"In presenting the dissertation as a partial fulfillment
of the requirements for an advanced degree from the Georgia Institute
of Technology, I agree that the Library of the Institution shall make
it available for inspection and circulation in accordance with its
regulations governing materials of this type. I agree that permission
to copy from, or to publish from, this dissertation may be granted by
the professor under whose direction it was written, or, in his absence,
by the dean of the Graduate Division when such copying or publication
is solely for scholarly purposes and does not involve potential
financial gain, It is understood that any copying from, or publication
of, this dissertation which involves potential financial gain will not
be allowed without written permission.




THE DECAY OF Iri7

A THESIS

Pregented to

the Faculty of the Graduate Division

Georgia Institute of Technology

In Partisl Fulfillment

of the Requirements for the Degréé

Doctor of Philosophy in the School

of Physics

By

Vincent Wymore,Shiéi?

May 1957




Date Approved by
Chairman

THE DECAY OF Ir

192

NIy R




ii

ACKNOWLEDGMENTS

The completion of this research was made possible by the Graduate

Divisicn Fellowships which the author held during 1955-1957. The research

project was supported in part by the National Science Foundation. The
author wishes to acknowledge Drs. L. D. Wyly and €. H. Braden both for
suggesting the thesis topic and for supplying many hours of constructive
consultation. The author alsc wishes to acknowledge Mr. E. T. Patronis
for helpful advice on the electronies, Mr. H. G. Dulaney for assistance in
making the calculations for Figs. 11 and 12, and Mr., R. E. Anderson for the

construction of the mechanical apparatus.




ACKNOWLEDGMENTS . . .

LIST OF TABLES . . .
LIST OF FIGURES . . »

THESIS ABSTRACT . . .

Chapter

I. INTRODUCTION .

©

History of Angular
Review of Previous Research on
Purpose of This Research

II. INSTRUMENTATION AND EQUIPMENT

TABLE

OF CONTENTS

Correlation

e ©® & ® o ¢ 8 o o o o© ©® G

Techniques
Irl92

o & @ & o ¢ @ o * ¢ s e © o

III. EXPERIMENTAL PROCEDURE AND RESULTS + « o o o o o o o o o o

Gamma-Gamme, Work

Beta-Gamma Work

IV. CONCLUSIONS AND INTERPRETATION OF RESULTS . + « o o « o .

Gamme-Gamma Angular Cérréiaﬂion Experiments
Beta-Gamme. Angular Correlation Experiments
Ground State Spin of Irl92

V. THEORY OF ANGULAR CORRELATIONS . . . ¢ o o ¢ o s o o o o o

Introduction

Gamma-Gamma Angular Correlations

Beta~Gamma Angular Correlstions

APPENDICES

A. BASIC PROFPERTIES OF NUCLEAR STATES AND NUCLEAR RADIATIONS.

B. ANALYSIS OF COINCIDENCE DATA . o ¢ o s o o ¢« o 8 o o o o o

c L] COIHCIDENCE COUNT ING L] o L] o L] o L] ° L] o L3 o o o o L] o o o

iii

Page

ii

vi

viii

.1l

21

50

67

19
87
92




iv

Page

APPENDICES
D. ANALYSIS OF ANGULAR CORRELATION DATA ... + o ¢ & o s + o« .A 107
E. FERMI PLOT ANALYSIS OF BETA DECAY DATA “. B i X
BIBLIOGRAPHY . ©» o o o o o o o o o ¢« s o o » 2 o o o s s ¢« o o« « 119

VITA

L] ° L. o o L] ® L] ° ° L ° o L -4 L L ° L] o L . * * L] ° L] L 9 L] leh




LIST OF TABLES
Page
Experimental Gemmsa-Gamma Angular Correlstion Data . . . . & 37
Experimental Beta-Gamma A.nggu_lar Correlation Data . . . . . 49
Theoretical Correlation Coefficients . « « « « « « o » o « 52
Beta-Decay Selection Rules . . . . . . ce ae e e e e e 85

Sample of the Recorded Data and Analysis for the Gamma,
Coincidence Spectrum with the 468 kev Gamma-Rays . . . . . 89

Sample of Recorded Daﬁa and Analysis for the Gamma-Gamma
Angular Correlation in the 600-300 kev Cascede . . . . . . 109

Sample Calculations for the Fermi Plot Analysis of the
670kevBetaGroup.,..... O I .




LIST OF FIGURES

Figure
1. Decsay Scheme of Irl92 e e s e s s e s e e e e e e e e
2. Block Diagram of the Apparatus . . . ¢ . « + ¢« o« &+ « o « o «
3. Photograpbh of the Electron Counter . o « o ¢ o o o &+ ¢ & o &
L. Photograph of the Detectors During a Gamma-Gamms Angular
Correlation Experiment .. . ¢ + o « & + + o 2 o o o o
5. Block Diagram of the Coincidence Circuit e e e e e e e
6. Gamma-Ray Singles Spectrum of Ir192 e e e e e e e e e e e
T. Gamms-Gamms Coincldence Spectra of Irl92
a. Coincidence Spectrum with the 468 kev Gamma-Ray . . . . .
b. Coincidence Spectrum with the $00 kev Gamma-Rays . . .
e. Coincidence Spectrum with the 205 kev Gamma-Ray . . . . .
8. Beta-Ray Spectrum of Irl92. e e e e e e e e e e e e e
9. Fermi Plot of the Beta-Gamma Coincidences with the 468 kev
Gamma-Ray.........v....‘..-.......-o-
10. Fermi Plot of the Beta-Gamma doﬂacidences with the 600 kev
Gamma~Rays . ¢ o« o« o ¢ o « a4 o o « o« o . - o e e e
11. Plot: of the Theoretical Correlation Coefficients and
Anisotropy Versus the Mixing Ratio for the Sequence:
3(E2+M1)2(B2)0
2
a. A, and A, Versus8 ™ & v v v v v e e e e e e e
b.AVersusSa.l..r_.x..............,....
12. Plot of the Theoretical Correlation Coefficients and

Anisotropy Versus the Mixing Ratio for the Sequence
2(E2+ML)2(E2)0

2
a. AeandAhVersuss

b L4 A versus 8 2 . - . . o . o o . o L) e o . . . » L] . L]

Page

12
14

15
17
23

29
30
31
Lo

L5

L6

54
22

56
5T

vi




Figure

13.

1k,

15.

16.

17.

Plot of the Ratio of the Counting Raté at 135° to the
Counting Rate at 90° Versus the Mixing Ratio for the
Sequence 2(E2+ML)2(E2)0 . . v v v ¢ v o o « « o o &

Energy Levels for Protons and Neutrons as Predicted by the

Shell Model with Strong Spin-Orbit Coupling . . « .

The Components of an E2 Gamma-Transition Connecting Nueclear

Levels of Spin jB = 3 and jc =L o0 e e e s

Relative Statistical Error in the Coincidence Rate

Versus P + o o o o s o o s o 5 o 2 o s » o

2

J, and Jh Versus h for the Case of Infinite Absorption

.

.

.

65

70

102

113

vii




viii

THESIS ABSTRACT |
THE DECAY OF Iri%
(124 pages)
by Vincent Wymore Shiel
Advigor . Dr. L. vDavig Wyly
Even though the radiocactive decay of Irl92 had been studied by many
investigators, several ambiguities existed in the spin assignments to the

192, Ptlgz, and the ground state of Irlgg. Ir192

92

excited levels of Os

decays by negatron emission, (beta decay), into Pt %% and by K-capture

into 05192. The positioning of the energy levels in Pt192 and 08192 and
the energies and relative intensities of the accompanying gamma-rays were
known. Furthermore, multipolarities of the more intense gamma-rays had
been assigned; the spins of many of the emergy levels were delimited to
only a few possibilities, and the parities‘ofimany of the lévels were
established. The existence éf at least three%beta groups connecting

192

and Ptl92 was postulated, but direct measurements had been performed
only on the beta group with the highest energy.

Gamma-gamma angular correlation techniques have proved valuable for
determining the spins of nuclear energy levels when the multipolarities of
the gamma-rays have been assigned by other measurements and when the spins
of the levels are limited to only a relatively few possibilities. Therefore,
it was decided to study the decay of Ir192 by the use of gamma-gamme angular
correlation, scintillation counter techniques and attempt to remove the
uncertainties of‘the spins of some of the energy levéls. Furthermore, it

92

was decided to investigate the beta decay of Irl using beta-gamma coinci-




dence techniques and beta~-gamms angular correlatien techniques in order
to provide direct experimental evidence supporting the decay scheme.
The apparatus used in this research may be described as follows:
the detectors are standard scintillation detectors. For gamma-ray
detection a sodium iodide (thallium activated) crystal is coupled to a

photomultiplier; for electron detection an anthracene crystal is used and

. the source and detector are contained %ﬁ a vacuum chember. The amplifiers

and pulse héight analyzers are commercial instruments. The coincidence
eircuit is of the fast-slow type using pulse-height analysis to choose
T

the desired gamma or beta energy. Zv‘he:-ﬂ resolving time is about 10 ' second.
The fast pulses to the coinéidence éiricuit are taken from the amplifier
discriminator output and the accidentsl coincidences are determined by
insertion of a delay in one of these cutputs. In beta-gamma work, the
gamma~-gamme background is determined by insertion of a lucite eleetron
absorber in front of the electron detector.

The experimentalrprocedure may be described as fellows: the Irl92
was produced at the QOak Ridge National Labcratory by irrediation of iridium
with thermal neutrens. Sources were prepared by evaporation of I\IaEIrCl2
in HCL solution on Q.25 mil rubber hydrechleride backing. The gamma-rays
studied in this research showed no change in relative intensities over a
period of more than one year; therefore, radicaetive impurities are
probably net preseﬁt in apprecisble quantities.

Gamma~-gamma coincidence studles were performed in order to determine
which gamma-gamms angular correlation experiments were feasible. From
these studies it was decided that the following gamma-gsmme angular

correlation experiments could be performed: L68-300 kev, 600-300 kev,

600-600 kev, L85-205 kev, and 416-468 kev. Measurements were made at

— — 20



[ e

angles of 90°, 270°, and 180° for the 600-600 and 485-205 kev cascades and
at angles of 90°, 270°, 135°, 225°, and 180° for the other cascades.

The beta;r&y singles spectfum was exémined; however, little infor-
mation can be gained from such a study sinece the observed spectrum is a
composite of several beta groups. Therefore, beta-gamms coincidence
studies were made with the 468 and 600 kev gamma-rays. The resulting
Fermi plots indicate the existence of two beta groups with endpoint
energies near 670 and 540 kev respectively. The fact that the Fermi
plots are approximetely straight lines indicates that energy degradation
of the electrons due to scattering i1s not appreciable, and that beta-gamma
angulsr correlation experiments wiﬁh the 4§8 and 600 kev gamma-rays are
meaningful. These beta-gemma anéufax ésrrelation experiments were per=-
formed and the angular distributiqn obtained is very nearly isotropic.

The experimental gamma-gamma angular correlation data after suitable
correctlons are com?ared to the variols theoretical possibilities corre-
sponding to the different spin possibilitles for the pertinent nuclear
state. From sucﬁ comparisons it is possible t0 assign a spin of three to

152 and to the 921 and 1201 kev levels in Ptl92.

the 690 kev level in Os
The assignment of spin three to the 1201 kev level in Ptl92 requires an
admixture of about 8.5 per cent ML radiation in the 588 kev transition.

Thé interference in the 485-205 kev angular correlation experiment prevents
an accurate assignment of the admixture of ML radiation in the 485 kev
transition, but it is probably less thamn six per cent. The interference

in the 600-300 kev cascade also prevents an accurate assignment of the

admixture of ML radiation in the 604 kev transition, but it is probably

less than five per cent. Interference in the 416-468 kev experiment from




xi

other gamma-ray cascades makes the data for this experiment lack signifi-
cance. The assignment of gpin three o the level at 921 kev in Ptlge
indicates that the spin of Irlgg is five. 0dd parity and s high spin

for Ir192 msy be reconciled with the shell model by assignment of the odd

proton to an.hll/2 orbital and the odd neutron to an i orbital.

13/2
The beta~gamma coincidence datsa lend support to the generally
accepted decay scheme. The beta-gamms angular correlation experiment
between the 670 kev beta group and the 468 kev gamma-ray gives an isotropic
angular distribution which is expected if the spin of Ir192 is five. The
angular correlation experiment with the 540 kev beta group alse gives an

isotropic distribution. However, this angular distribution consists of

a superposition of three cascades which preclude a significant interpre-

tation.’




CHAPIER I

INTRODUCT ION

One of the most urgent needs in physics today is the need to develop

& comprehensive theory of the nucleus. Such a theory should predict accu-

rately the energy levels of the nuclei, the spins, moments, and parities

of these levels, and the properties of the transitions comnecting these

levels. At the present time no complete theory exists although partially

successful theories such as the shell model (1) and the collective model
(2) are known. The nucleasr experimentalist thérefore not only tries to
check the predictions of the limited theories in existence but, more
important, also seeks to provide & source of accurate information about
nuclei in order to guide the theorists and to serﬁé as checks for future
more comprehensive theories.

One method of compiling such information is by the study of the
radiations accompanying radicactive decay. This thesis is such a study
of tﬁe radiations associated with the decay of Irl92 by the use of scin-
tillation counter spectroscopy and angular correlation technigues. The

results of this work have been published in the Physical Review (3).

History of Angular Correlation Technigques
Appendix A discusses the fundamental properties of nuclear spin
states end radiations and may be consulted as needed by the resder.
The basic situation in an sngular correlation experiment is as

follows: A nucleus emits in rapid succession two radiastions R, and R,.

1 2




‘The correlation function W(&) is defined as follows: W(6) d1is the

relative probability that R, is emitted into the solid angle element

2
d QLat an angle © with respect to R, (4). The fundsmental problem is
the determination of this correlation funetion.

The original work on angular correlation was done in 1940 by
Hamilton (5). Hamilton, following a suggestion of Dunworth (6), made
a theoretical investigation of the correlation between the directions
of propagation of quanta (gemma rays) emitted in two successive tran-
sitions of & nucleus. He pointed out that the correlation was a function
of the angular momenta (spins) of the states of the nucleus and of the
multipolarities of the transitions involved, and he indicated that these
correlation measurements would hold perticular interest as a means of
investigating the spins of the nuclear emergy levels.

FOllbwiné Hamilton's theoretical work, several attempts were
made to observe such a, correlatlon At that time the experimernts were
performed using’ Geiger-Muelle;‘d;tecters ﬁﬁlch have a very low efficiency
for detecting gamma rediations and lack the ability to distinguish be-
tween radiations of different energies. With one exception (7), until
1947 all results seemed to indicate that the correlation function was
isotropic.

In 1946, Goertzel (8) reexamined the theory and extended it to
take into account the effect of the magnetic field at the nucleus due
to extranuclesr electrons. He suggested that this effect might be in
part responsible for the small angular correlations observed experimen-
tally. However, in 1947, Brady and Deutsch (9) studied coincidences
60 L6 86

between successive gamme rays in the decay of Co” , Se , ¥ , and




cs*3* ana found s pronounced anisotropy in the first two cases but none

in Y86 and Csl3u. ‘Furthermore, they studied 006o in a solid chloride,
an acqueous solution, and gaseous cobalt nitrosyl carbonyl with essen-
tially the same degree oOf anisotropy observed in each cage. This
seemed to indicate that the effect of extranuclear electrons was small,
at least in this particular case.

The present angular cerrelstionm teéhnique using scintillation
counters ag detectors was Tirst used in 1948 by Brady and Deutsch (10).
They studied the decay of six nuclides and found an anisotropy in every
case. The use of scintillation counters increased the rate at which
data could be accumulated by a factor of one hundred over that obtained
using Geiger counters. Brady and Deutech showed that their results
agreed with Hamilton's theory in four of the cases if the transitions
were electric quadrupole and if a 4-2-0 spin sequence was assumed. The
remaining two cases geemed to require mixing of different multipolarities
in the gamma radiations in order to obtain agreement with the theory.
In the complete report of this work Brady and Deutsch (11) showed that
the effects of external magnetic fields and chemical binding upon the

correlation wére small. The earlier failures to Obtéinranisotropic

results gppear to be due to the use of inadequate experimental techniques.

At this time Brady and Deutsch suggested that data were urgently
needed which determined precisely the internal conversion coefficients
of the various gamme radiations in redioactive decay. These internal
conversion coefficients enable one to determine the multipolarities of

the transitions independently of angular correlation measurements‘l

lFor further discussion of this point see Appendix A,




Since 1948 gamma-gamms angular correlation measurements have taken
their place as an established tool in nuclear spectroscopy. In the last
'few years the general theory of angular correlations has been highly
developed. The correlation function W(&) is usually expanded in a

series of even order Legendre polynomials:

We) =1+ AEPE:(cose )+A)+Ph_(cose)+. ceee

Biedenharn and Rose (12) have tabulated the correlation coefficients

AE’ Ah’ etc. as functions of the multipolarities of the gemms transitions
Rl and 32 and the spins of the nuclear levels connected by Rl and R2.
Experimentally, one measures the rate at which coincidences between Rl
and R2 occur as a function of the angle between the directions of 4
emission of Rl and RE" ‘After proper correction for the finite selid
angles subtended by the counters, one compares the experimental corre-
lation function with the various theoretical possibilities. In a number
of cases the mﬁltipolarities of Rl
end frequently the spins and parities of two of the levels are known.

and R2 have been previously determined,

In such a case the angular correlation experiment yields the spin of the
third level.

The status of beta-gamms angular correlations as a tool in spec-
troscopy is not as well established as that of gamma-gemms techniques.
The original theoretical work on beta-gamma correlations was done by
Falkoff and Uhlembeck (13). They discussed the theory under the assump-
tions that the nucleéar charge was zero and that the beta interaction was

pure.2 They:found that in certain cases of forbidden beta decay a

2That is, not a mixture of the five different types of beta
interactions (14).
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correlation should exist which depends upon the exact nature of the inter-

3

action,” the degree of forbiddemness, and the energy of the beta particles
observed. They showed that neo angular correlation is expected whenever
(a) the beta transition is allowed; (b) the beta transition is forbidden
but has the allowed shape of its enmergy spectrum; (c) one counts only

low energy beta particles. The theory was extended to remove the
agsumptions of zero nuclear charge and pure beta interaction by Fuchs

end Lennox (15), Morita, Yamada, and Fugita (16), (17), (18), (19), (20)
and by Biedenharn and Rose (12). However, the results are still not in

a form in which they can be applied easily.

Since 1949 numerous attempts have been made to observe an aniso-
tropic beta-gamma angular cdrrelationo However, only a few have been
observed (4). Recentiy;;NBvéy, Freedwan, Porter and Wagner (21) care-
fully studiedlthé beta~-gamma directional correlation in Relss. Their

results were essentially in agreement with the theor&.

192

Review of Previous Research on Ir
The decay of .Irlg2 has been studied by numerous investigators.
The early workers were hindered by inadequate experimental apparatus,
and their results will not be discussed. In 1952 Muller et al (22)
applied Dumond's curved crystal spectrometer (23) to a study of the
gemme rediations accompanying the decay of Irlge. They measured the
energies and intensities of eleven gamms radiations. Cork (24),
Pringle (25), (26), and Johns and Nable (27) further investigated the

gemma radiations accompanying the decay and proposed a decay scheme

3For example, pseudoscaler or tensor etc.
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for Ir In 1955, Baggerly et al (28) rediscussed the decay very care-

fully and proposed a decay scheme which was éimilar to the one previously

proposed in the Ptl92 192

branch but contained mirnor changes in the Os
branch. This scheme is ghown in Fig. 1.

A summary of the essential arguments for pesitioning the energy
levels as shown in Fig. 1 is aé follows: assignment to either the plati-
num or osmium branch is assured by comparing the energies of the gemma-

rays as determined by gamma spectrometer measurements with the respective

K-conversion lines as measured in & beta-ray spectrometeru (28).

Ptl92 branch.--Intensity measurements of the 316 kev line indicate that it

is by far the most intense line and hence is very likely the ground state
transition. Therefore, level B is placed at 316 kev. Numerous observers
have noted coincidences between the 316 kev and 468 kev transitions (28),
(29), (30), (31), and hence level D is placed at 784 kev. Levels C and E
are placed on the b351s of the observed triple icoincidences among the 296,
308 and 316 kev gamma transitlons (29) (30), (3l) and because of the fact
that the 136 kev and 172 kev lines fit in well with level C at 612 kev.
The 612 kev transition is placed as a tfansition from C to A for energy
reasons. The. coincidences observed between the 588 kev and 612 kev

lines (31), (28), (30) place level G at 1201 kev. The 602 kev tramsition
is placed between levels E and B for energy~reasons. Levels F and H are
fixed byythe:energies of the other observed gamma radiations (27). The
fact that the energies fer all the transitions fit so well ig an indi-

cation that the decay scheme is correct.

uWith sufficiently high resolution the differences in the blnding

energy of the K electrons in platinum and osmium msy be observed.




are in kev.
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08272 branch. --Coulomb excitation of naturel osmium has revealed two

deexcitation peaks - one at 155 .kev due to 05188 and a broad peak at

200 kev (32). It seems likely that either the 201 kev or 205 kev tran-
sition is the ground-state transition. From internal conversion data
it appears that the 201 kev line is & mixture of ML and E2 while the
205 kev line is pure E2, Therefore, the 205 line must be the ground
state transition (see Appendix A) (28). The other levels were placed
as shown for energy reasons, and the ordering of the 283 kev and 201
kev lines is arbitrary on the basis of existing data (28).

The beta radiastions accompanying the decay have not been studied
as comprehensively as have the gamme radiations. ©Several investigators
ha%e measured the end point energy of the most qurgetic beta group (33),
(34), (35), and their results are in good sgreement. The energies and
intensities of the remaining groups as shown in Fig;ﬁl‘ﬁeré?determlned
by Baggerly et al (28) by studying the total intensity of the gamma
radiations into and out off-thé,vapjriouea levels. Using these intensities
and energies Beggerly et al ﬁa#e shown that the transitions to levels
D, E and G are probably first forbiddep.sﬁ

The spins and parities of the energy levels as shown in Figure
1 were determined as follows: Pt192 and 05192 are both nuclei which
have an even number of protons and neutrons. An empirical rule of
nuclear systematics states that all even-even nuclei have ground state

spins of zero and even parity. The internal conversion coefficients of

0 5Baggerly et al have calculated the log ft values of the beta
transitions to levels D, E and G. Their calculations give values of
8.3, 8.1 and 8.1 respectively which indicate first forbidden tramsitions
(See Appendix A).

/




the more intense gamma rays have been measured by Baggerly et al (28).
From these measurements they were able to assign the dominant multi-
polarities to many of the tramsitions. These maltipolarities then
delimit the spins of the levels. Since the 316, 205, and 612 kev
transitions are dominently E2, and since they proceed to a state of
spin zero, the spins of states B, C, and b are taken to bé 2 and the
parities even. Several investigetors have studied the anguler corre=-
lation between the 468 and 316 kev transitions in order to determine

the spin of level D (26), (28), (30), (3). Their results are in good

agreement and indicate that a spin of 4 is correct for this level. Even

parities are assigned to levels D, E, G, e, and 4@ on the basis of the
d‘ominantly E2 nature of the transitions (28). Baggerly et al (28)
assign a spin of 4 to level G on the basis of angular correlation
measurements for the 589-612 kev cascade; however, no data are given.
Kelley and Wiedenbeck (30) also examined this correlation but do not
interpret the data'ds fixiné“tﬁe;séiﬁ at 4. The spin of level G must
be considered in doubt. Since level G decays to levels D (spin 4) and
C (spin 2) primarily by E2 trensitions, its spin muist be 2, 3 or L,
Certain beta decay argumentsé further delimit its spin to either 3 or
k., Also the spins of levels E and d may be delimited to either 3 or &
by beta decay arguments (28). The fact that the beta transitions are
first forbidden fixes thefbarify of tﬁe#I;l92 nucleus as odd. First
forbidden beta transitions proceed to levels of spin 3 or 4 (levels D,
E, G) but not to levels of spin 2 (levels B, C); therefore, the spin of

192

Ir is probably 5 or 6 (28).

6The‘ beta decay argumentis mentioned here and in the following
are discussed in Appendix A.
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Purpose of This Research

The spins of levels B, G, and 4 and the ground-state spin of
Ir 2 were in doubt. The purpose of this research was to determine
these spins and to add evidence in support of the dec§§ schene.

The level spins have been determined by gamma-gamma angular
correlation techniques, and in each of the ?ﬁbve mentioned cases a
definite spin has been assigned. Some beta-gamms engulser correlation
data have been- obtained, and in the course of the experiments certain

facts supporting the decay scheme have been verified.




CHAPIER II
INSTRUMENTATION AND EQUIPMENT

The equipment ﬁsed for this research was standard scintillation
spectrometers with a coincidence circuit permitting the study of coinci-
@ences between radistions of selected energies. The method used is, in
principle, similar to that used at Osk Ridge by McGowan (37). A block
diagram of the apparatus is shown in Fig. 2. Most of this apparatus
had already been constructed when this research began; therefore, the
discussion of the constructigquand operation of the equipment is very
brief.

The detectors used are of two types. For gamms-ray detection,
the counters consist of cylindrical sodium iodide (thallium activated)
crystals coupled to Dumont 6292 or RCA 6655 photomultiplier tubes by the
usé of Dow Corning high vacuum grease. The crystals are available
coﬁmercially from Harshaw Chemicel Company and are approximately 1 1/2
inches in diameter and 1 iﬁch thick. The photemmltiplier tubes are
surrounded by magnetic shields to reduce effects due to the maegnetic
field of the earth and other stray magnetic fields.

For electron detection, the counter comsists of & cylindrical
anthracene crystal coupled through a lucite light piper to a photomulti-
plier tube by the use of Dow Corning high vacuum gresse. The light piper
is 1 inch in djameter end 1 inch high. The anthracene crystal is 1 inch
in diameter and 3 mm thick. It was calculated that this thickness was

the minimum required for total absorption of electrons in the energy
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range of interest. An increase in the thickness of the anthracene
crystal increases the gamma-ray efficiency of the detector which is
undesirable. A thin aluminum foil, 0.2 mils thick, is placed over the
section of the crystal into which the electrons enter fgr the purpose
of reflecting light pulses back into the crystal. A photograph of
this electron counter, disassembled, is shown in Fig. 3. The electron
counter and source are both mounted within a vacuum chamber for
electron work. A vacuum chamber is used to reduce scattering and
energy degradation of the electrons. O-rings (supplied by Goshen
Rubber and Mfg. Co., Goshen, Indiana) and Apiezon Q sealing compound
(supplied by James G. Biddle Co., Philedelphia, Pennsylvanis) . are used
as vacuum seals, and the chamber is evacuated by a Weleh Duo-Seal vacuum
pump.

A photograph of the detectors as set up for gamma-gamms sngular
correlation work is shown in Fig. 4. One gamma counter is fixed, and
the other gamma counter may be rotated in a circle about the source in
order to obtain data at different angles. For electron-gamma angular
correlation experiments, the fixed gamma counter is replaced by an
electron detector, and a vacuum chamber is necessary.

During the first part of this work regulated rectifier high
voltage power supplies were u§ed; these were replaced by battery
supplies containing eleven 90 volt and two 67 1/2 volt batteries. The
following potentiai differences were*app}ied between the various
electrodes of theﬁphotomultiplier tube: cathode anp.first dynode - 180
volts, first dynéde and second dynbde - 135 volts, Emher successive
dynodes - 90 volts. A cathode Ffollower arraﬁgementfis used to feed the

signals from the photomultiplier Lo the amplifier.
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The amplifiers are Atomiec Instrument Company amplifiers Model 204B
modified slightly to improve overload characteristics by insertion of
crystal dliodes in5some of the grid ecircuits to remove overshoots. The
discriminators shown in Fig. 2 are the integral discriminaters in the
Model 204B amplifiers.

The pulse height analyzers are Atomic Instrument Company single
channel differential aﬁalyzers Model 510.7 The scalers are Atomie
Instrument Company Model 1020A scalers. The variable deley shown in
Fig. 2 is aqiumpéd-parametef‘delay line with delays‘available from O to
0.90 microsecond in steps of 0.05 microsecond..l

"The remainder of the apparatus represented in Fig. 2 is the coin-
cidence circuit. A more detailed block diagram of this eircuit is shown
in Fig. 5. This coincidence method is essentially of the fast-slow type
proposed by McGowan (37), (38). The particular circuits used are those
discussed by Elmore and Sands (39), (40), and the circuit described here
was designed and built by Dr C. H. Braden and Dr. L. D. Wyly.

The operation of the coincidence circuit may be described as fol-
lows: +the pulses from the discriininators2 in the Model 204B amplifiers
are fed into the input pulse shortmer. At this state, after some ampli-
ficétion, the pulse is shaped by & shorted delay line (41). The length
of this delay line determines the width of the pulse and thereby the

resolution of the fast coincidence circult. The fast coincidence circuit

lThis variable delsy was produced by Tel Instrument Company,
Paterson Avenue, East Rutherford, New Jersey.

EThe amplitude of pulses from the discriminators is independent
of the amplifier output pulse.
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utilizes erystal diodes and was proposed by Elmore (40). The diserimi-
nator and delay is essentially a wnivibrator (39)CWWThe resolving time
may be varied within limits by setting the bias of the input of the
univibrator. A rheostat permits an accurate setting of this bias
thereby giving a fine adjustment on the resolving time. It is neceséary
to delay the fagf coincidence pulses to allow forrtheﬁtime~requ1red for
the energy selected pulses to go threugh"the pulse height anslyzers;
this delay is achieved by adjustlng the time constant of the univibrator.
The triple coincidence circuit rece1VES two pulses from identical pulse
height analyzers which are allgned in ;ime with the fast coincidence
pulse. This triple coincidence c¢ircuit is also a crystal diode circuit
(39). Experiment shows that this circuit will operate with a resolving
time as small as 80 milli-microseconds.

To be assured of the proper operation of the apparatus, it is
necessary to consider two requirements which the circuits must satisfy.
Figst, it must'be-ascegtained that insertion of the variable delay into
one channel actually;dées eliminate all real coincidences so that a
determination of the resolving time3 based on data taken with the delay
in one channel is correct. In order to check this method of determining
the resolving time, two independent radicactive sources, one for each
counter, were used to measure the resolving time. If the sources are
independent, all coincidence counts are accidentals and the resolving

time may be calculated. The results of independent source measurements

3The resolving time, T , may be ealcuwlated from the expression:
accidental coinecidence rate =2TN N where Nl and H2 are the counting
rates of the two detectors.




¢ , :

[ and measurements based on the insertion of a delay are in agreement if
delays greater than 0.20 microsecond are used.

Second, it is absélutely necessary to be sure that the coincidence
circuit is aligned properly so that all of the real coincidences are
counted. Due to the finite rise time of the pulse from the smplifiers
the time alignment of the éutpum pulse from tﬁe discriminator is a
function of the amplitude of the amplifier output (or input) for a fixed
discriminator trigger Ievél;: Therefore, the time alignment of a pulse
appearing at the fast coincidence stage may be changed by varying the
discriminator trigger level. This provides a fine adjustment for align-
ing two signals at the fast coincidence stage. A course adjustment for
this alignment is provided by the variable delay in one of the channels.
If both spectrometers are set on gamma-rays of a fixed energy which are
in coincidence, then, by using these adjustments the coincidence rate may

be maximized. This maximization process determines where. the variable

delay and discriminat§3Wff§ggei lgvels should be sef for proper cperation.
Fortunately, the setéénggTOf‘the-ﬁrigger ievels are not critical. In
fact, a change of 0.05 microsecond in the;time alignment of the pulses

at the fast coincidence stage only affects the coincidence rate by a
small amount. However, a change of 0.10 microsecond eliminates almost
all of the real coincidences. After the reasl coincidence rate is
maximized, a pulser is connected to the two amplifiers; each galn is

set to give the same size output as before, and the time alignment of

the signals at the fast coincidence stage is checked with an oscillo-

scope triggered by the output of one of the amplifiers. This time

alignment with the pulser in use is recorded and used to align the
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5 equipment for further experiments rather than going through the process
1‘ of maximizing the real coincidence rate. If one of the spectrometers
| is to be used to count radiations of varying energies, the pulser is
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CHAPTER IIIL
EXPERIMENTAL PROCEDURE AND RESULTIS

Gamma-Gamma Work

In essence three types of experiments\were performed on the gamma
rays following the decay of Irl92. The three types may be called singie
spectra determination, coincidence spectra determination, and angular
correlation experiments. The method of source preparation for these
experiments is the same and will be discussed first; then the three
types of experiments will be discussed. The major experimental tools
used in the research are angular correlation measurements; therefore, the

section describing angular correlation measurements is somewhat more

detailed than the other two.

Source Preparation

The Ir192 was-prod@c%%aﬁ ﬁhef@ak Ridge Haﬁional Laboratory by
irradiation of iridium wi&hﬁghefm%l Aeutronéé Sources were prepared by
evaporation of Ha21r012 in HC1l solution on 0.25-mil rubber hydrochloride
backing. In gamms ray work the thickness of the source is of little
importance, 8o care was not taken to produce uniformly thin sources. The
sources used were of the order of 0.9 cm. in diameter. The gamma-rays
studied in this work showed no change in relative intensities over a

period of one year, indicating that radiocactive impurities are not

present in appreciable guantities in the source.

Singles Specﬁra Determination Experiments

Although the intensities of the gamma radiations accempanying this




decay were fairly well known vwhen this work began, there were no published
results indicating how the spectrum would lock when examined by & scintil-
lation spectrometer. Therefore, the first date taken were to determine
this gamma-ray spectrum. Good resolution requires the use of a very
narrovw window width (0.05 volts) on the pulse height analyzer. Further-
more, the counting intervals were short (10 sec.) in order to minimize the
distortions that various instabilities (in power supply, amplifier, pulse
height analyzer base line &nd window width) would cause. Under these
conditions the detector gave a resclution of approximately 9 per cent
and a peak to valley ratio of 34 to L as measured using the 661 kev gamma
rays of Csl37.} A number of these singles spectra have been taken at
different times with essentially the same results.

Figure 6 shows & typical plot of the gamma spectrum obtained.
Data were taken above TOO pulse height divisions, (above 700 kev), and
evidence for a peak was found; heﬁéver, the counting ra%e was s0 low
that these gemma-rays could not be used in coincidence experiments.
Therefore these high energy radiations will not be discussed. In order
to interpret this spectrum it is necessary to understand the response of
a scinfillatioﬁ sﬁectrometer to a monocenergetic gamﬁa-ray. ﬁell (42)
has discussed very carefully the various factors influenciﬁg the>response
of a secintillation counter.- GamMa;rayé;intBract vith a phosphor by three
major processes - Compton scattering, photoelectric effect, and pair
production. Pair production requires at least 1.02 mev of energy, and

since none of the radiations observed -in Irlg2 have this much energy,

f

lResolution is defined as the full width (in pulse height analyzer
divisions) at half meximum divided by the pulse height analyzer reading
at the maximum. The peak to valley ratio is the counting rate at the
peak divided by the rate obtained in the valley on the low energy side
of the photoelectric pesk.
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this process will not be considered. In the photoelectric effect the

) gamma-ray produces a photoelectron which is absorbed in the crystal.

This effect usually gives a pulse corresponding to the total energy of
the gamma-rediation. When the photoelectric effect takes place in the
crystal an X-ray is produced. Ihis X-ray may or msy not be absorbed

in the crystel. If it is not abserbed a pulse corresponding to an

energy lower than the gamms-ray energy resulté. Such pulses form what

are known as escape peaks. The Comphton process transfers some of the
gamma~-ray energy to an electron which is absorbed and leaves the remainder
as & scattered photon which may or may not be totally absorbed. If
absorbed the full energy is again realized. If not absorbed this process
then yields a pulse which may correspond to something less than the total
energy of the gamma radiation. It may easily be shown that if the Compton
scattered photon escapes from the crystal a continuous distribution of

pulses corresponding to energies between

and E = O is obtained, where EU’ is the energy of the incident rediation

in kev and Mbca, the rest mass energy of the electron, is 511 Kev. The

most likely occurrence is for
EE%
B = e

JRE

°

In general, if a monoenergetic é&ﬁh&Qfay of less than 1 Mev is examined
by a scintillation spectrometer the following are observed (42): A

lérge pesk corresponding to the incident gamma-ray energy (the photo-
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electric peak plus multiple processes lesding to total absorption of
the rsdiation), a continuous distribution corresponding to the Compton

distribution as described shove and perhsps & small peak superimposed on

the Compton distriﬁuticn at E = T 22: /Moéz due to backscattering of the
gamma-ray from some of the nearby apparatus.

Keeping these facts in mind it is}possible to interpret Fig. 6.
The three ﬁigﬁest epergy-peaks-are‘photbélectric peaks due to the 600
kev group of lines, the 468 kev (and 485 kev) line, and the 300 kev
group. The difference in peak heights as shown in Fig. 6 is due to
the actual differences in intemsities of the radiations and also to
the decrease im crystal detection efficiency with increasing energy.
Tye interpretation of the lower energy distributions is somewhat more
difficult. The sharp peak observed at a low energy is due to the K
X-rays arising from the K capture decay of Irlg2 into 05192 and to K
X-rays occurring when internal conversion takes place in either the
05192 or Ptl92 branch. Calculation shows that the Compton edges of the
600 kev, 468 kev, and 300 kev lines are at 421 kev, 303 kev, and 162 kev
respectively. The backscatter peaks of the 600 kev, 468 kev and 300 kev
lines should lie at 179 kev, 166 kev, and 138 kev respectively. By making

a straight line energy celibration using the 600 kev, 468 kev, 300 kev,

and K X-ray peaks as calibrstion points, it appears that the unresolved

2The expression for the energy of the degraded photon in a Compton
process, Ef” is given by

5 - Ey
Vs EB/Mbcz)(l - cos )

‘Where QD is the angle between the incident photon direction and the
scattered_ photon direction. For backscattering ¢ = 180°, and

Ey
EU' = 5 .
1+ EEK/MQC
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peak appearing in Fig..é just below 200 pulse height divisions is at
approximately 205 kev, and that the sharp peak at 120 pulse height
divisions is at approximately 136 kev. Since none of the Compton edges
or backscatter peaks as calculated sbove occurs at 205 kev it appears
fairly certain that the unresolved peak at 205 kev is due primarily to
the 205 kev gamma-rey in Os'2>, The pesk at 136 kev is probably due to
a composite of the 136 kev gamma line in Pt192 and the backscatter peak
of the 300 kev group, but it is believed to be mainly due to the back-
scatter peak.

Since this work on the single,spectfud#was completed, a report of
work done with scintillation counters on Zlir‘lg2 has been published by
Kelley and Wiedenbeck (30). The spectrum shown by them is almost
identical t0 the one shown in Fig. 6. Kelley and Wiedenbeck have
interpreted all the features of the spectrum except the peaks at 136
kev and 205 kev. Their interpretations of all the other features of

the spectrum are in agreement with the ones discussed above.

Coincidence Spectra

In order to determine which gamma-gamma angular correlations
were feasible it was necessary to do ¢onsiderable coincidence work.
This type of study enables cne to determine what sort of coinecidence
rate may be expected and also enables one to evaluate the effect other
gamma-ray eascé&es have on the one of interest. IFurthermore, scmetimes
coincidence curves show up gamme transitions which camnot bhe observed on
the singles spectrun.

In general, to take a coincidence spectrum, one of the secintil-
lation spectrometers is set on a certain gamma radiation and then all

or part of the gamma spectrum is swept with the other spectrometer.
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Da&ﬁ éfe taken in sufficiently long time inter#als to assure satisfactory
statistiéél In order to obtain coincidence data as rapidly as possible
it is necessary to place thé secintillation detectors as close as possible
to the source and to use & strong scurce. The strength of the source
which can be most efficiéntly used is determined by the resolvipg time
of the apparatus. With this apparstus resolving times as small as 80
milli-microsecond msy be used. If one attempts to operate with shorter
resolving timés, the real coincidence rate begins to decrease thereby
indicating that the apparatus is not counting all the real coincidences.
The resolving time determines the number of accidental coincidences
vhich will be counted, and hence, in general one operétes with as short
a resolving time as possible. For a fixed resolving time ome can show
that an increase 1in the source strength beyond a point which gives
approximately equal numbers of reals and accidentals is not profitable3
(43). |

Figure T shows plots of severel of the colncidence spectra. Ig
all cases the fixed energy spectrometer used as wide a window as possible
to include most of the line in question but not to include counts from
other transitions. The spectrometer which was used to sweep the sﬁectrum
had as narrow a window as possible in order to improve the energy
resolution. In general, the counting intervals were of the order of 10

or 15 minutes at each point, and the points were taken sufficiently close

'together to show up all peaks. The method by which the date were asnalyzed

is discussed in Appendix B.

3As the source strength, S, increases the number of &dccidentals
increases as S2 while the number of reel coincidences increases as S.
See Appendix C.




28

Figure T7a shows the coincidence spectrum wiéh the 468 kev line.
Comparison of the spectrum with the decay scheme shows that peaks occur
at the proper places in all cases. In fact, the coincidence peak due
to the 416 kev gamma iine can be seen on the coincidence sﬁectrum but
not on the singles spectrum. Figure Tb shows the coincidence spectrum
with the 600 kev group of lines. Aéain the spectrum agrees with the
decay scheme in all cases if the line at 136 kev is interpreted as
consisting, at least partially, of backscattering from the 300 kev
lines. The coincidence spectrum with the 136 kev peak was examined
briefly. The spectrum showed pesks st 136, 300, 468, and 600 kev but
no indication of a peak at 205 kev. The fact that the 136 kev peak
is in coincidence with itself indicated that a considerable portion is
due to 300 kev backscattering, and therefore it did not appear worth-
while to examine it further. The ebsence of coincidences between the
136 kev peak and the 205 kev unresolved peak indicates that thé 205 kev
line may be in a different branch from the 300 kev lines. Therefore, the
coincidence spectrum with the 205 kev line was taken from approximately
280 kev to 500 kev. The results are shown in Fig. Tc. The peak at 300
kev may be interpreted as due 4o the Compton distribution of the 468 kev
and 600 kev lines lyingﬁundgr ﬁhe 205 kev line;h the peak at approxi-

mately 470 kev must be due to the h85 kev-205 kev cascade in the 05192

branch since there is nothiné at 205 kev which could be in coincidence

‘ hThe:comptog edges of the 468 kev and 600 kev lines lie at 305
and 420 kev respectively. "Therefore the counting rate of a spectrometer
set at 205 kev will include counts from the 468 kev and 600 kev lines.
These lines are in coincidence with the 300 kev lines; therefore, a
coincidence peak is expected at 300 kev.
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with the 468 kev line in Pt'72, The K X-ray coincidence spectrum has been
studied at this laboratory by A. L. Stanford and E. T. Patromnis (44).
Their results indicate coincidences between K X-rays and the 136 kév, 205
kev, 300 kev, and 468-485 kev lines. The colncidence peask at the 205

kev line is almost completeiy resolved and is a éood indication that the

152 branch.5 It should alse be noted

205 kev line is actually in the Os
that & line at 37k kev as reported by Johns and Nabloc (27) and Baggerly

et al (28) was not detected in any of the above coincidence experiments.

Angular Correlstion Measurements

The purpose of an angular correlation experiment is the determi-
nation of the correlation coefficients'Aa, Ah’ etc. Usually one is
interested in only A2 and Au.é In order to determine these two
coefficlents it is necessary to take data at three angles - 90°,
135°, and 180°. The accuracy with which A, and A) are determined is
dependent upoﬁ the number of real~coin¢idences counted at each angle.
For example, if ;Q,OOO reals are counted at each angle, the counting
statistics limitithe accuracy of the coefficients to approximately two
per cent. It is desirable to obtain d?ta at all three angles if

possible; if dats are taken at only two angles, 90° and 180°, then

92

5K X-rays occur in the Osl92 branch since it is formed from Irl

by K capture. K X-rays alsoc occur in the Pt192 branch due to internal |

conversion. Therefore, coincidences between K X-rays and all the gamms k
radiations are expected. Since the internal conversion coefficients are !
small most of the X-rays probably occur due to K capture, and therefore
any 0sl92 lines should appear stronger on a K X-ray coincidence spectrum
than on a singles spectrum. :
a
O5ee Chapter V of this thesis. In almost all of the angular
correlation experiments previously performed, it has been found that
the data agree with theory if A, and A} are taken to be not equal to |

zero and higher order coefficients are assumed to be zero. ) |

e
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A2 can be calculated only if an assumption is made as to the value of
A)-‘-.

The following is & brief discussion of the general problems which
occur in all angular correlation experiments.

1. DHNumber of Angles at Which Data Should Be Taken

Three angles are sufficient to determine A, and A, ; two are not.
Therefore, data should be taken at three or more angles unless the
counting rates are so low thaf, the acquisition of these data would

require an unreasonable amount of time, or unless the extra information

gained is uninterpretable due to interference effects from other cascades.

The three angles usually selected are 90°, 135° and 180°. As pointed
out in Chapter V W(© ) is a fuﬁction of even order Legendre Polynomials;
therefore, if data are taken at 270° and 225° the results must be the
same as for 90° and 135° respectively. A further check of consistency
is therefore obtained by taking data at the five angles 90°, 135°, 180°,
225° and 270°.

2. Source Strength

The source should be made of such stréngth that the ratio of real
coincidences to accidental coincidences is approximastely one or more.

3. Distance From Source to Detectors

The distance from source to detector determines the solid angle
subtended by the detectof, This solid angle determines the coincidence
rate and the angular feSolutionAbf tﬁe apparatus. To increase counting
rates the distance must be decreased; to improve angular resolution the
distance mgst be increased. In general, thé data may be corrected for

the angular resolution of the apparatus; however, the correlation which
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is observed experimentallytbefore correction tends to be washed out as
fhe angular resolution becomes worse, and therefore the detectors camnot
be élaced toe close to the source.7 A compromise between counting rate
and angular reselution must be reached.

L. Minimization of Systematic Errors and Effects Due to Electronic

Drifts
In order to minimize systematic errors; data are taken as follows:

a count is taken at a given angle for enly a relatively short period of
time (10-15 min.), and then the apparatus is changed to a new angle.
The order in which angular data are taken is systematic, e.g. 90°, 135°,
180°, 270°, 225° and 180°. Data are taken twice at 180° for a single
time at eéch of‘the other angles to maintain the same statistics at the
three independent angles - 90°(270°), 135°(225°), and 180°. The
variable delsy is inserted periodiéally to determine the number of
accidentels, and during the course of a day accidental counts are %aken

at oll angles. The fact that data sve only teken in relatively short

counting intervals minlmizes effects due to electronic drifts since the
spectrometer gain&may be reset falrly often.

5. Ratio of Time Spent Counting Real to Time Spent Counting Accidental

Coincidences

This problem has been solved from the point of view of obtaining

the best possible statistics in the shortest pericd of time in Appendix C.

7Consider an angulér correlation curve taken with infintessimal
angular resolution. It is easy to determine the experimental curve which
would be measured with a given finite angular resolution; as the solid
apngle is increased the experimental curve becomes more nearly isotropic.
Even though in principle it is possible to work from an experimental
curve to the theoretical curve if the angular resolution is known, in
practice it often becomes impossible %o do. For example, if the solid
angle is so large that an isotropic curve is obtained, then it is
impossible to determine the anisotroplic correlation function.




The result is in such a8 form that the time ratio can be calculated from
a knowledge of the real and accidental counting rates.

6. Centering of the Source

) The source is centered by ascertaining that the singles counting
rate of the movable counter is the same at all angles. The source need
nbt be centered exactly since the method of asnalysis of angular corre-
lation data as described in Appendix D corrects for small errors in

source centering.

7. Ang;ysis,of the Data

A complete discussion of the analysis of the data is given in
Appendix D. In general, the following adjustments in the coincidence
data must be taken into account.

() normalization to the singles counting rates to correct for
slight shifts in electronics and inexact centering of the source.

(b) normelization to take into account decay of the source

(¢) correction for the accidental coincidences

(d) correction for the finite angular resolution of the apparatus.

Consideration of the coeincidence curves shown in Fig. 7 indicates
that the following galIne.~gamme, angular correlation experiments can be
performed: 300-300 kev, 468-300 kev, 468-416 kev, 600-300 kev, 600-600
kev and 205-485 ke%. Experimeﬁts utilizing the 136 kev peak were omitted
since the intérpretation of such expefiments would be very difficult due
to the backscattering present in this peak. The 300-300 kev cascade
contains three component cascades ~ 316-308 kev, 316-296 kev, and-
396-308 kev céscade.v No serious effort was devoted to this correlation

because its interpretation is almost impossible since the contribution
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from each cascade is unknown. Teable 1 (page 37) is a summary of the
data obtained in each of the above experiments. This table contains the
correlation coefficients (both uncorrected and corrected for gegmetry),
the anisotropy ratio, the number of real coincidences upon which the
data are based, and the ratio of reasl to accidental ceincidences. The

following 1s a discussion of the particulars of each correlatien

experiment.

468-300 kev correlation experiment.--This experiment was very easy to

perform because the coincidence and singles peaks rise very high sbove
the background and because the counting rates were high. The detectors
were placed 7.6 cm. and'S}L cm. from the source. It was decided to set
on the high ené:gf ride of the 300 kev peak in order to obtain mostly
316 kev geamma counts. Déta indicated that the/coincideﬂde rate per
singles count on the 300 peak was not dependent strongly upen energy if
the counting rate was maintained near 60 per cent peak rate‘on the high
energy side. The angular correlation was run with one detector set
directly on the 468 kev peak and the other set on the high energy side
of the 300 kev peak at a position where the singles rate was close to
60 per cent of the peak singles rate. Fifteen minute counts were taken
at each of five angles (90°, 135°, 180°, 270°, 225°0 and approximately
1400 real coincidence were obtaineé fof each fifteen minute interval.
The results as shown in Table 1 agree with those previously reported by

Taylor and Pringle (29), Baggerly et al (28), and Kelley and Wiedenbeck
(30).

468-416 kev correlation experiment.--This experiment was much more

difficult than the above for three reasons. First, the 416 kev peak




Table 1.

Experimental Gamma-Gamme Angular Correlation Data

Total Real Ratio of Real

. Coincidences to Accidental
Cascade Uncorrected For Geometry Corrected For Geometry at 180° Rates
(kgv) A, A, A A, Ay A R R /e
600-300  -0.195 -0.01  -0.271 - =0.21 -0.01(2) -0.29(2) 10 000 3.5
600-600  --emme —--eo -0.01 ————— meee- 0.01(2) 5 000 2.8
417-468 0,019 ~=e=m- ’ 0.03é 0.021(2) ~==== 0.04(2) 9 000 2.0
468-300 0.082 0.000 0.129 0.088(6) o©.00(1) 0.14(1) 22 000 3.7
hT70-205  cmmmae mamea -0.161 cmrmme meme- -0.19(2) 8 500 6.9

Statistical errors in the last digit quoted are given in parentheses.

LE
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could not be seen on the singles spectrum; second, the 416-468 kev coinci-
dence peak did not rise very high above background; and third, the coinci-
dence counting rate was low. In order to improve the coincidence to
background ratioc the detectors were placed 4,7 and 5.2 cm. from the
source., One counter was set directly on the h68 kev peak; the other one
was kept near 416 kev by keeping the.singles.counting rate at a fixed
percentage of the peak rate. This percentage was determined so that the
spectrometer would be set directly on the 416 kev coincidence peak. Data
vere taken in fifteen minute counting intervals at each of five angles.
Approximstely 100 real coincidences were obtained for each fifteen minute
run. In order to estimate the effect of interference from other cascades,
an angular correlation experiment between the 468 kev peak and the valley
between the 468 and 300 kev peaks was performed. An anistropy of 0.034
was obtained based on TOOO real coincidences at each of two angles

(90° and 180°). It was estimated that the effect of this background
interference vas sufficiently large to make the data on the 417-468 kev
engular correlations uninterpretgble. Therefore, the data on the cascade

as shown in Table 1 lack sighaificance.

600-~300 kev’correlatian egperimgnto-mThisiexperiment<was performed in
such a way that most of the céntribution came from the 604-316 kev
cascade. The detectors were placed 8.1 cm. and 7.6 cm. from the source.
One spectrometer wﬁs set with a narrow window on the high side of the
300 kev peak so that the singles rate was 88 per cent - 9% per cent of
the peak rate; the other spectrometer was set with a wide window on the
high side of the 600 kev pesk so that the singles count;ng rate was

W7 per cent - 57 per cent of the peak. Data were takem in fifteen
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minute counting intervals at five sngles. Approximately 200 reals were
obtained during each counting interval. The interpretation of these
data required consideration of the various interfering cescades and

will be discussed completely in the next chapter.

600-600 kev corfelatiqy cgpgriment.udThé principal: diffieculty in this
experiment was the very small counting rate. The detectors were placed
8.1 and 7.6 cm. from the séﬁrce;f Beth spectfometers were set directly
on the 606 kev peak‘wit£ widé windows. Daté were taken at only three
angles in fifteen minute counting intervals. Approximstely 100 reals
were cbtained Quring each interval. Since a contribution from coinci-
dences wifh the 296+316 kev sum peak is possible, data were taken of
counting rate versus distance of detector from source. These dats and

numerical estimates indicated that no more than 9 per cent of the coineci-

dences are due t0 sum pesaks.

485-206 kev correlation exper: The' detectors were placed 4.8 and

5.2 cm. from the source. Onegﬁpqc££ok§ter was set slightly on the high
energy side of the 468 kev peak; and the other directly on the unresolved
peak at 205 kev. Care was teken toleﬁclude as much as possible of the
contribution from the 175 kev Compton edge due to the 316 kev gamma

radiation; however, this experiment still suffers from interference

effects due to coincidences between the 468 kev line and the Compton

edge of the 316 kev line.

Beta-Gamna Work
As was the case in gamma-ray work, three types of expe;iments

were performed using beta rays. These ihree types may be called
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singles beta spectra determination, beta-gamma coincidence spectra
determination and beta-gemma angular correlation experiments. The
same type of source was used for each of these experiments, and the
source preparation will be discussed first, followed by a discussion

of each type of experiment.

Source Preparation

The sources used in the beta ray work were prepared in a manner
similar to that used for gamms-ray scurces. However, care must be
taken to make the source and its backing as thin as possible since
scattering of the electrons cauges energy degradation and will temnd to
decrease any engular correlation (45). The same backing as was used for
gamma-rsy sources was used. In Irl92 the specific beta activity is high,
and it was eésy to obtain sources which were not thick8 and still were

sufficiently active.

Singles Beta Spectra

Since the scintillation type Betﬁ r%& counter which was used in
this research is sensitive to both beta andggamma radiation, care must
be taken to correct all data for the gamma.fays which are counted in
the beta ray detector. This correction is made by determining the
counting rate when a lucite absorber of approximately 0.5 cm. in thick-
ness is inserted between the source and beta detector. Lucite is used

because it contains elements of low atomic number and therefore few

secondary electrons, which would reach the crystal, are produced in the

8One small dr;g of solution was evaporated forming a deposit of
approximately 0.28 cm® in area.
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abgsorber by the absorption of gamma.rays. Calculation shows that 0.5
cm. is the minimum thickness of lucite which will totally absorb beta-
rays of the energies present in the decay.
192

The singles beta spegtrum of Ir was obtained by running the
beté,spectrometer over the entire energy range with and without the
Tucite sbsorber. Figur; 8 showé a plot of the results obtained with
end without the absorber and a”plot of the beta-ray spectrum obtained
b& subtracting out thé gamma-ray background. The energy resolution of
the beta gpect;ometer wés'foﬁnd to be approximately 16 per cent using
the conversion electron spectrum of 133137.. Because beta-rays form a
continuous energy spectrum, energy cslibration in beta-ray work is
somevhat difficult. For this research, the conversion electron lives
of cst37 (627 kev) and Bi207 (976 and 48l kev) were used as energy
calibration points. In order to obtain calibration points at lower
energies the amplifier gain was cut in half giving points at 313.5,

488 and 240.5 kev. It was found that a straight line energy calibration
fits all six experimental points very well. This method of energy cali-
bration was used in &all the betawrﬁy work. More careful study of the

singles beta spectra is unfruitful because of the superposition of

several different beta spectra.

Beta-Gamma Coincidence Spectra

In order to single out one beta group for study, beta-gamma
coincidence techniques were used. These coincidence studies are per-
formed exactly as gamma~gsmme coincidence studies. The only new

difficulty is correcting for the gamms radiation detected by the beta

L1
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counter. This leads to a certaih gemma-gamme, coincidence rate which
must be subtracted alopg wiph the accideﬁtal rate from the ohserved
coincidence rate. The correction 1s determined by periodic insertion
of the lucite absorber and observation of the gemma-gamma coincidence
rate. This rate is usually extrgmely low (below 5 real gamma-gamma
coincidences per fifteeniminute fun} bééauSe the anthracene crystal
used as a beta detector is thin and contalns elements with very low
atomic numbers.

- Baggerly et al (28) have indicated the existence of three beta
groups with endpoint energles of 670, 540 and 254 kev. The problem of
electron scattering and its effect on angular correlation results grows
progressively worse as the electron energy decreases; therefore, the
low energy beta particles are not suitable for angular correlation
studies unless extreme care is taken to secrue a thin.source.' Con-
sideration of the decay scheme shows that the 670 kev beta group is in
coincidence with the 468 kev gamma transition and that the 540 kev beta
group is in colncidence with the 604 and 612 kev gamme, lines; therefore,
it appeared that angular correlation studies could be made of the 670-
468 and 540-600 kev beta gemma cascades. In order to ascertain whether
scattering in the source or the source backing was apprecisble, coinci-
dence studies of the 468 and 600 kev gamma-rays with the beta spectrum
were méde. The coincidencé data are best presented in a Fermi plot.

A discussion of this method of analysis is given in Appendix E. If
the Fermi plot does not deviate from a stralght line to any great
extent, it is assumed that energy degradation of the electrons has not

taken place and that the scattering of the source and backing is
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negligible. One expects, therefore, to obtain Fermi plots which are
very nearly straight in<tﬁe-higher energy region but begin to deviate
from a straight line at lower emergies due to scattering. The result-
ing Fermi plots obtained from cbincidénée studies of the 468 and 600
kev gamma-rays with the beta spectrum are shown in Figs. 9 and 10
Fespectively, FProm these figures one can see that the Fermi plots

are reasonsbly straight over most of the energy range except near the
beta group endpoint. The disteortion near the beta group endpoint is
due to fhe fipite energy resolution of the beta spectrometer. This
distortion can be corrected by &n approximate method due to Owen and
Primakoff (h@); however, the method is not good if the beta spectromster
does not have excellent resolution. Since the gpqrgy‘rgsolution of a
seintillation spectrometer is poor comgaréd to a maéﬁétie spectrometer,
this correction bas not been made. The uncorrected Fermi plots may be
compared with numerous uncorrected Fermi plots for other decays in the
literature (47) and in all éaseé the characteristic distortion near the
beta group endpoint is present. Thé fact that the Ferml plots are
reasonably straightéin,the region of interest indicates that energy

degradation due to electron scattering is not appreciable.

Angular Correlation Measurements

From the beta—gamma comc‘ride e'dita 1t appeared that sngular
correlation experiments between the 670 kev beta group and the 468 kev
gamma-ray and between the 540 kev beta group and the composite 600 kev
gamme, line could be performed without scattering difficulties. The

670-468 kev correlation is particularly easy to study since there are




* R 1/2
| (_éﬁ)/ )

k.o

12.01—

10.0p—

8.0}~

6.0

Figure 9,

Fermi Plot of the Beta-Gamma Coincidences with
;thewh6§ key Gamma-

ﬁlvwi

T

L5




R/N. 1/2
& &)

25,0 ? i‘pﬂl

20.0 p=—

15.0 p=—

0.0

5.0

46

Figure 10. Fermi Plot of the Beta-Gemma Coincidences with the

00 kev, Gamma-Reys
b .f:];) U

[ S

2.20




no complications from other beta~-gamma cascadeslo. If the spin of Irl92

%
is five this correlation is isotropic, if the spin is six the correlation

may be anisotropic (see Chapter IV); therefore, a study of this beta-
gamma correlation is pertinent to a study of the spin of Irlge. Furthe&-
more if the correlation yields an anisotropic result, the results may

be correlated with the matrix elements of the beta decay. The 540-600
kev correlation is much more difficult to interpret because of the
complications arising from the coincidences between the 540 kev beta
group end with both the 604 and 613 kev gamma lines. In this case if

an anisotropic correlatien results; one cén.say thet the spin difference
between the ground state of Irl92 and level E is greater than one (see
Chapter IV). |

The beta-gamma angular correlation experiments are performed in

the same manner as are gamme-gamma angular correlation experiments. As'
in all beta decay work using sc;ntill?tion detectors, one must meke a
correction for the gammqvraySEdeﬁe?te@éingthe beta counter. The gemma-
gamma coincidence rate,wés detenﬁiﬁed gy insertion of the lucite absorber
and was found to berﬁeky.;mall ane?ga%maig%mma coiﬁcidgnce to several
hundred beta-gamma coinéid‘ences)o Siﬁ;§.€hé gemma-gamma coincidence
rate was so small, the angular correlation of the gamma-gamms coilnci-

dences need not be taken into>acc0unt. The. correlation function is a

PR ;

slovly varying fuﬂctibn"with.fﬁépébt:tb'%w_ahetﬁ~particle energy having

a maximum anisotropy at the beta group endpoint (4); therefore, it is

107pe 468 kev gamma transition is not in coincidence with the 540
kev beta group except through the 136 kev gamma line which is very weak.
Therefore, one may use beta energies below 540 kev and still have very
little interference for other beta groups.
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necessary to keep the bets-ray detector set accurately st the chosen

energy. It is also desirable to set the beta spectrometer near the

endpoint. The conversion lines of Gsl37 and 31207 were used as energy

calibration points at the beginning and at the end of each run. The

counting rate on the beta spectrum of Irlg2 was kept constant during

the course of the run by making small adjustments in the amplifier
gain. If the calibration at the end 'of a run showed that the energy
had not drifted more than 2Q kev the date were regarded as valid;
othervise the data were‘discardgd.

Angular correlation data were taken for the 670 kev beta group
with the 468 kev gamma-ray by setting the beta spectrometer at approxi-
mately 550 kev with a window width corpgspbnding to approximately 20
kev. The result was an almost isctropic distribution. Data were taken
at a lower beta energy of approximately 420 kev and the same result was
obtained. The angular correlation betveen the 540 kev beta group and
the 600 kev gamma pesk was measured by setting the beta spectrometer
at approximately 450 kev with a window of approximately 30 kev. The
result of this experiment was also an isotropic distribution. The results

of these three beta-gamms sngular correlation experiments are tabulated
in Table 2.
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Table 2. Experimental Beta-Gamma Angular Correlation Data

Baiio of
Ratio of Beta-Gamma
Total Real Real to to
C?scage Be%a”E?ergy . Uncorrected Coincidences Accidental Gamma-Gamma
(kev kev N. g0 N __o at 180° Rates Rates
180 135 R R/e R/
670-468 550 1.016 1.012 10 260 6 (00)
670-468 koo 1.008 1.026 10 054 8 200

540-600 450 0.9TL =w—e= 7 132 3 45




- CHAPIER IV
CONCLUSIONS AND INTERFRETATION OF RESULTS

As was stated in the iatroduction, the main purpose of this
research was to determine the spins of some of the energy levels in-
volved in the decay of Irt2>, It should also be noted that this
research lends support to the previously proposed decay scheme (28).
All of the coincidence data, except for one discrepancy, can be
interpreted using the éexisting decay scheme. In particular, the
coincidences observed between the 468 kev and 416 kev, the 205 kev
and 485 kev, and the K X-ray and 205 kev gamme radiations are original
observations lending validity to the decay scheme. Also, the beta-
gamms, coincidence work showing coincidences between the 468 kev gamma
and a beta group with endpoint near 670 kev and between the 600 kev
gamma group and a beta group with ‘endpoint energy of approximately
540 kev is strong support for the decay scheme. The strongest argument
for the scheme is the fact that so much data, taken by many different
investigators, is correlated by this decsy scheme, The one discrepancy
mentioned above is that in this research no evidence of a gamma line
at 374 kev was observed either in singles or coincidence spectra. The
fact that it is not visible in singles spectra is very likely due to
its low intensity. The fact that no peak at approximately 374 kev was

cbserved in coincidence with the 206 kev or a K x-ray line may also
be due to low intensity; however, if the intensity of the 374 kev line

as previously reported (27), (28), is correct a small coincidence peak

should be observed.

50
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Gamma-Gamma Correlation Experiments

The interpretation of the gamm&-gamma angular correlation experi-
ments is based on comparison of the experimentsl correlation coefficients,
corrected for geometry, (tabulated in Table 1, Chapter 3) with the
theoretical values as calculated by Biedenharn and Rose. Table 3
contains those theoretical coefficients and anisotropy ratios which will
be useful for comparison purposes in the following discussion; The

interpretation of each gamma-gamma asngular correlation experiment will

be discussed separately.

468-300 kev correlation.--Since the 468 kev gamms peak as observed in

the singles spectrum is primarily composed of the L68 kev line® and
since the 468 kev line is in coincidence only with one 300 kev line,

the angular correlation measured is the correlation of the 468-316 kev
cascade with very liptle interference from other cascades. This cascade
connects levels D, B and A as shown in Fig. 1. As noted in the intro-
duction, levels B and A have been assigned spins of 2 and O respectively;
the 468 kev line is known to be very nearly pure E2; and the spin of
level D is greater than one and less than five. Comparison of the
corrected experimental coefficients with Table 3 (page 52) shows that
the data are in agreement with a gpin of four for level D and are in
disagreement with spins of two or three. This interpretation has been

given previously by Baggerly et al (28) and Kelley and Wiedenbeck (30).

600-300 kev correlation.--Consideration of the decay scheme shows that

this correletion measurement contalns contributions from four cascades - =

INote that the other lines present in the 468 kev composite peak
are weak. ©See Fig. 1, Chapter I.
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Table 3. Theoretical Correlation Coefficients

Cascade A

o A, A
L(E2)2(E2)0 0.1020 - 0.0091 0.1095
3(E2)2(E2)0 -0.2041 -0.0815 -0.3335
2(E2)2(B2)0 -0.0766 0.3265 0.132

604~316 kev, 308-613 kev, 588-296 kev and 585-316 kev. In order to
interpret these data it is necessary to estimate the contribution from
each of these cascades. By using the”intensities of the gamma tran-
sitions as given by Baggerly et al (28) and the measured resolution of

the gamma spectrometers, curves were constructed which represented the

composite 600 kev and 300 kev peeks. This was done assuming each

gamma line yields a Gaussian distribution characterized by a peak
height dependent upon intensity and width at half meximum dependent

upon resolution of the spectrometer. From these curves it was estimated

that the total coincidence rate was composed of the following: 604-316
kev (73 per cent), 308-613 kev (13 per cent), 588-316 kev (14 per cent),
and 588-296 kev (0.5 per cent). ‘

The spin of level E is limited to values of two, three, or four
by arguments which are similar to those applied to level D, If the
spin is four then both the 604-316 kev and 308-613 kev cascades involve

the same sequence of transitions - 4(E2)2(E2)0. Therefore, in this
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case both cascades have the same corrélatioh, and only 1k per cent of
the total coincidence rate should be considered as interference.
Comparison of the theoretical with experimental coefficients for this
case indicates the spin of level E is not four. In fact the algebraic
signs of the A2 coefficients are different. The interference from the
588-296 kev cascade would not be expected to explain the large dis-
agreement. If the spin of level E is either three or two, the
possibility of mixing of magnetie dipole and electric quadrupeole
radiations must be comsidered for the transitions connecting levels

E and B or levels E and C. In these cases if the mixing is different
in the 604 kev and 308 kev line, then both the 588-296 kev and 612-308
kev cascedes must be considered as interference. The data are in sgree-
ment with a spin assignment of three to level E if the 604 kev line

is predominantly E2. Because of the interference it is not pessible

to be precise about the mixing ratio. Figure 11 shows graphs of A2,
_ Intensity of E2 radiation)
‘ " Intensity of ML radiation’’
for the sequence 3(E2+Ml)2(3290u From this graph it appears that the

A) and the anisotropy A versus S 2,(52
mixing of ML in the 604 kev'transitions is probably less than 5 per
cent. If the spin of level E is taken t0 be two, the theoretical Ah
coefficient is much larger than the experimental Ah’ Figure 12 shows
plots of A2 ) Al+ and the anisotropy A versus 62 for the sequence
2(E2+ML)2(E2)0. From this figure one sees that a very large mixing
of M, 50 per cent, in the 604 kev transition is required to obtain
agreement between the Ah coefficients, Baggerly_gﬁ 3% (28) find these
transitions to be predominantly E2; therefore, it seems very likely

that the spin of level E is three.
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600-600 kev correlation.--Consideration of the decay scheme shows the

600-600 kev experiment should be a measurement of the 588-613 kev
correlation with a small amount of interference from sum peaks.2 Since
data were only obtained at three angles (90°, 180°, 270°) the coeffi-
cients A2 and Ah,could not be determined explicitly; thérefore, only
the anisotropy ratio was determined experimentally and is to be
compared with the theoretical values. The 588-613 kev cascade connects'
levels G, C and A. The spins of levels C and A are kmown to be two
and zero respectively, and the 613 kev line is pure E2. The experiméntal
data are not in agreement with a spim of four for level G. As in the
case of level B, the other possibilitles are spins of two or three,

If the spin is three, an admixture of ML radiation in the 588
kev transition must be considered since the experimental data are not
in agreement with a 3(E2)2(E2)0 correlation. Figure 11 shows the
anisotrépy ratio as a function of the admixture of ML radiation in a
3(E2+ML)2(E2)0 correlation. Fram this figure one can see that the
experimental anisotropy data sgree with a spin assignment of three for
level G and an admixture of 8.5(+1 per cent) ML radiation with 'y
negative in the 588 kev transition. Interference from the 588-(296+316)
kev cascade may introduce an additional error of a few per cent inS§ ,

the mixing ratio. K, LI, and L__ conversion coefficients for the 588

II
kev transition have been measured by Baggerly et al (28), and the L/K
ratio has been measured by Bashilov et al (MS)v This admixture of 8.5

per cent ML radiation in the 588 kev transition somewhat worsens the

2Sum peaks occur when two ganma-rays which are in coincidence with
each other are counted by the detector simultaneously. In this case the
interfering sum peaks are the 316+296 kev, 316+308 kev and 296+308 kev
sum peaks. These three sum peaks give a count in the 600 kev region.




agreement of Rose's (49) theoretical conversion coefficients with the
results of Baggerly et al (28) but tends to improve the agreement with
the results of Bashilov et al (48).

If the spin of level G is taken to be two, consideration of Fig.
12 shows that the anisotropy data are in agreement if an admixture of
a few per cent Ml radiation is assumed for the 588 kev transition.
Figure 13 shows a plot of the ratio of the counting rate at 135° to
the counting rate at 90° versus the mixing ratio for the cascadé
2(E2+ML)2(E2)0. The more extensive experimental data of Kelley and
Wiedenbeck (30), which were reported while this work was in progress
and which are in agreement with the present data, are not consistent
with the greatly reduced counting rate at 135° as shown in Fig. 13 for
all admixtures of Ml radiation up to about 50‘per cent. Therefore, a
spin of two for level G seems unlikely and a spin of three is the best

choice.

416-468 kev correlatibn.~--An examination of this correlation is also

pertinent to a discusgion of the spin of level G. The correlation
experiment was perforﬁed; however, since the intensity of the 416 kev
line is small, interference from other cascades (468-316 kev) is iarge
compared to the 416-469 kev coincidence rate. ?herefore, no attempt
is made to interpret the data, and no conclusions are based upen this

experiment.

485-206 kev correlation.--This experiment also contains interference

from other cascades; however, the fact that a large negative value for

the anistropy was obtained makes the experiment interpretable. The

29
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major portion of the interference is probably due to the 468 kev
radiation in one detector and the Compton distributions from the 316
kev line being counted in the other detector. This cascade would give

a positive anisotropy. (See 468-316 kev correlation discussion.)

Therefore, it is Qery likely that the value obtained for the anisotropy
is somewhat smaller in absolute value than it wouwld be if noe inter-
ference was present. The 485-206 kev cascade connects levels d, b and
a in 08192. The spins of levels b and a are known to be two and zero
respectively. Level d must have a spin of two, three or four. A spin
of four is not in agreement with the correlation experiment. The dats
are consistent with a spin of three; however, the interference in the
experiment prevents an accurate assignment of the admixture of ML
radiation in the 485 kev transition, but it is probably less than six
per cent (see Fig. 11). This interference also makes it unfruitful to
attempt to rule out.g spin of tvo fpr level d on the basis of the
angular correlatipnigxpeﬁimént. The absence of a crossover tramnsition
of appreciable in%e@éityifrém‘level d to the ground state suggests
that the spin of ievéi d should be greater than two, otherwise this
crossover ought to be ML or E2 vhich would compete favorably with the
other E2 transitions connecting levels 4 and b or b and a. Note that
a similar argument applied to 5%192 suggests that the spins of levels

E and G should not be two.

Beta-Gamma Correlation Experiments
All the beta-gamma angular correlation experiments gave results

which were almost isotropic thereby limiting the number of conclusions




62

which may be obtained by examination of the data. In general, aﬁy beta-
gamma angular correlation experiment will yield an isotropic result if
the beta spectrum has the allowed shape (14). First forbidden beta
transitions with & spin change & J=0 or 1 have allowed shapes (1k).
First forbidden beta transitions with & J=2 may deviate from the allowed
shape and hence have a non-isotropic angular correlation (h).‘ The
Fermi plots obtained in this research with scintillﬁtion spectrometers

are not sufficiently accurate to determine the shapes of the beta spectra.

468 kev gamma-670 kev beta 5roup_aggular correlation.--The 670 kev béta
group is first forbidden (28) wichB J=1 if we assume the ground state
spin of iridium to be five,3 Therefore, an isotropic angular correlation
is expected. If the ground state spin were six, & J=2, and an aniso-
tropic result is expected. The fact that no enisotropy was observed

92

is consistent with a spin of five for the ground state of Irl .

600 kev 5amma~5h@‘kév;betd éro?p aﬂgulaﬁﬂéorﬁéigtion.-—If the ground

— el
o | l‘,'

state spin of Irlgzgiééfivéﬁ tﬁe 540 #emﬁbeté;sﬁéﬂp is also first for=-

E

bidden but hasl5.J=éﬂ;§Thi§%iégthe solcalled'fi:ét unique beta tran-
sition and should give an anisotropic angular correlation with a single

gamma ray. If the ground state spin of Irl92 is six, then & J=3 and the

540 kev beta transition cannot be first forbidden. In this case the
transition must be third forbidden, (second forbidden is ruled out by
parity arguments), and again sn asnisotropic result is expected if no

interference from other cascades occurs. However, the coincidence rate

3The 670 kev beta'group proceeds to level D which has a spin of
four.
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S

a5 observed in this experiment is a composite of threé cascades - 540
kev beta group and 604 kev gamma, 540 kev beta group and the 613 kev
gemma, and 540 kev beta and the (308+296) kev sum peak. Therefore,
evén if each cascade had an anisotropie correlation, the composite
might be very mearly isotropic. Thé‘éxperiment was performed with
the ebove facts in mind. If an anisotropic result had been obtained,
then one could have said thaﬁé3£T223 however, the isotropic result

does not limit the values of & J. -

Ground State Spin of Irl92

The dats on the 604-316 kev ga@ma:gamma angular correlation
experiment and the data on beta-gamms angular correlations indicate
that the spin of Irl92 is five and not six.l* Since the 604-316 kev
gamma-genms correlation experiment fixes the spin of level E to three
and since the log £t velue of the 540 kev beta group connecting the
ground state of‘]‘;rl92 with level E indicates a first forbidden

192

transition (28),zthen the sﬁin Qifference between the Ir nucleus

& Lo “
and level E can be no greatér than itwo.' Therefore, the ground state

192

spin of Ir must be five.ﬁ Furthermore, a spin of five is in agreement
with the results of the 670-468 kev beta~gamma sngular correlation.

The recent successes of the shell model in predicting the ground
state spins of nuclei require an attempt to correlate a spin of five

192

for Ir with the shell model. A great deal of the terminelogy used

in this discussion is standard and will not be defined explicitly here;

hThe spin of Irl92 is delimited to values of five or six by arguments
based on the fact that first forbidden beta transitions proceed to levels
of spin 3 or 4 (levels D, E, G) but not to levels of spin 2(levels B, C).




a complete description of the fundamentals of the shell model can be

found in Mayer and Jensen's Elementary Theory of Nuclear Shell Structure

(1). Irl92 is an odd-odd nucleus with proton number Z=T7 and neutron
number N=115. In order to prediet its spin, one must decide into which
orbitals the 7T7th and 115th nucleons must be placed..5 One assumes,

in the sgpirit of the shell model, that all other nucleons couple to
zero. Figure 14 is a plot of the energy levels for protons and
neutrons as predicted by the shell model with strong spin-orbit
coupling (51). From this figure one can see that in the region of
Z=TT7 and N=115 the energy levels are closely spaced. In such cases

the shells may not fill up in the order shown, and the nearby levels
may compete for the next nucleon. For the 7Tth proton the competing
levels are 6hll /2 s )+d3 /2 , and 3sl /2 ;3 for the 115th neutron the competing
levels are 4p3/2, 7113/2, and 491/2’ In order to obtain information as
to just which are the proper levels for these last odd nucleons, one
might consider nearby odd-even snd even-odd nuclei. Klinkenberg (51)
and Blin-Stoyle (52) have extensive tgbleé of the measured spins, Jj,

of various nuclei and of the correspo?ding orbital assignments in the
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shell model. For Z=T7 two examples are given -~ Ir and Irl93. Both

have j=3/2, end assignment of the last proton is to the hd3/2 state

with the 6hll/2 state filled and the 351/2 state empty. For N=11l5 no

5If the angular momenta of the odd proton and neutron are known
one must still find a coupling rule to predict the total spin of the
nucleus (1). Nordheim (50) has formulated empirical rules which seem
to fit the observed spins of odd-odd nuclei. However, for heavy nuclei
very few spins of odd-odd nuclei have been measured; therefore, it is
unknown whether Nordheim's coupling rules apply in this reglon. Further-
more, Nordheim's rules do not always predict a unique spin.
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Figure 14. Energy Levels for Protons and Neutrons as Predicted by the
Shell Model with Strongﬁsikp-Orblt Coupling
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exemples are known; however, for N=113 (05189) the spin is 3/2 with

the assignment of the last neutron %o the hp3/2 state. In this case the
7113/2 state is only partially filled and the upl/2 level is empty.

For N=l117 (1?1:195 and H5199) the measured spin is 1/2, and the assign-

ment of the last neutron is to the Mpl/e state with the Ti level

13/2
partially filled and the hp3/2 level empty. These arguments would
indicate the odd proton should be in the hd3/2 state and the odd
neutron in hpl/z or hp3/2\state“ These assignments could give a
nuclear spin of at most 3; thérefbre; some other assignment is neces-
sary. In order to obtain & spin of five the following assignments

are possible: proton in 6hll/2 and neutron in hp3/2’,hpl/2’ or 7113/2
levels, or neutron in 7il3/2 and proton in 6hll/2 or hd3/2 levels.

As stated in the introduction the parity of Irl92 is known to be odd;
the only one of the above combinations which gives an odd parity is

the assignment of the odd proten to the 6hll/2 level and the neutron

| {
' ! o
to the 7113/2 level. This assignment is not expected from the nearby

odd-even and even-odd nuclei mentioﬁgd‘abovef This must mean the
o

ordering of the levels in odd-od@ nﬁﬁléi is somewhat different from

| [N |

‘that in odd-even or even-odd nuciei;' A gimilar case occurred in the

odd-cdd nucleus 7lLul76, with N=105 and Z=71. The spin of Lu176 is

known to be greater than six (53). This requires the odd nucleons to
be assigned to states with high angulsr momente, and as in the case

of Irlga, nearby cdd-even and even-odd nuclei do not indicate these

assignments.

Lo —
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CHAPIER V
THECRY OF ANGULAR CORRELATIONS

Introduction

An elementary discussion of seme of the concepts used in this
chapter is given in Appendix A which may be consulted by the reader
as needed. The purpose of this chapter is to explain why an angular
correlation should exist between successively emitted radiations.

Major emphasis will be placed upon the corrélation between successively
emitted gamma-rays, and beta-~gemma correlations will be discussed only
briefly. The theory will not be developed in its most general form
(for such treatment, see Biedenharn and Rose (12) ); however, special
emphasis will be placed upon a treatment which provides insight into
the physics of the correlation‘mecﬁaéism. The development presented
here closely follows that of Frauenféider (4).

The probability of emission ;ﬁ a particular direction of radistion
by a radicactive nucleus is & functi%% of the relative orientation be-
tween the nuclear spin axis and the &irection of emission. If the
nuclear spin axes are randomly oriented in spece, then the observed
radigtion pattern is necessarily isotropic. In order to observg an
anisotropic pattern, it is necessary to select an ensemble of nﬁclei
which are not randomly oriented. A direct method of selectiné such an
ensemble is to place the ssmple at & low temperature in a strong magnetic
field. Undef such conditions the angular distribuﬁion of the emitted
radiation with respect to the magnetic field direction may be aniso-

tropic (4).
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A more indirect method‘is to selectively observe the radistion
from only those radiocasctive nuclel whose spins lie in a preferred
direction. This method of selective observation 1s possible if the
radicactive decay is accompanied by the successive emission of two
radiations Rl and R2. The observation of Rl in & fixed direction serves
to select an ensemble of nuclei of limited spin orientations.' The
succeeding radiation R2 may show an anguwlar correlation with respect
to Rl.

Experimentslly, one records the coincidences between R, and 32

1
as a function of the angle between the lines joining the two counters
and the radiocactive source. After proper normalizetion and geometricel
correctiop (see Appendix D), one derives the experimental correlation
function‘W(e), where W(©G)A S is defined as the relative probability that
R2 is emitted into the solid aengle d <L at an angle ©® with respect to

R Information regarding the nuclear levels may be obtained only if it

1
is possible to derive expressions for W(6G ) for various nuclear spin

sequences and various types of emitted radistions.

Gamma-Gamma Angular Correlations
In this section we assume that both R, and R2 are electromasgnetic
quanta (gamma-rays). Furthermore, we assume the nuclei are not reoriented

after the emission of R, and before the emission R Usually the excited

L 2°
states are very short<lived (i.e.< 1079 second) and this assumption is
Justified., If perturbations of the intermediate state are appreciable,
then the observed correletions will be smaller than the unpeturbed

correlation. Comprehensive discussions of this problem have been given

by numerous authors (8), (4).

NJ‘L“
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Consider a single gamma-transition R, comnecting two nuclear levels

2

regpectively. Rl is characterized by the

The Z axis defines a polar coordinste

Y -
B and C with spins JB and JC

angular momentum quantum number L2.

system and may be arbitrarily chosen. The component of L, along Z is

2
called the magnetic quantum nunber and is denoted by Mé. Mé can have

integral values subject to the restriction:

o L2 < Mé < L2

The total angular momentum and magnetic quantum numbers characterizing
the nuclear states B and C may hbe denoted by jB’ By and jc, M respec-
. _ 2 _ . 2 . < C s
tively, vhere Jy = j; (J l)ﬁ = jc(Jc+l)ﬁ. ; -ig ¢ mg € jp and
<

-Jg € m, < o (mB and m, are integral or half-integral as Jy and j, are

integral or half-integral). Conservation of angular momentum requires

-— - Y
that JB = JC + L2 and m, = mC + Mé.

Each component with a definite wvalue of Mé ‘has & characteristic direc-
tional distribution which is independentmof Jp end. 'Jc‘ If: 8 denotes

the angle between the direction of p?opogation of the emltéed gemma-ray
and the % axis, then the directional distrlbution for a particular
component may be denoted by FE(E)). One '.ca.lculatesfl"g(e) by evaluating
the Poynting vector as a functiom of & for the mulfiéole radiation

characterized by M and L. The result is as follows (53), (54):
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where YLm are the normelized spherical harmonics defined as normalized
éimultaneous eigenfunctions of tﬁe -opevators L2 and LZ.l

In the Zeeman effect of atomic spectroscopy, one can observe the
directional distributions of the individual components sincée the different
states are split up in a magnetic field and the components have different
energies. In nuclear spectroscopy the splitting of the levels even in
a very stroﬁg magnetic field is only of the order of 1078 ev (4).
Therefore, it is impossible to separate the components, and one always
observes the unresolved line R,. Its directional distribution, FLE(EB),
depends upon FEE (©), the relative population of each magnetic substate
in state B, P(mB), and the relative transition probability, G(mBmc), for

each component Mé =my - oy as follows:

FL©) =, Z  Pp) Slmm) ¥ (©) (2)

where the summation extends over all the magnetic substate of levels B
and C.

The absolute transition probability‘Gl(mB, mc) for radiation of
multipole order L is proportional to the square of matrix element of the

maltipele moment operator Q:

(54) lSee Blatt and Weisskopf, Thecretical Nuclear Physies, Appendix
B (54). )
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This matrix element may be written as a product of a "muclear" factor
depending upon the radial wave functions and a "geometrical” factor
depending explicitly on my and Dy The geometrical factor yields the
desired relative transition prebabllity because the nuclear factor does
not depend upon oy and m.C explicitly. To clarify this discussion,
consider, for example, the radiation from an electric dipele lying
along the 2 axis. Then the matrix element apart from numerical factors
becomesJ‘\I):Z\fgd'C . Assume the nuclear wave functions ’\PC and \‘PB , may
be separated into products of radial and angular functions:2

kP = R(r)YJm(e,Q)) and set Z = r cosS; then, the matrix element
becomes a product of two integrals. One integral depends oanly upon
the radial part of the wave function and the other upon the values of
op and .

In general, the multipole moment operator may be written ag the
product of a radial factor and the complex conjugate of a spherical
harmonic YZM(G ,¢) (54). The separation of the matrix element into
& radial factor independent of mg and o and an angular factor then

T

‘ * *
follows (4). The angular factor may be written ash[\Y. Y Y o a
J Tdemg “pmp LM
where Yjémc and YijB are the angular parts of the wave functions
C A : *
representing the initial and final states and YLM is the angular part

of the multipole moment operator. In order to take advantage of the

* *
orthogonal properties of the sphericeal harmonics, one expands Ys " YLM
! oo 1
: *
in terms of the complete set of functions on the unit sphere, YJB, mB,.

2This is equivalent to the assumption of a single particle wave
function with a spherical potential.
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This expansion is given by the expression (&)
A 4 Lagrngs) ¥, pu -
e LM Jg/ B/ cC B ) I’ mp/
The coefficient (J CLmCM‘l.jé .m:é) is the so-called Clebsch-Gordan or
vector addition coefficient (54). The Clebsch-Gordan coefficients are
the coefficients of the expansien of a wave function characterized by

-~

angular momentum JIB in terms of wave functions characterized by angular

- — - -

momenta JC and L where JB = JC + -f, Utilizing the orthogonslity
properties of the spherical harnomics, one obtains the result that the
matrix element of the multipole moment -operater: is proportional to the
Clebsch-Gordan ceefficient (chLmCl\*Il ;iBmB) , and the relative transition

probability G( ) is given by
g :

G(m_BmC) = (.JCLH).C Mﬂ.j.__BmB)z (3)

A general derivation of the above: }Easult may be obtained by group
theoretical methods (&), (12).
Consider now a nucleus which decays through a cascade A-B-C

by successive emission of two gamma rays R, and 32 of multipolarities

1

Ll and L2 respectively. We seek the directional correlation function

W(8) bvetween R, 8nd R,.

Let the Zaxis coincide with the direction of propogation of Rl'
In this case, W(E&) is identical with F. (8 ) -- the directicnal

Lo

distribution of R, with respect to the Z axis. Therefore, We) = FLg(e)

can be calculated from equations (2) and (3) if the relative population

of state B,P(mB), is known. P(mB) is given by the sum of all transitions




leading into state my.: Assuming all the magnetic substates of level A

are equelly populated, then
Plng) = 3. Glmyng)Fr1 6 = O°) (4)

Where the summation extends over all the magnetic substates of A, and
Mi =m, - I for conservation of the Z component of angular momentum.
The transverse nature of electromagnetic radiation restricts the values of
Ml to be + 1 for ; photon propogated along the Z axis. Therefore, .

P(mp) =§H;A G(mAmB)i‘-LMi (6 =0°) (5)

and  W(O) = F.Le(e)’- mfmc

where Mé = Oy - I, and Ml =m, - mB. Finally, putting in explicit

G(m mB) FMl ©e=0° )]G(nxgmc)FME(e)

expressions for the relative transitions probabilities in terms of the

Clebsch-Gordan coefficients, one obtains

WO = 3y (gt m)° FET0) (kg aBmB)%'Me(e) (6)
where M2 my - Wy, Mi =m, - mg. In a simple case, the correlation
function may be calculated from equation (6). The Clebsch-Gordan
coefficients are tabulated by Condon and Shortley (55). The functions
F% may be found by using equation (1), and expressions for spherical
harmonies may be found in Blatt and Weisskopf (54).

The general theory of angular correlations has been discussed by
many authors kl2), (4). The progress in the theory since Hamilton's (5)

original work is largely due to the use of three tools: group theory,
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Racah algebra, and density matrix formelism (4). A discussion of this
more general theory will not be presented here; havever, some of the
results will be mentioned.

The correlation function W(& ) for gamma-gamma correlations is
not an infinite sum of even order Legendre polynomisls but only contains
a finite number:

W(OB) =1+ A2P2(’cose) + Ah]?h(cose) 4+ +e.0 P A_Dmaxfj,%max(.cose)

The highest term in this expansion”is given by'b = Min. (2j, 2L,,2L,.)
) ‘ = max. B, 1’7772
where Min. represents taking whichever one of the numbers EJB » 2Ll ,2L2
is the smellest (4). The explicit calculation of Ay in the expression
W(® ) is facilitated by the fact that it can be broken up into two
factors, each dependihg upon only one transition of the cascade. If

we denote these factors by Fy, then
Ay =Fy (Ld,dg) Fy (Lodgdp) (7)

These facteors, F‘D ,» have been numerically tabulated by Biedenharm and
Rose (12), and the calculation of Ay for pure gamma-gamma cascades is
easily performed.

The genersl theory of garma-gamms angular correlations may be
extended to include the case in which one of the two gamma-rays is
mixed, i.e. must be described by more than one L value. In this case,
the correlation function for the cascade JA(LlLJ{ )‘jB,(Lz)jC’ We),

is given by ﬁ
J

We) =+ S+ 28
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where WI and WII are the correlaticn functions for the pure cascades

. ‘ /. \ s
JA(L )JB(L )jc and jA(L )JB(Lz)JC end can be calculated from eq_uations

(Ipfttyff-9a)
(7). 8 is called the mixing ratio and is given by 6 BH'I}H A

(3l 1” da)
The ratio of the total (i.e. angle-integrated) intensity of the I/

1
multipole to that of the L, multipole is equal tog (4). For a given
intensity ratio 82 » the mixing ratio § can have either a positive or

negative sign. WIII is a contribution due to the interference between

Ll and L{ and is given by

T
Wirr = Z 0 A% Pp(cos®)
even

with Ayt - F,)(L JAthB)FQ (Lydgdg)

1/2
and F_b(L jAjB) = 1)313 - [(233+l)(2L +1) (2L +1):’

/. .
G.) (Ll;f; Jpdp)

The function G (LL/ 3 jB) has been tebulated »fcr 'théig:ageay L =L+1

by Biedenharn and Rose (12). :

Beta-Gamms Anguler Correlation Theory

The correlation between & beta-particle and a subsequent gemma-
rgy is much more difficult to treat theoretically than the preceeding
problem. In beta decay the nucleus emits a beta-particle and a neutrino
simulténeously. In the correlation experiment only the direction of the
beta-particle is observed; therefore, the theoretical calculations must

average over all neutrino directiomsend over all the spins of the neutrino

3This is the only case of interest because the gamma-ray transition
probability decreases rapidly with increasing multipolarity (56).
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and the beta-particle. Furthermore, the beta-decay interaction Hamiltonian
is not well understood. The intersction may be some combination of the
five relativistically invariant "pure"” forms (57). If more than one of
these pure interactions is responsihle for beta decay, then the beta-
gamma correlation function must contain interference terms (4). As in
gamma~decay, one can classify the beta-transitions according to the
angular momentum, L, carried awsy by the electron-meutrino pair. How-
ever, in the beta-decay several operators exist for a'given L even.if one
considers a pure interaction (4). Finally, interference cén'aisé éccur
between matrix elements belonging to different L values, usually L and

L + 1. These three types of interference greatly complicate the theo-
retical calculations and only a discussion of a few of the pertinent
results will be presented here (4).

The beta-gamma correlations depend in general upon the beta-
interaction Hamiltonian andlfhe particular mafrix elements responsible
for the transitions. It also depends upon the spins of the three nuclear
states, the parity change in the beta-transition, and the multipolarity
of the gamma-ray. It is a funcfion of the energy of the beta-particle.
Tﬂe beta-gammavcorrelation function for beta particles in the energy
region between E and E + dE is called the differential correlation
W(© ,E) and in general W(E,E) has its maximum anisotropy for the
meximum beta energy and always becomes isotropic as E approaches zero.
Finally, all allowed end some additional matrix elements cause isotropic
distribution. In fact if shape of the energy spectrum is strictly
identical with that of an allowed transition (gives a straight line

Fermi plot), W(© ,E) is isotropic. For anisotropic correlations there




is a eclose connection between the correction factor by which an allowed
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spectrum has to be multiplied to give the desired forbidden distribution

and the behavior of the correlation function (4).
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APPENDIX A




.BASIC PROPERTIES OF NUCLEAR STATES AND NUCLEAR RADIATION

The purpose of this appendix is to describe the basic properties of
auclear states and radiatiqns and to discuss briefly how a knowledge of the
properties of the nuclear fadiations aids in determiﬁing the properties of
the nuclear states involved in the transitions. The discussiom will be &
summary of the theoretical results, and no attempt will be made to derive
these results; however, some mention will be made of the experimental
methods used to determine the properties of nuclear rediatioms. Further
discussions of the theoretical arguments may be found in the following
references: (57), (58), (59), (60), (61). Since this thesis is concerned
with a study of beta and gamms radiatioms only, other types of radiation
will not be discussed, and special emphasis will be placed upon methods
and basié arguments which can be applied to the decay of Irl92.

The state. of a nucleus may be characterized by various quantities,
of which we are particulé&ly intérestéd in threé: lenergy, total angular
momentum (spin), and parity.l Thé energies of the various excited states
in a nucleus are determined by measurement of the energies of the gamma-
rays by which these excited states decay to the ground staﬁe. The problem
with which this thesis is primarily concerned is the determination of the
spin, j, and the parity of these states, which may be determined by studies
of additional properties of these gamma-rays.

Gamme, radiations are conveniently classified by multipole orders

L, according to the angular momentum (in units ot F ) carried by each

lParity refers to the symmetry property of the wave function under
coordinate inversion. (See for example Schiff (62)).




quantum of radistion (57). The possible classifications are L=1, 2, 3,
ccesss called réspect»ive_ly dipole, gquadrupole, octopole, .....radiation.
The tranverse nature of an electromagnetic wave excludes the case

. 1=0 (57). Furthermore, for each multipole order it is convenient to
divide the radistions into two classes depending upon perity. These
two classes are referred to as electrie 2L pole (EL) and magnetic VEL
pole (ML). Classically EL and ML refer to radiation emitted by a
vibrating electric or magnetic 21' pole (57). Multipolarity refers to
both the class (electric or magnetic) and the multipole order of the
radiation. Application of the conservation of angular momentum to the
system nucleus plus gamma-ray imposes certain selection rules on the
possible mult_;i.polarities of a gamma transition. Yor tramsitions
between twe nucléar states specified by engular momenta (3 i? 3 f,) and
parities (’lTi, TTf) where i refers to the initial state and f to the

final state, these selection rules are as follows:
| -J 1S LS
Jog -a}srsa v

(-:1)L for EL radiation

and AN]T= m i/ﬂf

)L-l

(=1 for ML radiation

vhere All= +1 represents no parity change and ATl = -1 represents a
parity change. Calculation of the tramsition probability for gamma-
decay (56) shows the probebility of emission decreases rapidly with in-
creasing multipole order. Therefore, one expeets to find only the lowest
multipole order satisfying. the selection rules or, at most, a mixture of

the two lowest permissible multipole orders. Parity conservation excludes




the simultaneous occurrence of electric and magnetic radiastion of the
same multipole order.

A knowledge of the multipole classification of the gamma tran-
sitions accompanying decay will place restrictions on the possible
nuclear spins and parities. A common method ¢f determining the multi-
polarity is by measuring the internal conversion ceoefficients; i.e. the
ratio of the number of conversion electron transitions to the number
of gamma-ray transitions. The internal conversion coefficlents depend
upon the energy and multipolarity of the gamma-ray, the particular
atomic orbit out of which the e€lectron is ejected, the wave function of

the electrons, but not on the nuclear wave function. It is this lack of

~dependence upon nuclear wave functions that makes the meagurement of

internal conversion coefficients highly adapted to determinations of
gamnma-ray multipolarities,2 Theoretical values for the K and L shell
conversion coefficien%s}hagérbegngtabulaﬁqd for ﬁgripus multipolarities
as a function of‘energy égd%ﬁubleaf charge by Roée (49). Both the
absolute magnitude of the conversion coefficients and the ratios of the,
coefficients (i.e. K shell to L shell or various L subshells) are
sensitive to changes in multipolarity. Experimentelly, the value of the
ratio of two conversion coefficients is more apt to be accurate than an
absolute determination of a conversion coefficient, and frequently the

ratio of two conversion coefficients is much more sensitive to multi-

polarity then is the absolute conversion coefficient. In any event small

2

However, recent work by Sliv (63), (64) on the effect of the
finite size of the nucleus on internal conversion coefficients has shown
that in some cases at least nuclear wave functions are important.
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admixtures of other multipolarit;es in the case of a transition involving
two (or more) multipolarities cennot be detected by internal conversion
coefficient measurements.

If the spin and parity of thex ground state are known, definite
parities and a restricted number of possible spins may be assigned to
the excited states from a knowledge of multipolarities. A number of
ground-state spins have been measured3 and a recent tabulation has been
given by Blin-Stoyle (52). A study of the measured spins yilelds certain
general empirical rules which aid in predicting ground state spin. COCne
such rule, with no known exceptions (1) is: +the spin of an even-even
nucleus is zero. The class of even-even nuclei comprises approximstely
T5 per cent of the stable nuclei. If the spin has not been directly
measured and if no empirical rule exists which is applicable, then a
nuclear model may be used to predict the ground-state spin. The shell
model has proved itself very valuable in this respect. The shell model
is of further advantage because 1t accurately predicts the parity of the
ground state.

Additional information which may aid in delimiting the spin of an
excited state often may be obtained from even very crude measurements of
the relative intensities of gamma radiations connecting the same nuclear
states., Theoretical calculation shows an increase of gamma-ray transition
probabiiity (56) with an increase in energy but a decrease with an increase
in multipolarity. If a choice of spin is available for a given nuclear

excited state, it 1s profitable te see if transitions occur to all other

3A common method is the molecular beam technique perfected by
Rabi (65).




states with spins very near the possible spins of the state considered.
If some of the transitions do not occur, it may be possible to fu;ther
elimingte some of the spin choices which were possible in the light of
the multipolarity selection rules.

The application of gamma-gemmua angulqr correlation techniques to
the study of nuclear spin states is likely to prove profitable after the
spin possibilities have been narrowed down to a few in number and after
the dominant multipolarity of the gsmma transition is known. This
method offers the distinct advantage of being able to determine with
good precision the exact mixing of the radiations in those cases of an
admixture of two radiations. A discussion of the theory underlying £his
method of determination of spins is given in Chapter 5.

The determination of the spin and parity of the radiocactive parent
nucleus which decays by bete emission requires a knowledge of the"proper-
ties of the beta decay connecting the parent with the daughter nucleus.
The theory of beta decay is discussed in many books (57), (59), (14), (66)
and only a summary of the pertinent results will be mentioned here.

Fermi's theory of beta decay predicts on the assumption of zero
rest mass for the neutrino the following energy spectrum for the beta

particles:
0 : .
N(W)aWNW VT - 1 (wo - W)Edw,

where W is the beta energy (in wnits of mce) end W_ is the maximum
energy. The experimentalist wishes to determine Wo; he does so by making

a Fermi plot. Counsider

[ H(W
F(W) f/w(wz(_li)l72
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Then F(w) r~ W, - W and a plot of F(W) as a function of W yields a straight
‘line for allowed transitions cutting the axis at WO. A first order ealeu;
lation gives the transition probability or the reciprocsel of the lifetime
to be:
2 m02 "
1/.5 =G -3 |M2| F(Wo)
2k

where T; is the life time, G describes the interaction strength between

electron and neutrons, M is the matrix element of the transition and

F(wd) = jw° wﬁr2 -1 (i - av.

1

A more detailed<ealcuihtion shows F(Wo) is also a function of the nuclear
charge F (Z, WO)° Beta decay is subject to certain selection rules just
as in atomic spectra. Beta transitions are claséified by the terms:
allowed, first forbidden, second forbidden, ete. according to the value
of the matrix element M. M is approximately 1 for allowed transitions.
From the expression for the reciprocal of the lifetime it may be seen
that the value of § F(Z, Ho) (usually sbbreviated ft) should be approxi-
mately constant for a given class of interactions. Even though the
theory of beta decay is far from complete, the class of a given beta
interaction is characterized by selection rules governing the spin and

parity change in the decay. Table 4 shows the selection rules.

Table 4. Beta-Decay Selection Rules

Classification Huclear Spin Change Nuclear Parity Change
Allowed 0, +1 Ne
First Forbidden 0, +1,+2 Yes
Second Forbidden +2,+3 No




In summery, the experimentalists may determine the maximum energy

of a beta group by making a Fermi plot. In addition from the log Tt

values the class of decay may be determined and limitation may be placed

on the spin and parity changes in the beta decay from the selection rules.

As in the case of gamma transitions further limitetions may be placed by
observing the relative intensities of the beta groups. The lack of a

particular transition implies a higher order of forbiddenness and there-

fore a larger spin change than in the observed transition (see Chapter I).
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ANALYSIS OF COINCIDENCE DATA

The major correction in coincidence work was for the acéidental
background due to the finite resolving time of the coineidence eircuit.
The resolving time is determined from the accidental rate with a delay
inserted in one channel. The accidental rate is very low, and long
counting times are necessary to accurately determine the r;esolving
time. By checking the accidental rate periodically throughout the
experiment, a large number of counts are accumulated for the reseolving
time determination, and furthermore, periodic checks are obtained on
the proper operation of the coincidence circuit.

Table 5 is a sample of the recorded data end the necessary
snalysis for one day's data on the coincidence spectrum with the 468
kev gamma-ray. The calculations required to analyze the data as shown
in the table are deseribed below.

1. The value of 2T (5= resolving time of the apparatus) is
calculated for each run in which a delay of 0.45 microgecond was in-
serted in one channel. This calculation is made utilizing the expressién
S =27 N1N2 where Nacc = accidental coincidence counting rate observed,

ace
Nl = counting rate observed om spectrometer number 1, N2 = counting rate
observed on spectrometer number 2. »

2. The average value of 2T , (2T ), is 'céléula'bed. for the day.
If trends indicating something other than statistical fluctuationms in

the calculated resolving times were observed, data for that day would

be discarded, but, fortunately, no such cases arose. When accidental




Teble 5. BSample of the Recorded Data and Analysis for the Gamma
Coincidence Spectrum with the 468 Kev Gamma Rays

Total
Number
Spectrometer | Spectrometer ’ Total Total of Real
No. 1 ) No. 2 ) Dise Product Number Number Coine.—
Pulse Singles Pulse Singles Vari- Count« crimina=- of the Total of of Singles
Height Counts Height Counts ~able ing tor Set- Singles Number Acci- Real Count on
Anal. = Anal. - Delay  Inter- ting on Counts on of  dental Coine. Spect.2: Micro-
Setting 256 Setting 256 Miero- val Spect. 1l and 2 Coinc. Coine. N N /N x10° Second
Nl N2 Second- Second HNo. 1 N1N2 Nce. Nacc. R/ o* 2
50 1921 400 7668 0.000 900 2.1 1473 550 259 291 379
70 2007 k10 7841 0.000 900 3.9 157k oL 277 Yo7 545
90 2570 400 8iho 0.000 500 k.0 2169 1034 382 652 773
110 3061 400 8324 0.000 900 5.3 2548 1174 e} 725 871
110 3086 398 8ko7 0.45 900 5.3 2594 481 481 0 -===  0.254
130 2534 398 8303 0.000 900 7.0 2104 976 370 606 730
150 2043 Los 8082 0.000 900 8.7 . 1651 709 291 418 518
170 1901 4o2 8168 0.000 900 10.4 1553 650 27h 376 460
190 1514 ho2 ° 8010 0.000 900 12.6 1213 580 214 366 457
190 1516 400 8007 0.45 900 12.6 12,4 225 225 o} == 0.255
210 1274 400 7930 0,000 900 12.6 1010 534 178 356 khog
230 1676 405 7905 0.000 900 13.0 1325 76k 234 530 670
250 3019 403 &15 0.000 900 14.3 2480 1339 437 902 1098
250 3008 400 816 0.45 900 14.3 2471 509 509 0 -——-=-  0.283
270 5311 403 8079 0.000 900 15.2 4290 1949 756 1193 1477
290 8524 4o5 8155 0.000 900 16.9 6951 2821 1225 1596 1957
290 8723 403 8158 0.45 900 16.9 7116 1054 1255 0 —e==  0.204
310 8049 k1o 8066 0.000 900 18.9 6492 3062 1145 1917 2377
330 3409 k10 7976 0.000 900 20.5 2719 1368 476 889 1115
330 3272 400 7916 0.45 900 20.5 2590 408 408 0 -——--  0.216
350 916 4o7 7945 0.000 900 22,1 728 334 128 206 259

68
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determinations are made at different energies on one spectrometer, then
2—:(; is determined byweighting each determination according to the
singles counting rate obtained at that energy.

3. The product Nl N2 is calculated for each run.

4. The number of accidental cdincidence counts, Hacc.’ vwhich
are contained in each run of duretion T is calculated utilizing the
expression

. ) 2% mlmz '
agce. . T
5. The number of real coincidence counts NR, in each run is

determined by subtracting Nacc from the total number of coincidence

counts observed in 6ne rum, Ncc,°

6. The ratio KR/Nz is calculated for each run. It is necessary
to normalize to the counting rate on the fixed spectrometer, Nz, to
correct for small shifts in H2 due to electronic drifts in the spectrom-
eter. The ratio NR/N2 represents the number of coincidences observed
at a given energy (as determined by the energy setting of the channel
that counts Nz) per gamma-ray detected in spectrometer number two.

This also corrects for the decay of the source with time.

7. Finally, NR/N2 and Nl are plotted versus the pulse height
base line setting on spectrometer number one (essentially the energy of
the gamma-ray detected by counter number one). A curve as shown in
Fig. 7 results. The Nl plot may now be used as a reference for energy
calibration.

The above discussion has described the analysis of gamms-gamms

coincidence deta. The analysis of beta-gamms data is similar with the
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added complication of undesirable gamma-gamma coincidences which must be
subtracted from the total coincidence rate. The analysis proceeds as in
the case of gamma-gamma work up through step 4 as described above. In
general at this point one must determine the number of gamms,-gamna,

coincidence counts NKK » which are present and calculate

N = Hcc. - Nacc. - K%& :

However, in the beta-gemma coincidence work described in this thesis

it was observed that, when the lucite absorber was inserted to determine
the gamma-gammsa background, the ceincidence rate was reduced toe such an
extent that no gamms-gemmsa correction was needed. Therefore, the data
anelysis was done as described above in steps 1 through 6. However, the
best way to present the data is not as in 7 but in the form of a Fermi

plot, end this method will be discussed in Appendix E.
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COINCIDENRCE COUNTING

The object of this discussion i1s the determination of the optimum
way in which coincidence counting experiments should be performed in
order to secure the meximum precisiocn for a prescribed total counting
time. The source strength énd'the'way in which the counting time should

’be divided amongst the various types of counts, e.g. total coincidences,
accidental determination, ete., will be discussed. In section 1 & list
" of symbols is given. 1In sections 2 and 3 a simple beta-gamms coincidence

experiment is investigated, and sections 4 and 5 discuss a problem based

on a beta-gamms angular correlation sxperiment. In either case the results

can be applied to other experimental problems, i.e. gamma-gamma experi-

ments.

l. Symbols.--Assume counter number 1 counts beta particles and counter
number 2 counts gamma-rays. The experimental problem to be investigated
is the determination of the real beta-gamma coincidence counting rate.
Complications arise because both counters detect unwanted background
coincidences due to cosmic rays and radicactivity in the surroundings.
Further complications arise because the beta counter detects some gamma-
rays, giving a number of gamma-gamma coincidencesrand because the coinci-
dence circult has a finite resolving time, giving a number of accidental
coincidences. The following notation is used throughout this appendix:

N. - singles rate, due to source only, counted by counter number 1

1

N2 - singles rate, due to source only, counted by counter number 2

Nl'- singles rate, total, counted by counter number 1




s o

ot ap' <

ot

ct

R 3

ok

singles)rate, totai, counted by counter number 2

total coincidence rate

coincidence rate when absorber is placed in front of beta counter to
absorb out all the beta particles

background coincidence rate if no source is present
coincidence rate when a delay is inserted in one channel
computed accidental rate when n is counted \
computed accidental rate when -g is counted

computed accidental rate when b is counted‘

time spent counting n (at a particular angle in section 4)
time spent counting g (at a particular angle in section 4)
time spent counting an'

total counting time , v
resolving time of the coincidence circuit

defined by the equation & = &, - ag

real beta-gemma coincidence rete (r = n - g - a)l

beta~gamme coincidence rate normalized to the singles rate on
counter number 2 (c¢ = r/Ne)

The statistical error in any rate is indicated by prefixing the sym-

bol A to the rate. For large numbers of counts the counting distribution

is approximately Gsussian, and it is assumed that the statistical error is

the square root of the total number of counts cbtained (43). In general,

the singles rates are always very much greater than the coincidence rates;

therefore, the relative error in the singles rate may be neglected.

lNotice that the background coincidence rate, b, is contained in g.

Further g includes ag, but a, also includes ag.




95

2. Simple coincidencekkxéeriment - cbunting times.--The quentity to be

determined in a simple beta-gamma coincidence experiment is the beta-
gamma coincidence rate normelized to one of the singles rates due to the

source, i.e. ¢, where

o= r/N, = R (1)

The statistical errors in n, g, and a are truly independent because of
the way in which each of these quantities is determined. The observed

total coincidence rate n is counted for a period of time, t, resulting

in nt counts. The relative error in nt is

v'nt

=1/2
at = (nt) /

; thus

Ln = (at)2 (1) = (a/e) L2, (2)

The rate g is determined by placing an absorbér in front of the beta
counter and counting for time tg. The rate g includes gamma-gamms coinci-
dences, background coincidences, and accidentals. The relative error in

nt is
g &g

(nptg)"l/z; thus

Lg = (g/t-,g)l/2 .

A\l 1
Each accidental correction is made using the relation a; = 2Hl NE'C
(ai =a or ag)° Assuming the statistical errors in the singles rates
are negligible the error in & is entirely due to the error in 1: .

2: is commonly determined by an independent measurement, e.g. by in-

sertion of a suitable time delay in one channel. It may be noted that
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this delay method also eliminates all true coincidences due to the back-
ground. If the delay method is used (as is the case in this research),
then 7: is determined by counting the accidental rate, aﬁ, for a time ta'

T AT
The relative error in » T is given by

AT _(a'r‘l taL) -1/2

—_——— =

2 s o (e t)
?: a't na
n a

The error in a (a = an - ag) is given by

He = —2——
(az; ta)l/2
From the above discussion one can see that n, g, and a are determined by
three independent measurements, and therefore, the errors are mutually
independent.
The relative error in ¢ can now be given as

2
n/t + g/t + ~7§———
g a't
G2 - |en?+ ee)®+ 0e)? | - B2 (3)

N2 o7 r®

In order to.determine the optimum counting time, one must minimize
(éc--c-)2 subject to the constraint that T = t + t8 + t_. Using the method

of Lagrangian multipliers (67), one obtains the three equations

2_ o

- ()
£° = 3-5

€ Ar

t2 - a2

a >\aé r2




97

where )\ is a Lagrangian multiplier. The solution of the system of equations
(4) combined with the constraint equation yields expressiomsfor the optimum
counting times in terms of reddily determined counting rates:

JE'.*/;T-'

n

T/t = .
/e =1+ o (5a)
Y
T/t =1+ v n (5b)
8 JE
T/t, = 1+"/%.— (Jo+ Jg) . (5¢)

The relations obtained in this section may be applied to gamma-

s gamme coincidence work if r is interpreted as the gamma-gamms coincidence
rate. Of course, no absorber experiment to determine g is required;
however, in its place an experiment to determine the backgrou.né. rate b
ma.y“be necessary. The equations (5) then become

T/¢ = lf AT o (6a)
J5
1+ Jo+a ‘/a_ﬁ_
Jo

—l-l-\/g (Jua+ Jo ). (6e)

(6v)

&
UFF
n

=

~

et
1]

If the background coincidence rate is negiigible and if the background
singles rates are so low that the accidental coincidences due to the

background are negligible, then b = 0; 8, = Q and a = a -& =a.: In
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this case

%/ V%

n

T/t = 1+

T/t =1+ [ar/a (VB .

noticing that a = aﬁ,z the equations become

T/t =1+ \/an/n (Ta)
T/ta =1+ n/an . (70)

3. Simple coincidence experiment =-- source strength.--In order to in-

vestigate the effect of the source strength on the precision it is
necessary to express (Ac/c)2 in terms of the source strength S. One
needs to consider the relationship between n, a, and g and S.

The total coincidence rate n is the sum of three terms. The first
term represents the £otal real coincidence rate due to the source; the
second term the total accidental rate due to the source; the third term
the total coincidence rate due to the background. It is well known (43)
thet these terms are functions of the source strength as follows: the
real rate due to the source is proportional to S; the accidental rate
due to the source is proportional to 82; the background rate is independent

of S; therefore,

n = wns + wisz + D, (8) i

2The symbols ap snd a} were both introduced because a) represents an
observed quantity and &, represents & calculated quantity. In all cases
én and a; are assigned the same numerical value.
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where wh and W, are proportionality factors depending upon the efficiency
of the counters (including any effect due to a finite window width if a
pulse height analyzer is used), the solid angles subtended by the counters,
the loss of radiations due to absorption and scattering, and branching

ratios pertinent to the radistion detected. The quantity g is composed of

terms similar to n and can be written as:
—wS+wsSS+h
g= Wg W2 + . (9)

ah and ag are composed of two terms and may be written as:

2
a, = wlS + a.b (10)
- 32 +
a.g = W2 &b . (ll)
Therefore,
a=a -a = (w = w-)82
n " g TN T 2!Y (12)

Using equation (3) and the above relations one obtains

‘ 2.
. | w W, (wy = w,) W W
(AE)Z’ — ¥ %+ta+ . 2,2‘ + 1805+ £8) (13)
(Wh -w_) g “~(Wl + & /8 )ta g

+ l/Sa(b/t + b/tg)

The precision is improved by using?an arbitrarily strong source 1f the
term in ab/82 is neglected, in which case the terms 1/S and l/S2 do not
make appreciable contribution. However, little is gained aftef the
source is sufficiently strong to make the error contributed by terms

independent of 5 approximately equal to the error contributed by the
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term dependent upon S (3). The behavior ofAc/c as a function of S is
best illustrated by consideration of a simple case in which there is no
background and no interference in the beta-gamme experiment from gamma-
gemma coinecidences. In this approximation wg = w2 =b=g= ab =0

and a = aﬁ =a. Consideration of Wy and Wn as determined by equations
(8) and (9) shows that in the above approximation wl/wn = 2T subject
to simplifying assumptions about the particular radiation detected by

the counters.3 For these conditions equation (13) becomes

o 2T + 2T/t + 1/8
(Be)? - — : (14)
n

If one further assumes that the optimum counting times are used in (1k),

one obtains

Acve 2T 1 2T 8 1/2 . 1 _
(_'EE) ='ﬁ"‘ E 1+ (-E-%—S-TT)/ +—2—,-z;—s— =K2 (15)

[1' HpE o 1/

where

K™ =

2 2T _
ﬁ? and p = 2,65.

Inspection of (15) reveals certain well known relations (43): the

precision is improved by making the resolving time,qg , short; or by

3n = W .5 + ’ = 2 = = ;

=W,5+ ap. a8y = WS . B -a =r. w/w =a/Sr, but

r = NlNQ/S if one assumes that Ny and N2 include only contributions that
can lead to real coincidences. Also a, = EE'NlNE. Therefore, wl/wn =
2?§N1Né

STN,N,/5) ~ 2%.
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making v large, which requires that the counter efficiencies and/or
solid angles be made large.

The dependence of the error Akc/c (in terms of K) upon the
parameter p is given in Fig. i6. For p = 1 (8 = 1/2F), almost maxi-
mum precision is obtained. For this value of S, n/an = 2., That is,
the accidental coincidence rate is equal to the real coincidence rate.
In this case relations (5) for the optimum counting times are T/t = 1.7
and T/ta = 2.4, One should, therefore, spend 60 per cent of the time
counting total coincidences and 40 per cent of the time counting acci-

dental coincidences.

4. Angular correlation experiment - counting times.--In the determi-
nation of beta-gemma angular correlatioch coefficients knowledge of the
aﬁsolutg coincidence rates at various engles 1is ﬁotﬁessential. The
required quantity is the ratio of the colncidence rates at the angle O to
that at some réference angle, say 9%°. When pertinent, the angle

between the counters is indicated in‘parenthesis, e.g. n(©) is the total
coincidence rate observed for an angleea. It is usually best to
normalize coincidence rates to the product of the singles rates in
angular correlation work in order to better compensate for instrumental
drifts and changes in solid angle subtended with variation in angle
between the counters. (This overcorrects for the decay of the source.)

The quantity to be measured is thus:

_2(©) ©) - &) - a(O)
ORI oo ol 16)

where Nl(90)ﬂ?(90)

f= m:-(—e—j— (usual],v f= l)
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Figure 16. Relative Statistical Error in the Coincidence Rate Versus p
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The error in a(8) is not independent of the error im a(90) because

both are computed from the same data -- namely, the resolving time of the
coincidence circuit. In fact a(63) = a(90)/f. We assume throughout that
singles rates contain negligiblé'statistical error; hLherefore, £ is
exactly known.

The errors in g(© ) and g(90) may be independent or, in some experi-
ments, we may have apriori knowledge of how g(© ) depends on angle. For
example, the gamms-gamma angular correlation that is interfering with
the beta-gemme experiment may be known. In the latter event we define

G by the relation:

We carry through the subsequent analysis for the case in which
errors in g(&) end g(90) are treated as independent and the case in
which they are not independent. Equations that refer to the latter
condition will be indicated by a prime attached to the equation number.
Such equations mey also be recognized by the appearance of the quantity
G. The independent errors in R due to statistical errors in n(€ ), n(90),
8(©), g(%0), and a(0) are, respectively, f&n(&)/r(90), RAn(90)/r(90),
£Lg(©)/r(90), RAg(90),r(90), and (R-1)Da(90),r(90). If g(©) =

'g(90) /f the independent errors in R are fAn(6),;r(90), RAn(90)/r(90),

(R-G)A g(90) /r(90) , and (B-1)4 a(90)/r(90).
The statistical error in R,A R, 1s the quantity to be minimized

and it may be written in the usual way as:

Or)? o O n@)2+R2An(9O)2+if; (0155 8(00)% -1 a(50)®
r



10k |

£2A n Q)R A 1(90) +(R-G)2A (90) +(R-1)2Aa.(9o) . (281)
r(90)° |

(AR)? =

The errors are given by expressions similar to those used in

section 2. We expressAR in terms of the counting times:

(AR)? = ( 1)2 £2 8) 52 n(0) 2 +R_§L°£_ %292- (29)
r(90 N
(AR)Z = r(;o)a £ H(J +2 “(99) ——)—E@l‘c‘ - .(2'](';0’;‘5_‘90) -(191)

We m:l.nimize these relations.with respect to 1:., tg s and ta subject to the

restriction that T = 21;g + ta (t and t represént the time spent counting
! g

coincidences at one sngle; 2%t or 2‘:.g is the total time spent at both

angles). We obtain three equations, where )\ is a Legrangian multiplier:

2 = 5—)\—:(-9?)2 2 n(§) + & n(9o)j (20)
67 = m :fa &(6) + K~ g(90) :

' - | > oo = TZ%‘;

42 . - Mgo) [- a(&) + B n(90) (20')
t: = ma B - &% g(%)

2 1 2 2(%0)°
WexTee ®-D7 S

A r(90) n
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The results are much simplified by noting that most angular distributions
are almost isotropic; hence, in sums, we can put n(©) = n(90) = n; gB) =
g(90) = g; and £ = R = 1; except the factor (R - 1) and (R - G) must be
retained. We also drop the angle desiépations on a and a - Combination
of relations (12) with the expression for T yields expressions for the

optimum counting times in terms of readily determined quantities.

T/A=2+2fg/m+ (R=-1)a//n a, (21a)
T/tg = é+ 2 /nfg+ (R - 1) a//g_a—n (21b)

2 na 2 ga,

®- 1’ ®-1s

T/t =2+ fa’(a - @) /\g/n +(R-1)a//n a | (21'2)

2v2 @, 2(R-1) _a
T/t =2+ /-- + (21'p)
g R-0)Je (R - G) \/E—%

gv/ﬁg; J2 (R - glfjé—gé

(R = 1)a

(21c)

T/t, =1+

(21'¢)

T/fa =1+

These results are similar (except for trivial factors of 2 due to
the new definition of T) to those of section 2, except for the factors
(R - 1) and (R = G). The factor (R - 1) is a consequence of the fact that
an error in the resolving time determination tends to cancel out because
it affects both numerator and denominator in the expression for R. In the
limit of an isotropic angular distribution there is no need to spend time
counting accidentals. The factor (R - G) is aléo & consequence of the non-
indepéndence of errors in g that appear in both numerstor and denominator

of the expression for R.
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The relations obtained in this section may be applied to gamma-

gamme. work by putting g = O, then a = 8. where it is assumed that no

appreciable interference in the angular correletion work results from

background due to cosmic rays end the surroundings.

2. Angular correlstion experiment -- source strength.--We examine only

the case in which g(&) and g(90) sre treated as independent. Eguation
(11) is now expressed in terms of the source strength, with the approxi-
mations introduced that n(8©) = n(90) =n; g(6B) = g(V) =g; £ =R =1

except that (R - 1) is retained.

2v 2w, . (R-l) (w 17 )2 2w 2w
AR)® = | L+ 24 5 (S )
Gy =wg) gt (wre /s%) g
5 B+
g

This expression is essentially like (13) considered in sectlon 3 3 hence

A

the conclusions drawn there about the source strength still appl.y
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ANALYSIS OF ANGULAR CORRELATION DATA

The purpose of this analysis is to determine the coefficients A2

and Ah in the correlation functions.

W(B) =1+ A2P2(cose) + AhPh(cose) as defined in Chapter I.
It is assumed that higher order terms may be neglected.l

As in the case of coincidence spectra determinations datsa are
During the course of a day approxi-

analyzed on a day to day basis.2

mately equal amounts of time are spent taking data at each angle. Table

6 is a sample of one day's date and the necessary analysis of this data
for the 600-300 kev angular correlation experiment. The calculations
required to analyze the data as shown in the table are described below.

1. The value of 2 (T = resolving time of the apparatus) is

calculated for each run in which a delay is inserted. The calculation

utilizes the expression
2TH, I,
i) S —————
ace. T

accidental coincidence counts observed during a rum of duration T.

N
ace.

lThe determination of higher order terms if they exist requires
greatly improved angular resolution. Chapter V discusses restrictions
on the highest order term which may appear.

2For the angular correlation experiments described in this thesis
the data are normalized to the product of both the singles counting rates
since small drifts in amplifier gain affect these rates.
for the decay of the source. Therefore, it is necessary to analyze the
data in periods of time which are short as compared to the half-life of
the source or make an explicit correction for the decasy of the source.

This overcorrects



Table 6. Sample of Recorded Data and Analysis for the Gamma-Gamma Angular Correlation
in the 600~300 kev Cascade

-

" Spectrometer No.l Spectrometer No.2 Vari- Count- Product Total Total Total
* Pulse Singles Pulse Singles able ing of Singles Total Number Number 27 Number of

f Height Counts Height Counts Delay Inter Angle Counts on Number Acci- Real Micro- Reals =

| Anal. =~ 256 Anal. = 256 Micro- val Degrees 1 and 2 Coinec. dental Coinc. Second N.N. x 10

: Setting Setting Second - Seconds . th Coine. 172

E Nl NE NlNE l\Icc Nacc NR . HR/N J.,NE

1 ko2 1594 295 9093 0.00 900 90° 1449 363 148 2l5  eceo= 148k

i 4ok 1557 295 9571 0.00 900 180° 1490 334 152 - 182 ceeea- 1221

| hoh 1570 205 9322 0.45 900 180° oo 113 o cow 0,106 .

L ko5 1488 295 26 0,00 900 135° 1403 339 143 196  cocaw 1397

| ho5 1659 295 9409 0.00 900 180° 1561 308 159 149 caee- 955

o 406 1645 295 9391 0,00 900 270° 1545 379 158 221 cmoae 1430
Lo6 1630 295 9733 0.45 900 270° - 173 . cme . 0.150 oo
ho7 1547 297 9306 0.00 900 225° 1440 337 1h7 190 cccw- 1319
Lo6 1436 296 9845 0.00 900 180° 141k gaéu 1hk B R 990
Lok 1550 300 9037 0.00 900 90° 1h01 315 143 172 P 1228
Loz 1542 298 956 0,00 900 135° 1458 329 149 180  coceae 1235
o2 1765 298 9690 0.45 900 135° SR 169 come ce=e 0,136 meme
Lob 1691 302 9552 0.00 900 180° 1615 359 165 94 ceena 1201
Lot 1645 305 o7 0.00 900 270° 1554 b3l 159 275 oo 1770

kot 1367 305 92h0 0.00 900 225° 1263 310 129 181 -ceee 1433

. ko3 154k 303 9483 0.45 900 225° e 158 oeo -—= 0,148 o

. hoi 1498 299 o146 0.00 900 180° 1370 265 140 125  «cocw 012

I koo 1614 298 9101 0.00 900 90° 1469 375 150 225 @ cmaos 1532

399 1554 293 9685 0,00 900 135° 1505 364 154 210  eeeee 1395

. 397 1664 295 9656 0.00 900 180° 1607 335 164 17l eceo= 1064

L 397 1664 295 ol7h 0.45 900 180° coae 143 . . 0.12k4 -

L 397 179 297 9605 0.00 900 270° 1651 ko3 168 235  comae 1423

. 399 1516 297 9277 0.00 900 225° 1406 334 1k 193 eome- 1373

"~ 399 1432 297 9015 0.55 900 225° oo 167 === 0.177 e

2T = 0,140 (R/H )90 ,270° = 1478 (R/N1N2)180° = 1057 (R/Nl 2)135° 205 = 1359
Nlaoe = 0,7250 Nl35a = 0.9195

60T
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Nl = counting rate observed on spectrometer number 1; Ne = counting rate

observed ig spectrometer number 2. .

2. The average value of 2%, (2T ), is calculated as in step 2
of Appendix B. ‘ :

3. The product NiNé is calculated for each run.

4. The number of accidental coincidence counts, N_.. , which are

contained in each run is calculated.
5. The number of real coincidence counts, NR, in each run is
determined by subtracting Nacc from the total number of coinecidence

counts observed in one run, Ncc , l.e.

HR = Ncc. - Nacc.'

6. The ratio K /N N, is calculated for each run.

T- The average of the quantity NR/NlNE is calculated for each

angular position and is denoted by

(Bg /N1 8,) ggos (Np/M N, )9o°, 270°? °F (N /M N )135 , 225°°

8. The data are normalized to 90° as follows:

(g /M, ¥5) 1 00 Com - (NR(N1H2)13§§, 225°
NNy o) g0 orpe 135°  (Mp/M\Wo)ghe o

9. After the quantities N g o and Nl35° are calculated for each
day the average of these quantities for the entire experiment is calculated.
In determining this average the result from each day is weighed statisti-
cally sccording to the time spent counting colncidences during that day.
o the coefficients A2 and Ah are determined

From the number N180° and Nl35

as follows:
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’ W(90°) = 1+ AP,(0) + 4P (0) = 1 - 1/2h, + 3/84,
" -]
i W(180°) = 1 + A2P2(-l) + ,Ah_Ph_(ul) =1+ A+ 4

| W(135°) = 1 + AR, (-.707) + Al'_Ph(-.TIO'?) =1+ 1/, - 13/32 A;;
| 1+A,+4) 1+ 1/4A, - 13/324),
therefore, B o.0 = = , and N. o = ,
7 7180°. 7 1 - 1/2A, - 3/8A) 135 1-1/2A, + 3/84,

Solving these two equations’for'A2 and Ah yields

0.78125 Nl&D, + 0.625 Nl35° - 1.4%0625

Ay = 0.109375 N gyo + 0.8(5 El35° + 0.65625 * and

0075 N o - 195 H -] + 0{075
180 1
Ay = 57105375 W age * o,%'(s W ..+ 0.65625 "

35

The experimentally measured ceefficients A2 and Ah represent a

correlation which is the average of the true correlation over the finite
angles subtended by the two detectors; therefore, it is neeessary to
correct the experimental coefficients before a comparison with theory
is made. A methed of estimating these geometrical corrections has been
discussed by Rose (68). The necessaiy corrections are made by multi-
plying A2 end Ah by certain correction factors l/J2 and l/Jh' These

w correction factors are actually products of factors corresponding to

each detector as follows:

J, = J2(l) J2(2) and J) = Jh(l.) Ju(a) where J2(l) or J2(2) refers to the

correction of A2

due to the finite angular resolution of detector number

1l or 2 and'Ju to the correction to Aha These correction. factors are

functions of the following quantities:

r ~ radius of the crystal in the detector,

h ~ distance from the source to the front face of the crystal,
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?: - absorption coefficient of the crystal for the particular gamma-

ray energy being observed, énd

t - thickness of the crystal.
Rose has tabulated J2 and Jh for crystals of size r = 1.9 cm. and t =
2.54 cm. with h = 7 cm. and h = 10 cm. and values of G ranging from
0.123 em™ to 40.0 em.” . Since b = 7 or 10 cm. does not apply to all
the experiments performed in this research, it is necessary to make an
interpolation or extrapolation of Rose's tables. In order to make this
method more accurste, plots of J2 énd Jh versus h for the case of total
absorption of the gamma-ray have been drawn3 and are shown in Fig. 17.

In 6rder1to make this discussion more concrete, the geometrical
correction for the A2’coefficient in a definite experiment, the 416-468
kev angular correlation experiment, will be calculated. If the two
detectors are denoted by 1 and 2, then in this experiment hl = 5.2 cm.,
and h2 = 4.7 cn. The epproximation is made that hl = h2 =5 cmf Refer-
ring to Fig. 16, one observes that in the case of complete absorption
J2(h =5 cm.) = 0.952 Je(h = 7 cm.). Next, it is necessary to compute the

absorption coefficlent in cm._l of the Nal crystal for gamma-rays in the

region of 400-500 kev energy. Using dats published by National Radiac,

3The explicit form of Je and Jh for the case of total sbsorption is
as follows:
5 Pl(Xo) - X°P2(Xo) . P3(Xo) - XOPA(XO)
2T (3T - %) T )] (= 3 B

cost , 3 = tan™t £ and Pi(xo) are the Legendre polynomials.

=4}

vwhere X =
o




J
or Jh

1.0} 0.9

0.90— 0.7

0.7 0.3

113

10 cm.




11k

Inc. (69) one finds thatrc 2 0.422 em. ™ for a ‘gamma-ray of energy 450
kev. It is ndt necessary to calculate tho any great degree of accuracy
since the correction factors do not vary rapidly withT;. Rose's tables
give J,(b=Tem.) = 0.95851 for's = 0.300 em.™ and Ja(h=7cm.,) = 0.95565
for T = 1.000 cm. ™. Therefore, for G = 0.400 cm.™, J2(b=Tcm.) = 0.958L.
Using the relationship between Ja(h=7cm,) and Ja(h=5cm.) one caleculates
that J2(h=5cm.) = 0,912 for b = 0.400 cm.™t, Under the above approxi-
mations J2(l) = J2(2) and Ja(l)2 = (09912)2 = 0.832. Therefore, the
experimental value of A, is to be multiplied by 1/0.832 = 1.202 before
comparing with the theoretical value.

If deta are only taken at twé angles, 90° (270°) and 180°, then
the coefficients A2 and Ah cannot be determined. Instead the anisotropy

ratio A defined by

Tt e o
Fo0°, 270°

is calculated. It can'be shown from the expression given earlier that

1.5, + 0.6254,
1T O.5A, + 0.315,

A

Using theoretical valﬁes for A2 and Ah one can then calculate the
theoretical value of the anisotropy ratiec and compare it with the experi-
mentally determined quantity.

In beta-gamme angular correlation work the date are analyzed in
a similar way to gamma-gamms angular correlation data. However, an

edditional correction due to the gama-gamma coincidence hackground must

be made. In general this correction should take into account the angular
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correlation of this baékground; however, in all of the beta-gamma experi- -
ments performed in this research the gamms-gammas background was very low,
appraximately 1 per cent of beta-gamma rate, and it was not necessary to
examine the angular correlstion of this bﬁckground. The gamma-gamma
coincidence background correction is made as described in Appendix C.

The remainder of the analysis is a&s described in the section on gamma-
gamma angular correlaﬁion analysis. Furthermore, the geometrical
correction may be handled in the same way &as in gamma-gamms work noting
that the beta detector is essentially one hundred per cent efficient and

the analytic expressions for J2 and Jh given in footnote number 3 may be

used.
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APPERDIX E




FERMI PLOT AEKEYSIS"UFWBETA DECAY DATA

In the theory of beta decay, it becomes evident that it is possi-
ble to devise coordinates such that an allowed beta-ray spectrum may be

plotted as a straight-line graph (1%) (see Appendix A). It has become

common practice to use such coordinates also for transitions which are

not allowed even though the graph may not be a straight line (66).

Such a graph is called a Kurie plot or Fermi plot. The appropriate

coordinates for a Fermi plot are as follows: The ordinate is taken to

be (N(Whﬂf%fF(Z,W))l/g where W represents the total energy of a beta

particle in MbC " units, N(W) is the number of beta particles emitted in

the energy renge extending from W to W + dW, and F(Z, W) is the Fermi

function deseribed in Appendix A. The abscissca is taken to be W in

-2
Mbc» units.

Table 7 shows the calculations necessary to obtain the Fermi plot

pertaining to the 670 kev beta group arising in the decay of Ir192 In

the table, W is calculated from E (the kinetic energy of the beta particle
in kev) using the relations W = 1 + E/MbC2 and Méqg = 511 kev. The
s %

momentum (in MoC units) P is calculated from W using the relation
W= 1+ P2e The Fermi function F(Z, W) has been tabulated by Rose

et al (70) in the form of (P/M)F(Z, P). N(W) is taken to be the real

coincidence rate at the energy W, normalized tc the singles rate on the

gamma counter.

117
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Table 7. Sample Calculations for the Fermi Plot Analysis
of the 670 Kev Beta Group |

E W P ‘F R/N, (Eéfl); (féfi)l/e 1M (Eéﬁl)l/e(%) 2

398 1.780 1.470 17.62 10 015 568.4 23.84 0.562 13.40
4u8  1.878 | 1.585 17.28 7261  420.2  20.50 0.532 10.91
498  1.977 1.700 16.96 4 853 286.1 16.91  0.506  8.56
549 2.075 1.815 16.66 . 2 668 160.1 12.65 0.482 6.10
600  2.17h 9.930 16.36 1 24k 76.0 8.72  0.k60  h.0L
656  2.283 2.050 | 16.07 4%9 29.8 5.46  0.438  2.39
71k 2.5%00 -2.175 15.79 161 10.2 3.19 0.417 1.33
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