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Techniques of beta- and gamma-ray scintillation spectroscopy 

have been applied to a study of the decay radiations from 92.6-min 

La142• Several new gamma-ray transitions have been discovered and a 

gamma-gamma coincidence matrix has been established. Nine beta groups 

have been identified and evidence is presented substantiating the 

assignment of a first-forbidden unique character to the ground-state 

beta transition. Angular correlation studies have been performed on 

some of the gamma cascades. A decay-scheme based on the experimental 

results is discussed and some spin assignments are made. Some features 

of the decay modes are interpreted within the context of contemporary 

ideas about nuclear structure. 

ii 



ACKNOWLEDGEMENTS 

I wish to thank my Research Director, Dr. T. J. Kennett for his 

continual encouragement, advice and interest during the course of this 

work. In addition to his invaluable guidance, I would like to pay 

tribute to the stimulating enthusiasm with which he has directed this 

research. With patience and good humour he has demonstrated to me the 

challenges and traditions of experimental physics. 

The completion of this work has been made possible by the aid 

and constructive criticism of the members of my Supervisory Committee, 

Dr. M. A. Preston and Dr. T. w. Hoffman, to whom I express my sincerest 

gratitude. In particular, I would like to thank Dr. Preston for an 

interesting discussion about a possible interpretation of the results. 

I am indebted to Dr. K. Fritze for his maQy suggestions and his 

aid involving the preparation of sources. In addition, I would like to 

thank the members of the Reactor Staff for their co-operation in 

irradiating the many uranium samples required. Thanks are also extended 

to Dr. D. Burke for his help with the Gerholm spectrometer. 

I would like to thank Miss P. Seigel for her patience and 

diligence in the face of what must have been a most exasperating task, 

the preparation of the manuscript. 

This work has been supported financially by the National 

Research Council of Canada. 

iii 



TABLE OF CONTENTS 

CHAPTER I - INTRODUCTION 

1.1 Dec~-Scheme Studies 
1.2 General Properties of Fission Products 
1.3 D.ynamics of Spherical Nuclei 

CHAPrER II - SURVEY OF PREVIOUS WORK 

CHAPrER III - SOURCE PREPARATION 

3.1 Introduction 
3.2 Application of Radiochemical Techniques to the 

Separation of Fission Produc·ts 
3·3 Preparation-of Lal42 Samples 
3.4 Source Purity 

CHAPrER IV - INSTRUMENTATION AND TECHNIQUES 

4.1 Scintillation Detectors 
4.2 Double-Delay Line Amplifiers 
4.3 Pulse-Height Analysis 
4.4 Coincidence Circuit 
4.5 Gamma-Ray Scintillation Spectrometer 
4.6 Fast-Slow Coincidence Spectrometer 
4.7 Sum-Coincidence Spectrometer 
4.8 The Th~ee-Crystal Pair Spectrometer 
4.9 Scintillation Beta-R~ Spectrometer 
4.10 Multi-Parameter Analysis 

Page 

1 

1 
6 
1 

13 

17 
17 

18 
20 
21 

23 

23 
26 
28 
31 
34 
38 
42 
45 
47 
49 

CHAPTER V - DATA ANALYSIS 52 

5.1 The General Problem 52 
5.2 Vector Formulation and Statistical Considerations 53 
5.3 Analysis of Gamma-Ray Spectra 55 
5.4 Analysis of Gamma-Gamma Coincidence Spectra 62 
5.5 Analysis of Beta Spectra 67 
5.6 Analysis of Angular Correlation Data 70 

iv 



CHAPTER VI - EXPERIMENTAL RESULTS 

6.1 Energy and Intensity of Gamma-R~ Transitions 
6.2 Gamma-Gamma Coincidence Studies 
6.3 Sum Coincidence Studies 
6.4 Beta Transitions 
6.5 Angular Correlation Studies 

CHAPTER VII - DISCUSSION OF RESULTS 

7.1 Decay-Scheme of Lal42 
7.2 Spin and Parity Assignments 
1·3 Interpretation of the Results 

REFERENCES 

v 

Page 

7'+ 
74 
80 
87 
89 

100 

105 

105 
111 
115 

127 



Number 

I 

II 

III 

IV 

v 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

LIST OF TABLES 

Title 

Energies and Coincidence Relationships of the 
Gamma Rays in Lal42 Reported by Ryde and 

Herr lander 

Results of Schuman et al 

Standard Gamma-Ray Sources 

Summary of La142 Gamma-Ray Transitions 

La142 Coincidence Quotient ~~trix 

La142 ~ Summary of Sum-Coincidence Results 

142 Summary of La Beta Groups 

Intensity of La142 Beta Transitions 

Summary of Evidence for A Unique Shape in the 
Lal42 Ground State Beta Transition 

Summary of Angular Correlation Results 

Probable Character of La142 Beta Transitions 

Probable Character of La142 Gamma Transitions 

vi 

Page 

15 

57 

79 

86 

88 

91 

95 

99 

102 

116 

lJ 1 



Figure 
Number 

1. 

2. 

4. 

6. 

8. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

LIST OF ILLUSTRATIONS 

Title 

Mass 142 Data Sheet 

La142 Decay Curves 

Pulse Shapes 

Multi-Channel Pulse-Height Analyzer 

Channel Profile 

co60 Prompt Coincidence Resolution Curve 

Gamma-Ray Response for 3 x 3 inch Nai(Tl) 

Energy-Pulse Height Relationship for 3 x 3 
Nai(Tl) 

Fast-Slow Coincidence Spectrometer 

Sum-Coincidence Spectrometer 

sc46 Sum-Coincidence Component Spectrum 

Summing Contributions in co60 

Three-Crystal Pair Spectrometer 

Three-Crystal Pair Spectra of Co60 and Na24 

NE102 Response for Csl37 Electrons 

Random Summing for Beta Spectra 

Energy-Pulse Height Relation for NE102 
Plastic Scintillator 

sc46 Two-Dimensional Spectrum 

Percentile Plot of Mn56 Photopeak 

vii 

Following 
Page 

16 

22 

28 

29 

31 

34 

35 

36 

38 

42 

42 

45 

45 

46 

47 

48 

49 

51 

56 



Figure 
Number 

20. 

21. 

22. (a) 
22. (•b) 

23. 

24. 

25. 

26. (a) 

26. (b) 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35· 

36. 

Regression Analysis of La142 Gamma-Ray Spectrum 

Analysis of Window Contribution 

Effect of Finite Response on Beta Spectra 
Beta Spectra Corrected for Finite Response 

1a142 Single-Crystal Gamma-Ray Spectrum 

La142 Three-Crystal Pair Spectrum 

142 La Gamma-Ray Spectrum in Coincidence with 
0.645 MeV 

142 La Gamma-Ray Spectrum in Coincidence with 
0.898 MeV 

Lal42 Gamma-Ray Spectrum in Coincidence with 
0.898 MeV (high gain) 

142 La Gamma-Ray Spectrum in Coincidence with 
·· 1.03 MeV 

142 La Gamma-R~ Spectrum in Coincidence with 
1.03 MeV (high gain) 

142 La Gamma-Ray Spectrum in Coincidence with 
1.25 JvleV 

142 La Gamma-Ray Spectrum in Coincidence with 
1.55 MeV 

142 La Gamma-R~ Spectrum in Coincidence with 
2.0- 2.2 MeV 

142 La Sum-Component Spectra for E l! = 1. 54 and 

Following 
Page 

61 

64 

69 

74 

78 

80 

82 

82 

82 

83 

83 

84 

84 

2.06 MeV 87 

La142 Single-Crystal Beta Spectrum 89 

142 La Beta Spectrum in Coincidence with 0.645 MeV 90 

142 La Beta Spectrum in Coincidence with 
0.86-0.898 MeV 92 

L 142 B · S t. . ~"' . . d . th a eta pee rum 1n vo~nc1 ence w1 
1.91 and 2.06- 2.19 lwV 92 

viii 



Figure 
Number 

37· 

38. 

39· 

40. 

41. 

42. 

Title 

La142 Beta Spectrum in Coincidence with 
2.41 and 2.55 MeV 

La142 Beta Spectrum in Coincidence with 
3.65 and 3.0 MeV 

La142 Beta Spectrum 

La142 Angular Correlations 

Comparison of Angular Correlation Coefficients 
with Theoretical Values 

142 La Dec~ Scheme 

Distribution of Log ft Values for N"" 84~86 

i:x: 

Following 
Page 

92 

93 

97 

101 

103 

105 

112 



CHAP.l'ER I 

INTRODUCTION 

1.1 Deoar-Scheme Studies 

The stu~ or the disintegration modes or radioactive nuclei 

leads to information about nuclear mass differences, nuclear eigen

sta~es and matrix elements. Such information is necessary for an 

understanding of the structure and behaviour of nuclei. The gross 

properties of the nucleus, the energr, spin and parity of each 

quantum state are relatively insensitive to the detailed nature of 

the associated wave function. 

The mass of a nucleus is given b,y the sum of the masses of 

the individual nucleons plus the binding energy correction. It is 

this last term which depends specifically upon the nuclear structure. 

An unstable nucleonic configuration has a decreased binding energy 

and may be considered in some respects as an excited state of the 

stable configuration. From this point of view, a given configuration 

A= Z + N is described as a system or A nucleons, Z or which are in the 

proton state and N of which are in the neutron state. The ground state 

configuration (ZA ,N A) corresponds to that popu.lation of proton and 

neutron states for which the total mass or energy of the system is a 

minimum. In this context, configurations (Z,N) are excited states of 

the isobaric system or mass-number A. By the use o:r semi-empirical 

mass formulae, it is possible to describe the energies of these 

1 
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isobaric states as a function of the relative populations (Z,N). The 

fo:rm of this function is based upon a simplified model of nuclear 

structure. The parameters of the function are determined from experi

mentally observed masses and energy differences. The dec~ of an 

excited isobaric state requires a change in the oonfiga:ration to one 

which represents a lower energy state of the B,1Stem. In those cases 

for which the energy of the excited state is insufficient for the 

emission or one or more nucleons, leptonic emission occurs. For 

neutron-rich nuclides (N)!f A) the leptonic dec~ mode corresponds to 

the emission of a negatron and anti-neutrino and can be described b,y 

(zi,Ni) ~ (Zi +1, Ni -1). Similarly, neutron-deficient isotopes 

dec~ b,y the competing modes of positron emission and electron capture. 

These processes are cammonly referred to as beta dec~. 

The total disintegration energy ~ is equal to the difference 

in energy between the initial and final configurations. These two 

states correspond to adjacent isobars and are referred to as parent 

and daughter nuclei. Therefore ~ is equal to the difference between 

the binding energies of' the parent and daughter nuclei. 

A given nucleonic configuration can, of oourse, exist in any 

one of several quantum states, each corresponding to a different 

dynamic structure of the system with energy Ei referred to the ground 

state of the configuration. Except in the relatively rare case of 

del~ed-neutron emission, the quantum states populated as a result of' 

beta dec~ are bound states. These states de-excite b,r the emission 

of electromagnetic radiation, referred to as gamma radiation in this 

energy range. When the final state of a beta transition is an excited 

state of the daughter nucleus of energy Ei, the energy of the beta 
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transition is E~ • ~ - Ei. This energy is shared between the negatron 
i 

and. anti-neutrino in the form of kinetic energy. The kinetic energy 

of each lepton is distributed over the range extending from zero to 

the maximum, or end-point, energy E~ • The measurement of the end
i 

point energy of the negatron distribution therefore leads to 

:i.n.fo:rmation about the ~ value and the energy of the £inal state. 

The beta-dec~ process directly popalates only selected 

excited states of the daughter nucleus. The transition probability 

depends upon the change in spin and parity between the initial and 

final states and the energy of the transitions, as well as upon the 

detailed structure of the states. The transition probability increases 

approximately as E~5· For the same energy the transition probability 
i 

is highest for allowed transitions defined b,y a change in spin of 0 or 

1 and no oha.:nge in parity. The next most probable transitions are 

those for which the change in spin is two or less and there is a change 

in parity • These transi tiona are referred to as first forbidden. The 

experimental parameter which is closely related to the transition 

probability is the comparative half life, denoted b,y ft. The campara• 

tive half life is the partial half life of the transition corrected. 

for the energy depende.noe and varies inversely with the square of ·the 

lepton matrix element. The observed comparative half lives are 

dis·t:ribu.ted over a wide range of values. Generally, the ft ·values for 

allowed transi ti.ons occur within the range 103 - 106, while the ft 

values for first forbidden trs:nsi tiona extend from 101 - 109. If' the 

ground-state spin of the 'pa.reut nuoleus is I, then one expects that the 

spin of a. state populated directly ir1 the d.eoey- will lie within the 

range I ± 2. 
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Because the lepton interaction is weak, the absolute values of 

the matrix elements are small and the life time of an excited isobaric 

state is extremely long compared to ·the life times of states which 

de-excite through electromagnetic or nuclear interactions. Of course, 

the life times extend over a wide range - half lives extending from a 

few seconds to m~ millions of years have been observed. In campari-

sor;,, the life times of the bound exoi ted states of a given nucleus 

generally lie in the range l0-12 -10-8 seo. A given isobar therefore 

normally assumes its ground state configuration before leptonio de-

exc:itation to the daughter nucleus. 

Electromagnetic transitions between excited states of a given 

nucleus occur with energy and angular momentum equal to the difference 

between the energies and spins of the initial and final states. When 

the parity of both states is the same, the transition is electric for 

photons of even angular momenta and magnetic for photons of odd angular 

momenta. For transitions involving a change of parity, the converse is 

true. For a transition of multipolarity 1 and energy E taking place 
y 

between initial and final states of energy and spin (E1 ,Ji) and (Ef,Jf) 

respectively 

21 +1 The transition probability varies as E and generally 
y 

decreases rapidly with multipolarity. For this .reason, in most oases 

the prominent de-excitation mode corresponds to the gamma radiation of 

lowest m.ulti.polarity. Since the transition probability involves the 

matrix element of the interaction Hamiltonian~ it '.s extremely 

sensitive to the detailed structure of the eigenstates and departures 

from tlrl.s trend are not uncanmon. In order to determine the absolute 



value of the transition probability, it is necessary to measure the 

life time of the initial state and the branching ratios for each 

competing de-axed tation mode. The relative transition probabilities 

.for these modes may be calculated from the branching ratios alone. 

Transition probabilities are normally compared to the single particle 

estimates of Weisskopf (1). Wilkinson (2) has surveyed the distri-

bution of the empirical values for all the observed transitions up to 
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multipolarity E5. For the higher multipolarities the data are sparse. 

Generally, the distriuation .for a given type of transition is extremely 

wide, exceeding a range of five orders of magnitude. This wide distri-

bution reflects the sensitivity of the transition probability to the 

details of the specific nuclear structure. 

Information about the spins of excited states and the multi-

polarity of the transitions between them may be obtained by a study of 

the angular correlation between radi.ations emitted in cascade. 

Consider the three levels of spins Ji' J and Jf respectively. The 

trar.tsi.tion J i ~ J will consist almost exclusively of, at the most, 

the two multipola:rities 11 ,. I J1 - J\ and 1i • 11 + 1. Similarly, the 

transition J ~ Jf will consist of the multipolarities 1 2 = IJ- Jf I 
and 12 ""12 + 1. The cascade is denoted by 

Ji(1l'Lf)J(12'12)Jf. 

The calculation of the angular correlation function for such a cascade 

is reviewed by Biedenharn (3) who shows that 

w(o) = £ Au(l)A,v(2)P_v(cos o) 
II 

where 0 is the angle between the directions of the radiations. The 

coefficients are given b,y 

A (r) ,.F', (L ,1 ,J J) +20 Fj,(L ,1',J J) +0 2F,
1

(L 1 ,1',J J). 
tr <>-" r r r r~ r r r r .r. r r r 



The F ~·· s are combinations of angular momentum coupling coefficients 

and are tabulated (4). 

reduced matrix elements 

The mixing coefficient b i.s the ratio of the 
r 

(J IlL t fJ)/(J I L fJ). r& r r r The mixing coefficient 

obviously d.epends sensitively upon the nature of the eigenstates 

involved. 

1.2 General Properties of Fission Products 

Unstable nucleonic configurations are usually obtained as the 

products of a nuclear reaction. The fission of heavy nuclei is a 

6 

nuclear reaction which is prolific in the production of highly unstable, 

neutron-rich isotopes. The production of a particular fission product 

of mass number A and configuration (Z,N) is followed by a series of 

beta deca.ys until a stable configuration (ZA,IA) is reached. The 

sys·tem of isobars related by such a series is referred to as a mass 

chain. For odd A nuclei, the energy of a particular configuration is 

approximately proportional to (Z- ZA) 2 and lies on a parabola* when 

plotted as a function of z. The energy difference between successive 

members of an odd-mass chain increases as the values of Z depart from 

ZA. In the case of even-A mass chains, the odd-odd and even-even 

members lie on separate parabolas displaced by a relatively constant 

value. The energy differences between adjacent isobars alternate 

between high and low values according as the parent nucleus is odd-odd 

or even-even respectively. This alternation is superimposed upon 

the general trend of increasing energy differences as the value of 

Z departs from the most stable value. The existing data on energy 

differences has been analyzed on this basis recently by Dewdney (5). 

* A more detailed examination reveals that the even-odd and odd-even 
masses lie on separate, closely-spaced parabolas. 
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This over-all trend has two important results. Since the 

transition probability for beta dec~ increases with disintegration 

energy, the half life of the isobar generally decreases rapidly as the 

configuration departs from stability. Secondly, the greater the dis

integration energy, the greater the energy of the excited states in 

the daughter nucleus which may be populated. The number of de

excitation modes possible increases rapidly with the number of le·vels 

formed, so that the experimentalist is faced with the compounding 

difficulties of an increased complexity of the spectra of character

istic radiations together with a shorter time in which to study them. 

1.3 Dynamics of Spherical Nuclei 

A complete description of the quantum states of nuclei involves 

the solution of the equations of motion of a many-body Fermion system. 

In considering the interaction between nucleons in the nucleus it is 

generally assumed that this interaction m~ be described as a two-bo~ 

force. The behaviour of nucleons under the influence of the inter

nucleon interaction within the nucleus is drastically altered from 

their behaviour under the same interaction when they are isolated. 

Weisskopf (6) has shown that the nuclear force has the property that 

the probability for scattering in which momentum transfers exceed the 

Fermi momentum is low. It is within this context that the internucleon 

interaction has been referred to as "weak". Since the eigenstates of 

the individual nucleons below the Fermi level are occupied, the Pauli 

exclusion principle forbids scatterings in which momentum transfers 

less than the Fermi momentum occur. For such systems it has been 



shown (6) that an independent particle description is approximately 

valid. 
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Brueckner ( 7) has shown that the internucleon interaction 

manifests itself mainly as an average self-consistent field for 

infinite nuclear matter a:nd has performed Hartree-Fock type calculations 

of the field for finite nuclei (8). As has been pointed out by 

Wilkinson (9) in the low-density region near the nuclear surface, the 

Pauli principle is not as effective in suppressing strong correlations 

so that it is possible that in the surface region nucleon clusters are 

oontinually forming and dissolving. However, the success of the 

unifi.ed model does indicate that a self-consistent field in which the 

nucleons move independe.ntly is a description with some justification. 

In partieular, the eigenstates of the Hamiltonian based on such a 

potential should provide a good basis of representation for the actual 

nuclear states - good in the sense that an actual quantum state will 

be distributed over only a small number of the basic set. The calcula

tions of Brueckner et al (8) show that the eigenstates of the self

consistent field for finite nuclei are not unlike those for the shell 

model potential with spin-or'bit coupling. 

There is a large body of experimental facts which indi.cate that 

an independent particle field does not completely describe the effects 

of the nucleon-nucleon interactions. The nucleon motions are 

correlated to a certain degree so that the nucleus should be pictured 

as a many-body system of interacting Fer.mions moving in a self

consistent field. The effects of the internucleon force not taken 

into account by the self-consistent field are described by a residual 

interaction. It is fair to s~ that one of the main tasks before us 



is to obtain a description of the detailed nature of the residual 

interactions. 

Pines (10) has defined a many-body system of Fermions for 

which the interactions can be treated b,y perturbation theory as a 

normal Fermion system. A comparison of the experimental eviden.oe 

with the general properties of such systems leads to the conclusion 

that the nucleus is not a normal Fermion system. This comparison 

also indicates the nature of that part of the residual interaction 

which cannot be treated by :perturbation theory. As an example, i.t is 

a well-known fact that the values of the nuclear inertial parameters 

lie between the extremes predicted on the basis of rigid body motion 

and irrotational fluid hydrodynamics. General arguments (11) show 

9 

that the former value is equal to that of a normal Fermion system, 

while the latter corresponds to that for a system of non-interacting 

:Bosons. Such a situation can be understood if the nucleus is pictured 

as a superfluid condensate in which the :Boson unit :i.s a quasi-bOlmd 

Fermion pair. Such systems were investigated theoretically by Bardeen 

et al (12) who showed that the spectrum of intrinsic excitations is 

characterized b,y an energy gap. :Bohr, Mottelson and Pines (13) pointed 

out that such a gap exists in even-even nuclei. In addition, the 

nuclear masses do exhibit odd-even effects which can be explained as 

reflecting the increased binding energy due to pairing correlations. 

The pairing force also provides a fundamental basis for the seniority 

coupling introduced by Raoah (14). The ground-state wave functions 

corresponding to the bound pairs are of zero spin so that the wave 

function represents a spherical distribution. 



Several mass regions, such as the one corresponding to the 

heavy rare earths, have been positively shown to consist of nuclei 
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with pe:rman.ent ground state deformations. In terms of the unified 

model, the deformation is thought of as resulting from the polarizing 

influence of the extra. nucleons outside of the spherical core corres

ponding to a major closed shell. The ~stematics of deformations 

indicates that a collective deformation does not occur until a critical 

number of extra-core nucleons is present. This effect is explained in 

terms of the microscopic description formulated by Mottelson (15)o 

The residual interaction is considered to manifest itself in two dist;inct 

forms - the pairing correlation and a field-aligning, long-range correl

ation. The long-range components of the residual interaction are 

described by a multipole expansion, the first and largest term of which 

represents a quadrupole-quadrupole interaction. These two aspects of 

the residual interaction result in opposi.ng tendencies. The pairing 

force stabilizes the spherical equilibrium while the quadrupole inter~ 

action tends to deform the nucleus. Deformation occurs at the critical 

number of extra-core nucleons for which the effects of the quadrupole 

interaction overcome the pairing force. 

In the spherical region, the independent particle states are 

described as states with definite orbital angular momentum and spin 

coupled to a total angular momentum j 1 of degeneracy (2j + l). Major 

closed shells, which are configurations of exceptionally high 

stability, occur for the special nucleon numbers 2,20,50,82 and 126 

(16). If there were no residual interactions between the nucleons, 

the nucleus would be similar to a Fermi gas and the di.stribution of 

nucleons in the particle states would drop sharply to zero at the 
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highest level required to accommodate the nucleons. In this case a 

well-defined Fer.mi surface occurs. However, at low energies the 

nucleus is in the superfluid state and the effect of the pairing cor-

relations is to disturb the distribution. In the treatment of Belyaev 

(17) the pairing interaction is assumed to be non-zero only between 

the conjugate orbitals (j,m) and (j,-m). The effect of this correlation 

is to cause the nucleon distribution to become diffuse in the region 

of the Fermi surface. 

The distribution coefficients for conjugate pairs (j .±,m) is 

given by 

where :.\. is the Fermi level, b. is the pair binding and Ej is the energy 

of the single-particle orbital (17). In an even-even nucleus, for 

which the ground state has zero seniority, the intrinsic ex:ci'tations 

occur at an energy of at least 2b. above the ground state. 

The remainder of the residual interaction manifests itself in 

collective motions. For a spherical equilibrium shape, the collective 

motions take the fonn of vibrations about this shape. The lowest 

energy vibrations correspond to qu.a.dru.pole oscillations and the next 

lowest energy vibrations correspond to octupole vibrations. The 

vibrational quanta, referred to as phonons, are of even parity and 

angular momentum 2 for quadrupole oscillations, and odd parity and 

angular momentum 3 for octupole vibrations. Particle-vibration inter-

actions result from the vibrations of the self-consistent field caused 

by the collective oscillations. If the particle motions adjust 

adiabatically to the changes in the field, the in'trinsic and collective 
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motions are separable. However, if the vibrational energies are of 

the same order of maglli tude as the intrinsic exoi tat ion en.ergies, the 

adiabatic condi tiona are no longer fulfilled Bl'ld the motions became 

coupled. Collective levels are characterized b,y enhanced electric 

moments with the appropriate mul tipolari ty oorrespon.ding to the 

vibrational mode in question. 

According to Brown (18) and Mottelson (15) the microscopic 

deseription of nuclei indicates the existence of high-energy collective 

modes of a unique character. With increasing excitation energy, the 

effects of the pairing correlation become less signifioan:t and in many 

respects the nucleus behaves as a normal Fermion system. This is 

reflected in the fact that at high energies the inertial parameters 

agree more closely with the rigid-body values and the nuclear specific 

heat is similar in behaviour to that of a Fermi gas. 

It is known that in distorted nuclei the normal sequence of a 

rotation band is disru.pted abruptly at an angular momentum sufficiently 

high that the Coriolis interaction exceeds the pair binding (19). It 

might be expected that a similar effect occurs in a vibrational band 

as the particle-vibration interaction increases. 

Those nucleonic configurations for which there are only a few 

extra-core nucleons so that no permanent ground state deformation 

exists comprise what is referred to as transition nuclei. The system

atics of the vibrational levels of transition nuclei has been reviewed 

by Sheline (20). The high-yield fission products generally are such 

transi.tion nuclei so that the study of their level struct;ure leads ·to 

much-needed additional information about this regi.cn. 



OHAPrER II 

SURVEY OF PREVIOUS WORK 

Hahn and Strassmann (21) first reported the existence of a 

74-minute lanthanum activity observed in their extensive and extremely 

thorough radiochemical investigations of the fission products. One 

cannot but express sincere admiration for these investigations which 
. 

represent a classic example to experimental science. Values for the 

half life of this activity have been reported by several researchers 

(22,23,24,25) extending between this initial value to the most recent 

measurement of 92.6 minutes (25). In all cases, no daughter activity 

was observed. The mass assignment of A= 142 is based on this fact. 

Be·t;a deoa.y of lanthanum ( Z = 57) leads to an isotope of cerium ( Z ... 58). 

140 142 . The only stable cerium isotopes are Oe and Oe , the latter oocurr~ng 

in nature with an isotopic abundance of 11% (26). The lanthanum pre

cursor of Oe140 was positively identified as a. 40-hour activity (27). 

Riezler and Ka.uw (28) have reported that Oe142 decays by the 

emission of a. 1.5 MeV alpha. particle with a. half life of 5.1: t~xlo15 

years. Another possible dec~ mode for Oe142 is double beta dec~ to 

Nd142• The energy difference between these two isobars bas been 

measured by Johnson and Nier (29) who report a value of 1.68 MeV. The 

neutron separation energy for Oe142 has been measured using the 

reaction Oe142 (y,n) to be 6.91 MeV (30). 

13 
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The first study of the deoey- radiations of La.142 published in 

the literature were undertaken by Vanden Bosch (31). This author 

reported the beta. spectrum to be complex and to have a.n end-point 

energy greater than 2.5 MeV. These results were obtained by aluminum 

absorption methods. This author also reported the existence of two 

gamma rays with. energies 0.63 and 0.87 MeV. 

Ryde and Herrla.nder (23) were the first researchers to investi-

gate the gamma-ray spectrum and gamma-gamma coincidence relations for 

142 the La decay. They reported the existence of eight gamma. rays in 

the energy range from 0.63 to 3.4 MeV and observed the spectra in 

coincidence with pulses corresponding to the energies of four of these. 

The results are shown in Table I. On the basis of these results, the 

authors constructed a. dec~ scheme consisting of levels at 0.63, 1.5, 

2.4 and 3.5 MeV. 

In 1959 a. study of the barium and lanthanum isotopes, masses 

141 and 142, was published by Schuman et al (24). These authors 

142 investigated the dec~ radiations of La and their gamma-gamma. 

coincidence matrix. On the basis of their results, they concluded 

that two additional levels in Ce142 at 2.57 and 3.30 MeV were populated 

in the decay. The results are summarized in Table II. In Figure 1 

is shown the known information about the deoa;y properties of the mass 

142 isobars as summarised by the Nuclear Data Group (32). 



TABLE I 

Energies and Coincidence Relationships of the 

Gamma Rays in La142 Reported by Ryde and Herrlander (23) 

E (MeV) GatinR' Ener6?.Y (MeV) 
T o.63 0.87 2.4 2.9 

0.63 X X 

0.87 X 

1.0 X X 

1.8 X 

2.0 X X 

2.4 

2.9 X 

3.4 

15 



TABLE II 

Results of Schuman et al (24) 

E (keV) Gatw Ener.~tv(keV) 
r 640* 900 1030 1920 2080 2400 2550 

' ,, 

640 ±. 10 X X (x) X X 

900 ± 10 X (x) 

1030 ± 30 X 

1080 ± 40 X 

1370 ±. 30 (x) 

1540 ± 20 

1750 ± 20 

1920 ±. 20 (x) 

2080 ±. 30 (x) 

2400 ±. 20 

2570 ± 30 

2660 ±. 100 X 

3000 ±. 30 X 

3300 ±. 30 

3650 ±. 30 

E = 4.4 MeV 
~max 

* Coincidences for which the authors indicated some doubt are 
bracketed~ In addition, the authors observed coincidences 
between the 640 keV gate and transitions at 1200 and 1580 
keV which they consider tentative. 
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CHAPrER III 

SOURCE PREPARATION 

3.1 Introduction 

In order to prepare a source consisting of a short-lived 

isotope produced by fission, rapid radiochemical separation techniques 

m~ be used. The methods selected must fulfill rather stringent 

requi.rements. The time required for the separation must not be 

excessively long with respect to the half life of the nuclide of 

interest. If a detailed examination of the dec~ radiations is to be 

undertaken, the separation must result in a sample with a high degree 

of radiochemical purity. In many instances, such as in the study of 

low-energy beta spectra, very thin sources may be required. Of course, 

because of the limitation of time available for the separation, it is 

not alw~s possible to fulfill these requirements. 

The chemical behaviour of elements in trace concentrations is 

often quite different from that displ~ed in macroscopic quantities. 

In order to ensure that separation procedures developed using normal 

concentrations may be extended successfully to a problem involving 

trace concentrations, it is often necessary to add macroscopic quanti

ties of the elements involved to the radioactive sample. These 

inactive quantities added to ensure macroscopic behaviour are referred 

to as carriers. Carriers are normally added to the sample in the form 

17 
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of ions. The chemical exchange between the radioactive and carrier 

atoms may not be complete, especially if there is a possibility that 

the valency state of the radioactive ions is different from that of 

the carrier ions. 

Generally speaking, of the various chemical separation pro-

oedures used, group precipitations and solvent extractions are most 

easily adapted to rapid radiochemical separations. Normally, carrier 

is added to the sample in solution before precipitation. However, 

recent studies (33) indicate that in certain circumstances there are 

advantages to adding the sample to pre-precipitated carrier. In this 

case, one relies upon the exchange between sample and carrier occurring 

in the crystals of the precipitate. It has been found (25,33,34) that 

this method is more selective, reducing exchange between the carrier 

and radioelements of different species. 

3.2 Application of Radiochemical Techniques to the Separation of Fission 
Products 

When developing a procedure for the separation of a fission 

product, the properties of the dec~ chain in which the nuclide of 

interest occurs, as well a.s of neighbouring chains, must be taken into 

account. Since, of course, chemical techniques only result in elemental 

separations, the sample obtained m~ contain many isotopes of the 

element, interference from which precludes a stu~ of the isotope of 

interest. By an appropriate use of the timing of the separation, and 

in some cases b.y separating precursors of the isotopes in question, it 

is sometimes possible to eliminate serious interference. In addition, 



19 

separation of the precursor m~ require simpler procedures than direct 

separation of the element involvedo 

The problem of obtaining sources of La142 is a good illustration 

of the principles discussed above. The relevant decay chains are: 

Csl40 ~ Bal40 ~ La14o 40 hr) 0614-o 

Csl41 ~ Bal41 18m) Lal41 3.7 ~Cel4l 

06142 2o3 s) Bal42 11 m) La142 92.6 ll) Cel42 

08143 short) Bal43 12 s) Lal43 14 m) Cel43 33 hr) 

A diT~~t. separation of lanthanum from the fission products would require 

a gro~::~ separation of rare earths followed by an ion-exchange separation 

of lanthanum. The resulting sample would contain independently formed 

La140, La141 , La142 and La143. In order to obtain the sample free from 

the most active of these, La143, a waiting period of approximately 

2 1/2 hours would be required. Such a waiting period is undesi.rable 

since the ratio of La142 activity to that of the longer lived isotopes 

reduces with time. 

There are distinct advantages to separating the barium precursor 

as the first step. If barium is separated approximately 2 minutes after 

the end of the irradiation, the sample will be free from isotopes of 

mass number greater than 142. For maximum yield, the lanthanum must be 

extracted from the barium solution after approximately 40 minutes when 

the La142 has fully grown in. The sample will contain La141 as the 

only interfering isotope. Fortunately, the nature of the La141 decay 

is such as to cause no serious problems as regards interference in 

the stu~ of La142 (24). 
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14-2 ?reparation of La Samples 

Ura.r.dum samples consisting of 100- 300 ,rgm of u235 in 3 ml 

uran;yl-n1tra.te solutions were irradiated in polyethylene capsules for 

1 to 4 minutes using the pneumatic system of the McMaster Nuclear 

12 I 2 Reactor. The flux at this position is N 5 x 10 - neutrons; om seo. 

The sample was delivered to the receiving station approximately 10 

seconds after the end of the irradiation. 

The initial step of the procedure, carried out. 2 minutes after 

t;he end of the irradiation, was the separation of radiobarium from the 

gross fission products. The radiobarium was exchanged with 50 mgm of 

barimn carrier in the form of freshly pre-precipitated barium chloride 

:in 30 ml of concentrated HCl. The solution was filtered over a mem-

brane filter and the precipitate washed with 30 ml of concentrated 

HCl. The precipitate was then dissolved in approximately 15 ml of 

water. From this point on, one of two methods was used to separate 

radiola~thanum from the barium solution. 

Method 1: Since the most likely contaminant to be carried along 

with the fission-product barium is strontium, the precursor of yttrium, 

a lanthanum-yttrium separation using a tributyl-phosphate solvent 

extraction was used. Tenmgm of lanthanum carrier in the form of 

La(No
3

)2 solution was added to the barium sample. Approxi.mately 40 

minutes after the end of the irradiation, lanthanum hydroxide was pre-

cipitated and the precipitate centrifuged. The precipitate was 

dissolved :in fumtng HNO" and the solution agitated together with 10 ml 
/ 

of freshly pre·-equilibrated tributyl phosphate. Lanthanum was with-

drawn in the acid phase into fresh TBP and the extraction repeated. 

Ammonium hydroxide was added slowly to the solution until lanthanum 
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hydroxide precipitated. The hydroxide precipitate was :re-dissolved in 

a. few milliliters of concentrated HN0
3

• The sample was obtained in its 

final form by precipi ta.ting lanthanum oxalate. The phys:i.cal. fom of 

sources obtained in this procedure was a relatively uniform disc of 

lanthanum oxalate 1/2 inch in diameter backed by filter paper. 

Method 2: The method described above resul't:ed :W. lanthanum 

separations with a radiochemical decontamination factor of at least 

10
6• However, the total time required for the separation was approxi

mately 1 l/2 hours. Also, the source thickness of 10 mgm/cm2 was 

considered relatively thick in some applications. For these reasons, 

a method resulting in a carrier-free sample a few minutes after the 

beginning of the lanthanum separation was investigated and proved 

highly satisfactory. Following the BaC12 exchange reaction, concen

trated ammonium ~droxide was added to the solution without the 

addition of lanthanum carrier. When passed over a membrane filter, 

the radiolanthanum was found to be retained on the filter, presumably 

in the form of a colloid. It is not known whether the source forms a 

surface layer or is impregnated throughout the filter. In the latter 

case, the source thickness would be that of the filter paper, approxi

mately 3 mgm/om2
• 

3.4 Source Purity 

Although the second me·thod produces carrier-free sources simply 

and rapidly, decontamination from yttrium relies solely on the fact 

that negligible amounts of strontium are carried in the ·barium chloride 

exchange (25). Decay curves of sources made by the second method 

:revealed only the existence of half-life components corresponding to 
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L 142 d L 141 a an a • The dec~ curve of the gamma radiation is shown in 

Figure 2. Decay curves of the beta-gamma and gamma-gamma coincidence 

rates also shown in Figure 2 revealed only the 92~6-minute La142 (25) 

component. A comparison of the single-crystal gamma-ray spectra of 

sources obtained with both methods indicated that they were identical. 

Because o:f these results it was concluded that smu•ces o'btained using 

the second method were su:f:ficiently pure for the purposes of this 

study. As a matter o:f general procedure, dec~ curves were taken 

during each experiment. 
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OHA.P.rER IV 

INSTRUMENTATION AND TECHNIQUES 

4.1 Scintillation Detectors 

The detection of' nuclear radiations with luminescent materials 

optically coupled to photomultiplier tubes relies on the nearly pro-

portional transfer of the incident energy into light quanta which are 

not reabsorbed by the material itself. The details of the transfer 

mechanism depends on the nature of the interactions between the radi.-

ations involved and the detecting scintillator. The most popular 

scintillator used for the detection of gamma radiation is Nai activated 

with thallium. A plastic phosphor, referred to as NE-102* is frequently 

used for the detection of beta particles. In either case, the result 

or the interaction of the radiation with the scintillator is the exci-

tation of electronic levels such as luminescence centers in the 

scintillator and the subsequent emission of light photons as de~ 

excitation radiation. De-excitation of the phosphor electron states 

also takes place by the competing process of radiationless transitions, 

which reduce the light output of the detector. The number of photons 

emitted is proportional to the energy transferred to the scintillator 

and the emission occurs at a rate characteristic of the scintillator. 

The decay time for Nai(Tl) is approximately 0.25 psec while for the 

* NE-102 is a scintillating phosphor commercially available from Nuclear 
Enterprises Limited 
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NE-102 the emission occurs with the much shorter period of roughly 

10-8 seo. 
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The light photons collected at the photocathode of the photo-

multiplier tube cause the emission of electrons, the number of which 

depends upon the nature of the cathode surface but :ls prop0rtiona.l to 

the number of incident light photons. The electrons emitted from the 

photocathode are multiplied in a cascade of secondar,y emission processes 

in the dynode chain of t1t·! tube. The resultant photomultiplier current 

is integrated at the anode and the total charge collected is proportional 

to the initial light intensity at the photocathode. Conversion to a 

voltage pulse suitable for amplification is frequently achiev$d with a 

charge sensitive preamplifier. The rise time of the pulse is determined 

mainly by the dec~ time of the scintillator in the case of Nai(Tl), 

while in the case of the plastic phosphor the effect of the photo-

multiplier transit time becomes equally important. 

In the scintillation detection method, the height of the 

voltage pulses resulting from the detection of radiation is used as a 

measure of the energy of the radiation deposited in the detector. 

However, any given pulse represents only a statistical sampling of the 

events which give rise to the pulse so that there is associated with 

the pulse height a statistical uncertainty or variance. In statistical 

processes, the relative uncertaint,y is decreased as the size of the 

sample is increased. The best resolution is achieved therefore by 

obtaining the maximum pulse height possible under given conditions. 

This is accomplished by full integration of the photomultiplier current 

using a time constant several times as large as the scintillator dec~ 

constant. Assuming an exponential input pulse with rise time equal to 



the characteristic scintillator decey constant, and. id.eal response 

from the network, then the ratio of pulse height achieved to maximum 

pulse height is given by 

nexp n ln n. 

1-n 
for nfol 
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where n = RC/T is the ratio of the circuit time constant to the 

scintillator decey time T. Since the pulse width also increases with 

the time constan·t, in practice a value is chosen which is a compromise 

between the desire for large blxt narro·w pulses. Another criterion for 

thi.s value will be mentioned later. 

Another deterious effect of using too short a time constant at 

the photomultiplier anode is the decrease in signal-to-noise ratio. 

This limitation is not serious in the case of scinti.llation. detectors 

except for extremely short clipping times because of the rather low 

inherent resolution of these detectors. 

The signal-to-noise ratio can be maximized by an appropriate 

choice of photomultiplier voltage. However, the choice of voltage to 

be used also depends upon other considerations. If, as in our case 7 

pulse spectra are to be studied over an energy range as wide as approxi~ 

mately 100 keV to 4000 keV, then the dynamic range required for the 

phototube is 100, a figure which includes a customary safety margin. 

At voltages sufficient to maximize the signal-to-noise ratio 9 the 

linear dynamic range is decreased because of saturation effects i.n the 

phototube. 
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In addition to considerations of dynamJ.c range, another effeot 

which is particularly noticeable in mapy of the three-inch phototubes 

currently available must be taken into account. This is the dependence 

of photomultiplier gain on counting rate. The details of this 

dependence varies with tubes from different ma.nufactureirs·a.nd has been 

studied by several researchers (35,36,37). The relative counting-rate 

gain shifts increase with photomultiplier voltage (37)t so that this 

effect is minimized by using the lowest voltage possible consistent 

with the requirements of gain and signal-to-noise ratio. Except in 

special circumstances, the sta.nda.rd voltage adopted here for the 

DuMont 6363 phototubes used in the gamma-ray spectrometers wa.s 750 v. 

The two-inch EMI 9536B photomultipliers used in the beta-r~ detectors 

were found to be relatively free of counting-rate gain shifts and a 

voltage of 900 V was required because of the poorer light output of 

the NE-102 phosphor compared to Nai(Tl). 

4.2 Double-Dela..v Line .Amplifiers 

The pulses obtained directly from the photomultiplier output 

are not suitable for pulse-height measurements so that they must be 

shaped and amplified before analysis. As described in Section 1, it 

is necessary to satisfy the conflicting requirements of high signal

to-noise ratio and relatively narrow pulse widths. In addition, when 

the main concern is the measurement of pulse height, a pulse which 

retains its maximum for a time which is appreciable with respect to 

the pulse width is desirable. Pulse widths presently required for 

analysis are in the ranges of l - 2 psec. 
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Delay-line shaping provides the most accurate control of pulse 

widths while at the same time producing pulses which are more synnnetrioal 

and ''flatter" than the pulses shaped with resista.nee-capaoi ta.nce net

works. The shorted end dela.y-line clipping whi.oh is commonly used in, 

for example the Bell, Graham, Petch (38) method for producing ve:cy 

narrow timing pulses, can result in troublesome ringing in a linear 

amplifier. The operational amplifier, which subtracts the del~ed 

pulse from the prompt pulse in an active network is an alternative 

method which overcomes this limitation. 

If the pulse is clipped at the input stage of the amplifier 

then the signal-to-noise ratio is reduced, while if the clipping stage 

is left until after amplification, pulses of long duration must be 

handled b.r the amplifying stages. In the latter case, the response of 

the amplifier is limited by pile-up effects at relatively low counting 

rates. Fairstein (39) proposed a compromise solution to this problem 

in which two clipping stages are used, one at the input a.nd. one near 

the output. The pulse shape resulting from this method is bipolar and 

has several characteristics which can be used to advantage in pulse 

spectroscop,y. The equal balance of the positive a.nd. negative portions 

of the pulse eliminates the base-line shift which occurs noticeably 

at high counting rates in amplifiers with unipolar pulse shaping. The 

double-delay line, or DD2 amplifier is also characterized by rapid 

recover.y from overload, so that pulse-height distribution in a low-energy 

range m~ be studied in the presence of high-energy radiations without 

undue amplifier blocking. 

The transistorized version of the DD2 amplifier, designed b,y 

Chase (40) was used in this counting system. An oscillograph of the 
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pulse spectrum of Cs1~7 obtained at the amplifier output is shown in 

Figure ; (a). In order to obtain the best quality pu.lses, the time 

constant used in the integration of the photomultiplier pulse should 

be kept long with respect to the delay-line clipping time of 0.7 rsec. 

Time constants of 10 fSeo were used. 

4.; Pulse-Height Analysis 

Technically, the aim of pulse spectrometry is to obtain a 

statistically significant sample of the pulse-height distribution 

associated with the detector response to the radiation characterizing 

a particular excitation or de-excitation process. To achieve this aim, 

it is necessary to sort the amplified detector pulses according to 

height and record the relative frequency of occurrence of a given 

incremental pulse-height range. 

By coupling an upper- and lower-level discriminator in anti

coincidence the familiar single-channel pulse-height analyzer is 

obtained which gives a logic pulse output in response to any input 

pulse, the height of which lies in the range defined b.1 the discrimi

nator levels. To obtain a measure of the pulse-height distribution, 

it is necessar,y to scan the pulse spectrum in steps, counting the 

number of pulses at each setting for a suitable time interval. When, 

as frequently occurs, it is necessary to count for a time interval 

comparable to the half-life of the source, this method is no longer 

feasible. 

To obtain detailed structure of the pulse-height distributions 

associated with the dec~ radiations of short-lived nuclides, rapid 

data acquisition systems become a basic necessity. Such systems have 
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been achieved b,y the application of computer logic techniques. The 

multichannel analyzer is a specialized computer designed to sort and 

accumulate detector pulses according to height so that a measure of 
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the pulse-height distribution aa a whole is obtained in one counting 

period. This approach is only useful w·hen the method of detection is 

such that a pulse spectrum results with the desired info:rmation 

associated with the pulse height. If the information to be sorted is 

associated with some other property, such as pulse width, or radius of 

curvature in a magnetic field, then this property must either be trans

lated into pulse height or a different sorting procedure must be 

adopted. 

The multichannel pulse-height analyzer is comprised of the main 

functional units shown in Figure 4. Since the initial pulse-height 

distribution to be analyzed is continuous over a certain voltage range, 

it is necessary to group the pulses into quantized adjacent incremental 

voltage ranges in order that they m~ be sorted and accumulated in a 

memor,r of finite capacity. Using a triggered linear sweep or ramp 

circuit, the height of a given pulse is proportionally converted to a 

time interval. The time interval is measured in a digital manner by 

using an accurately controlled high-frequencr,y oscillator, or clock. 

This process is known as analogue-to-digital conversion. The number 

of clock pulses during the time interval is determined ey counting with 

the address scaler. In this way, the pulses in a certain voltage range 

are grouped together and ~ssociated with a definite address or channel, 

so that the initial continuous distribution is quantized. 

After a channel number has been associated with an input event, 

the previous contents of the memory at that address a.re increased b,y 
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one in the accumulator, or data register. The concents of the data 

register are then restored in the memory location in question. This 

process of reading the previous contents of an address, increasing by 

one, and restoring is known as a memory cycle. 

The pulses resulting from the dec~ radiations of an ensemble 

of radioactive nuclei are distributed randomly in time. In order that 

only one pulse occurs in the converter circuit during analysis, the 

analogue-to-digital conversion (ADC) circuit is preceeded by a linear 

gate. The gate closes during the analysis time required for the pulse 

already i.n the converter and opens when the analysis is completed. 

Since the time required for analysis depends upon the address 

assigned to the pulse, the overall dead time for a particular counting 

experiment depends upon the nature of the spectrum involved. The 

actual live time of the analyzer during a given counting period is 

measured by scaling a clock oscillator. The scaling of the clock 

pulses is inhibited during those periods for which the analyzer is 

busy. 

The response characteristics of the analyzer are determined 

mainly by the performance of the analogue-to-digital converter. The 

integral linearity, a measure of the linearity of the pulse-height 

channel-number relation, is determined by the quality of the ramp 

circuit. The stability of the analyzer depends upon the stability of 

the ramp, the oscillator and the associated gating circuits. The 

differential linearity is a measure of the constancy of the channel 

width. If a distribution is analyzed with the property that the 

counting rate is independent of pulse height then the counts per channel 

is inversely proportional to the channel width. A pulse generator was 
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used to measure the linearity, and the profile of individual channels. 

The channel profile is shown in Figure 5. In addition, the generator 

ean be used to determine accurately the channel corresponding to zero 

pulse height. The zero channel ean be adjusted to correspond to any 

pulse height desired. 

~ situations arise, such as in coincidence experiments, in 

which it is necessary to measure the pulse-height distribution of a 

subset of events defined by conditions additional to those necessary 

for the occurrence of the total set. The subset of events m~ be 

selected for analysis from the total set by gating the analyzer with 

suitable logic pulses which signify the occurrence of events satisfying 

the selective condition. The gating pulse enables the analysis of 

these events, while events unaccompanied by such a pulse are rejected. 

Several pulse-height distributions corresponding to subsets 

selected b,r different conditions m~ be analyzed in one counting 

period. ~reducing the conversion gain of the ADC ramp circuit b.1 a 

factor N, the analyzer memory m~ be divided into N subgroups. Those 

events belonging to a given subset are directed to the appropriate 

memory subgroup by means of accompanying routing pulses. The routing 

pulses are derived from logic circuits which only respond to events 

satisfying the conditions selecting the corresponding subset. 

~.~ Coincidence Circuit 

In the application of pulse spectroscop,y to dec~-scheme 

studies, it is often necessary to obtain the pulse-height distributions 

of time-correlated events. These events must be sensed in separate 

detectors and a measure of their time separation obtained. Logic AND 
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circuits a.re used to signal the ooour:rence of a pair t)f oJor:related 

events. It is necessary to form timing marker pulses based on the 

detector signals as inputs to the AND circuit. Very .fast timing 

circuits have been developed in which the timing markers ax·e formed 

qy clipping limited pulses obtained directly from the detectors (38). 

Usually, to obtain pulses of sufficient rise tim& and pulse height for 

this approach, it is necessary to operate the photomultipliers at 

voltage levels which are undesirably high for pulse spectroscopy. In 

addition, the time dispersion of three-inch photomultipliers together 

with the long dec~ time of Nai(Tl) become the limiting factors in 

ultimate resolution rather than the timing circuit. 

Fast timing based on marker pulses derived from the slow 

amplifier pulses must overcome the problem of walk. This term refers 

to the amplitude dependence of the timing signal caused by the finite 

rise time of the generating pulse. Since the triggering level of any 

discriminator must be of some finite value exceeding the noise, say ~. 

then the triggering time is approximately 

~ 
t == - t , V r 

where V is the pulse amplitude and t is the rise time of the generating 
r 

pulse. With a fixed pulse amplitude, it is found that the triggering 

time is still statistically distributed because of fluctuations in the 

pulse shape. This effect is known as jitter. One solution to the 

problem of walk is to confine the energies of interest to a narrow 

range by pulse-height selection. However, this results in a drastic 

reduction in the rate of data acquisition. The method is used frequently 

in life-time measurements but is of little use in the study of pulse-

height distributions. 
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Amplitude-independent timing markers may be generated by 

triggering on a phase point of the generating signal which is inde

pendent of pulse height. The cross-over point of the DD2 amplifier 

output pulses is such an amplitude-independent phase point as 

illustrated in Figure 3 (a). This fact was pointed ou·t by Fairstein 

(41) who developed a circuit which generates a timing marker at the 

zero-voltage point of the doubly-differentiated pulse known as a 

cross-over gate. The walk and jitter associated with the cross-over 

phase point is shown in Figure 3 (b). The amplifier pulse serves as 

the input to a Schmitt-trigger circuit which triggers at an arbitrary 

level on the leading edge of the pulse and returns to its initial state 

at the zero or cross-over point. The Schmitt-trigger output is 

differentiated and the leading edge pulse is removed with a back

biased diode. The zero-point timing marker is shaped in a multivibrator 

of variable time duration. 

To a good approximation, the resolving time of the entire 

system is dete:rmined by the width of the timing marker, so that the 

resolving time is variable. For the transistorized circuits designed 

by Chase (42) which were used in this study, the width of the timing 

marker could be varied between 0 and 180 nsec. The output of the AND 

circuit provides a 3 JlSec coincidence gate. Oscillographs of the 

timing marker and coincidence gates are shown in Figure 3 (c) and (d). 

The response of the circuit was measured by counting the coincidence 

gates as a function of the relative del~ between the timing markers. 

A region in which the counting rate is independent of del~ indicates 

full efficiency for the circuit. The width of the curve at half 

maximum is 21', the resolving time of the circuit. Flat resolution 



curves were obtained for resolving times in excees of 2~= 50 nseo. A 

typical resolution curve is shown in Figure 6. 

4.5 ~-Ray Scintillation Spectrometer 

The complete system comprising the scintillation detectorp the 

linear amplifier and pulse-height analyzer constitutes a relatively 

simple and efficient gamma-ray spectrometer with comparatively low 

resolution. The characteristics of the spectrometer, in particular 

the rather complex response to monoenergetic radiation, is determined 

for the most part by the characteristics of the detector, although 

detailed examination must also take into consideration certain prop

erties of the associated circuits. The factors affecting the overall 

features of the detector response m~ be divided into two categories; 

the properties of the energy-to-charge transfer mechanism and environ

mental effects. 

The transfer mechanism is characterized by several distinct 

stages. In the first stage, the energy of the gamma radiation is 

transferred to electrons in the crystal b,y a combination of photo

electric, Compton scattering and pair producing events. The relative 

probabilities of the three interactions are energy depenA•nt; for 

energies less than 0.1 MeV the photoelectric process is dominant but 

decreases rapidly so that at 0.5 MeV the Compton scattering process is 

the most probable result of an interaction. Above 1.02 MeV competition 

from pair production occurs and increases rapidly. At 5 MeV the cross 

section for pair production is approximately one half of that for 

Compton scattering. In the low-energy region for which the photo

electric effect is the dominant mode, the entire gamma-ray energy is 
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most frequently dissipated in a single event. Above this energy the 

fraction of multiple events which occur increases rapidly with energy, 

as does the probability for partial energy transfer in which not all 

the incident gamma-r~ energy is dissipated in the erystalo 

In the second stage, the electrons which have been energized 

b.r interaction with the gamma radiation excite crystal-lattice electron 

states and the process proceeds as described previous~. In inter

preting the features of the response function, it is important to 

realize that the pulse-height distribution which results reflects the 

energy distribution of the electrons produced in the gamma-r~ inter

action, rather than the much simpler energy distribution of the gamma 

rays themselves. 

The response of the 3 x 3-inch Nai(Tl) detector to mono

energetic gamma rays is shown for several incident energies in Figure 7• 

The response is characterized by a full-energy peak, a continuous 

Compton distribution and at sufficiently high energies, pair-escape 

peaks. As can be seen from the figure, the relative contribution 

from these three components is energy-dependent. At a given incident 

energy and geometry, the partial-energy portions of the response 

decrease as the size of the detector is increased. 

The nominal resolution of the spectrometer is taken as the 

relative width of the full-energy peak at one half the maximum height. 

In part, this parameter is related to the variance in the statistical 

distribution of the energy-to-charge conversion used in the detection 

process, so that the resolution improves with energy. In addition, 

however, there is found to be an intrinsic or ninfinite energy" 

resolution. 
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The position of the full-energy peak is taken as a measure of 

the incident energy. The relationship 'between the pulse height of the 

full-energy peak and the incident energy was investigated b.1 measuring 

the pulse height per keV as a function. of incident energy relative to 

13.,. 
the value for the 0~662-MeV gamma ray of Cs 1• The results are shown 

in Figure 8., The solid curve is a composite of the results of previous 

researchers (43 944,45) who investigated th8 low-energy region more 

thoroughly than in this study. The results obtained are in good agree-

ment, and indicate that the relationship is not linear. 

Certain features of the response are determined by such 

environmental factors as source-detector geometry and surrouudings 9 

source thi.okness, shielding and any- absorbers interposed between the 

source and the Large-angle scattering from shielding, source 

material and detev ... .:,r mounts give rise to the familiar back-scatter 

peak. Small-angle scattering which takes place in the absorber and 

the saurce material leads to photons only slightly degraded in energyo 

The detection of these photons decreases the peak-to-valley ratio. At 

sufficiently high energies 9 annihilation radiation is d.etected as a 

peak at 0.511 MeV and results from pair creation by high-energy gamma 

rays i.nteraoting with material other than that of the detector. 

Another effect wbi.ch can be considered as environmental is the 

detection of beta particles directly, or Bremsstrahlung whi~h occurs 

when a charged particle is aQoeleratedo High-energy beta. radiation 

can be detected directly by Nai(Tl) counters packaged in thin aluminum. 

Electrons are stopped in a material by simple collisions and by the 

emission of Bremsstrahlung radiationo The ratio of radiativ~ energv 

loss to lose by collisions is given approximately by 
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R = 
E Z 

0 

800 

~here E
0 

is the particle energy in MeV and Z is the atomic number of 

the stopping material. It can be seen that radiation losses can become 

significant when Z is large and E
0 

is in the energy range of 3- 5 MeV. 

In order to keep Bremsstrahlung radiation levels at a minimum, poly-

ethylene absorbers which·have a low effective Z are used with the 

thickness selected so as to slightly exceed the range of the ma.:x:imum 

ener~ beta particles encountered. In general, sources of min~um 

possible extraneous material are used. In. the particular case of 

La142, the carrier-free sources suited these conditions ideally. 

In order to reduce the extraneous contributions from scattering 

as much as possible, it was decided to count with unshielded detectors. 

The counting room selected was the one available with the lowest back-

ground. At the source levels used, room background effects were not 

serious. Detector mounts were constructed of polyethylene and the 

counting was done on wooden benches, or in a lightly constructed 

aluminum frame. 

Two remaining extraneous contributions to the scintillator 

response are connected with the fact that the energy selection is 

performed electronically. These contributions are referred to as 

coincidence summing and random summing. Coincidence summing refers to 

the detection of both members of a cascaded pair of gamma rays. Since 

the relative contribution from this effect depends upon the solid angle 

subtended, it is reduced by increasing the source-to-detector distance. 

Of course, this also results in an undesirable reduction in overall 

efficiency and in the ratio of desired events to room background. In 



the measurement of single-crystal gamma-ray spectra., a standard 

source-to-detector distance of 10 em was found to be a satisfactory 

compromise. 
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Random summing is the detection of uncorrelated gamma rqs by 

chance within the effective resolving time of the system. Since this 

contribution increases with counting rate, the minimum source strength 

required to obtain a statistically significant distribution was used. 

For the case of interest, it was found that the contribution from 

random summing was negligible when 2- 3 pe sources were used. Methods 

for measuring the amount of summing contribution will be discussed in 

a later section. 

4.6 Fast-Slow Coincidence Spectrometer 

The fast-slow coincidence spectrometer enables the researcher 

to study the pulse-height distribution of events correlated in time 

with those events which satisf.y a selected pulse-height condition. 

The logic arrangement used for this system is shown in Figure 9o The 

analyzer is enabled on the gate which only occurs when e·vents detected 

in A and B are in fast coincidence and the event in B satisfies the 

pulse-height requirement set 'by the pulse-height selector. When this 

condition is satisfied, the event detected in A is sorted and 

accumulated in the multichannel analyzer. Since the timing marker is 

generated at the zero phase point of the amplifier output, it is 

necessar.y to del~ the latter so that it arrives slightly after the 

coincidence enable gate. By using a. two-speed system the uncertainty 

in pulse-height selection time may be tolerated whi.le the advantage of 

faster timing is re·tained. This aspect is discussed thoroughly by 
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several authors (41,46) who show that the overall resolving time of the 

system is the resolving time of the fast-coincidence circuit. 

In the usual gamma-gamma coincidence experiment, a narrow 

window is set on the photopeak of the gamma ray of interest to be 

selected in side-channel B. In order that the detailed analysis of 

the results obtained be meaningful, it is necessary to determine 

accurately the position and width of the window. Because of counting

rate gain shifts and the possibility of long-term window drifts it is 

not usually sufficient to calibrate the pulse-height selector with 

standard sources. In dealing with short-lived isotopes, however, 

there is insufficient time available to find the window position b.1 

step-wise scanning of the spectrum of interest. This is particularly 

true when the spectrum involved consists of many ~hotopeaks which 

cannot be readily identified when only a limited region of the spectrum 

is scanned. 

The window width and position can be determined rapidly and 

accurately by self-gating the analyzer. The delayed output from the 

linear amplifierinside-channel B is connected to the analyzer which is 

enabled by gating with the output from the pulse-height selector. A 

single-crystal spectrum from detector B is obtained in one subgroup of 

the analyzer memory with the ADO unblocked. The gated spectrum, which 

only contains pulses satisfying the condition set by the pulse-height 

selector, is then obtained in a second subgroup. The position of the 

window with respect to the rest of the spectrum can be checked visually 

with an oscilloscope display of the overlapped subgroups. When the 

window has been adjusted satisfactorily a hard copy record of the 
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memory contents is taken. The window position is checked again after 

the end of the coincidence counting. 

Because the resolving time of the system is necessarily finite 

and the time distribution of unrelated events from an ensemble of 

deceying nuclides is randcrn, not all pairs of events which give rise to 

a coincidence gate result from truly correlated events. Unrelated 

events which occur within the resolving time of the coincidence circuit 

are referre~ to as chance events. Since the ratio of chance events to 

true coincidence events is given by 21N , where 1' is the circuit 
0 

resolving time and N is the source strength, the chance contribution 
0 

for a given resolving time is kept as small as possible by using the 

minimum source strength required for the experiment. It is possible 

to measure the chance contribution in a given experiment during the 

same counting period as that used to obtain the coincidence spectrum 

of interest. The analyzer memory is split into two subgroups. Two 

fast coincidence circuits with the same resolving time are connected 

in parallel to the o·u.tpu.ts of the timing markers. The timing marker 

to one of the fast coincidence circuits is delayed a time significantly 

greater than the resolving time. The same pulse height restriction is 

imposed on both systems using slow coincidence circuits. The fast-

slow coincidence gate obtained from the delSiY"ed coincidence circuit is 

both mixed with the normal coincidence gate and also used as a routing 

signal. In this way, a sampling of the chance contribution is obtained 

in one memory group under the same counting conditions as the coinci-

dence spectrum and may be subtracted from the latter. 

In a typical coincidence spectrum there are five distinct 

contributions: the true coincidences, the chance coincidences, 
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the sum-coincidences, the random SUJIUiling and Bremsstrahlung. Of course, 

all but the first are undesirable contributions while the remainder can 

lead to a misinterpretation of the results if their effect is sizeable. 

To obtain a sum-coincidence event in a coincidence experiment a coinci-

dent pair of events must be detected in counter A at the same time as 

an event of the selected pulse height occurs in detector E. The number 

of three-member cascades in a decay scheme is normally much leas than 

the number of two-member cascades, so that although geometrically the 

magnitude of the effect is the same as in single-crystal spectra, its 

probability of occurrence is generally lower. The effects of 

Bremsstrahlung and random summing amount to the same relative contri-

butions in coincidence and single-crystal spectra when these events 

occur in such a manner as to satisfy the loS'ic condi tiona imposed by 

the system. 

Because coincidence conditions are restrictive, the overall 

efficiency obtained in a coincidence experiment is much less than that 

of a single-crystal experiment. For this reason it is usually neces-

sary to use stronger sources and count in a geometry which involves 

larger solid angles. A compromise must be reached between the desire 

for good statistics and the higher levels of interference from the 

above-mentioned extraneous contributions which inevitably accompany 

increased source strengths and solid angles. Generally speaking, it 

was usually found satisfactory to sacrifice an order of magnitude in 
_.. 

counting rate in order to keep the level of interference as low as 

possible. 

In the coincidence experiments on La142 approximately 5 ~o 

sources were used at a distance of 3 am from the faces of the detectors. 
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The detectors were placed at 180° and the source was mounted in an 

an~i-Compton shield. The shield is used to prevent the occurrence of 

scattering between the detectors, an event which is detected as a 

true coincidence. The source was taped between the two halves of the 

shield, each of which consisted of one-quarter inch lead plate with a 

one-half inch hole in the center. This arrangement was found to 

reduce the scattering between crystals by an order of magnitude when 

tested with a Csl37 source. 

4.7 §Lum-Coinoidence Spectrometer 

The two-crystal sum-coincidence spectrometer developed by 

Hoogenboom (47) can be used to advantage in investigating the time 

relationships between gamma r~s because the spectra obtained are 

usually simpler. This spectrometer is more selective than the normal 

fast-slow system and the spectra obtained have fewer components than 

in the latter case. 

The logic arrangement for a sum-coincidence spectrometer is 

shown in Figure 10. The outputs from detectors A and E, for which the 

gains have been aligned, are added and amplified in the center channel. 

A fast-slow coincidence arrangement enables the analyzer only for 

coincidence events in A and E with an energy sum corresp~ding to the 

range of pulse heights selected from the summed distribution. The 

analyzer sorts events occurring in detector E which satisfy this 

requirement. 

In simple oases, such as that of So 46 shown in Figure 11, very 

pronounced full-energy peaks are obtained. The partial-energy portion 

of the Nai(Tl) gamma-ray response is entirely removed, since events of 
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this nature do not fulfdll the summed-energy requirement. In the more 
'· 

' general case, when the ipectra involved are complex, three distinct 

types of adding can occur, each leading to contributions to the sum-

coincidence spectra. The adding of one full energy peak to another 

gives the result shown in the figure. The adding of one Compton 

continuum to another, for which there is sufficient energy to give 

rise to the selected sua energy results in a continuous background 

which is usually approximately constant. The adding of a photopeak 

to a Compton continuum leads to the ooourrence of "ghost peaks" which 

occur at an energy equal to the difference between the sum energy a.nd 

the photopeak energy (4-8). It is possible to distinguish "ghost pea.ks'1 

from true peaks, since there is a dependence of peak width on the 

width of the wtpaow set in the pulse-height selector for the latter 

case. The width of the "ghost peakn is independent of this parameter. 

Since the accurate determination of peak widths requires very good 

statistics and a correlation of peak width with sum-channel width 

requires several runs, thi.s method of distinguishing the two oases is 

not usually practical. Furthermore, in order to observe this depend-

enoe, the pulse-height selector widths must cover a ra.nge which 

includes widths very much less than the natural sum peak width. Since 

in many cases the sum peak cannot be obtained rapidly, the use of self-

gating methods to adjust the window to the desired position before 

beginning the coincidence run can be very timo=consuming. When the 

half life of the nuclide under investigation is short, accurate setting 

of narrow windows cannot be achieved readilyo An added difficulty 

resulting from inaccurate window settings is that the coincident photo-



peaks involved may appear at slightly different energies than their 

correct values. 

Because of these difficulties it was decided to set windows 

sufficiently wide to accept the entire natural sum peaks. This tech-

nique was used in investigating specific properties of certain 

cascades in La142• Information from other coincidence experiments 

was used as a guide in interpreting the sum-coincidence spectra. In 

general, "ghost peaksu are reduced in intensity as compared to true 

peaks in the same way that a given energy band of the Compton continuum 

is reduced in comparison to the photopeak in a monoenergetic response. 

O.f course, confusion can arise between a "ghost peak" resulting from 

an intense line adding with a strong continuum and a low-intensity true 

peak. Only the stronger peaks in the sum-coincidence spectra were used 

as definite information. 

As suggested by Johnson et al (49), the contribution from 

coincidence summing contained in a single-crystal spectrum may be det-

ermined using a slightly modified form of the arrangement shown in 

Figure 10. The output from the sum amplifier is connected to the 

analyzer ADO and the analyzer memory is split into two subgroups. The 

subset of fast coincidences between detectors A and B are routed to 

one of the subgroups and the rest of the events are stored in the 

other. Since the probability of detecting both members of a cascade 

in either detector A or B is the same as the probability of detecting 

one member in detector A and one in detector B, the routed subset of 

events exactly equals the sum-coinci4enoe distribution contained in the 

combined single-crystal spectra of the two detectors. 



If the resolving time of the ooinci.d.ertc:e circuit from which 

the routing pulse is derived is lengthened to approximately 2 C' • 2 p.seo~ 

then tho3 routed distribution contains both the coincidence- and. random

sum contributions. 

:tandom-sum events may also be detected by sensing the increased 

width of the corresponding amplifier pulse (50)o In addition to the 

no:rmal zero phase-point timing ma:rke:r
9 

a timing marker is de:ri ved from 

the leading edgeo The leading ed.ge marker is delayed a time equal to 

the undtsto:rted pulse width and. a coincidence requirement rejects 

abnormally-wide pulseso Both types of sum Ol!.mtributions are illus

trated in Figure 12.. It should. be noted that, unlike the coincidence

sum distribution, the :random-sum spectrum is not merely the convolution 

of the individual gamma-ray response ou:rveso The latter distr·ibut:ion 

is further complicated by the fact that the effective amplitude of a. 

sum pulse is dependent upon the time difference 'between the component 

pulses. 

4.8 The Three~Czystal Pair Spectrometer 

The identlfication and dete:rminat:i.on of the energy and inten

si.ty· of individual componen·ts in the high-energy region of complex 

gamma-ray spectra is facilitated by using a spectrometer which has 

higher resolution and a simpler response thal the single-crystal 

scintillation spectrometero A spectrometer which fulfills these 

requirements, at the expense @f reduced efficiency, i.e the three

crystal system shown in Figure 1:~o The center crystal is exposed to 

the source through a lead collimator three inches thick with a one

half inch diameter holeo The two side detectors are shielded. from the 
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source and are used to detect annihilation radiation which escapes 

from the center crystal. The pulse-height selector wi.ndow·s for these 

detectors are centered at 0.511 MeV. By requiring a triple fast coin-

oidenoe together with the above pulse-height condition those events 

which lead to the second pair escape peak of the single-crystal res-

ponse are selected. 

The spectra of co60 and Na24 obtained with the three-crystal 

pair spectrometer used in this study are shown in Figure 14· .. 

ponse to a gamma r~ of incident energy E is essentially a 
y 

peak appearing at a pulse height corresponding to an energy 

The res-

single 
. 2 

of E - 2ni c • y 0 

The effective increase in resolution can be explained by the following 

arguments. Consider two gamma r~s with.mean energy E and separation 

bE. Then the relative separation in the single crystal spectrum is 

liE/E while in the three-crystal pair spectrum the relative separation 

is increased to bE/E- 2m c2 • For energies in the region greater than 
0 

2 MeV the width of the pair peak is not appreciably greater than the 

photopeak width so that the resolution of the pair spectrometer is 

greater than that of the single crystal spectrometer by the factor 

2 60 E/E- 2m c • For example, the relative separation of the Co gamma 
0 

ra:y energies is 12.8% while as oa.n be seen in Figure 14 the relativ·e 

separation of the corresponding second pair escape peaks is 69.3%, an 

increase in effective resolving power of a factor of 5.2. 

As can be seen from the nature of the scintillator response 

shown in Figure 7, the second pair escape is the least probable event 

for the energy range extending to 3 MeV in a three-inch crystal. The 

relative contribution from pair-escape events is increased in smaller 

crystals. For this reason a 1.5 x 2-inoh crystal was used as the 
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central detector. To obtain maximum efficiency for the detection of 

annihilation radiation escaping from the crystal, the side d.eteotors 

used were 3 x 3 inch. The relative efficiency as a function of energy 

follows the pair cross-section~. The overall efficiency at 2~V 

is approximately lo-4 while the resolution at 2 MeV is 3%. 

4.9 §gintillation Beta-Ray Spectrometer 

Beta spectra were measured using the system described in 

Section 4.5, with the Nai(Tl) detector replaced by a NE-102 plastic-

phosphor beta detector. The phosphor was enclosed with a light-tight 

mylar cover. The source was placed at a distance from the crystal 

which was small compared to the range in air of the beta particles of 

interest. Since in this work the energies of interest were from 

0.6-4.5 MeV, effects of air absorption and source backing thi.ckness 

were negligible. The beta spectrum of Csl37 measured with this system 

is shown in Figure 15. The response of the detector to the 0.625-MeV 

conversion line also shown in the figure was measured by requiring a 

coincidence between electrons and the 0.032-MeV x-ray. 

As in the case of the gamma-r~ spectrometer, events occur in 

which there is only partial transfer of the incident electron energy 

to the phosphor. At low energies, where the depth of penetration of 

the incident eleotron is not great, suoh events are attributed to 

backscattering. The range of be·ta particles generally quoted in 

nuclear data tables refers to the normal depth of penetration through 

absorbers which extend over a surface area that is large with respect 

to the range. Since electrons interacting with matter suffer many 

large-angle scatterings, the actual distance travelled is much larger 
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than the range values quoted. This fact becomes important in the 

consideration of scintillation beta detectors in which the lateral 
j 

dimensions can be of the same order as the range. In this case beta. 

particles m~ be scattered out the sides of the phosphor (51). 

For these reasons it is desirable to use a. phosphor, the 

dimensions of which are large with respect to the range of the beta. 

particles of interest. Unfortunately, a.s the thickness of the 

scintillator is increased, the relative efficiency for the detection 

of beta. particles, as compared to the efficiency for gamma. detection, 

is reduced. The response of the detector to gamma rays results from 

Compton events and the distribution is a Compton continuum. It may be 

argued that by interposing a beta absorber between the source and the 

detector the gamma-ray contribution to a. beta. spectrum can be measured 

and should therefore not constitute a. serious problem. Extraneous 

contributions to beta spectra. are more serious than in the case of 

gamma-ray spectra.. This is because in beta spectroscopy one is inter-

ested in determining the pulse height for which the counting rate 

vanishes while in gamma. spectroscopy one is interested in positions of 

maximum counting rate. In addition, since large solid-angle geometries 

are used, the effects of beta-gamma. coincidence summing can become 

serious unless gamma-ray detection efficiency is small compared to the 

efficiency for beta particles. For these reasons it is necessary to 

reach a compromise between the conflicting requirements of minimum 

gamma-ray efficiency and a maximum of full-energy transfers of inoi-

dent electron energy. 

The effect of random summing is shown in Figure 16. Since the 

beta transitions are not correlated in time, beta-beta. c0inoidence 
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summing cannot, of course, occur. The contribution .from random 

summing extends beyond the true endpoint of the beta spectrum and can 

lead to confused interpretation of the dat~. 

The energy pulse-height relation for plastic beta scintillation 

detectors is linear over the energy range of interest in this work (52). 

The relation was measured with several calibration sources using the 

position of Compton edges in the case of gamma-ray sources and end

points of known beta spectra. The results are shown in Figure 17. 

4.10 Multi-Parameter Analyais 

The study of the frequency distributions of events, with which 

are associated several correlated parameters, is facilitated by the use 

of logic systems which assign a dimension to each parameter and acoumu-

late the events into an appropriate multi-dimensional distribution. 

For each parameter there is required a detector and an analogue-to

digital converter. The analyzer memory is arranged in an arrS\1, the 

dimension of which is equal to the number of parameters involved. In 

general, if each parameter is to be studied in the same detail, the 

memory capacity required is that of a one-dimensional analyzer raised 

to the power of the number of parameters. For example, in order to 

obtain the two-dimensional pulse-height distribution corresponding to 

coincident gamma rS\Ys, one may require a memory comprising the order 

of (100) 2 locations, each of which is required to store 105 events. 

It is only recent~ that attempts have been made to construct 

analyzers with such large memo~J capacities. Previously the approach 

adopted by researchers requiring multiparameter analysis has been 

address recording. In the address recording system there is no at·tempt 
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to a.ocumu.late and sort events during the experiment. The digitized 

values of the parameters corresponding to each event are entered on a 

continuaus recording device, usually magnetic tape. The data is 

searched and converted to the required form in a computer after the 

completion of the experimeD.to The advantages and disadvantages o£ 

these two approaches has been discussed fully by several researchers 

A simple two-dimensional spectrometer was conertructed based on 

the design of Grodzins (56). Amplifier pulses are stretched and 

applied to the horizontal and vertical deflection plates of an oscil-

loscope. The cathode-r~ beam is intensified b.r the output of a 

coincidence circuit. Each event appears as a spot on the oscilloscope 

at a position on the screen with co-ordinates which are proportional 

to the pulse heights produced by the coincident gamma r~s in the det-

actors. The distribution is accumulated by obtaining a time exposure 

of the oscilloscope screen on a photographic plate. Unfortunately, 

the results obtained b.r this method are only semi-quantitative. In 

addition, when the gamma-r~ spectra involved are aomplex, as in the 

case of most fission products with total disintegration energies o£ 3 

to 4 MeV, the distribution obtained by this method is not sufficiently 

detailed to be useful. 

A 1024-channel multiparameter analyzer was used to study the 

beta~amma and gamma-gamma coincidence distribution of ta142• The 

arr~s available with this instrument were 8 x 128, 16 x 64 and 32 ::x. 32 

channels in each dimension. Information obtained with this instrument 

was used to complement that obtained with the fast-slow coincidence 

spectrometer. Several arrangements were used in the course of the 
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stu~. The distribution of time-correlated gamma radiation from so46 

is shown in Figure 18 as an example of the form which the results take. 

Because of the limited number of channels in each dimension, it is not 

always possible to obtain the entire distribution in one counting 

period •. However, in such oases restricted regi.ons of the distribution 

m~ be selected for detailed examination. With the same energy range 

covered by each axis, the distribution is symmetric about E = E • The 
X· y 

coincidence peaks at the positions (1.118, 0.892) and (0.892, 1.118) 

are approximately two-dimensional Gaussian distributions. Other 

significant positions of the spectrum are the photopeak, Campton and 

backscatter combinations. 





CHAPrER V 

DATA ANALYSIS 

5ol The General Problem 

As has been indicated in the previous chapter the pulse-height 

distribution of a scintillation spectrometer is much more complex than 

the actual energy distribution of the incident gamma radiation. The 

spectrometer can be looked upon as a simple system relating an incident 

spectrum (object function) to a measured spectrum (image function). A 

complete description of this relationship is contained in the response 

characteristics of the spectrometer. The relationship can be derived 

from the following arguments. Consider the idealized monoenergetic 

object function 6 (E- E ) corresponding to a discrete incident spectrum 
0 

of energy E • The image function or measured spectrum which results 
0 

is called the response and denoted by R (E,E ). A knowledge of R (E,E ) 
0 0 

for all E , i.e. the response surface, constitutes a complete desoripo 

tion of the spectrometer as a mathematical system. A general object 

function S (E) satisfies the relation 

S (E) "" 

The image function M (E) is therefore related to the object 

function S (E ) by the relationship 
0 

52 
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M (E) = S (E ) R (E,E ) dE 
0 0 0 

The measured spectrum is related to the incident spect~xm by an 

integral transform, the kernel of which is the response surface of the 

spectrometer. 

The problem of determining the incident spe~trum given the 

experimental information in the form of the image function involves 

two distinct aspects obtaining a complete description of the res-

ponse surface and inverting by some method the integral transform in 

5.2. Looked upon in this way the problem becomes awesome indeedo Of 

the several approaches required to simplify this problem, one in pa~t-

icular, the regression model, leads to a formal description of the 

didactic philosophy of deo~-scheme studies themselves. 

5.2 Vector Formulation and Statistical Considerations 

The general formulation of the spectrometer performance in 

mathematical terms involves continuous fun.Grtions and. an integral trans-

form in an infinite dimensional space.. In order to reduce the problem 

to terms more practical as regards data analysis 9 it is necessary to 

formulate an approximate description in finite dimensionso It is 

interesting to note that this step is closely parallel to the analogue~ 

to-digital conversion process. Indeed, the data corresponding to the 

function M (E) obtained with the multichannel analyzer takes the form 

of anN-dimensional vector (M1 ,M2 ••o MN) where Mi is the number of. 

events accumulated in the memory location :i.o An approx.imate form of 

the integral transform is the finite transformation 



where R is usually called the response matrix. 

Generally speaking, the quality of the finite approximation 

improves as the dimension is increased. Of course, one is confronted 

with the practical limitation of memory size. It has been pointed out 

by other researches (54 9 55) ·that the detail obtained using a mesh cor-

responding to two-hundred channels is suffi.oient for most oases. No 

hard and fast criterion can be given since the detail required depends 

upon the nature of the spectra involved and the methods of analysis 

adopted. 

The most straightforward solution to the problem, inversion of 

the response matrix, i.s beset with practical difficulties. If the 

mesh required for sufficient detail corresponds to 200 channels, the 

inversion of the response matrix represents a problem beyond the oapa-

bilities of present-day computers. The characteristics of the response 

must be detennined experimentally so that the fonn of the response 

matrix used is approximate. It is difficult to estimate the effects 

of inaccuracies in the response matrix. Finally, statistical fluotu-

ations in the data are apparently exaggerated in this method (57). 

Aside from these practical difficulties, the success of the 

inversion method presumably depends upon the mathematical properties 

of both the transformation and the image and object functions. The 

object function corresponding to an incident spectrum which is discrete 

is highly discontinuous. Operating on 1f with R-l in this case leads 
~ 

to an S with oscillating components. 
~ 

The measured spectrum M is a random vector. The vector mey be 

assumed to follow the normal multivariate distribution with the 
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variance of each component equal to the magnitude of the component 

except in the extreme of small or large samples. Components corres-

pending to only a few events actually follow the Poisson distribution. 

In the case of large samples, departures from differential li.neari ty 

in the analyzer will lead to departure from the normal distribution. 

Since fluctuations in channel widths are less than one percent, this 

effect is probably not serious except in a detailed statistical 

analysis of spectra with approximately 104 counts/channel, or greater. 

5.3 Analysis of Gamma-Rgr Spectra 

The input function corresponding to a discrete set of n gamma-

ray components with energy Ei is given by 

n 

E 
i=l 

where ~ is the basic vector in the channel representation corres-

pending to the energy Ei. The single-cr.ystal scintillation spectrum 

is given by 

n 

M (j) = 

i=l 

a. R (i,j) 
l 

j = 1,2, ••• N 

It can be seen from Equation 5.4 that the analysis of a particular 

gamma-ray spectrum can. be carried out without a complete knowledge of 

the response surface. All that is required is the set of n appropri-

ate sections through the surface cut by the planes E1• These sections 

are usually called line shapes Li (j) -= R (i,j) and fo:rm a new basis 

of representation. The spectrum is given by 



-+ M • 

-+ 
The unknown vector a. • ('\, • u a.n) is of dimension equal to the 

._. ~ 

number of spectral components, while M and. Li are N-dimensional 

vectors, where N is the memory size, so that 5.5 is an over-determined 

set of linear equations. 

To facilitate the analysis of the gamma-ray spectra encount-

ered in this work, a library of line shapes in the energy region of 

0.2- 3.1 MeV was compiled. A set of line shapes was obtained using the 

standard sources listed in Table III. Line shapes were constructed at 

intervals of 0.1 MeV by interpolation between adjacent measured pro-

files. In Figure 19 is shown a percentile plot of the photopeak of 

Mn56 on probability paper. The high-energy side of the photopeak is 

linear, indicating a Gaussian distribution. Deviations from linearity 

an the low-energy side result from small angle scattering. The vari-

ation of the photopeak width parameter as a function of incident 

gamma-ray energy and of the ratio of the pair-peak areas to the corres-

pending photopeak areas were determined from the line shapes of the 

standard sources. The continuous portion of the response was construe-

ted using point-by-point linear interpolation. The library constituted 

a convenient reference for the analysis of gamma ray spectra which 

extend over a large range of energy. The scale change required to 

apply line shapes from the library to a spectrum was achieved by means 

of a pantograph. 

Since the standard line shapes used in the library were 

obtained using different channel widths than those used in obtaining 
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TABLE III 

Standard Gamma-R~ Sources 

Isotope E (MeV) 
"( 

Au198 0.411 

08137 0.662 

Mn54 0.835 

Zn65 1.114 

v52 1.434 

La140 1.60 

A128 1.78 

0138 2.16 

T1208 2.615 

Na24 2.76 

s37 3.12 



the gannna-rB¥ spectra to be analyzed, the effective photopeak widths 

may differ. For a given channel width w and photopeak width a, the 

effective photopeak width is approximately b "" (w2 '" cl)1/ 2
o The 
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effect of finite channel width only becomes :important, therefore, when 

the channel width is comparable to the line width. In these cases, 

when it is desired to investigate a limited region of the spectrum in 

more detail, appropriate standard lines are measured at the same gain 

as that used for the spectrum. 

The simplest method of analyzing gamma-ray spectra is the 

method of successive subtractions, or stripping. The stripping can be 

carried out conveniently using graphical analysis. The appropriate 

line shape is fitted to the highest energy photopeak and the contri-

bution corresponding to the detector response to this gamma ray is 

subtracted from the total spectrum. The process is repeated using the 

highest energy photopeak occurring in the first residual and this 

procedure continued until all the components have been fitted. Spectrum 

stripping, despite the tedium of the method, is probably the most 

wid.ely used approach to the. analysis of gamma-ray spectra. Since the 
'\ 

analyst is closely controlling the procedure, subjective allowances 

for posed ble inaccuracies in line shapes and extraneous contributions 

are made. The estimate of the incident spectrum represented in the 

model basis as lr = (a1 ,a2 ••• an)t is biased. Full use of the data 

is not made in the sense that no attempt is made to satisfy consistently 

the complete set of Equations 5.5. Because it is possible to make 

allowances in the analysis for inaccuracies of the model, it was 

decided to use this method extensively in the analysis of the gamma-ray 

spectra measured in this study. Components of the spectrum. revealed by 
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the graphical analysis were considered tentative unless their existence 

was patently obvious and more clear-out evidence from other experiments 

was required before they were considered as definite. In the case Qf 

photo peaks corresponding to unresolved gamma rays all that could be 

done as a first step was to note any anomalous peak wl.dths. The 

analysis was repeated as further information indicated a refinement of 

the model was necessary. 

A more sophisticated approach which makes .fu.ll use of the data 

and leads to an unbiased statistically-significan·t estima·te is multiple 

regression (or the method of least squares). The most general approach 

in which both the energies and intensities of the spectral components 

are treated as variables is a non-linear problem requiring iterative 

methods. When a more restrictive model based upon both the number of 

componentsassumed and their energies is used, the problem is linear in 

the remaining unkn.own a.i. The regression model manifests itself in the 
~ -7P 

n x N design matrix Xij "" Li (j) and 5o5 becomes M "" X S 9 so that the 
~ 

incident spectrum consists of the regression co-efficients S ,.. 

(a.1 ,a.2 ••• a.n)t. The requirement of minimum residual leads to the 

normal equations 

where w is the diagonal weighting matri:x:9 

(I) 

rr 
1 

=-
M 

r 

and C = (XtwX)-l is the variance-covariance matrix. The weighted 

residual is given by 

t p ... (M- xs) w(M- xs) 
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and the covariance (unbiased estimate) between the components a1 ,aj is 

given by 

The advantages of multiple regression over stripping are twofold. 

The results obtained are unbiased estimates of the regression 

coefficients and their associated correlation matrix. In addition, 

goodness-of-fit ori teria, such as the 'X 2 -test, and analysis of vari

ance techniques indicate the correctness of the regression model and 

the significance level of each component of the model respectively. 

However, these criteria, especially the first, rely upon assumptions 

about the statistical nature of the data itself. For instance, if an 

unlikely value ofX 2 is obtained it could indicate that the design 

matrix which contains essentially all the physical assumptions of the 

model is incorrect or that some statistical requirement has not been 

fulfilled. It may be that '"j is not distributed according to a normal 

multivariable distribution and that incorrect estimates of the component 

variances have been used in the weighting matrix. 

Assuming that the statistical requirements are fulfilled, a 

detailed interpretation of the results of a regression analysis requires 

further stringent conditions to be met. For instance, if the test 

indicates that the design matrix is incorrect, it may be because too 

fe·w components have been assumed or that the line shapes used are not 

appropriate. Instabilities in the overall gain of the analyzer system, 

such as arise from counting-rate shifts, cause a broadening of the 

photopeaks and a general smearing of the spectrum. This effect is 

usually too small to be detected in the rather insensitive stripping 

method. 



Incorrect positioning of the line shapes and the use of too 

few components in the design matrix may be detected by observing the 

differential residual (M- xs). If a line shape has been incorrectly 
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positioned the residual will oscillate in the region of the photopeak 

concerned. If a component has been omitted and i.s statistically 

significant, a peak in the residual will occur. 

A complete program for the regression analysis of gamma-ray 

spectra would require a means of generating line shapes, and a pre-

liminary stripping procedure leading to an approximate design matrix, 

as well as the solution of the normal equations and the application 

of statistical tests. Such a program was beyond the scope of this 

142 study. However, the single-crystal spectrum of La was analyzed 

using the results of the graphical analysis as a basis for the design 

matrix in a regression program for the Bendix G-15 Computer. The 

quality of the fit is shown in Figure 20. In addition, when studying 

the angular correlations of some cascades, limited regions of the 

spectra measured at each angle were analyzed using this method. 

In summary, it might be mentioned that the use of a regression 

model has decided advantages over the straightforward inversion of the 

response matrix in the channel-basis representation. The. inversion of 

the correct design matrix, which contains no irrelevant information 

and is therefore of much smaller dimension, is more efficient than the 

general method. Despite this it is hoped that investigations of the 

general method will lead to success in the future. No assumptions are 

necessary i.n this approach and a regression model based upon a stat-

istical distribution representing the response-corrected spectrum is 

the most satisfactory analytical approach. 
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5.4 Analysis of Gamma-.Gamma Coincidence Spectra 

As discussed in the section on multi-parameter analysis the 

distribution of coincident events determined by a pair of counters is 

two-dimensional, one dimension being associated with each counter. 

The general formulation of spectral analysis is easily extended to 

this case and the relation between image and object functions is given 

by 

M(E ,E ) = f RA(E ,E') RB(E ,E') S(E',E') dE'dE' xy xx yy xy xy 

where x and y are the dimensions assigned to counters A and B respect-

ively. The functions M(E ,E ) and R(E,E') are defined in Section 5.1; 
X y . 

The transformation from the channel basis to the model basis leads to 

the equation 

M(E ,E ) = 
X y 

n n 

E 
i == 1 j = 1 

where Li(Ex) = RA(Ei,Ex) and Kj(Ey) = RB(Ej,Ey). Equation 5.10 is the 

corresponding two-dimensional regression model. A multiple regression 

solution to this problem which takes into account both dimensions 

simultaneously leads to a variance-covariance matrix of dimension n2• 

However, since the variables are separable, it is possible to analyze 

the distribution in two steps. 

For a fixed E , a fit oan be performed to 5.10 in the form 
X 

M(E ,E ) = 
X y 

n 

E 
j = 1 

5oll 
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This step is repeated for each of the N channels in the x-direction 

leading to the set of N equations 

n 

aj(Ex) = ~ qij Li(Ex) 

i == 1 

each of which can be fitted to obtain the qij• The distribution 

aj(Ex) is referred to as the spectrum in coincidence with Yj• 

5.12 

When coincidence studies are carried out using the fast-slow 

coincidence spectrometer, usually only portions of the two-dimensional 

spectrum are measured. Consider an experiment in which a window 

centered at E of width 26E is imposed by the pulse-height selector of 
0 

the system. The coincidence spectrum under these conditions is given 

by 

C(E ) = 
y 

= 

f 
E-6E 

0 

n 

~ 
j "" 1 

E+bE 
0 

f 
E-b.E 

0 

M(E ,E ) dE 
X y X 

5ol3 

E +6E 
0 l'l'l 

z= Li(Ex) dE X qij Kj(Ey) 
( :</ 

Designating the window contribution arising from y1 as D1, then 5.13 can 

be written 

j ... 1 i = 1 



Usually the window position E is set to correspond to the 
0 

full-energy peak of a particular gamma ray of interest. Then the 

correlation coefficient oorresponding to coincidences between the 

gating gamma ray y and a gamma ray y occurring in C(E ) is given 'by 
~. s y 

With the fast-slow system, eaoh measurement of C(E ) usually requires 
y 

a separate experiment and it is necessary to normalize p so that the 
8 

analysis leads to meaningful comparisons. In this work the normal-

ization suggested by O'Kelley (58) was adopted. 

5.16 

where P is the area of the photopeak of the distribution p K (E ) 
a .. s s y 

and CW is the number of events in the window. The photo peak area is 

corrected for absorption losses (e -p.d) and photo-efficiency ( E 
6
). 

The correlation coefficients normalized L~ this manner are 

referred to as coincidence quotients. The coincidence quotient 

a is the ratio of the number of coincident events corresponding to -r,s 

the cascade pair (y ,y ), to the number of gating events corresponding r s 

to rr' ·the gamma ray of interest. The gating fraction D., i ~ r 
~ 

represents the extraneous contribution to the window which res~lts 

from the partial-energy portion of the response L.(E ), when E~)E. 
1 x ~ r 

This is illustrated in a typical self-gated spectrum of La142 in 

Figure 21. The contributions to the region covered by the window are 

obtained by numerical integration of the equation 
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The composition of the window assumed in the analysis is of course 

based on the results of the single-crystal analysis. 

The spectrum C(E ) is analyzed graphically in the same manner 
y 

as the single-crystal spectrum. Coincidence-quotient analysis is the 

natural extension of stripping to two dimensions. The method of 

analysis can be most easily appreciated by considering the following 

experimental design. A window is first positioned at E which oorre
n 

sponds to the highest energy photopeak, in which case D = 1 and 
n 

Di = 0, i f n. Coincidence spectra are measured for window settings 

E ,E 
1

, ••• E
1

, and each spectrum is corrected for the contributi.on n n-
o£ coincidences from higher-energy gamma r~s by successive sub-

tractions as represented b.1 the term 

E D. a. 
l. ,, s 

if r 

This procedure contains the same disadvantages as the one-dimensional 

stripping analysis. One refinement possible is to use regression 

techniques for the analysis of each C(E ). 
y 

The expression given for the coincidence quotient above is 

approximate since the effects of coincidence and random summing, 

Bremsstrahlung and angular correlation have been neglected. The 

exact corrections for these effects, which are present in both detectors~ 

are difficult to make. If it is possible to obtain their relative 

contribution to the single-crystal spectrum, then they may be included 



in the gating fractions D.. On the other hand, the contribution to 
J. 
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which they give rise in C(E ) is usually impossible to determine. It 
y 

is possible to correct for random and coincidence summing in crystal B, 

either experimentally or analytically. An experimental determination 

of this contribution could be obtained by using three crystals in a 

natural though complicated extension of the method discussed previously 

(Section 4.7). An approximate analytical correction c.a.n be made if one 

has some idea of the coincidence relations before hand. Consider the 

case of a three-member cascade, y1 ,y2,y
3 

and a cross-over cascade 

·r1,y4, for which E = E + E • Then the appropriate response to 
'Y4 y2 y3 

y4,K4(Ey) is complemented by the sum coincidence contribut;ion from 

y2,y
3

• The photopeak area of r 4 is given by 

5ol8 

The actual area, P4 is obtained by subtracting the sum-coincidence 

contribution, P2 £ 3
q
3

, 2 and the random summing contribution 21P2P
3

• 

If a regression analysis of C(E ) is to be carried out, the actual 
y 

shapes of these contributions must be included in the design matrix. 

The coincidence quotient relation can be modified to include 

angular correlation effects (58)., However, the angular correlations 

are seldom known during the initial stages of a dec~-scheme study. 

A complete coincidence-quotient matrix is used in conjunction 

with the single-crystal intensities to test the validity of the various 

dec~-schemes postulated on the basis of the coincidence relations. 

Once an acceptable dec~ scheme is constructed the quotients are used 

to obtain the gamma-r~ intensities by an iterative procedure which 

proceeds until internal consistency is achieved. 
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Strictly speaking, the diagonal elements of the coincidence 

matrix should all be zero. However, in practice? when a cascade pair 

consists of members which cannot be resolved and therefore are 

indistinguishable, the result can appear as a non-zero diagonal 

element. 

5o5 Analysis of Beta Spectra 

Unlike the discrete object function corresponding to the 

incident gamma-ray spectrum, the object function deriv'ing from a beta 

transition of energy E is continuous. In this case, therefore, 
0 

correction for finite response requires the inversi.on of the integral 

transform 5.1. For an allowed transition of energy E P 
0 

where p and W are the relativistic momentum and energy a:o.d F(ZpW) .is 

the Coulomb factor. The equation is usually re-arranged in the form 

of a Kurie plot 

S(E) 1/2 
-r = f .., F(z,w) pw 

As indicated in Section 4.9, the response funation has the 

approximate form 

R(E,E 1 ) = k + exp -
(E' -E)

2 

cx(E' )2 

(Et - E) 2 
exp -

a.(E')2 
= 

E<EI 

E>E 1 

5.20 

5.21 

where, according to Freedman e·t al (59) , k is independent of E • • Ar., 

extensive investigation of the response function. for the energy range 

of interest in this work, o. 5 ~ 5o0 MeV, is made difficult by the lack 
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of naturally occurring monoenergetic electron sources over this range 

of energies. Indeed, there is a scarcity of long-lived standards with 

simple beta-ray spectra in this region. It was decided to cal~ulate 

the shape of the measured spectra for sr9° ~ y90 (2.3 MeV) and Ce144 -

144 13~ 
Pr (2.98 MeV) using the value of k determined from the Cs 1 

conversion line. The parameter o: was adjusted for agreement with e:x:peri-

mental data. The iterative inversion procedure of Freedman et al (59) 

was then used to correct the measured spectra for resolution effects. 

The equation of iteration is 

S (n + 1) = S (n) + M - R S (n) • S ( 0 ) = M. 
' 5-22 

As a first test, the response correction was applied to a calculated Mp 

the results of which are shown in Figure 22a. Kurie plots of response

corrected Ce144 - Pr144 and sr9°- y90 spectra are shown in Figure 22b. 

The main difficulty encountered with t~e direct application of this 

method is an exaggeration of the statistical fluctuations in the data. 

It was found necessary to smooth the spectra before iterating. 

A convenient response correction satisfactory for the beta 

spectra involved in this study was based on a comparison of calculated 

spectra M with object functions s. Consider the spectrum for a beta 

transition of energy E • Then it is possible to calculate the 
0 

correction factor 

gE (E) = ~ so that 
0 

S(E) = gE (E) M(E). 
0 

Kurie analysis of complex beta-ray spectra j_s P like spectrum 

stripping, a procedure of successive subtractions beginning at the 

high-energy end in the region for which only one group contributes to 

the spectrum. The difficulties of such an analysis, particularly 



when the endpoint energies are unknown, are severe even in very pure 

spectra obtained with magnetic spectrometers for which the effects of 

finite response are not large. For example, two beta groups of 

comparable intensities and endpoint energies tend to be analyzed as a 

combined single group. Similarly, a group of lower energy and 

intensity may be obscured b.Y a high-intensity group. 

If we consider a complex incident spectrum 

n 

S(E) = ~ s1(E) 
i - l 

then the measured spectrum is given by 

n 

M(E) = E 
i = 1 

S. (E) 
::t 

~ 

Analysis of the high energy group follows from 

n 

S (E) = g (E) M(E) -n n ~ 
i = l 

g (E) 
si(E) ~ 

l. 

The construction of a regression model for a complex beta 

spectrum is a much more difficult problem than the corresponding case 

of a gamma-ray apeot:!"UUl. A prerequiai te is a knowledge of the number 

of components, their nature (allowed o..; forbidden shape) and their end·-

point energies. This information also provides a useful guide for 

graphical Kurie analysis but cannot be arrived at easily. It was 

decided to obtain a model for analysis based on the examination of 

several beta-gamma coincidence spectra. Generally speaking, these 

spectra are much simpler and provide an indication of the model to be 
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used. An extensive investigation of the general problem of spectral 

analysis for beta continua is outside the scope of this study. 

5.6 Analysis of Angular Correlation Data 

Both the fast-slow coincidence system and the sum-coincidence 

system are used in angular correlation studies. Analysis of the fast-

slow coincidence data consists of obtai.ning the coincidence co-efficients 

as a function of angle,p.(Q) suitably normalized. The analysis of the 
J 

sum-co~cidence data is much more straightforward because of the 

simpler nature of the spectra involved. The areas of the rele1ra.nt sum·-

component peaks are detexmlned by numerical integraticm and normalized 

to correspond to an equal number of singles events. As has been 

pointed out in Section 4.7 for this work, only those parts of the 

spectrum definitely established to correspond to true sum-coincidence 

peaks were analyzed. The normalized correlation functions are fitted 

to an equation of the form 

The best parameters Ai and the associated variance-covariance matrix 

are determined by linear regression. The function is then re-normalized 

so as to take the form 

The variance associated with the normalized parameters is given by 

f1oo 

? + i = 2,4. 
0 

As is well known, the measured correlation function is attenuated in 

comparison to the true function because of the finite angular response 



of the detectors (60). The finite solid angle effect can. be described 

by at;tenuation coefficients G
2

,G4 so that 

WM(O) = 1 + G2a 2P2(cos 0) + G4a4P4(cos 0) 

where a2,a4 are the true correlation parameters. The angular response 

of the detector f(O) may be measured observing the Ya:riation in 

counting rate with angle when a collimated gamma-ray beam is incident 

upon the detector. As shown by Rose (60) the attenuation factor for 

each detector is given by 

2'Jt 

J 
0 

The function f( 0) is dependent upon the energy of the incddent 

gamma. ray. The variation of J. with incident energy has 'been investi
J. 

gated by several authors (60,61,62) for the detector size of three 

inches and source distance of 10 em used in this work. Since the 

effective solid ar.~gle subtended depends upon energy, the attenuation 

co-efficient for the full-energy peak of the spectrometer response is 

larger than that for the integrated response. The absolute values of 

Ji were determined for full-energy peaks corresponding to 0.662 and 

1.33 MeV. It was assumed that the energy variation in Ji for the full

energy peaks is the same as that for the integrated response giv·en in 

Reference (62). For a cascade comprised of gamma rays of energy 

E1,E2, the attenuation coefficients are given. by 

Gi = Ji(El) Ji(E2). 

The sources used for angular correlation studies were in the 

form of cylinders AJ 2 mm in length x 2 mm in diameter. These 

dimensions were considered sufficiently small with respect to the size 
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of the detector and the source-to-detector distance so that corrections 

for finite source size were neglected. 

5o7 A Philosophy of Deogy-Scheme Studies 

The advances in the techniques of nuclear pulse spectrometry 

has led to the increased use of relatively complex counting systems 

capable of rapidly acquir:!,ng a large volume of data. The experimen·ter 

is faced with the challenge of efficiently reducing the data to a 

relatively few physically meaningful numbers. Thi.s situation has 

forced a re-appraisal not only of the techniques of suitable analysis 

methods but of the general philosophy of decey-scheme studies., It is 

important to guide the efforts of data-reduction investigations with 

a basic and concise description of the overall problem. lt is within 

this context that the concept of a regression model becomes important. 

The use of such a model provides a natural and convenient vector formu

lation which simplY' describes all the important measurements connected 

with the large volume of data collected. 

The model consists of the basic set of gamma-ray and beta

particle transitions assumed to be emitted in the deoey and their 

corresponding energies E1 ,E2, ooo En; w1 ,w2, ••o Wr. To ·be perfectly 

general the energies may be considered as first estimates. The 

problem then encompasses the non-linear iterative procedures required 

to include the energy as an independent variable. However 9 it is more 

convenient to consider the model in the more :restrictbre sense as 

including the precise energies as well as the number of each type of 

transition involved. 
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One-dimensional distributions are then linear combinations of 

the distributions of the individual components and are expanded :1..n the 

representation in which the transitions asslmed in the model constitute 

the ·basic set. The single-crys·tal gamma-ray and beta-particle spectra 

Similarly, the two-dimensional distributions of time-correlated events 

are described by the n x n matrix h- .. ) and the r x n matrix (f3 .. ) 
~J ~J 

respectively. In some instances it may be necessar.y to extend the 

coincidence studies to three-fold coincidences, :i.n ·which case the 

distribu·tion is described by the a:rray (yijk) • 

.Angula:r correlation studies and life-time studies ':lan be 

considered from this viewpoint as investigations of the depend.ence of 

the appropri.ate matrices on angle or delay time ill y1 j(O) or f3:i}t) 

etc. 

In practice, of course, the model mus1; be continually refined 

as new info:tmation is obtained. Once a reasonably accu.ra·te model has 

been constructed the convolution relation between the incident and 

measured spectrum is used together with statistical techniques to 

obtain estimates of the values of the pa:rameters required and their 

associated variance. It is the opinion of this author that this 

approach is the most satisfactory in providing a didactic description 

of decay-scheme studies in general and in serving as a guide to the 

solution of rapid reduction of large volumes of datao 



CHA.P'.rER VI 

EXPERIMENTAL RESULTS 

6.1 Energy and Intensity of Gamma-Ray Transi tiona 

A relatively complete catalogue of the gamma-ray transittons 

which occur in the beta decay of 92.6-min. La142 was obtained by 0on-

sidering the results of many experiments. These include "the single-

t::lrystal gamma-ray spectrum, the three~crystal pair spectrum and the 

coincidence spectra measured for several window settings. As has been 

described in the previous section, the procedr.lre for evolYing a con-

sistent description of the spectrum involves a continual updating of 

the model used in the analysis as information is obtainedo The results 

shown in this section :represent the final analysis based upon a model 

considered to be relatively complete. 

Th i 1 t l t f L 142 . h . e s ng e-crys a gamma-ray spec .rum o a J.S s own J.n 

Figure 2.3.. The Gaussian full-energy peaks of the spect;ral components 

of the spectrum are also shown. In order to avoid confusion the 

partial-energy portion of the response to each gamma ray has been 

omitted. The line shapes used for the analysis of spectra observed. 

over the complete energy range were obtained from the li brar-.,r. 

Secondary internal calibration lines were determined using ·the 

method of mixed sources. A La142 - Na22 mixture was used to o·btain. the 

energies of the prominent lines in the region between 0.511 and 1.27 
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MeV. A La142 -Na.24 mixture was used for the region between 1.3 and 

2.8 MeV. As can be seen from Figure 23, the spectrum is complex and. 

exhibits a. strong line at 0.645 MeV. This line, together with the less 

prominent lines at 1.91, 2.41 and 2.55 MeV were adopted as secondary 

standards. Although as shown in Section 4.5P the energy pulse-height 

relation is not linear, the assumption of a. linear relation was used 

together with the following procedure. The positions of the secondary 

standards were dete:rmined by calculating the centroids of the full

energy peaks. The gain and zero-energy channel were considered as 

parameters of the linear relation and their best values obtained from 

the internal standards by the method of least squares. A comparison 

of the values obtained in ·this manner indicated thai; over the energy 

range of 0. 6- 3.0 MeV, the neglect of the non-linearity i:n. the dis

persion relation introduces an error of less than 0.2%. The error is, 

of course, mainly absorbed in the zero channel parameter and the method 

would not be as accurate in the energy region below approximately 0.5 

MeV where the non-linearity is more serious. The acouracy with. whioh 

the position of the full-energy peak can be determined depends upon 

the magnitude of the interfering contributions from partial-energy 

events corresponding to higher-energy gamma. rays. The energies of the 

rema.inir~ gamma. rays in the spectrum were determined using the positions 

of the full-energy peaks of the analyzed components and the fitted d.:ts

persion relation appropriate to all other experiments and the energies 

recalculated in each experiment. In this way the experiments were 

checked for consistency and the values obtained were a;1rera.ged with the 

existing values. 



Unfortunately, it was :i.mpossi ble to obtain standard line 

shapes corresponding to incident gamma-ray energies greater than 3.1 

MeV. It was necessary to construct line shapes for the analysis of 

142 this energy region of the La spectrum by extrapolat,ion. The contri-

bution from summing was measured for the 10-cm geometry used by the 

method discussed in Section 4.8. The sum contribution was never 

greater than 5% of the gross spectrum so ·that the subtraction of this 

contribution introduced a negligible uncertainty. As can be seen from 

Figure 23, there is a departure of the data on the high-energy side of 

the 3.65-MeV full-energy peak. Although this l~e shape was based on 

an extrapolation procedure, it is felt that the error irt the response 

is small compared to the observed deviation. HoweYer, since the 

existence of a:ny transition of energy greater than 3.65 MeV was net 

revealed in the course of this study, it is concluded that a. small 

residual remains. 

A residual in the region of 3.1 MeV revealed the exis·tenoe of 

a weak transition at this energy. However, it was not possible to 

obtain sufficient information about the transition to include i.t in 

the decay scheme. The existence of the 2.67-MeV gamma ray, revealed 

in the stripping, was first suggested by Heath (24) and confirmed in 

this investigation by coincidence results. Other evidence which will 

be cited later in this chapter also confirmed the ex:i.stenc;e of all the 

components shown in Figure 23 wM.ch were re'7ealed by graphical analysis. 

The analyses of the 1.01- 1.05 MeV and 0.86-0.898 NeV doublets were 

particularly difficult. Initially it was merely noted that the widths 

of these lines were somewhat broadened. The lower energy region of 

the spectrum was analyzed separately using the distriblltion measured 
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with a higher gain. In this case, the required line shapes were 

137 ~4 obtained from measurements of the spectra of Cs (0.662 MeV), Mn·_,. 

(0.835 MeV) and Zn65 (1.114 MeV) performed immediately aft~r the run 

so that similar counting conditions applied. The contribution from 

higher energy gamma r~s was calculated on the basis of the analysis 

of the spectrum in Figure 23. Careful graphical analysis of the high 

gain spectrum led to the relative contributions for the components of 

these doublets as shown in Figure 23. 

The relative intensity of each component of the spectrum was 

calculated using the area of the full-energy peak corrected for photo 

efficiency. The correction factors given by Heath (63) were used. 

Except in the region of 1.37 MeV, all portions of the spectrum were 

observed to decay with the 92.6-min half life corresponding to La142• 

The 1.37-MeV transition was found to consist of approximately equal 

contributions of 92.6-min La142 and 3·7-hr La141 over the c~~ting 
period used. 

Using a design matrix based upon the :results of the graphical 

analysi~, the spectrum was analyzed by the method of multiple linear 

:regression. The :regression values, the corresponding variance-

covariance matrix and the variance ratios were determined. The vari-

ance ratios indicated that each component (including the 3.1 MeV line) 

was statistically significant, exceeding the 95% confidence limit. Of 

course, the existence of a residual not taken into account in the des:i.gn 

matrix would invalidate definite conclusions based on the variance 

ratios. The differential :residual indicated no significant trends and 

the effective value of X 2 for the model used was 1.8. This rather 

large value is believed to be caused mainly by inaccuracies in the line 



shapes, especially the positioning of the full-energy peaks in t;he 

region between 1 and 2 MeV. The results o'btained by graphical 

analysis and linear regression are shown in Table IV. Except for the 

less prominent lines, the results of the two methods agree within 15% 

and usually within the standard deviation. 

As mentioned above, the existence of weak transitions, though 

confirmed statistically, was still considered tentative until further 

experimental evidence proved conclusive. One source of sur;h e1d.dence 

concerning the transitions in the region above approximately 1.5 MeV 

is the three-crystal pair spectrum shown in Figure 24. Because of the 

superior resolution and the simplified response 9 the more obscure 

transitions in the single-crystal spectrum are more clearly revealed. 

A definite peak is seen at 2.80 MeV. The 2.67 MeV line appears just 

barely resolved on the high energy· side of the 2.54 MeV peak. Because 

of the low intensity, the 3.45 MeV line is still not very prominent~ 

but its existence is indicated. 

The residual on the high-energy side of the 2.99 MeV peak also 

indica·tes the possi'ble existence of the transition at 3.1 MeV referred 

to above. The peaks corresponding to the 2.05- and 2.18-MeV transi

tions are clearly resolved, in contrast to the corresponding peaks in 

the single-crystal spectrum. However, the valley between these two 

peaks is higher than expected on the basis of the resolution and energy 

separation indicating the possible existence of a weak transition at 

2.1 MeV. The energies of the gamma transitions reyealed in the three

crystal pair spectrum were found to agree with the corresponding energy 

values determined from the single-crystal spectrum within the experi

mental error of 1%. The intensities of the tra:n.si.tions relative to 
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E (MeV) 
y 

0.645 -:!:. 0.007 

0.86 :!:. 0.01 

0.898 :!:. 0.009 

1.01 :!:. 0.01 

1.06 ±. o.o1 

1.16 .:!:. 0.01 

1.25 :!:. 0.01 

1.37 ± o.o1 

1.55 ± 0.02 

1.74 ± 0.02 

1.91 ±. 0.17 

2.06 .:!:. 0.02 

2.14 ± o.o4 

2.19 ±. 0.02 

2.41 ±. 0.02 

2.55 .:!:. 0.02 

2.67 .:!:. 0.03 

2.80 ±. 0.03 

2.99 .:!:. 0.03 

3.14 .:!:. 0.04 

3.31 ±. 0.03 

3.45 ±. 0.03 

3.65 ±. 0.04 

* 

TABLE IV 

142 Summary of La Gamma-Ray Transitions 

Relative Intensit~ 

Graphical Analysis Regression Pair Spectrometer 

1.000 1.000 

0.049 o.o56 ±. o.oo6 

0.19 o.l94 ±. o.oo6 

0.10 0.091 :!:. 0.005 

0.085 0.076 .:!:. 0.007 

o.o66 o.o6o .±. o.o12 

o.o64 0.060 .:!:. 0.015 

0.039 o.o49 ±. o.oo4 

0.081 o.1oo .±. o.oo4 0.11 

0.091 0.107 .±. o.oo4 0.12 

0.17 0.171 ±. 0.005 0.21 

0.13 0.137 ± 0.004 0.15 

} 0.15 0.130 .±. o.oo4 0.15 

0.31 0.319 ±. o.oo6 0.318* 

0.22 0.229 ±. 0.005 0.23 

0.06 0.073 ±. o.oo4 0.01 

0.05 0.044 ± 0.003 0.05 

0.12 0.130 ± 0.003 0.10 

0.031 ±. o.oo4 0.02 

o.o4 0.038 ± 0.003 o.o4 

0.03 0.029 .:!:. 0.002 0.02 

0.05 0.054 ±. 0.002 0.04 

19 

Coincidence Average 

1.000 

0.044 0.050 

0.17 0.185 

0.090 0.094 

0.071 0.071 

0.051 0.059 

0.048 0.057 

0.063 0.050 

0.055,0.045 0.053,0.o44 

0.101 0.106 

0.151 0.176 

o.n 0.132 

0.04 0.044 

0.09 0.099 

0.314 

0.227 

o.o4o 0.061 

0.039 o.o46 

0.091 0.11 

0.026 

0.039 

0.026 

0.048 

The relative intensity of this line was normalized to the corresponding single-crystal 
value. 



80 

that of the 2.41-MeV transition were obtained by determin.!.:ng the peak 

areas corrected for the pair-production cross seotion. The ;ralues 

obtained are compared to the single-crystal values in Table IV. Also 

show.n in ·the table are the intensity measurements obt;ained from coin.oi

d.ence studies.. These measurements are based on an. interpretation of 

the coincidence quotients within the context of the proposed deoay 

scheme. 

6.2 Gamma-Gamma Coincidence Studies 

Coincidence spectra were observed with the faet-slow coinci

dence spectrometer and the two-dimensional speotromet:er. Only the 

spectra obtained with the fast-slow system are shown in the illustra

tions. Each of these spectra was analyzed graphically. ThE'! results 

obtained with the two~dimensional system were in agreement wi·th those 

obtained with the fast-slow system. The results quoted are the averages 

of several experiments. 

The spectrum shown in Figu.re 25 is the distribu.tion of events 

in coincidence with gating events selected by a window 0.05-MeV wide 

centered at o. 645 MeV. Rvents in this region !JOr:r:'espond primarily t;o 

the 0.645 MeV transi.tion. The coincidence spectrum obtained extends 

to the line at 2.99 MeV. Analysis revealed the existence of the 2.80-

and 2.67 MeV lines. The region between 2.2 and 2.5 MeV was net entirely 

accounted for by the response to these three gamma rays~ bu.t beoause 

of the expected higher levels of interference as discussed in. Section 

4. 5, the residual was not considered to definitely :indicate the ex;isii

ence of gamma transitions in this region. The energy of the transition 

at 2.14 MeV was consistently observed. to be lower than the corresponding 
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transition at 2.18 MeV present in the single crystal and pair spectr1.1m. 

This result, together with the anomalous residual at 2.1 MeV in the 

pair spectrum, is believed to indicate that the transition at this 

energy is complex. The coincidence-quotient analysis indicates that 

approximately 6Q% of the transitions at this energy are in coincidence 

with events in the window. Below 2 MeV, the spectrum is similar to 

the single-crystal gamma-ray spectrum. However, only 45% of the ·tran

sitions at 1.54 MeV and 63% of the transitions at 1.37 MeV appear in 

coincidence with the 0.645-MeV gamma ray. As mentioned i.n the previous 

section, the 1.37-MeV line is attributable to both La142 and La141 , so 

that this result indicates that approximately 37% of the transitions 

141 at this energy in the spectrum sho'WD. in Figure 23 are due to La • 

Further evidence from the coincidence experiments indicate that the 

1.54-MeV peak corresponds to two unresolved gamma rays. The 0.645-MeV 

line which appears in the spectrum is caused by events in the gate 

corresponding to higher energy gamma rays. 

The interference from such events was both treated analytically 

as outlined in Section 5.4 and measured experimentally. In the latter 

case, windows were set both at 0.645 MeV and 0.76 MeV. Both distribu-

tiona were sampled concurrently and routed into different subgroups of 

the memory. There was no significant difference be·t;ween the resuUs 

o'btained experimentally and analytically. 

The low-energy region of this spectrum was also in-vestigated 

experimentally using a higher gain. Line shapes measured jmmediately 

after the run were used to analyze the spectrum. In agreement with the 

single-crystal data, the analysis revealed the complex nature of the 

1.01- 1.0 6 MeV and 0.860- 0.898 MeV doublets. 



In Figure 26a is shown the spectrum obtained for a w:indow 

position of 0.88 MeV and width 0.05 MeV. Only 5o% of the gating 
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events at this position correspond to the gamma rays of interest, 

0.860-0.898 MeV. The spectrum is characterized by an enhancement of 

the 1.16-MeV line and a broadening of the 0.860-0.898 MeV doublet. 

The previous authors (23) suggested that the 1.0-MeV line was in 

coincidence with the 0.898-MeV transition. However, the coincidence 

quotient q0•898,l.O is nearly zero so that the appearance of the 1.0-

MeV line in this spectrum is due to Compton interference. This result 

was confirmed in the corresponding two-dimensional distribution. The 

coincidence quotients for the 0.860- 0.898 MeV doublet indicate that 

these transitions are members of a cascading pair. There is a con

siderable residual in the region above 1 MeV. The coincidence quotient; 

for the 1.55 MeV peak, taken to be correlated with the 0.860-MeV 

component of the window, accounts for the 55% portion not in coinciden:Je 

with the 0.645-MeV transition. The doublet; at ~ 2 MeV accounts for 

approximately 3o% of the single-crystal intensity. The low-energy 

region of the spectrum was observed at a higher gain and the results 

of the graphical analysis are illustrated in Figure 26 a. 

In Figure 27 is shown the coincidence spectrum obtained when 

a region of 0.05 MeV centered at 1.03 MeV is selected for gating. .The 

gating fractions Dl.Ol and n1•06 are 25% and 24% respectively. The 

most prominent feature of the spectrum is the enha..TJ.cemen.t of the 1.01-

1.06 MeV doublet. The 0.898-MeV line is suppressed and the small 

coincident quotient confirms the fact that the major part of the 0.898-· 

MeV and 1.03 MeV transitions are not correlated. As in. the case of 

the 0.898-MeV coincidence spectrum, there is a considerable residual 



3 
..J 10 
liJ 
z 
z 
c( 
:J: 
0 

a: 
liJ 
C1. 

Cl.) ... 
z 
:J 
0 2 o,o 

-0·645 
• 

• w 

•• 
• • • • •• • • 

40 

. -r . ,...--- T T 
l 

142 
La GAMMA-RAY SPECTRUM 

IN COINCIDENCE WITH 

0.86-0.898 MeV 
0·898 

0·86 
• • 
• • 

• 
ll 1-16 . 

1·0 
·-- J • .. •• .. . 

• • .·f\· • • 
• • 

I 
a 

I' •• 1·55 
2·06 • • . ...... • 2·14-

£ 
. ...... • ·" • • • • • •• r-.• • • • 

(\ 
. ........ •.• ~· r _.. 

I ~ _.... I ... _ 
_L 

I 1 • 
I \ J \ 
I j_ ~· 

I \ • 
I 1 l 

I I 

\ 

60 80 100 120 140 160 
CHANNEL NUMBER 

'. 



_. 3 
wiO 
z 
z 
<( 

:I: 
0 

a: 
ILl 
a.. 

UJ 
1-
z 
:> 
0 2 
oiO 

I 
0·645/\ 142 

La GAMMA-RAY SPECTRUM 

f \ IN COINCIDENCE 

I 
~ WITH 0·86-0·898 MeV 

(HIGH GAIN) 
• .... ••• •••••••••• 

:} 
0 "86 0·898 • • • • • 

• ••••• • ' - ............. • .. 
"' ••• • 

• • 
1\ I • • • 

" !I • : "{\". 1·03 

~ •• • • I A \ ~.. . ... · .. . .... . . 
• • •• • •••••• • •• 

1// \ I 
... 
~ . 

(\ 

" 1'/ I \ 
" \ , I I I 

\ \ I I 1\ 

\' '\:i v I 
~ 1/ 

1\ ' '--' 

- . 

60 80 100 120 140 160 180 
GHANNEL NUMBER 

I 
• -~ 

~ 

. 

I 
I 

I 

: 

' I 
I 

! 
' 

I 

! 

·--



3 
.J 10 
LLI 
z 
z 
< 
%: 
0 

a:: 
LLI 
a. 
C/J 
1-
z 
~ 

0 2 
0 10 

•• 

0·645 

~ 

~ 

4 

• 
• 4 • • ..... 

• 
• -

- ---------- L...... 

40 60 

I I 
I I 
I I I I I I 

La
142 

GAMMA-RAY SPECTRUM= 

IN COINCIDENCE -WITH 
----i 

1.01-1.06 MeV -

1·01 
1·06 

• 
• 

n l 
0·898 • I 

• ' ! • ... .. 
• • • 1-... · " .. • I 

l 
. 

• • . 
• 2·06-. • --. -.. .. t-, • •• ... 

• ••• ....... •f ~ • . . ·; 
• •• • • • • 
~ .. . . 1 • 

• 
• I 

• -·-- --··- -

80 100 120 140 180 

CHANNEL NUMBER 



83 

above 1.2 MeV, only a part of which can be accounted for by the response 

to the 2.06-MeV gamma ray. The coincidences at 2.06 MeV comprise approxi

mately 3o% of the corresponding single-crystal intensity. In Figure 28 

is shown the low-energy region of this spectrum observed at higher gain. 

The analysis was baaed on the appropriate line shapes measured immedi

ately after the run. The results confirm the doublet nature of the 1.03-

MeV peak. The relative contributions of the 1.01- and 1.06-MeV 

components obtained in this analysis differ from the corresponding 

results obtained in the analysis of the spectrum shown in Figure 27. 

This difference reflects the difficulties inherent in the graphical 

analysis of doublets. The ratio obtained from the spectrum shown in 

Figure 28 is believed to be more accurate both because the line shapes 

used in the analysis were obtained under the same counting conditions 

and because of the finer mesh resulting from increased gain. 

In Figure 29 is shown the distribution of events in coincidence 

with gating pulses selected by a 0.06-MeV window centered at 1.25 MeV. 

For this window setting only 27% of the gating pulses correspond to the 

1.25-MeV gamma ray. The most striking feature of the spectrum is the 

enhancement of the 1.55-MeV and 2.19-MeV peaks. The coincidence

quotient analysis indicates that these transitions are both in coinci

dence with the 1.25-MeV gamma ray. The coincidences at 2.19 MeV 

correspond to approximately eo% of the single-crystal intensity so that 

the doublet nature of this peak appears to be approximately 75% 2.19 MeV 

and 25% 2.14 MeV. 

The intensity of the 1.55-MeV transition in coincidence with 

the 1.25-MeV gamma ray is 55% of the single-crystal intensity. This is 

in reasonable agreement with the 0.645 MeV result of 59%. The 1.25-MeV 
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and 0.898-MeV peaks are predominantly due to Compton interference. 

The o. 645-MeV transition is assigned ·to be in coincidence with the 1. 25-

MeV gamma ray on the basis of the analysis. 

The gamma-ray spectrum in coincidence with gating pulses 

selected by a window 0.06-MeV wi.de centered at 1.55 MeV is shown in 

Figure 30. In this spectrum the 1.25-MeV peak is prominent, confirming 

the existence of the 1.25- 1.55 MeV casoade. The coincidence-quotient 

analysis also confirms the existence of the 0. 645- 1. 55 MeV cascade. 

The rest of the lines in the spectrum result mainly from gating events 

not due to the 1.55-MeV transition. This transition comprises only 21% 

of all the events in the window. 

In. Figure 31 is shown the distribution in coincidence with 

gating events selected with a broad window covering the range 2.0- 2.2 

MeV. As in the case of the 1.55-MeV coincidence spectrum, the 1.25-MeV 

line is strongly enhanced, confirming the 1.25 ~ 2.19 MeV coincidence 

relation. The 0.645-MeV line is mainly the result of 2.06-0.645 MeV 

coincidences. In calculating the coincidence quotients, analysis of 

the contributions to the window was based on the single crystal and 

coincidence data. The gating fractions for the gamma rays of interest 

are n2•06 = 0.25, n2•14 = 0.06 and n2•19 = 0.18. The corrections for 

Compton interference were made analytically. In addition; an estimate 

of the interference was obtained experj~entally by comparing this 

spectrum with the spectrum in coincidence with the window set at 2.5 MeV. 

The appearance of the 0.898- and 1.55-MeV transitions is further evi

dence for the coincidence relationships 0.898- 2.14 MeV and 1.55- 2.14 

MeV. 
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With windows set at the energies lo74, 1.91, 2.67 and 2.99 MeV, 

only coincidences with the 0.645-MeV line were i,den·tified. The coinci

dence quotients are given in Table V. The results indicate that these 

transitions are in coincidence with the 0.645-MeV gamma ray with full 

intensity to within the expected accuracy of 15%, except in the case 

of the 2.67-MeV experiment. The errors might be larger than normal in 

this case since this line is of low intensity and the Compton interfer

ence in the window is large. 

The low-energy region, 0. 5-1 .. 5 MeV, of the speetrum was also 

measured using the two-dimensional analyzer. In addition to confirming 

the corresponding results obtained with the fast-slow· coincidence spec

trometer, the data was also used to obtain the coLncidence spectrum 

correlated with the 1.16-MeV gamma ray. The results confirm the coinci

dence relationships between the 1.16- 0.64·5 MeV and. 1.16-0.898 MeV 

gamma rays. Other two-dimensional spectra were obtained using various 

analyzer configurations. The average coincidence-quotient matrix is 

given in Table V. The summary of relative-intensity measurements based 

on this matrix and the proposed deca;r scheme is given in Table IV. 

The intensity values obtained from the coincidence data are in 

relatively good agreement with the values obtained by other methods. 

The results are expected to have large errors in many instances. The 

method of coincidence-quotient analysis, because of the successive sub

tractions involved, tends to accumulate errors. In addition, the higher 

levels of interference mentioned prev:i.ously in Section 4.5 lead to a 

large uncertainty in the :results. The average values which combine 

measurements derived from spectra observed under several different 

conditions are generally considered to be accurate to 15%. 



Ey(MeV) 0.645 0.86 0.898 1.03 

0.645 1.05 0.95 

0.86 0.04 0.26 

0.898 0.17 1.07 0.03 

1.01 0.06 0.03 0.97 

1.06 0.05 0.02 0.76 

1.16 0.052 0.26 

1.25 

1.37 0.063 

1.55 0.059 0.2 

1.66 

1.74 0.10 

1.91 0.15 

2.06 0.11 0.08 0.32 

2.14 0.09 0.12 

2.19 

2.67 0.030 

2.80 0.039 

2.99 0.091 

-

TABLE V 

La142 Coincidence Quotient ¥~trix 

Energ,y: of "Gating" Ra:£ ~MeV) 

1.16 1.25 1.37 1.55 1.74 

0.86 0.63 0.89 0.85 1.2 

0.75 0.28 0.24 

0.09 

0.02 0.39 

0.47 0.14 

0.11 

0.79 

1.91 2.06 2.14 

1.1 0.78 

0.42 

0.06 

0.01 

2.19 2.67 

0.62 

0.35 

2.99 

0.85 

Q) 
0'\ 
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6.3 Sum Coincidence Studies 

The sum-coincidence spectrum was obtained at a source-to

detector distance of 3 em. The prominent sum peaks observed in the 

spectrum are listed in Table VI. The individual componen·ts o.f the sum 

peaks, also given in the table, were determined experimentally. Both 

the one-dimensional analyzer and pulse-height selector and the two

dimensional analyzer systems were used. When the component sum

coincidence spectra were determined using the two~dimensional analyzer, 

the sum distribution was assigned to one-dimension and the component 

spectra to the other. In Figure 32 is shown the component distribution 

corresponding to the 1.54-MeV sum peak. The spectrum is seen to con

sist essentially o.f only 0.645- and 0.898 MeV components. Interference 

from the 0.860-MeV transition is reduced as compared to the normal 

0.645-MeV coincidence spectrum because of the more selective sum con

dition. The decB\Y con.figu.ration relevant to this sum is also shown in 

the .figure. 

Figure 32 also illustrates the component spectrum obtained when 

a sum energy o.f 2.06 MeV is selected. In general 9 the component spectra 

corresponding tp a given sum energy must be comprised of an even number 

o.f components. The result shown in Figure 32 thus confirms the exist

ence of the cascades 0. 898 -1.16 MeV and 1.01- 1.06 MeV 9 the latter 

forming a coincidence doublet. The same type of result was obtained 

.for the 0.861-0.898 MeV doublet cascade. In this case the component 

spectrum consisted o.f only one peak at an energy of approximately 0.87 

MeV when the sum-energy 1. 74 MeV was selectedo These e:x:amples suffice to 

indicate the simplification o.f the spectra obtained using the sum-
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TABLE VI 

142 La Summary of Sum-Coincidence Results 

Sum Energy (MeV) Component Energy (MeV) 

1.54 0.645 + 0.898 

1.72 0.645 + 1.01, 1.06; 0.898 + 0.86 

2.06 0.898 + 1.16; 1.01 + 1.06 

2.4 0.645 + 1.74 

2.6 0.645 + 1.91; 0.645 + 2.06 

3.65 0.645 + 2.99 
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coincidence method. A summary of the sum-coincidence results is given 

in Table VI. 

6.4 Beta Transitions 

The beta radiations emitted in the decay of La142 were studied 

using the beta-ray scintillation spectrometer discussed in Section 4.5. 

Each spectrum obtained using this method was corrected for the finite 

response of the spectrometer. In addition, the single-crystal spec-

trum was measured with an anti-coincidence spectrometer (51) for which 

only the Gaussian resolution correction was required. Coincidence 

spectra were measured using the plastic scintillator and a three-inch 

Nai(Tl) gamma-ray detector in conjunction with the two~dimensional 

analyzer. 

In Figure 33 is shown the single-crystal beta spectrum in the 

region above 2.5 MeV. The energy calibration was determined using as 

. 38 ) 106 . 106 ( 144 144 standard beta sources Cl (4.81 MeV , Ru - Rh 3.53 MeV), Ce - Pr 

(2. 98 MeV) and Sr9°- y90 (2.23 MeV). The Kurie analysis of the spec-

trum, assuming an allowed shape for each component, revealed the 

existence of 'beta groups at 4. 5 and 3.9 MeV. The experiment was re-

peated several times using both the an·ti-c:oincidence spectrometer and 

the single-crystal arrangement. The spectrum given in Figure 33 is a 

composite of the speo·tra obtained with both methods. As mentioned in 

Section 4.5, it was considered preferable to combine the results from 

several runs in those oases where insufficient countir~ statistics 

were obtained rather than to ·use increased source strength for which 

significant contributions from random summing occur. Each run was 

calibrated independently and the channel numbers were converted to 
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energy values. The single-crystal spectra were corrected for finite 

response. The results were averaged by adding together all the counts 

in a given energy increment. 

A graphical analysis of one entire spectrum obtained with the 

anti-coincidence annulus revealed the existence of the inner groups 

given in Table VII, as well as a group at 2.41 MeV identified as the 

ground-state transition of La141 (24). The coincidence results to be 

discussed below indicate that not all the groups were revealed in the 

analysis. In particular, it is believed that the group at 1.8 MeV is 

in reality an unresolved doublet consisting of the groups ~6 and ~7 
and the group at 1.2 MeV is similarly a combination of groups with end-

point energy 1.1 and 1.23 MeV respectively. The relative intensities 

of groups revealed in the analysis were obtained by integrating the 

component spectra. The intensities of the combined groups at 1.8 and 

1.2 MeV were assumed to represent the sum of the intensities of the 

individual components. 

In Figure 34 is shown the beta spectrum in coincidence with 

events detected in the gamma-r~ counter in the energy region corres-

pending to the 0.645-MeV photopea.k. The spectrum shown is a composite 

of several experiments. The analysis revealed the existence of beta 

groups with end-point energies of 3.85, 3.05 and 2.15 MeV. In order to 

obtain the relative intensities of these groups, it was necessary to 

make use of the gamma-ray branching ratios and the proposed dec~ 

scheme. If r. is the ratio of the areas of the group ~. to the 3.85 
1 1 

MeV group in the coincidence spectrum, then the branching ratio b. is 
1 

given by 
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Singles 0.645 

~1 4.49 

~2 3.8 3.85 

133 3.05 

134 

135 2.1 2.15 

~6 
1.8 

~1 

138 1.2 

139 0.9 

------

0.898 1.74 

2.97 

2.10 2.12 

1.7 

---- -- ----

-

TABLE VII 

142 Summary of La Beta Groups 

1.91 2.06 2.19 2.41 

2.31 

2.08 

1.98 

1.84 

~ = 4. 51 ±. 0.03 :t-'IeV 

2.55 3.0- 3· 7 3·65 

1.96 

1.23 

0.86 0.88 

E 

4.49 

3.85 

2.98 

2.31 

2.11 

1.97 

1.79 

1.23 

0.87 

~ 

4.49 ±. 0.04 

4. 50 ±. 0.05 

4.52 ±. 0.05 

4.50 ±. 0.09 

4.52 ±. 0.03 

4.53 ±. 0.06 

4. 50 ±. 0.03 

4.54 ±. 0.09 

4.52 ±. o.o6 

\.0 
t-J 



where the f are the relevant gamma-r~ branching ratios and x is a 
r 

first order correction for Compton interference. In this way the 

analysis leads to the relative intensities of groups ~2 , ~ 3 and ~5 • 

92 

In Figure 35 is shown the spectrum of beta particles in coinci-

denoe with events corresponding to the 0.862-0.898 MeV photopeak. 

Graphical analysis of this composite spectrum reveals the existence of 

groups at 2.97, 2.1 and 1.7 MeV, identified as groups ~ 3 , ~5 and ~7 • 

The relative intensities of these three groups was determined in the 

same manner as in the case of the 0.645-MeV coincidence spectrum. For 

both these spectra the end point of the single-crystal spectrum was 

used as one calibration point instead of the Cl38 source. 

In Figure 36 is shown the beta spectrum in coincidence with 

events in the 1.91-MeV photopeak. The spectrum was corrected for 

Compton interference by subtracting the distribution in coincidence 

with events in the region corresponding to the valley between the 1.91-

and 2 MeV photopeaks. The spectrum in this region corresponds to a 

single group with end-point energy 1.98 MeV. The energy calibration 

was determined using the Compton edges from Mn54 and z~65 as well as 

the standard beta sources. In Figure 36 is also illu.strated the beta 

spectrum in coincidence with events corresponding to the 2.06-2.19 

MeV photopeaks corrected for Compton interference. The analysis 

reveals groups with end-point energies 2.31 MeV and 1.84 MeV identi-

fied as groups ~4 and ~ 6 respectively. This spectrum pro·vides the 

only evidence for the existence of the ~4 group. On the basis of the 

energies, the ~4 group was assumed to be in coincidence with the 2.19 

MeV gamma ray and the ~6 group assigned to be correlated with the 2.06-

MeV transition. In Figure 37 are illustrated the spectra in coincidence 
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with the 2.41- and 2.55-MeV gamma rays. These spectra consist of 

single components with end-point energies of 2.08 and 1.96 MeV identi

field as groups ~ 5 and ~6 respectively. The spectrum in coincidence 

with the 1.74-MeV gamma ray also consisted of a single group of end

point energy 2.12 MeV corresponding to group ~5 • The spectra 

illustrated in Figure 36 and Figure 37 result from cuts through the 

two-dimensional distribution of beta-gamma coincidences and are there-

fore obtained at exactly the same gain and geometry. For this reason 

the relatively small energy differences between the end points of the 

spectra are not masked by uncertainties in the calibration. 

In Figure 38 is shown the beta spectra in coincidence with 

3.65-MeV and ) 3.0-MeV events detected in the gamma channel. These 

spectra indicate the existence of beta transitions with maximum 

energies of 0.87 and 1.23 MeV. On the basis of the energies and 

coincidence relations of the gamma-ray transitions, it is believed 

that the 1.23-MeV group shown in Figure 38 is in reality an unresolved 

doublet corresponding to groups with end-point energies 1.23 and ~1.1 

MeV. 

A summar,y of the evidence for the existence of the nine beta 

groups observed is given in Table VII. The average value of the end 

point for each group was determined in those cases for which more than 

one energy measurement was involved. The value obtained from the end 

point of an inner group revealed by graphical analysis was given less 

weight in the average than the value obtained under coincidence condi

tions for which the group under consideration corresponded to the 

highest energy component. In the case of the beta groups with end

point energies less than 2.1 MeV, the energy values obtained from the 
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single-crystal spectrum were not included in the average. Also presented 

in Table VII are the values of the total energy release Q~. These 

values are obtained from the energy of the beta group ~i and the average 

value of the energy of the corresponding level E. in the proposed decay 
~ 

schemet based on the gamma-ray energies. The final estimate of ~ was 

obtained from the weighted average of the individual measurements. 

In Table VIII is pres~Llted the intensities of the beta transi

tions present in the decay of La142 and observed in this work. The 

relative intensity of the 1.99-MeV group was obtained from the difference 

between the relative intensities of the combined group revealed in the 

single-crystal spectrum at 1.8 MeV (31%) and the relative intensity of 

the 1.79-MeV group obtained from the 0.89-MeV coincidence experiment 

(11%). The value of the relative intensity for the combined group of 

1.2 MeV in the single-crystal spectrum corresponded to 10%. The intensi-

ties of the component groups ~8 t~lO was obtained from the values of the 

relative gamma ray intensities ~ 

I(~8) 
!(~10) = 

f3.31 + f2.67 

f3.45 + f2.80 • 

This formula is based on the proposed decay scheme. The branching 

ratios were obtained from the relative intensities assuming that these 

ten groups accounted for lOo% of the decays. 

These values are compared with the branching ratios obtained 

directly from the decay scheme and the relative gamma-ray intensities. 

The values obtained from this method were normalized to those determined 

from the beta spectra by requiring that the sum of the intensities of 

the beta groups with end-point energies less than or equal to 2.1 MeV 



TABLE VIII 

Intensity of La142 Beta Transitions 

Transition El3 (!1eV) 
Intensity (%) Average Beta r1Ieasurement Gamma Neasurement 

131 4.49 ±. 0.05 13 12 12.5 

132 3.85 ±. o.o4 2.4 ~3 2.4 

133 2.98 ±. 0.03 1.7 ~4 1.7 

2.5* -1 -1 

134 2.31 ±. 0.05 6.7 6.7 

135 2.11 ±. 0.03 26 22 24 

136 1.98 ± 0.04 20 19 19.5 

137 1. 79 ±. 0.03 11 11 11 

138 1.23 ± 0.06 4.4 5.4 4.9 

1.1* 5.6 6.1 5.8 

139 0.87 ± 0.03 15 11 13 

* The energy of these groups was inferred from the dec~ scheme. 
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be the same in both measurements. The branching ratio for the ground

state transition is in this case the difference between the normalized 

gamma r~ intensities and lOa,%. The intensities of the groups ~2 and 

~3 obtained from the gamma-ray measurements are rather inaccurate since 

they involve the difference between several gamma-ray intensities. 

For instance, the intensity of the beta group ~2 results from the 

difference between the sum of the intensities of ten gamma rays which 

are believed to populate the relevant level and the intensity of the 

0.645-MeV gamma ray. 

In principle, a check of the balance between the beta intensi

ties and the intensities of the gamma radiations prov·ides a sensitive 

test of the validity of a decSlf scheme. However, the intensities 

obtained in this work from both beta- and gamma-radiati.on measurements 

are not entirely independent. In addition, there is no absolute measure

ment involved which would verify the assumption that these transitions 

amount to 100%. The values obtained from both methods do indicate that 

there is internal consistency in the data within the expected accuracy 

of the measurements. The final estimates of the branching ratios were 

obtained by averaging the results obtained from both methods and re

nor.malizing to 100%. In the case of groups ~2 and ~ 3 the values 

obtained from the beta measurements alone were taken because of the 

large uncertainty in the values resulting from the gamma-ray intensi-

ties. 

The value of log ft for groups ~ 1 ,~2 and ~ 3 indicates that 

these transitions are probably first forbidden. The beta spectrum 

corresponding to the class of first-forbidden transitions for which 

there is a spin change of two units is known to have a unique shape. 
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In this case, the Kurie plot is no longer linear but given by 

N 1/2 _r;;-
y = 2 = -v c1 k(E

0
- E) 

p 

where c1 = (E2 + 2E) + (E
0

- E) 2 is the energy-dependent shape factor. 

The first-forbidden unique shape of the Y90 beta spectrum was revealed 

in the scintillation-spectrometer data when corrections were made for 

142 finite response. However, the shape of the La beta spectrum is 

obscured by the presence of transition ~2 with end-point energy 3·85 

MeV. In this case only approximately the highest 17% energy region of 

the spectrum is free from interference. The scintillation spectrum 

corrected for finite response is not sufficiently accurate to reveal 

definite information about details of the spectral shapes under these 

conditions. The La142 beta spectrum in the region above 2.7 MeV was 

therefore investigated in detail using a magnetic spectrometer. 

A Gerholm (64) spectrometer, adjusted for approximately 3% 

resolution and 3% transmission was used for this purpose. The spectro-

meter was calibrated using the externally converted electrons from the 

2.76-MeV Na24 gamma ray incident on a Th radiator. The beta spectrum 

obtained for La142 is shown in Figure 39. This spectrum represents 

the sum of ten separate scans obtained with five sources. As can be 

seen from the figure, it is still not possible to directly distinguish 

between the allowed or forbidden shape. However, indirect evidence 

indicating that the group ~l has a unique shape results from a compari

son of the energy of the ~2 group obtained from analysis of this 

spectrum based on the two possible shapes of the ~l group assumed. 

Assuming an allowed shape, the Kurie plot in the region above 

3.85 MeV is represented by y ,. cx.(E -E). The best values of "ex." and 
0 
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E were determined by the method of least squares based upon the points 
0 

above 3.85 MeV. The values of the regression curve were then used to 

obtain the contribution to the total spectrum corresponding to the 131 

group. The difference spectrum was then analyzed in a similar manner 

in order to obtain the least squares estimate for the end point of the 

first inner group. The results are shown in Table IX. 

The analysis was repeated assuming a unique shape for the 131 

component and an allowed shape for 132• The results of the two analyses 

are compared in Table IX, together with the results based on the 

scintillation beta- and gamma-ray measurements. As a further test an 

independent measurement of the end-point energy of the 132 group was 

made, using the Gerholm spectrometer together with a two-inch Nai(Tl) 

gamma detector and a coincidence-gated analyzer. The energy value of 

the ~2 end point obtained with the Gerholm spectrometer is in excellent 

agreement with the scintillator results. The errors quoted for the 

least-squares estimates are the standard deviations obtained solely on 

the basis of the statistics of the data. The uncertainty in the abso

lute values is estimated to be 0.5%. The difference in the energies of 

group 131 obtained assuming either an allowed or unique shape agree with 

the average Ql3 value within the expected accuracy although the mean 

value based on the forbidden shape agrees more closely. 

The statistical error in 6 must be combined with a possible 

systematic uncertainty of 0.5%, or approximately 4 keV. The value of 

6 obtained when a forbidden shape is assumed for 131 is in agreement 

with the gamma~ray energy within the standard deviation. When an 

allowed shape is assumed for 131 , the Yalue of 6 is in disagreement 

with the gamma-ray energy by nearly 3 standard deviations. On this 



TABLE IX 

Summary of Evidence for a Unique Shape in the La142 Ground State Beta Transition 

E(HeV) Allowed Forbidden Other Evidence 

131 4. 546 ± o.oo6 4.517 ± 0.006 4.51 ± 0.03 (average Q-value) 

132 3.707 ± o.o6 3.852 ± 0.02 3.85 ± 0.03 (scintillator) 

3.85 ± 0.02 (magnetic) 

/::,. 0.839 ± 0.07 0.665 ± 0.02 0.645 ± 0.006 (gamma ray scintillation) 

- ---~--- ------ ------ ----- --~-----~-------~--------- ~--

"" "" 
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basis it is possible to assign values for the likelihood that ~l has 

an allowed or forbidden shape of approximately 0.02 and 0.64 

respectively. 

Obviously, the evidence for the possible unique shape of the 

ground-state transition beta spectrum presented here is much weaker 

than a direct observation of the shape. However, it can be said that 

the data is more consistent with the results obtained from other 

measurements when analyzed on the basis that the ~l group corresponds 

to a unique first-forbidden transition. 

6.5 Angular Correlation Studies 

The stu~ of the angular correlation between cascade gamma r~s 

in La142 is made difficult both because the counting period is limited 

by the half life of 92.6 min and because the gamma-ray spectrum is 

complex so that there is a relatively large amount of interference in 

the region of the full-energy peaks of interest. The limitation in 

counting period necessitated the use of many sources in determining 

the correlation function. The value of the correlation function was 

determined for five angles in one ninety-degree quadrant and for each 

angle a new source was prepared and counted. Thus each determination 

of the correlation function required five sources. Each point was 

normalized to the same single crystal counting rate. 

The correlations involving the 0.645-MeV transition were 

measured both with the fast-slow coincidence system and the two-

dimensional sum-coincidence system. Since the experimental conditions 

are quite different in these two systems, it is unlikely that inter

ference would affect the correlation functions in the same way. No 
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statistically significant differences were observed in the comparison 

between the correlation functions obtained using both methods. A 

summary of the results of a least-squares analysis of the correlation 

functions measured is given in Table X. 

In Figure 40 is shown the angular-correlation function 

obtained for the 0.898- 0.645 MeV cascade. The final values shown are 

the averages of the fast-slow and sum-coincidence results. The curve 

shown is the least-squares curve. In the case of the former method, 

interference from the 0.86-MeV component of the dou.blet, the intensity 

of which is approximately one-quarter that of the 0.898-MeV component, 

was minimized by integrating only the high-energy side of the doublet 

full-energy peak. Similarly, in the sum-coincidence experiment 9 only 

the high-energy portion of the peak in the sum dimension was included 

in the analysis. A comparison of Figure 25 and Figure 32 indicate the 

advantages of the sum-coincidence method insofar as simplification of 

analysis is concerned. In the sum-component spectrum the 0.645-MeV 

and 0.898-MeV lines are prominent whereas the spectrum of events coinci

dent with pulses in the 0.645-MeV window is complex and the correction 

for Compton interference under the 0.898-MeV peak is sizeable. Never

theless, the results obtained from both methods agreed within the 

statistical accuracy. This is quite possibly due to the strong angular 

correlation between these two transitions so that any remnant inter

ference has little effect. 

There is plentiful evidence to be cited in the next chapter 

that the 0.645-MeV transition results from de-excitation of a 2+ level 

leading to the 0+ ground state. This transition is therefore p1re 

electric quadrupole (E2). The 0.645-0.898 MeV results can be 
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0.645 - 2.06 

0.645- 1.01-1.06 

0.898 - 0.86 

0.898 - 1.16 

1.01 - 1.06 

TABLE X 

Summary of Angular Correlation Results 

A2 A4 Assignment 1'-'Iixing 

0.306 ± 0.02 0.016 ± 0.03 2(D,Q) 2(Q)O 6 = 0.08 ± 0.03 

0.277 ± 0.02 0.016 ± 0.03 2(D) 2(0) 6 = o.o4 ± o.o3 

-0.118 ± 0.03 0.011 ± 0.03 l(D,Q) 2(Q.)O 6 = 0.1 + 0.02 
3(D,Q) 2(\i)O 6 = 0.06 :± 0.03 
4( Q,O) 2( Q)O 6 = 0.35 ± 0.05 

0.152 ± 0.02 0.001 ± 0.03 2(D,Q.) 2(Q.)O 6 = -0.1 ± 0.05 
3(D,Q) 2( Q)O 6 = -0.3 ± 0.05 
4(Q,O) 2(Q)O 6 = -0.09 ± 0.05 

0.038 ± 0.03 o.o36 ± o.o4 

0.055 ± 0.02 -0.018 ± 0.03 

-0.101 ± 0.006 -0.017 ± 0.01 
I 

0.090 ± 0.004 0.021 ± 0.006 
I 
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unambiguously identified with a 2(D,Q) 2(Q)O sequence. A comparison 

of the measured values with the theoretical coefficients is illustra

ted in Figure 41. 

The correlation of the 0.645 -1.01 MeV cascade could not be 

observed without interference from the 1.06-MeV transition. In. this 

case, both components of the 1.01-1.06 MeV doublet are approximately 

equal in intensity. By integrating over the entire doublet the cor

relation corresponding to the three-member cascade 0.645 -1.01-1.05 

MeV was obtained. This correlation by itself contains insufficient 

information for a unique interpretation. 

The angular correlation between the 0.645- and 1.74-MeV transi

tions is similar to the 0.645-0.898 MeV correlation. The values for 

this function were also obtained from the average of fast-slow and sum

coincidence results. The experimental curve is illustrated. in Figure 

40. The correlation leads to an unambiguous ar.:o·ignment of 2(D,Q) 2(Q)O 

for the spin sequence in the 0.645-1.74 MeV cascade as illustrated in 

Figure 41. The values of the coefficients indicate that the 1.74-MeV 

gamma ray is a relatively pure dipole transition. 

The o.645 -1.91 MeV angular-correlation results shown in Figure 

4o do not lead to a unique assignment for the spin sequence. The co

efficients are consistent with l(D,Q) 2(Q)0,3(D,Q) 2(Q)O and 4(Q,O) 

2(Q)O sequences~ as illustrated in Figure 41. For the spin 3 sequence 

the value of the mixing ratio is smaller than that required for agree

ment with the measured values of the coefficients when the 1-2~0 or 

4-2-0 sequences are assumed. 

The 0.645- 2.06 MeV correlation function was determined using 

the fast-slow coincidence arrangement. The correlation may be disturbed 
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to a certain extent b.1 interference from the 2.14-MeV gamma r~. Only 

the low-energy portion of the 2.06-MeV photopeak was included in the 

analysis in order that this interference be kept to a minimum.. The 

coefficients are consistent with an initial spin of 2, 3 or 4 so that 

the assignment in this case is am'biguous. For the case of 2 or 3, the 

A2 coefficient is consistent with relatively pure dipole order for the 

2.06-MeV transition, while the spin 4 correlation is consistent with 

nearly pure quadrupole. 

The 0.898-1.17 MeV and 1.01-1.06 MeV correlations were 

studied by means of a two-dimensional sum-coincidence arrangement. One 

dimension was assigned to the sum distribution in the region from 1.5 

to 2.2 MeV and the other dimension to the component distribution in the 

region from 0.6-1.3 MeV. The determination of the spin sequences 

from these correlations requires additional information to that contained 

in the correlation function since both the spins and mixing ratios of 

both components are unknown. The interpretation of these correlations 

can only be made within the context of the decay scheme and will be 

discussed in the next chapter. 



CH.APrER VII 

DISCUSSION OF RESULTS 

7.1 Decgy Scheme of 1a142 

In Figure 42 is shown a proposed dec~ scheme for 92.6-min 

La142 constructed on the basis of the experimental results. This 

decay scheme is consistent with the energies, intensities and coinci-

dence relationships of the beta and gamma radiations observed in this 

work to within the accuracy of the results. It is believed to account 

142 142 for the prominent de-excitation modes of the La - Ce beta decay. 

Observed coincidence relations are denoted by a full circle, the stan-

dard notation of the Nuclear Data Group (65). The average energy and 

relative intensity of each gamma r~ is given with the intensity in 

brackets below the energy. The energy and. log ft value for each beta 

group are similarly indicated. 

The evidence for the first state at 0. 645 MeV is conclusive. 

The 0.645-MeV gamma r~ is the transition with the greatest intensity. 

There are six pairs of gamma transitions, 3.65-2.99 MeV, 3.45-2.80 

MeV, 3o 31- 2.67 MeV, 2.55- 1.91 MeV, 2.41 -1.74 MeV and 2.19- 1.54 MeV 

with energy differences of approximately 0.65 MeV for which the lower 

energy members were observed to be in coincidence with the o. 645 -MeV 

transition. Finally, the energy difference between the maximum energy 
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beta group observed in coincidence with the 0.645-MeV gamma r~ and 

the ground state beta transition is approxima~ely 0.65 MeV. 

The evidence for the existence of the 1.54-MeV level is based 

on the strong 0.645-0.898 MeV coincidence and the energy difference 

between beta groups ~l and ~ 3 of approximately 1.5 MeV. The energy of 

the 1.54-MeV gamma ray indicates that this could be the transition 

corresponding to de-excitation of this level directly to the ground 

state. The value of the coincidence quotients ~.645 , 1 • 54 and 

q1• 54,
0

• 645 indicate that approximately half the transitions of this 

energy occur in coincidence with the 0.645-MeV gamma ray. For this 

reason the intensity of the 1.54-MeV cross-over transition is only 

about one-half the single-crystal value. 

On the basis of energies, previous researchers (23,24) assigned 

the 1.01-MeV gamma ray to correspond to a transition between the 

states at 2.55 and 1.54 MeV. However, the coincidence results obtained 

in this work give very small coincidence quotients for a 0.898-1.01 

MeV time correlation, indicating that these transitions are not in 

coincidence to the extent required for this interpretation. The strong 

0.645-1.01, 1.06 MeV coincidence requires, therefore, that there be a 

level at 1.66 MeV. The order of the 1.01-1.06 MeV gamma rays is 

based on the greater intensity of the lower energy component of the 

doublet. No beta transition to this level was observed, indicating 

that it is predominantly populated from the de-excitation of higher 

142 energy Ce states. 

The 1.37-MeV gamma transition exhibits coincidence relation-

ships only with the 0.645-MeV gamma ray and a weak 1.66--MeV transition 

not observed in the single-crystal spectrum. The 0.645-1.37 MeV 
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coincidence was also observed by previous researchers (24).. The 2.02-

MeV level included on the basis of this evidence appears to be the 

only explanation consistent with these results. The evidence for this 

level is not conclusive, so that it must be considered tentative. No 

beta group was observed which would correspond to a transition directly 

to this level. 

The relatively strong beta transition with end-point energy 

of approximately 2.3 MeV observed in coincidence with gamma rays in 

the energy region 2.0- 2.2 MeV indicates the existence of a level at 

approximately 2.2 MeV. This interpretation is strengthened by the 

existence of a 2.19-MeV gamma ray and the observation of the 0.645-

1.54 MeV coincidence relation. This coincidence was reported earlier 

(24); since the existence of the 2.19-MeV gamma ray and the 2.3-MeV 

beta group was not revealed in the earlier work, it was previously not 

possible to interpret thi.s coincidence relationship. 

The level at 2.41 MeV is required to explain several experi

mental results. The relatively strong gamma transition at 2.41 MeV 

exhi.bits no coincidence relations with other gamma rays. The 0.645-

1.74 MeV cascade is then interpreted as resulting from the transition 

between this level and the first state. Since both the 2.41- and 1.74-

MeV gamma rays are in coincidence with the same beta group with end-

point energy 2.1 MeV, the interpretation is consistent with the beta

gamma coincidence results. Finally, the existence of the 0.86-0.898 

MeV doublet and the appearance of the ~ 5 group in coincidence with 

gamma rays in the region of 0.645 and 0.898 MeV requires that the 

0.86-MeV gamma ray correspond to the transition between the 2.41-MeV 

level and the second state. 
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The evidence for the existence of the 2.55-MeV level is based 

on the appearance of the 2.55-MeV gamma ray uncorrelated wtth any 

other transition. This property indicates that the transition results 

from a de-excitation leading directly to the ground state. The 0.645-

1.91 MeV coincidence indicates that the 1.91-MeV gamma ray corresponds 

to the transition between the 2.55-MeV level and the first state. 

This interpretation is confirmed by the fact that both the 2.55-MeV 

and 1.91-MeV gamma rays are in coincidence with the ~6 group and there

fore de-populate a common level at approximately 2.6 MeV. The 

coincidence quotients for a possible 0.898-1.01 MeV cascade indicate 

that if a transition exists between this level and the second state, 

it can represent at most a 2% branching ratio for the de-excitation of 

the 2.55-MeV level. 

The presence of the 1.8-MeV beta group indicates the existence 

of a level at approximately 2.7 MeV. This group appears in coincidence 

with gamma rays in the region of 2.0 MeV. This result, together with 

the fact that there exists a 2.06-MeV gamma ray in coincidence with 

the 0.645-MeV gamma ray is consistent with the interpretation that the 

2.06-MeV gamma ray corresponds to the transition from the 2.7-MeV 

level to the first state. The 0.898-1.17 MeV and 1.01-1.05 MeV 

cascades appear as oompone~ts of the 2.06-MeV sum-coincidence peak so 

that the 2.06-MeV transition is interpreted as the cross-over transi

tion for these cascades. Finally, the observed coincidence 

relationship between the 0.898-MeV gamma ray and the ~7 group indicates 

that the 1.17-MeV gamma ray corresponds to the de-excitation of this 

level leading to the second state. No transition from this level to 

the ground state was observed. It is estimated on the basis of the 
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regression analysis of the single-crystal spectrum that the branching 

ratio for such a transition must be less than 3%. 
The level at 3.31 MeV is based upon the identification of a 

3.31-MeV gamma ray exhibiting no coincidences with other gamma rays 

and a 1.2-MeV beta group observed in coincidence with a gamma ray of 

energy greater than 3 MeV. The observed 2.67-0.645 MeV coincidence 

is consistent with the identification of the 2.67-MeV gamma ray as 

corresponding to the transition between this level and the first state. 

No other de-excitation modes for this level were positively identified. 

The existence of a level at 3.45 MeV is required by the 

observed properties of the 3.45- and 2.8-MeV gamma rays. The 2.8-MeV 

gamma ray was observed to be in coincidence with the 0.645-MeV transi-

tion. In addition, the 2.19 -1.25 MeV and 1.54-1.25 MeV coincidences 

are consistent with the identification of the 1.25-MeV gamma ray with 

the transition between the 3.45- and 2.19-MeV levels. The beta group 

corresponding to the population of the level following the decay of 

the La142 ground state was not observed. It is felt that the energy 

of this group of approximately 1.1 MeV is sufficiently close to that 

of the 1.2-MeV group so that under the counting conditions used in 

this study these two groups were not resolved. The existence of this 

group was inferred from consideration of the relative gamma-ray intensi-

ties. As in the case of the 3.31-MeV level, no transitions leading to 

levels other than those indicated were positively identified. 

The highest energy gamma ray observed in the La142 spectrum at 

3.65 MeV is in coincidence with the lowest energy beta group identified 

at approximately 0.9 MeV. Since this gamma ray was not observed in 

coincidence with any other transition, it may be interpreted. as the 
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ground-state transition of a level at 3.65 MeV. This interpretation 

is consistent with the beta-gamma coincidence results and with the 

relatively strong 0.645- 2.99 MeV coincidence. The 0.898- 2.14 MeV 

and 1.03- 2.02 MeV coincidences indicate that these two gamma rays at 

approximately 2 MeV correspond to de-excitation modes for which the 

final levels are the 1.54- and 1.66-MeV levels respectively. 

The dec~ scheme presented accounts for all the beta and gamma 

transitions and their inter-relations. The residual which occurs in 

some coincidence spectra may indicate that other de-excitation modes 

of low probability occur in the beta dec~ of La142 in addition to 

those identified in this study. 

On the basis of the relative gamma-ray intensities and the 

branching ratios of the beta groups, the absolute intensity of the 

0.645-MeV gamma ray was calculated to be 50 ± 5%. This value is in 

reasonable agreement with that measured by Schuman et al (24) of 

approximately 55%. No error is quoted by these authors. 

The average value obtained for the total energy release, 

4. 51 ± 0.03 MeV, is consistent with tihe sys·tematics of dis:i.ntegration 

energies in this mass region (65) and is in good agreement with. the 

previously measured value of approximately 4.4 MeV (24). No estimate 

of the accuracy of the previous measurement is given by the authors, 

but an arbitrary error of N 0.3 MeV was assigned by the Nuclear Data 

Group (65). 

The values predicted by the semi-empirical mass .formula of 

Seeger (66) and Cameron (67) are 5.157 MeV and 4.969 MeV respectively, 

in disagreement with the experimental value by approximately lo%. 

Such disagreements are typical. The concept of a semi-empirical mass 
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law assumes a relatively smooth dependence of mass on neutron and 

proton numbers in an isobaric chain for a given nuclear classification 

(even N, even z, etc.). The actual values, reviewed by the Nuclear 

Data Group (65) appear to display a subtle, irregular, fine structure 

superimposed upon a more or less regular variation. 

1.2 Spin and Parity Assignments 

A completely unambiguous description of the spin-parity 

structure of Ce142 re~a extensive observation of the angular and 

polarization direction correlations of all the gamma~ray cascades 

which result from the beta decay of La142• It is possible on the basis 

of those angular correlation results obtained in this work to assign 

definite spins to some of the levels. In addition, general arguments 

based upon the relative intensities of the lepton and electromagnetic 

disintegration modes may be used to decide upon the most probable spin 

and parity of several of the levels. 

It is a well-established fact that the ground state and first 

excited state of even A nuclei are of even parity and have angular 

momentum 0 and 2 respectively. All angular correlation results which 

involve the 0.645-MeV gamma ray are consistent with these spin assign

ments. Furthermore, Coulomb excitation studies (68) have confirmed 

the fact that the 0.645-MeV gamma ray is electric quadrupole. 

Since the log ft values of the 131 and 13 2 gro,lps most likely 

correspond to first-forbidden transitions, the parity of the La142 

ground state is odd. The experimental investigation of the shape of 

the ground state beta transition indicates that this transition is 

probably first-forbidden unique, in which case the spin and parity of 
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the La142 is 2-. The fact that the 0+ Ce142 ground state transition 

occurs with the observed intensity definitely requires that the La142 

spin cannot exceed 2. 

The log ft value for the ~3 component also most likely corre

sponds to a forbidden transition so that the 1.54 MeV level is required 

to have even parity. The 0.645-0.898 MeV angular correlation can be 

positively identified as corresponding to a 2(D,Q) 2(Q)O spin sequence. 

The small mixing ratio indicates that the 0.898 MeV gamma ray is pre-

dominantly a magnetic dipole transition. 

The spin of the 2.41 MeV level can also be unambiguously 

identified as 2 on the basis of the 0.645-1.74 MeV angular correla-

tion data. This result also indicates that the 1.74 MeV gamma ray is 

predominantly dipole. A parity assignment cannot be definitely made 

for this level. The distribution of log ft values for beta transitions 

from odd-odd nuclei leading to even-even nuclei with neutron numbers 

from N = 84- to 86 are shown in Figure 43. It can be seen from this 

figure that the distributions for allowed and first-forbidden transi-

tions are only slightly displaced as regards the range of log ft values. 

The 0. 898- o. 862 MeV correlation is consistent with the 2-2-2 spin 

sequence requiring that the 0.862-MeV gamma ray be dipole with a slight 

quadrupole admixture (4 ± 4%). 

The 0.645-1.91 MeV angular-correlation results are consistent 

with a spin assignment of 1,3 or 4 for the 2.55-MeV level. The strong 

2.55-MeV ground-state gamma transition leads to an unambiguous assign-

ment of 1 for this level. No definite parity assignments can be made 

since the log ft value of 7.2 can be interpreted as corresponding to 

either a first-forbidden or allowed transition. 
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The absence of a ground state gamma transition for the 2.71 

MeV level indicates that the spin of this state is greater than 2, 

while the log ft value of 7.2 for the beta transition ~7 requires that 

the spin be less than 5. A spin of either 3 or 4 is consistent with 

the 0.645- 2.06 MeV angular correlation. The 0.898- 1.17 MeV correla-

tion can be interpreted on the basis of a 3-2-2 and 4-2-2-spin 

sequence. If a spin of 4 is assumed for the 2.71 MeV level, then the 

values of the A2 and A4 coefficients are A2 = 0.0736 and A4 = 0.00017 

for the case of the 1.17 MeV gamma ray being pure quadrupole. In 

order to obtain agreement with the measured correlation, a large 

admixture of octupole radiation is required. In the case of the 3-2-2-

spin sequence, the coefficients are A2 = -0.093 and A4 = -0.001 for a 

multipolarity of the 1.17 MeV gamma ray of 99% quadrupole, 1% dipole. 

It is felt that the spin 3 interpretation is the most likely since 

quadrupole-dipole competition occurs frequently. Strong competition 

between quadrupole and octupole radiation would be more likely in the 

case of M2(E3) than E2(M3). This would require that the 2.71 MeV 

level be 4-, in which case the beta transition ~7 would be second 

forbidden and the log ft value would be much higher than 7.2. It 

should be noted that even with the spin 3 interpretation, the theoreti-

cal value of the A4 coefficient is in disagreement with the measured 

value by 1.5 standard deviations. 

It is necessary to conclude, therefore, that the 0.898- 1.17 

MeV correlation data contains a systematic error most probably due to 

residual interference from Compton-Campton adding. The magnitude of 

the theoretical A4 coefficient (-0.001) is sufficiently small as to 

indicate that the measured value would be substantially altered by any 
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interference. The much larger A2 coefficient would not be as sensitive 

to any extraneous contribution to the correlation. 

The fact that the 1.17 MeV gamma ra;y is almost pure quadrupole 

for this spin 'sequence requires that this level have eyen parity. In 

summary, the interpretation of 3+ for the spin and parity of the 2.71 

MeV level is the most consistent with the angular correlation measure

ments together with the branching ratios of the beta and gamma 

de-excitation modes. 

Since the 1.66 MeV level does not decay to the ground state, 

the spin of this level must be either 0 or greater than 2. The popu

lation of this level by the 1.06 MeV gamma ray corresponding to de

excitation of the 2.71 MeV level indicates that the assignment of spin 

zero is unlikely. The 1.01-1.0' MeV correlation was analyzed on the 

basis of spin sequences 3-3-2 and 3-4-2. Only the 3-4-2 spin sequence 

can account for this correlation and requires that the 1.06 MeV gamma 

ray be approximately 99.5% quadrupole and the 1.01 MeV gamma ray be 

approximately 97% quadrupole and 3% octupole. On the basis of these 

facts, a spin and parity of 4+ is proposed for the 1.66 MeV level. 

The spins of the 2.71 MeV and 1.66 MeV levels are shown in 

brackets in the decay scheme. Although these values are consistent 

with the data, it is felt that they are not adequately· proven. The 

possibility of residual interference in the sum coincidence data 

introduces an uncertainty in the in·terpretation of the data. In 

addition, in order to remove ambigui-ties of interpretation in the case 

of the 1.01 -1.06 MeV correlation, only spin sequences whicJh appear 

physically reasonable were considered. 
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On the basis of these spin and parity assignments and the 

systematics of log ft values in this region, the most likely degree of 

forbiddenness of the beta transitions observed is given in Table XI. 

Similarly the multipolarity of the gamma transitions identified is 

summarized in Table XII. 

7.3 Interpretation of the Results 

Some properties of the Ce142 nucleus may be understood within 

the context of the considerations outlined in Chapter I. It must be 

stressed that this interpretation is at best only semi-quantitative. 

Since the information about this nucleus in particular and about this 

mass region in general is not complete, perhaps this is all that is 

justified at this time. The (N,Z) configuration for Ce142 is (84,58) 

so that there are one pair of neutrons and four proton pairs outside 

the respective closed shells. In this discussion we will ignore any 

possible interaction between extra-core neutrons and protons. Sheline 

(69) has published a recent survey of nuclear deformations; from the 

systematics presented, it would appear that collective deformations do 

not occur until the neutron number exceeds 88. The transition from 

spherical to deformed nuclei is reflected rather dramatically in the 

152 152 ( ) level structures of 64Gd88 and 62sm
90 

70 • The evidence suggests 

that the equilibrium shape of 58ce~t2 is spherical. Such an inter

pretation is consistent with the remarks of Belyaev (17) and Mottelson 

(15) and indicates that the stabilizing influence of the pairing 

correlation is greater than the polarization effects for this nucleus. 

The magnitude of the pair binding for neutrons and prot;ons, 

1::. and 1::. respectively, can be estimated from the A = 142 mass 
n P 
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TABLE IX 

Probable Character of La142 Beta Transitions 

Beta Group E~(MeV) Type 

131 4.49 First-Forbidden (lfD.ique) 

132 3o85 First-Forbidden 

133 2.98 First-Forbidden 

134 2.31 First-Forbidden (Allowed) 

135 2.11 First-Forbidden (Allowed) 

136 1.98 Allowed (First-Forbidden) 

137 1.79 First-Forbidden (Allowed) 

138 1.23 Allowed (First-Forbidden) 

139 0.87 Allowed 
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TABLE XII 

Probable Character of Prominent La142 Gamma Transitions 

E (MeV) 
'Y 

Mu.ltipolarity Type 

0.645 Quadrupole Electric 

0.898 Dipole (Quadrupole) Magnetic (Electric) 

1.01 Quadrupole (Dipole) Electric (Magnetic) 

1.06 Quadrupole (Dipole) Electric (Magnetic) 

1.16 Quadrupole (Dipole) Electric (Magnetic) 

1.74 Dipole (Magnetic) 

1 •. 91 Dipole (Electric) 

2.06 Dipole (Magnetic) 

2.41 Quadrupole (VJ.agnetic) 

2.55 Dipole (Electric) 
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systematioa as presented by Dewdney (5) and from the deuteron stripping 

results of Fulmer et al (71). The separation between the odd-odd and 

even-even mass parabolas for a given even A isobaric system, DEe' is 

the sum of the neutron and proton pairing energies. 

(1) 

The odd-A masses also tend to lie on two slightly displaced parabolas. 

If the proton pairing energy is larger than the neutron pairing energy, 

the masses of the odd-neutron nuclides lie on the lower parabola, 

while if the neutron pairing energy is the larger, the odd-proton nuc-

lides lie on the lower parabola. In this case the separation is 

(2) 

As pointed out by Dewdney (5), DE u1creases in the A = 90 and A = 142 
0 

region, indicating a reduction in neutron pairing energy with respect 

to proton pairing energy. For A = 142, his results give 

6E = 2.22 + 0.06 MeV and for A = 143, 6E = 0.479 + 0.02. This leads 
e - o -

from (1) and (2) to pairing energies of approximately ~p = 1.4 and 

D. = 0.87 MeV. n 

As discussed by Cohen (72), the cross sections for (d,p) and 

(d,t) reactions are closely related to the u. 2 and v. 2 defined in 
J J 

Chapter I. The probability for the capture of a neutron with final 

state (j,m) is proportional to the probability that the orbital be 

. d . u 2 
unoccup~e , ~e. . • 

J 
The investigations of Cohen lead to information 

about the position of the 

distribution coefficients 

single-particle states £ . - A., and the 
J 

2 2 
U. and V . • From these values and. the 

J J 

equation relating them to D. given in Chapter I, Cohen obtains 

~ = 0.72 NeV. This value is reasonably consistent with the estimates n 

based on the A = 142 and 143 mass systematics. Since it has been 
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obtained from a specific study of this nucleus, the value of ~ = 
n 

0.72 MeV is probably more applicable to this discussion. This would 

imply that ~ ~ 1. 5 to maintain consistency with the A = 142 mass data. 
p 

From these results, one can conclude that the energy gap for 

intrinsic neutron excitations is approximately 1.44 MeV, while that 

for proton excitations is approximately 3.00 MeV in Ce142• It is 

therefore to be expected that most of the particle levels populated 

in the beta dec~ will correspond to intrinsic neutron excitations. 

Since Ce142 is apparently a spherical nucleus, a description of the 

particle motions based upon the shell-model orbitals is appropriate. 

Recently, Cohen (73) has published an extensive survey of the relative 

positions of the single-particle neutron states. Kisslinger and 

Sorensen (74) have also obtained evidence for the relative spacings of 

proton levels. The results for this region are indicated in Figure 44. 
141 The single-particle neutron states are based on the results for Ce • 

--------- ~1/2 

0.2 

0 

( 141) Neutron States Ce FIGURE 44 Proton States (Pr141) 

There is no evidence on the i
13

; 2 state in this region. This state is 
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predicted from the shell model to lie near the middle of the N =- 82 

and N = 126 closed shells. The only definite information on single-

particle proton states is that the g
7
; 2 and d

5
; 2 states are closely 

spaced. 

The residual interactions, in particular the pairing correla-

tion, lead to considerable configuration m:ixing so that the actual 

nuclear states are distributed over the shell model states. Cohen 

(71) 
142 -

has determined the ground state wave function for Ce to be 

(Cel42) = (0.73)1/2 f~/2 + (0.11)1/2 p~/2 + (0.05)1/2 

2 )1/2 2 ( )1/2 2 
f5/2 + (0.017 pl/2 + 0.087 h9/2 

for the neutron configuration. The proton configuration might be 

expected to be an admixture of (g
7
; 2) and d

5
/ 2 configurations. Because 

of the greater proton pair binding, it is felt that proton excitations 

will not play a significant role in the low-energy level structure. 

The intrinsic neutron excitations give rise to a level spect:nm some-

what as indicated in Figure 45. The configurations designated as, for 

example, f
7
; 2 p

3
; 2, indicate only the states with largest; distribution. 

coefficients vj2• 

Of course, the actual energies of the intrinsic levels will be 

perturbed by the quadrupole interaction. In addition, when the 

vibrational energies hw2 and hw
3 

are of the same order as ~n' then the 

separation of collective and intrinsic motions is no longer a good 

approximation. The levels must be interpreted as hybridizations in 

which the collective levels are distributed over the intrinsic 

states. 
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The 21+ state at 0.645 MeV can be interpreted as the one-phonon 

quadrupole vibrational state. This level appears well below the 

energy gap and can only correspond to a collective mode. Such an 
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interpretation is confirmed by the Coulomb excitation results (75). 

These results show that the reduced matrix element B(E2;21 ~ 0) is 

enhanced by a factor of ten over the single-particle estimate which can 

be explained as arising from collective effects. 

The second 22+ state at 1.54 MeV can possibly be connected with 

three distinct excitations; the two-phonon quadrupole vibration, the 

intrinsic excitation with configuration (f7; 2)2 in which the angular 

moment are coupled to a value of 2, or the f
7
; 2 p

3
; 2 configuration, 

for which the lowest energy state is expected to be 2+. Some con-

elusions regarding the nature of this state may be drawn from its de-

excitation propertieso The angular correlation results indicate that 

the 22--+ 21 , 0.898 MeV transition fs almost pure Ml. The two-phonon 

state would de-excite primarily by an E2 transition. Coulomb exoita-

tion studies (68,75) have been carried out for incident energies 
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sufficient to excite this level with negative results. It is therefore 

extremely likely that this level is different in intrinsic structure 

from the ground state. In terms of the shell-model orbitaJ.s, the Ml 

selection rule requires that the initial and final states have the 

same orbital angular momentum, while for E2 transitions, 61 = 2. If 

it is assumed that the 22-state is primarily f 7/ 2 p
3
/ 2 ' then the 

2
2 ~ 21 transition arises mainly from the change in state of the p

3
; 2 

neutron. The transition elements are outlined in the scheme shown in 

Figure 46. It is assumed that the intrinsic states for the collective 

level are the same as for the ground state 

E2 

_/_L 

FIGURE 46 

The mixing ratio is given approximately by 

T (E2) sp 

T (Ml) sp 

where T are the single-particle transition probabilities. This sp 

equation gives a value of 0.009 compared to the single-particle esti-

mate of 0.0015 and the collective estimate of 40-60. The measured 

value is o.oo64 ± 0.002. The systematics of Ml-E2 mixing ratios for 

the 22 ~ 21 transitions has been reviewed recently by several authors 

(76,77,78). Potnis (78) observes that the mixing ratios lie near the 
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collective estimates near the central regions between neutron closed 

shells and decrease rapidly towards the single-particle estimate at 

the closed shells. In this mass region the reduction in 6 begins at 

approximately N = 90. This assumes significance when it is realized 

that this is the critical nucleon number at which spherical equili-

brium becomes unstable. In the context of this discussion, it is 

interesting to attempt to explain the variation. It would appear that 

for the transition nuclei, the 22 level is a mixture of the 2-phonon 

state and an intrinsic state. The degree of hybridization increases 

with neutron number and the state changes from mainly particle struc-

ture near the closed-shell to mainly collective structure at the 

critical neutron number. The increase in 6 with neutron number over 

the transition region could result from alterations in the V~ as 

collective effects become more pronounced. 

The ratio of reduced matrix elements for the 0.898-MeV and 

1.54-MeV transitions can be calculated from the mixing ratios and 

relative intensities. 

:B(E2;2
2 -+ 21

) = 0.38 
:B(E2;22 ~ 0) 

On the very simple assumption that the 21 and ground state have the 

same intrinsic structure and that there are no collective matrix 

elements 22 ~ 21 , one would expect this ratio to be unity. In the 

extreme case of the 22 double phonon state, this ratio is infinite 

since 22 ~ 0 is forbidden. The measured ratio appears to confinn 

the interpretation of the 22 state at 1.54 MeV as a predominantly 

intrinsic excitation mode with properties not unlike that of an 

f 7; 2 p3; 2 configuration. This interpretation, to be ogaplete~ 
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consistent, requires that the effective energy of the p
3
/ 2 single

particle state be reduced to 0.41 MeV in Ce142 as compared to 0.88 

IvleV in Ce141• 

The situation surrounding the 1.66 MeV level is interesting. 

Quite recently the Coulomb excitation of this level was reported b,y 

Hansen and N;d.lY'l· ) • These authors were unable to determine the 

angular correlation between the incident alpha-particles and the 1.01 

MeV gamma ray and so could not give a definite spin assignment. They 

also performed experiments on several other nuclides throughout this 

region in which they could make definite spin assignments. The final 

states populated in this region were found to have spins of either 3 

or 4, corresponding either to the one-phonon, 3-octupole vibration or 

the 2-phonon 4+ quadrupole vibration. On the basis of the energy 

systematics, they give a tentative assignment of 3- to this level. The 

angular correlation results of this study require that the spin be 4 

and that the level be identified quite possibly as the second quadrupole 

vibrational state. Purely from considerations of spin and parity, 

this level could also be interpreted as an intrinsic excitation, prob-

ably resulting from a change in coupling of angular momenta in either 

the (f7; 2)2 or f
7
; 2 p

3
; 2 configurations. On the other hand, the 

Coulomb excitation of this level can be considered as evidence that 

there is considerable collective structure in this state. With 

increasing energy, one would expect that the structure of the states 

could become relatively complicated. The vibrational energies are of 

the same order of magnitude as the particle energies so that the levels 

might display both collective and intrinsic properties to a varying 

degree. The only possible intrinsic structures that can explain the 
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level with spin 1 at 2,55 heV are the f 7/ 2 f 5; 2 and. f 7/ 2 h9; 2 confi.g~ 

urations" Such an interpretation would require that the energy of 

either the f 5/ 2 or h
9
/ 2 states be approximately L 7 HeV as compared to 

141 1.9 MeV in Ce , and that the parity of the 2.55 MeV state be positiveo 

There is some evidence that the 3+ level at 2o71 MeV corresponds partly 

to the three-phonon quadrupole vibration, since it de-excites to the 

L 54 MeV and L 66 HeV levels by E2 radiation,, 

The ground-state spin for La142 of 2(-) is consistent with an. 

r
7
; 2 d

5
; 2 configuration for the odd nucleons, The increased bicding 

n p 
for pairs in higher angular momentum states tvould account for a 

reversal in the order of filling of the proton states g
7
; 2 and d

5
; 2 

which are so closely spaced" The proton ground state oonfigura·tion is 

probably (g7; 2)6 d5/ 2" The r 712 d5; 2 configuration in Pr
142 

has as its 

lowest state the 2(-) configuration~ 
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