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PREFACE

The work described here was carried out in the department of
Natural Philosophy of Glasgow University, over a period of
approximately five years, ending in February 1954. The investigations
are described in chapters 1, 2, and 3 of the text, and three
interlocking aspects of the yY-ray process are essentially considered,
viz. spectroscopy, lifetime, and spetial distribution.'The
introduction first indicates the background of the scintillation
method, and then deals with the underlying theory and basic work

associated with the three Y-ray aspects in turn.

The author acknowledges suggestions from Dr.S.C.Curran concerning
the two crystal method (Ch.1,82), and the Lal4C decay scheme (Ch.1,83);
also measurement work on Lal40 by Dr.R.C.Bannerman who determined
figs.6 and 9.

smt®! and Eul®S (cf. Ch.1,84) were being studied in the laboratory
by Dr.H.W.Wilson using proportional counter methods; the author was
approached to investigate aspects requiring scintillation counters.

Concerning Ch.2,83, (i-vi), Mr.A.T.G.Ferguson assisted by preparing
some of the ancillaries and by suggestions.

The author collaborated with Mr.A.T.G.Ferguson in the work
referred to in Ch.2,§4, by suggestions, by providing auxiliary

equipment, and by carrying out the measurement work of figs. 36 and 37,

In conclusion, the author wishes to thank Prof.P.I.Dee for his
interest in the work, Dr.S.C.Curran for discussions on radioactive
decay, and Drs. J.G.Rutherglen and R.D.Smith for access to the high

tension set at one stage of this work.

| July 1954 .
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INTRODUCTION.

GENERAL  SURVEY.

On the classical theory, the incidence of the smallest amount
of r-radiation in matter was expected to. be followed by scattering.
It 1s now known, héwever, that a group of several quanta can pass
through relatively large bulks of material without effect. The
impact of a y-ray in matter is in general attended by the energis-
ing of one or more particles, usually electrons, which in turn can
produce excitatidn and ionisation. Observation of the latter
effects leads to information on the liberated particles and thence
to a specification of the Y=ray concerned.

The often inefficient, and inherently iﬁdirect form of detect-
ion'and measurement has made Y-ray work difficult. Whilst
individual eventa could be studied by cloud chember methods, and -
more recently by photographic techniques, larger surveys have been
undertaken by spectrometers and various forms of gas coﬁnter, the

vy efficiencies of which are in general low. The requirement for
a counter permitting efficient detection and_measurement of eray
energy has been a very real one, particularly for coincidencg
studies.

" The igtroduction and development of the scintillation counter,
activated by the fluorescent light from excited atoms and molecules
usually in oondensed materials, has satisfied this need over large

Y=Tray energy regions,
Though the scintillation counter has found most immediate

usage/



usage in the field of y-ray work, attributes and devslopments,
such as those associated with fast response, have given it
congiderable value in other fields of investigation.

With the availebility of a method for examining individual

y-ray events quentetively end effectively, detailed studies can
be made of the processes associated with these events. Three
types of information, generally interlinked, on Y-rays and the
y-ray processes aré'required, and will be considered. They can
be listed as follows:-
1, Spestroscopic data, concerning the y-ray energy and intensity.
2. Lifetime figures, referring to the ordering and timing of
events, ' |
3. Spatial specifications of the vy-rays, intrinsically related
to spin.

In the text it will be found convenient to associate with the
term spectroscopy, also prompt coincidence spectroscopy, involving
a knowledge of those events whioh are, broadly épeaking, time
coincident with one another, i.e., which belong to the one parent
disintegrafion. As for lifetime work, since the seintillation
counter plays a dominant role in the short lifetime region,
emphasis will be placed on this. The spatial relationships can
concern' y-ray angular distribution and correlation 1nvestigatiohs.
These three aspects can be linked with the three characteristic
properfies of the scintillation counter, viz., uniformity, speed,
and efficiency of the response, respectively. In the following
rages/
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rages of the Introduction, the essential propertiss of the
gcintillation counter are first discussed, with special reference

to Y-ray absorption and technique; the three aspects of a y-ray

"process are then considered in more detail.

1. THE DEVELOFMENT OF THE SCINTILLATION COUNTER FOR Y -~RAY WORK,

(1) The Secintillation Countér.

Fluorgscence has played an important role in the bulk detection

of radiations. Ultra violet light produced direct optical
excitation; oc¢athode rays, X rays, and the eariy radioactive
radiations produced particle excitation of the appropriate

optical levels. In view of these applications, many parts of the
subject have been closely studied in the past, particularly those
relating to cathodoluminescence (of. e.g., Stokes (1852), RBntgen
(1895), Becquerel (1896), Lenard (1903) ). The scintillation
detection of single heavy particles was of mmeh importance in early
radiocactive work (cf. e.g., Crookes (1903) ), but the visual method
of detection gave way to varioﬁs forms of elecstrical counter.

The Photoelectric effect (of., e.g., Hallwachs (1888) ), and
the discovery of secondary emission (Austin and Starke (1902) )
permitted the ultimate development of the photomultiplier (ef. for
instance Zworykin, Morton and Melter (1936) ). The detection of
«~particle scintillations usihg a photomltiplier was effected by

Curran,/ |
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Fig. l. Schematic diagram of~pho£6mu1t1p11er?¥"

i,showing scintillator in?place}and preamplifier

connections.
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Curran and Baker (1944). Independently Broser and Kallman (1947)eb
detected particles and Y-quanta, reporting uniformity of response
for X-particles. A new return to older méthods followed.

A schematic diagram is shown in fig., 1 of a seintillation
counter. Connections with a preamplifier are shown for completeness
though other attechments are equally appropriste. As a result of
irradiation that part of the emitted light which is not absorbed
by the mass of scintillater passes out as fluorescence and ejects
photoelectrons at the.oathode, Suecessive mltiplication oceurs
and finally electrons charge up the effective collector capacity,
the charge received being subsequently allowed to leak away.

Tubes having tungsten sensitivities around 30Ma/lumen were
realizable. Making some allowance for the wider response band of
the photomultiplier relative to the eye this corresponds roughly
to about 1 photoelectron per 20 quanta of 3 e.v. , For‘a very
efficient phosphor like zine sulphide, which under & bombardment
required at best only 9 e.v. per quantum (Chariton and Lea (1929))
it could be anticipated that 1Me.v. of X energy might liverate about
a thousand photoelectrons allowing for some loss through geometry
(cf. 1P21, R.C.A. tubes). With a gain of 10%, and a collector system
capacity of 20 pf. an output of several volts could then be expected.
Both thermal and shot electrical noise in the following preamplifier
and circuity would therefore be of no consequence, being restricted
to the mierovolt region with proper design, even for bandwidths of

several megacycles. (ef. Nyquist (1928) and Williams (1936) ).
This 1hdicates, together with the wide band character of the

emplification/



emplification, the particular merits of the mmltiplier action. |
The phototube has however a dark current of its own. This is to
some extent temperature dependent, as it is partly due to thermal
electron emission, but at high interstage voltages the noise
increases. This tube noise limits the performance of the counter

at energies liberating only a few electrons from the cathode.

Following on the introduction of the counter and the use by
Broser apd Kallman (1947)b of naphthalene for detection of TQrays,
other y-ray scintillators were proposed, amongst them anthracene
(Bell (1948) ) and thallium activated sodium iodide (Hobtadter (1949
VWhilst the responsé of the organic materials was not as good as
that of the impurity activated inorganic materials the rise time
was shorter.

On the mmltiplier side the production of tubeswith side and
small end window cathodes by E.M.I (types 4140 & 5060) improved the
geometrical. efficiency of commercial multipliers (ef. Sommer and
Turk (1950) ).

This was approximately the position when the work described in
this thesis began. Because of the exploratory character of muech of
the early work referred to above, preliminary measurements were made
on the method. The scintillation réSponses of some materials were
examined including those of some liquids and solutions, particﬂarly
with a view to possible TY-ray use. A rough assessemnt of the
absolute response of anthracene was also made.

The/
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The initial aim was to determine how the seintillation cqunter
could be best set up for measuring y-ray energy, since this type of
measyrement had not been made, end consideration had to be given to
the preparation of blocks of maferial of aﬁequafe gize. Before
introducing more specifically the. Y-ray side of the téchnique
reference should be made to some later developments of the counter
itself which have helped in this connection. On the scintillator
side reference should be made to the use of terphenyl in solutions
(Reynolds, Harrison, and Salvini (1950) ), which have an efficiency
~1/3 that of anthracene, and a fast rise time; (e.g., for terphenyl
in toluene a Tise time of 2 x 10™° sec. has been measured (Post
R.F. 1950) ). Mention should be made too of the commercial avail-
ability of certain crystals in bulk by Harshaw, and Hilger, for
instance, On the photomultiplier side, the development of the
1" & 2" cathode E.M.I 11 & 14 stege tubes the R.C.A., tube58I19,
and the more recent high sensitivity Du Mond tubes should be

referred to.

(ii) y - ray absorption.

y -ray absorption 1s essentially determined over large energy

ranges by the three processes; photoelectric effect, Compton
process, and pair production. The first of these is accompanied

by the emission of an X-ray, in general, which cen induoe subsequent
photoeffects. The second involves production of a scatteréd Y -ray

of lower energy. The third involves provision of 1.02 Mev for pair

creation/



creation, which reappears subsequently when annihilation occurs.
The photoelectric effect implies electron ejection from one
of the various X, L, M === shells‘of the atom. The electron is
emitted preferentially along the electric vector, i.e., at right
angles to the mmﬁwntum of the ¥ -ray. The nucleus has therefore
to provide a momentum increasing with ¥ -ray energy (X,). In
consequence of this the photoeffect is not of importance at higher
energies especially for materials of low atomic number z; <further-
more that from the K-shell is dominant. At lower energies the K-

shell photoeffect e¢ross section ¢K 1is, per afom:

¢K= Po & Z 41/—.8" 7/1.
[37% (1)

- where ¢.= 81n/3 = 6.57xIO- cm*and p- 18 the electiron mass,

(cf. e.g. Heitler (1947), Stobbe (1930)).

In the Compton process Compton (1925L involving free electrong
a large portion of the incident vy-energy is in general reradisasted,
partly to accord with momentum considerations. At the lower
energies the electron cross section ﬁo’corresponding to an atomie
eross section Z9q, is given by the Thomson scattering formula, the
scattering intensity being symmetric about the electric vector.
The theorétical formla has been deduced by Klein and Nishina (1929
At higher energies radiation in the backward direction falls off
rapidly, and with it the total absorption eross section. The
atomic cross section %, for the Compton process is given at high
energies by the asymptotic relations. .l

e ing bpely i) o
In/
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In the pair production process, electrons are ejected from
negative energy states Dirac (1928) Blackettand Occhialini(1933).
Momentum is provided by the nucleus, and the absorption increases
with coulomb attrgetion of the nucleus, being préportion&l to 22,
Beyond the threshold of 1.02 MeV the absorption slowly 1ncreases’
with frequency, the increasing amount of phase space availeble to
two particles at the higher energies offsetting restrictions in

providing the momentum for balence. At high energies, the oross

- 23 Q )(7(.3 2o _ 109) | ®

% cf. Heitler and Sauter (1933)%

section ¢p 1s given by: op

A screening correction for the coulomb attraction due to the
electrons. in the atom has generally to be included.
Much further experimental work in connectlon with these y -ray
absorption processes has been carried out; detailed comparisons
with theory are given by Heitler (1947) and by Spring (1950). |
Results will be referred to in the text of ensrgy end related measure-
, mentgwith scintillation counters on the photoelectric and Compton
process here which accord with the theory.

On the basis of the above and data given by Heitler (1949)
the variation of Y-ray absorption cbefficient with energy in any
material may be obtained. Fig. 2 shown the variation in absorptién
coefficient 7 per em. for scintillators of activated godium iodide;

and also for a hypothetical organic material Having equal numbers of

carbon/



carbon and hy@rOgen atoms and density unity. It further shows
the contribution to absorption iﬁ the case of the sodium iodide
crystel, of the three processes dealt with above. The allowanee
for screening in the pair effect at the highest energies shown is
only approximate.

(114) y-ray energy measurement with scintillation

counters.

It is necessary to consider, in energy measurements, the rangeof"
the electrons produced. At low energies this i1s roughly pro-
portional to density being ~- 1 mm. for an electron of <+ MaV
energy in a materiasl of density 1. At higher energies the range
may be large and may be a more important factor than the Y-ray
absorption; further the energy loss by Bremsstrahlung may becoms
important.

If the photoelectric cross-section is high in a bloek of
scintillating material, there is a high probability that the
characteristio X-réys liberated during the y ~ray photoelectrie
absorption are themselves absorbed in the material together with
the subsequent characteristic X-radiations involved. A single
peak should then occur. This effect in sodium iodide was
demonstrated by Viest, Meyerhof, Hofstadter (1951). It is
particularly important for energies below ~ % MeV (cf. fig. 2).
Effects in other materials are referred to in Ch.l.

For captur «ing the considerable amounts of radiation from
Compton scattering relatively large amounts of material are in

general required, adequate width as well és length having‘to be
provided./
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provided. In the initial stages of development searches were
being made for suech Y -ray peaks using single crystals. Some
ﬁork of this kind is mentioned in Ch, 1. With smaller amounts
of material a method using two crystals in coincidence could be.
employed, one activated by back scattered Compton ¥ -rays, the
other selectiﬁg the corresponding electrons of maximum energy.
Results by this method‘were published by Hofstadter and MeIntyre
(1950)a. Preliminary measureﬁents had been carried out by the
writer, énd these and later measurements are desecribed.

The pair effect 18 important for the detection of high energy
radiation, the particles produced being initially directed forwards
Breadth as well as length has to bg provided in the scintillator
to allow for scattering and Bremsstrahlung. Mention should be made
of the experiment by Johmnnson (1950) who selected pulses in a.
central crystal giving annihilation quanta in two subsidiary
crystals in coingcidence.

In using single cerystals for energy measurements, care has to
be taken to sort out the photoelectric and pair peaks and the
Compton edge. This coﬁld be avoided in the region ~ 100 KeV to
a2 MeV by using an organic phosphor where only the Compton edge
occurs. Use is mede of this property in the work referred to in
Gh. 1 on La*%? (cz, Bannerman, Lewis and Curran (1951). At the
present time with the larger crystals of sodium iodide now avail-
able, 1t is possible to produce a single peak, over large energy

ranges, by capture of secondary quanta.



- 11~

82 THE Y-RAY EMISSION PROCESS AND NUCIEAR SPECTROSCOPY.

An examination of the y-ray energies associated with nuclear
transitions gives the level differences of the nuclear states, and
coinecidence studies involving the various emitted radiations lead
to mass difference assignments. Conversely the available ensrgy
in a radiocactive transition limits the number of excited states
accessible to investigation by decay methods. In isobariec +trans-
itions to a stable state, this energy roughly falls with atomiec
number, being generally greater for unstable odd odd, than for
odd A, nuclei; a trend in line with the semi empirical Weizsfeker
predictions (cf. too Bitter 1950, p 123).

- In considering Y-ray emission the nature of the states
involved 1s of prime importance, particularly the charge distribu-
tion and energy; <fundamentally these must depend on the .nuclear
forces. As exact information on the states is not available,
interpretations of them are of great wvalue. Some reference will
be made in this work to one such interpretation, viz., the shell
model (cf. e.g., Meyer 1949). On this model spin and parity assign-
ments can be posﬁulated for both ground and low lying excited states
Moreover qualitative estimates can be hazarded about the energy
changes 1nvolved, Thus odd A nuclei can be expected to have lower
first levels than even even nuclei, and the shift of a parficle
within a shell can be expected to involve only a small energy.

The power of the method is best gauged by specific instances (ef.
8.8., Goldhaber and Sunyar 1951). Other models are useful in other

cases/
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cases (cf. e.g., Guggenheimer (1943), Hefstad (1938) ).

The nature of the single Y-emission process 1s considered
in (ii) below. It is desirable first to consider in (i) the
characteristics of a multipole order radiation field, since much
emphasis will be placed on this in some of the work that follows
(ef, gg and eh. 3).

The caserof two and three yY-rays being emitted simultaneously
frdm an electron positron system will be raised along with other

matter in 83 .

(1) Mnltipole order radiations.

The emission of a photon by an orbital charged particle has
long been associated with changes in angular momenta (cf. Abrahem
(1914) ). The quantisation of the angular momentum of an atomic
or nuclear system could therefore be expected to have an important
bearing on the type of radiation fields produced.

In quantum physies for spherically symmetric Hamiltonians, the
rotational operators %Fg(where ¢ is the azimuthal angle), ete.,
are associated with constants of the motion (cf. Dirac (1935),
p.121). For the rotationally invariant electromagnetic field
equations therefore those solutions, which are sigenstates of the
rotational operators, will possess important constants of the
motion. These can be shown to be angular momentum constants,

Solutions of the electromagnetic equation in vector form can
be obtained, viz:‘

T = curl ('i"'"*)); or again H = ecurl (E‘"ﬂ}/) -(4)
where ’\r is a solution of the equation . J*yr+ K y=0.
and/ '
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end T' 1s the radius vector. In spherical polar co-ordinates

(r,0,9), can be given by = Y, (6,9). £ (r) (5).
where f(:)( is an appropriate function Yf r,ei:; ? ente;{'g: ﬁg;:“‘é;‘m“u
e1®%nere ,(cf., for'instancé, Heitler (1956), Stratton (194l)p.415).

These forms (4) are associated with magnetic, and eléctric,
multipole radiation respectively of order (, the radial components
of -f}) and H vanishing, respectively.

These fields are eigenstates of the vector rotation operator

D

Yo thus under a rotation of co-ordinate axes;

_(curl Ty) = m (curl ¥%) | (6)
in a manner analogous to the equation:

_L Y'rm = m.Y‘(,m.
for scalar wave functions (ef. Franz (1950),.

By expressing the angular momentum in terms of Poynting's
vector Franz has shown the quantum characters { and m are
associated with the total anguiar momentum and axial resolute of
angular momentum respeetively of the multipole radiation. More-
over the solutions form a complete set of solutions of the I
equations. |

The emission probability of a quantum in a small solid angle
about the direetion (g, ¢) is a function of g only for the above
(En) mltipole radiation and can be designated F1m1e). (ef. e.g.,

Falkoff and Uhlenbeck (1950) ).

(11} The emission probability.

It is necessary to mention y-ray intensity cohsiderations,

which will be needed in eh. 1; (and the closely linked lifetime

matters/



matters which will be referred to further in 83 and Ch. 2).
On the classical theory the emission probability of long

wave length multipole radiation (fm), due to en oscillatory
charge density P , distributed thi'ough‘a volume \/ is proportional

to the (moment infegral_)’-.' HTPYQ: (e'(P). f(v)ow /2— .

(cf. Blatt and Weisskopf (1952), p.590, who deduce the tramnsition
probabilities (7), (8), (9) belowl.

The emission probability C!b“of a quantum of electric maltipole
radiation (.[m) from a single nucleon of charge e in a transition
from state qba to q’g, may be written in quantum theory, as
Yom =1t} K |2 L 102 (6 PO, @ui e[ ()

where K: 2(L+1) 5
(tr.a.5..... 024+ 1)°

The integration over T including the spin variables and the volume;

where the wavelengthiﬂ/K is long compared with the linear dimensions
of the nucleus., If the nucleon possess a magnetic moment an
additional term; generally small, should be included within the
modulus. Using the independent particle model of the nucleus of
radius R, the transition probability {¢m has been shown to be
B o = Yer K3¢t7, R3¢, &, (8)

whefe g is a factor of o;zgg'unity for a favoured transition,
depending on the angular momentum of the nucleon involved before
and after. For a nucleus of A ~ 50, emitting a v T8y of energy
A 1 MeV, lifetimes of ~ 10~ ana ~10" 5608 can ve predicted
against electric dipole and qﬁadrupole transitions'respectively.

The expected magnetic multipole radiation (fm) probability,
has/ |



- 15 -

has been shown to be less by the approximate ratio

{MCR * 1 . 100 ()
R 10

where M is the mass of the nucleon.

Whilst these formulae of Blatt and Veisskopf serve to predict
y-intensities in general, consideration has to be given to the
internal conversion coefficients before assessing the lifetime of
states, of high atomic number Z, emitting lower energy radiastions.
Moreover the experimental determination of these coefficients\can
serve as an independent check on the multipole order and type of

radiation. They can be assessed theoretically without knowledge of
nuclear structure; (cf. e.g., Dancoff end Morrison (1939) ).

é Passing reference should be made to mmltipolarity determinations
in the higher ensrgy region using internal pair effects (e¢f. e.g.,
Jaeger and Hulme (1935), Latyshev (1947);.

Experimental verifieations of the above intensity and related
theory exist. bne of many instances involves the 411 Kev. state
of Hg198, examined by short lifetime methods referred to in 83
below, by Graham and Bell (1951); also by Davey and Moon (1953)
and Malmfors (1952). The lifetime is of order 10-11830. implying
an E.2 transition. This assignment is coﬁfirmad by the internal
conversion results (ef. Elliott and VWolfson (1951) ). |

(1ii1) Experimental work here involving fy~ray apectroscopy.

Some of the y-ray work on/radioactive sources was initiated
as indicated in8T to investigate certain aspects of scintillation
counter work, then in an early state These 1nvolved y-ray energy
and intensity measurements, and subsequently the development and

use/
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use of certain coincidence methﬁds which would correlate the
y--fay energies involved. An investigation of the: Y -rays

of La 140 15 described from this viewpoint, which led to
information concerning the decay of this element..

Some early work on the radioactive elements Smlgé andﬁﬂulgg
is also deseribed which‘suggested possible decay schemes for
these melei(ef., too Wilson and Lewis (1952) ). These nuclei
occur in a region of Z and A where muech data is required.

An investigation was carried out too on naturally radioactive
Rb87, which has, on occasions been suppossd other than a pure
B ~emitter. The mode of decay, lifetime andp - ray characteristics
were of much interest. This source seemed particularly suitable
for study by the scintillation method, and erystals of RbI (T1I)
were made and examined in connection with the work. Purely B-ray
aspects of the study are referred to bdriefly in the Appendix
(ecf. too Lewis {(1952)b).

With the development of the seintillation technigue spectro-
-scopic studies requiring more'involved procedure became possible.
The study and some applications of deleyed coincidence spectroscopy

are referred to in §ﬂ5’below.

83 DETERMINATION OF SHORT LIFETIMES,
POSITRON AND POSITRONIUM LIFETIMES
AND ASSOCIATED SPECTRA.
The lifetime of an excited state against single gquantum
emission has been referred to in principle.. The work in the text

(ch.2 ) will also relate to the spectra and lifetimes associated

with the annihilation of a positron electron system, where two

or/
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or three quanta are emitted simmltaneously, a matter introduced
below in (11i). A fast coincidence unit using scintillation
counters served as a basis of measurement and the development
of this is referred to briefly in (i), and its application is
indicated in (ii).

(1) Fast coincidence units.

The pulses from a scintillation counter could be expected to
rise quickly (cf.§1} and a coincidence unit with resolving time
at least in the lofssec. region'seemed realisable. In 1949 Bell
and Petch referred to the construction of a fast unit using 1P21
mltipliers, discriminating after mixing. A requirement concerning
work in ch. 3 had led the author to investigate units of theée
resolving times to cut down random counts. The use of fast
discriminators and the 1like did not take adequate advantage of the
fast multiplier pulses, and it was decided to 1ncorporat%‘thg
suggestion of diseriminating after mixihg. Appropri@%%ft??E;iﬂy
was designed and mede. Development work and operational methods
for high speed Y -ray work are referred to mostly in the texﬁ.
Reference too should be made to the work of de Benedetti using a
different input system.

(ii) Short lifetime determinations involving
Y -rays and associated spectroscopy.

The mein method of short lifetime determination at the present

time employs delayed coincidence technique, utilising seintillation

counters. 1In this if the formation of an excited state be announcal

by the emission of radiation this ecan be allowed to trigger one
channel/
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channel of a high resolution coincidence device, allowing the
subsequent decay of the nucleus to be followed by the other
channel. By this means Graham and Bell (1951) showed the life-
time of Hglgs to be less than 3 x 10 1lgec. (e£. 82 ii). This
nethod will be used in the text; its application to the deter-
mination of fast periods, and more than one ﬁeriod, will be
considered in detail., This method has the further merit of
permitting delayed coincidence spectroscopy to be carried out,
an aspect required in the text. Developments of this technique

are Jetailed there, together with applications.

[?n passing, mention should be made of the complementery
vy -line width ( (}) method of measuring very short lifetimes.
Resonance scattering has been observed for Hgl98 by Davey and
Moon (1953), Malmfors (1952) (ecf. §2_ii); r; has been found for
proton capture when the total width is large (e¢f. Fowler and
Leuritsen (1949) ). Other special methods exist (ef. Thirion and
Telegedi (1953) ), Elliott and Bell (1949), Delbriick and Gemow
(1931) ].
(iii) ©Positron and positronium lifetimes and
Toting to me 8 maa Sost i iEstinen)

The field of study of positron electron systems was one with
many subjects requiring investigation, both two and three quantum-
wise. These investigations were all fundamentally suited to the
scintillation method with its high ¥ -ray efficieney, its ability
té distinguish energies, and its very fast response time.

Annihilation/
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Annihilation of positrons can occur by one, two or three
quanta, One quantum emission implies & momentum contribution
from enother particle. The predicfed effect was small (cf.

Jaeger and Hulme (1936) ); ef. too Meric (1949). |

The two quantum process of annihilation was formulated by
Dirac (1930) before the discovery of the positron by Anderson
(1932), and Blackett and Ochialini (1933). It has been estimated
to occur partly in flight and mostly at rest. With positrons of
Kinetic energy imev. less than 3% of the annihilations should
occeur in flight. The expectations for annihilation in flight have
been confirmed recently by Colgate and Gilbert (1953) and by
Kendall and Deutseh (1953); +this process will,essentially, not be
discussed in ch. 2.

The two quentum process at rest has been confirmed in several
ways (cf. the Y -ray measurements of Du Mond, Lind, and Vatson
(1949), and the angular correlation experiments of Beringer and
Montgomery (1942). If N denote the number of atoms per unit volume,

™ = ez/mcz, the lifetime against annihilation has been assessed

on the above theoretical formulation at -7 where

T = /(,\{erroi-c (10)
if all the electrons be assumed available, e.g., for lead -7 would
be a6 x 10~1lsec. The work of Deutsch (1951) had shown that the
annihilation time in gases was not always inversely proportional
to pressure. The proportionality existed for oxygen, but not for
freon, in the latter the annihilation time had been shown to be

epproximately 1.4 x 1077

quantum/

sec. at various lower pressures. The two
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‘quantum process of annihilation of slowly moving positrons and
electrons requires the system to be in a singlet state, 8pin O,
(cf. Vheeler 1946, c¢f. also Ch. 2 where a deduction is given on
the basis of the Dirac equation).

Ore and Powell (1949) showed theoretically that three
quentum annihilation can oceur from the triplet state of spin 1,
and they showed that the process was 1110 times less likely than
annihilation from a singlet state. If therefore annihilation
oceurred by collision between free positrons and electrons the
two quantum process would occur 370 times as often as the three
quantum process. The factor of 3 entered because of the higher
statistical probabilitj of forming a triplet state. The lifetime

_ =30
of the bound singlet state had been given by Wheeler as 1.25 x10

sec. The lifetime of a bound triplet state would be 1.4 x 107
sec. when once formed. It seemed therefore that the freon life-
time coincided with that of triplet postronium. Deutsch and
Dulit (1951) showed the presence of anniﬁilation radiation below
510 KeV using freon, and de Benedetti and Siegel (1952) had
obtained three quantum coinecidences from positrons decaying in
freon., It seemed desirable to select out the delayed radiation
associated with the long period (1.4 x 10~7 secs.) using delayed
coincidence scintillation technique and to compare the spectrum
with that theoretically predicted by Ore and Powell. It seemed
of value to determine that in oxygen also, in view of its
different pressure behaviour, for comparison. These experimenté

are described in Ch., 2 (ef. too Lewis and Ferguson (1953) ).
The/
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The lifetime at higher pressure in freon was of interest,
together with a comparison of the decay time in oxygen with the
theory of free c¢ollision annihilation., A search was alsolmade
for the fast\decay in freon at a later date with the same unit.
The search for a fast decay in gases could have important bearings
on the annihilation process. The fraction of triplet state was
also determined directly by this method (Ch.2,8 3, (vi)).

Work of an analogous nature, and on an extended scale needed
to be carried out for condensed materials, ligquids and solids. 1In
an abstract De Benedetti and Richings (1951) indicated that the
lifetime difference between metallic potassium and lead was less
than 10-gsec. In Ch. 2, 8 4 (cf. Ferguson and Lewis (1953)) various
relative measurements of lifetime are referred to, and an account
is given of absolute annihilation time measurements of positrons

22 and Coeo. A discussion is

in aluminium and involving wofk on Na
given of a second period in solids. Suggestions for operating high
gspeed coincidence units with'any type of radiations, particulariy
.Y -radiations, materialised. In the meanwhile, further publica-
tions have appeared relating to condensed materials by De Benedettl
and Richings (1952), also by Bell and Graham (1952), (1953).

84 ©NUCLEAR SPINS AND THE ANGULAR CORRELATION
OF SUCCESSIVE y -RAYS

(1) The nature of the relationship.
Strong angular correlations have been referred to in gg;
concerning the simultaneous quanta produced in annihilation
processes. The suggestion that angular corrélations can occur

between/
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between successive y -rays in nuclear emission was made by
Dunworth (1940). Calculations were made by Hemilton (1940).
‘The high efficiency of scintillators is of great value in this
application, and the method was successfully demonstrated by '
Brady and Dentech (1947, 1948)a,b) for Co60,

The spatial distribution of a single Y—emission.of given
miltipole order (cf. gg;ii) is related to the angular momentum
of the wave and so to the spin change of the nucleus concerned.
If a nucleus be initially orientated at random, and a y-ray be
detected in a certain direction the spin of the nucleus is
telated, in a sense aligned, to this direction, and a subsequent

Yy-ray emitted of given mmltipole order will have 1té spatial
characteristices, to some extent, predetermined. Conversely the
angular correlation leads to spin assignments for the nuclei.
The work can be generalised to include the ecase of cascade
Y -emission following particle capture.

The method is of particular value for determin:=ing the
spins of short lived states, which cannot be determined spectro-
scopically. Corroborative evidence may sometimes be obtaiﬁed by
the methods indicated in g;. The use of pblafisers enables a
distinetion to be made between magnetic and electric transitions.
Moreover-if mixed transitions be suspected the angular correlation
mefhod can be a sensitive method of assessing the components.

The nature of the correlation relationships will be referred

-to in some detail below and in the main text; particularly the

case/
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case of y -y 1intensity correlations from a radioactive nucleus
(double Y cascade); and the ecase of Y -Y intansity correlations
from a nucleus formed by particle capture (triple cascades).

A single instance of éngular relationships can first be
ziven to exemplify the method which will bs followed, involving
a nucleus of initial spin js = o. If a sgpinless partiecle
-travelling along the z direction, with orbital momentum fo be
captured by the nucleus only states having z resolutés of momentum
defined by m; = o would be formed. If instead a Y quantum (of
intrinsic spin 1) of mltipole order (o_had been emitted along the
z Girection, only states m = 1 would have ooccurred. Taking
lo = 1, so that the spin produced either wey 1s Ji = 1, one may
suppose subsequent Y -emission in both cases to a state 32= o.

The emission probability at angle & to the z-axis would then be
sin®o (elassical dipole along E?), for the spinless particle case;
and (1 +cos®8), (classical dipolesalong '2'&'3), for the Y quantun
case., (The perticle case is generally referred to as an angular
distribution proeess).

The explicit value of the population density of the first
intermediate state (ef. Iy, above) will be shown of importence
in all cascades. For triple cascade processes the determination
of the generally unequal population densities is a first stage‘-
only, attention having to be paid subsequently to ceoherency
factors. Detailed consideration of triple cascade processes is
left to eh. 3. For doﬁble yYy-cascades the formation and emptying

of the intermediate states are reciproeal processes and this aspeet

will/
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. ( )
will be stressed in the treatment given below (ef.eqnf{l2e))

Consider the population density of the first intermediate state
reached, eithér by photon emission or by particle capturs, from
an unorientated nucleus (jomo) with mo randomly distributed.

For photon emission, of mmltipole order fo, along the axis
of quantisation, the relative population of the first intermediate
state (Jymy) is given immedlately by ‘)< where -

K= U & ammt 1 i)t (oo bt i ocrnror 2
mo - 1, in the two Clebsch Gordon coefficients (e¢f., too, Condon
and Shortley (1951) p.73).

For the éapture of a particle, of any intrinsic spin s,
incident along the axis z of quantisation, upon the unorientated
nucleus (Jjomo) the channel spin S is defined as the vector sum of
jo and s. The quantum numbers sjo3S, represent effectively the
intrinsiec épin properties of the particles, and the substates
(s,83): are. raéé%mi;*éiéﬁggﬁé%gﬁ ¥+%EQ:T§Q%ﬁénéiLnnel spins S
were equally available the population density of the first inter-
mediate states (jlml), allowing for the additional orbital momentum
of the particle ({o) would be therefore,

ZS(SQ Szo/j, ) where S, = m,.
If {(S) however denote the relative probability of the spin S in
the reaction process the population density of ljlm\ will be 1131' "

where
’X”" ZS &(S) (Se m, IJI’V“\:) (11b)
(ecf., too Devons and Hine (1949)

Double cascade processes involving at least one Y -ray are now

considered./
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'considered. Reference may be made in this connecfion, too, to
Biedenharn, Arfken and Rose (1951), also Falkoff end Uhlenbeck (1950}
ﬁamilton (1940) derived the formmla of type (12b) for y - y cascades
utilising theorems of random phase. Suppose Y -emission alqng the
z Qirection (or capture of a particle travelling in the z direction),
to oscur, followed by photon emission of multipole order ZJ.. The
prol;ability of appearance of this seéond emission in a given solid

angle at (©,9) can be written P, where
,P = S E"W\l (.SOM‘ l H°""'M‘>(S.'~“'1H(A,)!“'k‘3
Here m stands for mo in the photon case, (or m stands for Sz,S in

2
(122)

the particle case ,cf.llb;, Ho and H(K) specify the appropriate
interaction operators in the two successive processes. S refers
to summation over the initial and final magnetic quantum numbers
(m and mz) and over the polarisationé P of the ¥ -i'ays involved
(one or two as the case may be), e.g. circular poiarisations.

It might appear from inspection of (12a) that the summation
over my involves cross terms (coherency). However, by the special
choice of the axis of quantisation above, m 1is uniquely gpecified
by m (or conversely m is specified by m,) (cf. derivation of
*(1la) and (11b) abovei, and (12a) becomes irmediately:

? = -S l(ioh,Ho,y.mj‘, l(j:aa.lH(R’”J”_‘__)lz

iy My b oond § fer partide cas) e
Here m; has replaced m under the symbol in the photon case; (or

(12v)

similarly m, and S have replaced m under the s;,mﬂao]..,Sp in the particle
case), |
The first termxji_e'\&s the population density Xml (i.e. either
m1/
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7<nfg or mgL ). The second term on summing over the relevant
polsrisation variables involves the probability of mmltipole
order radiation intensity Fllml-mz(e) (cf.zig.(ii))- Consequently
(12b) can be written immediately as: | .g.u“
P-= %S:m [%Am,'( framy U ampwmy , 3""“')1' E@J (12¢)
| b
and P is a function of © only. :
The use of multipole order radiation theory here makes clear
the fundamental basis of the correlation method.
Considering only ¥ ~ ¥ cascades (cf. e.g., Biedenharn and
Rose, (1953)3 P(6) has been shown a polynominal in'cosze « The
highest power of (cosze)does not exceed either of the two multipole
orders (10, {J nor does it exceed the angular momentum number J,
of the intermediate state.
The expression for triple cascade processes will imply a
generalisation of (12a) and will involve ecross terms (coherency)

usually. This will be referred to again in ¢h.3.

(11)  Experimental Work.

The first experiments carried out on angular correlations
utilised Geiger counters (Kikuchi, Watase, and Itoh (1942),
Beringer (1943), and Good (1948), TFor Na24,,Br82, YBB and 0060
little evidence of anisotropy was found. Assuming the lifetime
to be sufficiently short to avoid reorientation between suecessive
emissions some anisotropy would have been expécted for these even
even nuclei. For these and other reasons Brady and Deutsch (1947,

1948) investigated several sources including Na24, c0%° ena Y88
using/
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60

using scintillation counters. For Co®” and Na®4 an anisotropy

£(06) consistent with:-
fle) = 1 cos*0 4+ 1 cos?e
) 2%
was found, suggesting a O - Q- 2 -~ Q - 4 transition. The
anisotropy for Yb88 was less. The increased efficiency and
shorter resolving time of these exﬁeriments using naphthalene
as scintillator permitted a counting rate roughly 100 times
greater than that of the gas counter experiments which they super-
seded. The experiments were extended by Metzger and Deutsch {(1950)
so that the polarisatibn was also examined end the parity chenges
determined. |
y -ray angular distribution experiments were carried out by
Devons and Hine (1949) end by Jacobs, Malmbarg and Wahl (1948)
using gas counters. Initial y-ray angular distribution studies
of preliminary type using a scintillation counter were reported
on by Kern, Moak, Good and Robinson (1951) for the case of proton
capture by Bll,

The work described in Ch. 3 started with a check experiment
on the angular correlation of 0060 Y-rays. As no work at all had
been done on ¥Y-Y -ray angular correlation involving particle
reactions, and as this work was complementary to éngular distribut-
ion measurements, it was decided to investigate the angular corre-
lation YJetween the.two cascading Y-rays emitted by the proton
capture proceess of Bll, leading to the even even nucleus Cyg, and
this work is deseribed, in c¢h.3 ch. too, Lewis (1952)a). Work
involving/ |
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involving vy -y ray angular correlation in a different plane
was published independently by Hubbard, Nelson, and Jacobs (1952).

It should be mentioned that while it has been found con-
venient to refer this work done here on angular correletions to
Chapter 3, it was agtually carried out before the main work of
Chapter 2; 1t in fact preceded the study of RbS'.

In conclusion mention should be made of the effects of
environment in correlation work., The environmsnt can under
certain circumstances affeet the initial orientation as well as
the reorientation. Moreover if the initial orientation is
sufficiently pronounced an angular relation should be obtained
for only one Yr—ray relative to some determining aiis. The
effect of environment in y - ¥ angular correlations was
demonstrated by Aeppli, Bishop, Frauénfelder, Walter and Zuntli

(1951) for calll produced from Inlll, where the lifetime of the

intermediate state was long, about 10~ 7gec. The anisotropy
varied between O and 16% for various source environments.,
Orientation of the initiasl state has been observed by Daniels,
Grace and Robinson (1951), écf. too Bleaney (1951);; other

methods of orientation have been proposed.
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CHAPTER 1.

GAMMA, RAY NMEASUREMENT AND SPECTROSCOPY.

§ 1 EARLY PRELIMINARY WORK.

(1) Phosphor Comparison Tests.

The first experiments earried out were intended to examine
the general characteristics of the‘scinti;lation method, within
the limits imposed at that time. Zinc sulphide, anthracene,
naphthalene and activated sodium iodide had been reported on in
the literature (cf. introduction). Rough tests were_therefore
carried out on some common fluorescent and transparent materials
to determine their reSpdnse to radiations, in particular to the

o« -rays of polonium, theﬁﬁi%g}s of a radon seed (effectively the
radiations of RaD and RaE), and ¥ rediations, inocluding those of
008%,  An E.M.TI. side window mltiplier type 4140 was primarily
employed. |

The advantage of anthracene over naphthalens was first
confirmed, and the « response of these seemed to be low compared
with the B -response. The superiority of anthracene over naphtha-
léne was shown to continue when a 1 P28 mmltiplier matching the
emission bands of naphthalene was employed, in fact by a factor
of about S5. It is interesting to nbte that the response of
anthracene exceeds that of a &22%% mixture of anthracene in
naphthalene, also by a factor of 3., Among the substances
investigated were fhmmspar‘and golutions of anthracene in benzene.
The peak response of fluorspar toB,v:ays was inferior to that of

anthracene./
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anthracene., Weak scintillations only were obtained from the

solutions.
Very weak effects were produced in various glasses and

other transparent materials. This latter can arise in several
ways; for electrons some of it is due to Cerenkov radiation
(Cerenkov 1934),

| (11)  Crystallisation.

Foilowing this, methods of purifying and crystallising
anthracene were examined by the author and crystalé of approximate
size 1 em. diameter x 4 em. thick'were'prepared from & small amount
of melt. The presence of\an inert gas was found necessary. The
material was placed in a small tube,suspended in a glass pot con~
taining the inert gas kept at or near atmospheric pressure by
means of a reservoir. The pot was immersed in a bowl of liguid
paraffin, electrically heated.. Slow crystallisation of the melt
could be arranged by keeping the bath appropriately heated, in
view of the insulating properties of the gas surrounding the melt.

Subsequently, when the need arose, naphthaiene erystals were
also prepared, and these were relatively easy to mske. Blocks
~ 1%cube could be obtained by permitting the melt to eool slowly
in a pot immersed in a large bath of water. TLater large erystals
~ 2" cube were prepared by very slow surface cooling‘of the melt,
the water bath being kept almost at the melting point.

Crystals of sodium fodide, thaellium activated, were prepared
by a different method. The materials were placed in a capsule
tapered at the one end, (to initiate crystal growth later), and
‘sealed up near the melting point after extracting the air. The

capsule/
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capsule was then allowed to fall slowly through a vertical
temperature gradient, first permitting melting, and subsequently,
slow cooling.
(111) Phosphor Efficiency.

It seemed worth while investigating roughly the absolute
efficiency of anthracene, to determine approximately how great
the energy wastage was. One of the crystals made above was
irradiated by fluorescent X-rays of copper (~ 8Kev.), obtained
from X-ray photoelectric absorption in a copper foil. This
fiuorescent radiation would yield photoelectrons and Compton
electrons in the anthracene. The approximate maximum pulse height.
obtained was compared with that developed by single photons which
were allowed to leak in (which would libsrate single electrons
from the cathode). ILead glass was used to shield the photocathode
from direct X-radiation, since the X-rgys otherwise produced an
appreciable direct effect on the mmltiplier. A signal to noisse
ratio of about 8/1 on the cathode ray tube display was achieved,
i.e., about 1 Kev of energy per photoelectron. Addpting the
maker's specification fér the¢;a /lumen sensitivity of the E.M.I,
multiplier type 5060 used, the observations corresponded to about
60 evof energyyphoton and an anthracene efficiency near 5%.
Because of the now known non linear response it_éhould be‘somewhat
greater at higher energies (ef. Hoﬁkins 1951). It is of interest
to note that recent work by Furst, Kallman end Kramer (1953) using
integral methods lead to an efficiency of 10% though peak methods
listed there have given results in the region of (3 - 4)%;

reference/
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reference too should be made to the results of Birks and Szendrei
(1953). Experiments of Jackson and Harrison (1953) indicate there
is at least some small loss of energy by long term phosphorescence
which would not register in peak methods of measurement.

(iv) Tube Noise.

Early investigations 6n the response of a crystal to Y-rays
showed substantial contributions to the pulse height distributions
at lower energies where tube noise effects were present. Vith
the E.M,I. tubes operating at . 120 Volt/stage, the noise fsll
about 5 times for a 40°C. fall in temperature from room temperature
(cf. too Engstrom 1952). To reduce regenerative effects at higher
voltages the cathode and containing can are run at earth potential.
In working near the noise level care has to be taken to avoid
satellite pulses from the tube or phosphor (ef. e.g., S 5).

8§ 2 Y -RAY ABSORPTION AND MEASUREMENT.

Attention was initially focussed 6n the Compton enérgy region
for organic scintillators, ( ~ 100Kev to ~ 2 Mev), where unambiguous
specification of Y ~ray energy could be hoped for. The form of
the Compton response to be expected is diécussed below. |

In the Compton process the probability d¢ , of obtaining a
quantum of energy K scattered between angles © and ( @ +46) to the
direction of incidence of the initial radiation Ko is giﬁen by the
Klein Nishina formula:- |

do = MW {_‘ ( Ko & K = st ) bim © 48 (13a)
éci’. Heitler‘(1947)p(154)eqn.(51);

In/
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In view of the momentum relation:

Ke Kot EYS
Mt Ke(l-wb\ ‘ )
where P.is the electron rest mass,
| K - Kt ¥m8 - -x'~ 0 (138

b C it Ko (1 - e Y]
The distribution of electron energy Ec(x,,..n) , for a fixed Ko will

be essentially given them by:-
ﬁ . «,&(x:.,x - it = 'mro\-u Koy X (4 - r.)hz(r: )] (1)

For very large Ko(Ko>'k), the ratio Ko/K is large for the back
scattered quanta of energy Nland the distribution peaks very
sharply for electron ehergies cloge to the meximum energy (Ko— M,).

The distribution for - Ko %W is illustrated by the dotted
curve of fig. 3, as a function of E/Ko, in the energy region below
the Compton edge (which is not shown) at E/Ko close to 1. The
distributions for ¥ -ray energies of 510 Kev and 280 Kev are shown
for comparison Eef. too Hofstedter and McIntyre (l950)b;.

It should be noted in passing, using equation (13¢), the
scattered quantum energy K is only a slowly varying funetion of o,
for backward scattered quanta having © close to 180°, The electron
energy liberated in the crystal associated with backward scattered
quanta is therefore relatively homogeneous. This is made use of
in the two c¢rystal method described below,

Early investigations were often made using diseriminator bias
curves. With the early tubes_and crystala.the diseriminator curves
here and elsewhere continued to rise sharply at the lower energy

end. At this stage the two crystal method was tried out. One
erystal,
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crystal was irradiated by collimated ‘Y—rays as shown in fig. 4
and was used to determine the electron emergy (ko=k). The other
erystal, in coincidence with 1%, was screened from direct radiation,
and picked up back scattered radiation. Only the electrons of
highest energies, in the immediate neighbourhood of the Compton
edge in the first erystal could therefore contribute fo the firing
of the coincidence unit. The first crystal (Cj) was a small cube
of naphthalene, and the sscond (cé) was a conglomerate of thallium
activated goldium iodide e¢rystals. The two mmltipliers were the
gide window tube. E.M.I. type 4140, and the 1 ecm. cathode E.M,I.
tube type 5060 (the omly tubes available then). The outputs from
the two counters led after amplification to two discriminators,
which could activate a coincidence unit. The amplifier systems
were designed to maimtein a fast response, output leads being
kept short, so that the diseriminators could fire together. The
coincidence unit had a resolving time of~\ wsec. The counter

~. Cp had to be well screened to cut down randoﬁ;“‘sihe
discriminator associated with the erystal 02 was placed at a fixed
setting. The bias on the other diseriminator was varied and the
coincidence counts were-determined as a function of discriminator
| bilas.
A plot of these very preliminary results is shown in fig. 5,
'when a source of 0060 was employed. The discriminator curve shows

a partial plateau as expected, but no real sign of two platesux.

It was realised that the use of a variable disoriminator was not

very satisfactory and that the optical arrangements were not good.

Nevertheless/
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Nevertheless the consideradbly improved response 6ver that obtained
using only a single erystal at this time served to emphasize the
advantage of the twoAcrystal method from an energy resolution view-
point. Steps were therefore taken to secure an improved experi-
mental arrangement, inoorpofating kicksorter technique. Additional
tube performance and selection tests, e.g., using line PBsources
were also probed. Whilst thfgréork was proceeding, Hofstadter and
MeIntyre (1950)a established coneclusively the two erystal method
and its merits. The method was later used here for investigations
on tha Y-rays of Lal4o, and a curve utilising the method is
indicated in fig. 6 (c¢f. Bannerman, Lewis, and Curran (1951) and
preface). It permits intensity assignments to be made of the

Y -rays assoclated with the individual peaks. The direct observa-
tion of the weak high energy Y -ray measured to be 2,55 Mev % 29
was of particular interest. It had been previously measured by

the photodisintegration of deuterium (Wattenberg (1947), Hanson
(1949). Bishop, Wilson and Halben (1950)). Further reference to

the Y ~ray spectrum of Lal40

-

and its decay scheme is deferred
until later.

The two orystal method, whilst éllowing an assessment of
relative intensity as well as an assignment of energy,; suffers
from solid angle restrictions. Some improvement dan be éffaeted
by making the second crystal ring shaped about the incident

direction.

For compariscon purposes the single crystal Compton effect is

demonstrated/
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demonstrated experimentally by the more recent fig. 7, for the
280 Kev ¥ =rays of‘ngo5 in 1 em.® anthrecene. The Xradiation
though not screened off is of little effect in the region shown.
The high energy part of the spectrum accords approximately with
theory, allowing for the finite resolution. The low energy part

rises partly because of back scattering from the multiplier glass
work.Fig 36 is another instance of the single crystal Compton effed

The development of single crystal technique has been through-
out a dominant problem, as all scintillation work is ultimately
dependent upon the response of a single crystal. Items often
appearing maybe relatively trivial in retrospect enabled consider-
able advance to be made. Reference can be made to two aspects.

The first refers to discolou;ations in erystals, actually surface
discolourations which hindered progress, the introduotion in
~connection with this work here of the simpler organic solvents,

and the development by others of the dry box methods, helped in
this direction, The second was the suggestion by others of
magnesium oxide as a scintillation reflector as a substitute for
aluminium and other metallie reflectors. The commercial production
of crystals and improvements in multipliers and the ability to
gelect have pléyed a vital part (ef. introduction).

As an example of the use of these techniques reference may be
made to fig. 25 which shows the peak obtained from.% mev radiation,
by the coincidence of the total photopeak and mmltiple Compton
peak, in a composite block of sodium iodide effectively 11" cube.

- Lastly it should be mentioned that in determinations of Y-ray
and/ |
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and related energies the linearity of the measuring apparatus
has always been checked, and appropriate calibrations mads.
The photomultiplier output signal voltaege was low. The work
of Raffles and Robbins (1952) emphasizes the need for care

in this direction with E.M.I. multipliers, especially with the

faster organic phosphors.

140
8 3 COINCIDENCE METHODS; THE Y -RAYS AND DECAY OF Ila

The efficiency and speed of scintillation counters render

them of exceptional wvalue in the study of coincidences, Tith
the development of the techniqgue, the Y -rsys, as well as the
particles, involved in the decay, become accessible to colncidence
study from an energy viewpoint. In examining the coincidence
methods available the decay of La14° was investigated further.
The double crystal method (ef. fig. 6) had indicated the lines at
0.49, 0.82, 1.62 Mev to be the intense ones. The 2.55 Mev y-ray
and a 0.335 Mev Y-~ray were equally weak. The decay scheme of
1a*%0, put forward by Beach, Peacock and  Wilkinson (1949) is
illustrated in fig. 8, and was based essentially on magnetic
spectrometer measurements. Previously pB-Y and Y-Y ocoincidences
had been reported without direct evidence of the Y-ray energies
involved. icf. Osborne and Peacock (1946); Mitchell, Langer and
Brown (1947); Mandeville and Scherb (1948)). |

The suggestion was therefore made that ¥ -¥Y coiqcidences be

observed, using anthracene in one of the two counters. Those of

the anthracene pulses which feature in coincidences could be

recorded,/
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recorded by a kicksorter. The use of anthracene would enable
each Y -ray to be récognized by its Compton edge sffect.
Ambiguities which might arise using sodium iodide in this
position would be avoided. If two Y -rays would be observed in
the kicksorter displey then these would be in cascade with one
another. if thrée or more were to appear in the kieksorter
display, further tests-would have to'be'applied to determine
their relationship. The simplest method then would require the
introduction of an appropriate discriminator setting in the other
channel.

Care must be taken to keep the random pulses low since the
random coincidences will display the full normal pulse distribution
of the enthracene crystal without cdincidence control. Fig. 9
shows some of the results obtained.by this method (with P particles
screened off). The full pulse height distribution of the orystal,
when all the Y -rays are allowed to record without coinecidence
control, is shown for comparison. (cf. Bannerman, Lewis and
Curran (1951):and prefaceg.

In this determination a pulse arriving at the anthracene
counter was capable of being displayed on a cathode ray tube and
a brightened spot appeared at a coincidence, the displacement of
the spot vertically being a measure of the pulse height. The
brightened spots could be photographed. Alternatively, a fixed
photomltiplier {linked to a scaler) could be arranged to view
(and scan) the brightened spots through a fixed horizontal slit;

a variable known bias voltage being applied to the Y plates of the
cathode/



cathode ray tube.

The 1.62, 0.82, 0.4° Mev Y-rays appear clearly in the
coincidence curve. The relationship of the Y-rays could be
made clear by subsequently discriminating in the other counter
so that coincidences with the 1.62 Mev Y-ray were recorded.

With the availability of large blocks of sodium iodide at
the present time giving single peaks in certaein ensrgy regions
gomse of-the advantazes of anthracene have disappeared. TUsing
two ¥ -ray counters with such blocks, the respective pulses coﬁld
be exhibited as X and Y shifts and the display filmed. Further-
more a considerable amount of B-Y coincidence work eould be done
in similar manner, each y -ray displaying its own B spectrum. For
instance the precise shape of each of the three B rays of Lal4o
could be determined individually without having to estimate the
form of the components of the‘composite B curve.

In measuring spectra with very efficient ecrystals care has
to be taken to keep the source sufficiently distant from it, other-
wise ecascading Y -rays, X1 and \{2, say, will also give En
addition peak (‘Yi ﬁnYé). Alternatively this property can be made
use.of in estabiishing the presence of 6ascade processes (ef. the
integrating method Bannerman, Lewis and Curran 1951).

Evidence has been given (Bannerman, Lewis and Curran (1951))
that the .093 Y ray of fig., 8 is weak and therefore nbt a member
of the main cascade %cf. too Pruett and Wilkinson (1953);. This is
bf interest too in view of the engular correlation experiments a
little later by Robinson and Madansky (1951) on the 0,82 and 1,62
Mev/
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Mev ¥ -rays. Assuming the two Y -rays to be directly in cascade
they éuggested a possible 4 -Q-= 2‘- R~ O sequence. Cgrtain
points finally regarding spin may be mentioned. The work of Beach,
Peacock and Wilkinson (1949) indicated strong internal conversion
of the 0.335 Mev y-ray. This would sugéést en { =2, or higher
transition; and the comparable intensities of the 0.335 end 0.82
Mev v -rays, allowing for energy, would suggest similar spin |
changes for both these emissions. The absence of a ground state

f decay and the high £t values for the B decays suggest the

spin of Lal40 to be at least 2. The internal pair coefficient of

the strong 1.62 Mev Y-ray would appear worth investigating from
these viewpoints.

151 155
8§ 4 THE DECAY OF Sm end ZEu .

151
In the investigation of the disintegration processes of Sm '

and Eu155 (cf. Wilson and Lewis (1952)) a requirement arose for
the study of ‘-  coincidences. Neutron capture by pure samarium

results in the formation of the long lived p-emitters sm191

' 5}
(Inghram, Hayden, and Hess (1947,1950), Marinsky (1949) and By

(produced by the decay of short lived Smi°°), (Hayden, Reynolds end

. 45
Inghram 1949). The pure K-capture source Sm} (Butement 1951)

. - 154
would also be produced, and small traces of B emitting Eu , (stable

Byl 53

53
is obtained from the short lived pile product Sm} , and its

neutron cross section is high).

‘The radiations of Sm.l5l and Eul55 seemed well suited to

proportional/
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proportional counter techniques and a study of the pile product

from this aspect had been started (ocf. preface). It had been

hoped that one or other of these radioactive materials would be
predominant, in a sample irradiated for 8 weeks at a thermal neutron
flux of 3.5 x lolo/cm?/sec, but preliminary measurements had
indicated they were present with relative intensities of 1:4. 1In
view of the involved chemistry, a study was made without chemical

geparation.

(1) The radiations emitted.

the B -gpeectrum of Sm;51 was known to have an end point of

~ 75 Kev (cf. Agnew (1950), Marinsky (1949);. The B spectra of
Eul®® had end points of ~150 and ~250 Kev (ef. oo Marinsky).

The proportional counter work on the source %cf. Wilson and Lewlils
(1951)) confirmed the presence of these end points and the presence
of a weak spectrum showing end points at 400 and 700 Kev associated
with Eu154 (ecf. Hayden, Reynolds end Inghram (1949)3.

The Y -rays were of particular intereét. Proportional counter
studies indicated that Y -rays of 19.3 Kev. and 15.2 Kev. were
emitted by the source (Wiléon and Lewis (1?51);. Seharff Goldhaber,
‘der Mateosian, McKeown, and Sunyar (1950) had detected 21 Kev
Y radiations from Sm;Sl as a fisgion product, and the 19.3 Kev

Y -ray is presumaﬁly to be identified with this. Further Marinsky
and others using a magnetic spectrometer found two Y -radiations
with Eut°° of energies 85 and 99 Kev, and it is reasonable to relate
the 15.2 Kev radiation to the difference, i.e., to assuﬁe the 85
and/
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and 15,2 Kev radiations are in cascade.

The presence of L & X f-radiations was also noted. The
K-X-rays were associated with X capture in Sm;45, and internal
conversion of the yrays of Eul®® (X-rays of Pm. and Gd.

regpectively).
(i1) Beta-gamma coincidences; and discussion.

Though nowadays this experiment would be carried out probably
using two scintillation counters and Xicksorter techniques (ef. 8 3.
and Ch.z){ for this source it was convenient to record coincidences,
using absorption techniques on the B8 -sidé. A scintillation
detector picking up the Y-radiation was shielded by 5/64" of copper
$0 stop electrons and soft X rays. A thin window (1.7 mgm/cm®)

B -Geiger type counter.was employed. The colncidence curve is
shown in fig. 10, where B -Y¥ coincidences per B -particle are
plotted in terms of the aluminium thickness between the source and
the B -counter.

The results of fig. 10 and the findings referred to in (i)
above receive an interpretation in terms of the possible decay
schemes shown in fig. 11. The initial steep rise can be associated
with the elimination of the 75Kev B rays of Sm-°L, since the 19.3 Kev
Y -radiation would not be detected by the ¥ -counter. The subsequent
slow rise to 150 Kev may be associated with the elimination of the
B -rays of higher energy (~ 250Kev) which do not give B-Y coin-
cidences. The elimination of coincidences with B-rays of 150 Kev
is consistent with the schemes. The remaining part of the curve is

associated/
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154

associated with the Eu contamination referred to above.

155 and it is

Maringky found no ¥ -~ Y coincideneces for Eu
probable amongst other reasons that the 15 Kev quanta are highly
converted. An attémpt to investigate this 1ssue by examining
B -soft Y coincidences showed that B rays of energy higher than
75 Kev were in coincidenbe with X &_L X-radiation. By admitting

B -rays'of all energy the number of B - ¥ coineidences per f
remained almost constant (cf; Wilson and Lewis 1952) suggesting
that the Smi®! particles are in coincidence with soft Y quanta or

with X rays arising from their internal conversion.

Further work, using separated isotopes and or chemical
geparation was necessary at this stage. _

In the meanwhile work on these rars earth isotopes continﬁes
to be reported (cf. Hollander, Perlman and Seaborg (1953). Refer-
eﬁce should be made in particular to the investigations involving
enriched Sm isotopes by Lee and Katz (1954), also to the work of
Rutledge, Cork and Burson (1952), apparsntly also with enriched
isotopes. Additional weak Y -rays have been reported for Eul®®

near 60 and 130 Kev.

3

§ 5. THE NATURAL RADIOACTIVITY OF RbS!, AND SOME
Y -RAY SCINTILLATION PROPERTIES OF THALLIUM ACPIVATED
RUBIDIUM IODIDE

(ef. too Appendix).

87

Reasons for investigating the Rb ' descay by a seintillation

method have been briefly referred to in the introduction. The
mode /
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mode of decay had been investigated in various ways and there has
been uncertainty regarding the process of deecay. The forbidden
naeture of the disintegration is of mueh importance in B decay
theory, and the lifetime has geological interest. Iastly rubidium
has chemical associations with the most efficient Y -ray phosphor.
In en investigation in 1941, O0llano reported several conversion

peaks, Haxel, Houtermans and Kemmerich (1948) reported finding

B -e coincidences. Proportional counter work by Currnn; Dixon
and Wilson (1951) found no evidence of conversion electrons. More
recently McGregor and Wiadenbecﬂ:%%und no electron electron coin-
cidences. In earlier measurements Libby and Lee (1939) found a

g -ray end point energy of 130 Kev. More recently Bell, Cassidy
and Davis (1950) stated it to be 270 Kev. Curran, Dixon and Wilson
(1951) obtained a forbidden plot of end point energy 275 Kev.
Meny lifetime measurements have been made, recent values being near
6 x 10lo years. Charpak and Suzor (1951) have however alleged that
the proportional counter figure obtained by Curran, Dixon and
VWlilson should be 7.6 x 1010 years and not 6.2 x 10loyears if further
back scattering corrections be applied.‘

It seemed worth while investigating the scintillation

properties of thallium activated rubidium iodide, end providing
they were sultable, to investigate the mode of decay of Rb87 using
47 geometry and the integrating method (c¢f. B 3). Moreover the
method would provide a means of stud&ing the particle emission
free from self abéorption and back scattering errors at the low

energy/. -



energy end, and could record it at the high'energy end. Such
a crystal could be adequately screened so that background effects
would present no difficulty.

In this section of Ch. 1 an account will dbe given of the
seintillation response of thallium sctivated rubidium lodide
erystal to X, ¥ , and line electron radiations, and evidence w;ll
be presented for the‘absence of ¥ and conversion 11ﬁes in the RbSE7
decay procesé. |

The properties of the g -épectrum, the lifetime determination
and theoretical considerations = relating to it are referred to

briefly in the appendix (cf. too Lewis (1952)a).
(1) Crystal preparation and response.

The crystals were prepared in a manner sSimilar to that used
previously for making activated sodium iodide crystals. A few grams
of rubidium iodide, activated wifh various percentages of thallium

iodide, were placed in a quartz container, which was heated. The
air was extracted near the melting point, and the container sealed.
It was then allowed to drop slowly down the temperature gradient
of the furnace mentioned earlier. In this manner several erystals
of size approximately 3-4 mms. cube were made. The author acknow-
ledges the help of the chief technician, Mr, J. T. Lloyd with this
furnace work. |

The erystals obtained were clear, and did not readily absorb
moisture. Nevertheless in most of the experiments the erystal under
test was coated with 2 small amount of paraffin. One such erystal

was,/
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was mounted on an E,M.I. tube type VX5032, and a thin aluminium
container a 1little larger than need be, from a containihg a3pect, 
enclosed the crystal. ILead blocks surrounded the system to a
depth of two inches. The tube was run at moderately low voltages
to keep the noise level low, and the amplified pulses observed.
The pulses observed under Y-excitation were less.than those of
thallium activated. sodium iodide by a factor of ~6, ¥Whilst the

rise time was better than about 1 fa: see., it was noticed at an

‘early stage that a backzround of very small Spurious, spasmodio
pulses was also present. Bombarding the crystal directly with
©oi~particles on a triggered cathode ray tube established conclusively
the presence of a phosphorescence lasting in all the order of a
millisecond. Varying the amount of activator from much below 14

to 2% did not get rid of the phosphorescencé effect. Crystals of
activated rubidium iodide prepared from the carbonate using freshly
prepared hydriodic acid did not remove 1t either. (The response of
these latter erystals was somewhat lower, due probably to-traces

- of free iodine in the hydriodic acid). |

| It was therefore arranged to suppress the spurious pulses by
electronic paralysis methods. Ndrmally the emplified pulses from
the multiplier were recorded on a single channel cethode ray tube
Kicksorter similar to that referred to previously (8 3)through a
gating unit normally triggered by the pulse itself, directly. This
gating unit lengthened and brightened the trace so that a bright

spot appeared on the cathode ray tube face. To suppress the spurious

low/
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low energy pulses following the main pulse, a paralysis circuit
driven by a discriminator was’constructed end inserted before

the gating unit. An alternative circuit used, incorporated
paralyeis in the gating unit itself, by altering the length of
the pulse it delivered. At the lowest energies paralysis timesof
1 - 3 milliseconds were employed. Tube noise became then the
ultimate restriction. |

Figs. 12 and 13 show two of geveral photoelectric peaks,
obtained in the course of the work and shows the response to |
RaD (.467Kev) and Hg205 (280 Kbv) Y -rays, using a crystal approxi-
mately 4 mms.rx 4 mms, x 2} mms.

The half width at haif height in the 280 Kev y -ray case is
near 15%. This width was roughly consistent with that obtained
with activated sodium iodide under similar conditions, allowing
for the greater peal response of the latter substance. éThe width
is essentially determined, within a factor of order unity, by the
statistical fluctuations in the number of useful photoelectrons
emitted by the photocathode per y-ray (ecf. Garlick and Wright
(1952)3.

Calibration was carried out on the crystal with various
radiations, the K« x réys'of‘molybdenum,filtered by zirconium
(L7.5 Kev), the fluorescent XKx rays of silver (~ 22Kev), Ié}4

(Kx ~24 Kev, & conversion electrons),RaD (46.7 Kev y ray), ngos

(Kx 72Kev, Y-ray 280 Kev), Csto’

(conversion electrons). In the
calibration work on conversion electrons, a 0.,0005" aluminium
reflector was used, (having somewhat poorer reflescting power),

the/
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the energy loss being allowed for in the calibration curves.

Figs. l4a, 14b, and l4c show the linear nature of the
response;ﬁ The response of the crystal to ¥ ~rays utilising the
photoelectric effect, of course generally implies cgpture in the
crystal of the various K,L...ﬁﬁg:rays emitted in the crystal. It
therefofe involves the energising'of a number of electrons in
rapld succession. TheAfact that the calibration points fall on
a straight line through the origin implies a linearity of response
below the figure of 17 Kev, the lowest figure at which reliable

calibration could be obtalned.
87
(ii) Rb pulse height distribution.

The Spectfal pulse height distribution using the above
ecrystal is shown in fig., 15a. The background counts were checked
using a small crystal of sodium iodide {thallium activated), and
examining it at equivalent working points allowing for the better
efficiency of the latter erystal. The backgrqund was a negligible
factor. Noise counts in the multiplier had %o be allowed for onlj
at the lowest energies, and the correction from this cause was
small. The curve iﬁyolved three sets of points, two sets being
taken at lower enérgy with a greater amplifier gain. The points
indicated by triangles necessitated paralysis, but points at
higher enérgiesvusing paralysis fell on the curve drawn - these
poihts have been omitted for clarity. The curve is smooth in form
and additional intermediate points support this view. One point
has been included in the figure (at ~ 13 Kev) assuming the linear

response/
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response to be valid below - 17 Kev (cf. (1) above). Similar
results to these were obtained using anothsr erystal of activated
rubidium iodide.

The smoofh form of the curve indicates the absence of con-
version peaks and Y-rays in the rahge investigated. As has been
mentioned, the integrating method (8 3) using 41 geometry would
displace the complete B -curve if simultaneous poqversion peaks
and associated K, L, .... radiation were present, or simultaneous
low energy Y -rays existed. Higher energy Y -rays would have
appeared in the main structure of the curve, due to the imperfect
absorption. Delayed radiation would do likewise. It should be
stated that Curran, Dixon and ¥Wilson (1951) could f£ind no evidence
of K&L X rays in theii.investigation. The results indicate
Rbs7 is a pure B -emitter.

The shape of the Pp~spectrum, the similarity with that
obtained by the proportional counter method, and the theorétical
significance of the results, are referred to in the appendix.

- )
(Recent f£indings by another method (McGregor and Wiedenbeck (1954}

, : 01) 16
- arcalso quoted ). -~ .. The lifetime is there estimated at (5.90 x 10
years. The decay is given by fig. 15b.
The spin of RbS’ ig 2, that of ST ST is 9/2. On the

independent particle model the first excited state of Sr87 might be

expected to be given by the shift of the o@d neutron, leading to a
lower spin state in the same shell, e.g., p} or maybe p3/2, r5/2 B
(of. Mayer, Moszkowski and Nordheim 1951) leading then to a faster
B transitiqn. The energy change 1s therefors too great for these

states to be formed by the decay of Rb87. The experiments of Mann
and/ ‘
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and Axel (1951) show the existence of p% and p3/p excited

87

states of Sr ' at 390 Kev. and 875 Kev. above the ground

state.
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CHAPTER 2. FASf DELAYED COINCIDENCES AXD THE ANNIHILATION

RADIATION OF POSITRON FELECTRON SYSTEMS.

§1 THE DESIGN AND CHARACTERISTICS OF A HIGH SPEED
COINCIDENCE UNIT USING SCINTILLATION COUNTERS.

(1) General Arrasngement.

As this chapter deals with time and tims related measurements,
first conSideration will be given to the electronic design of the
high speed mixing unit.

The multiplier pulses, rising rapidly, are allowed to produce
roughly fixed size pulses by the cutting off of a limiter valve,

By having a suitably érranged shorted line these main channel
pulses can be made of an approximately fixed small duration also.
Iwo such pulses from different mmltipliers arriving within roughly
twice this time duration of one another register in a mixing
system, and deliver at least twice the response which each could
provide separately. The bulses are lengthened end ultimately
sorted out by a diseriminator. |

The precise shapes of the clipped pulses are dependent on the
amplitude of the mnltipliér pulses., If these latter are not
adequately large the limiting valve will be only glowly cut off,
and pulses rather wider than desirable will enter the mixing system.
These are removed by discriminating after mixing (ef. introduction
§3_ - Bell and Petch 1949). 1Inm this additional outputs are taken
from each multiplier, either from the multiplier collector through

an attemuator, or better from a dynode. The amplified response
pravided/
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Fig., 16. Fast coincidence unit as used at lower

resolving times.'Cl C2 -photomultiplier collectors,

Vy Vo -limiters ,v{ vé ~-side channel head valves,

dl d2 -photo multiplier dynodes. Al Az--amplifiers

T- Triple coincidence unite.For faster resolving times
the mid channel amplifier is replaced by a fed back

amplifier of higher gain.




provided a signal roughly proportionai to the amount of light
emitted by the phosphor. Each such side channel signal operated
a discriminator. The two side channels and the main channel
discriminators together operated a triple low speed coincidence
unit. The output pulses of the latter could by appropriate choice
of diseriminator settings be associated therefore (a) with coin-
cident pulses, (b) with initial pulses of adequate heights in the
two multipliers.

The unit detailed below used generally two stages of centre
channel amplification. It could operate with a diode as mixer
between the two valves, or at higher speeds using a crystal diode
as mixer in front. The convenient resolving time fange was then
about lO'7sec. to 5 x 10™?sec. This unit was used in the work on
gases of 8§ 3 (i - vi). For the high speed work on gases (B 3 vii
additional centre channel amplification (with feed back) was in-
serted to obtain the shorter resolving time (3 x 10fgsec.)
necessary there.

Another complete unit employing four stages of centre channel
gain complementary in range to the two stage unit sbove, operating
conﬁeniently in the 10"85ec. to 10" 2sec. region is referred to in

8 4 (cf, preface) (Ferguson and Lewis (1953))

(ii) Main Channel System.

- Fig. 16 indicates the circuit arrangements of the complete
system. Fig. 17 illustrates the pulses formed at successive points
of the main channel system.

re/
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. Fig.1l7. Pulse formé.(a) Multiplier output, (b)Limiter
output, (e¢) Clipped pulse; (d) (e) (f) lengthened
outputs due to,a single pulse, two
non coincident pulses , two pulses coincident
within the resolving time,respectivelyg,illustrating
how non coincident pulses can be eliminated in the

main channel system.
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The main output pulse (fig. 17a) from the multiplier
collecfor cuts off the limiting value (type Cv158; in earlier
work an R.L.7), mounted near the multiplier on the same metalwork.
The grid leak is suitably low, in the case of organiec seintillators
decay times of 1/5 Ar: sec. were used, to prevent overloading at
high rates. (The low 1eak resistance also reduced the possibility
of leakage voltage from the collector which would alter the c¢vl3s8
standing current). To keep the grid base shoft,cathode decouiling
is employed, it has to be well decoupled to prevent any appreciable
short time change in cathode hias; as large‘and freqﬁent signal
pulses may occur. Care has to be taken to isolate the H,T., lines
to prevent feeding from one limiter into the other.' The anode of
the 1limiting valve carries a 95 ohm load in parallel with a 95 ohm
cable (uniradio 31) which conveys the signal to the mixing unit
and thence on to the terminating 95 ohm resistor carried in the
anode system of the other limiting valve. In addition a discontinu.
ity is produced in the c¢able system by the shorted stublline'at
the mixing unit, composed of 46 ohm eable (uniradio 4); The
reflection from this produces clipﬁing of the pulse at the nixing
unit entry point and the reflected waves pass into the two ter-
minated 95 ohm lines where they are finally absorbed. Fig. 17b
illustrates the pulse at the entrance to the mixing unit in the
absence of the shorted line. Fig. 17c illustrates thée pulse at
the same point with the shorted line present. The minimum length
of 95 ohm cable between each multiplier and the mixer exceeded the

shorted line path length to prevent any spurious effeets from

incomplete/
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Figo 18 .Static characteristics of valve and
crystal diodes indicating the superiority of the

latter for short time work.

— Double pulses

—Single pulses

uig 19. Photograph of Output pulses (Cf. Figs 17 ahcj when twd

scintillation counters are activated hy a source. The time base 1is

triggered here by the large double pulses associated with prompt

coincidences .The small single pulses and other double pulses are

displayed. The shorted stub line was here 10"" sec.
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incomplete terminations. In the main cable system G.E.C. plugs
and sockets were employed throughout.

Mixing can be done by a valve dlode following inductance
compensated amplification, or it can be handled immediately on
arrival by a crystal diode. The latter is preferable at fast
speeds and essential at the highest speeds, and this method is
shown in Fig. 16 (here the valve diode has merely a secondary
role in lengthening still further the pulses delivered by the
preceding crystal diode). Fig., 17 represents the voltage pulse
which would be expected to appear at the far side of the mixing
diode due to the single pulse. The grid earth capacity of the
following pentode charges up through the forward resistance of
the mixing diode and subsequently slowly drops away. (A small inhervent
series capacity in the mixing diode of 1 - 2 pfsslichtly modifies
the effects.) Fig. 17e éhows the expected response of two pulses
in quick suecession and l?f“that_of two pulses arriving within
the period determined by the shorted line. The effectiveness of
the méthod of mixing depends on keeping the forward resistance of
the mixing diode low, e.g., a 400 6hm impedance and an 8 pf. grid
earth capacity would imply a charging time of 3 x lo-gsecs. The
impedances of valve and erystal diodes can be compared from the
characteristic curves of Fig. 18 obtained for specific instances.
The crystal diodes appear to be adequately stable in use. Biassing
of the mixing device can be employed if desired. ¥ig. 19 is a
photograph showing the single and the double pulses in a typical

arrangement, at the output of the main channel amplifier, using

a/
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e short stub length.
(iii) Side channels and the complete unit.

The side channel pulses leaving a dynode are kept fairly
short ( ~ 1 4.  sec), to permit handling of large numbers of
pulses, and activate cathode followers. |

The following amplifiers (A;, 45) like the central channel
amplifier are bolted close to the diseriminators to keep the out-
put time constants  short, to permit simultaneous firing of the
three disciminators (and triple unit) for simultaneous pulses.

In the amplifiers Al, Az are two stagegwith diode lengthening.
The discriminators are of T.R.E, design (ef. Higginbotham,
Gallagher and Sands (1947). The disceriminator output pulses were
broadened to wlp.; to produce slightly more tolerance in the
firing times.

The triple unit is of conventional pattern. The eircuit is

shown in ¥ig. 20.
(iv) Operation.

FPor any source of radiation, of energy E, the tube volts would
be raiséﬁiggkthat;limiting pulses were observed. The tube was then
suitably set for working with radiations of higher energy.

With the tube volts set appropriately the discriminators on
the corresponding side channel could then be set to'exclude
radiations of energy £. The other multiplier system could ve

similarly treated. The middle channel diseriminator was set at

any/
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any setting such that single pulses were certainly excluded from
both multipliers separately.

Lastly it is necessary to stress one point of importance, a
point of difference between the operation of fast and slow coin-
cidene units. The variation of pulse shape and timing with input
lizght energy has to be taken into account. Bigger pu;ses-arrive
faster at the output of the multiplier. Delayed coincidence
curves can only be compared at the highest speeds when identical
electron pulse energy distributions are 1nvolved in the two sets.
being compared. This matter complicates the method, and additional
apparatus has to be introduced to generdise the applicatioﬁs_ of
the method. This can involve spectrometers (ef. Bell, Graham,
Peteh, 1952) in the case of B-rays, or Kicksorter devices (ef.
Ferguson and Lewis (1953), and § 4) more generally.ﬁ*¢-°°“hh;\
rakes shewld b Kepk  as low as pessible, par channely .94 1000 counts/3ec),

Methods of handling random counts are on a comparison basis

or involve cable reversals. The electron pulse energy distribu-

tions must be kspt the same; here the side channels are important
(v) Resolving Pime.

Fig. 21 illustrates an experimental arrangment showing
variable delay x in time units inserted in the channel of
counter Cl' Fig. 22 shows a pdssible coincidence probability curve

% probability = pl(x)), plotted as y = p(x), when prompt events
| pmax)
from some sourceS are supposed present. The displacement in TFig.

22 would be due to slower response in the counter C,. TLet ﬁl and

Hz be the counting rates in the two counters when the pulses

are/
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are randomly distributed (e.g., using two independent sources

of type S). The random coincidence rate Nc is given by:

Ne = le.Nz. p(t) 4t =2 N1,N3,To
' - % D wes
where TO is the defin%g resolving time of the unit, i.e.:

- Area
AT = ,j:” P Gada = Max. Height (14)

P e
Fig. 22 shows a coincidence resolution curve between the

22

1.28 Mev nuclear Y -ray of Na in the one counter and 0,51 Mev.
radiation produced by annihilation of positrons from.Nagz in
aluminium. Bvidence will be given later that these events are
approximately prompt (the delay is actually ~ 1.6 x lalosecs; ‘
cf. B 4). Fig. 23 is flat topped and the efficiency is dlose to
100%. As the resolving time is reduced further the relatively
flat top is found to disappear; these rounded tops are foﬁnd to
be characteristic of short resolving time work.

Limitations on the attainable resolving times arise in the
phosphor as well as in the multiplier and eireuitry. (ecf. Post and
Schiff (1950);. Considering the phosphor contribution only, if
the phosphdr produce at the cathode a large number N of photo-
electrons and tﬁéﬁ?&?ﬁtime be T, the mean time of arrival € of the
first electron and the root mean square deviatioanttN-sz have

been given by Post and Schiff. Approximately
E=4f3-8 = TN
The shorted line has to be longer than T/N, in time units for
@\Q c_\f\cmgo_ 4'“.5_%1"’5" ?\w\’eelukmh nvp&r' Lol Ln‘h\mﬁ MT/N Coeny M\n.o_ ;\\h\é\ b-Q_kj .
reasonable coincidence efficiencyk .For a shorted line - nT/N,
with n exoseding unity the coincidence efficiency is in fact then

(1 - 1/e®)., 1In estimating N allowance has to be made for the
geometry using 1P21 tubes and for the small fraction of the

electrons/
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electrons which travel by the direct path in the case of K.M.I.

tubes écf. Allen and Engelder {(1951)). With 100 Kev electrons in
terphenyl in toluene & resolving time of 5-10'9 secs., 1is posaible

(e.ge, N -6, n ~3) with efficiencies close on 90%. Enission

times for 1P21 multipliers have been discussed by Post (1952).
(vi) The delayed coincidence method.

If every event arriving at the counter Cl is associated with
the chance f(t) of an event arriving at Cp a time t later, a

different curve is obtained from y = p(x) of Fig. 22. Suppose

£ (t) = ae "t ( 15a) |
corresponding to one lifetime,% .The curve (¢f. Fig. 22)
fe]
y = F(x) = fp(x-t) £(t) dt (15D).
(4

would then be obtained. Beyond points x where p(x)~» o the plot
of the curve y = F(x), from first principles, decreases as e A,
This tail, if readily obtainable, gives the lifetime. Otherwise
the lifetime may be obtained from the centroid shifts of the curves
y = p(x).and y = F(x) - (cf. Bay 1e50). A deduction as follows

can be based on a lemma by Newton (1950).
Letting u= x-t, (15a), (15b) give:

X
Thgrgﬁr: - n e J.f?\u' p(u) au , 4F = k[p(x) - F(x)] (I5¢)

0 ax »
}P(x) dx -j F(x) ax = 0, x% LF(X)] =0
- - 00 -en
showing the areas of the prompt and delayed curves are the same
for the normalised function (15a). Conversely if the prompt and
delayed experimental curves are plotted to the same area, (15a)
cd
represents single period decay.  Further if I_xF(x)]_cfo,
o .
fo. ix - fxp dx = 1 fF.dx (154)
-l 0N A “os . .

giving/
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giving the lifetime in terms of centroid shift.

>-

For two periods 1 ’%1 present in the ratio &/(1 - &),

one may write _
£(t) = (1= pe M Lon oA (162)

The periods could be observed directly far from the prompt curve.
If the delayed and prompt curves are close analysis has to be
employed. For £(t) given by (16a) the areas of the prompt

%y p(x)% and delayed Ey= P(x)) curves are again the same, or

conversely.Writing E(x) as a sum of two parts, viz., F = FqA F2

o0

where Fl(x) =‘Jp(x—t)cLK e~ Mt dt)

application of the above reasoning leads to

oo e o o2 |
/3‘”"-[:%?"‘“(%*%—)/_,W s
J»xlF&/x—I:lPM - 2(';4 -+ Ie(/xpobx-f- 7—7_ /PM{/“)

If \W¥A, the terms involving | can be omitted, giving two
equations for oland ) . The equations will be referred to in |
8 3 and 8 4 (ef. too Ferguson and Lewis (1955)%.

B 2 THEORETICAL ASPECTS CONCERNING THE SPIN
RELATIONSHIP OF AN ELECTRON TPOSITRON PAIR IN TWO QUANTUM
‘ ANNIHILATION.

The time studies will be later much concerned with the
annihilation brocess and the spin systems involved. Dirac (1930)
derived the two quantum annihilation probability of a positron
electron system. Wheeler stated that the equations require the

system/
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system to be in a singlet state (Wheeler 1946). General selection
rﬁles on symmetry grounds have been derived by Yang (195Q). VAS

no direct proof seemed readily available it seemed desirable to
check on this, from the initial relations of Diraec, as given
below, (particularly because of experiments involving iron, later,

where the spins of the d-shell electrons are aligned).

Consider the annihilation of an electron and positron
travelling towards one another each having energy Eo and momentum
Po equal in magnitude. Taking the centre of mass as origin, let
the emitted quanta X;, Ko (each having energy Eo) have polarisa-
tions (1;,my), ({omp) where the resolutes (1,€é are along the X
axis, the?f'axis being perpendicular to the plane of po and'iz}i;
(ecf. Pig. 24). The—Y”axis is then perpendicular to the 'J?axis
at (20 + &) to Po where ©is the angle between DO and'fz.

The amnihilation occurs in two stages by the emission of'fz
first and'f% after, or vice versa, The electron of energy Eo
(state A) makes a transiiion to an intermediate state designated
1 or 2 respectively, having four possibilities of spin and energy,
and thence to the final negative energy state (state F) of -Eo.
Momentum is conserved in these transitions, Then (ef. Heitler
"The Quantum Theory of Radiation Oxford 1947, p206, eqn.(5)% the

transition probability X per unit solid angle can be written:
2
=% EEHM Hie + Haz Hair (17a)
% -;\"fF | E 22. !
where PF is the density of final states per unit energy interval,

l/

e
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, . R
. and Ell are the energy changes involved in reaching the inter-

mediate state; and HA » Hypo HAz, HRF are metrix elements for
the transitions, S, and 3, refer to swmation over the four
spin and energy possibilities of the intermediate states.

Substituting for fr and evaluating the matrix elements,

Y= a \ E‘ (%o"‘oi\u'ﬂul* W) 4 ZL(%* ,z’_-\,\u)(um,z,m)\f-‘ (147%)

- ! 1
where a is a constant (aftually a = 'eéc);) oy s ely lt:&;re the components
of the Dirac operator ;zvalong the polarisation vectors of the
quanta'fz,'ﬁz respectively. Uo refers to the four components of
the wave funcetion of the initial state A. u% u%lu refer similarly

to the other states designated 1, 2, and F,.

The main purpose is to determine what states & and I' contribute

to this expression ‘X.

anl

ml, for instance, is given by the electron energy:
£ 14 ot Kitm ek e
where k.is the rest mass; and the speed of light is taken as

unity here for convenience.
Moreover the momenta of the intermediate states can be written
— —
( 7o=Ki ) end (Pa-Xi), so that -
Hal= E'd ana H"u's g0
-—7 1 —3’.—%' "‘7
H! = (oo +ﬁ/.~ , H'e (& K )P

in virtue of the Dirac equation,

where

n.
Eq  (17b) may be written:

'l")t 21("-’:'“ Hl’“-)( 4] + ( )Lf,_('u,*-le"M“)(M"*-(m) A

E
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Therefofe: ;AL « ) L
T T R

Whence
a

—_

;,X_ o 1 (J:I)L/M: (('.h_ml,(z%e-w.a},Lo.&)([vae(-,_-KI4;&-4,%9»(&{“)((;4,-n..l.a,sc..IS-m, J\,cw@)u

]

v oy , _—
+(J—) M;: ( f\‘.Lg —h;-‘;'rhs'k-\; -latrve )(h";ﬂ- k;,-L;u.S ',-‘J\'*e fﬁf\) (f‘ 4‘,‘_"‘“,8 - k,-l,l.@/u
Restricting the problem to that of slowly moving particles
the terms 1nvolving b may be omitted in the matrix elements, and

E12 = E = 2/}.\ Uriting m\,0, -l\m,_-:m.‘e" ’ X reduces to:-
K = &, WD /'Lw'*.c,.z.‘.a, Mji (17a.)

where %} 1s the angle between the polarisation vectors.
Taking iio F (1,0,0,0) corresponding to an elestron of spin
1/2 along z, and L, positive and u = 7 (0,0,1,0) corresponding to
an electron of spin 1/2 along z and Eo negative, and writing the
total annihilation rate R = 2 71X, ( 8 varying frbm 0 to T only,
Re 2—;—? Y-, (e Re 2mmte wrewr) (18a).

If however u = (0,0,0,1) corresponding to an electron with

spin -1/2 along z, and Eo negative, giving a triplet positron
electron state
R = 0 (18b)

This is the result sought after; +two quantum ennihilation
occurs only for the singlet state. Moreover,'as is well known,
(ef. e.g., Yang 1950) (18a) shows the quanta are always polarised
at right angles.,

The relation of the results to Eqn. (10) is elear. It should

be mentioned however that in comparing theoretical annihilation

rates/



rates with experimental values, that the theory does not take

into account the attractive foreces which the positron and electron
have for one another. Thése foreces would produce distortion of
the wave funetion, increasing the annihilastion probability,
especlally at lower speeds. [To illustrate this distortion, the
positron probability density very close to a fixed negative point

charge would be increased by the Coulomb factor

F(1,E). 2le2/v
l-exp(-2fe</Ay) (
where v is the speed of approach (ef. Temple (1928), Mott and

Massey (1949)). To assess orders of magnitude Deutsch (1953) has
proposed that v be associlated with velency electron speeds;

F(1,E) is then ~ 27 at the centre of attractioﬁ]

8§35 ANNIHILATION OF POSITRONS IN THE GASES
FREON AND OXYGEN.

(1) Preliminary studies and development work.

As mentioned in the introduetion, Deutseh (1951) had shown the
existence of a lifetime for positrons against annihilation, in
freon, only slightly dependent on the pressure over the region
0 - 2 atmospheres, and that it had a value near 1.4 x 10™" see.
Preliminary measurements were made here with freon using'a'
coincidence unit of resolving time 3 x lb'ssecs., with two
scintillators of terphenyl in toluene, in containers 2" x 1%”
diam., over a gas.pressure range extending to 5 atmospheres.
Delayed coincidences were observed between the 1.28 Mev ¥y -ray

of Nazg end the annihilation radiation. The findings of Deutsch

were/
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were found to be valid over the extended range. A check was
made too on the annihilation time in oxygen, which was known

to be inversély proportional to pressure. More accurate experi-
ments were carried out later (cf. (iii) below).

It was decided to investigate if pbssible, the delayed
| annihilation radiation spectrum associated with this 1.4 x 10-7
sec. period in freon, and to compare it with the theoretical
predictions of Ore and Powell. This method, whilst selecting
the required long period radiation would also eliminate Y -radia-
tions from the source and gas container.

The two crystal method was first tried, using an organie
erystal v 1 cm? as gpectrometer, back scattered radiation being
picked up by a ring of sodium iodide. The nuclear 1l.28 Mev Y -ray
was picked up in a liquid organic scintillator as before. The
small organic crystal could operate the Kicksorter if a suitable
delayed coincidence occurred between the organic scintillators,
and if a pulse within 1 +Lsec appeared in the iodide crystal.' The
efficiency of the system was found, as feared, to be too low.

It was tﬁerefore necessary to measure the annihilation radia-
tion in a large sodium iodide crystal directly, and the carrying
out of the investigation therefore depended on the possibility of
produeing a suitable moderately fast coinecidence unit using sodium
iodide on the one side instead of an organic scintillator. The
rise time of sodium iodide had been reported to be about %/P.sec
EHofstadter (1949) ;. It was hoped that by driving the photo-tube
hard, the leading edge of the pulses could be made sufficiently
steep/ | |
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steep for the first 2V rise (the grid base of the CV138 valve) to
provide an unit of resolving time . 5 x 10" 8s6es. with the

¥y energies in the 3-quantum annihilation continuum. MNoreover the
exect resolving time curve would have to0 be positioned 1n an approx-
imately constant manner also irrespective of energy (ecf. 111 below).
Tests of a coincidence unit using sodium iodide on the one side

and a terphenyl counter on the other were carried out. The arrange-
ment was very successful immediately. TUsing ngoz‘Y -Trays as a
source, coincidences between the Y-ray and the scattered compton

Y =ray, 1hvolv1ng energies -~ 100 Kev could be readily utilised,
with resolving times of 3 x lo'Bsecs. The other requirements wers

also met as deseribed in (iii) below.

(11) Experimental arrangement.

A source of Naaz

of strength,~’2¢~c. was mounted and covered
by an aluminium foil 0.005"™ thiek. It was placed inside a eylindri-
cal gas contalner 2" diam., the walls of which were of 0.012" copper
kept thin to reduce scattering errors (inset fig. 25). Two
perforated phosphor bronze plates 0.005" thick, 1%” apart were used
to restrict the positrons to thé central region of the container.
The toluene scintillator, G, (2" x 13" diam.) referred to above was
placed near the source. Opposite this was placed the spectrometer
counter used for measuring the energy of the delayed annihilation
radiation from the gas. The scintillator on this counter was a
sodium iodide block, 1&" cube (Cl), composed of two pieces cemented

together along a common plane with silicon grease, as no single

crystal/
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crystal of this sulitable size and shape was available. The
scintillator was packed in magnesium oxide, the iodide erystal
being sealed inside. 14 stege E.M.I. tubes were used. The ends
of the iodide and terphenyl Scintillators were situated 1" and %"
respeetively from the container. To reduce scattering of delayed
annihilation radiation from the surroundings, to the spectrometer
crystal, the system was set up on a light plywood table, and
supports, ete., reduced to a minimum.

The electronic arrangement is shown in fig. 26 ana‘§2é§:§§3“”
coincidence electronics essentially described in 8 1. Variable
emounts of uniradio 31 could be introduced in the ﬁain channel
system.

The éide'channel delivering attenuated pulses from the
terphenyl counter permitted the passing of pulses from Y -rays
above ~/600 Kev only, i.e., from the nuclear 1.28 Mev y -ray only
here. On the sofGium iodide channel pulses were taken from the
tenth dynode to avoid saturation effecets. Soms condenser attenuatin
was also used. The initial grid resistance leading from the
miltiplier shown in fig. 16 was kept high to avoid severe differ-
entiation at this stege. The discriminator was set so as to cut
off low energy pulses {actually . 140 Kev) to ensure satisfactory
performance from the coineidence unit. The output from the triple
coincidence unit opened the gate of the Kicksorter analysing the
pulses from the iodide crystal, giving a bright spot on the cathode
ray tube which could be scanned by a mmltiplier, or photographed,

in the manner deseribed earlier. The resolving time used here

was/
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8

was 5 x 10" ° secs, as discussed below.

(111) The resglution ecurve an@ the determination of annihilation

times of positrons in freon and oxygen.

The coincidence resolution eurve was investigated with the
container evacuated. The delay between the appearance of annihila-
tion radiation from positroné from.Na22 in metals after the nuclear
r"-emission is of order 10-10 sees. (ef. 84, c¢f. too the measure-
ments of Beil and Graham (1953) on copper). The curve can %herefore
be considered an approximately prompt resolution curve. Vhen more
than 20 metres of delay cable were inserted on the 1.28 MeV y side,
the coincidences observed were only random coincidences. (Insert-
fon of 1 metre of cable was equivalent to a delay time of 5 x 10
sec. ). Any pulses appearing here with a gas present would indicate
delayed annihilation radiation. | | |

It was necessary to determine how the resolution curve varied
with the energy of the pulse being measured in the iodide erystal.
For the determination of delayed spectra the unit should have
resolving times roughly independent of the pulse energies in the
iodide cryétal (gbove the figure of 140 Kev previously specified).
Furthermdre the position of the curve should not appreciably wvary
with these pulse enérgies; otherwise distortion of the true
spectrum occurs. Fig. 27 shows the plots of coincidencee counts
with delay cable length for harrow energy bands of pulses from the
iodide crystal. One plot is obtained using electfons in the neigh-
bourhood of 200 KeV, the.other using electrons of about 400 KeV.
These/
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These particular coinecidence counts are obtained as the output
counts of first one and then the other of two narrow channels of
the gated Kicksorter, corresﬁonﬁing to these particular energies.
The resolving time is seen to be approximately the same in the two
cases. There is a displacement of the equivalent of 1} metres of
cable, corresponding to 7.5 x 10'gsec only for the 200-400 KeV
change involved, the bigger pulses arrive earlier. This time is
small compared with the annihilation times in the gases under the
conditions of this experiment, as is seen below. The effecf of
the displacement is to produce a small exaggeration of the low
energy components in the spectrum. |
Fig. 28 shows a delayed coincidence curve obtained when freon
was present in the container to a saturation pressure of 4.8
atmospheres, circumstances approximeting to those existing when
the spectra were determined. The lifetime froﬁ.this and similar
curves was (1.25 £ 0.10) x 10 'sec. This annihilation time is
only a little shorter than that quoted by Deutsch (1951), from his
experiments at lower pressure. The variation of this annihilation
time with pressure is at most slight. Fig. 29 shows a curve for
oxygen at 2.4 atmospheres at room temperature. This leads to a

8

vYalue of 8.8 x 10"~ sec. with an error of roughly 1.5 x 10-83ecs,

in agreement with the value given by Deutsch of 8 x 10'8 secs,

(iv) The delayed annihilation spectrum of positrons
in freon, and in oxygen.

The spectrometer characteristics of the sodium iodide erystal
and multiplier were examined. Fig. 25 shows the annihilation

spectrum/
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spectrum obtained when positrons annihilated in copper, using

only the iodide counter and Kicksorter. Kubitschek (1950) has
shown the 1,38 MeV Y =-ray of cu®? 1o be only of 1% relative
intensity. The experimental curve agrees with rough expectations
for a erystal of this size. The main peeak 1is partly photoelectric
in origin 1nwolving capture of any associated iodine X-rays. It

is due to the ready absorption of back scattered Compton radiation
which eliminates the Compton edge. The gap at ~ 420 KeV corres-
ponds to the gap which would occur in a smaller crystal between

the Compton edge and photopeak. The small low energy bulge (above
1000 counts) in the mmltiple Compton distribution can be gxplained
in some measure by back scattering of y -rays from the rear parts
of the crystal mounting.

Similar curves were obtained using Na®2 in en evacuated con-
tainer with the two counters in prompt coincidence, when the
counter detecting nuclear Y -radiation was placed so as to mini-
mise the prompt coincidences from its back'scattered Compton
radiation. This experiment was carried out using a low (10-ssec.)
resolving time as a further check.

The linearity of reSponse with y -ray energy of the spectro-
meter side was checked using the 280-KeV y -ray of HZ 3, the

ennihilation redistion of Cu’?

Y -ray of 08157. Further}the éffect of source positioning was

positrons in copper, and@ the 660 KeV

examined. It was necessary to determine what effect the position-
ing of the positron at annihilation would have on the observed
spectrum. The Gu64 source, enclosed in copper, was placed at

various/
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various points at distances of 1" « 3" from the iodide crystal,
and the spectra exemined. The ngos and 08157 gources were like-
wise examined (screened where necessary from conversion X-rays).
The spectral diétfibutions did not vary appreciably, the variation
in the ratio peak counts to total counts being less than about 5%.

For the determination of the delayed coincidence spectrum,
the nuclear Y-ray channel was delayed by 25 metres of cable.

This working point is the point + 25 in fig. 27 (produced) and in
rigs. 28, 29. The delayed coinocidence pulses obtained under these
circumstances at the Kicksortér cathode ray tube were photographed.
Pulses clear of the 140 KeV threshold amployed were recorded. The
spectra of the random coincidences were obtained by transferring
the 25 metres of delay cable to the other side, i.e., to the iodide
channel. This point is the point ~25 on fig. 27 (produced dack).
The random pulses should show ﬁp the characteristics of the total
radiation picked up from the Nazz source and from annihilation in
the gas and surroundings.

The results obtained with oxygen in the gas container at a
pressure of 2.4 atmospheres at room temperaturs are illustrated in
fig. 30. The random counts are shown dotted. The real counts
after éubtraéting the random counts point for point are shown by
the full line. An annihilation peak at 510 KeV is seen. A low
eﬁergy bulge corresponding to that in fig. 25 appears, but which
is more prominent in height. The reasons for this are given below.

The results for freon in the container, at a pressure of 5.2

atmospheres, at room temperature are shown in fig. 31. The randoﬁ 4

counts are here relatively less in number;

The full curve again
shows/ .
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shows the real counts after subtraction of random counts,, point
for point. Here the 510 KeV radiation peak is absent, and the
presence of a broad band of energies is clearly indicated. The
precise shape and its relation to the theory are examined in
detail below.

(‘v) Analysis of results and comparison with theory.

For oxygen, in fig. 30, the height of the 510 KeV peak is
lower, relative to that of the low energy bulge, than it is for
the spectral curve of fig. 25. The width of the 510 KeV :peak at
half height in fig. 30 is however greater. (20%, compared with
14% for fig. 25). This increased width is due to slight variation

in gain over the several hours of running time involved in the

measurements and to a lesser extent to a slight gradunal deter;ora—
tion in the erystal since the experiments first began. The lower-
ing in height is in great measure due to the inereased width. There
are other factors which accentuate this lowering. The displacement
of the feaqlution curve with pulse energy in the iodide crystal
(ef. 1i1i) would eause a further 10% rise in the low energy pulses.
Also measurements on scattering suggest an additional rise 6f_5%
at the lower energies, particularly from the neighbouring toluene
scintillator. It therefore seems clear over the range examined |
" that v -rays of energy 510 KeV only are emitted from the annihila-
tion of positrons in oxygen.

_ The precise shape of the freon curve will be discussed. The
Ore - Powell theoretical curve for the distribution of Y-ray energy
in/ |
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in three quantum annihilation is shown in fig. 32 inset. The
1odide crystal absorbs the lower energy quanta preferentially

and this preference 1is sliéhtly increased by the nearmess of

the source points to the crystal. The dotted inset cecurve shows

the relative numbers of ¥ -rays which would be absorbed by the
ecrystal in the range considered.- The eurve was computed using

the absorption data given by Heitler (1947) (cf. too introduction).

In considering the electron energy distribution which would
be produced ih the crystal, allowance has to be made for the fact
that more electrons are produced in the peak for the lower energy
y -rediations, primarily because of the increased importance of
the photoelectric effect. The ratio of electrons in the peak to
the total number energised were 0.35, 0.43, 0.65 for the 660, 510,
280 KeV fadiations referred to previously. The expected electron
spectrum not'allowing for varying peak widths is shown in fig. 32.
The lower énefgy portion is shown by dashes and involves slight
extrapolation, but the errors are estimated at less than 5%,
this part of the curve being essentially correct in shaps. The
experimental curve of fig. 31 is shown for comparison and is in
close agreement with the theoretical predictions of Ore and Powell
over the range studied.

The probability of two quanta registering simnltangously has
not been introduced., For most of the radiations Wou1&j¥;om posi-
trons near the source, both for freon and oxygen. Again two qﬁanta
running close together are not favoured from an inspection of the

phase space aspect of any theory. The phase space allocated

per unit so0lid angle for three annihilation radiations Ky ,K5, K3

is/
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is (cf. Ore and Powell 1949) F :t’(-K1 Kz Kz dKldKz, where & is

a normalisation eonstant. The full Ore-Powell theory obtained

by mltiplying this expression by transition matrices shows a
little more te?deney for smaller angular spaci?g than the statisti-

cal estimate, (e¢f. too Siegel , Deutseh (1953)).
(vi) Discussion.

The experimental results for freon, and the Ore-Powell curves,
have been shown to be in c¢lose agreement. To establish the experi-
mental verification of the theory reasons should be advanced for
believing that the long period decay in frgon is associated with
only triplet bound electron positron states.

Annihilation from a triplet state has to be a third order
process (ef. § 2), unlike that from bound singlets. It is there-
fore 1ikeiy to be slow. Furthermore at the high densities involved
in the experiment, annihilation of free positrons was expected to |
be very.fast (ef. too oxygen end 8 4). That it is so in fact is
proved experimentally in (vi), This latter would oceur, of course,
with two and three quantnm.proéesses in competition. Again ﬁhe
amall pressure dependence of the annihilation timé indicates that
few triplets are converted to singlets by collision, so that the
state mst be close to pure triplett_ Confirmation of the state
and verification of the theory comes therefore from the proximity
of the experimental value in freon of the decay time to the
theoretical Ore-Powell triplet time of 1.4 x 10~7sec, and the close-

ness of the experimental and theoretical spectra associated with

these times, It shonuld be mentioned that theoretical calculations
leading/
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leading to lifetimes for the triplet bound state have been given

- by Radcliffe (1550) confirming these predictions, also by Lifshitz
(1948) and by Ivanenko and Sokolov (1948) who calculated lifetimss .
of 8.8 x 10~8 sec. and 8.4 x 107 sec. respectively.

Consider the case of oxygen on the other hand, with a
pressure dependent lifetime, having a value near 8 x 1'{.1'8 gsec.
at 2.4 atmospheres. If there were any triplet positronium, the
lifetime against annihilation could be reduced by transifions to
the singlet state (which latter annihilate in 10-10 secs), If the
8 x 10~ seo. period were associated with such triplet states, an
appreciable amount of them would have to be present. But the
spectrum associated with this period showed no sign of them. It
would therefore seem that the 8 x 10f'8 sec. period in oxygen does
not involve positronium. It could arise from positrons annihilat-
ing by collisions and this can include the possibility of forming
positive ions with subsequent annihilation.

Lastly reference should be made to the annihilation time in
oxygen. Uéing formmla (10) and assuming all electrons available,
the lifetime of positrons in oxygen would be 1.5 x 1077/ see.
The lifetime is shorter than given by the formmla, still more so
as the inner electrons are not readily reached. This is found to
be true for the fast period in freon also (cf.vi) and for the
solids (cf. B 2(1)),

(vii) Fast annihilation processes in freon.

The existence of a triplet state of positronium enables one
to/
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Fig.' 338, Diagi;éfri 'b‘:t;ﬂéilﬁéwzawrrangémézult used for
determining the fest annihilation time for positrons
in freon.

"Fig 33b Construction of a scintillator cell.
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to infer the probability of existence of the singlet state also.

It seemed desirable to look for, and examine, the fast decay in
freon, even though it might involve at least two processes, viz.,
singlet decay and collision ennihilation. Experimsnts by Pond,
(19562), using nitric oxide to Quench the triplet state indicated
that in the gases examined by him, viz., hydrogen, nitrogen, argon,
and helium, only about 1/4 of the annihilations imvolved triplet
positronium. Singlet formation cen be expected to be three times as
rare as triplet formation. At high positron enepgies, however,
triplet positronium might break up by collision before annihilation
go that the ratio of singlet annihilation to triplet may greatly

excesd 1/3.
22 ~5k
A thin source of Na ~, in insulin, was mounted on aluminium

foil 0,85 mgm/sq.cm. The thickmess of the source and insulin was
shown to be less than 0.25 mgm/sq.cmm The thickness limit was
determined by partially ecollimated « -particle absorption measure-
ments using a zine sulphide scintillation eounter, sensitive only
to o -radiation. (Faurther the sodium was known to be present as
sulphate, and apart from possible sodium impurity in the initial
magnesium target (from which the source was produced), the source
thickness was known to be considerably less than the figure above.
The optical appearance of comperison layers of ordinary inactive
sodium.sulphate on‘aluminium confirmed the above limit;. The
source was placed at the centre of a gas chamber 4" diameter and -
6" long as shown in fig. 33, one of the experimental arrangements

used. The source occupied a rectangular area 1 em. wide by 2 cms.

long, its length being parallel to that of the gas cylinder. The
aluminium/
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aluminium foil was 1}" wide by 2" long, its length being also
parallel to the lengthof the gas cylinder, The foil was supported
on a wire (30 SWG) bent to form a rectangle. The source could be
covered by aluminium plates, or alternatively the gas chamber could
be filled with freon at various pressures. At a saturation vapour

pressure of nearly 5 atmospheres about 95% of the positrons annihi-
| lated in the gas. (This was shown by absorption measurements in a
separate gas chamber with a window, in which the number of positrms
reaching an anthracene scintillator crystal inside was ﬁete:mined,
at'various pressures).

In the arrangement of fig. 33, one counter picked up the 1.28
MeV nuelear Y -radiétion, the other picked up the annihilation
radiation. A lead block screened the two ecounters from.comptonr
effeects. Pair production by the nuclear 1.28 MeV ¥ =radiation in
lead was of no account because of the heavy biassing of the dis-
eriminator in the 1.28 MeV y -counter and because of the attenuation
in the lead. The countersuéed terphenyl in toluene liquid scin-
‘tillator cells (the cells are shown in fig. 33b, designed to
eliminate the presence of a bubble in the main compartmsnt what-
ever 1ts position, the side compartment being painted black;
sealing is done with polythone plugs).

One of the several pairs of delayed coincidence curves
obtained by this method is shown in fig. 34, with a freon pressure
of 4.5 atmospheres at 25°C. The period is immediately seen to be
very short. Also the difference between the maximnm ordinates (or
better the areas, correcting for the tail) indicates approximately

the/



the number of positrons decaying three quantum-wise from the long
lived triplet state. It is 25%4. The centroid shift associated
with the fast period or peribdé, as observed, was 4+ 2 x 10-10590.
The time for positrons to come to rest in the gas is probadbly
1-2x 1o'l°sec_. The lifetime of positrons in aluminium, as
indicated in 8 4 is near 1.6 x 10-;0860. Assuming the fast period
or periods to be associated with two quantum annihilation, the 1life-
time would seem to be less than about 6 x 10~10ges. This period
is exceptionally fast, far shorter than expected from ordinary
collision. Some of it is certainly to be associated with singlet
positronium, though some of it may be due to a collision process
enalogous to ion formastion. On reducing the pressure to 2 and 1
atmospheres evidence of very small successive shifts to longer
lifetimes occurred. The main results given above have been obtained
too with a slightly thicker source and with one of different origin.

In a recent article Deutsch (1953) quotes the fraction of
positrons forming positronium in the case of freon to be around 25%
from the results of a quenching method.

It is necessary to refer to the energy restrictions on forma-
tion of positronium. The ionisation energy of positronium is
6.8 ev. (cf. Ruark 1945). The ionisation energy F of freom is
11.7 ev. (Baker and Tate (1938). Only if the positrons have an
energy exceeding (F - 6,8) tcan formation of positronium be expected.

Deutseh (1953) has suggested the explicit ratio (F - 6,8)/F

as a rough measure of the amount of triplet state in several gases.

5 4/
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B4 ANNIHITATION IN CONDENSED MATERIALS, NUCLEAR
LIFETIMES, CONCLUDING REMARKS.

(i) Comparison measurements on annihilation times and their

econsequences,

As mentioned in the introduction, the theory of posifron
annihilation as given by eqn.(10) predicted a lifetime proportional
to elsctron density, though it was realised that the positivé charge
near the core would reduce the mumber of électrons avallable to
slowly moving positrons. Experiments to determine the comparative
and absolute lifetimes in various condensed materials seemed
important.

The lifetimes of positrons in various materials may be com-
pared, by obtaining sets of delayed coincidence curves between the
nuclear y -ray of Naza and annihilation radiation for any two of
the materials in succession; (spurious Gomptonlcoincidenees being
minimised); wusing this method (cf. Ferguson and Lewis (1953) ef.
preface) positron 1ifetime differences of less than 5 x 10" lgecs.
were indiecated for the metals, aluminium, magnesium, and iron compared
to lead. Centroid shifts of ~ 2 x 10-103303. for mica, wax‘and
water relative to lead indicated a longer positron lifetime in these
materiels. Reference too should be mede to the further work of
de Benedetti and Bichings (1952), (ef. introduction 83, iii) pub-~
lished in this field in the meanwhile.

Assuming all the electrons are available in the metals, egn. (10)
would give the absolute lifetime values for lead, aluminium,

nmagne sium/
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10 10 10,

magnesium and iron as 0.6 x 10 ~ , 1.8 x 10~ , 2.7 x 10°

0.7 X 10'10 secs. respectively. If valency electrons only are

10 10

available the absolute lifetimes could be 10 x 10 , 8 x 10,

16 x 10'10, 9 x 10710 secs. respectively. As has been mentioned

in 8 3, theré is evidsnce that the innermost electrons do not
contribute to the slow annihilation of positrons. Dg.Mond, Lind,
and Watson (1951) examined the width of the annihilation line from
positrons annihilating in copper. The results based on Doppler
broadening, suggested that only valency electrons played an essen-
tial part in the process. Assuming the positron to be almost at
rest in the metal, they deduced the electron energy at annihilation
as 16 ev corresponding to the conduction electrons. Confirmation
of the dominant role of the outer electrons. follows from the angular
correlation experiments on the two Y -rays by De Benedetti, Cowan,
Konneker and Primakoff (1950)for instance, leading to similar
electron energles.

It seemed possible that the domain structure of iron would
produce a slightly longer period; since the d-shell elesctrons would
have their intrinsic spins orientated. The fact that iron lines up
with the other metals indicates that the d-shell electrons do not
decisively influence the annihilation procesé. This again tends to
support the role of the valency electrons.

It could therefore be that singlet bound states are formed, of
lifetime lo'losecs; at any rate the simpler process neglecting
positron electron attractive forces did not fit the facts, The

determination of the absolute time of annihilation ir the solid
state/
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gstate, as opposed to the comparison methods became therefore a
matter of urgency. Experiments to determine the absolute decay
time are discussed in (ii).

Meanwhile another line was investigéted. The experiments on
the gases substantiated the existence of a triplet bound state in
gases. This indicated the possibility of a triplet bound state in
' condensed materials. Moreover as discussed above there was a
possibility of explaining the two quantum emission of the metals
by singlet positronium formation. A search was therefore made for
a second period in metals, particularly in iron, using various
resolving times, and also with a magnetic field applied. One
countef accepted the nuslear Y -radiation, the other could accept
radiation of the continuous type from triplet annihilation, if any.
No delayed coincidences ware obtained above the random rate.

Bell and Graham (1952) searching for a éimilér efféct reported
the existence of a second period in some.non metals. The earlier
measurements on non metals here had not been continued to the long
delays necessary for determination of a second period.

The examination of the second period in certain materials
seemed desirable, to determine its dependence on the mode of pre-
paration and treatment, also to f£find out if any three quantum
annihilation could be associated with it. For distrene (ef.
Ferguson and Lewis (1953) by the comparison method, eqns.(lﬁb)
and (16c) of 8 1 give about 4 of the positrons associated with a

gsacs. Results of similar type have

second period of 2,5 x 10~
been reported by Bell and Graham (1953). It is of interest to

note/



note that the emount of second period decay is very close to that
found for freon (viz., 25%). For investigating three quantum
annihilation, two methods appeared'appropriate both employing
cub? as source. The first employs three counters, e.g., at 120°,
operating a slow coincidence unit, The second utilises two
counters at 180°, about 20 ems. apart; the change in the two
quantum coincidence rates when annihilation oeccurs in distrene

and in aluminium being noted. With these methods (ef. Ferguson
and Lewis (1953)) small effects were indicated, but certainly less
.then 2% of the annihilation was three guantum wise. This result
is not unexpected. The short second period compared with ths
undisturbed triplet decay rate of 1.4 x 10'7sec. indicates that
about 3% of three quantum rediation might be emitted. (Experiments
recentl& reported by Pond (1954) accords with sueh reasoning ,only
a few triplet states survive therefore in sheltered places of the

: lattic@. Of course some three guantum annihilation should oceur
on collision theory (e¢f. introduction) and reference cen be made

in this connection to the searches for triple coineidences in

coprer by Rieh (1951) and Stone (1952).
(11) Absolute determination of positron lifetims; gllied work.

As indicated in B 1 (iv) the positioning and form of a
resolution curve depends on the energies of the pulses in the two
counters. An example of fhis was given in fig. 27. The above
comparison methods in (1) have all involved comparisons‘based on

1.28 MeV = 0,51 MeV coincidences. To obtain an absolute lifetime

determination/
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aetermination’involves éomparison with a source of prompt or
nearly prompt events generally having different energies from

1.28 Mev and 0,5 Mev. One possible standard involves the two
annihilatioﬁ quanta from Cu64; The mosﬁ sultable comparison
gource appeared to be co80 having Y ~ray energies of 1.17 and

1.33 MeV, (near 1.28 Mev, on either side of it). The y=y
cascades involve two electriec quadrupole transitions (cf. intro-
duction and Gh, 3). The lifetime of the intermediate state in
Nieo (cf. introduction eqn. (8);cou1d be expected to be less than
10 500, The measurements below indicate that it is in fact less
than a few times 10 ‘lsecs. (Recently Bay, Henri, and MeLernon
“1lgse.). The Eazzy' lifetime

can also be expected to be shorter than 10 ~sec, 1if it be dipole

(1954) have reported it less than 10

or electric quadrupole. A higher order transition would be

expected to show a lifetime readily detectable. The comparison
with Cososhould leéd to the annihilation time of a positron écf.
Ferguson and Lewis (1955)3. The mean pulse height distribution

from the two 0060

radiations and from the 1.28 MeV Y -ray of Nazz
could be expected to be similar. This was shown to be the case
with the 1" diam. 1" long scintillator of terphenyl in toluene, in
the pulse energy range passed by the side channel discriminator
concerned. 1In the other channel it is then necessary to select
only & narrow range of pulses. |

 The full apparatus i shown in fig. 35, Essentially it impliss
kicksorting after mixing. The arrangement bears some relation to

that used in fig. 26, with the kicksorter fulfilling a different

purpose/
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purpose. The method of taking resolution curves is essentially
relafed $0 that used in obtaining fig. 27, and in this respect
stems from this earlier work. Counter C, can handle in turn the
nuclear Y -ray of Hazz, or either of the Y -rays of 0060. ‘Gounter
Co received either the % MeV radiation from the annihilating posi-
trons of Nazz, or the other of the ¥ rays of Coeo, at a coincidence.
Only those ecounts from the triple unit which correspond to a
selected narrow range of electron pulses in 02 are recorded in the
scaler system linked with the Kicksorter channel. This band was
positioned where the pulse height distributions associated with the
1 MeV and 0060 Y -rays were both fairly flat. Fig. 36 shows the
gpectra and the approximate channel setting. The pulses fed to the
Kicksorter wefe of order 10"7 gecs. duration here. ©So a delay of
order 1 .8 was inserted by using Z.14M cable appropriately |
terminated,‘so that the pulses might coincide with the opening of
the Kicksorter gate activated by the triple unit output.

The thin Nazz gsource of weight ~ 1 mgm/sq. cm.z mountéd on
aluminium was placed between aluminium plates. The 0060 gource was
of mach the same strength. Fig. 37 shows;a gset of delayed coincidenecs
curves taken with the two sources in turn. Several runs, in success-
ion, were‘made. Each pair of curves took asbout two hours with
counting rates of a few hundred per minute at peak. Errors were
mainly due to possible energy drifts of the side channels. The
centroid shift obtained from this and anaIOgons arrangements was
(1.6 + 0.6)x lO"logec. It should be noted that either y-ray from

60 22 .
Co ™ (unlike Na ) can ‘activate either counter first. The curve

for/
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for 0960 is in fact the sum of two resolution curves. The centroid

shift of fig. 37 .is not then a function, to a first order, of the
Nieo lifetime; however because the cur;ggt.§;,§igsely at the
larger negative delays, the iifetims of 0060 is seen to be
extremely small. Be&aring in mind the earller remarks on.Nazz;'the
positron lifetime in aluminium is therefore (1.6 + 0.6)x 10~10¢ce.
This egrees well with the valuevobtained by Bell and Graham (1953),
(L.5+ 0.3)x loﬂlosec.using e different method. (Minton (1954) has
reported in an abstract a value of (2.9 + 0.3)x 10'1°sec. )

It follows from these measurements that the absolute time in
most materials investigated particularly the metals is very short.
It would appear that capture of the positron by the electron, or
at least distortion of the wave funetion somewhat analogous to
capture, can occur (e¢f. too 8 2). The time period in the metals
1s certainly oclose to that predicted for the singlet state.

The above method could be readily extended to determine life-
times in y cascades or allied processes, for instance employing
two annihilation } MeV y radiations as prompt standard. A baﬁd of
energies would be selected from counter 1 also. With the
particular cathode ray tube type of Kicksorter used here this
affords no difficulty for pulses from channels 1 ana 2 can be
asgociated with X and Y deflections on the tube face. These pulses

are brightened at a fast coincidence, the output scaler being

"associated with a required region of the XY plame of the tube.
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CHAPTER 3: Y ~-RAY ANGULAR CORRELATIONS.

81 THE EXPERIMENTAL METHOD, AND THE CASCADING
60
RAYS OF Co

In the work of the previous chapter, the angular correlation
between the simmltaneous ¥ -rays emitted has beén a dominant
feature. The work in this ehapter refers to correlations between
successive Y -rays from a nucleus.

The theoretical basié underlying double cascade processes has
been referred to in the introduction. As mentioned there to
investigate the experimental method, work of an approximate nature

60 was carried out in the first instance.

on Co
In this experiment single crystals of naphthalene-anthracene,
containing about 5% of anthracene were used as detectors, 2" diam.
x 13" thick(In the making of these the author wishes to acknowledge
gsome assistance from Mr. F. A. Black). Each crystal was packed in
magnesium oxide and mounted on 1" cathode E.M.I, tubes using a 3"
length of perspex cylinder as junction. At the time in question
(cf. introduction 84 i1i)2" cathode tubes and efficient liquid
scintillgtors had not been developed. To guard ageinst spurious
scattering particularly near the 90° position of the counters, (cf.
Brady and Deutsch, 1947, 1948), some lead shielding 1/32" thick
was placed around the sides, and a disc 4" on the outer face of
the orystals, and the disceriminators emplbyed set appropriately.
The counters were raised above the table level using light supports.
The cylindrical surfaces of the crystals faced the source of cobalt,

which/



Fig. 38. Y=Y angular cerrelation.



whieh was in the f.om of metal of about 4 sq. mm, placed slightly
below the centre of the orystals to reducf::;;sorption effects. The
crystals were situated with their centres 6" from the source; one
counter was kept fixed and the other could be rotated about the
source, at a fixed distance from it, with a constant orientation.
The y-rays of 1.17 and 1.33 MeV could activate either counter.

The resolving time used was 10" "gec.

It is necessary to discuss the coincidence rates recorded in
the two counters, when the two Yy -rays are not distinguished. Let
fig. 38 represent the conditions with a point source. Suppose the
sourse have N diéi‘nfegrét’ions per second. Let the centres of
crystels A and B be distant respectively rp amnd rp from the
point source. Then the mean counting rate per second in A due to

one of the rediations Y1 will be:

AT 1
where -4 18 the cross sectional area of the ecrystal A,and S A" an

efficiency factor (slowly varying with rp ). Let S-Allpe a similsar
efficiency factor for the other radiation Y2 in the erystal A,
Let ﬁBl, £81l pe the factors for Y1, Y2, in the orystal B,
Then the counting rate in A will be N4 per second, and in B will

be Np per second, where:-

! 1 7
Np, = N.# _ '(iﬁl'k &A“) 3 o~d Np= N‘_____--% LLZB."EE})
WR" ’ L"—rrrﬁ -ee Llﬂ‘)
If the variation of the angular correlation function £ = f(p) over

the s0lid angle of the counter be neglected, at least in the first
instence, the coincidence rate Ne¢/sec is then given by:

NC.. = N'_?\'__ .g__ .(SA‘E&“* Eh"‘ifg) ’F _,,qu)
LT b
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Thus ,)(/ = N.Ne . (j‘a'-t- ') (o' s (19¢)
| Na- Na (Ent s+ 3 )

For exact concentricity *¥ ! N N | (194))
- | Na - Na
Fnrthermore-f/%hE;ﬁi) varies only slowly with r,, r
NA.NG a niLy y A, Bo

These conclusions will be generalised in 8 2 and will be- required

later.

(Mbre accurately expressing f£( 6) as a sum of Legendre polynomials
fle ) = 52? an ., Pn(ce»® ), the variation of £ ( ® ) over the

‘\n=°

s0lid angle can be allowsd for (ef. Rose (1953). For crystals
symmetric about the lines Joining their centres to the source, eqn.

(19b) is replaced by: h‘
Nc = N'_ﬂ_- . B . Z:Z Q. ‘:.,\,Fn-(f-ryg>

e

Lear it Mmzo

where & , bn’ vary only slowly with r,, rg; and depend on the
sizes and absorption coefficients of the crystals, and bn — 1 for
small erystals,(194) is replaced by:

o ' N

2 . Ou«.\o—h- (PMM) ’LQ _r\fi__w (1ﬁQ3.

M=0 i y’ﬁ' CY

These corrections are referred to in.B 2 later .
The function [ given by eqn. (192) was determined experiment-

ally. Making no correction for solid angle effects, preliminary
measurements indicated an anisotropy ratio at 180° to 90° of 1.14

* .04; further results are shown in fig. 39. The plotted function

i ,
S f(8) = é_m&e -f-zl.l; Lt O

corresponding to a 4-Q-2-Q-0 transition., Taking the spin of Niso
as zéro, and the radiations to be pure dipole or quadrupole, no

other/
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other transition is compatible with the results. This agrees with
the findings of Brady and Deutsch (1947, 1948) and others.

S 2 ANGULAR CORRELATION OF Y-RAYS IN THE
gll + p REACTIOR.

(1) Nature of the problem, and preliminary considerations.

The Bll(;p,r)clz reaction is one of the most suitable
reactions for the study of ¥y -ray angular correlations. Further-
more at the tims of the investigation only very little ihformation
existed on the spatial distribution of the Y -radiations. |

Y -rays of approximstely 4, 12, 16 MeV had been observed by
Fowler, Gaerttner( and Lauritsen (1938) using 900 KeV protons with
a thick target; (of. too Walker (1950)). The energy measurements
suggested that the 4 and 12 MeV. radiations were emitted in
cascade, and that the 16 MeV. radlation was emitted in parallel.
Furthermore the energy of the intermediaste state involved was
apparently, more exactly, 4.4 MeV above the ground state. This
state could seemingly also be reached by other reactions %of. for
instance Terrell (1950)). The lowest resonance lies at 162 KeV
and is narrow %ef., e.g., Morrish (1949)). There are also very
broad higher resonances. They are now believed to exist at 670
KeV and 1370 KeV (ef. Huus and Day_(1952);.

Jacobs, Malmberg, and Wahl (1948) reported observations on
the angular distributions of the y-rays Just above the lowest
resonance., A 10% assymetry was believed a better fit than isotropy.
Further work was reported by Kern, Moak, Good, and Robinson (1951).
The /



The 12 MeV y-ray distribution was given as about (1+0.15c08%g ), 64

beipg the angle made with the incldent beam direction; the 16 MeV
Y -ray was given as isotropie, the poesiblé_error being maybe

more than 10%. The bombarding energy was not given but a figure

of ~ 200 Kbv-is mentioned by Ajzenberg and Lauritsen (1952) in a

later review article. |

There are many ways in which an angular correlation can be
carried out in a reaction initiated by particle capture. It was
decided to investigate the angular correlation‘when the directions
of the ¥ ;rays made the same fixed ahgle with the incident proton
beam, this angle being as near to 90° as the experimental arrange-
ment would conveniently allow (it wes actually 100°). The
correlation funoction was then dependent on the azimmthal eangle
between the two y-ray directions. There was no necessity then
from this viewpoint of distinguishing one Y-fay from the other,
and no distinection was in fact made. The coincidence counting rate
was then higher than it would be otherwise, this was very desirabdle
in view of the low y~-ray yileld at the lower set voltages involved,
and particulérly with the erystals available at the time of this
experiment. (On the other hand diserimination against possible
scattering was poorer without energy selection).

It is neeessary to consider the coincidence counting rate due
to two radiations Y3, Yg, in cascade when a third radiation'r3 is
also present, and to extend appropriately egqn. {19¢). Suppose that
é]k/1+k.; denote the function of disintegrations resulting in the
ﬁroduction of the radiation.'r3 (This faetor K appropriate to the
16/
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16 MeV radiation near the lowest resource was believed to be
small_{cr. Fowler, Gaerttner, and Lauritsen (1938£Tand in fact
is sS;. |

Letting £ﬂ+,_§é+ be the efficiency factors for this
‘rediation and using the other symbols introduced in B 1, the
- coincidence rate can be deduced as before. If the variation in
£ over the so0lid angle be neglected (the extension scan be

examined as before);

= N.Ne Ep'+Sa"=+ St W) (salt T+ €67 K)] (200)

Na-Na L Lo ge =t} (1+K)
where the expression involving the efficiency ractor is only a

slowly varying function of geometry.
L W, Ne : (,Zo Ia)
| L
For a chenge in position of the source, e.g., where r, and
___/.-— and .._'._
XInT Lmes
involved. Only the slow variations in the efficieney factors

Again:

rg alter, the main 301id angle factors are not
produce error. Further K has no significance in these measure-
ments. The geometrical arrangement of an angular correlation
experiment therefore differs appreciably from that of an angular
distribution measurement. In the angular correlation experiments
on theboron reactions, proton beams, under the best working con-
ditions, of .. 50 4xs had to be used to generate the y-ray flux
necessary for the coinecidence measurements, and apertures of
order $" = i" diam, had to be employed. For an angular distribu
‘tion experiment on the other hand a very fine slit, and

- emphasis on concentrieity, are vital.

(11) Experimental arrangement and procedure.
The / |
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Fig .402. Experimental arrangement: C-crystal,
M—multiplier,R-track,p- proton bgmm ,T-target,

"~ A-gperture plate.

Fige 40t Triple cascade geometry

Yp In the experimental arrangement
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The target and counting arrangements are illustrated in
fig. 40a. The beam of protons after deflection by a magnetiec
field travelled down a 1" diam. copper tube BA . . of length 24",
in an approximately field free space before striking the aperture
plate at A, which was water cooled. The aperture diameters used
were 8" initially and 4" later. The beam tube below this was 5"
long end 1" diam., of 1/32" copper. The target T projected into
this aebout 1", the target backing was of 1/32" copper, eooled by
water beneath, It was desirable to keep the dlstance between the
aperture plate A and the target T short to prevent beam spread,
possible scattering from the region of the aperture plate had
however also to be considered. The target and its mounting were
insulated from the beam tube so that later the beam could be found
and positioned. The two copper tubes were aligned and the aperture
centralised; it was convenient to centre the target backing
position also. _

The counters travelled on a raised ce¢ircular aluminium track,
which could bs rigidly set in the cross sectional plane of the main
beam tubes with its centre on the common axis of the beam tubes.
The counters could then slide on this track at a constant inclina-
tion to the eross sectional plamne. The scintillation cerystals of
the'countefs then remained et a fixed distance from the target
centre and in a fixed orientation to it as the counter moved around
the %rack. In each set of runs one of the counters was clamped in
- position, and the position of the other only varied. The azimuthal
anglei%etween the two counters was varied between 90° and 180°
(ef. Fig. 40b).

Each/



Each scintillator consisted of a thallium activated sodium
iodide bloek, §" diam. x 11" long mounted in paraffin in a perspex
conta:lner,. surrounded by alumininumfoil as reflector. E.M.I. multi-
pliers were used. The crystal bloeks had their leading faces 27
from the target cénfre. The counters were tilted at a 1ittie over
5° to the cross sectional pléne of the beam tube with the lowest
points of the erystal level with the target as shown in the figure
so that the ¥ -rays observed did notrtravel through the_target |
backing. The lines Joining the crystal centres to the target
centre made therefore about 100° with the beam direction.

Amplified pulses activated disciminators which eould operate
a coincidence unit of rGSOIVing time 0.7 | sec. The pulses were
led through appropriate cables giving a relative delay of 2% j» secs
to a similar unit measuring random coincidences. The true coin-
cidence rate could be found. (The use of a coinocidence unit of
- faster resolving time using large crystals of anthracene naphtha-
lene mixtures had been contemplated but it offered no advantages
at low proton énergies and was not employed in these measurements).
The single counting rates had to be measured at the same time, and
generally required fast scaling units or their equivalent. A
monitor counter had also to be employed. This used too a
scintillation counter employing an ioéide crystal " diam, x S
long situated about 10" from the target. A beam swing of + 3"
would cause errors of order * 214 at this distance. Scattered

y -rays from the main orystals to the monitor would not be
important (the main crystals, and the monitor were on opposite

sides of the téfget).
The/
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The discriminators activated by the two main counters were
set to rejeet Y-rays of less than 1.2 MeV., Thub annihilation
rediation from positrons at rest wonld be eliminated, énd that from
positrons in flight and bremsstrahlung, would be reduced. Compton
scattering would be avoided for the angular separations used.

(111) Experimental work and results.

A rough resonance curve for the thick target yield, as a
function of target cnirent measured on an integrator is shown in
fig. 41. The yield is the mean of that measured by the two main
counters biassed as in (ii). The 162 KeV resonance appears together
with the subsequent - slowly rising yield assoeiated with the higher
 resonances.
Y -ray angular correlations were cariied out with thick targets
of boron at bombarding energies of 400 KeV and latef of 220 KeV. A%
400 KeV, less than 50% of the lowest resonance radiation was obtained.
At 220 KoV ~ 94% of the radiation was associated with the lowest
resonance. The maintaining of adequate beam current through the
small apertures much below 220 KeV, \e.g., at 160 Kbﬁl appearsd
diffiocult and experiments were not carried out at a lower'véltage
than this. |
The coincidences counting rates immediately demonstrated that

the 4 and 12 MeV radiations formed a cascade. Comparison of the

rate with the single counting rates established further that the 4
and 12 MeV radiations were a dominant part of the emissions at these
voltagea; §~Y'-ray measurements by Huus and Day (1952), icf. too
A)zenberg/
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Ajzenberg and Lauritsen (1952) indicate that little 16 MeV
radiation ig assoclated with the two lower resonancesl

As discussed in (1) the angular correlation function is
given by equation (20b). If Ny be associated with the counting
rate in the fixed counter, in any given run, it wes found experi-
mentall& that the ratio N/NB, involving of course the monitor
counter too, was a constant within the small drift errors of the
amnplifier and diseriminator systems., The correlation function
could then be taken as Nc/EA. The counting rates N and Ny were
alweys measured in all the runs as a cheek, though the correlation
function used was Ng/Nj.

The yleld at the 220 KeV working point was low and the random
count rate / real count rate rarely exceeded 5% even with the
larger aperture. At 400 KeV the ratio was soms 10% - 15%, aecord-
ing to aperture size.

The work with 220 EKeV protons is indicated first. Preliminary
measurements were made using a $"diam. eperture. Later measure-
ments were made using the 4" aperture. The resul’s were similar.
Under the best conditions about 30 mins. running time gave about
250 coincidences with the 2" aperture at A single setting of the
moveable counter or about half this number with the 4" aperture.

It was necessary to take several runs with the fixed counter in
various positions on the c¢ircular track. About three long runs were
made with the 2" aperture and two with the iﬂ aperture. Fig. 42
1llustrates the mean values obtained using the results for both
kinds of aperture. The curve drawn is of the function (1*-0 565005§
The/ - i
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The estimated error was * .06\eosz¢, ¢being the azimthal angls

of one counter relative to the other. The best results with the
smaller aperture favoured an anisotropy near fhe upper limit.

It was necesséry to sheck on the spu:ious results which might
arise from scattering, particularly from one orystal to the other,
through the causes referred to in (ii), viz., by annihilation in
flight and bremsstrahlung. The bombardment of Li by protons ylelds
single Y~ray of 14 and 17 Mev only. A target of LiOH was there-
bombarded by a small amount of protons near the lowest resonance
energy. The coincidence rate Ncln& was obtained. It was low in
the region 180° - 110° but showed a tendeney to rise near 90°,
where the counters are nearest together. Assuming that the scatter-
ing in the boron case would be due to the 12 MeV y-ray only (in
view of the bias applied) and utilising the observations in the
region 110° - 180°, a correction of 1}% was made giving for the
mean result ~ 38% anisotropy. (In retrospect, this correction
could be as much as 33%).

The measurements with 400 KeV protons'were of a preliminary
character, and mostly done with the larger aperture (& diam.),

The results are indicated in fig. 43. The curve (L + 0.22 cos%)
is given for'comyarisbn, ignoring the 90° position. 1In this case
there is clearly a decrease in anisotrgpy and evidence of interfer-
ence effects which will be mentioned briefly below. Thié case will
not be referred %o quantitatively as knowledge of the higher
resonance states is required.

In interpreting the results several points have to be borme

in/



in mind, (a) the inclination of the Y-rays passing through the
erystel centres is 100°relative to the beam direction, (b) allow-
ance has to be made for the s0lid angle subtended by the orystals,
(¢) the voltage is off resonance. Restriocting attention to the
220 KeV case, coﬁsideration 0f all these factors mekes the
anisotropy large. Consiﬁering first the correction (¢), this can
be shown to depend on the intensity of higher resonance radiation
(ef. too vi); as the amount of the latter at 220 KeV is small
( ~ 1/16), this correction is a small one. The off resonance
contribution is a function of emergy (cf. vi); iii?g:‘;ather
simple assumption is made that the fall in anisotropy to 400 KeV
is typical a correction of about 3% could be expected from this
cause. This makes the mean anisothpy which would have been
measured at a bombarding energy of 162 KeV ~41% or in the notation
of Biedenharn, Arfken and Rose (1951) |
- W(100°, 100°, @) = 1 + 0.41 cos%. | ("’t““"&aep]
The eorrection (b), yet to be applied, depends on the assumsd
theoretical correlation function (ef. below). The discussion is

initiated below:
(iv) Initial consideration of result.

The spin of BT is 3/2 %Gordy, Ring and Burg (1948); giving
rise on proton eapture to channel spins of 1 and 2. The y ~ray
angular distributions at the . time (8 2 i) suggested that the Cj2
state formed was probably orientated. It was of interest however
to compare the result in the first instance with the simple y ~ y

double cascade formla (12¢), true for S wave protons, (and in
special/
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special cases only for higher wave prdtons (cf. below);. Consider-
ing only dipole and quadrupole transitions leading to a ground state
of spin O, only the transitions 2-D-2-Q«0 and 2-R-1-D~0 give eorre-
lations epproximating the experimental value, both giving

1 +3/7 ooszel where el-is the angle between the rays. (cf.

Hamilton 1940). Moreover the transition 24Q14DAQ is less favoured
than 28-p-l-p~0 and can be set aside. The predicted anisotropy for
the experimental arrangement (between ¢ = 90° and ¢ = 180°), allow-
ing for the ineclination effect (a),and solid angle effect (b), |

referred to above (cf. egn. (19e), for the 2-Q-2-D-0 transition is
only 35%. The experimental results at resonance indicate a higher
aniaotrbpy than this. Capture of higher wave protons leading to

an orientated 16 MeV state has therefore to be considered, and the

more general theory of triple cascade processes has to be invoked.
(v} Triple cascade processes.

‘The work described in the introduction B4, (1) has to be
extended to include the case of two y -rays in ocascade following
particle capture. The derivation of equns. (21la), (2lc) below is
essentially due to Biedenharn, Arfken and Rose (1951). The essentidl
linkasge of the processes with the mmltipole order approach given 1h
the introduction seemed however worth pointing out. Taking the
incidence direction of the particle as Z axis of quantisation as
before, 1‘&}1, ‘eqn. (llb)g gives the population densities of the
states (Jlmi) of the nucleus following capture. Let (Jzms) and
(jams) denote the angular momentum and z momentum resolute of the.
states/
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states following emission of the successive quanta-fi (6,.9)
and TCZ (93,792) of mltipole orders 'g"l‘- and ’2'2 respectively.
Remembering the mode of derivation of eqns. (12a) and (12b)the

chance W of a correlation for the given triple cascade e¢an be

written:w _ ,S - ‘2 (j M\u’ H (ki P)lh%») (5.,»“L\H(K:.¥y )31«3\‘ (Z—\q)

mitmy "' \’\v

Here:g,refers to summation over the megnetic quantum numbers m,
mz and the polarisations. The Zimz summation exhibits the
eoherency.

The first matrix element in (2la), for instance contains the

factor (31$h§u§2-m1j3292)- Goertzel (1946) has shown that.

(i m | HRR e = € (3l sl i) DY ($1,8,,0). @b
Anag™im )y fL ‘H/\

are the (ma-ml) , D,

where C is a constant and '_D
iy g P
elements of the rotational group:
The egn. (21b) correspondsto the eqn.:
. T b g "l g
Eb' 3\ (l‘!%' l HG?P)\ 3"""")1’-:' C:'(JIQ\'\‘N g, &b g \,).1.\*\1) ’ FG | (e)'

used in deriving (12¢) and shows the significance of the D elements

in relation to the intensity functions ¥ of the mmltipole fields.

Here é oe 1 \‘DQ‘ LQI vguo)]?': F(‘ﬁ“"y"'"“ (@0.

Are b VW g
The final formal eqn., derived by Biedenharn, Arfken and Rose (1951},
teking @ =0, and , =P, may therefore be Written:
J;MJ‘D 09 O) (,\,Q, Wy Mgty )54«3>.D (LP) @MD)('

@ 9’. q S % ) J Q\‘M\’\M\V‘MI oy ,Pl -y “l,\’t

iy bR 2, (21e).

(vi) Discussion.

As/
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As shown in (iv), the possibility of p wave capture las to be
considered. Combination with the channel spins 1 and 2 ean yield
orientated states J; = 1,2,3. This Cy2 state is believed to be
the same as that, associated with the same resonance, whicech gives
en o and Be® nucieus, this latter giving two ¢ particles. The Be®
nucleus mst therefore have even parity, (ef., e.g., Fermi (1950);,
and therefore even spin. The C;, state involved would then have
even J and even parity or odd J and od4 parity. From the parity
of B!, the only state which can be expected from P wave protons
is a 8 state.

The choice of the channel spin ratio and intermediete state
remains. Taking into account the forbiddenness of the 16 MeV
radiation, the intermediate state could involve only Jz = 1,2,3.
Eqn. (21e¢) has been explicitly determined for a 2-D-2-Q-0 trans-
ition by Biedenharn, Arfken and Rose, and the computation confirmed
here. Not correcting for solid angie, the theoretical value

appropriate is:

Ww(100,100,9) = (42.6—29.1x) + (0.4+0.6x)cosp + (0.7+21.2x)cos%p
(22a)

where X is the channel spin faetor{oé(l)/oé(l) +o<(2))}1n the
notation of eqn. (1llb). The term in cos ¢ is a small one. The
anisotropy ratio R between the values at 180° and 90° is then
given by R = 1+ (20.6x +,3)/(42.6 - 29.1x) (22b).
Making an approximate correction for the solid angle effect
referred to as (b), on lines discussed in 8 1, the observed ratio

would be less, viz., Rl. R and Rl increase with X. Some values

of R and Rl are given by:

x/
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X - « 950 055 060 065 070
= 1l.38 1.43 1.50 1,58 1.66
RT =

1.35 1,40 1.46 1.53 1.61

' The case x = .50 is thatconsidered alresdy in (iv), the
magnetic substates of the initial state, J; = 2, being then
equally populated.

 If the figure of 41% be taken (cf. too later) for the
anisotropy and if the error limit for this resonance estimate
be kept as narrow as 6%, the 2-D-2-Q-0 tranéition could be

predicted, with a channel spin factor x of ~0.56 + ,05, the

best results indicating the greater likelihood of the factor
- being near the upper value O.61,(and considering the scattering
correction).

Independently angular correlation measurements were published
by Hubbard, Nelson and Jacobs (1952) for two different planes,
different from‘the abpve, agreeing with a 2-D=-2-Q~0 transition as
above and permitting .ls x=1 and .4< x < .85 respectively,

viz.
’ W(61,0) = 1 + (0.39 + 0.15)cos?0;

W(6q,M) = 1 = (0.2 + 0.1 )cos®e
9701 1

in the notation of Biedenharn, Arfken and Rose (1951).
They also gave angular'distribution results for the 12 MeV
Y-ray agreeing with a 2-D-2-Q-0 transition but requiring x to
be between 0.66 and 0.74, viz., the distribution

1 + (0.253 + 0.04)cos?0q ( )
(cf. (1)

. The ¢ -particle distribution in the (Bllp:Beaat)_ reaction studied
by/ |
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by Thomson, Cohen, French and Hutchison, indicates a 2-D-2-Q-0
transition with x near 0.7,

The angular distribution of the 16 MeV radiation has been
anomalous, being near to isotropy near resonance (ef. (1)), instead
of being anisotropic. It has been examined by Rutherglen, Grant,
Flack and Deukars (1954), the abnormally low angular distribution
has been associated with the interference between the radiations
from the higher resonances developed at 162 KeV.

It is desirable in conclusion to indicate how an angular
correlation of the above type, associated with a reaction product
contrasts with that from a radioactive source, and to indicate
qualitatively, for the sake of brevity, its relation to bombarding
energy. It should be mentioned first that in these experiments
little proton scattering occurs and the protons travel approxi-
mately in the initial direction, untii well below the lowest
resonance energy. For a thin target, or for a thin target element
of a thiok target, in this boron case, more than one compound
nucleus contributes generally to the emission of 7'-rays. Thus for
a thin target at 200 KeV, say, competition arises betwsen the iwo
higher resonances with every  single proton at eapture; inter-
ference occurs and the angular correlation associated depends on
the amplitude and the phase of the two states contributing.

For a thick target, each thin target element gives its quota
independently, since the y-ray enengiqs differ; these quotas
from the individual elements add in an intensity  fashion (as
opposed to emplitude). Since the radiations from 220 KeV protons

on/
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on a thick target are predominantly from the resonance energy, the
contributions from the higher bombarding enérgies ars of only small
effect as has been stated earlier. With 400 KeV protons on a thick
target the radiation from the 162 KeV resonance will produce its
characteristic anisotropy, but superposed will be the contributions
by intensity from the individual target elements. One last point;
the radiation emitted at the lowest resonance energy region itself
will contain & very small contribution (~ 1/250) from the highér
resonances there, producing a small esmplitade (~ 1/16 total)
interference; no regard has been paid to this in ecomparing the

lower resonance experimental values with equations (21¢) and (22).
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Solid curve —Fermi plot of ¥Rb S-spectrum obtained with activated rubidium
iodide crystal. .—.—. Fermi Plot obtained by Curran, Dizxon and
Wilson (1951) with the proportional counter.

Fig.44.
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87
APPENDIX - THE RADICACTIVITY OF RbDb (continued)
The energy distribution F(W).dW of the electrons emitted in

B ~decay may be written:- 5 o 1
N(W).aW =C.Fo(W,2). (W ~W)". (W*~1)*.w.aw  (23)

Here Wo is the maximm B -ray energy, and Fo(W,z) is the Fermi
Coulomb correction factor for an allowed transition. C is a
constant for an allowed fransition, but is in general a function
of energy, the form of the function being determined by the bype
of interaction aﬁd»degree of forbiddenness (cf. Fermi (1934),
Konopinski and Uhlenbeek (1941), Greuling (1942)). _

Fig. 44 shows the Fermi plot, (the function fT.(Wo - W),
of the results of fig. 15. Points near the end of the range are -
not shown here. The results of proportional counter work by
Curren, Dixon, and Wilson (1951) are shown for comparison. There
are more counts at the higher energy end and less at the lower
energy end than obtained in the proportional counter work. This
is only to be expected as the higher energy particles would be
.efficiently absorbed, and there would be no back scattering at
the lower energies in the crystal. The end point is indicated at
275 KeV, as determined from fig. 15. (Recent results by McGregor
and Wiedenbsck (1954) using a lens spectrometer accord above about
70 be} The total counting rate above 17.4 KeV was found using
appropriate paralysis, &8 indicated previously. Allowing for loss
of proper counts through the possibility of coineident arrival |

within the paralysis time (0 - 3 milliseconds), 1975 counts per
minute were obtained from the crystal of weight 0.1487 gms.
Extrapolation/ |



Fig. 45. Linscrisation of the Fermi plot for 87
on introducing the correetion factor Cg,
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Extrapolation to zero ensrgy along the dotted Fermi plot (which
actually includes the point near 13 KeV) involves an extra 800
counts/min. The Rb®’ abundance figure is 27.2% giving a half-life
figure of (5.90 1.0.3)1010 yeérs. (Re ent results of Flinta and
Eklund (1954) accord too with thf&ggfgtré}

The trensition has a log £t value therefore of 17,5 indicat-
1né a third forbidden transition. The nuclear spin change in the
decay mn’ Sr87, vii., 3/2 5 9/2 agrees with this On the shell
model a parity change (p°/2 = g2/2) is expected. Pseuds scalar
interaction (3P) is then not possible. Calculations using the
formulae of Greuling (1942) eliminates the possibility of scalar
interaction (38 ) also. The determinafion of C in general involves
some knowledge of the nucleus. Tokozowa, Umezawa and Nakammra (1952)
proposed that polar vector (3¥ ) or tensor interaction (3T) alone
gave good fits with the experimental data. They deduced(using one
parameter) a correction factor Cz; such thathﬁzagégjplotted
against (Wo - W) differed little from a straight line (ef. Physiea,
(1952), 1166). Apparently there is an error of caleculation in
their work %cf. MoGregor and Wiedenbeck (1954);. Using revised
values, and a parameter value deduced on theoretical grounds by
Yemada (1953) linearization of the plot is possible,‘as-shown in
fig. 4S. |

In concluding this appendix, it should be mentioned that
measurement of strontium content enables age determinations to be
made on the basis of the RbS7 1ifetime figure; e.g., the age of
lepidolite beds, amongst the oldest, ecan be assessed at 2 x 109

years icf Strassman and Walling (1938);
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