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SCOPE AND CONTENT:

The technique of recording coincidence events has been
applied in the study of several nuclei.

Two platinum nuclides have been investigated experimentally
through the use of two types of coincidence spectrometers. For both
these nuclei, Pt192 and Ptlga, the investigation included beta-gamma
experiments which measured the intensities of the beta groups feeding
some of the levels in these nuclei and directional correlation experi-
ments which determined the spins of some of their excited states. A
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study of the gamma-gamma coincidences of Pt confirmed the decay

scheme proposed by previous workers.
The directional correlation of the one cascade in coo8
forms the part of the paper present in Chapter IV.

Finally, the appendices contain a description of an apparatus
for the preparation of beta sources and an explanation of a set of

experiments designed to calibrate the gamma-gamma coincidence spec-

trometer for its tasks.
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INTRODUCTION

At the beginning of this century, the scientific world was
introduced to the field of nuclear physics through the discovery of
Becquerel (1896) that some natural substances spontaneously emitted
ionizing radiations. In the ensuing investigation of this phenomenon,
the radiocactivity of the natural substances was found to consist of
three types of radiation - alpha, beta and gamma. The exact nature
of these radiations was clarified when the alpha rays were identified
as helium atoms stripped of their electrons (Rutherford and Royds
(1909)), the beta rays were shown to be electrons (Becquerel (1900)),
and the gamma rays to be similar to X-rays (Gray (1912)). Because
alpha and beta rays are charged, they could be bent in a magnetic
field. The latter of these was more easily deflected because of
its smaller mass and the investigation of the energy distribution
(Von Baeyer, Hahn and Meitner (1912)) of the beta rays from many
atoms revealed that both continuous distributions and homogeneous
groups of electrons were possible. The former wére thought to arise
from a nuclear process while the latter were deduced to result from
the emission of an orbital atomic électron by the gamma rays coming
from the nucleus (Rutherford, Robinson and Rawlinson (1914)).

Until after the Second World War, nuclear spectroscopy did

not blossom into the vast field of endeavour, which it is today, for at
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least two reasons. In the first place, the existing nuclear theory had
not been developed in any detail and did not serve as a unification for
the experimental data which had been accumulated, and in the second
place, radiocactive sources could not be made in sufficient stfength_
for detailed studies to be undertaken. There was one exception to this
dearth of physical understanding and that was Fermi's theory for the
continuous beta spectrum ( Chapter I1).

With the development of powerful nuclear reactors, the lack of
source material vanished and the experimentalists developed precision
instruments and good techniques for the investigation of nuclear
disintegfations. In order to consolidate the wealth of new information,
Mayer (1948) and Haxel, Jensen and Suess (1948) revived with important
modifications the shell model of Bethe and Bacher (1936). In addition,
the auxiliary processes of internal conversion (Rose (1949)), of diree-
tional correlation (Hamilton (1940)), and of multipole radiation (Blatt
and Weisskopf (1952)) were reinvestigated and the calculations of these
effects extended.

The shell model represented only a beginning in the understand-
ing of nuclear systematics. When research showed that it was not
completely satisfactory, the co-operative effects of the nucleeons in
the nucleus were investigated and found to have important effects on
the energy levels in nuclei.

The study of the merits of the different models requires

knowledge of many levels in the same nucleus as well as general trends



throughout the nuclear mass table. To study the levels in a complex
decay, the experimental techniques must be quiﬁe discriminating.

One of these techniques is the coincidence method in which the
simultaneous occurrence of related events is detected. This method has
been applied in a study of the platinum metals in this laboratory be-
cause it is thought that a decision about the relative merits of different
approaches to collective motion might be possible in this region of the
mass table. |

This thesis describes a series of experiments on the decays of

192 194

Ir and Ir designed to obtain the nature of the excited levels in
the daughter nucleus. All of the experimental work was performed with
two coincidence spectrometers. As a basis for the interpretation of

the experimental results, the first three chapters present the necessary
theoretical explanation of the experimentally observed phenomenon, a
description of the models of nuclear structure and a description of the
actual experimental eQuipmant. In Chapter IV, a copy of a papef submit-
ted to Nuclear Physics on Co58 is quoted; in addition to this paper,_thg
chapter includes a discussion of the main beta transition. The result;

for the two iridium nuclides are presented separately in Chapters V and

VI. .



CHAPTER 1

RADIATIONS AND ANGULAR DISTRIBUTIONS

Introduction

The radiocactive disintegration of an unstable nucleus gives
rise to several types of radiations. In beta decay, positive or
negative electrons are emitted and a change in the nuclear species of
one unit of charge results. Although the energies of these particles
form a continuous distribution, they may be divided into groups of
different maximum energy. The existence of these groups suggests that
the daughter nucleus may have different excited states. Such is indeed
the case. The daughter nucleus in an excited state emits further radi-
ations - gamma rays or electrons of homogeneous energy - in order to
arrive at its lowest energy state.

The experimentalist observes these radiations and perfomms
different experiments with them, In order to make deductions from his
measurements, he needs some theoretical understanding of the processes
which he observes and a method of relating his measurements to the
properties of the state. It is the putpose of this chapter to supply
this information.

Spin and Parity

The angular momentum or spin of a particle in a nucleus consists

of two parts. The first is the orbital angular momentum of integral

-



7 erg-seconds) which the particle

value (in units of = 1.05 x 1072
possesses because, in a classical sense, it is moving in a closed path
about a centre; the second is the intrinsic spin of value, M, which it
always possesses and which has no classical analogue. The spin, Ih, of
the nucleus as a whole in any state is then the resultant of the orbital
angular momentum and the intrinsic spin momentum of all the particles

in the nucleus.

Associated with the spin are a number of electric -and magnetic
moments which, in principle, could be used to measure the spin. For
example, through the magnetic moment a Zeeman splitting of a level's
substates could be effected by an external magnetic field. Unfortu-
nately except for a few rare cases, e.g. Fe57 (DePasquali et al. (1960)),
the components of the gamma radiation between the levels are not sepa-
rated dm energy by more than 108 ev and so are not detectable. An
alternative method of measurement utilizes the dynamic moments of the
states linked by the radiation. The change in spin determines the
values of the internal conversion coefficients or is refleéted in thé
spatial distribution of the radiation (angular correlations). It is
also important in determining‘the transition probability for beta
transitions, although & measurement of this quantity is less indicative
of the spin change than the other observations.

Empiricélly, it is found that the ground state spins of add-A

nuclei are half-integral, those of even-A nuclei are integral and those

of even-even nuclei are zero. The shell model of the nucleus (Chapter II)
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has been quite successful in predicting the ground state spins, but has
not been as satisfactéry for excited states.

The parity of a level is a characteristic of the wave function
describing the state under spatial reflection. The wave function has
odd or even parity depending on whether the wave function does, or does
not, respectively, change sign under spatial inversion. All physical
phenomena were believed to conserve parity until Lee and Yang (1956)
questioned this fact and Wu et al. (1957) demonstrated the violation
of parity conservation for the beta decay process,

In beta and gamma ray spectroscopy, the measurement of the
parity of a level is made through a cemparison with the parity of
another level. The change in parity manifests itself in the multipdle
character and pélarization of the electromagnetic tramsition or in the
type of beta decay which occurs.

Electromagnetic Transitions

An excited state is an unstable configuration which returns to
the stable ground state by the emission of energy. In nuclear de-
excitation, this energy may be carried away either by particle emission
or electromagnetic radiation. For excitation energies up to a few
million volts, electromagnetic radiation is dominant.

The emission of a gamma ray is accomplished through the inter-
action of the electromagnetic field with the charges and currents in

the nucleus. The probability for a transition between an initial (i)



and a final (f) state is then (Heitler (1947))

ot el ) |

where %@ and Y4 are the final and initial state wave functions, H is
the interaction Hamiltonian and dN/dE is the number of final states
per unit energy interval for the radiation.

In general, the interaction causing the radiation will be of

i
Hrad = -E/i-éd'{

where J is'.the current density in the nucleus and A is the vector

the fom

potential representing the radiation. The nature of this potential
is clarified by an expansion in terms of the multipole fields repre-
senting the different quanta of angular momentum L carried away by
the radiation. Classically, the fields correspond to those arisipg
from charge and current distributions of order 2k, Associated with
each pole are two fields differing in parity. They are designated as
electric when the parity is (-1 and magnetic when it is (- * 1
Thus, electromagnetic radiation is characterized as El, ML, E2, M2,

E3, M3, etc. in order of decreasing probability.

Because the gamma rays have a wave length very much longer
than the nuclear radius, the expression for the fields can be sim-
plified by using the asymptotic behavior of some of the functions.

The transition probabilities can then be written (Goldhaber and



and Weneser (1955))
SITC(L + 1) kZL + 1

2
. s |(1 M /rY (&,¢)d7|1,,M)
TeL) = IFoL + D12 i eMelfp SRLEI LA @

and

2
T = & Bred L) 2t L == I(If,Mfl /Vr YL(e’f) (xd)az|r; Mo
he L[(2L + 1)11] L+lec

’

where the initial and final states have been identified by |[I;,M;) and
(If,MfI respectively‘and P is the charge density related to the current
density, J, by the continuity equation. If the initial and final states
have_an angular momentum dependence given by spherical harmonics, a
selection rule for the possible L values arises naturally from the

properties of these harmonics,

I, +I1.& L2
1

£F= 'II -1

o kel

In addition since each state has a definite parity, a second eondition
follows from parity conservation; the change in parity of the radiating

(-1)L for electric transitions

system is given by
and = (-1)L 1 for magnetic transtions.

The interpretation‘of a transition would'be extremely difficult
if all the angular momentum fields allowed by the selection rules were
present. However, from a consideration of the transition probabilities
with increasing L, it can be seen that successive poles differ by a

factor of approximately (kR)2 where k is the wave number of the radia-

tion and R is the nuclear radius. This is very small for gamma rays



below 2.5 Mev so that normally the lowest pole compatible with other
conditions is present. There is also a retardation of magnitude (v/c)2
for magnetic as compared to electric transitions of the same pole be-
cause the nucleons in the nucleus are not moving at relativistiec

speeds (Wilkinson (1960)).

Partially because of these two facts, transitions are often of
a dual nature, the most common being mixtures of Mi and E2,

The properties of the transitions discussed up to now have
arisen primarily from the nature of the electromagnetic interaction.
Further selection rules are predicted when recourse is made to specific
models (Goldhaber and Weneser (1955), Wilkinson (1960)). To obtain a
basis for the comparison of transition rates, the probability for a
single particle transition in the shell model as calculated by
Weisskopf (1951) is used., Empirically, it is found that the observed
rates are within a factor of ten of these estimates for most El and Ml
transitions, especially in the low mass region. Futhermore, when
allowance is made for the influence of the other nucleons in the nucleus
which may regroup when the transition occurs, the transition-probability
distribution is found to follow the theoretical one remarkably well
(Wilkinson (1960)). In contrast, the observed E2 transitions are con-
siderably faster than the single particle estimates. This is one piece
of evidence suggesting that there is co-operative motion in the nucleus,
a situation which would enhance quadrupole radiation. Other higher

order transitions are relatively raveé so that generalizations are not



-10-

justified. An exception is the M4 transition which exists because of the
larger angular momentum change between adjacent levels just before closed
shells (Chapter II). Goldhaber and Sunyar (1951) have compiled the data
to show that these transition probabilities are as predicted by
Weisskopf's estimates.

Internal Conversion

In addition to the emission of a gamma ray, an excited nucleus
may transfer its energy to one of the orbital electrons, ejecting it
from the atom, This process, called internal conversion, acts through
the electromagnetic field so that again there are electric and magnetic
transitions of different orders.

The electromagnetic interaction couples the charges and currents
of the nucleus to those of the electrons., The transition probability
may be separated into electrorie and muclear factors, the latter being
the same as is found in the gamma emission process of the same‘multi-
pelarity, Under certain assumptions, the ratio of the number of conver-
sion electrons to the number of gamma rays will not depend on the nuclear
matrix elements but on the éltectronic wave functions only. These can be
calculated with accuracy.

It is well known that the electrons surrounding the nucleus
exist in different orbits. Thus it is possible for the conversion
process to occur in any orbit allowed by the energy release in the
nuclear decay and measurements can be made of the K-shell, Lj-shell,

Lyg-shell, Ljjyy-shell, etc. conversion coefficients,
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The calculation of these coefficients is tedious. This is
reflected in the earliest ones (Hulme (1932)) which are very meagre
in quantity. With the advent of digitél computers, Rose et-al, (1949) was
able to extend these calculationg, In his tabulations he ignored the
fact that the nucleus has a finite extension which distorts the elec-
tron wave functions from those for a Dirac particle in the field of a
point charge. The incorporation of the finitebsize of the nucleus in-
to the theory had the greatest effect on these conversion coefficients
which depend most strongly on theiBehavior of the wave function near
the origin, namely, ML (Sliv and Band (1956), (1958), Rose (1958)).

The finite size has a second effect on the internal conversion
process. The inner electrons, especially for heavy nuclei, will
penetrate into the nuclear matter‘and interact directly with the
nucleons (Church and Weneser (1960), (1961)). The resulting matrix
elements, which differvfrom the electromagnetic matrices, contribute
insignificantly to the conversion process except when the gamma matrix
element is small becauée of some selection rule., Many anomalous co-
efficients in odd nucléi have been found (Asaro et al.(1960)) and some
have been related to the penetration matrix element (Gerholm et al.
(1961), Pettersson et al.(1961)). In addition it is just these
penetration matrix elements which allow 00 transitions; electro-
magnetic radiation is rigorously forbidden for these because of the
transverse nature of light. EO transitions may also contribute to

the conversion process if Ii'- I = 0 even when 1 is not zero. The



contribution is not thought to be large and it has been difficult to
detect this effect with certainty (Nathan and Hultberg (1958),
Gallagher and Thomas (1959)).

Angular Correlations

Besides the energy, the empirical data on nuclear excited
states consists mainly of the spin and parity of the levels. The
date is obtained by a study of the depopulating transition either
through its dependence on the multipolarity of the transition or
through the spatial distribution of its radiation field. For the
latter measurement, the directional correlation between the succes-
sive absorption and emission of particles is an established technique,
Angular correlations have also been important in determining the types
of interaction responsible for beta decay (Konopinski (1959)) and in
measﬁring nuclear matrix elements (Gerholm et al. (1961), Pettersson

—— .

et al. (1961)).

The directional correlation experiment did not come of age
until the advent of scintillation detectors with their intrinsically
high efficiency for gamma ray detection (Kallmann (1947), Brady and
Deutsch (1948)). Even then experimentalists were limited to simple
decay schemes because of a lack of energy selection for the gamma
rays. This deficiency was overcome by using pulse height analyzers
to sort out the energy left in the scintillator.

The theory of angular correlations involves the description of

the relationship between two or more directions of motion and three or
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http:emiss:f.on
http:excit.ed

-13-

more angular momenta. There are several approaches to the problem
(Devons and Goldfarb (1957))., The earliest was Hamilton's (1940) which
applied the perturbation theory to describe the :'radiation coming from
the second state in terms of its population characteristics as deter-
mined by the first transition. A second approach is that of the density
matrix (Fano (1952), Frauenfelder (1955)), It incorporates the lack of
knowledge about the several unobserved angular momenta in a statistical
analysis. The analysis is applicable to radiations other than electro-
magnetic, Biedenharn (1960) has examined the correlation process in
terms of the only observable quantity, the angle between the radiations.
Since some of the work in this thesis is concerned with corre-
lations, a further description of the physical aspects is warranted,
Following Biedemharn, the correlation function is expanded in terms of
the orthonormal Legendre functions in the angle between the momentum

vectors for the detected particles.
L
W(e&) = 47 Z(2#.+ 1) By Py (cos @)

The coefficients By will then be the average value of the
Legendre polynomials over all possible configurations - the direction
of the angular momentum for the intermediate state can be oriented in

many ways with respect to the directions of the two observed radiations.

By = [P,y(cosa')] Av

The rest of the problem involves the evaluation of these coefficients.



Firstly, by a theorem from spherical trigonometry, the spherical angle
between the particles is related to the angular momentum of the

intermediate state, I.
[Py(ki.kf)] Av = I:PV(ki .I)] Av [PV(kf .I)] Av

It is immediately evident that the coefficients are products of factors
which depend on one transition only. Each of these factors can be
evaluated because the conservation of angular momentum couples the
orbital angular momentum of the particle to other unobserved angular
momentum, e.,g. intrinsic spin, initial state angular momentum, ete, in
a definite manner. The physical fact that the orbital angular momentum
of the particle ! is perpendicular to the linear momentum k completes
the linkage from the direction of motion to the angular momentum of the
intermediate state,

The coupling is an averaging process because, from a classical

-14-

‘viewpoint, no information about the unobserved angular momentum is given,

or, from a quantum mechanical viewpoint, the direction of a spin is not
known - only its magnitudé and component along some fixed axis., Class-
ically, the mathematical form is an average of the Legendre polynomial
in the angle between the coupling spins. Quantum mechanically, because
there is a quantiéatioh, only discrete angles are allowed and the.
Legendre polynomial will not suffice. The quantum mechanical analogues
are the Racah coefficient for the angle be;ween two quantized vectors

and the Wigner coefficient for the angle between one quantized vector
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and a direction. The factors comprising the coefficients, By, are then
products of the Racah and Wigner coefficients suitably normalized. The
property of the Racah coefficient that one ¢f its numbers ¥ must satisfy

the relation
v £min(21, 24, 24;)

Where 1,l 1 and‘lf are also numbers in the coefficients, limits the
angular distribution expansion to a finite number of temms,

As mentioned above, the coefficients are products of two factors,
each depending on one transition. To facilitate the tabulation of these
factors a standard correlation ~ that for a gamma-gamma cascade - has
been chosen and its factors for the possible transitions listed. For
other types of cascades particle parameters have been introduced which
convert the tabulated values to the particle transition involved (Nijgh,
* Wapstra and Van Lieshaut (1959)).
| In terms of thése quantities, the general expression for the

correlation can be written

W(e-, By, B) = = {= v, @, L], By) ForLy, L1, I;, 1)
s 1> 2 - 1’ LlLl ' 4 1» 1s 1 V 1 1l i

14 1
%L,bV(LZ, Lys By) Fy(Ly, Ly, Ig, I)}Py(cose')
where each by represents some particle parameter, each Fyrepresents a
tabulation value for a gamma ray transition, and P; and P, are the

momenta of the particles involved.
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"In order to perceive the experimental importance of this expres-
sion, a gamma ray cascade in which the first transition is not pure, i.e.
contains a mixture of multipole radiations, will be used as an example,

For gamma rays, the particle parameters become

by(L, L#1, B = orLofL* 1

where the new quantities are the reduced matrix elements for the -

transition of multipole order L,
The angular distribution is then,

2
rLL; Ly Ly + 1

2
Ly + 1, L) + 1, I, 1)] E[I: Fy(Ly, Ly, Lg, 1)] P,(cos &).

2
"324f 1
When it is recalled thét the angular distribution is a relative measure-
ment, tbe C(Ll and LZ may be combined with the non-appearing constant
in front of the distribution expression. A ratio of erl 1 /d/Ll will
therefore appear. Thig 18 referred to as the mixing ratio of the

transition, ([‘-‘ (L]ju + 1([1g)
| (rujlze)

Wi =Z[F‘V(Ll’ Ll’ Ii’ 1) » ZJF.’/(Lll Ll + 1, 11’ 1)
7 :

+C(2 FV(LI + 1, L‘l' + 1, Ii’ I)] EE";/(Lz, L2, If, I.)] ?1/(0589’)
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or for experimental purposes,

W) = ;A,} AZ By(cos &),

Except for some distinctive distribution patterns from cascades composed
of two pure transitions, the nature of the second transition and there-
fore A{'/)'must be krnown and used to obtain A,]} from the measured distribu-
tion. With the aid of graphs or of tables listing the Ay's as a function
of d for different cascades (Arns and Wiedenbeck (1958), Taylor and
McPherson (1960), (1961)), a determination of the mixing ratio can be
made,
Beta Decay

Along with electrons of definite energy, the nucleus is known
to emit beta particles which have a continuous energy distribution. At
the time when this was convincingly proved (Ellis and Wooster (1927)),
physicists felt that many of the laws of physics were in jeopardy. In
order to preserve these, Pauli (1934) boldly postulated the existence
of a light neutral particle which Fermi named the neutrino. It was
assumed to be emitted Simultaneously with the beta particle and, although
its existence was only hypothetical, Fermi (1934) incorporated it in his
theory of the beta interaction. This mechanism, which allows for the
emission of two particles with the total energy divided between them in
a statisti§a1 manner, predicted a beta continummof the proper shape, and
suggested that the end-point of the continmmwas associated with the

energy release of the beta process. Other theoreticians (Gamow and Teller



~18-

(1936), Konopinski and Uhlenbeck (1941) investigated the general nature
of Fermi's theory under Lorentz invariance and found that there were
five possible types of interactions. Many experiments were designed to
determine the particular types involved as well as the properties of
the neutrino (Wu (1955), Kofoed-Hansen (1955)). Until 1956, these
experiments tended to be ineonclusive. In that year, Lee and Yang
(1956) made the revolutionary suggestion that parity was no£ comserved
in weak interactions, of which beta decay is one phenomenon, and the

following year, Wu et al. (1957) performed a crucial experiment to show

that, indeed, parity was not conserved in beta'decay.

Fermmi's original theory of beta decay was constructed in
analogy with the electromagnetic interaction, In this particular
choice of form, he picked one of the five possible Lorentz-invariant
interactions; the vector form. The other four possibilities are the

scalar, axial vector, tensor and pseudoscalar. The interaction Hamil-

tonian, which is a combination of all five interactions, may be written
H= %gﬂya,Qx Pz) (¥e Qq ¢¢3 + Hermitian Conjugate

where y; and ¥; are the initial and final nuclear states; y, and W) are
the electron and neutrino wave funetion; Q. is the operator whose explicif
form for the five interactions is given by Rose (1955); and g is the
strength constant‘analogous to e in the electromagnetic transitien.

Three of the interactions, vector, axial veetor and tensor, have two

parts, the first produced by the charge density, and the second produced
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by a current density., Because the nucleons do not move quickly in the
nucleus, the second part is small compared to the first,

When the coulomb effect of the electrons clothing the nucleus
is neglected, both the leptonic wave functions are those of plane waves,
The usual expansion in terms of increasing angular momentum and decreas-
ing magnitude is made producing transition probabilities of different
orders. When the first term is retained and used With the larger nuclear
term in any of the interactions, allowed transitions are calculated.
First forbidden transitions occur through the product of the large
nuclear matrix element and the second term of the expansion for the
leptons or through the product of the small nuclear matrix elements and
the first term in the expansion. The probabilities for the higher—§
ordered forbidden transitions are constructed in a similar manner.

A further classification is sometimes made. Those interactions
which allow a spin fli@, i.e. axial vector and tensor, are called Gamow-
Teller, while those which do not, i.e, scalar and vector, are called
Fermi. Now that the beta decay has been shown to be a V - A combi-
nation (Konopinski (1959)), it is seen that one of each type is present,

An examination of the matrix elements for the two interactions

involved in beta decay reveals the following selection rules:
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Vector Axial Vector

0, 11 AT = no
(020 excluded)

Allowed AI =0 A1 = no A1

First Forbidden Al 0, *1, ¥2 A= yes

0, 1 AT= yes Al
(0-»0 excluded)

Second Forbidden AI = %2 AT = no A1 =12, 13 AT

no
ete,
The distribution of energy for the continuum is found by summing
the transition probabilities over all the unobserved quantities and is

given by

N(W) = c|M[2F(z, W) pW (W, - w2 Sy AW

where C is the strength constant, M is the nuclear matrix element, F is
the Fermi function which adjusts the electron wave function for the
presence of the orbital electrons, Wo (in units of mocz) is the maximum
disintegration energy, p (in units of m,c) is the electron momentum

p = (W2 - l)%, SN is the shape factor and N(W) is the number of electrons
of energy between W and W #+ dW per unit time. For allowed and most first
forbidden transitions the shape factor is a constant, while for other
decays it is a function of the momentum of the leptons and may indicate

the order of forbiddenness of the transition.

The total decay rate

A =2 [V N aw

c|Ml®s

provides a means of comparing different transitions. The product £t,



where t is the half-1ife, is a function of the nuclear matrix elements
and its value is an indication of the forbiddenness of the transition,

The beta decay process applies to positron emission and elec-
tron capture when these are allowed by energy considerations. The
expressions for the relevant quantities have minor changes related to
the type of lepton 1nv61ved (Rose (1960)).

In measuring a beta spectrum, it is desirable éo know the max-
imum energy and intensity of the different beta transitions which may
be present. Since these spectra are normally observed with a magnetic

spectrometer, the distribution in momentum
N(p) = C|M|2 F(Z, W) pz(w° - W)2 SN

is measured rather than an energy distribution. A plat of the quantity
(NCp) / pZFSN)JE as a function of energf is then a straight line whose
intercept with the energy axis gives the value of the maximum energy of
the beta disintegratioh. 1f several groups of beta rays are present,
they appear as breaks in the linear plot and.can be revealed by sub-
tracting the higher energy groups as determined by their straight line§
and replotting. This process is called the Fermi analysis of a.beta

spectrum.
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CHAPTER 11

NUCLEAR MODELS

Introduction

The discovery %f the electron and of radiocactivity suggested
that the atom was not an indivieible constituent of nature but econ-
sisted of subatomic pafticles of opposite charge. The relationship
in space of these charges was ah object of speculation until Ruther-
ford (1911) pérférmed his experiment of scattering alpha particles
from thin foils. His results, which showed that the positive charge
was conceptrated in & very small region of the atom, helped to estab-
lish the ;oncept‘of the nuclear atom, In this picture, as further
developed by Bohr (1913), the central region or nucleus containsrnearly
all of the mass df the atom, and the electrons move in orbits of dis-
crete radii about the nucleus. Furthermore, the nucleus possesses a
positive charge equal to the number of protons which it contains.
When a comparison was made between the mass of the nucleus and the mass
associated with the number of positive charges present in the nucleus,
a great discrepancy was found. The additional mass was postulated to
arise from protons whose chargqs had been neutralized by an equal
number of electrons. However, the presence of these electrons in the

nucleus created a dilemma, because
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(a) their de Broglie wave length was much longer than the
finite extension of the nucleus for any reasonable potential
and, (b) their intrineic spin required that, contrary to fact,

odd-odd nuclei, like Nba

, have a half integrel spin for their ground
state. This situation was resolved by the discovery of the neutron
(Chadwick (1932)) whose properties of mass, charge and spin satisfied
the requirements for admission a8 & nuclear member. Its discovery
and.the concept that the electrons emitted in beta decay were created
at the moment of emission by the transformation of & neutron into a
~proton, removed the electron from the nucleus.

Btili to be resolved was the manner in which the neutrons and
protons ware piaced in the nucleus. Until very recently, this struc-
ture was predicted on the basis of phe;omenological models, The shell
model and collective model have been greatly developed in ordef';o
facilitate the understanding of the low energy excitation of nuclei,
while the optical model, the statistical model and the comﬁound-
nucleus model have found wide application in treating the higher
excitation arising in nuclear reactions, The first two of these models
are important in beta decay and will be described here in parts A and
B respectively.

A, SHELL MODEL
Introdugtion The great success of a shell model for the electronic
structure of atoms stimulated interest in a shell model for the

nucleons, Indeed, many pieces of experimental evidence suggested
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the existence of certain numbers of protons and neutrons which were
particularly stable. However, a nuclear potential similar to that
used in atomic structure fails to predict the observed "magic numbers™.
This is not too surprising when it is realized that the potential for
the electrons i{s produced by an external agent, the massive nucleus,
while the nucleons interact strongly with each other and not with a
central body.

The potential between the electrons and the nucleus is electro-
magnetic in nature and the nucleus appears as a point charge to the
electrons, In contrast to this, a potential for the nucleus would have
to arise as an average effect of the nuclear interaction between many
nucleons distributed over a volume, In addition, the nuclear force is
short range and acts nearly always between pairs of nue¢leons, It is
therefore surpriting that the structure of the nucleus can be treated
with a potential of any kind. However, the addition of a strong spin-
orbit interaction - which cbuples the intrinsic spin and orbital
angular momentum of each nucleon - to a central potential makes con-
figurations with 2, 8, 20, 50, 82 and 126 nucleons of either type
especially stable (Mayér (1948), Haxel, Jensen and Suess (1948)).
These are just the ™magic numbers™ observed experimentally.

Independent Particle Model 1In a central potential, V(r), of square-

well form, the energy levels available to a nucleon are found to group
into shells. Each shell has a number of levels of different energies

as determined by the orbital angular momentum,AZ. The .- values of
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the levels in any one shell are found to be all even or éll odd and
thus no one shell contains both even and odd .Z - values.

The potential of the nuclear shell model with spin-orbit
coupling is

V= V(r) + f(r),_@. ]

where V(r) and f(r) are the radial functions of the central and spin-
orbit potentiéls respectively, and:£ and s are the orbital and spin
angular momentum vectors. With this potential, the total angular
momentum of a particle, i =1g + 85 is a constant of the motion rather
that the orbital angular momentum., The spin-orbit force separatee
the levels with the two possible j - values for each Z—-value by
an amount of energy proportional to the‘é—valuen When the sign of
£f(r) is negative, the level with the higher j - value is lowered in
energy, so that, for sufficiently high values ofAf, the level can be
removed from one oscillator group and placed in the next lower one.

This is illustrated ih Table I.

TABLE 1

Shell Structure
I I |

1 2 3 ! 4
r [ |
1s, 1p | 1d 2s | 1f 2p : lg 2d 3s
| I |
1sy 'lpa 1py, ' lds, 28y, ldg, '1f5, 1fs 2p3  2p;, lgg |lgy 2ds, 2d
Ly, 'PYy TPy, TS5y L, 1Oy TRy TR TP, TP g%:g% % T
nu- 2 | 6 | 12 | 30 |

shell

The orbital angular momentum does not lose its significance

entirely, but defermines the parity of the nucleon in any particular

[
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level. For even values ofxﬂ, the parity is even, and for odd values,
odd. Thus, without a spin-orbit forece the parity of all the levels iﬁ
an oscillator shell are the same. However, the spin-orbit force in
lowering a level from one shell to another has added to some ghells a
level of opposite parity, This added level appears at the top of the
energy scale in the lower shell and produces a situation in which levels
differing greatly in angular momentum and having opposite parities are
close together. Electromagnetic transitions between such pairs of
states have very small transition probabilities. Thus, just before
the completion of the closed shells with high oscillator numbers,
states with long lifetimes might be expected., It is in these regions
of the;periodic table that long-lived isomeric states are found
(Goldhaber and Sunyar (1955)).

Besides determining the “magic numbers™ and the islands of
isomerism, the shell model is capable of predicting the ground state
spins for nuclei having one particle or one hole outside of their
closed shell. The prediction is based on Pauli's exclusion prineciple
(1925) which requires that the spin of a closed shell be zero. The
spin o£ the whole nucleus is therefore that of the extra nucleon or
hole.

Shell Model with Residual Internucleon Forces In order to treat

unfilled levels with more than one particle in them, it is necessary

to introduce a residual interaction between individual nucleons. Two
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effects arise from this forece. Firstly, the pairs of particles in
the game level tend to couple together to give a resultant spin of
zero, and hence only the last odd nucleon need be considered in
predicting the spin. Secondly, a pairing energy exists which in~
creases directly with the value of j. Thus a nucleus may f£ind that
it is more economical to £1ll the levels of the higher j - values
with pairs of particles even though this necessitates moving one
pqrticle from a state of lower energy to one of higher energy. As
a consequence of this pairing energy, few nucleil are found with
spins of 13/2, 11/2, 9/2 or even 7/2 for their ground states,

The above rules are useful in determining the spin and nucleon
configuration of the ground state. Knowledge of the configuration
makes it possible to calculate the magnetic moment of the nucleus for
that state. Contributions to the magnetic moment arise from both the
orbital and spin angular momenta so that the moments depend on the
{.- value of the orbit, on the type of nucleon and on whether the
nucleon is in the j + 5 or j - % Level. Experimentally, it 1s found
thet these moments serve only as limitiﬁg values (the Schmidt Limits -
Schmidt (1937)) and that nearly all moments lie between the values
caleulated for j + % and j - %.

In order to improve the agreement with experimental values,
nuclear configurations having the same spin value, but arising from
different methods of coupling the particles' angular momenta, are

introduced into the wave function describing the state. Even in the



supposedly simple cases, many configurations may be present in unknown
amounte and the problem of caleulating the moments becomes very com-
plicated. Under these circumstances, the numerical results computed
from the assumed configurations must generally be treated with skep-
ticism, although for some cases the calculated values are in excellent
agreement with the experimental values.

Excited states are also amenable to deseription in terms of
the energy levels predicted by this model. For nuclei with closed
shells plus a particle or a hole, the excitations should correspond
to that required to transfer the particle from the ground state to
the successively higher single particle states, For a few particles
outside of closed shells, there are many ways in which nuclear ex-
citation may occur; to illustrate, a palr of particles coupling to a
spin of zero in the ground state may couple differently to form ex-
cited states; a palr may be broken with one going to a high single
particle state of different angular mofientum; or, a palr may be ex-
cited to a new level together. The energies and spine of the states
so formed can be predicted in a few cases on the basis of particle
states and reasonable assumptions (Kurath (1960)) about the inter-
nucleon foree. Levels corresponding to these predictions have been
found in the nuclear spectra of certain nuclei, e.g. zr?0 (Bjérnholm,
Nielsen and Sheline (1959)). |

B. COLLECTIVE MODEL

Introduction While the independent particle model is adequate for




the deseription of nuclear gtructures very near to closed shells, some
properties, especially tﬁe large quadrupole moments and electriec quad-
rupole transition probabilities, of nuclei removed from closed shells
cannot be attributed to those of the last particle alone. Configura-
tion mixing might help in the description, but calculations are so
involved that the work is prohibitively complex. The nature of thé
properties cited suggests that many nucleons are invalved. A descrip-
tion in terms of the deformation of the nuclear surface ignores the
action of the individual particles, but incorporates the collective
effectg of many particles.

Nuclei with c¢losed shells appear on both experimental and
theoretical grounds to be spherical. 1If a nucleon is ddded, it will
tend to distort and polarize such a nucleus (Rainwater (1950)). Al-
though a second partiele couples with the first to give a zero spin,
it can still add its polarizing effeet to that of the first. The
stability of the core against deformation 1s gradually broken down as
extra nucleons are added until a nucleus with a deformed shape has a
lowef energy than one with a spherical shape (Alder et al. (1956)).

At this point the ground state of the nucleus will correspond to a
non-spherical nuclear shape.

Vibrational Model Near closed shells, the nuclei are not strongly

deformed. However, the stability against oscillations is reduced
and vibrations of simple harmonic nature called phonons occur. The

vibrations of lowest energy correspond to surface ose¢illations of a
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quadrupole nature, Each of these phonons has an energy hw, a spin
2, and even parity. Because the phonon energy is often less than
that necessary for particle excitation, quadrupole oscillations
are important in low energy spectra.

For even-even nuclei, the first excited state has the charac-
teristics of a one-phonon excitation, When a second phonon s added,
the two spins can couple to a resultant of 0, 2 or 4. This triplet
will occur at an energy twice that of the single phonon excitation,
but the members of the trio are likely to be gplit in energy due to
the perturbation from other possible excitations. Examples of nuclei
with this characteristic spectrum are the Sn and Cd isotopes.
(Scharenberg, Stewart and Wiedenbeck (1956), Mottelson (1958)).

_ For odd nuclei, there are a number of statdas of one-phonon
excitation because the ground state angular momentum can couple with
the spin of the phonon to give several states (Alder et al. (1956),
Brink (1960)).

The radiation from these states is found to be predominantly
electric quadrupole in nature although other multipoles might be
allowed by the spin change. This situation is rnaqonuble because the
phonons cause the nucleus to have a quadrupole deformation, and
therefore, a iarge quadrupole moment., Another requirement of the
description in terms of phonon excitation is that the transition
from the second spin-2 state is prohibited; this arises because only

one phonon can be destroyed at a time, Experimentally, the ground

-30-



-31-

state transitions from such states are present because of per-
turbations, but occur with greatly reduced intensity.

Rotational Model The addition of several nucleons causes the

nucleus to assume a permanently deformed shape. 1In this situ-
ation, the excitation of a nucleus can be divided into that
assoclated with changes in intrinsic shape (vibrations) and
that associated with changes in its orientation in shape
(rotations). If the deformed nucleus is assumed to have an
axis of symmetry, the latter excitations are describable by a
rotational Hamiltonian \

=12 [(12 - k2)/3; + K? /J3‘J
23

where 1 is the total angular momentum, K its projection on the
symmetry axis, and Jl and J3 are the moments of inertia about
the axes perpendicular and parallel to the symmetry axis respec-
tively. The relevant angular momentum quantum numbers are

illustrated in Figure 1.

FIG |
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For even-even nuclei in their lowest rotational b#nd, the
eigenvalue K is zero so that the .energy spectrum of the deformed
nucleus 1s,’ \ )
B =55 [11+ 1))

Because the deformation is symmetric about a plane perpen-
diecular to the symmetric axis, a rotation of 180° does not change
the intrinsic wave gunction, For this reason the rotations of odd
angular momentum Which have odd parity are effectively eliminated.

For bands with K not equal to zero the energy relation is
2 -
E= 23 [i(l +1) - K

with all values of 1 greater thaﬁ K permissible. This description
in terms of rotational excitation finds quantitativefjustifieation
in several nuclides of the rare earth and actinide elements whose
spectra are interpretable in terms of rotational bands, e.g. Dy160
(Preston (1962)) and Bu238 (Mottelson (1958)).

O0dd-A nuclei have an intrinsic spin different from zero so
that K i1e never zero. The rotational spectra of these nuclei will
have, therefore, a structre given by the last equation. Intrinsic
state spins of % must be treated more fully because of a Coriolis

interaction between the rotation and intrinsiec motion associated

with the spin % nucleon. The enérgy spectrum is modified to
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in which a is the so-called decoupling parameter which can be posi-
tive or negative and can be ecalculated in terms of the intrinsic
wave funeétion., The Coriolis interaction is present in other bands
but ite effect is less obvious; it merely causes moments of inertia
to be increased and transition intensities to be altered (Kerman
(1939)).

This model, because of its nature, requires that eleetro-
magneti¢ radiation between the levels be electrie quadrupole, and
it 18 empirically observed that these transitions are greatly
enhanced. This property depends on the wave funetion of the
nucleon states involved, Each wave function is separable into an
intrinsic and collective part. When the assumption is made that
the intrinsic state does not change from level to level within a
band, ratios of reduced transition probabilities can be deduced.
Measurements of these allow & determination of the nuclear defor-
mation.

Beta and Gamma Vibrations Rotation is merely the simplest collective
motion of deformed nuclei. The nucleon deformation is usually des~
eribed in terms of two parameters, beta and gamma; beta 1s a measure
of the total deformation, and gamma is a measure of the asymmetry
from a sphercidal shape. 1In the Bohr and Mottelson picture (1953),

the nucleus is axially symmetric so that gamma 18 zero or thirty

Y
.
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degrees. However, quadrupole vibrations which destroy the axial
symmetry are possible. These are called gamma vibrations and have
a K quantum number of 2. A second type of vibration whieh changes
the total amount of the deformation but preserves the established
symmetries oecurs. It is called a beta vibration and has a K -
value of zero.

Each of these vibrations may have rotational motion‘added
to them giving rise to bands of levels, For even-even nuclei, a
pictorial representation of these oscillations is given in Figure 2.

Collective excitation can also produce states of opposite
parity. These do not result f£rom quadrupole oscillations but from
octupole vibrations. Such a vibration is shown in Figure 2 as a
pear-shaped deformation which flips back and forth along the sym-
metry axis. Because it is an octupole deformation it has a spin
of three and a spin projection K= 0. 1Its parity is opposite to
that of the quadrupole vibrations because it is not symmetric about
an axis perpendiculér to the symmetry axis.

Deformed Shell Model The existence of a deformation for even-even

nuclei in the region between closed shells raised the possibility

that the deformation might have some effect on the individual parti-
cle states. 1In an investigation of the influence of this deformatipn,
Nilsson (1955) used an axially symmetric central potential with the
nommal spin-orbit force of the shell model and included a term in the
orbital angular momentum which made the potential intermediate between

that of a square-well and a simple harmonic oscillator.



Fig. 2

4+
4+
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3+ O+
2+ — =
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o+ |
K=0 K=2 K=0 ~ K=0
ROTATION GAMMA VIBRATION BETA VIBRATION- OCTUPOLE VIBRATION

Some possible spin values for the rotational bands built on the different types of collective
motion. For each type of collective motion, cross-sectional views perpendicular and parallel

to the symmetry axis are shown. The solid and dotted lines indicate the extremities of the
nuclear shape reached in each type of vibration.
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The strengths of the separate parts of his potential were ad-
justed to give the correct level spacings of the independent particle
model. When the single particle levels were determined as a function
of the deformation, any distortion was found to remove the degeneracy
of the states with similar j - values and to form only doqbly degener-
ate levels specified by the projectibn,flp, of the anguLér momen tum
along the symmetry axis. The spins of the ground states and low- '
lying levels of deformed odd-A nuclei as predicted by this model are
an improvement over those of the independent particle model, espe-
c¢ially 4in the rare earth region,

For each level, rotational bands are possible whose lével

structure is given by
2
g ) ;
E =757 E[(L +1) - 10(104- 1):]

where Ié is the spin of the ground state, When two intrinsic levels
are close together, the two bands many intermingle and the simple
formula for the two level structures will be modified. Dy161 illus-
trates the situation (Bohr and Mottelson (1960)). |

The transitions between bands are slower than those within
the band because of the change in intrinsic strueture. The latter
are governed by selection rules involving the quantum numbers peculiar
to the levels of the deformed shell model (Alaga (1957)).

The other types of collective motion, i.e. beta and gamma,

are not excluded from the low energy spectra in odd nuclei; however,
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their energy as seen in neighbouring even-even nuclei 18 often higher
than excited intrinsic states. Also, as pointed out earlier, the spin
of the intrinsic state can couple in different ways to the collective
angular momentum 8p that identification of these states is difficult.
Asymmetric Rotator Neither the vibrational model nor the model of
rotational bands built on the different types of intrinsic states
satisfactorily explains the empirical data observed in the region of
nuclei where the deformation is not fully developed. 1In addition,
the transition probabilities predicted are not verified, and complete
violation of the sdection rules does occur, One explanation for this
situation is that K is a good quantum number but that a vibrational-
rotational interaction occurs which distorts the simple picture,

The exact nature of the interaction is not known so that predictions
are difficult to make., A second approach is the asymmetric rotator
in wﬁich the quantum number K loses its significance and the concept
of axial symmetry no longer applies.

Davydov and his collaborators (1959, 1960, 1961) studied the
spectra of such nuclei which possess no axis of symmetry. They used
the same basic assumptions as many other investigators of collective
motion and found that the three types of excitation - rotation, beta
vibrations and gamma vibrations - follow haturally from the theory.
However, for rotational motions, there are more levels than those

found previously because there are more axes about which to rotate.



Thus, for even-even nueclei, there are two rotational levels
with a spin of 2 instead of one, and a spin-3 level is predicted

which has a definite energy relationship to the two spin-2 levels.

Evidence for this type of behavior has been found in the
transition region of the periodie table.

Oscillatory excitations are also predictable. For each
type of vibration, there 18 a level with a spin of zero that has
a relatively low energy and can be situated among the rotational
states of the model. The existence of two zero-spin states con-
trasts with the one obtained in the symmetric model. Since par-
ticle excitations of about the same energy as that for these
collective motions are possible, a distinction between the ap-
proaches 1s not feasible unless the nature of the levels in
question ean be deduced.

The nature of the levels can be investigated through a
measurement of the transition probabilities from the particular
levels. Both approaches furnish functions dependent on the type
of deformation, so that the transition probabilities between dif-
ferent states can be calculated (Alaga et al. (1955), Davydov and
Fillipov (1959)). Usually of greater use than the absolute rates
are the ratio of the reduced transition probabilities to or from a

pair of levels in the same band. 1In the theory of symmetric nuclei,

the ratio is a quotient of two Clebsch-Gordon coefficients
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while for asymmetric nuclei the ratio involves the values of the
gtable nuclear deformation parameters., Lt i1s these ratios which

provide a sensitive test of the nuclear behavior.



CHAPTER 111

THE EQUIPMENT AND THE EXPERIMENTAL METHOD

Introduction

The theory of a physical phenomenon finds little acceptance
unless its predictions can be verified. The various aspects of nu-
clear disintegration are not exceptions to this rule, and in order
to investigate them many instruments and experimental techniques
have been developed. 1In order to obtain the results of this thesis,
two types of coincidence spectrometers have been employed. These
two instruments differ in their design because they are used to
detect two types of radiation, gamma rays and electrons.

It has long been known that a magnetic field can be used to
measure the momentum of a charged particle. This fact has found
wide application in the design of magnetic spectrometers to measure
the momentum distribution of the beta particles and the momentum of
the conversion electrons accompanying beta decay. In contrast, the
detection of a gamma ray is difficult because of its small inter-
action with matter. 1Indeed, all the radiation that reaches a detector
is not necessarily detected. The scintillator introduced by Kallmann
(1947) has a relatively high detection efficiency. This property has

made gamma rays much easier to observe and has increased the usefulness
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of the coincidence technique, so powerful in unravelling complex decay
schemes.

Scintillation Spectrometer

In order to utilize the properties of a phosphor, a scintil-
lation spectrometer consists of the phosphor optically coupled to a
photomultiplier, a stabilized high voltage power supply and a pulse
sorting apparatus. The gamma ray entering the crystal suffers col-
lisions with eleectrons and leaves ionized particles in its wake. 1In
recombining at special lattice sites, the particles produce flashes
of light. The erystals are transparent to this light and when a photo-
multiplier whose photocathode is sensitive to this spectral radiation
is attached to the ecrystal, the gamma ray can be detected as an elec-
trical pulse whose height is proportional to the energy lost in the
crystal.

The étettiical pulses from the photomultiplier are analyzed
in a pulse height selecting device, Two types of apparatus are avail-
able, a single channel pulse height analyser and a multichannel pulse
height analyser. The former sorts the electrical pulses with a pait
of flip-flop diseriminators triggered at different voltages. Those
pulses which fire one flip-flop only are in the energy "“window"™ and
can be recorded with a scfler., In order to secure an energy spectrum,
a narrow energy window is set above the lower energy diseriminator and
the latter is raised by discrete amounts. A plot of the number of

counts against the discriminator setting will then give the energy
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spectrum. In the multichannel analyser, an electrical pulse is
converted to a pulse train whose leﬁgth is determined by the
pulée height, and.the number of pulses in the train are counted
td_gng the pulse height, i.e. the energy of the radiation.
The advantage of this instrument is that every pulse arriving
at the analyser is processed and recorded, whereas in the
single channel analyser, only those pulses falling in the
energy window are recorded.

Because there are three principal methods for gamma
rays to interact with the crystal - photoelectric production
of electrons, compton scattering and pair production - the
eﬁergy of a monoenergetic gamma ray does not appear as a
parfow~peak in the energy distribution, but is a broad peak
with a valley and then a higher flat compton region (Figure 3).
The region where the large number of pulses cluster is called
the photopeak and is produced by gamma rays which lose all of
thair energy in the crystal either by a photoelectric inter-

.aétisn or a multiple scattering process.

COMPTON
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The broadness of the photopeak is due to a statistieal fluetu-
ation in the number of electrons produced at the photocathode of the
photomultiplier. A measurement of the broadness of the peak at half
height, A E, compared to the energy of the peak, E, is the resolution
of the crystal, R = AE/E, Since this is a function of the energy
(R=a + b/VE where a is very much smaller than b), the resolution

137 ¢61-

or figure of merit of a crystal is given in terms of the Cs
kev line.

Gamma rays of sufficient energy (E% 1.02 Mev) can cause pair
production. The spectrum of such a gammé ray is complicated by the
presence of two escape peaks 0.51 and 1,02 Mev below the main peak.
These arise when one or both of the annihilation gamma rays, produced
in the destruction of the positron, escape from the crystal; and are
quite weak for gamma rays below 2 Mev.

In the work described in this thesis, 5.0 ecm. x 3.7 cm.
Nal(Tl) crystals integrally mounted to Phillips 56 A.V.P. photomul-
tipliers were used as gamma ray detectors. Several crystals were
employed and the best had a resolution of 8%. A highly regulated
power supply provided a high voltage sufficiently stable that no
drift in the position of the photopeaks caused by a voltage change
could be detected in either the Tracerlab single channel analyser
or Nuclear Data multichannel analyser used to record the spectra. A
schematic diagram of a scintillat;on spectrometer can be seen in

Figure 4A.
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Direetional Correlation Experiment

The direction which a radiation takes from a nucleus 1is cor-
related with the direction of the nuelear spin. One of the methods
of detecting this relationship is through a directional correlation
experiment (Chapter 1). Brady and Deutsch (1947) were the first to
successfully use this technique to measure the spins of excited states,
Since then the measurement of the directional correlation of succes-
sive gamma rays has become a valuable tool in determining the pro-
perties of excited states,

The correlation experiment requires the observatfion of two
gamma rays and the detection of a coincidence between them. Figure
4A is the schematic diagram of the gamma-gamma coincidence appar@tus
used in this work. The two crystals are supported on a metal table
in suech a way that they face the scurce in its holder at the centre
of the table. One crystal is fixed in position while the second is
free to rotate in a semi-cirele about the source as shown in Figure
5. This arrangement makes possible the measurement of a directional
correlation pattern.

Before a directional correlation experiment can be performed,
several clrcumstances must be taken into consideration:

(1) The physical nature of the source must be such that there
is no interaction of the intermediate state with its surroundings.
This condition is satisfied If the lifetime of the intermediate state

is sufficiently short (<;10m10 secs.). For one of the states of
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interest in this work, this is known to be the case - 328-kev, Ir194

(McGowan and Stelson (1957)). For the other states, this can be
assumed to be the case because the transition from the level in ques-~
tion has the same multipolarity and about the same energy. Therefore,
no influence on the orientation of the intermediate state exists even
if a solid source is used.

(2) The source volume should be as small as possible because
the finite extension of the source influences the correlation pattern
observed. In the experiments described here;, samples of iridium weigh-
ing about a tenth of a milligram were sealed in small quartz tubes and
irradiated. The small amount of material and the narrow tube made the
source appear as a point to the detectors so that no correction was
applied for the size of the source.

(3) The experimental e¢onditions must be suech that the source
is aligned on the horizontal axes of the two detectors and is posi-
tioned at the centre of the circle on which the movable counter moves.
In these experiments, the source was situated on the axes by visual
observation with the aid of a straight edge, and at the centre of the
circle by the observation of the singles counting rate in the movable
counter at several angles between 90° and 270°u The latter was per-
formed carefully since no record of the singles rate was made during
the eourse of the experiment and so no first order correction could
bé made by obtaining the coineidence rates per gamma ray observed at

each angle. This deficiency was partially overcome by measufing the
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correlation pattern in two quadrants and averaging the results.

The directional correlation was obtained by measuring the coin-
cidence rate at nine angles in the angular range 90° to 270°. If the
rates at the complementary positions were the same, the results were
averaged and a least squares fit in one quadrant was made by Rose’s

method (1953). This fit is of the fomm

W) = (ag ¥ Fay) + (a; ¥ 0ay) Pylcos@) + (a, T 7 ay) Pylcose)

and never contained higher Legendre poclynomials because the second
transition in the ‘cascade was always a quadrupole radiation.

The coefficients in this expansion had to be corrected for the
finite size of the detectors because the latter tends to obliterate
the correlation pattern. This correction was made through the use
of.solid angle correection factors which were determined experimentally
as outlined in Appendix 1I. It is also convenient to normalize the
correction so that the first term is one. When these two operations

are performed the correction function becomes

W(E) = 1 + (A M fAz) Py(cose) + (4, * FA{,{) Py(cos ).

The two coefficients, A2 and Aﬁ, are then used to determine the spin
sequence and the mixing ratio of the first transition in the cascade.

A convenient method for determining the possible spin seguences
when the second ecascade is 2-»0, is a set of graphs due to Arns and

Wiedenbeck (1958) on which A, is plptted against A, for several cascades
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that can arise in even-even nuclei. ‘A much more complete tabulation
from which graphs can be prepared for other cascades has been made
by Taylor and McPherson (1960, 1961)}). The sequences presented involve
a 220 transition 'as the second member of the cascade and so can be
used for the cascades discussed in this thesis. When the rectangle
formed by the possible values of the coefficients is plotted on this
graph, the spin sequences that are allowed by those coefficients are
immediately obvious because the réctangle intersects the curves of
those spin sequences.

When it is recalled that the coefficients A, and A, are pro-
ducts of factors which depend only on the separate transitions, i.e.
A2 = A; Ai and AA = Ai Ai, the mixing ranio for the first transition
can be obtained in the following way (Lice and Wiedenbeck (1959)).
The factors for the first transition A; and Az are determined from
A, and A, by dividing by the known factors of the 2-?0 transition -
Ag = - 0.598 and Az = - 1.069. The deduced factors with their errors
are then plotted on a graph (e.g. lib) which depicts the values of Aé
and Ai as a function of the fraction, Q, of the higher multipole
radiation in the transition. Each factor permits a range of Q -
values ahd the region where these overlap is considered as the range
of Q - values consistent with the experimental data. Since Q is re-
lated to the mixing ratio, C{L by Q = I—f£§f7 the range of cf‘may be
deduced. 1Its sign also may be dedueced from an examination of the

same diagram.
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Double Lens Magnetic Spectrometer

A magnetic field is a very convenient device for measuring the
momentum and theréBy the energy of an electron. In it, electrone move
in curved paths whose trajectories are determined by the strength of
the field. When a fixed path between the source and the detector is
defined by geometrical means, the momentum of the focussed electrons
is linearly related éo the magnetic field.

Mono~-energetic electrons will appear as & momentum distribu-
tion of finite width, i.e. a peak, because of the finite size of the
geometrical openings and because of the imperfect focussing proper-
ties of the instrument. The resolution of such an instrument is de-
fined as the ratio of the momentum width for the peak at half height,
Ap, to the mean momentum of the peak, p.(R = Ap/p). It is deter-
mined by the instrument, and is not a funetion of the energy of the
radiation.

In addition to the construction of the instrument, the physi-
cal nature of the source can affect the resolution because the elec-
trons produced in a source of finite thickness may lose some of their
energy in pessing to the surface of the material and escaping. A peak
may, therefore, be asymmetric having a gentler slope on the low than
on the high energy side. This phenomenon is called source broadening
and is especially troublesome for low energy electrons.

The double lens magnetic spectrometer of the Gerholm type

(1955) consists of two thick lens spectrometers viewing a common
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source. With such a configuration, this instrument is ideally sujited
for coincidence experiments between conversion eleectrons in one end
and conversion electrons or beta rays in the other. 1Its design is
described in detail by Habib (1961) and the construction of one end
is depicted in Figure 6. Of primary importance for the operation of
thie instrument are:

(1) the centre iron pole pilece which reduces the magnetiec
field to zero at the source and therefore prevents any interference
between the two magnetic fields;

(2) the outside pole piece protruding into the spectrometer
along the axis which helps to create the trapezoidal field shape
necessary for the desired electron trajectories;

and (3) the outer baffles at the position where the electrons
are brought to a ring focus and which partially determine the res-
olution and transmission of the spectrometer. For small sources
2mm. in diametér, the instrument yields 1%7 resolution with 2%7%
transmission.

1f the baffle system from one end is removed and replaced
by a NaI(Tl) gamma ray detector, this spectrometer is ideal for
coincidence experiments between gamma rays and conversion eiectrons
or beta rays. A schematic diagram for this experimental arrange-
ment is presented in Figure 4B,

ngngidence Circuitry

Many radioactive nuclei are found to emit a large number of
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gamma>rays. When this isithe case, a measurement of the energy for
each transition may leave the details of the decay scheme in doubt.
Then the observation of a time relationship, i.e. a coincidence be-
tween two radiations, is very useful and, indeed, when all of the
coincidences in a disintegration are known, the decay scheme can be
constructed with confidence, The observation of a coincidence event
is also important in determining other properties of the decay scheme,
e.g. spins through a directional eorrelation experiment.

The detection of a coincidence event is &ccomplished by an
electronic eircuit which requires two input signals to give one output
signal. The circuit's primary duty is to distinguish between two
events which are related in time and two events which are not. 1Its
ability to do so is governed by the resolving time of the circuit. It
is therefore desirable to reduce this to a length of time as short as
possible. Many parameters are involved in determining this resolving
time, and for the two circuits described below, those primarily réspon-
sible will be indicated.

In addition to the deteection of a coincidence event it is de-
sirable to know the energy of the related events. This may be accom-
plised in two ways. In one method, the energy of the radiations is
measured and then the coincidence relationship is determined. It is
obvious that this method is employed in the eleetron-electron and
electron-beta experiments because the magnetic spectrometers select
the energy of the radiations before the radigtion is detected. How-

ever, in experiments involving gamma rays, electronie sorting performs

-53-
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the energy selection before the coincidence is determined. These
complete circuits are then of khe slow-fast variety. The second
method involves an immediate detection of the related events in a
fast coincidence circuit. Then from these coincidences, only those
with the proper energy requirements, as determined by auxiliary
equipment, are selected by means of another coincidence ecircuit of
long resolving time. This fast-slow coincidence circuit is usually
the type of circuit used in gamma-gamma coincidence experiments.

It is inherently faster because the slow-fast circuit includes the
time jitter of the erergy sorting process in the resolving time of
the coincidence cirecuit.

The earliest circuits (Rossi (1930)) had a resolving time of
the order of 10-7 seconds which was quite adequate for use with geiger
counters whose pulse rise time is long. The photomultipliers used in
conjunetion with scintillators produce pulses thch have a fast rise
time so that faster coincidence circuits are more desirable. These
are several types of éircuits, two of which were used in this work.

The double lens magnetic spectrometer employed a standard
Bell -Graham-Petch (1952) coincidence circuit. 1In this circuit, pulses
each of duration, if,>and of standard size serve as the input pulses
to a diode discriminator which conducts only if two pulses @ccur to-~
gether., The exact manner in which this is accomplished is outlined

below and in Figure 7A.



The pulses from the anode of each photomultiplier are lipited
in size hy a 404A pentode and sent from opposite ends along a common
delay cable., At some point a short side cableb- the stubbiné cable -
is placed. When a pulse reaches this junction, it travels down the
stubbing cable. At the shorted end, it is reflected with a change in
polarity and returns to the;juncﬁion with the main cable. From ﬁhere
it travels to the end of the main cable and 1s absorbed in the termi-
nating resistors. However, at the junction, a pulse appears whose
duration, 7, is the length of time it takes for the pulse to travel
along the stubbing cable and ba¢k. A diode leading from this point
is biased in such a manner‘that.it will not conduct unless two pulses
from the opposite ends of the main delay cable overlap in the shorted
cable,

This coincidence circuit is adjusted for operation in the
following manﬁer. The bias on the diéde is raised until the singles
pulses from either lihiter are eliminated at the output. ‘Then the
effective position of the junction of the stubbing cable and the
diode with the main cable is changed by inserting or removing lengths
of cable in either section of the main cable between one limiter and
the junction. For each iength of cable, the counting rate is deter-
mined, and a plot of the coincidence rate against time delay produced
by the cable is made. This delay curve is flat-topped when the cir-
cuit is pefforming at 100% efficiency and the time difference corre-

sponding to the width of the delay curve at half height is the
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resolving time of the eirecuit., If the diode bias has been raised just
sufficiently to exclude singles pulses, the resolving time is twice the
pulse duration detemmined by‘the stubbing cable (2 Z). For 100% effi-
cleney in this gireuit therefore, the parameter fixing the resolving
time is the length of the stubbing cable, or equivalently, the pulse
duration, However, it should not be eoncluded that the reselving time
can be made as short as it is wished by the use of very short stubbing
cables because the diode fails to discriminate properly. This occurs
since the higher frequencies, present to a much greater amount in ;he
short pulses, pass through the diode as though it were a capacitor.

In the gamma-gamma coineidende apparatus, a time-to-amplitude
circuit (Kane et al. (1960)) employing a dual control pentode is used
in place of the fast coincidence unit described above. The limited
pulses from the two detectors are applied to the two grids of the
6BN6 coincidence tube»(Figure 7B) after they have been "clipped" in
duration by a shorted cable, This feat prevents ragged tfailing edges
on the pulses and impfoves the performance of the eircuit, The size of
the pulse on the anodé of the 6BN6 is a measure of the time for which
both grids were activated and hence the amount of overlap of the coin-
cident puises. it is also a measure of the time relationship of the
two events. . In order to make the size of the anode pulses a strongly
varying funetion of this time relationship between the pulses, an
artificial delay of about 4 nanoseconds is introduced inte the second

input,
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When the height of the anode pulses is analysed, the pulses
from coincident events are found to cluster in a narrow band giving
a peak in the pulse height spectrum. The width at half the peak
height is defined as the resolving time of this circuit. However,
if lower coincidencgefficiency is tolerable, experiments with re-
solving times of about 1/10 of the value are possible by accepting
only those pulses in a narrow window of the pulse speectrum.

As pointed out above, the size of the pulses from the 6BN6
is a measure of the time relationship between the two pulses. The
broadness of the peak in the pulse spectrum is caused by the flue-
tuation in the time of arrival of the two pulses at the coincidence
tube. This fluctuation is produced by an inherent property of a
scintillation defector (Post and Schiff (1950)) and therefore this
latfer limitation dezermines the resolving time of this type of
cireuit,

Both these fast coincidents indicate only that a pair of
.coincidence events have occurred. From the total number of coin-~
cidences, specific pairs of events with the correct energy are
selected by a slow triple coincidence unit in which pulses from
the fast unit and from two energy selecting devices are needed for
a recordable count. If one of these latter units is a multichannel
analyser, a slow double coincidence is formed and used to triggerv
the multichannel unit (Figure 7A or 7B). In this way, all the gamma
rays in coincidence with a photon or electron of specific energy can

be recorded.
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Theory of Coincidence Counting

In addition to the simple detection of coincidenees, the
coincidence method can be used to meaéure the intensities of beta
groups and electromagnetic transitions. The expressions for these
quantities, which may be quite complex, will be needed for an under-
standing of the experimental work in this thesis and hence the basic
ones will be outlined here.

For a simple spectrum of a single beta group, the counting
rate at any momentum p, is N&p where A p is the momentum spread
accepted by the spectrometer and N is the number of electrons of
momentum p reaching the detector. The counting rate per unit momen-

tum interval is then

N(p) = NAPR = §r (I1I.1)
P

where R is the resolution - a constant independent of p. But
N = Nolxﬂﬁ(p) where N, is the source strength, W is the trans-
mission and ¢(p) is the probability that a beta particle will
be emitted with a momentum p, The total counting rate summed

over the whole beta group is then

J/dep

N, wR /ﬁ(p)dp

= Ny wR (11I.2)

where /%(p) = 1 by definition of the probability funetion,
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The simplest case when a coincidence experiment is useful
arises from adecay scheme as shown in Figure 8A. The counting rate
per unit momentum interval for the beta group, f31, of intensity, Ori,

is
No R w & () d . (I1I.3)

Of these electrons,

Ny

Np v =N, R wdi g (p) (0e), o (111.4)

will be detected in coincidence with gamma ray A where (W&), is the
product of the solid‘angle and the photopeak detection effieciency for
the gamma ray, and Ny and Ny are the nﬁmber of gasmd ray transitions
and the total number of transitions from the level being depopulated.
N y/Np may also Be written 1/(1 + X ,) where «, is the total internal
conversioﬁ coefficient for the transition., The total.coincidence rate,

i.,e. the rate summed over the entire coineidence spectrum, is then

pré’Cp)dp=NoRu>fr1(we)A, — - (I11.5)
1+, /

The singles counting rate for the beta particles at the

momentum p is
N(p) = NowR [:Grl /wl(p)."' Croﬁo(p)] | (I11,6)

from which the total rate is

/Np (p)dp = Ny wr (dy + d ). . (1IL.7)
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But cf; + JF; = 1 because all the beta particles must be in one group
or the other. When equations (II1.5) and (I11.7) are combined, the

following expression results
/N v dp/fN dp = ({ (We) L1 . (I11,8)
F f 1 ATV L,

For the decay scheme shown, the value of cfl can not be found unless
the part of the expression for the gamma ray, [:(uu & )A r:.l:.;-J »
is known from other information.

In an electron-beta experimént on the same decay scheme; the
gamma ray part is replaced by one depending on the particular conver-
glon line used in the experiment. If the K -~ line of the transition
is uqed, the expression is ,(wa(KA)/(l_ + o(.A) where % ea is the K -
shell internal converasion coeffic¢ient. Because the transmission of
the magnetic spectrometer has been calibrated when thé baffles are
wide open (Habib (1961)), & measurement of the K - line peak height
or area at the spectrometer setting used in the experiment and with
the baffles wide open gives the transmission, w, direetly. 1Ih addi-
tion quite accurate values of the internal conversion coefficients
for transitions of a known multipole‘nature are available (Rose
(1958), Sliv and Band (1958)) so that (‘UJKKA)/(I + aLA) is known and
d; can be deduced.

When the decay scheme is complicated by the addition of a

transition to the first excited state as shown in Figure 8B, a coin-

cidence experiment between gamma ray A and & conversion line of B is
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useful. The counting rate for the K conversion line of transition

B is
kNeB=Now“KB JB/l v Ao (I11.9)

The coincidence rate between (A and ep can be measured by choosing
positions on the peak and off the peak and then taking the difference

between the two rates. By this method, the coincidence rate is

(we)

ey KB 1 + ‘*A (111.10)

from whieh the ratio Ne y/Ngg = (w&)A/(l + & ,) can be deduced.
When this is combined with expression (III.8), the intensity of arl
follows., It should be noted that this determination does not require
the evaluation of any solid angle or efficiency factor, but depends
only on the ratios of counting rates and the areas under the total
and partial beta spectrs.

Many situations arise in which more than one gamma ray de-
populates a level. The coincidence rate for a beta-gamma experiment
is then reduced by a factor which accounts for the presence of the
other gamma rays. From the decay scheme shown in Figure 8C, the

coincidence rate between /32 and fh is

(we)B '
No w R — - (II1.11)
o= P21+0(.B B c
where b is the branching ratio of B from the level 2, 1Its pre-

B-¢C

sence requires additional information to be known before a value of
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C[;Z can be deduced.

The coincidence rate for gamma~-gamma experiments can be stated
in a similar manner. From the last figure, the observed rate between

gamma rays A and B would be

‘ 1
Nap = Ny (we )A'If:—zz- (111.12)

(we), ——
B B
A 1 + O(B

in which the meaning of all the quantitieés: has been explained. The
intensity measurements are more difficult in gamma-gamma experiments
because the two detectors must be calibrated for ( wWE) at all energies
of intefest, This is a tedious and a less certain process than the
solid angle calibrations for beta experiments.

All these types of experiments will be applied in the study

194

192 and Ir . In their decay schemes, more complex situations

of Ir
will arise than have been illustrated here; however, they will require
only an extension of the ideas presented in this section.
Chance

A coincidence circuit is analogous to two switches operated
together by two related events. However, if the switcﬁes are oper-
ated individually a great many times in a random fashion, it is pos-
sible to have an event recorded whieh is due to ;he operation of the
two switches by unrelated pulses. The tﬁo detectors in a coineidence
experiment count events at the rate Nl and NZ’ and these, applied to
the coincidence unit, act as random pulses, From a knowledge of

these rates and the resolving time, the chance rate can be determined
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because

(It should be pointed out that this is only half of the chance rate
when using the time-to-amplitude converter because, although one
pulse is designed to arrive at the coincidence unit ahead of the
other for a true coinecidence, either pulse may arrive first for a
chance coinecidence.) Conversely, from a measurement of the chance
and the sinéles counting rate in channels one and two, the resolving
time can be determined. For the experiments described in this thesis,
this measurement was made by inserting a long delay cable into one
side of either coinecidence unit in order to destroy the time relation-
ship of the true coincidence pulses. The random coincidences, by
thelr vary nature, are not affected by this cable. This method was
found to give the same chance rate as the ™double-source procedure
in which each detector is placed in front of its own source and the
random rate measured with no delay inserted into the coincidence
circuit. The agreement between the two methods indicates tha; there
is no serious pulse attenuation introduced by the extra delay cable.
In the experiments discussed in this thesis, a calculation of
the resolving time was made from the chance rate and compared with
that determined from the delay curve or pulse height analyser, If
these numbers agreed, the circuit was assumed to be operating as

designed. 1In addition, the measurement of the chance rate once or



=66~

twice during the course of the experiment was used to calculate the
chance rate for all the data. It was felt that this method was ade-
quate because in no experiment did the chance rate influence thé final
result to more than 7%. It is true that in some coincidence experi-
ments involving beta rays, the chance rate exceeded the true rate near
the end of the coincidence beta speectrum. However, little weight is
ever ascribed to this data.

When the multichannel analyser was used, it was not convenient
to measure the singles rate Ny in it. Therefore the quantity
(Ngg/N2)¢ = 2TN; (where Ny is the counting rate in the gating channel),
was formed from the chance rate at the time, t. This rate was then
decay corrected with the half life of the source material to the time,
T, when a measurement of the chance was required and multiplied by the
counting rate in the gating channel at this time. The calculated

chance was then

Neg = (Ngy/No)y [exp - AT - 0) ] Ny



CHAPTER 1V

8
Co5

Introduction

The technique of nuclear alinement (Blin-Stoyle, Grace and
Halban (1955)) offers a method of observing the spin change in a beta
transition and also the character of that transition. Unfortunately,
only some of the elements can be alined with the experimental methods
presently available. One of these elements is cobalt.,

The nucleus C058 has been alined by Dagley et al. (1958) and
Chapman et QLD‘(1961) in order to study the main beta transition.
In its decay, Figure Pi, Co58 emits a strong 810 kev gamma ray whose
anisotropy as a function of temperature has been used to investigate
the nature of the beta decay preceding it. However, the presence of
a weak gamma ray of about the same energy.distorts the anisotropy ex-
pected for the single transition . Since some of the uncertainty in A
the results of the alinement experiment is due to inadequate know-
ledge dbout the decay of 0058, the work presented in this chapter was
performed to reduce some of the uncerfainties in the decay scheme,
This work has been accepted for publication in Nuclear Physics in the

form given below. My share in this effort was the determination of
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the angular correlation funection of the 865-810 kev cascade and the
identification of the Co60 contamination.

From the more accurate information on the decay scheme, the
uncertainty in the character of the beta transition can be reduced.
An interpretation of this transition is then given in the discussion

which has been added to this chapter.

The Paper
THE DECAY OF Co°°

D, MacArthur*, R. Goodman, A. Artna** and M. W. Johns
McMaster University, Hamilton, Ontario

ABSTRACT
Magnetic spectrometer measurements and gamma-gemma coincidence
experiments have been carried out to show that the energies of the gamma

58 are 810.48 ¥ 0.10, 865 * 1, and 1673 ¥

rays following the decay of Co
10 kev with intensities 100%, 1.20 f 0.06% and 0.66 M 0.05%, respectively.
The &~ & angular correlation pattern for the 8l0-865 kev cascade leads
to the interpretation of the 865 kev transition as ML + E2 with cf=

+1.5 ¥ 0.4, The improved value of the branching ratio for the 865 kev
transition, when applied to the Oxford data on the alinemenf of C058,
leads to a value of 0.8%7 ¥ 0.4% for the Fermi admixture ip the beta

transition to the 810 kev state of Fe58g

* .Holder of a National Research Council Studentship.

**Now at National Academy of Sciences, Nuclear Data Project, National
Research Council, Washington, D.C., U.S.A.



-69-

THE DECAY OF Co°°

Introduction

58 is shown in Fig., Pl., By

The current decay schéme(l) of Co
coincidence experiments, Frauenfielder et al.(2) showed that (2 has
an ML + E2 mixture with <;-= 2,2 f 0.3 and an intensity of 1.6 ¥ o.5%.
They were unable to thain its energy but deduced that |E £y " E ' <
10 kev from the shape of the ¥ - ¥ coincidence peak in their NaI(Tl)
coincidence spectrometer. Nuclear alinement experiments carried out
by Chapmen et al.(3) showed that the strong beta transition to the 810
kev level of Fe58 is predominantly G.T. in character and set an upper
limit of 27 on the Fermi admixture present in the decay. The limit on
this Fermi admixture was set by ﬁncertainties in the 1n£ensity and mix-
ing ratio of K}. The present experiments, carried out to improve the
available data concerﬁing (2 and the Fermi admixture in the dominant

beta transition, involve both ¥-& coincidence measurements similar to

Frauenfelder's and magnetic spectrometer determinetions of gamma. energies,

Coincidence Measurements

The gemma-gamma coincidence ﬁeasurements were carried out with
2" x 13" NaI(Tl) detectors integrally mount?d on 56 AVP photomultipliers.
These were coupled to a fast-slow coincidence circuit of conventional
design with a resolving time of 5 nanoseconds (Fig. 4). The fast coin-
cidence circuit employed 404 A tubes as limiters to feed a 6BN6 time-to-

amplitude converter(4),
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The time sorting was then achieved by analysing the output of
the time-to-amplitude converter with a single channel analyser, The
coincidence pulses from this analyser and the energy selected pulses
from channel A were fed into a l/ﬁbsec coincidence circuit whose out-
put gated a Nuclear Date Model 120 analyser, fed directly from channel
B. The stability of the photomultiplier plus the analysing equipment
was such that the position Qf the strong 810 kev peak in channel 170
did not chenge by more than one channel over the period of two months
during.which most of these experiments were carried out.

The sources used for coincidence work ranged in strenmgth from
Oﬁé‘té twenty micro-curies. Figure P2 presents typical gamme ray
spectra. Curve A-C is a composite spectrum, the portion from 400 kev
to 1000 kev being obtained at the same time as the coincidence spec-
trum of curve B and the bhigh energy portion being recorded six months

later when the Co6o

contamination present in the original material had
grown in more strongly. For purposes of presentation, the two curves
have been normalized to give the seme counting rate on the 810 kev
peak. It is clear from the shift between the coincidence and single
channel peeks that the weak gamma ray, Kés in coincidence with Xl
has en energy considerably above 810 kev. From this shift, the energy
separation of the doublet was found to be 55 ¥ 5 kev. The peak-to-
valley ratio for the 810-865 kev coincidence peak is much smaller than

for either the 810 kev peak or the 810-511 kev coincidence peak. The

observed reduction in this ratio is due to the doublet character of
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60

the peak and to the Co coincidences present. By gating channel A

on the 1171 and 1331 kev regions, it was shown clearly that this dis-

tribution possessed the spectrum characteristic of the 0960

Compton
distribution in the 700-1000 kev region.

Angular Correlation Function for fl end 4,

The angular correlation function for the Xl - 5’2 cascade was
determined with the counters 7 em from a point source. This distance
was chosen because the corrections to the correlation coefficients for
the finite solid angles subtended by the detectors had heen experimen-
tally detemined for this distance. Ceoincidences were recorded for
24 hours at each of ten angles between 90° and 270° and the data dis-
played in the manner of Figure P2 for each position. The counting rate
as a function of angle was then determined from an analysis of these
graphs. The single channel rates, monitored at frequent intervals
during the period, showed no significant variation except for that ex-
pected from decay., The rates, after correction for chance and the

603 were analysed using the method described

underlying background of Co
by Rose‘3), The least squares fit to the data, presented in Figure E3,
leads to values of Az'and A4 (corrected for solid angle) of 0.39 t 0.07

and 0,23 t 0.10, respectively. These values are consistent with a

0-2-2 cascade in which the second transition is a Ml + E2 mixture with

0.4
=157 oa-

The large error on the 180° point reflects the experimental
difficulties associated with this measurement. In this position, the

fast coincidence rate is increased many-fold by annihilation photons and
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the process for detéction of 511-810 kev coincidences is altered
radically by the presence of & second 511 kev photon which will
simultaneously be accepted in the detector gated on the 810 kev
photopeak. Thus the pulse distribution associated with the detec-
tion of an 810 kev gamma rey in coincidence with & 511 kev tren-
sition is a broad spectrum which is fairly flat out to ~~ 1300
kev. Both of these effects increase the opportunity for pile-

up pulses to be recorded as spurious (l - ¥, coincidences. To

2
guard against this, the 180° position was compared with the 90°
position, using a muech weaker source than that used for the other

measurements. The errors shown in Figure P4 reflect the errors in

both the 180° and 90o measurement used in obtaining the ratio.

Intensity of 3'2 from the Coincidence Measurements

1f £35, fl’ £, end 6(3, £ [5 9 represent the intenqititgs and
photopeak deﬁection‘efficiencies for the ennihilation ( ) and gamme
rediations ( (1, (2)’ and 1if e’ij represents the efficiency of the
circuit when recording coincidences between Xi and Yj, it can be

readily shown that

) 4 ‘

where le,.N01 arg coincidence counting rates and Nla’ Nlb’ NOa are single
channel counting rates in the photopeaks of 5'0 and Xl in detectors a and

b. 1In the decay of Cosa, £, is very close to unity.



Equation (1) gives the branching ratio in terms of the coin-
cidence counting rate, single channel rates and the source strength,
while equation (2) involves only relative coincidence and single
channel rates without the necessity of knowing any absolute source

strength. The ratio el/ez = 1,08 for the crystals used.(e’)

60 source,‘the coincidence efficiency of

Using a standard Co
the circuit was measured to be unity within a statistical error of
5% when the fixed channel was gated on the 1,33 Mev photopeak. By
gating on various portions of the Compton distribution and showing
that there was no observable change in shape of the coincidence
spectrum for energies above 250 kev, it was concluded that the coin-
cidnﬁce efficiency was essentially unity for photon energies above
this value.

The strength of the Co58 source used was determined by com-
paring it with a standard source of Mn54(Abbott Laboratories, Oak
Ridge) whose single gamma ray has an energy (840 kev) very close to

that of the strong 810 kev transition in Co58

and by making the
appropriate small corrections for the change in detection effieciency
with energy.,

Finally, it was necessary to correct the measured efficien-

cies for the angular anisotropy in the Xl - ¥2 cascade, Most of

the measurements Were taken at an angle of 135° between the detecto
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since in this position the corrections for this effect were less than

3% and hence quite insensitive to the solid angles subtended by the

detectors at the source. It should perhaps be pointed out that
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equation (2) is not valid for the 180° position for reasons discussed

earlier.

Intensity and Energy of Cross-Over Gamma Ray

Since the energies reported for Y3 in the literature are not
consistent with its interpretation as a cross-err in the light of the
present measurements of the energies Yl and fz, the energy and inten-
sity of Xs were re-examined, using the scintillation spectrometer and‘
a 0058 source which had decayed through five half-lives, At this time,
the 1331 kev peak due to the 0060 contaminant had acquired an intensity
of roughly five times that of Yg'and therefore provided an excellent
1pternal calibration peak (see Fig, 2). 1In preiiminary_experiments,

sources of Sc46, Co60 24

and Na“ were used to establish the linearity of
output pulse height with input gamma energy over the region of interest
and at the same time to detemmine the detection efficiency of the spec-
trometer as a function of Bnergy. ‘The experimental response curve
agreed véry well with the theoretical predictions (6), The energy of

1673 ¥ 10 kev obtained by extrapolation from the Co60

peak is in excel-
lent agreement with that expected for a cross-over transition, but in
considerable disagreement with earlier measurements.

Magnetic Spectrometer Measurements

A beta source of carrier-free 0058

was deposited on a gold-
coated mylar backing and the internal conversion spectrum in the 800
kev region was examined with a 50~cm Siegbahn-type spectrometer (7).

The K and L conversion lines of the 810 kev peak are shown in curve B
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of Figure P4 (incompletely re_solved)n This experiment was performed
before the coincidence experiments had shown that _Xé was ~v55 kev
above the strong 810 kev peak, 1In a search for it close to the main
peek, the source was taken to Chalk River where the large TTJE)ironw
free spectrometer (8) was used to examine the spectrum. This spectrum,
which is shown in curve C of Figure P4, gave an accurate energy mea-
surement for the 810 kev transition, but the search was not extended
far enough to f£ind the weak peak. After the coincidence experiments
had located its position, the weak peak was found by means of the 50-cm
spectrometer, using an anthracene crystal coupled to an EMI photo-
multiplier as the detecting unit. With the discriminator bias in the
pulse amplifier set to give 1007 detection efficiency when set on the
strong K peak of the 810 kev tramsition, the counter background was
2.4 counts per minute and the 865 kev K peak 1.5 counts per minute
high on this background.

By covering the beta source with a 9.3 m.g/cm2 uranium radiator,
the peaks of the two gamma rays appeared in external conversion, as
shown in curve A of Figure P4,

While it was impossible, by their decay rates, to rule out the
possibility that the weak peaks of Figure P4 were due to some other
cobalt isotope, the fact that they have the energy and intensity ex-
pected from the results of the coincidence experiments leaves.no doubt
that they are due to a transition of energy 865 kev in the decay of

CoSB.
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Experimental Results

The results of all the above experiments are summarized in
Table PI.

The K/L ratio for Xi is in agreement with the well-known E2
character of this transition but does not add any support to this
assignment since this ratio is quite insensitive to multipolarity.
The internal conversion coefficient of 8’2 was found by comparing the
internal and external conversion peaks due to Xl and ¢,, and then

using the theoretical Xy, value of 3.20 x 1074

for an 810 kev (E2)
transition.

The internal conversion coefficient of 3'2 is characteristic
of an Ml + E2 mixture but the internal conversion coefficient is
relatively insensitive to the mixing ratio. The angular correlation
pattern provides a somewhat more sensitive test of the intensity of
the E2 component in the transition; within the limits of error both
of the results quoted in Table P1 agree with each.other and with
Frauenfelder's value of 83%.

The two measurements of the intensity of ¢Y2 also show satis-
factory agreement, The mean intensity of 1.20 ¥ 0.06% agrees with
 the measurement of Frauenfelder et al. within their rather wide
limits of errors. The méasurea energy of XE is in radical disagree-
ment with the earlier workers.

The energy of Xé is consistent with its interpretation as

a cross~over transition.
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The Fermi Admixture in the Decay of 0058

58

Extensiye work on the alinement of Co carried out at Oxford

'by Dagley et al. (9) and Chapman et al. (3) has shown that the main
decay mode is consistent with & spin sequence 2 fi 2 Jg 0 in which
the beta transition is almost pure Gamow Teller in character, The
‘angular distribution is sensitive to the degree of Fermi admixture,
A~, in the decay and to the intensity, £, and mixing ratio,cr, of the
865 kev transition. This gamma ray was unres&lved from the 810 kev
peak in the Oxford ekxperimental arrangement. The theoretical angul#r

distribution to be expected for small values of £ and A under the

conditions of the experiment is

W®) = L - B,2,[0.2988 + 0.299 A - 0.87 £]

+ BB, [0.712 - 1.78 A - 1.17 £] -

where the coeffiecients aré products of the usual U and F functions,
The coefficients of £ are moderately insensitive to d in the M1 +
E2 mixture, a change of less than 1% being created in these coeffi-
cients by a change in d from +2.2 (Frauenfelder's value) to #1.5
(present work). The anisotropy depeﬁds on temperature through the
coefficients B, and B, ; Py and P, are the usual Legendre polynomials.
As the temperaturevis reduced W(0O) decreases and W(1/2)
increases until W(O);reaches_a saturation value independent of
W(rr/2) for values of the latter quantity above 1.15. The saturation

value of W(0) is a linear function of both A and £ and for £ = 1,2%
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has value of 0.830 and 0.824 for A = 0 and A = 0.01, respectively.
The Oxford measurements include twelve determinations of the
saturation value of W(0), using three different crystals. Six of
these were direct measurements of thils saturatlon value associated
with values of W(1/2) greater than 1.15. The remaining six, asso-
ciated with values of W(1/2) between 1.10 and 1.15, could be reliably
corrected for their small lack of saturation by using the theoretical
curve. The saturation value of W(0) obtained in this way is 0.825 M
0.001. (Each individual determination had a standard deviation of
0.003.) Uncertainties in £ introduce an uncertainty into the theoret-
ical values of M 0.001, so that these experiments indicate that the

38

Fermi admixture in the bets decay of Co°C is 0.008 - 0.004. This

result, which is consistent with the value of 0,0l *o.01 given by
Chepman et al. (3), indicates that a small Fermi component actually

—— cp—

exists in the decay.



TABLE P1

Transitions in Fe58

EX in kev

IX (relative) A X 104

K+L

Comment

810.48 Y 0.1 100

864.8 T 1.0 1.13
1.24
1673 Y10 0.66

3.20 (theoretical)

Chalk River 17 V2 Spectrometer
K/L = 11.8

Internal conversion and
external conversion in U

Coincidence measurements

Scintillation spectrometer

- m m e e wm e @ m wm m m @ e e e M m m w w w M om Em m Em e e e e = m m @ = = oa = m e = e = m =

E2 admixture in 864.

+
¥ 0.15) yoan ) 2.66 ¥ 0.4
+ .07 1-20 ¥ 0.06
* 0.05)
+ 18

8 kev transition 82 _ 507 from internal conversion

+ 10 . d ] .
68 _ 1g7 with positive from angular correlation

-58-
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Discussion

An explanation of the observed character of the beta transi-
tion and a description of the nuclear structures of the parent and
daughter nuclei are interdependent. The latter structures arise from
proton and neutron configurations that are not far removed from closed
shell structures, Therefore, a description of these configurations,
from a shell model vieWpoint; should not be tédﬁ@nreafistic, This
last statement is not contradicted by the nature of the first excited
state of Fe58 which is believed to be a collective excitation like
the first excited states of nuclei nearby (Kisslinger and Sorensen
(1960)5, In fact, since.it has a collective motion, its intrinsiec
structure will be the same as that of the ground state. Therefore,
although the main beta decay of 0058 goes to this first excited state,
the transition is betweeg‘states describable in terms of shell model
configurationé,

The most likely configurations for these nuclei are presented
'in Table 1I., (The proton closed shells up to 20 and the neutron

closed shells up to 28 have been omitted.)

TABLE 11
Ground State Configurations of Co58 and Fe58
Protons . Neutrons
58 wl 3 2 3
58 -2 4 2 2 4
Fe (lf7/2) (21)32) s (2p3’2) (.1f5/2) » (lfs,z)

Sincé Co-8 decays by positron emission and electron capture, the’



proton configuration of the parent is the most important feature in
the beta transition, This configuration is one nucleon less than a
closed shell, (lflb)-l’ and requires that the spin of the protons be
7/2-. This situation is substantiated by the observed ground state
spins of the odd cobalt isotopes, Co”/ and Co°?. In addition, the
configuration is expected to be quite pure because the levels next
in enérgy are relatively far removed.

Since the ground state spin of C058 is known to be 2 +, a
(2p3k)3 neutron configuration is suggested, However, configuration
mixing is possible because the 1f5§ level is nearby and is likely to
be present to some extent. ‘The neutron configuration of co’® 1s
therefore probably not pure but is composed of at least the configu-
rations listed in Table 1I.

With these assuﬁptions about the nucleon arrangements of the
parent, it is not difficult to cpnéﬁruct the corresponding configu-
rations of the daughter in which one proton has been removed from
the level, lfz&’ end a neutron has been added to the suggested state

of the parent,

The experimental observation that the beta transition has

-86-

8

predominantly an allowed Gamow—Teiler character means that the proton

transforming to a neutron changes its angular momentum from L 4 % to

£ - %, i.e. suffers a Mgpin~-flipM. Such a beta transition is possi

ble between the proton l.|‘:fj7/2 level and the neutron lfg,2 level present

58 58

in the configurations of Co”~ and Fe”~. However, this is the only

-
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transition permitted. 8ince the log £t value of the beta transition
is higher than normel for an allowed transition (Goeppert-Mayer (1953));
the neutron configuration of the daughter is probably not pure (lfsh)A.
Thie is also suggested by the fact that the observed spin of Fess is
3/2-.

In allowed Fermi transitions, there is no spin-flip and there-
‘fore the nucleon must not change any of its shell model quantum num-
bers in transforming from one nucleon species to the other, A Fermi

58 is therefore difficult to under-

admixture in the beta decay of Co
stand because the neutron 1fy, level is completely filled., The least
objectionable h§pothesis permitting this type of transition is the
destruction of the pure proton configuration of the parent and the
addition of the configurations (11‘.7/2)-2 (lf5b) and/or (lf-,/,z)"2 (2p32).
These configurations will permit an allowed Fermi transition to some
of the neutron configurations of the ddughter. When it is recalled

that the energy separation of the levels lf@ and 2;)3’,2 from the level
‘ 2

Alfzb is relatively large, the smallness of the admixture is reasonable,



CHAPTER V

p192

Int roduction

The platinum metals have nuclei whose nucleon configurations
are sufficiently far removed from closed shells that they are not
rigidly spherical, but not so far removed that they are strongly
deformed. Among these transition nuclei are the even-even nuclei

192 194
Pt and Pt which can be studied through the beta decay of the
odd-odd iridium nuoclei of the same masses. By means of the spectrom-
eters deseribed in Chapter 111, several features of these two decays

have been investigated. In this chapter the experiments on Ptl92

will be discussed while the next chapter will be devoted to Pt194,
Because of its long half life and ease of production from
Ir191 whose neutron capture cross section is quite high, Irlg2 has
_been the object of many careful investigations. As a result of
those involviﬁg the gamma rays, a decay scheme has been constructed
which has five well established excited states and several other
states of a less secure nature. In addition, the spins of the first
four excited states have been determined from several directional

correlation experiments. All of this information is summarized in

the Nuclear Data Tables (1959) and reference to the original papers

88~
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will be made when needed.

Knowledge of the beta reys of 1rt92

is much more sparse,
Studies of'them have been confined mainly to a measurement of the
end point of the highest energy group (Nuclear Data Tables (1959))
althodgh Bashilov, Anton'eve and Dzhelepov (1952) did resolve the
continuum into three groups. In addition, two beta-gemma corre-
lation experiments have been performed (Shiel,lWyly and Braden
(1958), Deutsch, Doumont and Macq (1958) and the résults of these
investigations will‘be included in the discussion of the bete
experiments conducted in this chapter.

| The experimental work described in this chapter is based on
the accepted decay scheme whose features of importance in this work
are presented in Figure 9. 1In this figure, & number of weak gamma
rays have been omitted in the interest of clarity of presentation.
Since the experiments are of two types, thie chapter has been divided
into two parts. 1In Part A, the directional correlations of the two
weak éascades through the first excited state are described. These
were performed to measure the spins of the 138l1-kev and 120l-kev
levels. 1In Part B, several beta-gamme coincidence experiments are
reported, Of primary interest was the shape of the first inner beta
group. This was measured through a coincidence experiment involving
 the 600-kev gamma rays. Iﬂ.additibn, the beta-gamme experiments
provide a new approach to the analysis of the several beta groups.

These experiments have the following advantages:
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(1) they extend the region of the beta spectrum that is free

of conversioﬁ lines

and (2) they mix the beta groups in different proportions f:om
that present in & singles spectrum, and therefore the;r intensities
can be obtained in several independent ways.

A, DIRECTIONAL CORRELATION

Introduetion The spins of the first four excited states of Ptlg2

have been determined in several directional correlation experiments
(Taylor and Pringle (1955), Baggerly et al., (1955), Mraz (1957),
Shiel, Wyly and Braden (1957), Kewemura, Aoki and Hayashi (1958)),
In some instances, the internal conversion coefficients of the réle-
veant transitions have been used to remove an ambiguity (Baggerly et

al, (1955)). Pt192 is an even-even nucleus and therefore has a

ground state spin of 0. 1Its first excited state (level B) has a
spin of 2, and these two facts form the basis of the interpretation

of the measured correlation funetions.

The spin of the level D is found to be 4 from a measurement
of the 468-316 kev cascade. This cascade is easy to interpfet be-
cause it involves only two gamma rays.

The spins df states C and E have been determined from a 300-
300 kev coincidence experimenfg Since the different 300-kev gamma

rays cannot be separated in Nal(Tl) detectors, this experiment mea~-

" sures the combined correlation of four cascades through the first and

second excited states. Although the spin of the level C is deduced
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to be 2 from this experiment, an ambiguity exists for the spin of the
state E. Fortunately this can be removed by a 600-300 kev correlation
experiment which, although complex, establisheé the value of this
level as 3.

In addition, the conversion coeffig;ents and the mixing ratios
are consistent only with transitions arising from stetes of the same
parity as the ground state; therefore, the first four levels have
even parity.

‘One other cascade involving the 1201l-kev level (level G) has
been investigated. In that experiment, the correlation of the 588-
and 613-kev gamma rays was measured., This experiment is difficult
to perform because of the interference from the simultaneous detection
of the 296- and 316-kev gamma rays in one counter instead of a single
613-kev gamma ray. Nevertheless, the spin of this 120l-kev level was '
determined to be 3 or 4.

The directional correlations deseribed in this chapter were
designed to clarify the last assignment and to measure the spins of
the 13815kev level. After this work was complete, a paper by Simons,
Spring and Wendt (1962) appeared which, besides confirming the experi-
ments of the earlier workers, reported the results of experiments
similar to those described here. A discussion of their conclusions
will be postponed until after the present work has been described.

192

Experimental Method 1Ir can be obtained free of all interfering

radioactivity by irradiating natural iridium and waiting several
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194 4 decay. Figure 10 shows the gamma ray spectrum

weeks for the 1;
in coincidence with the 300-kev peak. This spectrum closely resembles
that of a simple singles spectrum, and is illustrated to show the high
energy lines at 885-kev and 1065-kev which are difficult to see above
background in & singles spectrum. It is these gamma rays which were
used in the correlation experiments and the arrows indicate the range
of pulse heights included in each photopeak.

As pointed out earlier, the correlation pattern must be cor-
rected for the finite solid angle of the detectors, In order to
reduce this, the crystal can be moved a long way from the source.
However, this decreases the solid angle and therefore the counting
rate. As a compromise a source-to-detector distance of seven centi-
meters was chosen and all of the experiments were performed in this
arrangement. In addition, the experiments to detemmine the solid
angle correction factors were performed at this distance (Appendix
11).

Besides the precautions outlined in Chapter III for any
directional correlation experiment, several additional precautions
peculiar to this experiment which lasted several weeks were observed.

(1) Although the experimental equipment had been tésted for
drifts in energy and found to be quite stable, the spectrum in the
gating channel was observed before and after the count at each angle
was taken to check that neither a drift nor a sudden change in gain

had occurred. In addition, the window in the energy spectrum of this
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channel was made quite wide in order that any small drift might not
affect the coincidence rate greatly. For th‘&multichanncl analyser
the accumulated spectrum was available and & visible observation could
be made of the position of each gamma ray peak. fhroughout’thc course
of the experiment, these positions were observed to wander ;lightly
(less than 2%), A correction for this was made by shifting the region
assigned to the various gamme rays, the few qhnnnoll indicated.

(2) From previous axp;rinnco. the performance of the fast
coincidence unit was known to be such that the coincidence efficiency
was quite constant, However, as a further check, the correlation
pattern was not obtained by placing the movable counter at the pre-
determined angles in a sequential manner f£rom 90° to 270°, but by
selecting the predetermined angles in a random fashion, In this way,
. dhangcl in efficiency would be evident in coincidence rates that
would not follow a smooth curve,

(3) The chance for a pile-up pulse in the region of the
gamma rays of 1ntor;lt was reduced by a factor of five by ;nlcvting '
1.8 sm./mm? of'load in front of the counter recording the high‘
energy spectrum. This amount of lead was chosen because it does
not attenuate the high energy gamma rays by more than 25%, but
strongly attenuates the 300-kev tric and the 468-~kev transition.

The coincidence spectrum at sach angle was observed twice
for af least seven hundred minutes sach time and the counts in the

- channels conteining the photopeak of interest wers added. A
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correction for chance, which was not more than 7% in any cascade, was
made in the manner outlined in Chgpter III and then the totals were
corrected for the decay of the source. After a comparison of the
rates for the different runs at the complementary angles had shown
that the variations betﬁaen them were within statistics, the results
were averaged and combined to give the coincidence rates at the five
angular positions 90°, 112.5°, 135°, 157.5° and 180°. Before a least
squares fit to the data was performed (Rose (1953)), any contribution
from the compton distribution of a higher energy transition was sub-
tracted in a manner to be outlined. The actual £it was then to
experimental data involving only one cascade.

On the graphs depicting the results of the correlation experi-
ment, these fits are displayed as dotted lines. Also appearing on
the figures are solid curves which represent the pattern when a cor-
rection for the finite size of the detectors has been applied. Since
any addition treatment of the data involves the corrected coefficients,
these are shown in the upper right corner of each figure.

Results
(1) The 1065-316 kev Cascade The 1065-kev transition is the most

energetic gamma ray in coincidence with the 316-kev gemma ray. There-
fore, no correction for the gompton distribution of higher transitions
was needed. From a total of about three hundred counts per position,

the correlation pattern shown in Figure lla was obtained. Since the
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3l6-kev transition is known to have a pure E2 character, the coeffi-.

clents, A, = -0.322 ¥ 038 and Ay = 0.146 * .067 determine the pos=
sible spin sequences as 2-2-0 or 4-2-0 in a manner shown in Figure
13. The former sequence can be rejected because a spin of 2 for
the 138l-kev level would allow a ground state transition te occur.
Moreover, it is hard to see any mechanism for exciting the 138l-kev
level unless there is a beta group feeding it, 1If this state has
spin 2 and a beta group feeding it, there should be intense beta
groups feeding levels B and C. 8ince these are not observed, the
1381-kev level can hardly have such a low spin.

The 4-2-0 cascade can be considered more closely. The co-

efficients are distinctly different from those of a pure quadrupole-

quadrupole sequence. In fact the Aé and Ai factors, 0.54 * .08 and
0,14 M +07 respectivley, 1ndica£e that this transition is a quadru-
pole-octupole mixture. The situation is presented in Figure 1llb,
From the figure, one deduces that Q = 0.4 M .08, This leads to &

value of 0.83 ¥ .03 for d.

£2) The 885~316 kev Cascade The coincidence spectrum of the 885-
kev peak in coincidence with the 316-~kev peak is distorted by the
underlying compton of the 1065-kev transition. Instead of esti-

mating the contribution from the compton to the total rate in the
885-kev region, a comparison of the compton rate in this region to

60

the photopeak rate of the 1170-kev line of Co ~ was made. The line

shape of the 1170-kev gamme ray was determined by a coincidence
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experiment in which the gating pulses correspond to an energy of
1330 kev. The factor from this comparison was found to be 0,7.
This factor and the counting rate of the 1065-316 kev cascade were
then used to cﬁrrect the 885-316 kev cascade for each angle individ-
ually., Although there is a difference in the snergy between the
cobalt line and the iridium 1065-kev line, the comparison was thought
to be justified because the compton distribution does not change
quickly with energy. 1In addition, the 885-316 correlation data is
insensitive to the size of this correction within rather wide limits.
From the net rate for the 885-316 kev cascade of about two
thousand counts per position, the correlation pattern shown in Figure
12a was deduced. The coefficients A, = -0.013 ¥ .003 and A, = 0.033
t .006 indicate from Figure 13 that the sequences 2-2-0 and 4-2-0
are pemitted. The former may be rejected by arguments similer to
those used for the 1065-316 kev cascade, The latter cascade has
been analyzed for the mixing ratio. of the octupole to quadrupole

radiation as shown in Figure 12b. The result is cf'= 0,18 t ,01,

(3) The 478-316 kev Cascade As has been pointed out, this cascade

has been well studied and is known to be & 4-2-0 cascade of two E2
trensitions. Since the experimental method allowed this cascade to
be observed simultaneously with the cascades involving the higher

energy transitions, the results for this cascade served as a check

on the reliability of the entire group of experiments.
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Since the 468-kev photopeak sits on the compton distribution
of several transitions grouped at 600 kev, a careful analysis of the
compton profile of these transitions under the 468-kev peak was made
by constructing a composite 600-kev peak from the known relative
intensities of the gamma rays and the measured spectral shape of the
csl37 gamma ray. The factor for the ratio of the compton distribution
under the 468-kev region to the photopeak of the 600-kev line was
found to be 0,2, From the net rates of the 468-316 kev cascade, the
coefficients are found to be A, = 0.099 I .019 and A, = -0.005 T .026
and‘these agree well with the theoretical values for a 4-2-0 cascade
of two pure quadrupole radiations and with the results of other
workers, |

Discussion

(1) The 120l-kev Level The spin of this level has been investigated

through the 588-613 kev cascade as discussed earlier and is thought

to be 3 or 4. The present work indicates that ﬁhe spin is 4 and thatv
the 885~kev gamma ray is predominently an'Ez transition with an admix-
ture of 3% octupole radiation. Simons, Spring and Wendt (1962) agree

with the spin assignment, but require only an admixture of 0.5% in the
885-kev transition because their correlation pattern is much closer

to that of a pure 4-2-0 cgscade,

(2) The 138l-kev Level THe present experiments suggest that this

level has a spin of 4 with a 40% octupole admixture in the 1065-kev

transition. The correlation pattern found by Simons, Spring and
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Wendt for this cascade is much less anisotropic than the one present-
ed here. Although their pattern permits four possible interpretations,

they consider only the following three;

3~-2-0 98% quadrupole
3-2-0 1007 dipole
4~2-0 947, octupole

Of these, they prefer the second because it pfoduces-e 3~, 138l-kev
state in analogy to a similar state found in 08190,

Because of the large positive A, coeffiéient, & spin eefjuence
of 3-2-0 1is definitely excluded by the correlation pattern obtained
in this work, Since a large octupole admixture in a gamme ray transi-
tion i{s unusual, the experimental coincidence rates producing the
observed correlation pattern were closely scrutinized for systematic
errors, Errors which would increase the counting rate at 90° and
112.5° or decrease it at 135°, 157.5° and 180° could cause the large
anisotropy observed, but all attempts to find sources for such errors
were fruitless. It is much easier to discover effects that will re=-
duce an anisotropy than effects which will increase it. Moreover,
the fact that the 468-316, 885-316 and 1065-316 kev cascades were
recorded simultaneously and that the first two of these are in reason~-
able agreement with other workers, makes it difficult to imagine a
mechanism which could uniquely distort one correlation function,

The effects of possible pile-up have also been considered.

It is easy to imagine a mechanism for pile~up in the 885-316 kev
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cascade, but almost impossible to conceive of a mechanism for pile-
up in the 1065-316 kev cascade.

In coneclusion, the present work forces one to believe that
the 138l-kev level has & spdn of 4 and that there is & large amount

of octupole radiation in the 1065-kev transition.

B, BETA-GAMMA COINCIDENCES

92 has strong conversion

Introduction 8Since the beta continuum of Irl
lines throughout its length, a singles spectrum offers little hepe
for reliable analysis. However, from an observation of the decay
scheme, it can be seen that the beta groups in coincidence with some
gemma rays should not be difficult to analyse and therefore the in-

formation from these experiments should be relatively reliable.

Experimental Method When beta spectra are examined in the low energy

region, source thickness 18 a great problem. In order to produce
thin sources, the sputtering technique described in Appendix I was
developed, It i8 believed that this aim was achieved sufficiently
that significance could be attached to data for beta rays with ener-
gies as low as 100-kev because

(1) several beta spectra (Ir194) which are believed to be
free of conversion lines in the region of interest were found to be
linear to this energy,

192

and (2) conversion lines of Pt at approximately 130 kev

showed no source broadening.
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The deposited layers of iridium were irradiated for ten hours,
After the Irlg4 had died away, 11192 sources of a few tens of micro-
curies were available for experimentation. The gamma rays in coinci-
dence with beta rays of different momentum were observed in the double
lens megnetic spectrometer in which one baffle system has been replaced
by & Nal(Tl) crystal (Figure 4B),

The fast coincidence unit was adjusted for operation as des-
cribed in Chapter III and had a resolving time of sixteen nanoseconds
for most of the experiments. Since the experiments described here
were performed over considerably shorter lengths of time than the
directional correlation experiments, the elaborate precautiﬁns taken
for those experiments were not necessary although“periodic checks of
the same general nature were made., In the operation of the magnetic
spectrometer, ﬁhe momentum settings were knom to be reproducible to
better than one part in & thousand.

The beta~gamma experiments were performed by using the mag-
netic spectrometer to choose momentum settings that avoided conver-
sion lines, In the most extensive experiments, fourteen measurements
in the momentum range 1,000 to 3,600 gauss-cm. were used to define
the beta groups. At eeach momentum setting, the bete singles rate,

N B and the gamma spectrum in coincidence with these electrons were
taken for a period of thirty minutes, These momentum settings were
repeated & number of times to provide statistical accuracy and checks

of reprodueibility,
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A

‘A typical gamma coincidence spectrum can be imagined from
Figure 10. The 467-kev peak contains one gamma ray, while the 300-
and 600-kev peaks are composed of several gamma rays whose relative
contributions to;the coincidence rate change with the momentum set-
ting. The beta-gamma coincidence rate associated with each photo-
peak was determined from the number of counts in the peak as col-
lected by the multichanne} analyser, Bince these rates were very
small near the end point éf the beta spectrum, it was necessary to
‘choose the number of channels ;ssociated with the peak from the
spectrum recorded for a momentum setﬁing near the maximum of the
beta spectrum,

These rates were immediately corrected for chance by the
method outlined in Chepter I11. The singles rate, Nf3' for the
beta continuﬁm at the momentum settings employed in the experiment t
was used for N(T) in the chance expression.

For the 600-kev coincidence rate, a Fermi analysis could

be performed without further corrections because no compton distribu-
tion from the higher energy gamma rays is included in this peak. At
each momentum settiﬁg the rates for the two lower energy peaks were
corrected for the underlying compton distribution in the following
way. The spectrum of a single gamma ray of a§out the same energy as
that producing the underlying compton (661 kev for the 600-kev peak
and 411 kev for the 461-kev peak) was taken, and the ratio of the

‘ compton distribution in the région of interest to the photopeak of

the gamma ray wes measured, This ratio was then used in conjunction
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with the photoﬁeak counting rate of the interfering gamme ray to make
the appropriate correction,

From the Fermi analysis performed on the net rates thus ob-
tained, the product of en intensity and a‘gamma detectionvefficiencyv
factor ( W é ) was deduced, This factor for the 316-kev gamma ray
was determined by a coincidence experiment between the gamma ray end
the K-shell conversion l1ine of the 467-kev transition in the manner

outlined in Chapter III., Also a csld?

source of known strength was
avaiiable and was used to calibrate the gamma detector at 661l-kev.

With these two experimentally determined efficiencies as standards,

the theoreticél curves of Miller, Reynolds and Snow (1958) were used

to obtain the 467-kev efficlency factor by interpolation,

Results

(1) Coincidences Between the 467-kev Gamma Rays and Betsa Rays The
467-kev peak sits on the compton distribution of the 600-kev lines.

In order to correct for this, 307 of the 600-kev coincidence peak was
subtracted from the 467-kev rate. (This does not imply that the cor-
rection is & fixed percentage of the true 467-kev-beta rate). The

net rate for the 467-kev peak was then used to construct the Fermi

plot shown in'figure 14, An examination of this plot reveals that

the beta transition in coincidence with the 467-kev gamma ray has an
end point of 0.670 M .005 Mev, and that it is represented by & straight
’11ne, at least down to 160 kev, Points below 120 kev (not shown on

the figure) reveal some departure from the straight line and may indi-
cate the presence of a weak low energy group with an end point of < 200

kev feeding this 467-kev line indivectly.
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(2) Coincidences Between the 600-kev Gamma Rays end Beta Rays This

experiment was performed to study the nature of the fist inher beta
~group., From an analysis of the decay scheme (Figure 9) and the inten-
sities of the gamma rays (Table IILI), it can be seen that this ekperi-
ment offers the best charnce of observipg the £irst inner beta group |
free of the higher energy group.

The 600wkevvcoincidence peakkhas no contribution f£rom highéf
energy gamma rays so that the rates can be used dicectly in a Fermi
analysis, ~ The latter is shown in Figure 15. 'L; represents the con-
tribution of the high energy group and was congtructed in such a manner
that the end point was 670-kev. It is not possible to define this line
very precisely but its fosition has little influence on the analysis of
the 535-kev group. The circles of Figure 15 represent the data after
the high energy group has been subtracted. Although a straight line
can be drawn through this data so that it intersects the flags repre-
senting the ‘errors on eacﬁ circle, a curve offers a better representa-
tion of the trend of these circles, Moreover, the straight line would
intersect the energy axis ﬁbqve 550 kev at‘much too high an energy for
the expec;ed 0.535-Mev beta grohp, If the data is treated as being -

associated with a first forbidden unique transition and the corre-

2 2

sponding approximation a) = p~ + q° 1is applied, the cirtles transform
into the crosses. The resulting straight line is a good representation
of the trend of these points and intersects the energy axis at 533 Ml
kev very close to the expected energy.

A third group is left after the subtraction of this £irst for-

-
bidden unique transition. It has an end point of 0,250 . ,025 Mev.
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(3) Coincidences Between the 300-kev Gemma Rays and Beta Rays- The

300-kev peak is the prominent peak in the gamma spectrum.- It is a
composite peak of at least~three gamma rays; 296-kev, 308skev and
316-kev, An examination of the decay scheme‘yill show that these are
in coincidence with all of the beta groups. Tﬁis-coﬁposite peak sits
on the compton distribution of the 467-kev and 600-kev gamma rays.
The cérrections for these contributions were respectively 207 and

30% of the net rate for the photopeaks of the latter transitions.

The corrected rates were then used to construct the Fermi plot shown
in Figure 16,

Again the high energy group is difficult to determine because
there are few momentum settings available at whichlconversion lines
are not & serious problem. However, with a knowledge of the end
point of this group from the preyipus work, a quite definite straight
line can be drawn. When this group is subtracted, the remaining data
appears as the circles on the Fermi enalysis. It is not apparent that
a curved line is needed to represent this data; however, a straight
line representation again intersects the energy axis above 550‘kevo
When the shape for the unique transitions is applied, the erosses re-
sult. A straight line through these depicts them well and also gives
an end point of 538 ¥ 10 kev for this beta group.

Again a third group with an end point of 0,270 T ,040 Mev
appears when the two high energy beta transitions have been subtracted.

(4) Intensities of the Beta Groups The intensities of the beta groups

[
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can be determined in the manner outlined in Chapter IIL. In those
expressions, ;he coineidence iate was governed in a simple manner
by the intensity of' the beta group of interest. Because of the
complexity of the 1192 decay scheme, the particular beta group in
coineidence Qith the gamma rays may be detected through several
cascades., Thergfore a probability-of-detection factor P must be
introduced to reiata the measured intensties to the true beta inten
gities, If the not&tion developed in Chapter II1 is used, the fol-
lowing expressions results
In the 467-kev-beta experiment, the probability—of-detection of the
0,670-Mev group is

Pp.670 = Pag7 - 173
In the 600-kev-beta experiment,

b

Py.670 = P173 - 467 %613 - 296

P0,535 - b604 - (308 - 136) * b308 - (604 - 136) b613 - 296

By,250 = Psgg - (885 - 417) ¥ Psgs - (885 - 417) P13 - 296

In the 300-kev-beta experiment,
P0.670 = P48 - 173 ¥ 2P173 - 468 P296 - 613

Py.535 = P308 - (604 - 136) ¥ 2P308 - (604 - 136) P296 - 6

* Po0s - (308 - 136) * P136 - (604 - 308)

P b +

0.250 ~ 2Psgg - (885 - 416) °296 - 613

* bs1e - (588 - 885)

~113~-

13

Pgss, - (588 - 416)
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Because the numerical values of these factors depend on the intensities

of the gamma rays in pt192

» & set of these as measured by Baggerly et

al. (1955) is included in Table III for the convenience of the reader,

TABLE III

Intensties of Relevant Gamma Rays in Pt

Gamma Ray (kev)
136
173
296
308
316
417
467
588
604
613
885

The numerical

192

Relative Intensity
0.2
1.0 (Johns and Nablo)
36
35
100
1.6
64
7-1
14
8.4

0“5

values deduced for these factors given in Table 1V are

insensitive to the particular set of intensities used, and essentially

the same ratios would have resulted had the values of Johns and Nablo

(1954) been employed.

Table 1V presents a summary of the experimental data and

probability-of -detection factors for the beta-gamma coincidence experi-

ments performed with Ir192.

The resultant intensities are also set



TABLE 1V

Experimental Results

Beta Group 0.670-Mev 0.535-Mev 0.250-Mev Units
Experiment | 1 2 ! .' 2 1 2
467-kev- g
Ng s 12.87 .8 15.4% .9 c/m
N, wR 77 % 4 9% 5 10%¢/m
| . .
(We)/1 + & 42% s 1074
P 0.98
d st 9 42t %
300-kev- g
Ney (U) 2022 30Ys 2ati3 2!s 339 ¢e/m
Npy (N-U) 202 30ts 3ats 26?7 27% 10 co/m
N, wR 774 90ts 77t4 90t 0% 5 10%c/m
(We)/l +a, 73 % 5% 75 % s# 75 ¥ 54 1074
P 1.00 2.16 1.76
d w) 35t 8 457 12 173 4 1515 2711 g
J (N-U) 25 7 18t 7 23t 11 7
600-kev- s Combined
Npy (U) 1.0 ;.3 4.8 T.5 4.171.0 c/m
Ney (N-U) 1.0 I.3 5.3 .8 3.2%1.0 ¢/m
N, »R 167 Yo 167 T9 167%9 167 ¢/m
(we )/l +x 32 +4 32 t4 32%4 10
. . 0.
} 0.20b . 4o 0.420 920
+ 8¥3
.w) 0.6708 1, ,co 22 76 -3 %
d -v) =.10 .05 24 s 6.5% 3 q
U - value when shape is unique
N-U - value when shape is allowed
it - mean efficiency of 293-308-316 kev triplet
* - efficiency of 316-kev gamma ray alone
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forth in this table.

In the calculation of the intensity of the 0.670-Mev beta
group, a minor difficulty arises because the intensity of the 173-
kev transition relative to the 467-kev gamma ray is not very well
known. The data available from the 467-kev-beta and 600-kev-beta
coincidence experiments suggests that bygg . 173 = 0.8 and that the
intensity of the l73wkev transition is therefore 13 in violent dis-
agreement with the figure of 1 - 2 observed by Johns and Nablo.
The cause of this discrepancy is pile-up pulses in the NaI(Tl)
detector which enhance the high energy group in the 600-kev-beta
experiment. The occurrence of pile-up pulses is very probable be-
cause the 670-kev-beta group is in coincidence with the strong 468-
316 kev gamma ray cascade. The ratio of the probability for detect-
ing solid angle pile-up of these gamma rays to that for detecting a
single 600-kev photon is approximately 102, When this number is
combined with the relative intensities of the beta groups, it is
possible to account for about 80% of the observed 0.670-Mev beta,
600-kev gamma coincidence rate. The remaining part OfoO,67O bl73m468
= 0.02 may be readily reconciled with a 27 intensity for the 173-
kev transition. It should be pointed out that the other beta-
gamma experiments are much less sensitive to pile-up than this one.
In fact it can be shown that pile-up contributions to the other

experiments should be negligible.
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Since further reference to the intensities of the various beta
groups will be made,’a summary of these is presented in Table V, The
values quoted thera are those obtained by averaging the results of the
various experiments-when 4 unique shape is assumed for the 0.535-Mev
beta group, These vdlues are only slightly different from those ob-
tained when the 0.535-Mev group is assumed to have the allowed shapeQ
Discussion The shape characteristics of the high energy beta group
and the first inner group in combination with the known spins of the
784~ and 921-kev levels are sufficient to determine the spin of Ir192
as 5-, This agrees with the conclusion of Deutsch et al, (1958) who
measured the beta-gamma anisotropy to be 0.016 t .013. In their ex-

periment they used gamma rays of energy greater than 100 kev and beta

reys of energy greater than 470 kev.

The variation of the anisotropy with the energy of the elec-
trons cannot cause the observed shape of the beta spectrum for the
following reasons. In the expression for the directional correlation
function between a beta and gamma ray - 1 + £(p,W ) A, Py(cos®),
(Alder, Stech and Winther (1957)) - the coefficient A, must be very
small to giye the small anisotropy observed by Deutsch et al. In
the magnetic spectrome;er, the focussed electrons are emitted at an
angle of about 150° t;8° with the respect to the photons detected
by the gamma counter. The value of PZ for this angle (0.125) is
small enough that the value of A Py would be essentially zero énd

no anisotropy eould be observed.



Betea Group
(Mev)

0,670

0.535

0.250

Intensity

41
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44

50

19
22
40

35

27
28
16

15
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TABLE V

Beta Intensities

Comment

Beta-Gamma Experiments
Singles Analysis
Singles Analysis

Intensity Balance

' Beta-Gamma Experiments

Singles Analysis
Singles Analysis

Intehsity Balance

600-kev-beta Experiment
300~kev-beta Experiment
Singles Analysis
Bingles Analysis

Intensity Balance
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MacArthur
MacArthur
Bashilov et al.

— ot

Johns and Nablo

MacArthur
MacArthur
Bashilov et al.

Johns and Nablo

MacArthur
MacArthur
MacArthur
Bashilov et al,

——— ————

Johns and Nablo
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The spin assignment of 5- is more reasonable than that given
in the Nuclear Data Tables from an argument advanced by Baggerly et

al. They point out that the beta transitions to the first and second

excited states of Pt192

192

would be only first forbidden unique if the
spin oﬁ Ir is 4~ and therefore should not be much slower than those
to the 784- and 921-kev levels. In fact, Bashilov et al. (1952) put

an upper limit for the intensity of the transition to the 613 -kev

level of 0,4% From this value a lower limit of 10.9 for the log £t
‘value of the transition can be deduced. This is considerably higher
than that for a first forbidden unique transition. Baggerly et al.
would prefer a spin of 6~ for Irlgz but this seems to be excluded
because the transition to the 92l-kev level would then be third
forbidden.

A comparison of the intensities of the beta groups &8 meas-
ured in these experiments, those of Bashilov et al. and those deduced
from gamma intensities shows that there is general agreement with re-
gard to the intensity of the highest energy group, and some disagree-
ment in the intensities of the lower energy groups as measured By the
v&rious methods.

The agreement of intensities for the 0.670-Mev beta group
suggests that there is no systematic error in the meeasurement of the
other intensities. Furthermore, it is hard teo believe that there is
some systematic error in the values of the Nal(Tl) detector efficien-

cies since it will be recalled that the latter were deduced from the
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shape of a theoretical curve which was adequately followed by two
efficiencies measured in différent types of experiments,

In addition, in the‘experiment involving the 600-kev gamma
rays, the first inner beta group is emphasized to such an extent
that uncertainty in the intemsity of the higher energy group does
not affect the intensity of the 0,535-Mev beta group, This inten-
sity i8 in good agreement with the intensity measured when the 300~
kev gamma rays are required for a coincidence.

The results are also dépendent on the probability-of?detection
factors, If the decay scheme is assumed to be correct, the values of
these factors are well defined and do not change significantly when
the intensity measurements of the different published works are used.
Therefore, these are not influencing greatly the inteneity measurements
obtained here unless the decay scheme is wrong.

Therefore it is felt that the present values are quite reli-
able, based as they are on absolute measurements of intensity rather
than on the subjective values obtained from a Fermi analysis of a
large nﬁmber of groups. 1t should be notedlthgt there is no attempt
in theseée intensity measurements to force the sum of the beta intensi-
ties to‘be 100% as each measurement of a cf‘is independent of the
others, The fact that the observed ar'a do not add to 100% suggests
either that other levels are being strongly fed or that the decay
scheme is incorrect.

When the intensities of the beta groups are applied to an
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energy balance for gemma intensities into and out of the different

levels (Table VI), a disagreement of a different nature appears.

TABLE. VL
Intensity Balance for the Levels of pel92

Johns and Nablo Baggerly et al.

(Intensities (%)) (Intensities (%))
Level In Out In vOut
1201 d .250 7 do.250 8
920 19 + 1 41 . 19 + 1 45
786 42 +3 57 42 + 2 59
613 35 34 39 40
316 104 77 , 105 92
0 85 0 100 0

It is obvious that the beta groups do not supply the right inten-
sity at the right places. Quite distinect f£rom this fact is the
observation thét the 316-kev level appears to be a sink for gemma
rays. This is intimately tied up with the intensity of the 467-
kev gamma ray which essentially depopulates the 784-kev level,
However the approximate 207 limits of error on this intensity
measurement are sufficient to remove this discrepancy. In addition,
if the intensity of this gamma ray is reduced by 20%, the intensity
balance at the 784-kev level is quite good.

~ A second problem which arises at the 920-kev level 1s
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less easily removed because most of the intensity out of this level
is taken by the 308-kev gamma ray hhose intensity is quite well
known from a comparison with the intensities of the 316~ and 296~
kev gamma rays. These intensities can be expected to be very good
because these lines are close together and because the 316-kev
gamma feeds the ground state in almost 1007 of the decays. Yet

a beta inteusity of 40% into this level is certainly not observedj
in any of the present measurements,

A third problem occurs with the beta group of 0.250 Mev
because it seems to supply too much intensity to the highly excited
states, It is interesting to note that the two coincidence measure-
ments of its intensity are not in agreement; when measured in coin=-
cidence with a 300-kev gamma ray the intensity is muech larger than
when measured in coincidence with the 600-kev radiation. This sug-
gests that a 300-kev gamma ray originates from a level that could
be supplied by a beta group with an end point of about 250 kev,'
Such a situation would aid in resolving the difficulty at the 921~
kev level also because this 300-kev gamma ray could be feeding in-
to this level. Should the 308-kev line in fact be a doublet with
intensities in the ratio of 1 to 2 with the weaker member feeding
the 921-kev level from above, most of the discrepancies in this
intensity balance system could be resolved. The intensities of the
beta groups as measured would change because the probability-of-

detection factors would be different. The value of (f60535 would
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now become approximately 207 and the intensity of the beta energy
group feeding the 120l-kev level would become 87. It is now neces-
sary to postulate a level at 1229 kev fed by a beta group of end
point about 200 kev and intensity of 22%. The final beta group

intensities would be

Q

0.670 = 43%
fjomszas = 20%
Jomzzo = 22%
J = 8.

0.250

Lt is difficult to accept this splitting of the 308-kev
gamma ray because it has heen measured with a crystal spectrometer
(Baggerly et al.). Because this type of instrument has a very high
resolution, the tweo transitions must be separated in energy by less
than l-kev. Such close doublets are scarce but have been found
(Geiger (1962)). No experiments to test this postulate have been
performed.

The results of the directional correlation experimentg indi-
cate that the spins of the 120l-kev and 1381l-kev levels in pt192 are
both 4. The large octupole component in the 1065-kev transition is
a necessary part of the spin assignment to the 138l-kev level.

The shape of the 0.535-Mev beta group has been detemmined in
a beta-gamma experviment to be that of a first forbidden unique

transition, and therefore the spin of Irlgz is 5~

=123~
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The beta-~gamma coincidence experiments have also detemmined
the absolute intensities of the 0.670-Mev beta group to be 427 and
of the 0.535-Mev beta group to be 19%. The latter intenseity is in
disagreement with that deduced from the gamma ray intensities in the
accepted decay scheme. This disagreement has not been resolved al-
though a suggestion has been made for explaining it. The intensity
of the 0.250-Mev group feeding the 120l-kev level has an intensity
of 8%, while the 0,250 beta group in coincidence with the 300-kev
gamma rays has a larger intensity (approximately 30%) suggesting

that it feeds at least two levels in the 1200-kev region,
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Introduction

92 194

In contrast to Pt1 s Pt has a level structure which is less

well established. This is partially due to the fact that the nuclei

194 194, have short half lives and

decaying to this nucleus, Ir and Au
cannot be formed free of competing radiocactive nuclei. Also the large
number of gamma rays present in both decays makes the interpretation
of the experimental data difficult.

194

Au has been studied by Backstrom et al. (1960) with a

double focussing magnetic spectrometer and found to emit over one
hundred gamma rays., They also performed many electron-electron coin-
cidence experiments which enabled them to propose a level structure
for Pt194, Nearly gll of the transitions which they found could be

fitted into this structure.

The energies and intensities of the gamme rays accompanying
the decay of 1r!9% have been studied by Johns and Nablo (1954) and
by Kern and Backstrom (1960). The latter workers used iridium metal
enriched in Ir!93 and found many lines not seen by Johns and Nablo.
Nevertheless, very few transitions were revealed which could not be

fitted into the level structure of Ptl9% proposed by Backstrom et al.
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from the decay of Aulgé. Previously, some coincidence experiments

had been performed by Mandeville, Varma and Saraf (1955} but they
were handicapped in the interpretation of their experiments by their
lack of knowledge of the many transitions present in the decay of

Ir194°

Since it was the intention of this work to determine the spins

of some of the excited states in Ptlg4

through directional correlation
experiments, it was felt necessary to verify the decay scheme proposed
by Kern and Backstrom as much as possible in order that the results of
the correlation experiments could be interpreted properly. This exam-
ination took the form of beta-gamma and gamma-gamma coincidence mea-
surements and will be described in Part A of this chapter. The second
part is devoted to directional correlation experiments on several of
the gamma-gamma cascades.

A. COINCIDENCE EXPERIMENTS ON THE DECAY SCHEME OF Ir194

94

Introduction The decay scheme of Irt as proposed by Kern and

194

Backstrom with the aid of the work on Au by Backstrom et al. is
shown in Figure 17. A few of the weak lines from levels that had
been very poorly established are omitted in the interest of clarity
of presentation. Some evidence to support the level structure below
1300 kev has been given by the experiments of Mandeville, Varma and
Saraf ifbsome of their coincidence measurements are reinterpreted

in the light of present information. They also supplied some infor-

194

mation$9bﬁﬁt the beta groups of Ir through beta-gamma coincidence

@
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experiments employing scintillation crystals for beta detectors. Further
knowledge of the beta groups is supplied by a Fermi analysis on a singles
spectrum performed by Johns and Nablo. It is on this analysis that the
absolute intensities of the gamma rays and beta groups as given by Kern
and Backstrom are based.

Although the experiments described in this section tested many

facets of the decay scheme of Ir194

, they were designed particularly
to clarify the role of the 1186-kev transition in the decay scheme.
The beta-gamma experiments were designed to provide more detail than
had been available concerning the intensities of the beta groups to

the various levels.

Experimental Methods For the gamma-gamma coincidence experiments,

193

iridium metal enriched to 98.7% in the isotope Ir was irradiated
for various lengths of time up to a maximum éf 20 minutes in the
pneumatic system of the McMaster resctor. The short irradiation period
and highly enriched isotope allowed coincidence experiments to be per-
formed without any interference from the Irlgz'decay for a consider-
able period of time.

The coincidence measurements designed to test the decay scheme
were performed with the experimental arrangement shown in Figure 4A.
Different source-to-detector distances and angles between the detec-
tors were employed in order that the interpretation of the coincidence

data might not be confused by the effects of solid angle pile-up and

directional correlation. The first effect is particularly likely




when examining coincideﬂ@ﬁfwith the 622-kev gamma ray. However,
since (328 + 293)-kev pile-up merely increases the effective inten-
sity of the 622-kev transition, it had no effect on the relative
intensities of the gamma rays feeding the 622-kev level. A correc-
tion for the directional correlation was difficult to apply because
the intensity measurements were made with the counters cleoser than
the 7 cm. source-to-detector distance at which the actual correlation
experiments had been performed. Ip'fact since most of the experi-
ments were performed at an angle of about 150° where the effect of
thé correlation is small, no correction for this effect was applied.

Since the coincidence measurements were particularly sensi-
tive to energy drifts in the detectors, the stability of the electro;
nics was checked at frequent intervals and, where drifts of 1%
occurred, the data was rejected. The linearity of the detgction
system was frequently tested by placing a Co60 source close to the
detector and observing the photopeaks of the 1171- and 1331-kev
transitions and the sum peak at 2502 kev. In the low energy region,
the peaks in coincidence with the 328-kev transition are dominated
by one gamma ray so that these could be used as internal calibra-
tion points.

From the singles spectrum shown in Figure 18, the gating
channel selected pulses corresponding to windows A, B, C and D. .
The multichannel analyser was then used to record the gamma ray

spectrum coincident with pulses in each window. Unfortunately,
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neither the windows nor the peaks in the coincident spectrum were due
to a single gamma ray alone, so that the interpretation of the results
was complicated. The two windows on the 300-kev peak were chosen in
order that coincidences with the 328-kev transition and the 293-kev
transition might be measured. Although window A contains some pulses
from the 328-kev gamma ray, these contributed less than 20% to the
total gating count. The spectrum in coincidence with window A can
thus be considered to be due chiefly to the 293-kev transition.

Window B on the other hand contains very few pulses from the 293-kev
transition.

The intensity of the various coincidence relationships was
determined through an analysis of the coincidence spectra obtained.
This analysis entailed adding the counts in the channels correspond-
ing to the various peaks, correcting-for the underlying compton dis-
tributions through the use of standard line shapes of various energy,
correcting for chance (< 1%) and correcting for the difference in
detection efficiency of the different gamma rays with the aid of the
curve discussed in Appendix IL.

A further correction was also made for the presence of lead
absorbers in front of the counter feeding the multichannel analyser.
These lead absorbers of known thickness up to 15 gm./cm?l were used
in order to reduce the number of low energy pulses (chiefly the 328-
kev photons) and thus permit the use of stronger sources. The lead

effectively eliminated the 300-kev peak in the coincidence spectrum
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without seriously attenuating the rest of the spectrum. For the
greatest thickness used, the variation in attenuation factor from
600 kev to 1750 kev was about 2.5. In all cases, it was possible
to correct reliably for the absorption and thus to measure the
intensities of the gamma rays in the coincidence spectra relative
to the 645-kev transition.

The comparison of the intensities of the gamma rays to
that of the 645-kev gamma ray has the additional advantage that
in the spectra coincident with the 328- and 293-kev transitions,
the 645-kev peak is due to a single transition.

Since the 293- and 328-kev gamma rays are not separated
cleanly by windows A and B, the following method of analysis was
used to discover the probability of a coincidence between a selected
gamma ray and each of the 293- and 328-kev transitions alone.

Let X represent the probability that ;he gamma rays included
in a given peak, P, of the coincidence spectrum be in direct coin-
cidence with the 328-kev transition, and Y represent the probability
that the gamma rays in the same peak be in direct coincidence with
the 293-kev transition. Then, since the 293- and 328-kev transitions

are in cascade, that part of the coincidence peak counting rate due

to coincidences with the 328-kev pulses in window A will be

N, w e ] [ w e 1 Fp (X + Y)
«
L* Xl LY ¥ %1328

where FA is the fraction of the 328-kev photopeak contained in window
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A. A similar expression exists for the 293-kev coincidences. The

total coincidence rate in P associated with window A is then

NPA=N0[1 (;Di] L wiJ F, (X+Y)+[ :): :\ £,¥
Tip MR EPH L T 1293

where fA is the fraction of the 293-kev photopeak. This expression
is of the fomm

NPA = No (CAX + kAY)

where C, and k, depend on F, and f, which can be found from a graphical
analysis of the singles spectrum in the gate A and on solid angle
factors which are known (Appendix I1). Similarly for the window B

we have

NPB = No (CBX + kBY).

Once N are measured, these two equations are suf-

pa 8nd Npp
ficient to determine NOX and NJY - the intensities of the gamma rays
in the peak, P, directly in coincidence with the 328- and 293-kev
transitions respectively. This process was performed for all the
peaks in the coincidence spectrum. Then since the experiments had
not been performed with a source-to-detector distance of 7 cm.,
intensities relative to the 645-kev transition were obtained in order
thgt a comparison might be made to the intensities as deduced by Kern
and Backstrom.

This method of determining X and Y was tested by varying the

fractions F and £ in the two windows A and B. It was found that

relative intensities deduced were quite constant even when these
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parameters were varied over a wide range.

In addition, the method has an internal consistency check.
Since it is well known that the 645-kev transition feeds the 622-kev
level, the value of X for this case is expected to be zero. In fact,
the measured values of X obtained for the 645-kev peak in different
runs were found to be small and scattered randomly about the value
zero. In a similar fashion, the pair of unresolved gamma rays at
1715 and 1786 'kev, predicted by the decay scheme to be in direct
coincidence witﬁ the 328-kev transition, led to values of Y which
scattered about zero.

The intensities of some of the gamma rays were also measured
throughﬁan electron-gamma experiment employing the double lens mag-
netic épectrometere In this experiment, the method outline in
Chapter IIl was used; the counting rate in coincidence with the
328-kev transition was measured by taking the difference in the
coincidence rate on and off of the 328 K conversion line. The inten-
sities of the various gamma rays relative to the 645-kev transition
were then determined from a knowledge of the underlying compton dis-
tribution and the photopeak detection efficiencies. The intensities
of the gamma rays in coincidence with the 293 K - line were more
difficult to determine because there was interference from 1r192
(for financial reasons, the sputtered sources were not made from
the enriched iridium), and because the coincidence rate when sit-

ting on the K - line was only slightly greater than that when



sitting off the peak. Consequently no reliable intensities were
obtained from this electron-gamma coincidence experiment.
Additional information about the decay scheme can also be
garnered from the measurement of the beta rays in coincidence with
the different gamma rays. These experiments were performed in a

192

manner. similar to the ones outlined in Chapter V for Ir Again

sputtered spots of iridium were irradiated for 10 hours to produce

workable sources. However, since Irlg4 has beta groups of much

higher energy than 192

, the range of momentum used in these exper-
iments was extended to 8,000I1P.

The beta-gamma coincidence rate for each peak was taken as
the sum of the counts in the appropriate channels of the analyser
after the correct compton distributions had been subtracted.

Unfortunately, the gamma ray detector used for the beta-
gamma experiments was slightly larger than that used in the gamma-

2

gamma experiments (5.0 x 5.0 e¢m.” rather than 4.0 x 5.0 em? ) and

its photopeak detection efficiency and compton response were not
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as well known experimentally. Therefore the data of Miller, Reynolds

and Snow (1958) and the behavior of the 4.0 x 5.0 cm? crystal were
used to make the corrections for detection efficiency and for
compton distributions.

Results The presentation of the experimental results will be kept
as independent as possible of previous work. However, on occasions,
it will be necessary to refer to the decay scheme of Figure 17 for

guidance in the interpretation of the coincidence spectra.
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(1) Coincidence Relationships The coincidence spectra obtained with

the windows A, B and C (hereafter referred to as spectra A, B and C
respectively) are shown in Figure 19. From these, information con-
cerning & large number of cascades can be obtained. Although the
appearances of these spectra are very similar, there are significant
differences which will be discussed in turn.

(a) The rather prominent peaks at 905 kev and 1490 kev which
appear in spectrum C are either not present in spectrum B or are
masked by the much stronger 940- and 1450-kev peaks. Also in spec-
trum A, the peaks at 900 and 1450 kev are very broad suggesting that
many components are present. These two observations indicate that
there are 905- and 1490-kev transitions feeding the 622-kev level.
The 905-kev peak is probably an unresolved (890 + 925)-kev doublet
(Figure 17).

(b) In spectrum C, a bump is evident on the upper side of
the 905-kev peak. This bump has been accentuated in ﬁhe insert by
subtracting the compton distribution of the 1160-kev peak. From
the decay scheme, it can be seen that -1000- and 1049-kev gamma rays
are expected to be in coincidence with the 622-kev transition. In-
deed, this bump can be resolved into two peaks of equal intensity
at these energies without forcing the data. Therefore, there is
strong evidence that these gamma rays do feed the 622-kev level.

(c) A gamma ray of 940 kev appears in spectrum B but not
distinctly in any other spectrum. Therefore there is a 940-328

kev cascade.
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(d) The peaks at 645 kev and 1160 kev are seen to be present
in all three spectra. However, the height of the latter peak compared
to that of the 645-kev peak is considerably reduced in the coincidence
spectra associated with windows A and C. Therefore, although there
is a transition of about 1160 kev (the decay scheme suggests that the
gamma ray has an energy of 1184 kev or 1175 kev) feeding the 622-kev
level, most of the intensity of the 1160-kev peak feeds the 328-kev
level,

Figure 20 shows two regions of a spectrum taken in coincidence
with & window that spanned the complete peak at 300 kev. The region
of lower energy presents the spectrum between the 1160- and 1450-kev
peaks, The date indicates that there is a gamma ray of about 1290
kev on the high energy side of the Ll60-kev peak. When a compton
distribution for the 1450-kev transition has been subtracted, the
dashed curve of Figure 20 results. This curve accentuates the 1290-
kev transition and suggests that a second still weaker transition of
about 1340 kev is also present. Both of these transitions are pre-
sent in the decay scheme.

The higher energy region shows the peak of highest energy in
coincidence with the 300-kev gamma rays. This peak of 1750 kev is
readily decomposed into two components with the aid of a line shape
from a:1600-kev transition in La14°. The two transitions have ener-
gies of 1715 ¥ 10 and 1786 *10 kev respectively, and an intensity

ratio of about 1 to 3.
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Coincidence experiments were also performed with window D and
a window that extended from 1400 kev to the top of the spectrum. The
results of the former experiment confirmed the fact that an 1160-kev
gamma ray is in coincidence with both a 300-kev and a 600-kev gamme
ray. The latter experiment showed that there were no prominent gamma
rays between 150 and 275 kev.

The results of all of the coincidence experiments are summa-
rized in Table VII. Instead of merely indicating that a coincidence
has been observed, the entry in the matrix indicates the level from
which the cascade originated. The energies of these levels have been
taken from the work of Kern and Backstrom.

(2) Gamma Ray Intensity Measurements Before the results of the in-

tensity measurements are presented, it is well to recall what has
been measured by the technique employing windows A and B. In these
experiments, the intensities of the gamma rays in direct coincidence
with the 293-kev and the 328-kev transitions were obtained. However
since the 293-kev transition depopulates a level from which another
gamma ray radiates (622 kev), the intensities of the gamma rays meas-
ured in coincidence with the 293-kev transitions are smaller than the
total intensities of these gamma rays. These total intensities can,
however, be found if a correction for the branching ratio from the
622-kev level is applied. From Kern and Backstrom's intensity values
for the transitions involved (293 kev and 622 kev) this ratio,

b293 - 622 1s 0.88. This is a small correction and any reasonable

error in it does not seriously affect the results to be deduced. It



TABLE VII1

Coincidence Cascades Observed

Energy of peak A B
and components chiefly 328
(kev) 293 kev kev
293 622
328 622
622
645 1267 1267
890 1512
905 «{
. 925 1547
940 1267
1000
1049
e 1151 1480
1160 { and
L 1186 1512
1175 1806
1160 and/or and/or
1186 1798
1294 1622
1342 1671
1450 17784
14904HF 2114
s L715## 2044
1750 ¢
. 1786 2114
# - Level not in the deca

## - New transition in Ir

1t

Window
C D
645 + 622 1160
kev kev
1267 1806 and/or
1798
1267 1480 and
1512
1267 1798 and/or
1806
1267
1512
1547
1622
1671
1806
and/or
1798
2114

XAScheme of Kern and Backstrom
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might be pointed out that this factor is only necessary to obtain
intensities relative to the 645-kev transition for the gamma rays
directly feeding the 328-kev level.

These adjusted intensity ratips are presented in Table VIII,
The first column lists the gamma rays for which results have been
obtained. The second gives the relative intensities of these radia-
tions as deduced from windews A and B. Each of thase values is the
mean of several detemminations.

The third column presents the results when the 600-kev peak
is used as the window. Because window C contains both members of
the 622-645 kev doublet, the rate for the 645-kev peak will be
doubled. This effect has been taken in account in calculating these
ratios.

In the fourth column are the intensities of the gamma rays
in coincidence with the 328 K conversion line from an electron-gamma
experiment. As was pointed out earlier, the similar experiment with
293 K - line proved relatively fruitless. However, the coincidence
rate obtained between this line and the 1160-kev gamma ray peak was
compared to the same rate obtained with the 328 K - line., The re-
sult of this comparison, after a correction for the difference in
the internal conversion coefficients of the two lines had been made,
is alsp included in this column.

The fifth column contains the average of the columns 2, 3
and 4 renormalized at the intensity of the 645-kev transitioﬂ to

the scale of Kern and Backstom.
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TABLE VIII

Intensities of Gamma Rays in Etl94

Relative Intensities

Energy of From - From
Gamma Ray Windowsa Window From MacArthur Kern and
(kev) A and B C e - X Backstrom
293 1.4 1.58 o % 1s 1.8 ¥ 2
622 1.5 ¥ .3
645 1.00 1.00 1.00 4.9 b9t 4
890 - | 19 % o2
} 0.07 11 0.4 % 2 .
925 . .16 ¥ o2
940 0.74 0.54 3.1 % .8 2.7 1
1000 2% o0as? o3
1049 2t 013 % Lol
1151 2.9 % 1
} 1.05 0.88 4.7% 1.0 .
1186 - 1.6 % 1
1175 0.3 % .05
and/or .06 .10 .06 N .
1186(293) 1.6 % 1
1294 3% 1s .48 Y 05
1450 .13 14 66 * .15 1.7 7 1
1490 .04 .04 a8 ¥ o4
1715 .
] .04 17 ¥ Los .
1786 046 ¥ .015
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Also included are the intensities for the 1000-, 1049- and
1294-kev transitions. The first two were obtained from a comparison
of their peaks to that of the 1160-kev peak while the last was ob-
tained from a comparison to the peak height of the 1450-kev tran-
sition.

The errors in all the measurements are very difficult to
caluclate. The values shown were estimated from the constancy of
all the intensity determinations and are quoted in the fifth cblumn.

The last column lists the intensities of Kern and Backstrom
for the gamma rays measured here.

(3) Beta-Gamma Coincidehce Experiments The results of these experi-

ments were obtained from the Fermi analyses shown in Figures 21 to
25 inclusive.

From the experiments which involved coincidences with the
300-kev gamma ray (Figuré 21), beta groups of end-point energy
1.93 ¥ .03, 1.62 T .05 and 0.97 ¥ .07 Mev were definitely found.
Additional counting rate was left when these three groups had been
subtracted, but because of the larger errors on the low energy data,
it was impossible to draw any valid conclusions from them.

The experiment involving the 600-kev gamma rays (Figure 22)
verified the existence of beta groups with end-point energies of
1.62 ¥ .03, 0.97 M .03 and 0.48 ¥ .06 Mev. The low energy group
was further identified by the coincidence experiment between gamma
rays of 1450 kev and beta rays. 1In that study (Figure 25), this

group appears alone and the energy of the end-point is found to



~145-

e 1.2 14 1.6 - 1.8 20
ENERGY (MEV)

e 300—'[3

0.2 04 06 0.8 10 1.2

ENERGY (MEV)
FIG 2l



146~

005!

- ¢¢ 9id
(A3X) A9Y3N3
0001 - | 00S 0




-147-

¢ 9l4d
(A3X)  ADHY3N3
00!l 0QO 000G 503 00L 009 006 o]6} 4 00¢ 00¢ oo
w _J/ I i | | ' ! ! !
1 g
5 1,z
N
I
—~ 19
gf
- d — ove 8
] ] ] 1 ] l 1 ] |




-148-

b OId
. (A3X)  ASY3N3
000l 008 009 8]0} 4 00¢

Il 3! I J . ] I
T .

m_l. osli

cl



~149.

0Co

(A3M)
006 010} 4

gg 9l4d

00¢

JOEERE
002

f

|

[

¢ — ogp!

.
e

|

<
N)

(o}
3,1(; JH/



~-150-

be 0.450 t .030, It is of course not certain that these two groups
are in fact one and the same since there are so many levels in Pt194
at the level of excitation fed by beta rays of this energy.

Beta rays coincident with the 940-kev gamma ray have an end
point of 1.00 * .03 Mev (Figure 23), Again there is a hint of a
second group of lower energy but the analysis was not extended to
include this group because the subtract;on of the compton distribu-~
tion for the 1150-kev gamma rays drastically reduéed the statistical
accuracy of the information below 300 kev.

The analysis of the beta-gamma coincidence rates involving
the 1160-kev gamma rays is shown in Figure 24. 1In addition to the
strong beta group with an end-point energy of 0.74 T oo Mev, there
seems to be some evidence for a higher energy group extending to
approximately 1060 kev. However, the evidence for this group really
hinges on two or three points with less than 10 counts in each, and
it is therefore impossible to draw any reliable conclusions concern-
ing this group. If this weak component is real, it would necessitate
the existence of a level at approximately 1160 kev. Such a level has
not been postulated previously. The intensity of this high energy
group is so weak that it has little effect on the analysis of the
0.74-Mev group.

The intensity of the various beta groups éan be obtained
from the straight lines of the Fermi analyses with the aid of the

photopeak detection efficiencies obtained in the manner already

described. These are displayed in Table IX.
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TABLE IX
Intensities (%) of Beta Groups from Beta-Gamma Experiments
Coincident Beta End Points (Mev)
Coincident
Gammea Rays 1.93 1.62 0.97 0.720 0.45
(kev)

300 5.0¥1.0 1.3°%

£
-
[0 ]
1 4 1
B~

600 2.5% 4x 1.8 5.0 ¥ 2.0%

IS

940 2.0

L4
| &

1150 1.2 7 .3

1450 0.45 T .13
* Greatly dependent on the probability-of-detection factor, which

is uncertain.

Since the decay scheme is not well established above 1300
kev, probability-of-detection factors for beta rays feeding levels
above this energy cannot be deduced. Therefore, any intensity given
in the table outside the boxed area represents the intensity of the
beta ray group directly feeding the coincident gamma ray tested in
the first column. The total intensity of each of these beta groups
is larger than the values quoted. Below 1300 kev, the level struc-
ture is better known and the appropriate facé¢tors can be deduced.

The measured intensity values of column 5, Table IX, in combination
with the 622-kev intensity of Kern and Backstrom lead to the follow-

ing values for these factors:
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1

By 92

300 kev - B P) .62 = 2byg3 . gpp = 1.65

P 1.38

+

0.97 = Poso - 645 ¥ 2bess - 040 P293 - 622

P 62 = Peoz - 293 = 0.17
600 kev - F

P0.97 = Pe4s - 940 ¥ Peas - 940 Pe22 - 203 = 0-71

940 kev - p 20.97 = b940 - 645 = 0-39

It should be noted that bgo,y . 293 1s very sensitive to the relative
intensities of the 293- and 622-kev transitions, and that there is a
considerable discrepancy between the value 0.1l using Kern and Back-
strom's data and the value of 0.25 obtained £rom Johns and Nablo's
measurements. The value of 0.17 used above is from Table VIII. The
other probability-of-detection factors obtained from either Kern and
Backstrom's or Johns and Nablo's data agree quite well with those
given above.

The intensity of the 1.93-Mev beta group quoted in Table
'IX should be very reliable. 1t is deduced directly from measured
counting rates and a known photopeak detection efficienéy. Indepen-
dent confirmation of this 57 value was found in an electron - beta
experiment in which one spectrometer was set on the K conversion
peak of the 328-kev transition and the other was used to scan the
beta continuum. In this experiment, the intensity is determined from
counting rates and the known solid angle aécepted by the spectrometer

focussing the conversion electrons. Although the statistical accuracy
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"obtained in this experiment was much poorer, the fact that the value
obtained was 7 ¥ 3% supports the better measurement given in Table IX.

The three different measurements for the intensity offtﬁe
0.970-Mev beta group show gratifying coﬁsistency. This consistency
offers indirect support to the decay scheme from which the probability-
of-detection factors were deduced and to the correctness of the photo-
peak efficiencies used.

The intensities oftthe 1.62-Mev anq\the 0.450-Mev beta
groups deduced from the 600-ké§ gamma ray expéfiments are rather
suspect because of the uncertainty in the probability-of-detection
factor discussed above. This is not true for the 0.97-Mev beta
group because B5% of the counting rate is due to the 645-kev gamma
ray.

The measured intensity of the beta rays feeding the 1150-
kev gamma rays is the mean of two determinations obtained in com-
pletely separate experiments, and should bé quite reliable. 1In
addition, the intensity of the beta group feeding the 1450-kev gamma
rays is obtained from a clean reliable experiment.

Discussion The coincidence cascades established in these experiments
confirm in nearly allyrespects the decay scheme of Kern and Backstrom
established by energy fit and reference to the decay of aul®, 1o
particular, evidence has been presented to show that the 328-kev
level is fed by the gamma rays of energy 293, 940, 1151, 1184, 1294,

1342 and 1786 kev observed by these workers. The present experiments
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also show that the 622-kev level is fed by gamma rays of energy 645,
890, 925, 1000 and 1049 kev, and a weak transition near 1180 kev. All
of these were placed correctly in the decay scheme by Kernband Backstrom,
The differences merit more detailed study.

(a) The 1715-kev transition feeding the 328-kev level de-
excites the level at 2044 kev. It has been seen in the Aul94 decay,
and its low intensity in the 1rl94 decay explains why it was missed in
external conversion studies.

(b) The 1184-kev gamme ray was located at two places in the
decay scheme by Kern and Backstrom. The present experiments show that
it should be described as the 1512-328 kev transition, This conclusion
is reached from the gamma-gamma experiments which showed that the inten-
sity of the 1160-kev peak directly in coincidence with the 293-kev line
is about the intensity of the 1175-kev gamma ray and much too small to
be associated with an 1184-kev transition feeding this level. This
view 1s supported by the fact that the beta rays feeding the 1160-kev
gamma rays show no strong component with a 0.44-Mev end point. This

t al. in the decay of

assignment agrees with that made by Backstrom
Aul94 \

(c) A transition of 1490 kev was found to feed the level at
622 kev. This is undoubtedly the 1493-kev transition reported by

Backstrom et al. in Aul% and helps to depopulate the 2ll4~kev level.

(d) 1Instead of the 1469-kev peak expected from the decay

scheme of Kern and Backstrom, a gamma ray of 1450 kev has been found
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to feed the 328-kev level. This consistent effect cannot be due to an
error in calibration since the calibration was checked over this entire

60

region with the Co single and sum peaks, and all the other peaks

194. Furthermore, the observed

corresponded to known energies in Ir
| 1450-kev transition is considerably weaker than the 1469-kev transition
reported by Kern and Backstrom.

Both 1450 and 1469 kev transitions have been observed in Aul9%
with an intensity ratio of 115, Backstrom et al. looked for coinci-
dences between the stronger of these and the 328-kev transition, but
their measurements were inconclusive. These results, combined with the
present experiments, suggest that the 1469-kev transition has been |
wrongly placed in the decay scheme, and that is is probably a ground
state transition defining a level at 1469 kev. Support for the exis-
tence of this level can be found in the presence of a very weak 1141-
kev transition in Aul®4, This trénsition has not been placed in the
decay scheme, but would be the trensition from this level to the 328-
kev level. It would certainly Qave escaped detection in the experi-
ments of Kern and Backstrom and Johns and Nablo.

The 1450-kev transition observed indicates that the level at
1779 kev, which is populated in the decay of Au194, is also fed in
the decay of 1194, However, the possibility cannot be excluded that
the 1798-kev level iélalso real,:since even if it 1is not depopulated

by a 1469-kev transition, it is supported by the 1798-kev ground state

gamme ray and a weak 1175-kev transition to the 622-kev level.
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The results of the beta-gamma experiments confirm the exis-
‘tence of the beta groups seen by Johns and Nablo and Mandeville, Varma
and Saraf. 1In addition, they show that beta transitions occur to the
622-kev level; to one or more of the levels at 1500 kev and to the
1779-kev level. However, the intensities of the beta groups do not
agree with those of Johns and Nablo. This is not surprising sinée
the high intensity of the grpund state transition makes it very difficult
to perform a meaningful Fermi analysis of a singles spectrum.

The intensity of the transition to the first excited state
can be used to relate the gamma ray and beta ray intensity scales.
However, in order to do this an intensity for the 328-kev transition
must be assumed. It is known from both the work of Johns and Nablo
and that of Kern and Backstrom that the intensity ratio of the 328-
and the 293-kev transition is 5.1:1. Therefore on the MacArthur
scale, the intensity of the 328-kev transition is 37.

The total gamma ray.intensity into the 328-kev level is
about 16 units. Hence the beta group of intensity 5.0% is supply-
ing 21 units and the absolute intensities of the gamma rays can be
found from the MacArthur scale by dividing by 4.2. The absolute
intensities are presented in Figure 26 (for the stronger radiations).

From the intensity balance, the intensity of the beta group
which feeds each level can be predicted. The values predicted from
the gamma intensities observed by MacArthur, Kern and Backstom and

Johns and Nablo are tabulated in columns 2, 3 and 4 of Figure 26.
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Column 1 represents the experimentally detemmined beta intensities.
The agreement between these and those in column 2 is very gratify-
ing. The lack of agreement with columns 3 and 4 suggests that

there are systematic errors involved in the gamma ray intensities
measured by external conversion. These errors are probably con-
tained in the intensity measurements of the 293- and 328-kev transi-
tions since these fall in a region where the photoelectron converter
efficiencies are difficult to measure. Recent experience in this
laboratory (Artna (1961)) suggests that the intensities of the
gamma rays of 300 kev are too low. An upward adjustment in the
intensity measurements of Johns and Nablo would bring the predicted

beta intensities into better agreement with those of MacArthur.
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B. DIRECTIONAL CORRELATION EXPERIMENTS

Introduction Several research groups have performed directional

correlation experiments on Ptlg4

and have succeeded in identifying
the spins of the 328-, 622- and 1267-kev levels.

Mandeville, Varma and Saraf through the correlation of the
293-328 kev cascade assigned a value of 2 to the spins of the first
two excited states. These spin assignments were confirmed by the
coulomb excitation experiments of McGowan and Stelson (1957).

Johns and MacArthur (1959) and Marklund, Van Nooijen and
Grabowski (1960) determmined from the strongly anisotropic pattern
of the 940-328 kev cascade in Ir'%% that the spin of the 1267-kev '
level was zero. Furthermore, in their search for zero spin states,
Marklund,Van Nooijen and Grabowski found that the 1160-328 kev
cascade was also strongly anisotropic. From the fact that Kern
and Backstrom were finding a 1512-kev gamma ray and not a 1480-kev
one, they concluded that the state of 1480-kev has a spin of zero.
This was subsequently confirmed by Kern and Backstrom in their com-
pleted work when an EO transition of 1480 was found.

Butt and Nicholson (1962) have also investigated these
cascades. They based their interpretation on the decay scheme of
Kern and Backstrom and reached conclusions similar to those of the
previous workers except that théy considered that the 300-300 kev
cascade was actually an average of four different cascades. They

therefore were able to assign a spin of 3 or 4 to the 923-kev level.
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The experiments described in this section were performed
during the period of these publications and duplicate them. How-
ever an additional cascade has been studied and the interpretation
of the 1160-328 kev cascade has been extended since it is based on
the knowledge of the decay scheme gained in Part A.

Experimental Method Sources of iridium metal enriched to 98.7% in

193

Ir were irradiated for a short time and then centred in the direc-
tional correlation table already described. Coincidence counts were
recorded for 25 minutes at each of the nine angular positions be-
tween 90° and 270° with the electronic arrangement of Figure 4A,

This counting interval allowed three runs back and forth through the
two quadrants during the two half-lives in which the source was con-
sidered workable.

Since the coincidence efficiency of the electronic circuit
was known to be quite stable for periods of several days, the angular
positions were taken sequentially. However, the gating channel spec-
trum was observed before and after each count in order to check on
the drifts in the energy stability of the counter and to judge the
effect of the latteéer on the coincidence rate. If a drift of 5% or
more had occurred, the data was rejected. [Finally the decay of the
coincidence rate at each angle was measured and any run which did not
follow the expected decay curve was discarded.

The six coincidence spectra at each angle were then added

together and plotted, and a careful analysis of the underlying compton
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distribution of each peak was made with the aid of standard line
shapes. The net counting rate due to the cascade for each angle
was thus obtained and the rates at the complementary angles com-
pared. If the sets agreed within the statistical limits, they
were averaged and the net average rates plotted as a function of
the angle. The experimental angular correlation function was
determined from this data by the least squares method.

Results

(1) The 940-328 kev Cascade This cascade was examined to determine

the spin of the 1267-kev level. Even before the compton distribution
from higher energy gamma rays was subtracted, the correlation pattern
showed a strong anisotropy. Nevertheless, a careful analysis of this
compton distribution was made in order to obtain the true correlation
pattern. In addition, a narrow region of the peak was used in deter-
mining the coincidence rate in order that nearby gamma rays might be
excluded as much as possible. The experimental points and the least
squares fit to them are presented in Figure 27. (The statistical
errors on each point are only slightly larger than the circles drawn.)
The coefficients A, = 0.39 T .06 and Ay = 1.04 ¥ .10 are very close
to the values 0.36 and 1.14 characteristic of a pure 0-2-0 cascade
and permit no other interpretation than that the spin of the 1267-
kev level is zero.

(2) The 1450-328 kev Cascade This cascade was examined to establish

the spin of the 1779-kev level.
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The 1450-kev gamma ray does not sit on a large compton

distribution and therefore the observed correlation pattern for the
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cascade is relatively insensitive to other cascades. The correlation

pattern shown in Figure 28 was obtained from about 1200 counts per
position. The Ay, and A, coefficients when transferred to Figure 13
indicate that the possible spin sequences for this cascade are
4-2-0, 3-2-0 and 1-2-0. This experiment would therefore limit the
spin of the 1779-kev level to 1, 3 or 4. The spin 4 choice can be
rejected at once because it would be impossible to populate this
level by beta decay from the 1- ground state of 1r1% . The spin 3
choice is also unlikely since the log ft value for the beta transi-
tion to the 1779-kev level is 7.9.

Figure 28 presents the analysis of the coefficients for the
1-2-0 cascade. It can be seen that the 1450-kev radiation is almost
pure dipole in character. An analysis of the data in terms of a
3-2-0 cascade would also lead to a dipole assignment for the 1450-
kev gamma ray.

(3) The 1160-328 kev Cascade In as much as the 1160-kev peak in-

cludes many gamma rays, the interpretation of the correlation pat-

tern involving this peak is somewhat complex. It will be recalled
that the 1184-kev gamma ray, which had been placed in two positions
in the decay scheme by earlier workers, was shown to be entirely

in coincidence with the 328-kev transition. Therefore, the 1160-

328 kev correlation pattern may be considered as due chiefly to two
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cascades, 1151-328 kev and 1184-328 kev. The effect of the weaker
cascades that are probably present will be dealt with in the
discussion.

The 1160-kev peak sits on a compton distribution which can
contribute as much as 16% to the total counting rate. However, the
compton distribution is known with sufficient accuracy that the error
in it does not affect the correlation function significantly. Figure
27 presents the correlation data obtained by amassing 4000 net counts
per position. This pattern is so anisotropic that it is at once
evident that it contains a 0-2-0 cascade.

It is known from the work of Kern and Backstrom that there is
a 1480-kev EO transition. Therefore, the 1151-328 cascade is the one
producing the 0-2-0 pattern. The correlation of the 1184-328 cascade
can then be obtained from the measured coefficients.

If a is the probability that the 1184-kev gamma ray is con-
tributing to the 1160-kev peak, the following expressions describe

the situation,

(1 - a) Ay(1151) + a Ay(1184) = A,(exp.)

and (1 - a) A4(1151) + a A4(1184) = A4(exp.) ,

where the A coefficients are associated with the gamma rays shown
in parentheses.,

However, the coefficients A5(1151) and A4(1151) have the
values 0.36 and 1.14 respectively. 1In addition, Kern and Backstrom

have made a careful measurement of the relative intensities of the



- 166~

1151~ and 1184-kev radiations. These measurements lead to the value
of 0.33 T .03 for a. With this information and the experimentally
measured coefficients Az(exp;) = 0.119 ¥ 015 and A,(exp.) = 0.759
t 025, a straightforward calculation leads to A,(1184) = -0.36 T .09

and A,(1184) = -0.02 * .15. These coefficients are consistent with

the following interpretations (Figure 13).

1-2-0 0.2¢< d< -0.03
3-2-0 0.25 < J< 0.70
3-2-0 3 (d< 12

Again, the spin 3 assignment is unlikely, for the same reasons as
given when the 1450-329 cascade was discussed.
Discussion

(1) The 1267-kev Level The spin zero assignment for this level

has been obtained by four groups of workers, using the directional
correlation method. All groups obtain a large A, coefficient which
establishes this cascade, but the actual coefficients obtained dif-
fer quite markedly. The present work, in which extreme care was
taken in correcting for underlying compton distributions, gives the
largest value and the one closest to the theoretical coefficient.
An earlier investigation in this laboratory (Johns and MacArthur
(1959)) gave the lowest value. It is now realized that the compton

contribution in the earlier experiments was greatly underestimated.

(2) The 1779-kev Level Evidence for the population of this level
194

in the decay of Ir was first obtained in the present experiments,
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194 studies. The spin

although it was known to exist from the Au
assignment from the directional correlation measurements is 1 or
3. The second choice requires a first forbidden unique transition

194 to this level, and no evidence for the unique shape

from Ir
appeared in the beta-gamma experiments described in Part A of this
chapter. On these grounds, the spin 3 choice is rejected and the
1779-kev state is assigned a spin of 1. In addition, it is con-
cluded that the 1450-kev transition is predominantly dipole.

The possibility that other cascades are contributing to
this correlation pattern cannot be excluded. 1In fact, it is known
that approximately 20% of this 1450-kev peak is due to a gamma ray
feeding the 622-kev level. Since its correlation pattern'is not
known, it is not possible to make a correct allowance for it.
However, unless the pattern for it is quite anisotropic, it is not
possible to change the directional correlation sufficiently that a
spin of 2 for the 1779-kev level is permitted. On the other hand,
the mixing ratio for the 1450-kev transition is made somewhat
'uncertain by the existence of the second transition. Despite this
uncertainty, the transition is still likely to be predominantly
dipole.

(3) The 1480- and 1512-kev Levels The spins of these two levels

have been determined as 0 and 1 respectively. The coefficients
obtained for the mixed cascade in this work are intermediate in

value between those of Butt and Nicholson (1962) and Marklund,
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Van Nooijen and Grabowski (1960). However, all three experimental
values are in essential agreement when differences in the widths of
the windows used are taken into account. Neither of the other
groups of workers attempted to analyse their data for the 1184-328
cascade, nor is it possible from their published data to decide
precisely what fraction of the 1151l-kev and 1184-kev transitions
their window accepted,

Despite the fact that there are several gamme rays contri-
buting to the 1160~kev peak, it has been treated as though it con-
tained only the 1151- and 1184-kev radiations. The decay scheme
of Figure 17 indicates that transitions of 1104-, 1175- and 1219-
kev would also be included. The efifect of these will now be
considered.

The 1219-kev transition has the strongest intensity of
these and is believed to originate at a level with a spin of zero
(Kern and Backstrom). 1Its correlation pattern would then be the
same as that of the 1151-328 cascade. Therefore, the effective
contribution of a 0-2-0 cascade to the total pattern would be
increased, and the coefficients for the 1184-328 cascade,

A2(1184) and A, (1184), would become more negative. This effec-
tively pushes the rectangle on Figure 13 further from tﬁe ellipse
of a 2-2-0 cascade and makes the spin 1 assignment of the 1512-
kev level more secure.

The effect of the other cascades is expected to be less



pronounced. Furthermore, any pattern that is going to change the
coefficients in the direction necessary to allow a 2-2-0 cascade
must have a more negative anisotropy than that of the 1184-328
cascade determined here. Since cascades which can produce such
anisotropies are rare and since the gamma rays involved in the
cascades are weak, it is difficult to escape the conclusion that
the 1512-kev level has a spin of one. The mixing ratio of the
1184-kev transition is, of course, very sensitive to the precise
correlation pattern and therefore cannot be well defined. HoweQer,
the region of the 1-2-0 ellipse contained in the box suggests that
it is largely dipole.

Conclusions

The gamma-gamma and beta-gamma coincidence experiments
described offer positive support for the energy levels in pel94
proposed on the basis of energy fit by Kern and Backstrom at
energies of 0, 328, 622, 1267, 1480, 1512, 1547, 1622, 1671, 2044
and 2114 kev.

A new level at 1469 kev has been proposed to explain the
observed coincidence spectra. This level has not been identified
in the Aul% decay, but transitions required to establish it (1469
and 1141 kev) were observed in the gold spectrum. It has also been
found that the level at 1779 kev identified from the aul%% studies
is populated in the Irlg4 decay.

No evidence has been obtained to substantiate or disprove

the existence of levels at 923, 1432, 1803, 1817, 1830 and 1925 kev

-169-
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proposed by Kern and Backstrom. Evidence has been found in support
of their levels at 1798 kev and/or 1806 kev.

The beta-gamma coincidence experiments have shown that beta
rays feed the levels at 328, 622, 1267, 1480 + 1512, and 1779 kev.
There may be weaker groups feeding other levels. The absolute inten-
sities of the beta groups feeding the 328-, 622- and 1267-kev levels
are 5.0 1 1.0%4, 1.3 Y 4% and 1.8 ¥ .43 respectively. The ground
state transition accounts for about 887 of the disintegrations.

‘The directional correlation experiments have shown that the
spin of the 1267-, 1480- and 1779-kev levels are 0, 0 and 1 respec-
tively, and that the level at 1512 kev probably has a spin of 1.

Several general observations concerning the level structure

92 194

of Ptl and Pt can now be made.

(a) The position of the low lying levels in the two nuclides
fom a strikingly similar pattern although they are populated in dif-
ferent ways. On the other hand, a different set of high energy levels
is populated from the decays of 1rl92 and 1rl9 because their ground

state spins are markedly dissimilar.

194 ar

(b) Below 1925 kev, identically the same levels in Pt e

194 194

populated in the decays of Au and Ir This occurs because the

ground state spins of these nuclei are the same. Above 1925 kev, the

194 reduces the probability that similar levels

lower decay energy of Ir
will be populated.

(c) Because of the high density of levels above 1300 kev in
Pt194, it will be very difficult to make conclusive spin assignments
to these levels with the techniques of beta and gamma ray spectroscopy

presently available.



APPENDIX I

CATHODE SPUTTERING

Introduction

The success of beta-ray spectroscopy depends to a large
extent on the quality of the source preparation. For the inves-
tigation of the low energy region of the momentum distribution,
the thinness of the source is of the utmést importance because
the distribution is distorted when the energy of the electrons
is degraded in passing through the source material. Many methods
are available for preparing thin sources (Parker, De Croes and
Sevier, Jr. (1960). Because of its chemically-inert and refrac-
tory nature, iridium is difficult to make into good sources by
the normal methods. However, thin films of iridium with high
adhesion can be made through the action of cathode sputtering.
Several sputtering apparatus have been described (Strong (1938),
Novakov and Mladjenovic (1956), Belser and Hicklin (1956)). The
one described here is modeled after that built by Belser and
Hicklin, but has an electrode structure closer to that of
Novakov and Mladjenovic.

The Apparatus

Since cathode sputtering occurs most efficiently at a

pressure of about ten microns, an evacuated space must be provided.
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In the apparatus of Figure Al, the glass enclosure is a 4' to 1"

pipe reducer manufactured by the Corning Glass Company. The émall
top is closed by an aluminum header through which a half-inch diam-
eter aluminum rod is inserted. The rod carries the anode made of an
aluminum disc two inches in diameter. This arrangement allows the
electrode separation to be changed. The large end of the pipe
reducer sits on a plexiglass base with a large O-ring as a seal,

An aluminum tube through the centre of the base serves as the cathode
lead and as the exhaust. 1In order to prevent the discharge from
going to this tube, the latter is surrounded by a glass covering.

The cathode supported by the exhaust pipe is a small disc
of aluminum on which the material to be deposited is sprinkled. As
uniform a deposition as possible is laid down in order that the alumi-
num, which sputters to a small extent, might be covered.

In order to maintain the pressure at the required value, a
Welch Duo-seal backing pump of about 33 litres per min. is used.

The power requirement for the discharge is provided by a
simple pi-filtered power supply capable of delivering 70 milliamperes
at 4,000 volts. The normal bombarding current is 25 milliamperes.
Sputtering

The name, cathode sputtering, arises because the positive
ions that are formed in the discharge are accelerated in the cathode
dark space and impinge on the cathode with considerable energy caus-

ing cathode material to erupt from the surface. Although the exact
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mechanism of the cathode sputtering process is not known (Strong
(1938), Massey and Burhop (1952)), some experiments have given
clues to its nature. At low bombarding energies, Wehner (1954)
has shown that the mechanism is one of momentum transfer. How-
ever, as the energy 1s increased, the characteristics of a col-
lision phenomenon are lost, and the model of local heating and
evaporation can account for the results, It is probable that
sputtering is a result of both processes. Therefore, at the
higher bombarding eﬁergies, the atoms are emitted from the sur-
face in a distribution which is proportional to the cosine of
the angle of emergence.

Source Preparation

Sources'which are desirable for the coincidence spectrom-
eter are of small diameter, preferably less than 2 mm. To obtain
these, thin films of quartz were shielded with a sheet of miéa in
which had been punched a hole whose diameter corresponded to the
- desired size of the source. The mica was supported on ceramic
pillars placed out of the directed discharge and just beyond the
edge of the cathode dark space. In order to hold the quartz in
place behind the hole, a glass plate was rested on the quartz.

At a current of 20 milliamperes and a pressure of 20 microns, a
uniform deposit of less than lOO/’Lg/cm2 was laid in about three
hours. This thickness was estimated from the area of the source

and the source strength.
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The backing material for thesevexperiments had to satisfy
two requirements: firstly, it had to be able to withstand the heat-
ing during the sputtering process; secondly, it had to be of such
a nature that there was no undesirable radiocactivity formed in the
irradiation process performed after the sputtering. Quartz was
found to satisfy these conditions adequately.

Although iridium was the only material sputtered in con-
nection with this work, the method is applicable to those substances
which are difficult to handle by evaporation techniques. In addition,
the rate of deposition is easily controlled and the thickness of the

deposition can be made very uniform.



APPENDIX II1

CALIBRATION OF THE Nal(Tl) DETECTORS

A, PHOTOPEAK DETECTION EFFICIENCIES

Introduction As has been stated earlier, the high detection

efficiency of a Nal(Tl) crystal for gamma radiation has made the
scintillation spectrometer a valuable tool in Nuclear Physics.
Unfortunately, both the detection efficiency and the photo-
fracﬁion (the number of gamma rays detected in the photopeak to
the total number detected) are functions of the energy of the
gemma radiation and the source-to-detector distance. Therefore,
for quantitative measurements of gemma ray intensities, the
variations of the photopeak detection efficiency with these two
quantities must be known.

Berger and Doggett (1956) and Miller, Reynolds and Snow
(1958) have performed theoretical calculations to determine this
variation. However, the sizes of Nal(Tl) crystals and experimental
arrangements are many and varied so that each situation should be
treated separately., For this reason, a series of coincidence
experiments have been performed to determine the variation of the
photopeak detection efficiency with the energy of the radiation

for a specific experimental arrangement.
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Experimental Method In Chapter I1l, expressions f;r éeducing the
intensity of a gamma ray from & gatna-~-gamma coincidé_nce experiment
were get forth with the understanding that infcrmatiqaCCOncerning
the detection efficiencies ( we)/l * d.T of the detq;tors was
available. Conversely, if the intensities of the géﬁma rays are
known, these expressions can be used to determine the efficiency
factors for the crystals,

The experiment involves the measurement of the coincidence
rate between two gamma rays whose single channel counting rates are
also available., For the example of a cascade of gamma rays A and
B which occur in 100% of the disintegrations, the coincidence rate
is

Ny g = Nod, (wedyg (& lps (ALL.1)

1+<7§,B l+c»(,A

and the two singles rates are

wi
Ny ='Ng d (¢ pa (ALL.2)
A T
1+ o
A
and No=n f (Y8 (AIL.3)
B o¢, ———
Brwaxg

where F and M have been added to denote the fixed and movable
detectors of the coincidence arrangement to be described below.
= w /
When the fact that JA JB is used, ( é)MB/l + ’(B is
deduced from ALL.l and ALL.2 and ( uie)FA/I + OCA is deduced from

AIl.l and AIIL.3.
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From this examble, it can be seen that a necessary condition
for the utilization of the coincidence technique in the efficiency
calibration of the Nal(Tl) detector is firm knowledge of the decay
scheme on which the coincidence experiment is performed. For this

reason the following nuclei were chosen - In114 Coﬁo, Sc46, Hflsom

H
and LalAO. Although complete information is not available for the
last nucleus, it is known that the 1.60-Mev gamma ray is in coinci-
dence with all of the other transitions. This information is suf-

140 in the calibration of the

ficient to permit the use of La
crystals at 1.60 Mev.

Sources of these nuclei of strength 10-50 .«.C were placed
at the centre of the correlation table (Figure 5). The crystals
placed 7 cm. from the source were set at an angle of approximately
120° to each other in order to minimize the effect of directional
correlations in the cascades.

The counting circuitry depicted in Figure 4A was used in
all of the experiments. The singles counting rate of the fixed
counter, which served as the gating channel, was obtained by scan-
ning the spectrum to determine the photopeak position and the
amount of underlying compton distribution. The window was then
opened to accept pulse heights that corresponded to the photo-
peak of the gamma ray. Both a singles spectrum and a coincidence

spectrum were obtained in the multichannel analyser. For experi-

ments that required more than a few minutes in order to obtain



statistical accuracy, care was taken to check that no drifts in
peak positions had occurred.

The data obtained in this way was then treated in a manner
outlined earlier after corrections for compton distributions, if
any, had been made. 1In addition, since each crystal detects all
of the gamma rays in the spectrum and the source strength can be
found from AIIL.1l, 2 ané 3, each crystal can be calibrated at the
energies of all the gamma rays in the decay scheme. Furthermore,
when the roles of the gamma rays in the coincidence arrangement
are permuted, i.e. instead of detecting gamma ray A in the gating
channel gamma ray B is detected there, a second set of values for
the photopeak detection efficiencies can be obtained. The two or
more values were then averaged to obtain the final values. Except
for the values deduced for the gamma rays of g l80m
ments were taken as the photopeak detection efficiencies ( we) of

the gamma rays involved. In the case of pg180m

, a correction for
the internal conversion brocess was applied through’a knowledge
of the type of gamma radiatfon (E2) and the internal conversion
coefficients of Rose (1958).

Further measurements of the photopeak detection efficiencies
were made using the standard sources, Bal33, Na22, C8137 ana Mn54.
The experiments with these consisted of placing the source 7 cm.

from the crystal and counting the number of pulses in the photopeak.

Because these sources were discs of radicactivity the response of

, these measure- .
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the crystals to their radiati@n was not the same as that in the
coincidence experiments. However, the photopeak detection effi-
ciencies for these energies did fall near the curve followed by
the efficiencies measured in the coincidence experiment, and
therefore served as useful checks on tﬁe reliability of the
measurements.

Results The experimentally determined photopeak detection effi-
ciencies are displayed in Figure A2, They are found to lie on

a smooth curve from which the values for the different gamma
rays can be determined by interpolation. Since each crystal has
its own characteristics, this curve applies only to the movable
crystal (Harshaw Chemical Co. No. AS485). A curve, similar in
shape but of slightly lower value, resulted for the fixed crystal
(Harshaw Chemical Co. No. AL172).

Although no calculations are available for this exact
crystal -and source-toedetectoridistance, a comparison of the
general shape of this curve with published data can be made.
When a comparison is made to the calculations of Millér, Reynolds
and Snow, it is found that a curve constructed from their numer-
ical values does not have as much curvature in the region of 500
to 1000 kev. Since the difference is not large and the experi-
mental situation is different from thet e¢nvisaged in the calcu-
lations, the disagreemént may not be significant.

Curves such as these were used to provide the relative

photopeak detection efficiencies regardless of the source-to-
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detector distance. This procedure was felt to be justified since
in no experiment designed to measure intensities was the detector
closer than 3 cm. to the source. Also the shape of the curve is
not a strong function of the source-to-detector distance as is
evident from the theoretical calculation.

B. DIRECTIONAL CORRELATION CORRECTION FACTORS

Introduction While the axes of the detectors in a directional

correlation experiment are placed at a specific angle in relation
to each other, the angles between the directions of the detected
radiations vary about this setting because of the finite size of
the detectors. The coincidence rate at a particular angle of the
counters is therefore the average value of the correlation pattern.
about the angle. Rose (1953) analysed this problem and showed
that by suitable corrections to the coefficients in the corre-
lation functions, the decreased anisotropy because of this averag-
ing process could be removed. He also produced analytical expres-
sions for the correction factors. However, these involve a
knowledge of the photopeak detection efficiency as a function of
the angle of incidence. This is not available theoretically and
must be measured. This section describes the experimental

arrangement employed in determining this function.

Experimental Method The angular efficiency of each crystal was
determined at a number of gamma ray energies between 100 kev and
1.60 Mev by the method described below (Lawson and Frauenfelder

(1953)). A collimated gamma ray beam of width 0.6° at half the
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maximum intensity was formed by a lead collimator a foot long.
The crystal was then swung through this beam about a centre 7 cm.
from the face of the crystal as shown in Figure A3. The relative
photopeak detection efficiency of the crystal as a function of
the angle between the beam direction and the crystal axis was
then determined.

Results The behavior of the angular efficiency of a crystal as
a function of energy can be seen in Figure A4. It will be
noticed that as the energy of the gamma ray increases, the
effective solid angle of the crystal decreases. For energies
below 100 kev, the front face of the crystal defines the solid
angle, while for energies above 800 kev, the back face of the
crystal defines this angle.

The correction factors for the experimentally determined
coefficients in a directional correlation can be obtained from
these angular efficiency graphs by a numerical integration of
the following expressioné deduced by Rose (1953);

_/PO (1 - exp - 7 x(&)) dcose&

o
o
1

Jo = sz (1 - exp - T x(6&)) dcos &

[
il
|

[P4 (1 - exp - 7 x(&)) dcos &

where P 2

is the efficiency measured in these experiments. This has been
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o» Py and B, are Legendre polynomials and (1 - exp - 7 x(@))

done, and the results for the crystal (Harshaw Chemical Co. No. AS485)
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are shown in Figure A4. A similar graph resulted for the other crystal
used in the correlation experiments.

From the graphs for the ratio J,/Jy of each of the crystals,
the correction factor for the coefficient A, is found by forming the
product of the J,/Jy values at the appropriate energies detected in
the two detectors. The correction factor for the coefficient A, can
be similarly determined.

Conclusions

The gamma-gamma coincidence spectrometer has been calibrated
for the photopeak detection efficiencies of its crystals over a wide
range of gamma ray energies. 1If an experiment to determine the inten-
sity of a gamma ray is therefore performed when the detectors are 7
cm., from the source, an absolute intensity can be determined. In
addition, for experiments conducted with the crystals at some other
distance from the source, relative intensity measurements can be
made.

The solid angle correction factors for the coefficients of
a directional correlation pattern have been experimentally deter-
mined for the particular crystals and source-to-detector distance

used in this work.
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