a discriminator in chennel 2
roduced the efficiency of this chammel for the detection of annihilation
¥ ~roys.

with Ha?? in alumints end the settings of D and Dy used in pre-
vious oxperinente, & counting rate of 300 por mdmte at the cutput of
3-C vag obtoined. The width of the chammel was adjusted to give about
100 e.p.;, at ite optimm position. Frem the kmown width of this chan-
rneol end the measured speotra, the mean pulse height accejted in the
chamnel fron amnihilation ¥ -reys snd frem Co™C was measured as a func-
tion of chanmel position (1.e. kicksorter beck blas) over the possible
warking range. Vhen the centroid of the distritution was plotted as a
function of the Tatlo of the pulee heights, there appearsd to be & linear
relationship between them. If AN\ is the displacement in time of the



centroid of the colncidence resolution curve with retio Ny with respect

to that with H, it was found that -9
B = (W= WORYEIOA N~ Yo wg

i.e., if the wotio Wrw 00 aiffers from that
for e?? in aluminium by, esy 57, an ervor of 5 x 20711 5, would be
introduced.

Simdlar experiments were carried cut with the MaZ? acurce in alumi-
niuwm and pood agreement with the above was obtained.

There resultsz enable corrections 0 be mede, for e.g. the small
difference between the Co™C and Ha®2 X -rays. This amounts to 1071 s,
Finnl Measurement

tVhen these preliminary experiments were oampleted, the position of
the charmel was adjusted no that it coourred at a part of the annihila-
tion X -ray spectrum similar in shape to the Co™ gpectrum, and partiou-
larly so that the mean pulse height in the channel wos the same., With
this petting, scvernl rune vere made,each consisting of first a resolu-
tion curve for the Co0 X -raye and then a amve for the Na®? souree
placed between eluminium plates. A typlesl peir of curves is shown in
fig., 14. It is not possible to say fron these whether or not only one
period iz present, ut from comparison of the taiis it would seem umn-
likely that any partisl period of more than 3 or 4 x 20°2° &, is present.
If vo analyse the results an the hypothesis that enly one period is
present, the following results ove obtained. Five measurements in all
vere mede. huns 1 and 2 used the two discriminators, runs 3, 4 end 5
the kickoorter.






T

un -
1 1.5 x 10710 ¢,
2 1.9 x 10710 5,
3 0.7 x 1010 ¢,
4 2.0 x 10710 ¢
5 1.9 x 16710 4,

Since eluminium was the source backing, the enly foreign matter wac the
source meterial, in which it wes estimated lesc than 1f of the ennihila-
tion: took place. Irrors arose from two main sourves: ptatistiocsl

errars and those due to drifte in apperatus. The statistical errors on
individual measurements are smll ~ 2 x 3031 5, The exrer frem pulse
height drif'ts was estimated from the displacerents of successive recalu-
timmed‘mm(u'ng)tohem‘ixmml. Thus the errer
on individual measurements wes € x 10711 5, In the paper published on
this subject, this error was quoted along with the mesn of the adove.

A more correct Pigure would be the standard devistion giving the final
result.

U = (L6 2 .4) x 2000,
This result will be discusred in Chapter X.

Delay of Co™® ¥ -reys
In Chapter III, vhen discussing the relationship between P(x) and




’{x;, it vas stressed that both curves should cut the x axis at the same
point on the left when the decaying radiation wes detecied in ome counter
only. For Ha®s this latter condition was satistied. The polnt at which
it cut the x sxis on the lef't was therefore the same as that for a true
campazsble P(x). If there was delay between the emission of the first
and second X -2uys of 0650, both the right end left hard sldes of the
curve would be dispiaced outwards from those of a trwe P(x). In parti-
cular, the left side wonld be dispieced to larger - ve valuss of x near
the x sois. This would be noticeble ss e @lsplsoement with respect to
the Na" in this regian Mo such aystometic displacement was noticed
in the five pairs of curves token. A lower limii to the meen life of
the intexmedisto state of CofU ney be set YWy comsidering the K. M.E. of
the randonm displacements of the resolution curves. The mean displace-
w:tmorofaah@lexmmtmbﬁmuﬁxwm For
memmmMammmmutalwthSzﬂn.

A further development of thie apparatus is suggested hy selecting
the pulses in channel 1 with a kicksorter, as well as those in chenmel 2.
This techunique moy be generalized to study the lifetirc of ony Y -emitting
atate that ic resehed by the emission of a X -rey from a higher level.



Fo such general method hes previcusly been devised for use when the
exponentisl tail” method bresks down. The method of Bell et al. using
tvo B -rey opectrometers, is aprlicable only where internsl conversion
is strong. Indeed the rethod impomes no restriction on the nature of
the amouncing and decaying rediation which could for example be neutrons.

In order to use the first moment onalysis of Pay, which is by far
the moet powerful due to the small statistioel errors, it is necessary
to distinguish the ennouncing from the decaying redistions. When these
are both neutrons or X -rays, they mst differ suffieiently in energy to
allow this.

One poseible comparison source of ¥ -roye which commende itself, is
coinocidences between the 51C-kev X -rays fram positron emihilatiom.
Here, mo doubts as to pomsible delayr need be entertained. A
restristion on the use of this is that one of the peir of redistions
with vhich it iz being compered must have an emergy sufficiently less
(by at least a charmel width) then 510-kev. This is in order that the
upper charmel which must bde on 2 suitable portion of the 510-kev spectrum
may not nocept any pilses from the lower energy X -rey.

Por the ressans mentioned before, Co”C would be a muitable comparator.
Here, o similar restriotion on the energy of the X -reays woaild apply.
At still higher energies, coincidences between pasitren-electran peirs
might be suiteble.

The accuracy atteinable by these methods iz quite high. The errors
in the positron messurement came larpely from epparatus drifts. Since



the emplifiers of the fast coincidence unit were mot stabilised by feed
beok, this procedure could preatly increase the stability. Further, new
E.H.T power mupplies for the phototubea (Type 1053) of sn order of mag-
nitude of greater stability than thase used (Type 1007) are now svedlsble.
It might therefore be possible to incresse the accuracy of measuremsnt
Wy this apperatus to 2 1 or 3 x 10”11 4,

These recommendations have now been sdopted YWy Mr. C. M, lewis and
others in their studiez of the excited states of rueled.



CHAPTER X

A Discussion of the Experimental Results

In Chepter II, several possible hypotheses regerding positron anni-
hilation in golids were put forward. They may be summarised as follows.
1. That anmikiletion tekes place in free collisions between
thermelised positrons send the welence electrons in the
material.
2. That positronium is repidly formed in the material and
the lifetime is that of pasitronium. Mechamisms such
as exchange, or intersction with lattice vibrations,
would convert the lang-lived triplet state into the
short-lived singlet state.
5. Compound formation, where the positron forms a bound
state with a negative ion, might take place. There
is also a strong possibility that more than one of these
processes might take place.
The writer's main results moy also be emmerated.
(1) In metels, e.g. aluminium, iren, lead, magnesium, the
mean life is constant to within 4 5 x 10711 s, and is sbout
1.6 x 10~10 s,
(2) In certain amorphous materiels such as distrene, there
are two distinct lifetimes, one of which is close to that

in metels, the other, for about one-third of the positrome,



is 2.5 x 10¥ 5. The latter lifetime increases
slovly with temperature.

(3) In distrene, the proportion of three-photon annihilstion
is between 0.5/ and 1.57 of the total mumber of annihila-
tions,

These resultes have been extended to = grest many more materials

by the work of Bell et al. (1953) and DeBenedetti and Richings,

It is possible from the above inf'ormation to rule out the first
hypothesis. 1In the case of aluminium for exsmple, if we assume ell
three velence electrons are avallable, the theory vyredicts a mean life
of 7.5 x 10710 5, - five times greater than the value cbserved by us.
The mean life in metals should be inversely proportional to

A = eatanlc weight
A d = density

N = mmber of available
electrons per atem

Over the metals investigated by the writer and others, this quantity
varies by more then e factor 10, while only a fector of 2 is possible
within the extreme limits of error. Finelly, the hypothesie is unable
to predict two independent periods such as are found in distrene and
many other smorphous materials. It would seem therefore that this
hypothesis canmot by itself account for the experimental results.

The evidence for the second is much stronger. On this, we would
definitely expect to observe more than one period, though a high

« 00 -



probability for conversion of triplet to singlet positronium would
meke the two periods indistinguishably close. Thus, the fallure to
obgerve s long period in metals and some crystelline solids would not
constitute a serious objection to the proposal.

Another piece of evidence lles in the proportion of three-quantum
annihilation. If the 2.5 x 1079 e. perloed in distrene were due to
the conversion of triplet pesitronium to the singlet stete, we should
expect a fraction of three-quentum annihilations given by

i 4D X l_g"‘s B,
3 unperturbed lifetime of the triplet atate

Teking the triplet lifetime in free space, vis.., 107 8. (Ore and
Powell, 1949), we obtain 0.8%. This falls between the limits of
0.5 - 1.5% suggested by our experiments. A recent experiment by
Pond gives the result 0.88%, agreeing even more closely.

The fact that 1 of the positrons are sssociated with the lemg
period raises some fn'oblm. Before the results by Bell were pub-
iished, showing that this fraction occurred in all cases where a second
long period wes observed, the emthor suggested that this was the frec-
tion of positronium molecules that found their way into holes in the
material where interaction with other components of the system was
reduced. The expension of such holes with increasing temperature,
it was sugpested, reduced the interaction with the surroundings further
and gave rise to the increased mean life. It would seem, homever,

in view of the constancy of the fraction over a wide variety of solids
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and liquids, thet a more genersl explanation is required,

If only one-third of the positrons form positronium in the triplet
stote, o further ninth must form it in the singlet state, i.e, approxi-
mately half of the positrons form positronivm. Suppose the remsinder
ennihilate in frec collisions, ILet us consider, e.g., Teflen for
which Bell has measured two periods. The mean life for free amihila-
tions, assuming all the velence electrons are avellable, would be about
8 x 10710 5, Due to competition with positronium formation, this would
be halved. The smell freotion amihilating from the einglet state
direct would heve a2 mean life indistinguishable experimentally frem
the free snnihiletion. Thus there would appear to be a short peried
of ebout 4 x 1010 5, together with the longer perilod of those formed
in the triplet state.

The experimental results described above, while not giving by
any means a canplete picture of the phenomens of pesitron ammihilation
in condensed matter, appear to form a sound basis for future work in
this field. On the experimentel side such work might include experi-
ments of higher precision with shorter resolving times. More partiou-
larly, the quenching effect of strong megnetic fields on the long periods
in distrene end similar materials. Ae e test of the expansion hypo-
thesis, the effect of mechanical comprescion might be studied. The
greet lack in this field is deteiled theoretical cazlculations. The
experiments described ebove would seem to point out perticular problems

in need of theoretical attention.
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CHAPTER XTI

The Spectrum of Annihilation Radiation from Positrons Amnihilating in Preon
and Oxypgen
It was found by Deutsch (1951) that in freon a lifetime for positrons

was observed that was close to that predicted by Ore and Powell (1949) for
positronium in its triplet state, and further, the lifetime wvaried only
slightly with pressure (see Pig. 15). The addition of certain gases in
concentrations of 57 or leass caused the disappesrance of this period (see
Fig. 16). He concluded from this that in freen, positronium was abundantly
formed, attributing the disappearance of the long period to the conversion
of the triplet to the singlet state by an exchange process. This view re-
ceived confirmation by many subsequent measurements, e.g., of the h.fs of
positronium quadratic Zeeman effect (Deutsch, 1951 Deutsch and Brown 1951).
DeBenedetti and Siegel (1952) showed the presence of three similtsneous
annihilation quanta from freon, in mmbers considersbly in excess of the
fraction 3;5 expected as the free amihilation hypothesis. Deutasch and
Dulit (1951) showed that there were radiations of energy less than 510-kev
(see Pig. 17) and thet Hhawe vove disislahed I Luteneily by the addition of
NO in the same mamner as the number of annihilations with the long peried.
Ore and Powell (1949) caleculated the distribution of X\ -rey energies
to be expected in three-quantum ammihilation. It was therefore decided
to examine those annihilation quanta definitely associated with the long

period in freon and compare the energy spectrum with that predicted by
theory.
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Oxygen stood out smong the other gnses es one in which the veria
tion of positron mean 1ife with pressure (Deutsch 1951a) obeyed the
expocted inverse law. It wes therefore declded to investigste the
spectrun fran axypen also.

The method pweposed was that of delayed coincidences. Na%? was
the source of positrons, the source being provided by the writer. This
technique emables the deleyed anmihilation X -rays to be selected fram
smonget the quanta fyom positrons smihilating in the source, container,
etc., and frem those, if any, baving a short 1ifetime in the ges.

The souwrce of M2 was mounted on, and covered hy, aluminiws fodl
005" thick. It was placed as shown in fig. \¥ inset inside a qylin-
drigs) gas container 3" dimmeter, the wall of which was .012° copper.
Two perfarated phosphor trewme plates .005" thick, 1.5 apart, restricted
the positrons to the central region of the qylinder.

The camter meer the source had terphenyl in toluene ea scintil-
lator, cccupying e velumw 1}" diameter and 2" lomg (Cg). The other
coamter, vhich wes to eot as Y -Fay spectromter, hed a block of Ml
es scintillstor 1.85" ocube (G;). This bleok wes composed of two pieces
cemanted together aleng a common plane with silioone greese. The
pleces were paved from e rendom block ¢o give the mexirum sise of
crystal. The faces to be joined were ground plame with earborundum
under persffin. The scintillators vere both pecked in MpO as reflector
end mounted on l4-stage E.NH.I. photo-miltipliers, Type 6268.



Mloak diagram of apparatus.

Cy €, = counters; P - preaplifier;

P - @nit roceiving fest colneidences;

A - aplifier; D ~ diseriminator;

7T - triple coinclidencs unit; C - gate;
K ~ kicksorter
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The ends of the jodide ond terphenyl seintillators were respoctively
pituated 1 inch and 0.5 inch from the cylinder. The gystem was set up
on o 1ight plywood table to minimise mcettering. The electramic arrange-
ments are shom in fig. \® This consists of o fast coincidence umit of
resclving time (in this epplioation) 5 x 10°%s. omd a lineer emplifior
and kicksorter. The koksorter is goted Yy pulses from T end the speo-
trun displeyed theve comsiste only of those pulses which have a delay with
respect to a corresponiing pulse 4n Cq.

The fest coinoidence unit is very similer in design to those desarided
previously in this thesis. To obtein lineerity, the side charmel pulses
wore teken from D.10 of the photo-mmltiplier and the genercl layout wes
baced an that of the sprarstus of Chapter IX. The gated kicksorter is
thet Gesarided in Chapter IX.

]

Delny Times
Using only the fest coincidence unit, o meanurenent of the mwsher of

coincidencens as a function of delsy irserted was made wvhen the cylinier
wer filled with freon. The latter wee at a prescure of 4.8 etams pheves,
mmumumshnmemwmnmmm
Pran the alope of the tail of this éistribution pletted on a logarithsic
sosle (Pig. 20 ) the lifetime faund wes

T = 1.25 + 0,10 x 107 seo.

thic time is anly a little shorter then that obtoined Wy Deutsch (1981)






wmbhuzw‘a.!ummwﬁ
betwoen pulses may Yo introfussd Yy differences in thelr awpliteles.
The same offect mey introfuce distertiom in the pulse spectrum sslested
to corrospond to o pertioler delyy. Per exangle, the emperisectel delay

z«-mnm-ehu.n—mrnwmﬂ*f
to puloe height &. ‘

._..4«_;-_‘_) =i

E = 7T + 4

Lavge ernibilation pulses correspond %0 & small welue of & mﬁ
-memmm-Mhoh“lﬁ |
will be sooepted. But the muber of events with delay T dccreases
wpmentislly with ¥. Therefore fewer lerge pulses will % asceptel
them coaller ones and the low enaygy end of o spectyum will be esghasised,
mmmpmmuaaummus The
value of x is 1limited }y censidevetions of intensity end the wmtio of
resl to raniom colnaidences. '

To irwostigeto the delay & to pulse height, the kicksorter was wsed
%o seleot a marrow dend of pulses. The qylinder wms evacuated o thet
no delayed radistion wes ywosent.

Coincidence Tescintion curves were ghtained for o mmber of pulse
helights. o of these sve showm in £ig. 2\ , vis., thoss correspeniing
%0 200 and 400 Nev respectively. The delay heve is 7.8 x 209 0. This



ie szall compered with the decny times in the gases chosen. From these
repilte 2 emall corrTection woe mede to the speotre obtained lader.

Spectroscony

In oxver to interpret a contimuous ¥ -pay spectrum, it wes first
neconnsxy to exerdne the cpootrometer charagteristic of the Mel orystal
for line ppectra in the energy region below 510-kew. Fig. \< shawe
the spectrun of the snnihilation yadistion from CuS4 paltrens smniMlating
in ocopper. umwwm;mmm-mkmm.
The low energy btulge in the multipls Compton distribution con be explained
Yy bockscattering of ¥ -svys from the reer parts of the crystal mounting.
A similer spectrum was obtained from Wa®? in the evacuated container with
the twvo ocountere in prampt coineidence. The liquid filled counter detect-
ing the Na?2 \ _ray wos positioned to minimise coincidences frem its baock-
soattered Compton radistion.

The effeot which the position of the positron at annthilation would
have on the cbserved spectrum was exanined. Curves of the fig. \« type
were token with a Cu®® souree enclosed in Cu situated at vericus points
in the region 1-inch-3 inches frem the lodide crystal. Similar investi-
gotione were mede with Ag?08 (280-hiev Y -yay) and Cel®7 (co0-kev ¥ -¥uy)
sourves, screcnad vhere necessory from canversion Y-rays. These spectral
amxves were little affected Ly positioning, the verintion in the metio of
peak counts to total counts bdeing lees tham 87,
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In thess axperiments the pulses from the 1.25 Mev X -vey chemmel (Cg)
were delayed by 25 metves of cebls (ef. figlithe point + 25). The als-
wriminator in the io8ide chermel was set at 140 kev to ensure satis-
factory operution of the fast coincidence wit, and that in the 1imdd
scintillstor chamnel set st 600 kev to excluls ammihiletion redistiom.
The vhale spectrum was recovded contimpusly by phetogrephing the soveen
of the C.R.T. kicksorter. The spectrum of rendon coincidences wes obd-
tained directly by inserting 25 metres of cedle in the iodide chamnml
(the point - 25 on figliproduced bagk). The remults ebbzined are showm
in figs. 12 and 13 The twoken 1ine shaws the speotswunm of yandan
coincidences. This shes s dfs tinot pesk at 510-kev, providing o useful
celilwetion point. The full line shows the “real” ogunts and is the
difference betwoen the cbeerved spectyum ond the rendom spoctrum, the
latter boing subtraoted point by point.

Pig. 21 for axypen at 2.5 atmosphezes exhibits clearly the pressnce
of « streng 510-kev photo-pesk, together with a low emergy bulge carres-
ponfiing to that in fig. \¢ Tfor copper. In the o-se o oxypen the main
peek at 510-kev is lesr proncunced in height compared with the low energy
tulge then it is in fig. \¢ This 1s @ue in great measure to the larger
width at half height of the medn pesk (207 compered with 147). The
incressed width 1is in tum due to a varistion in guin over the several
hours of muning time invelved in the measurement and 0 o lesser extent
to a slight grafuel deteriomation in the @uality of the arystel since the
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arperimentc Cirst began., Farther, e 107 increcse is to be expected

in the low ensrgy pulses due to the displocemant of the resclution curw
(af. ©\0) above) lestly, messwenands on scottering wsoild mgrest »

rigpeof ~ § at the lower emergles. It seams clear, therefore, that

over the range investigated, the eenihflation rediation frem positruns
in wygen oonelsts of a =ingle line et S10-kev.

The resilte for freon ot 5.2 atmoupberes appeers in fig. - - Here
the 510-kev posk is sbeent ond the broad plateen exhidits the inhomogenscus
mtwe o the amnihilation redistions.

In fig. 34 inset the theoretiesl Ore-Powell speotrum is showm.
Prom this, the pulee spectrus to be expected from a scintilistion caumter
wes computed. Using the X -gay absorption date given Yy Reitler (1044),
the relative efficiency of the spectromter crystal for ¥ -rays in this
ererpy region was caloulated and the molified cwrve shown Wy the dotted
line (inset figl). PFrom the experimentelly observed line spectra at
280-kev, 510-kev and 680-kev the ratic of clostrons in the peak to the
totsl number energived waa determined for these energies. The expected
electyon spectrun (not corrvected for werying pesk widtthe) is shorn Yy
the main curve of fig. 14 The lower energy portion shown by dashes
invelved a alight extrepclation but this part of the awwve is essenthally
correct in shape and the arrors there ave estimated ot less than 81
The poscibility of two quanta registering similteneocusly has mot been
introdnced here as two quanta mumning close together are mot fevoured in
the theary ap phese gpaoe greunis., FPurther, most of the positrene

-m-



annihilete close to the smuree (at this prossurs of freon) and there the
cosnter subbleidc a reletively smell angle.

For camarison, the experimental awve of fig. 20 is aleo showm in
fig. “"4 end is seen to be in close egroement with the theoretioel
exmectation over the rengs investigated.

Discussiom.

In the oroe of freon, this experiment provides further very strong
evidenos that the lomg period for positrons arndihileting in that ges
uMnﬁMnMﬂﬁﬂ.WMdﬂnM&u
and electromn. Por abundant amnihilation fyom this atate to be cheecrwed,
it is necesscry that the pair form: 2 bound gystem, since the procee: is
of the third cader and could not otherwise compete with two-quantum ayni-
hilation. The work thevefore gives good smupport to the theoxy of
Deutsch that in freon, positraniun is formed in greet shundance.

There is mot, hoever, e clsar exylsnation of the recults in cogyyen.
The effectiveness of this ges eas a quenching ogent for positronim
(Deutsch) euggested a possidle explanation, vis., that positronimm
wvas formed in the ges and then the triplet state converted to the singlet
steate.

It 1s sofe to conocluds from the spectrol moosurements that not
lese than 90F of the smmihilstien rediation assceiated with the 6 x 100 s,
period ip two-quentum yadistion. Ve should then expect o lifetime



ane-terth of that for unperturbed positvomiwm, vis., 20°% g,
foot n mecn 1ife of 2 x 10 g5, is cheerved. This thooxy carmot
therefore be mainteined,

The re an 1ife rgrece fairly dlosely with that to bo expected
o the cimple piochme of saniilstion in collicions end the varietion
of lifetise with pressupe (Deutach) is in sgreement with thia view.



APPENDIX

The ¥ -reye of Intetium

The investigation of the X -rays of In17€ was carried out as pert of
the work of Dixon, McNair and Curran, a full sccount of which may be found
in their peper (Phil. Mag. 45, 683).

Tvo X -rays of 270-kev and 180-kev respectively, together with one
strongly converted ¥ -ray of 89-kev, were reported by Scharff-Coldhaber
(Unpublished). A decay scheme wes proposed by Goldhaber and Hill (1952)
in which the { -rays and all three % -rays were in cascads. Arnold and
Sugihora (1958), found the X -reys to have energies of 200 + 20-kev and
300 + 20-kev. A more sccurate measurement of the X -ray energies was
of perticular interest in view of their agreement with the predictions
of the Bohr-Mottelson model of the mucleus. A precise estimate of the
relative intensities of the ¥ -rays would test the validity of the decey
scheme proposed by Coldhaber and Hill.

The technical problems in this investipation arose from the low
specific activity of the source material. A Nal scintillation spectro-
meter was used and the pulses displayed and photographed en the screen of
the C.R.T. kicksorter described in Chapter IX. The background due to
cosmic rays and internal radicective impurities decreasmes ag the dimen-
sions of the Nal crystal are reduced. Increasing the dimensions of the
crystal, the detection efficiency approaches & constant veilue asymptoti-
cally. There is therefore an optimm sige for the best ratio of signal

to background. This was found to be about 0.75" diameter end O.75" long.
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To avoid uncertainties in the position of the crystal and in sttemuation
of the incident ¥ -rays, thin sluminium foil was used as a reflector
instead of MgO, and the crystal and reflector mounted in a thin perspex
container. Provision was made in the latter for accurate positioning
of the X -ray source. The letter was in the form of Iny0, (.49 mg/cn®)
in a thin aluminium eapsule. This aluminium, together with the perspex,
was just sufficient to stop the most energetic b -rays from the source.
The crystal and photo-multiplier were shielded by 8" of lead on all sides,
which reduced the background counting rate from about 2000 c.p.m. to

25 e p.m. The spectrometer was calibrated with the 280-kev X -rays

and k x-rays from Hg209,

The  -rey spectrum of Ial7® gbtained is shown in fig. 2§ From
this, ¥ -ray peaks at 310 & 10-kev and 190 X 10-kev stand out clearly.
The x~-ra; pesk at 53-kev is thought to arise prineipeliy from the absorp-
tion of the Y -rays in the thick source.

The writer camputed the detection efficiency of the crystal for
% -reys of the above energles, allowing for attemation in the source,
aluminium, and perspex. From this the intensity of the Y -rays was
found. From the proportional counter data of Dixon et al., the internal
conversion coefficient was estimated. Vhen this wes taken into account,
it apoeared that both the high energy X -rays had the same intensity,
which sgreed well with the number of § -reys, thus supporting the decay
scheme of Goldhaber and Hill. *

The agreement between experimental measurement and theoretical



prediction of the energy levels is shown in the table below.

279 X 10-kev

580 X 20-kev

!
'L Experimental 89-kev
i Theoretical (89-kev)

298 -kev

623-kev

* The 1.C. coefficients are also in agreement with the miltipole

orders of transition which the scheme suggests.
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