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RE'suEl 

The matter presented in this thesis is the author's 

attempt to study the properties of nuclear excited states and 

the radiations emitted by some radioactive nuclei by beta-gamma-

gamma angular correlation method. The geometrical considerations 

for the mounting of the three detectors are suggested in order to 

make angular correlation method feasible for experimental studies 

of the radiations from radioactive nuclei. A few radioactive 

isotopes have been studied. A survey of all angular correlation 

data have been made and analysis of (2' ' 2') gamma-transitions 

in even-even nuclei are presented to get additional insight into 

the structure of the excited states. The thesis has been divided 

into the following chapters. 

2112TER-I 	INTRODUCTION 

The importance of angular correlation technique has been 

given. The main advantages of triple beta-gamma-gamma angular 

correlation over the double angular correlation are summarized. 

CHAPTER-II 	THEORY OF DIRECTIONAL CORRELATION 

The outlines of the theory of angular correlation have 

been given. The theory has been extended to the cascade of three 

radiations. The general formula for the angular correlation 

coefficients with the geometrical considerations for the mounting 

of the detectors has been suggested. The triple angular correla-

tion function has been simplified which could be readily applied 
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for the analysis of the angular correlation data. 

CHAPTER-III 	EXPERIMENTAL  SET-UP FOR THE STUDY OF THE 

CASCADE OF TWO AND THREE RADIATIONS 

The electronic set-up for coincidence and angular correla-

tion studies for the cascade of two and three radiations is given. 

Details of slow and fast coincidence circuits, vacuum chamber 

alongwith the source stand, for triple correlations are given. 

The assembly is illustrated in block diagram. 

CHAPTER-IV 	BETA,GAMMA,GAMMA, ANGULAR CORRELATION STUDIES 

OF THE RADIATIONS FROM THE DECAY OF R 103 

Beta-gamma-gamma directional correlation studies for the 

cascades (i) 0-rays of Emax  120 keV -■-)e -rays of 557 keV -y-rays 

of 53 keV and (ii) 0-rays of Emax  210 keV 	rays of 444 keV 

y - rays of 53 keV have been made. The spin values for the 93—, 

537- and 650- keV energy levels in Rh" are deduced and the most 

suitable values are 9/2, 5/2 and 7/2 respectively. It is also 

concluded that 444 keV gamma-transition is pure quadrupole and 

557 keV gamma-transition is the mixture of dipole and quadrupole 

with mixing ratio 'V (between 0.1 to 0.25) 

CHAPTER-V 	BETA-GAMMA,GAMMA.ANGLIAR CORRELATION STUDIES OF 

THE RADIATIONS FROM THE DECAY OF  Evasuptil 
STUDIES OF  THE NEGATIVE PARITY STATES IN Gd152  

Beta-gamma-gamma angular correlation studies are done for 

the radiations from the decay of Eu154  and Eu152 for the followino. 
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cascades (i) p-rays of Emax  590 keV-y - rays of 1278 keV-'y -.rays - 

Of 123 keV and (ii) p- rays of Emax  360 keV-*y -rays of 779 keV 
- rays of 344 keV. The angular correlation coefficients thus 

obtained are analysed and spins of the excited states and multi-

polarities of gamma-transitions are determined. Amethod for the 

estimation of the mixture of dipole quadrupole 4. octupole for 

triple angular correlation coefficients is also given. 

CHAPTER-VI 	NEGATIVE PARITY STATES IN Nd1 44  AND MILTIPOLABITY 

OF GAMMA.-.TRANSITION FROM 1 TO 	STATES BY BETA, 
GAMMAk-GAMMA,ii-NGELAR COR.RETIATION METHOD 

Some of the low lying states in many isotopes (Nd144,Sm148, 

Gd152 and Gd156) show a similar typical behaviour. The first 2 

is regarded as a single quadrupole phonon state and 3-  as a 

single octupole phonon state. The levels with the spins and 

parities of 1-, 5-, 3-, 4-  etc. are considered due to the 

simultaneous excitation of quadrupole and octupole phonons. If 

this consideration is correct, then the transition from J-  to 2
+ 

states must contain an appreciable E3 content. 

The beta-gamma-gamma angular correlation coefficients for 

the cascade of p-rays of Emax  800 keV -Y... rays of 1489 keV - 

y -rays of 696 keV are used to estimate E3 content in El transi-

tion in Nd144 and estimate is also made for other nuclei pm148, 

Sm152 and Gd156j by gamma-gamma angular correlation data. 
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CHAPTER-VII 	STUDY OF THE DOUBLET111128  AND 113 4-keV 
LEVELS-IN Pd 0  FROM THE DECAY OF 30sec Rh106 

BY BETA-GAMA,GAMPLA. ANGULAR CORRELATION METHOD 

The beta-gamma-gamma angular correlation for the cascade 

of p-rays of Emax  2400 keV y -rays of (622 + 616) keV -y -rays 

of 512 keV has been carried out to study the doublet at 1128- 

and 1134- keV levels in Pd106 from the decay of 30 sec Rh106. 

The branching of two beta-groups (pi  and p2) to these levels 

is determined and the percentage of former is < 5 percent that 

of the latter. The spin values are confirmed as 0+  and 2+  for the 

1134 and 1128-keV levels. 

CHAPTER-VIII A. METHOD FOR THE DETERMINATION OF A2, THE 

ANGULAR  CORRELATION COEFFICIENT  BY BETA__ 
GAMMA-GAMMA  ANGULAR CORRELATION STUDIES  

A method of beta-gamma-gamma angular correlation has 

been tried to obtain At , the angular correlation coefficient 

tbic s  particle parameter terms in triple angular correlation 

are included. A. typical case of the decay of Tb160  to 
Dy160 is  

given for the cascade of n-rays of Emax  566 keV —y —rays of 
298 keV -P.)/ -rays of 966 keV. The results obtained by this triple 

angular correlation method are compared with those obtained by 

beta-gamma angular correlation method. 
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CHAPTER-IX 	SYSTEMATICS IN E2 /M1 MLITIPOLE MIXING RATIOS  
 

OF (2: 	2'
4  
) GAMMA-TRANSITIONS IN EVEN-EVEN 

NI LEI 

Expt. and PcIpt * angular correlation coefficients for the '2 	4 

cascade 2+ - 2
+ 

0
+ 
for almost all the even-even nuclei have 

been collected and reanalysed to calculate the amplitude mixing 

ratios (6) for 2
'+ 

- 2
+ 

gamma-transitions. There are two methods 

for analysing the data viz . Arns and Wiedenbeck method [Phys. 

Rev.111, 1631 (1958)] using A2  values or A4  values and that of 

Coleman [Nucl. Phys.5,  495 (1958)] using A2  and A4  values. The 

phases and values which are common in both the analysis, are 

taken for the analysis. The plot of ln
I 
 1 versus mass number 

(A.) is given alongwith the values predicted by Greiner's model 

( 74) and that of Krane ( 73), Many systematics obtained in the 

values and phases of 6 are presented. 
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I 
CHAPTER-1  

INTRODUCTION: 

The directional correlation studies between successively 

emitted gamma-quanta from radioactive nuclei are particularly 

most informative in assigning the spin values of the excited 

energy levels and the multipole orders for the gamma-radiations. 

The experiments far the study of directional correlation of success-

ively emitted nuclear radiations have been performed by using the 

coincidence technique. 

The first theoretical study of the angular correlation of a 

cascade of gamma-rays as given by Hamilton (1) has proved to be a 

valuable tool in nuclear spectroscopy. Utilizing the angular 

correlation technique, the properties of the emitted radiations 

were first investigated by Dunworth (2) and then Brady and 

Deutsch (3). The large number of papers and review articles that 

have appeared, have either been important in the development of 

the field or contain essential information. The early angular 

correlation experiments and an elementary formulation of the 

theory are reviewed by Deutsch (4) and by Frauenfelder (5). 

Biedenharn and Rose, in one joint (6) and two separate contribu-

tions (7,8) have treated the complete theory of angular correla. - 

tiona. Devon and Goldfarb, in their Encyclopedia article (9) give 

a comprehensive discussion of the theory and experiments pertaining 

to cascade correlations and to angular distributions in nuclear 

reactions. A brief introduction to the theory of gamma-gamma 

angular correlations and a description of corresponding experiments 
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is contained in a survey by Deutsch and Kofoed-Hansen (10). The 

experimental aspects of angular correlation are summarized by 

Frauenfelder (11). 

The incentive for this rigourous theoretical development 

has come from the remarkably rapid improvement in the technique of 

studying angular correlations. A major step in this direction was 

the introduction of the scintillation counters and big size Ge(Li) 

detectors into the angular correlation work. The scintillation 

counters have three major advantages; high counting efficiency, 

speed, and energy sensitivity. The development of fast electronics 

at the same time permitted full use of these three properties. The 

improved experimental technique combined with efficient scintilla-

tion counter makes angular correlation studies a powerful tool with 

wide scope for the investigation of the properties of the excited 

states of the nucleus and radiations emitted. The theoretical 

interpretation of the experimental data is greatly facilitated by 

the compilation of many useful tables of algebraic functions. 

The theory of beta-gamma angular correlation was developed 

by Falkoff and Uhlenbeck (12). Their theory had some limitations 

'which were later removed by many investigators (13). The expression 

generally used for 0 (allowed)-y-directional correlation was given • 

by Morita (14). For allowed 0-transitions, neglecting higher order 

effects, beta-gamma directional correlation is isotropic. 

Biedenharn, Arfken and Rose (15) have extended the theory 

of angular correlation between the radiations involved in the three 

successive nuclear transitions. It is applicable to the case of 
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three successively emitted radiations as well as to the case in 

which one of the emission process is replaced by an absorption 

process. 

They have treated angular correlation between radiations 

involved in the first and third transitions with the intermediate 

state unobserved. Ferguson (16) has outlined some possible triple 

angular correlation studies in which all the three radiations are 

detected. The interest for doing such complicated angular correla-

tion is its advantage in the identification of the nuclear states. 

The usefulness of triple coincidence and angular correlation 

studies may be seen by comparing it with double correlation study. 

They are as following: 

(i) Additional confirmation of the decay scheme is obtained 

by beta-gamma-gamma studies. 

(ii) Cascade of three radiations can be separated for angular 

correlation studies in a complicated decay scheme consis-

ting of many cascades of two radiations. 

(iii) Compton backgrounds of other unwanted gamma cascades in a 

gamma-gamma angular correlation study are angle dependent. 

Therefore there is a need of the correction for the unwanted 

gamma-cascade which is difficult to estimate in a complica-

ted decay scheme. This is completely eliminated (or reduced 

to the minimum). 

	

v 
	

Many possible permutations of spin assignments to the 

excited energy levels can be minimized by triple angular 
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correlation studies as compared to gamma-gamma angular 

correlation studies. 

(v) 	The value of '8', the multipole mixing ratio of gamma- 

transition can be determined by the directional correlation 

study for the cascade of three radiations as is done in a 

study for the cascade of two radiations but the uncertainty 

in the sign of '6' (when 'E' is determined for the middle 

gamma-transition of the cascade of three 'radiations) can be 

removed in triple directional correlation study. 

Angle function for triple correlation is given by Ferguson 

(16) as: 

	

/
/
2 k1+k 2-k3 	 N3 (! 	ETC 1=(410 

3
- Pk1k2k3 	2, 3) 	k1k2k3 	N N N 	

( 1) 
1 2.3 

, n 	 , 
<k N k N lk N > Y 	) 	) Y .)( 1 1' 2 2 3 3 	ki

, 
 1 	k2 	k3 

whereili  -92 313  are the directions of first, second and third 

radiations. It is assumed that the excited states have definite 

parities so that k1 ,k2  and k3  are even. If k1 ,k2  and k3  are restri-

cted to <4, then fifteen angle functions with k1k2k3  = 000, 022, 

044, 202, 220, 222, 224, 242, 244, 404, 422, 424, 440, 442,444 

are obtained giving, in general fourteen constants. These constants 

can be minimized by certain restrictions on .SLI  sig2  and9( 3 . The 

simple restrictions which are experimentally feasible, area1=0 

i.e. 81  = 0 and (1)1  = 0, 02  or 03 is 90°  and 1)(42  -03 ) is 90°  or 

180° . With these restrictions, the function becomes. 
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Pk
1
k
2
k
3 

( 
' 1' 2 ' 3

) 	E 
- k  akik2k3kk

(Cose) 

The ak k k k 
are the coefficients giving the restrictions and 

-1 	3 
is the angle of the movable detector. 

In triple angular correlation study, following two types of 

the mountings of the detectors can be considered. These mountings 

are discussed in the present work. 

Ci) 
	

All the three detectors are mounted in the plane of the 

table. Two of them are fixed at right angle to each other 

and third detector is movable in the opposite quadrant of 

the detectors. All the three detectors are equidistant from 

the source at the centre. 

ii) 	Two of the detectors are in the plane of the table and 

third is perpendicular to the plane of the table. One of 

the detectors in the plane of the table is fixed while the 

other is movable. The source is kept at the centre equi-

distant from all the three detectors. 

In the present work, the radiations from the decays of a 

few radioactive nuclei i.e. Ru
103

, Eu
152 

and Eu154, Pr
144

, 	
106 

and Tb
160 

have been investigated by the method of beta-gamma-gamma 

angular correlation studies. The choice of the nuclei was deter-

mined. by their availability from Bhabha Atomic Research Centre, 

Trombay, Bombay, the only place to produce radioactive isotopes in 

India and was thus random. But still then, usefulness of this 

method of beta-gamma-gamma angular correlation has been tried and 

results have been obtained. Some of the important considerations 
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for the method of beta-gamma-gamma correlations are: 

(i) Will it be possible to rule out many permutations of spin 

assignment for the excited levels ? (Decay of Ru103) 

(ii) Can we separate certain gamma-cascades in complicated decay 

scheme and get information which otherwise was difficult to 

obtain ? (Decay of Eu152  and Eu154) 

(iii) Will it be possible to ascertain more informations regarding 

the multipolarity of gamma-ray transition if gamma cascades 

are separated ? (Decay of Pr144) 

iv) Will it be possible to separate two beta groups of close 

energies producing doublet or doublet formed, may not be 

due to the beta decay but formed by cascade of gamma-transi-

tions from higher excited states ? (Decay of Rh106) 

Are we in a position to determine the higher order effects 

in allowed beta-transitions ? (Decay of Tb160) 

qvlultinolarity i  of gamma-ray transition is important in all 

angular correlation studies. Therefore a survey, of all angular 

correlation data have been made but results and analysis of 

(2 -6 2) gamma-transitions in even-even nuclei are presented to 

understand certain systematics. 
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CHAPTER-2  

THEORY OF DIRECTIONAL CORRELATION 

2.1 INTRODUCTION 

Directional correlation is a valuable tool for the 

determination of the spins of the nuclear excited states and 

multipolarities of gamma—transitions. In general the radiations 

observed from the randomly oriented nuclei are isotropic and 

an isotropic radiation pattern can be observed only from an 

ensemble of nuclei which are not randomly oriented. Anisotropic 

distribution of radiations can also be obtained by picking out 

only those nuclei whose spins happen to lie in a preferred 

direction. We can realize this if the nuclei decay through 

successive emission of two radiations Ri  and R2. We observe 

the radiation say R1  in a fixed direction K1  and study the 

distribution of R2  with respect to the direction Ki of the 

first radiation. Then the succeeding radiation R2  shows a 

definite angular distribution with respect to K1. 

The relative probability W(0)dg that the second 

radiation R
2 is emitted into the solid angle dg at an angle 0 

with respect to Kl, is of interest. The theoretical expreSsion 

for the correlation function W(0) for two successively emitted 

radiations has been worked out by many investigators (13). 
We write down the main points of the theory for the cascade 

of two radiations and then extend it to the cascade of three 

radiations and for beta—gamma—gamma angular correlation 
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2.2 THEORY OF DIRECTIONAL,CORRELATION FOR. THB 
CASCADE OF TWO RADIATIONS:_ 

We derive the directional correlation function 

W(f1,72). Where Wq1, K2)d Qidg 2  is defined as the 

probability that the radiations Ri  and R2  are emitted 

. successively in the directions K1 and '2-2 respectively into 

the solid angles d Qi  and d Q2. The angular correlation 

function is derived by making use of the concept of density 

matrices. 

(i) DLNSITY MATRIX FORMULATION:— 

Let us assume that the eigenstates of some operators 

form a complete orthonormal set Im>. Assume that we have a 

system in a pure state In> which is the function of spin 

quantum number a, can be expressed as 

In> = 	a„Im> 	 (2.1) m  

The expectation value of an operator F is given by 

<Win> = E 	a* , a 	<111 1 1F1m> 
m;n nm nm 

In angular correlation studies, we are dealing with a 

group of nuclei in a various states and these nuclei behave 

independently of each other. This system must be given by an 

incoherent set of pure states In> with weight gn. The expecta-
tion value of operator F for this system is then obviously 

<F> = 	g <nIFIn> 
n n  

=E 	gnaL, anm  <milF1m> 
n,mlm 

(2.2) 



These coefficients (gnailm,anm) describe the state completely. 

We define the matrix element of a density operatorf by 

<mip kmt> = E g a* a 
n nm nm 

Then 

<F> = E 	p tint> <to lin> 
in t mr 

<F> = Tr( f' F ) = Tr(FP ) 	 (2.3) 

<mlf)lm'> is the density matrix. If the states In> are not 
Tr(PF) 

normalized, then <F> = 	. The density operator of a 

state can be defined in a Dirac notation as 

J)=--  E in> gn  <n1 	 (2.4) 

The probability of finding the pure system In> in 

the state 1m> which is described by the incoherent superposition 

of states In> is 

P(m) = <mil im> 

Assume a transition from level A to level B. Let 

a, a'..... set of quantum number describing the eigenstates of 

level A. The operator H inducing the transition from the levels 

A to B is assumed to be linear but it does not have to be 

Hermitian. 

Adjoint H* of H; 

= <i1l-111f> 

If> = Hli> 	<f f. <i1H* 	 (2.5) 

If> 
	H1a> 



1 0 
In general, the initial state of the system is described by a 

density operator 

Pl =E in> gn <n1 
	

(2.6) 

after the transition which is induced by H, the density 

operator in level B is 

fb = E Hir> gn <nIH* 
	

( 

Writing the matrix element in terms of lb> 

<blf%lbv> = TEI  <b1HIn> gli<n1H*Ibt> 

By applying In> = E la><aln>, we have 
a 

<1:141b1> a,E a' <bIHIa.><ain>gn<nla'><ailH*Ibt> 

E <b1HlaXa011a'><blIHIa'>* 
a,af 

(2.8) 

(ii) DIFECTIONAI CORRELATION FUNCTION AND DESCRIPTION 
OF THE PROCESS:- 

The angular correlation function li(fl ,f2) is derived 

by the density matrix formulation. Let us assume that the 

nucleus emitts radiations R1  and R2 in a cascade which is 

I. R1 I R2 	I . 

The density matrix pi  describes the initial state Ii  

while!{ (K1 ) describes the intermediate state which is the final 

state of the first transition but the initial state of the 

second transition. P(11 R2) describes the final state (nuclear 

ensemble 4. emitted radiation). 
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In order to derive the correlation function W(K 2
) 

we first consider the transition Ii--~- I. Applying equation 

(2.8) to this transition by putting a = mi, b = m, we obtain 

the density matrix for the intermediate state 

<mlf)(171)1mi> = Si E<miliilmi> <mil Pilmi> 
mi lmi 

X (mIllymp* 	 (2.9) 

The symbol S1 denotes summation over all unobserved 

properties of the radiations e.g., spin, polarization etc. 

The matrix element<miHilmi> stands for <Im 

c"I is the component of intrinsic spin of quantum of radiation 

field along K1 and H1 is the interaction operator for the 

emission of Ri into direction K1 with polarization 

Applying (2.8) to the second transition and obtain the 

density matrix for the final state by setting a = m, b = min 

<113f I .1) (iti,f2)1m1> 	S1 S2 E 	<mfIH2im> 
mm! 
m.,m! 

X <m t killml>* <ml1H21m'›* 	(2.10) 

Since the probability of finding the nucleus in the final 

state mf' while the two radiations R1 
and R

2 
are observed in 

the direction K
1 a

nd K2, is given by the diagonal elements 

off(Kl, K2) - 

Pf(mf) = <mf 1j)(iI,K2)(mf> 
	

(2.11) 

In a directional correlation experiment, we observe the 

final m
f states with equal efficiency and no distinction is 
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made between them. 

Therefore 

W(111' K2) = E Pf(mf)  mf 

<mf f)(11'K2)1mf' 
Mf 

(2.12) 

Using equation (2.10), the directional correlation function 

becomes 

W(K1, i2) .S
1

S
2 m vm 	

<mf  I H21m><milli  imi> 

m 

X <mr1Hilmi>* <mf 11-121m 7>* 

Rewritting the matrices in the following way 

<m1P(Ki) Imi> = Si  ;<mlymi>* S1 
 

(2.13) 

(2.14) 

and 

<mllf)(22)1m> = S2  E <mf1H2I-m> <midi-121ml >* 	(2.15) 
mf  

Therefore equation (2.13) is written as 

w(K1' K2)  = E t  <Im il) (21)  W > <mi ll)(K2)1 m>  tm   

Tr  )(2,1 ) f (R2 )1 	 (2.16) 

The (2.16) equation is valid only if the inte.mediate 

state after the emission of the first transition is not 

changed before the emission of the second radiation and the 

initial state is randomly oriented. 

We wish to exi)ress the density matrix <m1HImi> 

= <IMgcrIHII.m.>. This matrix element is represented in terms 

of the nuclear spin and the direction g and the polarization Cr 

of the emitted radiation. The transformation from the plane 
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wave representation <IZO- 1 to the angular momentum or spherical 

representation <LMnI is given by a unitary transformation 

E 	cri 1.314 ir> <IAM n I 	• 
	( 2.17) 

LMn 

Therefore we get 

<I m 	= E actLMn> <I m IMnIHII.m.> 	(2.18) 
i 	 1 1 

(If parity is conserved, the sum over it reduces to one term. 

For 0 transitions, parity is not conserved, therefore the sum 

over it can not be omitted.). In this equation, the first 

factor <RTILMn> describes the eigenfunction of the radiation R 

corresponding to the eigenvalues L, M and it of the operators 

of angular momentum, Z component of the angular momentum and 

parity respectively. The second factor, the matrix element 

<I m LMzt1H ~T imi> corresponds to the vector addition 	 tL, 

m.=m M. Thus we can express the angular part of the state 

<I m LMn1=7. <Im I<LMnI in terms of states <I! m 1.1 

<I m LMn 1 H I Iimi> =
T .mf 

<I 
i 

j- 	i 

Applying Wigner—Eckart theorem to 

We get 
I' —m' 	0 

. (-1) i 	i 1 1 	1 1 

X<I'iliH(L,n)II Ii> 	(2.19) 

Therefore <I m LMnIIIII.m.> . <I m LMII.m.> 

X <I I ILzI Ili> 	 (2.20) 

on the right hand side of equation (2.20), the first term 
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<I m IMII.m

i  > is a Clebsch-Gordan coefficient (geometrical 

factor) and the second term <II ILni Il> the reduced matrix 

element of a scaler operator H, is a nuclear factor. 

'le apply the rotational matrix to equation (2.18) i.e. 

<IZcr ILMTC> = 1211  <0 g 	DMA
. :1'4 (z - 17) and replacing  the 

Clebsch-Gordan coefficients into Wigner-3J symbol, 

We get 

<mIHIm.> = E 	(-1 )
-I+L-m. 

I L I. 

M - m.  1  / 

x .<00-1Lrit><I I IL7c1 IIi  (2.21) 

According  to equation (2.21), the density matrix for the 

first transition is written as 

I.411  -mit 
<mir 	= S t Z 	t 	(-1) 	f I 	II

1 .
I
i 

mi  LIN  41 

t m M
1  -m. 

X <Om1 1li
11 /

11 ><I IlLinil  IIi>  D Z 
41) (_1)I 	Li- mi  

k  m' M' 

(I I, I. 1 

- 	 111/ (2.22) 

 
Kari' 14.1.1  Tri><I I 'Linn ly 	( z Dm ; 	 I -4 -1) 

Now applying  Clebsch-Gordan series after changing  DMZ), 

into D
( m)* 	

we get after some manipulation by setting "11.1 1  

L 
	

411 s 

( 

N1  = 	-M1 (mi-m ') -(mi-m) = m - pa' and Ti  = 	.1,1  

<mlf(171 )1&> = S1 E )21 -Ii+rn 
1r1it  k1n11 	 (2k

1 +1) 

1,11,117c1 



_. 	... 
X<IIILlicillId* D 1 ,,  ( -.. K i ) 

' 	N1 (1  

ki  
(2.25) 

X 
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X, 	... 
X<OTIlLirl 	 NTI(Z Ki ) 

(2.23) 

In this equation, some factors depend only on the properties 

of the particular radiation -emitted. To single out these 

factors clearly, we contract these factors into Racah 

radiation parameter Okt  which is defined by 

L: 
c (Lii) = s 	, 	1/ 

(2k+1) kr 	
[14.1 

<O olLMTO 

x<0crrivivivnt>4. 
	

(2.24) 

Now the final expression for the density matrix of the 

first transition becomes 

<miral)Imf> =Z  E 	E _ 	(-1) 	1. 	1  (2k 1)
1/2 2I—I.+m4.11' 

p 

XG, &it ,L 
 I 

(L1, I 	I 

m' —m 
• 

\ lc 1 
Nt 
/ 

I 

L' 
1 

c 
1 

I. 
1  

<I I IL/  itilly 

11,.; k N 

Similarly we obtain 

k —I —m—L' 	1/2 * 
<m'if Ct2)1m> . Z 	E 	(-1 ) 2 f 	2 (2k2+1) 	c T  (14  L l) 

2 2 . , L211 k2N2T2  

t 

I I k ,I I k, 
c  <If ilL2n2 11IXIf Il •IiIII>*D% 040) 

2 N L L' I 	 2 2 	' 2 
(2.26) 



I k 
<If 11112%211I›<IfIlL2n2III>* 

L' I 
2 

We now evaluate the directional correlation function 

W(Ki ,K2) in the following manner 

k-11,; —11% 
W(1 f ) = (-1) 	E 	E (-1) 	1 

k L
1 
L
1 1 2 

1,2L 

16 

X <I I IL1 ~1 I I Ii><I I 	ni I I Li>it Civzi (11.11)1 Ok,c2(112LpDr2 4172-171 ) 

(2.27) 

The rotation K2 — f1 carries the coordinate system of the 

second radiation R2 into that of the first radiation R1 . The 

properties of 6—J symbols lead to the condition for K. 

O< k < Min (2I, 111 #114 1 L241i2) 

andfor pure multipoles 

0 < k < Min (21, 2L1 , 2L2) 

For pure multipole radiations (Li = Li, L2 = 	the reduced 

matrix elements in equation (2.27) can be omitted and the sums 

over L1'1 L'
' L2 	2 

and L' all degenerate into one term. For mixed 

radiations, L and L' vary independently over the range of 

allowed angular momenta. 

In angular correlation experiments, we observe only the 

directions and not the polarization of two radiations Ri and R2. 

In tpis case, the angular correlation function W(0) independent 

of the Euler angles Yi and Y 2 which denote the rotation, about t 
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directions of propagation 21  and K2 . The independent of Y means 

0 and the radiation parameter CkT  (LL") is 

11-1 	1/2 	1/2 	1/2(L L t k 
Ck0(LL') = (-1) 	(2L+1) 	(2L'+1) 	(2k+1) 	1 -1 	0 

Ferguson (16) has defined Z coefficient which is written 

as 

A A A 
Z (11 ' I I 1, 1 1 	 .L ILI  

(2.28) 

Therefore the expression for W(e) can be written as 

I.-I -L 
W(8) 	E 	(-1)1 f 	

IZ111' 1L'I•I k)Z1  (L2 	' If  k) 
kL L'L L' 1 1 2 2 

x L1 'IL 	III> 

<If itl4q1II>* Qk(1) Q(2) Tk(Cos8) 	 (2.29) 

Where Qk(1) and Qk(2) are the attenuation coefficients for 

the first and second radiations. Introducing the multipole 

mixing ratios 

a 11L1  7t1 11Ii> 	 <I f 	2 2 IILI n'll I> 
1 	<IIILi ni ll Ii> 	

and 62 	
f l1L2  n2 11 I> 

The correlation function can be written as 

1.-I -L 
W(e) = E 	( -1 ) 	f 1 1 (Li I11,1 I;Iik) Z(L2IL I;Ifk) 

kL L'L L' 1 1 2 2 

X 8 r l 82  r2 Qk  (1) Qk  (2) Pk  (Cos 8) 
	

(2.30) 
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Where r
1 
is the exponent having values 0,1 and 2 depending on 

whether the term is of the ty)e 	(1,1L1) or (Is Li). e is 

the angle between the two radiations Ri  and R2  when the direction 

of R1  is fixed. 

2,3 EXTENSION TO THE CASCADE OF TH1-EE RADIATIONS:— 

Let us consider that nucleus decays through successive 

emission of three radiations R1,R2  and R3  into the directions 

f1' K2 and K3  Let 	
' 

I
i 

Ia' b and If  be the spin quantum 

numbers and mi, ma, mt  and mf  be the magnetic quantum numbers 

of the states. 

I,m. 1 1 

R1
(K

1 ) 
l
a'
m
a 

R3(23 )  

Let us compute R2  — R3  correlation using as Pi  the density 
matrix (k1 ) . From equation (2.10), setting mi  = ma, m = m 

We obtain the density matrix Pf(K
l' 2 ' K3 ) of the final 

state 

X <ma 4)(11 ) I mi a><m 	 ( 2 . 31 ) 
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Now we sum over m
f 

and obtain the triple directional correlation 

(m 'f = mf) 

W(f1;22'17  ) = S2 	
t

<Malf(1 1)1mia"mb 1112 1ma>  

P 
ma

M 
 a 

m
b 

m l
b 

X <m 'b 1H2Im i a>* <mbiP(23)Imib>  

= 	

a 

<rfla IP( )1roaxmarni  a rG(i 2)1mbm'bxtab if3(73 )Inir b>  
main 

 

m
b

m'
b 	

(2.32) 

The matrix elements <mairal)Im 'a> are given by (2.25)  and 

the <mb IRK3 
	b 
)Im '  > are obtained from equation (2.26) by 

 • 

substituting 3 for 2. and the coupling matrix G(K2) is given by 

<IMaM l agg2)90M 1-0 = $2<93 1 1-121Ma><E010 1H2In t a>* 	(2.33) 

This coupling matrix represents the unitary transformation 

expressing the evaluation of the state b from a, i.e. 

G(R 2 ) 

	> 

Substituting equation (2.21) into (2.33) equation and 

replacing Clebsch-Gordan coefficients into 3-J symbols, we 

obtain the explicit expression for the coupling matrix G(R2) 

k 21 
<mam'alGa2)1mbmtb> 

	
(_1) 2-13-142-m -m' aa+m2  

L21, 

	

1/2 * 	 I

b 

L

2 Ia\(Tb L2 a 	LI 

2 
X (2k2+1) 	Ck 0 (L2L2) 

2 	

1/110 "2 
a mLL 1(1 -m 

2 

ko  

X <IbIlL2n2IIIa> 	 DN'0 (Z 	112) 	(2.34) 

2 
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The equation (2.34) is substituted into (2.32) equation and 

again using Z1  coefficients as given by Ferguson (16) and 

Racah radiation parameters Gko(LL I ), introducing Gy and 

Pk1  k2  k3 (i
1K2!3 ) which are defined by Ferguson (ig), 

-  

L2 Ia 
L' I 2 a 
k2 k1 

X aa)2  

I +1b  -lit2  +1+ -4 (k2 k3 k1 )  = 	) a  

b L2 a 

2 	<L 	2  -1Ik 0> I 	1,2/ 2 3 2' 	 b 	a' 

3 k2 k1 

(2.35) 
and 

K i  
Pk1  k2  k3  (f1112113) - E <k1N1k2N2 ik3N3> DN 1o(Z Ki ) 

., 
X ION- 0 	- K2 ) DN)0(Z - K3 ) 

2 	 3 

We get 

(2.36) 

W(K1it2t3) =(-1) 	lE(-1)
L 1 

 1 1 ( 
r - Ib L 2 I 

X Gyp`  Ib 

k3 k2 1 
(2.37) k4 

With the summation over L iL1 L211 1139 k1  k2 .k3 . where 

muitipole mixing ratios are given by 

<Ia111,1 ni 	Ii  > 
81 

	

	
_______ 

,<Ia11111  ni  11 Ii  > 

<I I 	TO 1 	> 8 = b 2 2 	a  2 	<Ib  I1L2  7E2 11 Ia  > 

I L i  .1 k ) a 	a' i 1 

r r r 
1 '82 2(>3 3 Pk k i(c72'3 )  1 2 

( L3IbLi  ib;Ify 	
3 
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The D matrices in equation (2.36) are written in terms 

of the spherical harmonics by the relation 
f/2

-,DN10 (Z  - K1)  = (1i7T) 	Y'Nl 	K1) 	(2.38) 
1 	1 	k1  

The similar expression for the other D matrices can also 

be written. Therefore Pk1k2k3  (VA) can be written as 

3/2 

	

11)= 	
E <kN kN1kN>Pk1k2k3(1123 	 k k 	 )2 	11f2233 

3 
 

Y N 4 

	

Y 1(2 ... fl ) 	1-11,22 TJ 
-÷ C2.39) k k CI  - K2) 	

5 
(z 1 K3  

111, 122, 133, 144, 

333, 342, 344, 414, 

423, 432, 434, 441 and 443), Pk k k (K1K2K3 ) are not real. 
1 2 3 	' 

To make it real,we take ik1YZ1 	--171) as the basic function. 
1 

Using the properties of spherical harmonics and also replacing 

the angular position of the three detectors by al 	0
2  and 113 

we get as given by Ferguson (16), 

Pk k k (21IC2f) = (4n) 	( -1 )N3 
1 2 3 	k1 

k
2 

11/
3' 
2 	It/k2k3  

3/2 .k1+k2-k3 

N 	N 
X <k1N1,k2N2lk3N3> Yk1(741) k2  (2 f2) Yk3(2 - IT3

) 
1 	2 	3 

(2.40) 
and the sum will have 19 terms with (k1k2k3) =(000),(022),(044), 

(202),(220),(222),(224),(242), (404),(422),(424),(440),(442), 

(444),(624),(642),(644) and (844). 

2 

For ki  k2  k3  = odd integer (k1k2k3  = 

212, 221, 223, 232, 234, 243, 322, 324, 
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In these derivations, we have assumed a point source 

and point detectors but in practice, it can not be so. The 

detectors are of definite size and they substend finite solid 

angles at the source. In order to compare the experimental results 

with the theoretical calculations, it is necessary to apply 

solid angle correction. Angular correlation function is 

multiplied by the attenuation factors for each detector. 

Let1 ' :;?2  and 3 be the solid angles substended by the 

three detectors whose attenuation factors are Q(1), Qk(2) 

and Qic(3). The tables of these attenuation factors are given 

by Ferguson (16) and a computer programme is also made on 

the lines given by Rose (17). Including solid angle correction, 

the angular correlation function would be 

1  3/2 Ii+If  Li —Li+ki  
1/27 0 3)=--) 	(—) 	E(—) W( Qi °2 

GY{ 

I 	I, 

X 

	ibb  • 

li2 

2 
I  a 

L2 Ia  

k3 k2 k 

Z (L I 'I . k ) 
1 1aL  1a'

1
i1 

r1 r2 °, 3 c c(1) Qk(2) Li 	;I k ) 	62 	3 b 3 b f 3 

X Qk(3) Pki k2m3 	1 	2 	3 ) 
	

(2.41) 

With the summation over L L'L LI L' k k k 1 1 2 2 3 3 1 2 3 

2.4 TiBORY OF BETA- GAMMA. AND BETA-GAMMA-GAMMA 

DIitECTIONAL COREIMATION:_ 

(i) BETA-GAMMA.DIRhOTIONAL COliBELATION:- 

In beta-gamma angular correlation, an electron and a 

neutrino are emitted simultaneously and we observe experimentally 
the direction of the electron while the neutrino escapes 
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unobserved. The theoretical calculation necessitates an averagin5 

over all neutrino directions and over the spins of neutrino and 

electron. Inallowed beta-transition between the states of equal 

angular momenta, the Fermi and Gamow-Teller components 

contribute and two matrix elements <1> and <0›. If higher 

order effects are neglected, the beta-gamma directional 

correlation is isotropic. The beta-gamma directional 

correlation function, considering higher order effects is 

given by Morita (14). The beta-gamma directional correlation 

function is 

W(0) = (-1) 1  u  E 	bk(JJ)Zi(J Ia  J Ia; 

% r2 X Z1  (L2 
Ib2 Ib' .1 f  k2  j &2  Pk  (Cos0) ( 2.42 ) 

Where bk(JJ) are considered by Morita (14) which include 

higher order effects. 

(ii) BETA.GAMMA,GAMMA, DIRECTIONAL CORBEIJATIONt- 

According to equation (2.41), the directional correlation 

function for p (allowed)-1 	cascade can be written as 

3/2 Ii+If k, 

W( 	Q2 03) 	1  ) (-1) 	E (-1) bk(JJ) Z1  (JI J I .1 k ) a a/ i i 

	

2a 

I a 	k 	
r

c. 

o  r 
II2  ' 

3
) 8 	h 

2 u3 	(1) Qk(2)(/k(3)  

k2 
k 

X P
klk2k3

( I2 
 Q3) 
	

(2.43 ) 
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With the summation over JL 2L2L3L3k1k2k3 . If we neglect higher 

order effects in the allowed p—transitions, b2(JJ) and b4(JJ) 

are zero and b0(JJ) will not be zero. 

Thus 

w( 	S12 S1-3 
3/2 	 k, 

( 77) (-1) 1 	(-1) 1  bo(JJ) 

Ib L 2 I 

Zi(JIaJIa;Ii0) y 	lb  L'2  
a 	

(L I L' I -I 3 b 	b' 
k3 k2 k 

r3  
X 	6  6,,;  Qic (1(1) Qk(2) 	2.k k k (C21 Q 2 Q 3 )  2 	 1 2 3 

(2.44) 
With the summation over Ei2rip3L3 k1k2k3  

2.5 THE GENERAL FORMULA.  FOR ANGULAR CORRELATION COEFFICIENTS 
WITH THE GEOMETRICAL CONSIDERATIONS  FOR THE MOTETING OF 
THE DETECTORS. IN THE STUDIES OF TRIPLE CASCADES:— 

The function for angle in triple correlation function 

is given in equation (2.40) as 

3/2 k1+k 2—k3 N3  
Pk1k2k3( °1 Q 11  2 3 )--z (4n) 	^ 	A 2 — 	(-1)  - k1 k2 k3 	N1N2N3 

X <k1N1 lk2N21k3N3- yN1 	)   YN2(  	YN3    _ k   (   '   ,   _k  	2 )  	( ;2  ) 
1 	2  	"3 3  

	

The function Pk1k2k3(Q102Q 	can be simplified if one of the 

angles say 01  is zero i.e. 81  =0, (pi  = 0, then 

N 	N 
Yk1( Q1 ) = Yk

1(0' 0 ) 
11 _\ 

ki01 0 

- 7-7777 
IT) 



X Yk
2
( g

2
) Y

k 
( 3) 	 (2.45) 

3 
The spherical harmonics can be written in terms of the 

associated Legendre Polynomials 

N 	-N 

Therefore 
k

1
+k
2
-k
3 

(0 	). 	(-1 
Pk

1
k
2
k
3 

Q 2 ' 3 A A  2 	) < k10,k2N1k3N> 
k
2 
k
3 
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N. 	1/2(N+ 	) k 	(k -INI ) 1/2 	UNO 

	

A 	 2 

Yk(e.C11 )-- (-) 7472  Loc +1Nol Pk 0-;0-je 

• (2.46) 

Using equation (2.46), we can write equation (2.45) as 

k4*kn-k, 
(0 0 	= Z (2 -5NO)<k 0,k 

c
1
k
2
k
3
` 2 3 	2

2 
k
3 	

N>0 	
1 

3N> 

N 
x Xk °2'934) 

2"3 

(2.47) 

Where 1/2 

(k2  N)f,(k3-N)1  
PN  

....(k 2+N)1(k3+N)! 
X
k2k3

(0
2
,0(1))= k

2 
k
3 

x p
N 

(Cos03) Cos N 	 (2.48) 
k
3 

and (1)2  _ p3 	p 

The associated Legendre function with N even can be 

expressed in the form 

N 	 N 
P
k
(Cos 8) =t k fk,k Pk(CosO) 
	

(2.49) 

N 
With k < k' and even. The coefficients fk,k  for k' = 0,2 and 4 

are given in table I. 
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If we impose certain restrictions on 02  and 23, then 

it is feasible to do the angular correlation of triple cascade. 

The restrictions are summarized in table II. 

TABLE I 
N 

Coefficients f
kik 

for the expansion of the associated 
Legendre function 

k'N k= 	0 k= 	2 k 	= 	4 
.r- 

00 1 	0 0 

20 0 	1 0 

22 2 	—2 0 

40 0 	0 1 

42 2 	10 —12 

44 56 	 —80 24 

■11=0101.011111111.■•■ 

TABLE I I 

0°  is variable 

Geometry 0
2 03 (Pr (P3 

    

Al  

C l 
02 

0 
9 0o 

eo 

90°  

900 

900 

e° 

180°  

180°  

90°  
90°  

 

     

From table II, we see that (1) = 1)2  — (1)3  is either 90°  or 

180
o 

and angle 02(or 03 ) is fixed and 03(or 02) is variable. 
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Using these restrictions on 0 2  and Q3  after inserting 

equations (2.48),(2.49) in equation (2.47), we get for 

Pk k k (0 ' 2' 03) as 1 2 3 

(0' 	, st. ) 	a E 	Pk(Cos()) 2k ik2k3 	2 3 	k  k ik2 3k (2.50) 

Where i identifies the cases of the mounting of the detectors 

as given in table II. The ak1k2k3k  coefficients of P (Cos 0) 

are given by Ferguson (16). 

The directional correlation function for beta (allowed)— 

gamma—gamma cascade can be written as 

W(e) = E 
klk2k3k ak1k2k 	kkk P 3123 	

(Cos()) k (2.51) 

`Where 

akik2k3  

X Gy 

3/2 	I.+I 
1 	 f 	k, 

(---4 ) 	(-1) 	(—I) 	b0  (JJ) 1'  (JIa  JIa  Ii  0) 

L 2  Ia  

L 	Ia  ' Z(Ii3  Ib  L'I ;If  k3) ) , 	3 b '  
k2 k1 

2 	
3 clk )-1)  62 63 

X Qk(2) Cik(3) 	 (2.52) 

Let 

ak = ak1 k2.  k3  ak1  k2  k3  k 
	 (2.53) 

then 

W(0) = E akPk(Cose) 	 (2.54) 

In case, all the radiations are pure, then 12  = L2 and L3=I3  

and therefore r2  = 0 or 2 and r3  = 0 or 2. a0,a2  and a4  can be 
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calculated from equation (2.53) using equation (2.52). 

One can mount the detectors easily in two geometrical 

considerations i.e.,(i) In the first geometrical consideration, 

all the three detectors are in the plane of the table, referred 

as A
1 

and A2 geometries. In these geometries, the two detectors 

are fixed and are perpendicular to each other and third 

detector is movable. 

(ii) In the second geometrical consideration, the two detectors 

are in the plane of the table and third is perpendicular to the 

plane of the table, referred as Ci  and 02  geometries, The 

movable detector moves in the plane of the table. The 

detector which is fixed in the plane of the table, always 

detects the first radiation of the cascade. These geometrical 

considerations are shown in fig.24(a) and 2.1(b). 

If we neglect the higher order effects in the allowed 

p- transitions and consider only the allowed p- transitions, 
in this way we find the values ofcc 	coefficients which k k k 1 2 3' 
are given in table 



FIG.2.1 (b)  
GEOMETRIES  OF THE MOUNTING OF THE DETECTOR FOR TRIPLE 
COINCIDENCE AND ANGULAR CORRELATION STUDIES. R 'IF ARE 
FIXED DETECTORS AND M IS A MOVABLE DETECTOR  
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Geometry C2  

2 

,111•■•■•In. IRIVINOMOINI MMINGE.W■1 1•11,11•■ 

eM.111■Krel■■••■•• 

4 

0 1.00000 0 0 

0 —0.22361 0 0 

0 0.12500 0 0 
■••■•■•••MMIIMII. 	0.1.1.1• 

• ■•■••••401i0 	 ••■■•ima 

.111:•■•14,77 

Geometry It__  
k1k2k3 k = 0 2 

000 1.00000 0 

022 —0.22361 0 

044 0,12500 0 
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TABLE III 

Tables for .. where i stands for various geometries ak ik2k3K 

Geometry". Geometry A 
wiln• 	 wai• 

k1k2k3 k = 0 2 4 2 	4 

000 

022 

044 

1.0000 

0.22361 

0.06944 

0 

—0.44721 

—0.27778 

0 

0 

0.33333 

IINENNillyalW..■•■■••11• ...67,1MMS....INMYM....0•••■••■■• .......1.•■•■■■■=aier■O■.■■■••■•m...orwl* 

	

1.00000 	0 	, 	0 

	

0.22361 	—0.44721 	0 

	

0.06944 	—0.27778 0.33333 

ak ik2k3k is zero for k = 2 and k = 4 in Ci  and 02  

geometries, if we consider only allowed beta transitions. 

Therefore the beta—gamma—gamma angular correlation will be 

isotropic. This will not be the case if we consider the higher 

order effects in the allowed beta—transitions and there will 

be contribution from other (k1k2k3 ),,as given in equation (2.40) 

ak1k2k3k  is not zero for k = 2 and k= 4 in Al  and A2 
geometries for the allowed beta—transitions again from table III. 

Therefore there will be anisotropy in this geometry of mounting 

of the detectors. This has been taken in the present study. 
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2.6 THEORETICAL PLOT OP .i.OGULAR CORRELATION COEFFICIENTS 

VERSUS MULTIPOLE MIXING RATIO:- 

Let us consider the case when one of the transitions 

(say second) is mixture of dipole and quadrupole in the triple 

beta-gamma-gamma cascade taking the first to be allowed (3- 
transition and third transition to be pure. Therefore J = J/ 

and 13  = Z3 respectively and 

Ib 1
2 Ia 

Gy Ib  V2 Ia(  alongwith the 62  is written as 

k3 k2 k1 
Ib L 2 I 

GY Ib 12 Ia 
k3 k2 k1 

+262 
k2 	k 

2 
L2+1 Ia 62 GY 

L2 	Ia 
I10  12+1 

Ib 

k3 
 

1' 
k2  

(2.55) 

Considering the first term of the expression (2.55) in a, ic1k2k3 

W(e) = a0  + a222(Gos 0) + a4  P4(0039) 

Similarly putting second and third terms of the expression 

(2.55) in equation (2.54), the values of angular correlation 

coefficients a'0, a'2  and a' 4  and aj)' ,q and a4/ are obtained. 

Therefore W(e) is written as 

the equation (2.54) can be written in the form 

W(e) = Lao  + a2  22(Cose) +a4  P4(Cose)] +282  Fa(?)  + a.; P2(0080) 

+ a4 P4(Cus0) J + 821-2(e)/ 	P2(Coser +V4/  P4(Cose) j 	(2.56) 
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W(e) = 1+ A2P2(Coso) 	ALe4(Cose) (2.57) 
2 
8, 

The values of A2  and A4  (defining Q = 	) are 

+ 82 

a
2 
 + 28

2  a
l  + 8

2
2 
 al' 

2  	2 

a0 
 + 26 

a0 
 + 8777  

*2 	2 0 

or 
(1-Q) a2 	2rQ(1-Q) a2  + Cl a2, 

A2  = 

(1-Q) ao  + 21FTT*7-77 a6 +Q a6' 

and 	2 
A 	a4  + 262 	+ 62  a

4
! 

4 = a
o 
+ 28, a' + s2  a" 

2 0 '2 0 

or 
(1-Q)a4  

(1-Q)a0  ±21(71-Qra6 +Qa61  

For each value of Q, we shall _ get two values of A2  depending 

on (+) or (-) sign of square root. The typical curves are 

obtained framthe plot of A
2 versus Q. In a similar manner, 

the dipole-quadrupole mixture can also be considered in the 

third transition taking the other transition to be pure. 
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CHFT _ 

EXPERIMENTAL SET-UP FOR. THE STUDY OF TIDE CASCALE OF 

TWO AND THREE RADIATIONS:- 

3.1 INTRODtgTION:- 

The scintillators, optically coupled with the photo-

multipliers are useful tools for the detection and spectroscopy 

of alpha, beta, and gamma-rays. When an energetic charged 

particle interacts with the molecules of the scintillator, it 

dissipates a part of its energy in the ionization and excitation 

of the molecules. lok fraction of this energy is emitted into 

the form of light. (scintillations). The photons(scintillations) 

Produced are emitted in all directions, some of them are made 

to fall on the photocathode of the photomultiplier, thereby 

ejecting electrons from its surface. These electrons are 

multiplied at each dynode of the photomultiplier and after 

multiplication at each stage, an avalanche of electrons 

arrives at the anode where it produces a voltage pulse across 

a resistance. This voltage pulse is amplified and studied. 

The process of the scintillation emission is divided into 

five stages. 

(i) 
	

The absorption of the incident radiations by the 

scintillator. 

The scintillation process in which the energy dissipated 

in the scintillator is converted into the luminescence 

emission of photons. 

(iii) The transit of the emitted photons to the cathode of the 

photomultiplier tube. 
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(iv) The absorption of the photons at the cathode, the 

emission of photoelectrons and their (ollection at 

the first dynode. 

(v) The electron multiplication process. 

Wide vanities of scintillators are in use today. Some of 

the commonly employed scintillators are : 

(i) Organic crystals like anthracene, trans-stilbene and 

plastic for the spectrometry of beta-particles and 

(ii) Inorganic crystals like sodium iodide activated with 

0.1 percent mole fraction of the thallium for the 

spectrometry of gamma-rays. 

3.2 BRIEF DESCRIPTION OF UNITS: 

(i) SOINTILIATOR-PHOTOMUTITIEJIBR ASSEMBLY:- 

For gamma-ray spectrometry, the cylendrical NaI(Tl) 

detectors whose dimensions are 3.8 cm in length and 3.8 cm in 

diameter, have been employed. These crystals were obtained 

from Harshaw Chemical Company. The lower surface of the crystal 

is optically coupled to the face of the photomultiplier tube 

RCA 6810 A with a thin film of transparent fluid (silicon 

grease having viscosity 60,000centistokes). The cylindrical 

Mu-magnetic shields around the photomultipliers are used. 

The detector and photomultiplier tube assemblies are made light 

tight by using black tape. 

The organic scintillator (plastic scintillator) is used 

for the detection of beta-particles and it was obtained from 

Bhabha Atomic Research Centre,Bombay. The plastic scintillator 
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is cut and polished using acetone and is optically coupled 

to RCA6810A photomultiplier using silicon grease. The plastic 

scintillator whose dimensions are 3cm in diameter and 0.3cm 

in thickness, is kept alongwith the source in vacuum chamber 

which is shown in fig.3.1. The source was dried on the cellotape 

and it is mounted on the perspex stand. The source on the 

cellotape alongwith the stand is kept in the vacuum chamber. 

The vacuum is obtained by the rotary vacuum pump obtained from 

Electrical Construction and Equipment Co.Ltd. Calcutta (India) 

(ii) SINGLE CHANNEL SCINTI-nATION SPECTROMETER 

The scintillator-photomultiplier tube alongwith the 

cathode follower and voltage divider network to feed power to 

the different dynodes of the tube are put in one assembly. The 

output pulses from the cathode follower are fed to the 

amplifier and then to the analyser and finally to the scaler 

and recorder. Such assemblies are referred as a single 

channel scintillation spectrometer. Some details of the 

various units used are as follows: 

(a) EUT POWER SUPPLY: 

High voltage units (type No.H.V.201C) obtained from 

Electronic Corporation of India Ltd., Hyderabad, providing 

electronically regulated high voltage of 1.5kV to 2.5kV at a 

maximum load current of ten milliamperes, are used. The ripple 

and noise contents are less than 15 millivolts peak to peak. 

The output variation is less than 0.002X. for one percent 

change in line voltage betwoen 218 and 250 volts. 
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(b) LINEAR AMPLIFIER-ANALfSER2 

Model 250 amplifier-analyser was obtained from Baird 

Atomic Inc.Mass. This model 250 is a combination of amplifier 

and analyser. The gain of the amplifier ranges from 72 to 

6400 with coarse and fine gain control. The pulses required 

for the analyser portion is from 5 to 100 volts. The analyser 

can be used as integral and also as differential with the 

channel setting from 0.5 volts to 20 volts. 

(c) SCALER AND ELECTRONIC TIN :R 

Scaler and electronic timer are obtained from Electronic 

Corporation of India Ltd., Hyderabad. Scaler model DS325 may 

be operated either manually with an electronic timer. The 

electronic timer type ET45OA is a preset timer with time 

setting from 1 second to 9,999 seconds. 

(iii) SLOW-FAST COINCIDENCE SET-UP: 

The arrangement of a slow-fast coincidence set-up is 

shown in fig.3.2. The main features of the fast coincidence 

unit as shown in fig.3.3 are 

(i) pulse shaping by shorted cable (RG176/u) and 

(ii) coincidence circuit using 6BN6 tube; 
and those of slow-coincidence set-up as shown in fig.3.4 are: 

(i) pulse shaping using 6J6 tube (univibrator) and 

(ii) Rossi type coincidence circuit using IN34 diodes. 
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(a) FAST COINCIDENCESET—UP: 

The circuit diagram of fast coincidence unit is shown 

in figure 3.3. The input requirement of fast coincidence unit 

is negative pulses. These negative pulses are amplified by 

using (6 X 8) tubes so as to trigger the pulse shaping tubes 

(404A0 and in the pulse forming section, the tube (404A0 is 

biased at zero and its plate load consists of a shorted section 

of delay line. The delay line .(RG-176/u) used is 2,5 inches 

in length i.e. both ways time delay is 5 x 10-8  sec. The pulse 

Shapers I and II are of the same type. The output pulses from 

the shapers I and II are applied to the first and third grid 

respectively of eicr6 coincidence tube. The coincidence output 

is taken using ECC81 and EF95 tubes as shown in fig.3.3. 

(b) SLOW_GOINCI1ENCE UNIT: 

The figure 3.4 shows the circuit—diagram of the slow 

coincidence unit. The negative pulses are given to the inputs 

of this slow coincidence unit. These negative pulses are 

inverted and amplified by 6AK5 tubes so as to trigger the 

pulse shapers (univibrators) using 6J6 tubes. Rossi type 

coincidence circuit using 1N34 diodes has been used, followed 

by the discriminator which is not triggered by single or double 

input pulses but only triggered by triple input pulses in 

coincidence. The triple coincidence circuit has been used as 

shown by block diagram in fig.3.2. The delay cable (RG176/u) 

has been introduced after fast coincidence circuit—before it is 

fed to the pulse shaper of- triple coincidence unit in order to 
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compensate the delay from other two inputs. 

3.3 .BETA-GAMMA.GAMMA,COINCIDENCE ST UDIES 

The slow-fast coincidence set-up as described above is 

used for making the coincidence of the cascade of beta-and 

gamma- rays. In this arrangement, the output pulse of each 

detector, one from plastic scintillator and other from 

NaI(T1) detector is fed to a fast coincidence circuit and is 

also fed to the single channel analyser using cathode followers. 

The output pulses from two single channel analysers and the 

output of the fast coincidence unit are fed to slow triple 

coincidence unit. The output of the slow-fast coincidence set-

up is shaped using shorted cable as given in circuit-diagram 

in fig.3.2. The pulses from the third NaI(T1) detector (single 

channel spectrometer) are also shaped similarly using shorted 

cable and are fed to the coincidence unit (using 6BN6 tube). 

The output of this coincidence circuit is fed to the scaler 

and recorder. This output therefore is triple coincidence. 

The delay line has been inserted as shown in fig.3.5(a) after 

the output of slow-fast coincidence set-up. This is provided in 

order to compensate the artificial delay, also for recording 

chance coincidence by delaying the real coincidences. The 

figures 3.5(a) and 3.5(b) show the block diagram of the 

general set-up. 
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FIG.3.5 (b)_ BLOCK DIAGRAY OF R-14 COINCIDENCE AND  
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3.4 CEECKING OF THE MOLUTING OF TEE DETECTORS FOR 

ANGULAR CORRELATION ST OLL'S: 

The experimental arrangement described earlier, was 

calibrated by measuring the angular correlation function for 

the 1.17- and 1.33 MeV gamma- ray cascade emitted in the decay 

of 00
60
. The detector mounted perpendicular to the plane of 

the table has been checked by the following method. The 

coincidences were recorded for the 1.17meV- 1.33m6V gamma-

ray cascade using the fixed detector perpendicular to the plane 

of the table and movable detector in the plane of the table. 

The coincidence counting rate was found to be the same 

(within the statistical error) when the movable detector was 

kept at the various angles in the plane of the table. Similarly 

the coincidence counting rate was found to be the same in the 

reverse. 
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CHAPTER =.1 

BETA,GAMMA,GARHA DIRE2TIONAL CORRELATION  STUDIES 

1),F  THE RADIATIONS  FRQ1I THE Ira g OF Rltz03  

4.1 INTRODUCTION 

'10 The excited energy levels in 3Rh from the decay of 

103Ru have been well established as given in fig. 4.1 by many 

previous investigators ( 18, 19 ). The spins and parities of 

excited states in 103Rh are uniquely assigned except for the 

93- 	537- , and 650— keV levels. The spins and parities of 

the excited states in 103Rh have been assigned on the basis of 

gamma— gamma directional correlation and internal conversion 

coefficient studies by many workers ( 20 — 27). Bargholtz 

etal (27) have studied the properties of the positive parity 

states in 103Rh on the basis of unified vibrational model and 

have measured directional correlation involving the transition 

deexciting the 537- and 650—keV levels. Avignone III and Frey 

( 26) claimed to have conclusively assigned the parities and 

spins of the 93-, 537-, and 650—keV levels by gamma—gamma 

angular correlation and internal conversion coefficient studies. 

One of the serious difficulties pointed out by Avignone III 

and Frey (26) was due to the interference of the gamma— 

cascades from the decay of 106Ru resulting from use of fission 

106 Ru decays to 106 product sources. 	Pd via 106Rh. The coincidence 

counting rate due to,gamma—radiations from 106Rh can not be 

eliminated if it is present as an impurity in the coincidence 



103 Rul5/2') 

W 557 ff3 	 650  7121' 

487 242 444 537  512*  
logn f f  

7% 5.7 , 
89% 
<17. 8.4 / 
0% 8.G / 
x37. 8.9 

0.06 n sec 

6p sect 

358 5/f 

285 	 205 3/f 

V 	 53 * 93 gle t 
57min, 	40 	t 	 40 712* 

1/2-  
103Rh 

DECAY SCHEME OF 103Rh PROPOSED ON THE GROUNDS 

OF THIS AND EARLIER WORK . ALL ENERGIES ARE IN keV 

FIG. 4.1  
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of gamma- rays of the interest from the decay of 
105

Ru. But one 

can eliminate it (or reduce it to the extent of elimination) 

by beta-gamma-gamma coincidences selecting beta-radiations in 

a fixed energy intervals. Therefore an attempt has been made 

to reinvestigate it by the method of beta-gamma-gamma angular 

correlation, so as to either eliminate or reduce the gamma-

cascades of 
106

Rh. 

4.2 EXPERIMENTAL: 

The radioactive isotope material RuC1
3 

in dilute HC1 

solution was obtained from Bhabha Atomic Research Centre, 

Bombay. The specific activity was 10mc/gm Ru. A few drops of 

the source were dried on a cellotape. The source was spread 

in 2mm dia. and mounting was done using Perspex stand. The 

source alongwith the plastic scintillator was placed in a 

vacuum. The source was 3.5cm from the beta detector and 6cm 

from each of .the gamma detectors. 

4.3 (i) COINCIDENCE AND ANGULAR  CORRELATION  STUDIES FOR THE 
CASCALE01  	Emax talleV -Y -RAYS OF55/_EeV 
-Y _RAYS OF 53 keV: 

The beta-ray spectrometer is used as an integral 

spectrometer for selecting p-rays between 50-keV and 1MeV 

and gamma-ray spectrometer (fixed one) is used as a differen-

tial spectrometer which scans the spectrum in the region of 

gamma- ray photopeak of 557 keV in one volt channel width; 

(1V = 14.2 keV). These two spectrometers are used for 
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coincidences of beta-gamma rays using slow-fast coincidence 

set-up. The output of this forms the gate of coincidences of 

p--rays of Emax  120-keV and gama-rays of 557 keV for one of the 

inputs of mixer type coincidence unit. The second input is 

from the third gamma-ray spectrometer which selects the 

gamma-rays in photopeak of 53-keV in 7V channel width 

Molt = 3.6 keV). Therefore the output is the triple 

coincidence as shown in fig. 4.2 which establishes a triple 

cascade of n-group of Emax  120 keV -.Y-rays of 557 keV 	-rays 

of 53 keV. The angular correlation studies are done by 

selecting 557-keV gamma-ray above 497 keV energy (using the 

spectrometer in the integral position above 35 volts pulse 

height as shown in fig.4.2) and 53-keV gamma-ray at the 

photopeak in 7V channel width as mentioned above. 

(ii) COINCIDENCE AND ANGULAR CORRELATION STUDIES FOR 

THE 'CASCADE OF 0-RAYS OF Emax  210 kg-V. 	-RAYS OF 

444-keV  Y  -RAYS OF 23-keV: 

The coincidence studies for this cascade have been 

made in the same as done for the previous cascade. The 

coincidence spectrum alongwith the single spectrum is shown 

in fig. 4.2. The angular correlation studies are done by 

selecting the 444-keV gamma-ray at the photopeak(using the 

spectrometer as differential with the setting at 28Volt pulse 

height in 7V channel width) and 53-keV at the photopeak. The 

compton contribution of triple p-557 keV 	keV cascade at 

photopeak of 444 keV has been taken by keeping the position 
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of movable detector at 112.50 with respect to the first 

detector. The compton contribution at other angles was 

calculated using the above experimental correlation function 

for this cascade. The comption contribution is sub4acted 

from the counting rates of second cascade of (3-444 keV-53 keV 

and the angular correlation function was obtained. 

4.4 ANGULAR CORRELATION 1- LSULTS: 

The angular correlation functions W(0) obtained by the 

method of least square fit (without applying solid angle 

correction which has been considered in the theoretical 

calculations) are as follows: 

For the cascade, n—rays of Emax  120 keV —1( —rays of 557—keV 

— 7  —rays of 53 keV 

W(e) = 1+(-0.153 + 0.031) P2(00s0) +(0.004+0.035)P4(CosO) 

and for the cascade, p—rays of Emax  210 keV .+7.--rays of 444- 

keV 	— rays of 53 keV 

W(0) - 1+(0.163 + 0.042) P2(Cos0) (-0.035+0.058)P4(0ose) 

4.5 ANALYSIS OF ANGULAR CORRELATION DATA AND DISCUSSION 

OF THE RESULTS: 

The spin and parity of the ground state of 
103

Ru have 

been reported by earlier workers 	and and Woodgate ( 281 

Goldhaber and Hill (29 ) and Mason etal (30 )1-to be 7/2+. 

53 keV gamma—ray transition from 93 keV level to 40 keV 
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level has been considered predominantly to be M1 transition 

with the little mixture of E2 (5<0.02) by internal conversion 

coefficient measurements. In the present analysis, 53 kcV 

transition is taken to be a mixture of M1 + E2 with 8=0.02, 

Singh ( 21) has considered 3/2, 5/2 or 7/2 as possible 

spin values for 537—and 650—keV levels and 5/2,7/2 or 9/2 for 

93 keV level. These possibilities of spin assignments for 

93—, 537—, and 650—keV levels are taken on the basis of 

'log ft values', half lives of the excited states and partly 

on the basis of internal conversion coefficient measurements of 

various transitions. George etal ( 24) have considered 9/2,11/2 

or 13/2 as well, These spin assignments to the 537—,and 650—keV 

levels which are seen to be compatible by gamma—gamma angular 

correlation results but are ruled out on the basis of observed 

beta—transition probabilities from the ground state of 143Ru 

to the top most levels in 1°3Rh. This is quite plausible reason 

to rule out these possibilities. The various spin possibilities 

as mentioned by Singh ( 2)) are to be considered in the 

present analysis of beta—gamma—gamma angular correlation 

-studies. 

Beta—gamma—gamma angular correlation coefficients A2  and 

A
4 
were calculated for all the possible spin sequences as given 

in table I, considering the transitions either to be pure dipole 
2 

or pure quadrupole. The plots of A2  versus 2(Q have 
1+5

2 

been done for all the cascades, Three of such plots are given 

in figures 4.3, 4.4 and 4.5 when the experimental values cut 

the curve. In other cases, experimental values are large 
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(within the experimental range) and are not given here. There 

, are two cases when the gamma—ray transition is considered to 

be pure E2 for 5/2 — 9/2 or 3/2 — 7/2 transitions. These two 

cases are serial number (1) and (6) in table I. 

As summarized in Nuclear Data sheets (19 ) and based on 

reference there in, the 537—keV level decays to 295—keV level 

= 3/2) via 242 keV gamma—ray. Since the 537—keV level must 

have positive parity from log ft = 5.7 in Rut °3  decay, the 

242—keV gamma ray must be El or M2 or E3. The conversion electrok 

studies of Pettersson etal ( 25) and also Avignone III and 

Frey ( 26) show that 242—keV gamma—ray is El in character. 

Furthermore Pettersson etal ( 25) also show that the 497—keV 

gamma—ray between the 537— and 40—keV levels is mostly Mi. 

Therefore it is reasonable to conclude that 537—keV levels 

3"  = 5/2
+• This spin value can be assigned by the present 

beta—gamma—gamma angular correlation studies but in that case 

9/2 or 7/2 are to be considered for 93—keV level (as given in 

table I and II). From table 	it is further noticed that 9/2 

is taken for 93—keV level, then 444 keV transition is pure 

quadrupole and if 7/2 is taken, then 444—keV transition is 

either almost pure dipole or the mixture of quadrupole and 

dipole. Avignone III and Frey ( 26) reported by the internal 

conversion coefficient studies that 444—keV transition is 

pure quadrupole. In that case, one can reasonably assign 9/2 

for 93—keV level with 5/2 for 537—keV level by the present 

studies. 
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Ass given in table II , 5/2  is not possible for 650keV 
level taking 9/2 for 93keW level. But 7/2 can be assigned for 

650-keV level with the certain mixture of dipole and quadrupole 

(i.e.6 to be 0.1 to 0.25 or 0.77 to 4.36). If 557-keV 

transition is taken predominantly dipole in character, the 

present value of 8 (between 0.1 to 0.25) and the value of '8 1.  

deduced by Avignone III and Frey (26) i.e.-0.32 	0.03. are • 

approximately to be of the same order in magnitude. The sign 

of '5' also agrees if we follow the same sign convention 

[ Avignone III and Frey (26) have- taken the sign convention 

jof Krane etal (31 ) 	. The complete absence of p-transition to 

93-keV level indicates that 9/2 is preferred to 93 keV level. 

Therefoe spin values of 9/2, 5/2 and 7/2 are assigned to the 

93-, 537-, and 650-keV levels in 103Rh respectively by the 

present analysis. 

Bargholtz etal (27) had done the calculations to find 

the properties of excited states in Rh1 43, discribing it by 

unified vibrational model. Employing the formalism of Heyde and 

Brussard (32 ) and considering the quasiparticle aspects of 

Castel etal (33), Bargholtz etal (27 ) had by these calculations, 

suggested 5/2 for 537-keV and 7/2 for 650-keV level. The present 

analysis of beta-gamma-gamma angular correlations agrees with 

their theoretical predictions. 



TABLE I  

-tansit .e Spin sequence for the fa-',-Y cascade of a allowed 

* 
,/ 
12 

0 	d 
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Mult ipolarity 
of gamma -tran-
sition from b 
to c 

Triple 	angullar;_co-rrediation 
coefficient) 	• 	-- 

quadrupole A2=0.1327 A.4.0.001 
= 

dipole A2.-60)0874 A
4 
 =0.000 

quadrupole A2=0.055 A4=0.0001 

dipole A2=-0,0346 A4=0.000 

quadrupole A2=0.0181 A4=0.000 

dipole A2=0.0410 A4=0.000 

quadrupole A2=-0.0177 A4=0.000 

dipole A2.-0.0302 A4.0.000 

quadrupole A2=0.0074 A4=0.000 

quadrupole A2.-0.1606 A4=0.0001 

dipole A2=0.1303 	. A4=0.000 

quadrupole A2=-0.0287 A4=0.000 

dipole A2=-0.1508 A4=0.000 

quadrupole A2=0.0927 A4=-0.001 

Si. Spin value for 
No. b 

•■•■•■.eaL■•■ 

1 	5 /2 

	

9/2 

2 7/2 9/2 

7/2 
	

9/2 

3 3/2 5/2 

3/2 
	

5/2 

4 5/2 5/2 

5/2 
	

5/2 

5 7/2 5/2 

7/2 
	

5/2_ 

6 3/2 7/2 

)
7 5/2 7/2 

5/2 
	

7/2 

8 7/2 7/2 

7/2 
	

7/2 

(i) P-rays of Emax  120keV-Y-rays ATIt40.153.4.0.031 
of 557-keV4-rays of 53-key 

mE11: 004+0.035 35-  
(ii)p-ray s  of  Emax 21 Ok6V-- Y rays AExpt, 

0 163+0.042 of 444-keV- I -rays of 53keV 	4.  

4---0:035+0.038 
Y 1  is 557 or 444-keV gamma-transition and ' 2  is 53keV gamma-

transition which is taken L,o be a mixture of M1+E2 with mixing 
ratio 8=0.02. Spin values a and d are fixed and are taken to be 
5/2 and 7/2 respectively. The different spin assignments to b and 
c are possible for the two levels i.e.(i) 650keV and (ii)537-keV. 
The values of angular correlation coefficients A2  and A.4  are 
calculated by taking gamma-ray transition to be pure dipole or 
quadrupole. 



in 444 keV transition 
13.-°- 444keV 	53keV angular correlation 

re suits 

TliBTe_2 

Multipole mixing ratio in 444 and 557—keV transitions 
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Spin sequence 
Y i  Y  

b -L c ?d 

5/2-9/2-7/2 

7/2-'9/2-47/2 

3/2-7 /2-4-7/2 
5/2-7/2-7/2 

7/2-7/2-7/2 

3/2 
5/2-5/2-4'7/2 
7/2 

Spin sequence 

b 1  c )2  d 
5/2-'9/2-7/2 
7/2-'9/2-'7/2 

Po ssible (table I) 

0.149 <4 <0.379 
5.060< 8; < 10.0 

Not possible 
0<8.12< 0.010 
9.52<622  <24.0 

1.150 < 82  2.— 
52 

Not possible 

8 in 557—keV transition 
t3-557—keV-53—keV angular correlation 

result s 
Not possible 
0.010<812<0.063 

7.695<o22  <19.0 

3/2-7/2-7/2 	 Po ssible (Table I ) 
5/2-'7/2-7/2 	 0.15<812  <0.25 

10.11<82 2 <39.0 
7/2-7/2-7/2 	 0.0049<5 < 0.031 

0.626<q<1.857 
3/2 
5/2-5/2-7/2 	 Not oo ssible 
7/2 
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CHAPTER=5.  

BETA,GAMMA,JGAnMA ANGULAR CORRELATION STUDIES OF THE 

RADIATIONS FROM THE DECAY OF Eu152  AND Eu154  AND 

STUDIES OF NEGATIVE PARITY STATES IN Gd152 

5.1 INTRODUCTION : 

Eu152 decays to Gd152 by p
- 
 emission and to Sm152 by 

EC and 0 emission. Also this isotope can not be easily obtai-

ned free from Eu154 which decays to Gd154 by p emission and 

to Sm154 by EC and R A.  emission. emission. Therefore gamma-ray snectra 

from the decay of Eu152 and Eu154 
are quite complicated and 

large correction factors are needed for the study of gamma-

gamma angular correlation work as done earlier [ Helppi etal 

(34), Barrette etal .(35), I'alfas etal (3E), Sen Gupta and 

Mukherji (r), Whitlock etal (38) , Rud and Neilsen

' 
 (39), Manning 

etal (0, Debrunner etal (41), Stiening etal (401 These 

correction factors can be eliminated or redUced to the minimum 

by the method of beta-gamma-gamma angular correlation. 

There are two main beta-gamma-gamma cascades in the decays 

of Eu154 and Eu152 

(i) 0 	rays of Emax  590 keV -.1-rays of 1278 keV -11-rays 

-r3 keV. 

(ii) p - rays of Emax  360 keV -I- rays of 779 keV -Y-rays 

of 344 keV. 

The beta-transitions in both the cascades are allowed 

hayingiM 	i = 0, logft = 10.5 in Gd152 
 andLI = 1, logft = 10.0- 

in Gd154. 
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Gamma-ray transitions in Gd154  are quite well establi-

shed (18, 43). Therefore this case can be taken for the check-

ing of the experimental set-up and also for the confirmation 

of the spins of the levels and multipolarities of gamma-transi-

tions. The gamma-ray transition involving 779 keV gamma-ray is 

of importance, firstly since the multipolarity of 779 keV 

gamma-transition is not well established and secondly due to 

the theoretical importance of the transition from octupole 

quasi vibrational band to quasi rotational band. He1ppi etal (34) 

and Barrette etal (3),  have measured gamma-gamma directional 

correlations to determine the multi-pole mixing ratios of 

gamma-transitions and spins of the excited states in Gd152 

from the decay of Eu154. Kalfas etal (36) have attempted to 

interpret the level structure of Gd152  from the decay of 

Tb152 by determining the multipole character of some gamma-

transitions. A search is needed to establish the possible M2 

and E3 admixtures in predominantly El transition from 3-  to 2+  

levels in Gd152  from the decay of Eu152. 

The level schemes of Gd152 from the decay of Eu152  and 

Gd154 from the decay of Eu154 are shown in figures 5.1 and 5.2. 

5.2 EXPERIMENT 	 AZ,  

The source in the form of EaCl3 in dilute HC1 solution 

was obtained from Bhabha Atomic Research Centre, Bombay and its 

specific activity was 1000mc./gm Eu. A few drops of the source 

were dried on a cellotape. The source was spread in 2mm diameter 

and mounting was done using perspex stand. The source alongwith 
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the elastic scintillator was placed in \vacuum. The source was 

3.5cm from the beta-detector and 6cm from each of the gamma 

detectors. 

5.3 (i) COINCIDENCE AND ANGULAR CORRELATION STUDIES FOR TEE 

CASCA1E OF p-RAYS OF Emax  590 keV 1i-EAYS OF 1278 keV-. 

y...RAYS OF 123 keV FFILM TEL DECAY OF Eu154: 

The beta-rays are selected between 380- and 608-keV 

energies using differential spectrometer and gamma-rays above 

1014 keV (using integral spectrometer) for beta-gamma coinci-

dences using slow-fast coincidence set-up and output of this 

forms one of the inputs of mixer type coincidence unit. The 

second input of the coincidence circuit is from the second 

gamma-ray spectrometer which scanes the gamma-ray spectrum and 

a clear photopeak at 123 keV is obtained as shown in Fig.5.3. 

Since there is no other peak in the coincidence spectrum, there-

fore .it clearly confirms the coincidences due to the cascade of 

p-rays of 
 Emax 590-keV -y-rays of 1278 keV-y-rays of 123 keV. 

The angular correlation study is done by selecting 123 keV 

gamma-ray at the photopeak in 5V channel width (1V = 7 .7 keV) 

and other beta rays of Emax  590 keV and gamma-ray of 1278 keV 

of the cascade as mentioned above. 

(ii) COINCIDENCE AND ANGULAR CORRELALION STUDIES FOR TIE 

CASCADE OF p-RAYS OF Emax 	1 360 keV--RAYS OF 779 keV- 

y _RAYS OF 344 keV FROM THE DECAY OF Eu152: 
	■••■■■••••■•31101■11111. 	 

Beta-gamma coincidence study is done selectin 	ays 

between 237- and 457-keV energie- (using differentiqhtoonal 
/ ?Jr-  :3 J ‘ 	'W- 	i  
L 	

ls: MEAL LIBRARY UllIVERSIT1 Of ROORREI 	 c  it-_-_f, • or go 
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spectrometer) and gamma—rays at 779 keV photopeak in 6V 

channel width (1V = 22.9keV) using slow—fast coincidence 

circuit. The output of this forms one of the inputs of the 

mixer type coincidence unit and the second input of the coin-

cidence circuit is from the movable gamma—ray spectrometer 

which scans the spectrum in one volt channel width in the 

region of 344 keV gamma—rays. The triple coincidence spectrum 

clearly confirms the peak at 344 keV as shown in figure 5.4. 

The angular correlation study is done selecting 344 keV 

gamma—ray at the photopeak in 7V channel width (1V = 22.9 keV) 

and the beta and gamma—rays of the cascade mentioned above. 

5.4 ANGULAR CORRELATION RLSULTS: 

The angular correlation functioAW(0) obtained by the 

method of least square fit (without applying solid angle correc-

tion which has been included in the theoretical calculations) 

are as follows: 

For the cascade of p - rays of Emax  590 keV —y—rays of 

1278 keV —y— rays of 123 keV from the decay of Eu154  

W(0)=1—(0.193+0.040)P2(Cos0)+(0.043+0.046)P4(CosO) 

and for the cascade of p—rays of Emax  360 keV -4y—rays of 779keV-

y—rays of 344 keV from the decay of Eu152  . 

W(e)=14.( 0.145+0.019)P2(Coso)4(0.024+0.023)2
4(Cose)  

5.5 DISCUSSION: 

The theoretical values of A
2 and A4 for the cascade 
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including solid angle correction (from the decay of Eu154) 

3- L.::  transition4 2- 2+ 	Y2 	> 0-4.  are as 
Emax - 590 keV 	1278 keV 	123 keV 

follows if we take p-transition to be allowed and y2(123keV) 

radiation to be pure quadrupole and 1278 keV gamma transition 

to be : 

(i) pure dipole 

A2  = -0.207, A.4  = 0.0 

(ii) pure quadrupole 

	

-0.137, 	= 0.248 

Comparing these theoretical values with the experimental 

values, we find that 1278 keV gamma-transition is almost pure 

dipole. But in order to determine the mixture of dipole and 

quadrupole, it has been done by the plot of A
2 

versus 

	

2 	<fHL4111i> 
Qwhere 8 = 	-1 which gives the values: 

	

1+8 	<f111111 

Qi  <0.009, 	181 1 <0.09 

or 

2 <0.999,  - 1821 <38.198 

The values of '8' obtained by earlier workers for 1278keV 

gamma-transition are as follows: 
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Author 	Multipole mixing 
	

M ult ipo larity 
ratio '6' 

Whitlock etal (38) 
	

+ 0.024 	E1+(0.06) M2 

Rud and Nielsen (39) 	-0.013+0.014 
	E1(<0.08`012) 

Manning etal (41) 	151<0.1 	El 

Debrunner etal (41) 	181<0.1 	El 

Stiening etal (42) 	-0.031 	E1+(0.1%)M2 

Present work 	-0.026(Mean 	E1+0^'0.07 )M2 
value) or 

181<0,09 

This clearly indicates the consistency of the present results 

by the method of beta-gamma-gamma angular correlation. 

The theoretical values of A2  and A4  for the cascade 

including solid angle correction (from the decay of Eu152) 
19  

3 kflsaul.1124 	1 4. 2+ 	 m40+ 
ax 	

are as follows if 360 keV 	779 keV 	344 kev-,- Ems 
 

we take p- transition to be allowed and the Y2 
	• (344-keV) transi- 

tion to be pure quadrupole and Y1(779 keV) transition to be 

(i) pure dipole 

A2  = 0.072, A4  = 0.0 

(ii) pure quadrupole 

A2  = 0.285, A4  = -0.071 

Comparing these theoretical values with the experimental values, 

we find that one can not take 779 keV gamma-transition to be 

pure dipole or pure quadrupole but can be taken to be a mixture 

of dipole and quadrupole. This can be done by the plot of A2 
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2 

versus Q (= 
8

2 ) ' where 8 is the multipole mixing ratio) as 
1+8 

shown in fig.5.5. The values obtained are as follows: 

(41 	= 

or 

Q
2 
 = 

1.0.004 
0.007-0.003 

+0.006 
0.007' 

' s1  

62  

= 
+0.021 

+ (0.084_0.021 ) 

+1.128 
- (6.700-0.864 ) 

One can also consider 779 keV gamma-transition to be 

mixture of dipole + quadrupole + octupole. The present triple 

angular correlation data can be analysed in the following 

manner: 

<fliM21! i> 	
(= 	

i>\ 
Let us consider 821( <f 

----------- ) and 8
31 	

------ 
<fliElli i>

---- ) 
liE111 i>  

and Expt 
A2 	=

2 
+ A 

where 
a +28 a' + 82  au At  _ 2 	21 2 	21 2 

2 - 	
----77- 	-,(K2 : El) a +26 	a +8c ntl 

0 	21 0 - 21 -0 

(5.1) 

(5.2) 

[a2  = -0.0944, a2 = -0.5169, a2 =-0.3412 

a0  = -1.3028, ajy,  0.2585, a'01 = -1.19731 

and 
a +28 a'+82  a 2 	31 	2 31  2 	/ (E3 : El) 	(5.3) / 	2 	ft 2 	a0 +2631 a0--1.8  1 0 a- 

[1a2 '= 	 =-0.6721, a = - 0.3427 

a0  = -1.3027, a'0  = 0.3193, a,'0' = - 19941 
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Taking certain value of 821' 	
is obtained from equa_ 

tion (5.2) and now taking this value of Ai(and since 4xP  is 

determined) A.2' is obtained from equation(5.1). Substituting 

this value of Au2  in equation (5.3), 831  is obtained. The plot 

of 821 versus 831 
is given in figure 5.6. In the similar manner 

using the K shell internal conversion coefficient given by 

Gromov etal (44), a plot of 621  versus 831  for the value of 

0[1( E-0.00204(36)j is drawn.The interception of these two plots 

(figure 5.6) gives the values of 821 and 831 i.e. 

+0.045 	+0.050 
621(M2 : El) 	4(0.135-0.070)  , 631 (E3 : El )-= -(0.125-0.070} 

or 
+0.055 +0.030 

821(M2 	E1)--(0.145_0.075), 631(E3  E1).+(0.090_0.045) 

Odd-spin negative parity states to spin 17 have been 
identified in Gd152 from in-beam spectra of (a,4n) reaction 

by Zolnowski etal (45) and these states are compared,considering 

quadrupole-octupole coupling model. The lowest 3-  state in 
Gd152 is considered to have strongly collective character. 

Therefore we expect the dominant multipolarity in such a 

transition is ex-oected to be E1 The angular correlation coe-

fficient for the triple cascades  as in present studies having , 

pure El for the transition from 3- 	2
+
, as calculated is 

A2 = 0.072 but experimental value of A2 is 0.145+0.019. This 

clearly indicatPs that 779 keV gamma transition can not be 
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'pure El but mixture of M2 or M2 E3 ( the analysis is 

presented above). 

The calculations for the tot multipole mixing ratio 

for the transition between 3" 	2+  2 states using Particular 

model are not available to compare the above results but these 

results suggest that the multipole mixing ratios for 5— 4, 

7 - 6+, 9 - 8+, 11—  — 10+  and 13—  — 12+  in Gd152  by either 

angular correlation or angular distribution method are required 

in order to further understand this coupling and transitions. 
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CHAPTER - 6 

_Na 44  AND MULTIPOLARITY OF NEGATIVE PARITY ST TES IN 

GAMMA,- TRANSITION  FROM 1-  to 	STATES, BY BETA-GAMMA_ 

GAMMA, ANGULAR CORRELATION METHOD 

6.1 

Sm148 

INTRODUCTION: 

144 in many isotopes ( 	, 

show a similar typical behaviour. 

Some of the low lying states 

Sm152, Gd152 and Gd156) 

The first 2
4. 

is regarded as a single quadrupole phonon state 

and 3 as a single octupole phonon state. The levels with the 

spins and parities of 1 1 5-,3-,4-  are around an energy which is 

very close to the sum of energies of 2+  and 3r  states. Therefore 

these negative parity states are considered due to simultaneous 

excitation of quadrupole and octupole phonon ( 46-48). Bhatt 

(46  ) has calculated the spectrum considering the coupling of 

quadrupole to octupole phonon by giving the wavefunction of this 

state as 

IJ> = I [I2+,3] J-> 	J = 1,2,3,4,5 

Where the bracket 12+,3-Indicates vector coupling of the 

angular momenta 2 and 3 to give the resultant J. The energy 

splitting of these negative parity states is given by 

7\E = - CW(J232;32) 
	

(6.1) 
Where W(J232:32) is the Racah coefficient and C is a constant 

which determines the strength of interaction. He compared it 

with the experimental one and found it to be. valid in Sm148. 

One of the important predictions made by him is that the 
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transition from any member IJ-> of quadrupole-octupole multi-

plet to the quadrupole 124.> state would occur through the 

collapse of the octupole phonon. Therefore the corresponding 

transition should have an appreciable E3 content. The measurement 

of this appreciable E3 content will be of great advantage to 

provide aclue for this type of coupling and formation of the 

negative parity states. 

One of the interesting case is in Nd144 from the decay 

of Pr144 which is formed from the decay of Ce144. The decay 

scheme and level sequence, as shown in figure 6.1,are well 

established by many investigators ( 47,49 , 50, 51). The 1-

level at 2185.68 keV lies.very near to the sum of energies of 

2
+ 

state at 696.49 keV and 3-  state at 1510,65 keV and therefore 

the study of gamma-transition from 1 to 2 states may provide 

the necessary information. 

There are indirect ways of estimating the higher 

multipole content in gamma-transition. The more prevalent 

methods are based on 

(1) 
	

internal conversion coefficient data 

(ii) half life measurements i.e. considering the transition 

probabilities 

(iii) angular correlation data. 

The decay being complicated, the methods (i) and (ii) 

are difficult to be tried. The gamma-gamma angular correlation 

method is also not clean due to interferenceof unwanted gamma-

gamma cascades. But the unwanted gamma-gamma cascades can be 
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avoided by the method of beta-gamma--gamma angular correlation. 

Therefore this study is under taken. 

6.2 EXPERIMENTAL: 

The source in the form of Ce13 in dilute 1101 solution 

was obtained from Bhabha Atomic Research Centre, Bombay. Ce144 

decays through p— emission with a half life of 284 days to 

Pr144 which in turn decays to Nd144. The source dried on the 

cellotape, is mounted on the perspex stand at the centre of 

rotation of the three detectors. The source (in vacuum alongwith 

the plastic scintillator) was 3.5cm from beta-detector and 6cri 

from each of the gamma detectors. 

6,3 COINCIDENCE  AND ANGULAR CORRELATION STUDIES FOR THE 
CASCADE OF p-RAYS OF Emax  800 keV-Y  -RAYS  OF 1429keV- 

I=AELEL690021: 

Beta-gamma ray (selecting y -rays at the photopeak 

of 1489keV in a fixed detector and using beta7ray spectrometer 

as integral above 108keV energy) coincidences are obtained 

using slow-fast coincidence set-up. Then beta-gamma coincidences 

form the gate for one of the inputs of other coincidences 

(Mixer-type) and thesecan&input is from the movable gamma-ray 

spectrometer detecting gamma-rays in the photopeak of 696keV. 

The output of this coincidence unit will give the beta-gamma-

gamma coincidence spectrum which is shown in fig.6,2. The angular 

correlation study is done selecting 696-keV gamma-ray in 4V 

channel width (1V=30.9keV) . The movable detector is kept at 
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several angles between 90°  to 180°  at the intervals of 22.5°. 

6,4 ANGULAR  CORRELATION RESULTS:  

The angular correlation function W(0) obtained by the 

method of least square fit (without applying solid angle 

correction which has been considered in the theoretical 

calculations) for the cascade of p-rays of Emax800keV-.A -rays 

of 1489-keV 	-rays of 696-keV is as follows: 

W(e) = 1+(0.219 + 0,019) P2(0ose) +(0.069 + 0.023) P4(Cose) 

6.5 DISCUSSION: 

Taking 696-keV gamma-ray transition to be pure quadrupole, 

one can consider 1489-keV gamma-ray transition to be mixture 

of dipole and quadrupole. Using the method of Arns and 

Wiedenbeck (52) and extending it to beta-gamma-gamma angular 

correlation, hence the usual plots are obtained for A2  versus 
2 	 <1111+1 	li>\ Q(Q,- -1 75-- where 8 	‹f  IL 	i>, as sbown in figures 6.3 and 

1+6c  
6.4. In this way we obtain,the values 

821 
,...+(0.034ft0.015), q21= 0.001+0.001 if E3 admixture is not 

present and considering the mixture of E1+M2, 

and 
+0.0007 8

31 =-(0.026+0.011), Q31=0.0
007_0:0005' if M2 admixture is 

not present and considering the mixture of El + E3. 

But if one wishes to include the contribution of E3 

together with M2, the method of Arns and Wiedenbeck (52) can 

not be applied directly. This can be modified and the contri-

bution of E3 content is determined by the following way. 
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Let 

A:Expt 	4. Aft 

r42 
= A

2 	
2 

 

Expt 	 fir 
= A.' + A 

4 

(6.2(a)) 

( 6.2(b)) 

Where 	 1:14'  , 10 4  and A4 are the angular correlation 

coefficients and are written as for the transition (1--24.) 

Yl
1r2 	n+ from the cascade 0 aliow

ga >1 1489keV 	696ker - • 

Where a-transition is taken as allowed and Y
2 

-- 	2 

transition. - Defining 	Q2 = -=--2 where 
1 	'1+6 

6
2 

i> 

as pure E2 

5 	51.111\421ii>-1  

and Q31 	 where 6 = --11--ii--  <f E 	 we have 

At  = 	 2.11171Ia
2+R 

 t121, ( q2 fE1) ( 6.3( a)) 
2 

(1-Q21)a0 +  711-271-Q21Ya6 + Q 	1  21a0 

w ith 

a2 = -0.4022, 	= 0.8944, q ' =-0.5708 and 

a0 = - 1.5310, a6 =-0.4497, 	 - 1.6612 

(1-Q21222. 21/-717-377a+Q2ta4t  

= 

't 	(1-Q21) a0± 2171717-427 a6 +(421a0i  

Where 

4 	0.0, a4 = 0.0 , 	 = 1.0295 and 

a0 = 1.5310, a6 = -0.4497, ay = -1.6612 

and 

(12:E1) (6.3(b)) 

(1-01131)a2 ±2ArcIT
1:c-17 	± (431q ,(E3:E1)  

4'2 	(1...Q31)a0  4.21173-7171-77 aP ± (13141 
6.4(a)) 



Whete 

a2  = -0.4022, a2 = -1.1950, a = 0.5823 and 

a0  = -1.5310, a(')  = -0.3562, a6 = -2.0500; 

(1-(431 )a4±PrQ31(1-Q31)a T4±Q31  atzi! 
kr
4
, _ 	. 	(E3 : E1) 
- (1-Q31  )a0+ 21reiTTTZ.17a6tQ3 1  

with 

62 

(6.4(b ) ) 

a4  = 0.0, o4 = 1.1582, a4'= 0.1287 and 

a0  =-1.5310, a6 =0.3562, aq; = -2.0500. 

Choosing a value of Q21  lying between 0 and 1, substituting it 

in 	.3(a) 	alongwith the other coefficients, we find q which, 
1 

in turn, is used to determine Al from 16.2(01. This value of 

Ary is employed to find out Q31  with the help of equation[6.4(a)J . 

A similar procedure is followed to obtain Q31  from ArPtthrough 

equations [6.3(br,  , [6.2(01 and T6.4(10,1 	
3 

. The values of Q-
1 
 and 

_  

hence 831  obtained through these two procedures are plotted 

against Q or 8 
-21 - 821 

within the error and the graphs are depicted in Figs.6.5(a),and 

6.5(b)- The interception of these quadratic plots based on two 

procedures gives the possible solutions for Q21( or 821 ) and Q31  

(or 831 ). The hatched portion in these plots gives the values: 

(421(M2:E1 )=0.0311, Q31 (E3:E1) = 0.00440 gg2  

and 
4/0 	.06 	\ 8 (M2.E1) = 21 	' 	

'48 -+0
0, 04i

\ 
 ) (131 	.EI ) =-( O. 06.4:(0): (c150) 

values, selecting the experimental values 
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Therefore this clearly indicates -N,P0.4/ contribution of E3 

transition. If this contribution is appreciable, then model 

suggested by Bhatt 46) can be taken for further 

calculations. 

6.6 .8:LIALYSIS OF GAVIMA-GiiivIA. ANGULAR CORRELATION DATA FOR 

Apart from Nd 144,  we have four more isotopes i.e.Sm148, 

Sm152 , Gd152 	156 Sm 	Gd 	and Gd 	, where we find the similar negative 

parity states, having the cascade 1-  -± 2+  -• 0+. All these 

nuclei lie in the rare earth region. The decay schemes of 

these isotopes are given in figures 6.6(a,b,c,d)which also include 

calculated energy-  levels of negative parity states by the 

approximation of Bhatt (4(i 

Gama-gamma angular correlation coefficients have already 

been reported by various ;workers and are given in the following 
table: 

Sm152 

Gd156 

152 

912-551 -0.242+0.024 0.033+0.046 

842-122 -0.245+0.021 0.003+0.014 

1153-89 -0.254+0.010 0.004+0.009 

Horpster etal(53) 

maxesweimmmuornivagem ,......mwmg.wromon.........raronomaaramirrowarma.  

	-I 

Nucleus Cascad. 
1--220 
	A 

 
(Energy 
in keV) 	I 

A,4 

	,01111111110•Me....ti 

Reference 

Sm148 

Debrunner etal(54) 

Hamilton etal (55) 

Gd Not done, since this state is formed from the decay of 
excited states of Eu152 having half life 9.3h. 
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The data of A2 and A
. 

for these cascades havebeen analysed 

similarly as given above for A2  and A4 obtained by beta-gamma-

gamma angular correlation, for El+ M2+ E3 content. The results 

are given in figures 6.7(a), 6.7(b) and 6.7(c). The following 

table gives the M2 and E3 contribution. 

Nucleus Cascvle+ 1-_.2  ...0 
(Energ 
in keV 

0A2:E1) 0131(E3:E1) Reference 

Sm148 

Sm
152 

156 Gd156  

Nd144 

912-551 

842-122 

1153-89 

1489-696 

+0.012 0.044 .  _0013 

0% 044
+0.006  

-0.006 

+0.004 0.042 
-0.005 

0.031+0.019 

-0.011 

	

0 001+0'002 	Horpster etal (53) 
• -0.002 

0.0005+0.0005 
Debrunner etal (54) 

-0.0004 

0.0004"0.0005 Hamilton etal (55 ) 
-0.0003 

0.004+0.001 
Present work. 

-0.002 

This analysis of gamma-gamma angular correlation data reveals 

that there may be E3 content as well, but experimental error 

are quite large which do not warrant to jump for this conclusion 

by this analysis. The present study of Nd144, positively shows 

the 0.440.2 °-1  / E3 content in El alongwith M2. These studies need • 

to be" supplemented by other methods;but again these estimates 
indicate that other methods are very difficult to give conclusive 

results. More refined theoretical calculations are needed to 

estimate the E3 content in El alongwith M2. 
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CHAPTER - 7 

_DOUBLET AT 	1134-keV ENERGY LEVELS 
IN pd106  °110.M THE DEC 	Rh106  BY BETA,GAMMA,- 
GAMMA.ANGLIAR CORRELATION METHOD 

7.1 INTRODUCTION: 

The radiations from the decay of 30 sec Rh106 have been 

investigated as given in figure 7.1 by many investigators 

(18 ,56 ). Alburger ( 57) determined the ground state spin 

of Rh
106 by the investigation of the 13-ray spectra. The gamma-

gamma directional correlation studies (58 ,59 960 961962 ) 

have led to the many spin and parity assignments to the energy 

levels of Pd106. Hattula and Liukkonen (58) studied theih in 

order to understand the level structure above the vibrational 

0
+ 
2,  4

4. 
triplet at 1.1 - 1.2 MeV. The main purpose of the 

investigations of Avignone III and Pinkerton (50 was to measure 

the directional correlations of gamma-ray cascades for fixing 

the spins of the excited energy levels. The technique of beta- 

gamma-gamma directional correlation was used to study 	the 

doublet at 1128- and 1133-keV levels and to ascertain if they 

are due to (3-transitions and if so what the branching ratio is. 

7.2 EXPERIMENTAL: 

The source in the form of RuCl
3 

in dilute HC1 solution 

was obtained from Bhabha Atomic Research Centre, Bombay. A few 

drops of the source were dried on the cellotape and it is 

mounted on a Perspex stand. The source alongwith the plastic 

scintillator was placed in vacuum. The source was 3.5cm from 
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the plastic scintillator and 6 cm from each of the NaI(T1) 

detectors. 

7.3 COINCIDENCE AND ANGULAR GORdEDATION STUDIES FOR TIE 

CASCADE OF p_RAYS OF  Emax  2.4  MeV -Y- RAYS  OF 622—
AND 616—keV—i RAYS_02_512 keV. 

A beta—ray spectrometer is used as integral spectrometer 

selecting p—rays above 2.0 MeV energy and a "f— ray spectrometer 

(fixed one) is used as differential spectrometer in the 

photopeak at 616—keV in 4V channel width (1V = 15keV). These 

two spectrometers were used for coincidences of beta—and gamma—

rays using slow—fast coincidence set up and output of this 

forms the gate for one of the inputs of mixer type coincidence 

unit of resolving time of the order of 5 x 10-8sec. The .second 

input of this unit is from the second gamma—ray spectrometer 

(movable) which scans the spectrum in 1V channel width. The 

output of this mixer type coincidence unit is due to triple 

p —y—y cascade and it is fed to a scaler and recorder. The 

single and trinle coincidence spectrum are shown in fig.7.2. 

The chance counting rate is taken by putting the delay in the 

mixer type coincidence unit. This establishes the cascade of 

n—rays of Emax  2.4 MeV — )r—rays of 622 and 616—keV—Y—rays of 

512—keV.Since there is only one peak at 512—keV and coincidence 

spectrum is not extended, it appears certain that there is no 

contribution of either p—groups or any other y— ray to this 
coincidence spectrum. 

For angular correlation studies, the third gamma—ray 
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spectrometer which is movable, was used as a differential 

spectrometer selecting' —rays of 512—keV in 4V channel width. 

The selection of other p—and Y—rays was done as mentioned 

above. The movable detector is kept at various angles in the 

interval of 22.5°  between 90°  to 180°. 

7.4 ANGULAR CORRELATION RESULTS: 

The angular correlation function W(e) was obtained by 

the method of least square fit (without applying solid angle 

correction which is considered in the theoretical consideration). 

The angular correlation results obtained are as follows: 

W(0) = 1 — (0.734 + 0.046) 22(0os0)+(0.664+0.048)P4(Cos0) 

7.5 DISCUSSION: 

If we take p—transitions to be allowed, 622— and 512—keV 

gamma—transitions to be pure E2 and consider the spin value of 

0
+ 
for 1134—keV level, the theoretical values of the angular 

correlation coefficients A2  and A4  are as follows: 

A2  = — 0.7854 and A4  = +0.6486 

The present experimental values are slightly on the lower 

side which suggests that a slight mixture of another 3—group 

can also be considered. Let us consider that the p—transition 

not only goes to 1134—keV level but also to 1128—keV level of 
106Pd (referring pi  to the former and p2  to the latter). Consi-

dering the spin assignment 2+  to 1128—keV level and 616—keV 

— ray from this level to be either pure E2 or M1 or mixture 
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of M1 and E2 (taking §- transition to be allowed and 512-keV 

to be pure E2), the theoretical values for angular correlation 

coefficients are as follows: 

A2  = -0.207 and A4  = 0.0 (for 616-keV to be pure M1) 

A
2 

 -0.135 and A4 
= +0.246 (for 616-keV to be pure E2) 

The following estimates are made considering two (pi  and 

p2) groups to satisfy the experimental values: 

(1) 
	

Taking 616-keVy -transition to be pure E2; 

considering A2  value, we get (4.8:1:4.3) 7. of 02  in 01  

considering ik4  value, we get < 4.971 of p2  in pi  

(ii) Taking 616-keVY -transition to be pure Ml: 

considering A2  value, we get (9+8)7.  of 02  in 01  

considering A4  value, we get <5/, of p2  in pi  

(iii) Taking 616-keV 1 -transition to be mixture of M1 and E2 

The percentage of mixture of M1 in E2 for 616-keV 

Y -transition as compiled - by Lederer etal (18) is <0.5r, . This 

small percentage of M1 in E2 for 616-keV transition shall not 

change the estimates of two 0-groups (considering theoretical 

values of A2  as mentioned above), if we take 616-keV transition 

to be pure E2. 
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Therefore we find that there are two beta-groups, 

one corresponding to 1128-keV and other to 1134-keV and 

the percentage of former p-group is <57. to that of the latter. 

Further as mentioned above, the spin values of the levels 

involved are confirmed by the present studies of p Y - Y 

angular correlation, viz 0 and 2 for the 1134 and 1128-keV 

excited energy levels respectively. 
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CHAPTER-8 

A METFDD FOR THE DETERMINATION OF 4, HE ANGULAR CORRELATION 2 
COEFFICIENT BY BETA-GAMMA-GAMMA  ANGULAR CORRELATION STUDIES 

8.1 INTRODUCTION:  

The decay of Tb 16°  to the levels in Dy160 has been exten-

sively studied by many investigators (18,63). The gamma-gamma 

angular correlation studies (64-68) have been performed in order 

to verify the current spin assignments to the excited energy 

levels and multipolarities of the gamma-transitions. The log ft 

values are found to be very large and in such cases, 14 the angu-

lar correlation factor is not zero and has been measured. One of 

the difficulties in A measurements is due to other competitive 

beta-gamma cascades (coincidence of beta-spectrum and compton 

distribution of gamma-ray spectrum).Further the angular correla-

tion of these beta-gamma coincidences are difficult to account if 

the beta-transition is the first forbidden. But on the otherhand, 

the beta-gamma-gamma angular correlation studies can be tried and 

by this technique, the unwanted beta-gamma cascades can be either 

eliminated or reduced for the determination of A in allowed cases, 

The decay of Tb
160 

to Dy
160 

has been studied by this 

method. This decay is not simple but involves large number 

of beta (allowed and forbidden) and gamma-transitions. Therefore 

complicated corrections are needed if one wants to obtain 

AL13  by beta - gamma - gamma angular correlation studies. 
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Cipolla etal ( 69) determi.led 4= 0.041 t 0.015 in the decay 

of Tb160  for the p-group of E
max 

 566keV. 

The principle features of the Tb/6°  decay scheme are 

well known from the previous works and the decay scheme of 

Tb
160 

 is presented in fig.8.1. 

8.2 EXPERIMENTAL: 

The source in the form of Tbel
3 

in dilute HC1 solution 

was obtained from Bhabha Atomic Research Centre, Bombay. The 

specific activity of the source was 150mc/gm Tb. A, few drops 

of the source were dried on the cellotape and it was spread 

in 2mm diameter. The cellotape alongwith the source was 

mounted on a perspex stand and it was kept in vacuum alongwith 

the plastic scintillator. The source was 3.5cm from the beta-

detector and 6cm from each of the NaI(T1) detectors. 

8.3 COINCIDENCE AND ANGUL41R CORRELATION STUDIES  FOR Ta  

2iSCADEOLLSRAYOF Emax  566keV Y-.R.aS OF 298keV--

Y _RAYS OF 966-keV 

A beta-ray spectrometer is used as an integral spectro-

meter selecting beta-rays above 360 keV energy and gamma-ray 

spectrometer (fixed one) is used as a differential spectrometer 

scanning the spectrum in 1V channel width (1V = 10.6keV) in the 

region of gamma-rays of 298-keV and a photopeak of 298-keV was  

obtained. The output of the slow-fast coincidence circuit 

(selecting gamma-rays in photopeak of 298keV) forms the gate 

for one of the inputs of the mixer type coincidence unit and 

the second input of this unit from the movable gamma-ray 
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spectrometer which scans the gamma-rays above 924keV energy 

22keV). The triple coincidence spectrum was obtained 

clearly indicating a photo-peak of 966keV. The beta-gamma-

gamma coincidence spectrum alongwith the single spectrum is 

shown in fig.8.2. 

The angular correlation studies for the cascade of 

13-rays of Emax  566keV -7-rays of 298keV 	-rays of 966keV 

are done by selecting 298- and 966 keV energies at the photo-

peak. The movable detector is kept at the various angles in 

intervals of 22.5°  between 90°  to 180°. 

8.4 ANGULAR CORRELATION RESULTS: 

The angular correlation function W(0) was obtained 

by the method of least square fit (without applying solid 

angle correction which has been included in the theoretical 

calculations) and the results thus obtained are as follows: 

W(0)=1+(-0.199 	0.016) P2(Cose)4(0.019 	0.018)P4(CosB) 

8.5 THEORETICAL ANALYSIS: 

The beta-gamma-gamma angular correlation function 

W(0) as given in equation (2.51) of chapter 2, has been 

modified to calculate the p-correlation factor 

Let us consider the case when the second transition 

is pure dipole and third transition is pure quadrupole, 

respectively i.e. L2  = L2 = 1 and L3  = Li = 2 and therefore 

62 = 63  = 1. Considering the allowed 13-transitions (J=J r  =1), 

the equation (2.51) can be ex2anded by summing over k1. 
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1 3/2 	I.+II  
W(0) = ( 	( —) 1 	E 77)  

k2k3k  
b0(JJ) Z (JIaJIa ;IiO) x 

rl 

• 
Z(1131.1)113It ;Ifk3 )Q0Qk Qk  Po(Cos0).4a 2(Cosa, 

2 3 	ccOk 2k30 	 Ok2k32 

L2 Ia 

L 	I 	Z(LILI Ik ) Q Q 	 Co* 
l 

2 	a 	I3I0310,; s3o k  qk  
2 3 aOk2k3k2k( 

k 2 0 

4b2(JJ)Z(JlaJIa:;Ii2) Gy 
• 

;Ifk3 ) x 

Q2 9kQk  2 	
Pk(Cose) 	b4(JJ)Z1  (JI aJIa i ;I4)x 

3 2k2k3k 
 

12 

L2 

k2 

ON, 

  

  

(8.1) 

The first term of the equation (8.1) can be written in the 

following way by summing over k i.e. taking k = 0,2,.and 4 

values 

k 2k3 
b0 (JJ) z1  (JIana ;Ii0) G 

 

3 k2 0 

al 
 

Case)) 	 (8.2) Ok2k3  4( 
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gritting a0, a2  and a4  for the coefficients of b0 P0(Cose), 

b0 P2(Coso) and 130 P4(Cose) and therefore the first term of 

equation 3.2) is written as 

b0 [Ta020(Cose) + a2P2(Cos0) + a4P4(Cose) II 	(8.3) 

Similarly taking second term having b2(JJ) in the expression 

(8.1) and summing over k, one can write the coefficients to be 

p o, p2 , and (34  and third term having b4(JJ), the coefficients 

can be taken as 7 0' 2 7 	and 7 4 respectively. 

Therefore angular correlation function W(0) is written 

as: 

w(e)-(00 	pob2 + 7  0  b4) P0(Cose) +(a2b0 + 132b2 +I  21)4) 

O) 	(a4bO + p 4b2 + 	b4) P4(Cose) 	(8.4) 

In order to compare it with the experiment, the coefficient 

AL2  and A4 are written in the following manner 

Ai2  a2bO p2b2 12b4 

ao-bo 	po  b2 + 7 0  b4 

and 

4 = 
a4bO  P4b2 Y b4  
a0bO pob2 + 10b4 

 

 

Further A2 can be written as 

(8.5(a)) 

A2 	
a2 

77- 	7--) 	TT  
[

cl+ 	
b2 Y2 b4 	+ 	+ 0 b4 0 b2 

a 	a b0 
a2 
cco 	 a2 	 0 

(8.6) 
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Taking the approximation in the expression, we have 

Y
2 0\  b4 	(8.7)_1A 	a2 	,(P2 	0 	b2 

44'2 - 	-r‘a2 	ao 	1)0 	
(
a ' ' 	- a I b0 2 	-0 

a
0c

t2; (3 0(3 2; and Y 0  Y 2  are the co efficients which are known 

for the particular spin sequence and multipolarities of gamma,- 

transitions. 

J.1 	
L=1 	4. li---2 4.  

Considering the cascade 3-  -7-----} 2 —4r-4- 2 -74--->0  
1 	2 

the theoretical value of A2  is obtained to be 

A 	b2 . 0 0 b4  
2 = 

0 - 0.208 (1 	0.132 + . 	Eu- 4 . Er 

8.6 RESULTS AND DISCUSSION: 

Taking the experimental value A2  to be -0.199 4  0.016, 

we find the mean value of 14- - 0.313 	0.60. In order to 

compare it with the value obtained by Cipolla etal ( 69) we 
take Fk a_a ) to be 0.120 and taking proper sign to change 

Z1a 
JI 

 a ; I.k1 / 
) as defined by Ferguson (16) into Fk  (1,1,;LI 

a ) 

as defined by Rose ( 6 ), we get the mean value to be 	.0,037 

This value is comparable with that given by Cipolla etal ( 69 

as 0.041 	0.015. 
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CHATTER-9  

SYSTEMATICS IN E2/M1 MULTIPOLE MIXING RATIOS OF 

(2' 	2:D  GAMMA-TRANSITIONS IN EVEN-EVEN NUCLEI 

	

9 .1 	INTRODUCTION 

• Many attempts potnis and Rap (70), Grechukhin (71), 

Tamura and Yoshida (72), Krane (73), Greiner (74), Davydov and • 

Filippov (75), Hamilton (76), and Kumar (77):]in the past have 

been made to compile E2/M1 multipole mixing ratios (a'8 1 ) and 

relative phase. Kumar (77) has summarized in review article 

entitled "What can we ]earn from the transition probabilities and 

mixing ratios of atomic nuclei". In all these attempts, the magni-

tude of '8' has been the main consideration. Krane (73) has 

compiled the number of cases with positive .and negative phases 

alongwith their magnitudes. Krane (73) has further reported that 

there is no correlation or any systematic in phases of '8'. An 

attempt has been made in order to investigate the phases of '6'. 

Another objective of the present study is to find out the systema-

tics in the magnitudes and phases which may reveal the nuclear 

structure. 

	

9.2 	PHASE CONVENTION AND IEFINITIONS: 

In extracting the mixing ratios from the quoted angular 

correlation coefficients, the sign convention of Biedenharn and 

Rose (6) has been followed, in which the first transition is the 

absorption to form an intermediate state followed by the second 

transition, consisting of the emission. 
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The angular correlation coefficients for the cascade 

YA  
I.. I

Y2  
- I

f 
in which the initial transition is a mixture of M1 and 

E2, are written as 

(L IL I;Iik 26 Z(LiIL,II;Iik)+82  

1 + 8
2 

 

X Z(L2IL2I;Ifk) 	 (9.1) 

Where '8' the amplitude mixing ratio*  is defined as 

<II(Linill Iy  > 
6= <I II L1n1  II Ii> 

(9.2) 

The sign convention of Biedenharn and Rose (6) is compared with 

Krane (31) and Rose-Brink (78) conventions for a cascade as 

6(Y
1
)BR = 	6(Y1 )KS / 6(Y1 )RB = 	b(Y1)KS 

(9.3 ) 
b(Y 2)BR = 8(12)KS/ 5( Y2)RB = 	6(Y2)KS 

The mixing ratio '6' may be compared with theoretical values 

through the expression, as defined by Krane (73) 

<Illm(E2)11 I.> 
= 0.835  	1 

cilm(ppoll 
(9.4) 

Where Ey is the gamma-ray energy in MeV. For the purpose of 

theoretical comparison, it is useful to define the mixing ratio 

as 
6L(=  0.E8335 Ey )  

<Illm(E2)11 I.> 
4N- - 	 

<Illm(M1)II Ii> 
(9.5) 



78.  
Where l\, is given in units of eb/lN 

9.3 	COMPILATION AND ANALYSIS OF THE ANGULAR CORRELATION 

COEFFICIENTS 

The angular correlation coefficients (A2  and A
4
) for the 

cascade 2+ — 2+  — 0+  from almost all the radioactive disintegra-

tions as reported by __various authors are collected and are 

given in table I. The details of the cascade i.e. energies of 

y
1 

and y
2 
alongwith the references are also given. The analysis 

of the angular correlation data has been done by two methods which 

are as follows. 

(i) THE ANALYSIS OF THE MULTIPOIE  MIXING RATIOS BY THE METHOD 

OF ARKS AND WIEDENBECK 

Arns and Wiedenbeck (52) have suggested the method to 

determine the magnitude and phase of the multipole mixing ratio 

if one transition of gamma-gamma cascade is mixed. The theoretical 
, 	 2 , 

plot of A2  versus q c- ---7) is done and an ellipse is obtained. 
148 

The multipole mixing ratio '8' is determined if the experimental 

value with the error cuts the curve. Such type of the plot is given 

in figure 9.1. The values of mixing ratios as obtained by this 

analysis are given in table 

(ii) ANALYSIS OF THE MUITIPOLE MIXING RATIO BY TEM GRAPHICAL 

METHOD OF COLEMAN 

Coleman (79) has introduced a method for evaluating the 

multipole mixing ratio 'S' from gamma-gamma directional correla.: 

tion experiment if only one transition is mixed by using both A2 
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TABLE-I  

Angular correlation coefficients for 2' 

2 
---\Tr--.---Expt":—Expt 

Nucl- 1 	 A.
4 eus 	(keV) (keV) (keV) 2 

-.. 0
+ 

cascade. 

79 

Reference 

 

4111■111■11•11111•■■■••=1.1■••■•••.••■••WO■INIAlmallne. 

263
8 Fe5 1675 810 865 
2 

283
8 Ni5 2775 1454 1321 0 

28N1300 2156 1330 

28 
Ni62
34 
 2301 1173 

30 34 
4164 1800 992 

66 
30

.3(1
36 1872 1039 

4n68 1883 1077 30 38 

32 40 
Ge72  1464 834 

3242
4 Ge7 1204 596 

32 44 

	

Ge 6 
1108 563 	545 	0.14+0.04 	- 

34
Se74  1270 635  40 

76 
34

Se
42 

1216 559 

34 
Se78

44 
 1306 613 

364 
Kr7

2  1119 455 

80 

	

36-
y 
 r44 1256 616 	639 -0.12+0.04 	0.21+0.07 

364 
Kr8

6
2 
1475 777 

36Kr48
84  

	

 1897 881 	1016 -0.056+0.050 0.426±0.089  

R.A.Fox etal,P.R.C5, 
853 (1972). 

D.F .H.Start etal.,N.P. 
A162,49 (1971). 

Sai.Shaforth etalkiP.R. 
149,827 (1966). 

D.M.Van Patter etal, 
N.P.A178,355 (1972). 

A.K.Sen Gupta etal., 
P.L.3,355 (1963). 

T.Hayashi etal., J.P.S 
(J)27,1375 (19604 

J.Lange etal.,P.R.07, 
177 (1973). 

H.Chen etal. ,N.P.A219, 
365 (19741 

M.C.Cambiaggio etal.. 
Z.P.A275,183 (1975). 
K.C.Chung etal., P.R. 
C2,139 (1970). 

M.C.Cambiaggio etal., 
Z.P.A275, 183 (1975)- 

T .Nagahara etal. .P .S 
(J)34, 579 (1973), 

R.M.Lieder etal., P.R. 
C2, 531 (1970). 

N.E.Andernson etal., 
J.P.A(GB)7,1156(1974),. 

T.Hayashi etal.,J.P.S 
(J)27,1375 (1969). 

J.Kotch etal,N.P.103, 
300 (1967). 

J.P.Roalsvig etal., 
P.R.138,B1378 (1965), 

0.45+0.04 0.08+0.09 

-0.27+0.03 0.16+0.04 

826 -0.30+0.03 0.15+0.05 

1128 0.415±0.053 0.082+0.131 

810 -0.200+0.022 -0.020±0.032 

833 0.30±0.05 0.21+0.07 

806 	0.369±0.025 0.234+0.034 

630 -0.002+0.009 0.311+0.012 

609 -0.251+0.015 0.27+0.04 

635 	0.213+0.022 0.272±0.044 

657 -0.185,0.012 0.305+0.021 

693 0.22+0.03 0.03+0.04 

664 0.11+0.04 0.03+0.07 

698 -0.307.10.015 0.239±0.010 



80 

38Sr48 1854 1077 777 
88 38  Sr50  3223 1836 1387 

	

4211442 1864 871 	993 

42M034 1498 
98 

42M056 1432 787 645 

44Ru56100  1360 540 820 

02 

	

44.'
„p 4

58 - 1103  475 	628 

	

Pd l 41323 556 	767 0 
46 58 

46  Pd 	513 	612 0 

46Pd62108 1441 

46Pa14°81°  

Cd1
6
101476 658 818 48 2 

50Sn66 62109 

52 
T
e70
122,„ 

12 
52Te724 1325  

Nue), El 	B   
—"E"--xpt 	AExpt 

v  
e us  86 	VI 	

A2 	4 

0.040+0.023 

564 686 0.142+0.006 

603 723 0.136+0.009 

667 754 0.05240.028 

389 491 -0.110+0.012 

540 415 -0.1840.01 

667 630 -0.162+0.047 

847 766 0.220+0.043 

374 

1293 

434 1007 0.069+0.024 

778 

819 

436 

720 

-0.220+0.037 

0.375+0.050 

0.31+0.02 

0.28+0.04 

-0,072+0.020 

-0.147+0.020 

-0.196+0.024 

-0.069+0.017 

0.16+0.06 

0.100+0.040 

Reference 
■••■■•,••••••..•■•...11 

0.017+0.037 R.G.Arns etal,N.P. 
A148, 625 (1970). 
Y ,Kawase et . ,N 2. 
A154, 127 (1970) 

	

0.22+0.011 	N.K.Aras etal.,N.P.A.112, 
609 (1968). 

0.056+0.036 D.Heck eta]., N.P. 
A159, 49 (19701 

0.060+0.035 D.Heck etal, N.P. 
A165,327 (1971). 

0.32440.030 H.Kawakanic etal, 
J.P.S.(J)24,614 (1968). 

0.347+0.033 B.Singh etal,N.P .A155 , 
90 (1970). 

	

0.02+0.04 	N.C.Singhal etal. ,P .R. 
05, 948 (1972). 

0.310+0.007 J .Kotch etal., N.P .103, 
300 (1967). 

0.055+0.033 K.Okano etal,, N .P .A,164, 
545 (1971). 
R.L.Robin son etal, 
N.P.A166, 141 (1971). 

0.180+0.050 K.S.Krane 
724 (1970). 

0.2740.05 G.Garnoia Barmudiz etal., 
P.R.09, 1060 (1974), 

0.298+0.005 J .Kotch etal., N.P .103 , 
300 (1967). 

0.270+0.015 K.R.Baker etal, N .P. 
.6.189, 493 (1972). 

0.291+0.035 Z.W.Grabowski et al, 
P.R.03 0649 (1971). 

0.341+0.030 Z .W.Grabowski etal, 
P.R.C3,1649 (1971), 

0.36+0.02 	T .Hayashi eta], N .1/1 
53,123 (1967). 

0.363+0.092 H.W.Taylor etal,,C.J .P. 
49,2724 (1971). 

0.062+0.065 J .M .Gualda etal. N . 
A234, 357 (1970 

Tp126 4A  "34  
52 -7 4 'fl.'" 

12 
54Xe72 

6 
880 

54
Xe
74
128 955 

54Xe78 
 21297 

13 54Xe804  1613 

0.217+0.014 -0.004+0.016 



#(1.0+g:2) 

-1.1+0.2 

-1.3<8<-0,9 

Not deduced 

Not deduced 

2.0 

+1.45+0.14 

10.3+1.3.  

-3.4+0.4 

-0.1+0.1 

+2.6+0.2 

Not deduced 

Not deduced 

Not deduced 

Not deduced 

-1.65+0.15 

Not deduced 

0.05<g<0.09 

-0.04±0.02 

2 
+ -0.440.04  -0.03 

4.5810.05 

_0.66 0.325 -0.69 0.965 -5.25 -0.69 

+0.37 0.05 +0.07 0.775 +1.85 +1.85 

+0.37 0.035 +0.19 0.675 +1.44 +1.44 

+1.385 

-0.91 

-1.45 

+0.29 

-1.02 

+2.66 

+2:14 
+18.92 

-4.19 
-0.31 

+4.77 

-10.38 

-0.08 

-0.31 

-26.47 

-3.14 

+16.64 

-0.42 

-0.04 

+2.41 

-0.73 

-1.08 

TABLE-II 	 83 
E2/11 multipole mixing ratios from the quoted angular correlation 
coefficients. 

Nucleus 
'Mean 
value 
of 8a 

Mean value of ,55' Mean 
value 
-of 8 .1121cen__----._ 

)Value of 0 
from the 
literature 

(eb/ -  ) 
fiq 

-- 
Q1 	51 	Q2 	2 

26 32 
Fe58  +0.26 0.13 +0.39 0.5 +1.0 +1.0 

28
Nq -1.0 0.465 -0.93 0.885 -2.77 -1.0 
Ni60 

2832 - 

28 Ni 34 
62 +0.26 0.07 +0.27 0.59 +1.20 +0.27 

1.0 0.575 -1.16 0.82 -2.13 -1.0 

32 44 
Ge 6  -0.11 0.02 -0.14 0.925 +3.51 -0.14 

34 40 
Se74 +0.41 0.003 -0.05 0.865 +2.53 +2.53 

se7 	-5.67 0.315 -0.68 0.97 -5.69 -5.69 34 4
6 
2 

34
Se78 -0.05 0.003  44 
Kr78  -0.17 0.03 3642 

36Kr480  -42.33 0.21 4 

-0.05 0.860 +2.48 -0.05 

-0.17 0.945 +4.14 -0.17 

-0.51 0.995 -14.11-44.11 

-0.44 0.997 +1a23 -0.44 

-0.58 0.97 -5.69 -0,58 

64 
30'34 

Zn66 
30 36 

zn68  
30 38 

32 Ge72
40  +0.47 0.1 	-0.33 0.99 

Ge74  -2.33 0.425 _0.86 0.82 2 3 42 

+9.95 +9.95 

-2.13 -2.13 

36 46 
Kr 2 -1.86 0.62 -1.28 0.77 -1.83 -1.83 

36Kr4884   +0.49 0.145 -0.41 0.995 +14.11 +1441 

38
Sr86 -0.25 0.07 -0.27 0.98 +7.0 -0.27  48 

38 5
8 	

* Sr 	-0 05 0.003 -0.05 0.86 +2.48 -0.05 0  

4z
,..Mo94 +0.39 0.003 +0.05 0.8 	+2.0 +2.0  52 

2Mo5 -0.43 0.16 

98 
42"056 -0.54 0.25 

* Mean value of 8. 
(a) From the plot of A2  versus A4 
(b) From the plot of A2  versus Q 
(c) Sign convention of iedenharn and Rose (C) 



6+2.5 
- -1.5 
6C*20 

Not deduced 

+4.35:10.00 

-0.24.10.04 

-0.77+0.11 

+1.20±0.15 

+1.8.10.2 

+3.52.10.10 

+3.3±0.2 

+0.4 
+5'5-0.3 

-27
+30  
-9 

Not deduced 
+ 

-18
50  
-9 

-2.4+02 

9
+7 

- -8 

-8,31 

+34.79 

-0.16 

+8.10 

-0.27 

-2.04 

+2.06 

+2.56 

+6.12 

#6,02 

+9.90 

-44.46 

-18.03 

-18.91 

-0.08 

-13.19 

47.30 	-21.17 

-0.21q<-0.19 -0.18 

+1.1
+0
.10
,14 	

+0.45 -0 
n  .4+0.01 
--"_ 	-0.61 0,02  

+0,61+0.018 +0.37 

+1.6+0.5 	+2.22 

.8 9 
-17.33 -3 

84 

Mean Mean value of 0 
Nucleus, value 

ofba  

Mean 
value 

2 
of 8 
taken  

Value of 6e 
from the 
literature Al 

	a2 
(eb?N) 

44 Ru
1
6
0 
 -5.67 

Ru102 co 
44 58 

46
Pd104 -0.11 
 58 
10 

46
Pd60

6 
 +0.44 

46
Pd108 -0.25  62 

Pd110  
46 64 

48 62 
cd110 

+0.35 

sn116 +0.39 5066 

52 Te
122 

+0.44  70 

5272 
Te124 +0.43 

5274 
Te126 +0.46 

12 
54

Xe
726 -19.0 

128 
54 

Xe74 -5.67 

Xe132 -9.0 54 78 

Xe134 -0.05 
54 80 

Ba132 -5 67 
56 76 

134 
56
Ba

78 -7.00 

5680 
Ba16 -0.17 

140 50a84  +0.31 

ll°  580e82 -0.43 

142 
58

Ce
84 +0.26 

60 Nd84
44 
 +0.37 

,152 A A  
623m90 -'" 

0.32 -0.69 0.97 -5.69 -5.69 

0.16 -0.44 0.997 +18.23 +18.23 

0.01 -0.10 0.91 +3.18 -0.10 

0.035 -0.19 0.945 +4.14 +4.14 

0.05 -0.23 0.97 +5.69 -0.23 

0.36 -0.75 0.95 -4.36 -0.75 

0.04 +0.20 0.665 +1.41 +1.41 

0.01 +0.10 0.755 +1.75 +1.75 

0.02 -0.14 0.925 +3.51 +3.51 

0.02 -0.14 0.93 +3.64 +3.64 

0.065 -0.26 0.975 +6.24 +6.24 

0.205 -0.50 0.997 -18.23 -18.23 

0.30 -0.65 0.975 -6.24 -6.24 

0.275 -0.62 0.99 -9.95 -9.95 

0.003 -0.05 0.86 +2.48 -0.05 
0.30 -0.65 0.975 -6.24 -6.24 

0.275 -0.61 0.99 -9.95 -9.95 

0.035 -0.19 0.95 +4.36 -0.19 

0.105 +0.34 0.54 +1.08 +0.34 

0.125 -0.38 0.995 +14.11 -0.38 

0.075 +0.28 0.59 +1.20 +0.28 

0.015 +0.12 0.72 +1.60 +1.60 

0.275 -0.62 0.99 -9.95 -9.95 
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Nucleus 
Mean 
value 

of 6
a 

Me an value of 6b liean 
'value 

6 

Value of V
from the 
literature wri 

6 	Q 	
,of Q1 	2 	6  1 	2  

152 
6488 +0.39  

64
Gd154 -9.0 
 90 

6492 
Gd16  +0.46 

64 
 Gd158 -0.17 

	

94 	• 
n,160 .0  47  6rj94 
Yb1 	-0.25 70 04

74 
 

174 
72 Hf102 -0.48 

Hf178 -0.43 72 106 . 

72 Hf108 .
180 

-0.17 

	

7,7182 	0  
74"108 

W184 

	

74 110 	+0.49  
86 , 

76'
, 
 s1110 

+0.47 

76
Os

1
1
12
8  
 +0.47 

760s
190 

Os
190 

 +0.47 
4 

78 11 
Pt192

4 
 -9.0 

Pt194 -39 78 116 

78 11 
Pt196 +0.44 

Hg198 -0.17 80 118 
200 

80 Hg120 -0.17  

0.003 +0.05 0.8 +2.0 +2.0 

0.25 -0.58 0.99 -9.95 -9.95 

	

0.06 	-0.26 0.975 +6.24 +6.24 

0.05 -0.23 0.97 +5.69 -0.23 

0.1 -0.33 0.99 +9.95 +9.95 

	

0.06 	-0.25 0.965 +5,25 -0.25 

0.155 -0.43 0.997 +18.23 -0.43 

0.145 -0.41 0.997 +18.23 -0.41 

0.035 -0.19 0.955 +4.61 -0.19 

0.275 -0.54 0.995 -14.11 -14.11 

	

0.12 	-0.37 0.995 +14.11 +14.11 

0,1 -0.33 0.99 +9.95 +9.95 

0.105 -0.34 0.995 +14,11 +14.11 

0.105 -0.34 0.995 +14.11 +14.11 

0.26 -0.59 0.99 -9.95 -9.95 

	

0.18 	-0.47 0.995 -14.11 -14.11 

0.02 -0.16 0.98 +7.00 +7.00 

0.035 -0.19 0.95 +4.36 -0.19 

0.035 -0.19 0,95 +4.36 -0.19 

2.0±0.5 

-11 ±, 3 

+1.4 
5'9-2.8 

Not deduced 

+(9.74:N) 

-0.26±0.04 

018-  <-0.24 

+0.036 0.410_0.035  

-0.20 

-12+2 
-1 

+15 

+15 
+10

-4 

+12.342.8 

+12
-5 

+8.8+0.3 

-45 159  

+4.3±0.2 

-0,19 

-0,19t0.01 

+4.09 

-17.18 

+7.19 

-0.29 

+13.56 

-0.24 

-0.64 

-0.42 

-1.06 

-15.07 

+21.31 

+18.92 

+35.36 

+45.52 

-40.28 

-57.59 

+25.18. 

-0.36 

-0.39 
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and A
4 

values. One plots the curve between A2 versus A4 
for a 

2*  - 2*  -` 0*  cascade as shown in fig.9.2. This curve is labelled 

with the values of '8' ( or more conveniently with the values 

6 of the parameter 6' . I T7- 1) The measured experimental values' 

with the errors for both A2  and A4  are depicted in the plot 

which gives the best fit value of t.5' with phases, as shown in 

fig.9.2. The values thus obtained are given in table II. 

9.4 	MULTIPOLE MIXING RATIOS ON  THE BASIS OF GREINER'S MODEL 

Walter Greiner (74) has reported a model to calculate the 

g-factors and E24\11 multipole mixing ratios in vibrational nuclei. 

The basic idea of the proposed model is the assumption that the 

proton distribution in nuclei is less deformed than the neutron 

distribution because the pairing force acting between protons is 

larger than acting between the neutrons. Let G and Gn be the 

pairing forces for protons and neutrons respectively. Nilsson and 

Prior(80)havefoundthevaluesforG
P  - 21-FleV and n18 MeV 

30 while Marschalek and Rasmussen (81) use G = --MeV and 
20 Gn - 

The average deformation go  of the mass distribution is 

defined as 

NO0(n) 4. 40(p) 
PO 

A. 
(9.6) 

Where p0(n) and 00(.0 are the neutron and proton deformations. 

Greiner (74) has given tle expression for the calculation 

of A (ia, 8/E1) and is written as 
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(1.1 x 10-3)1130 	
(9.7) 

f(1-2f) 

Where f gives the difference in proton and neutron deformations 

f  = 	1-(30(n)  

A  L-FOM 
(9.8) 

The parameter f is calculated from equation (9.8). The root mean 

square deformation po  for the first excited state is given by 

Greiner (82). Putting the values of these parameters in equation 

(9.7), the value of multipole mixing ratio6(a 8/Ey) is obtained. 

The mixing ratios for a number of nuclei have been calculated and 

it is found that the sign of4is always positive. 

9.5 	THE MAGNITUDE OF 1 45,1  

The plot of/SU 8/Ey) versus mass number A is given in 

figure 9.3. The calculated values °fa on the basis of Greiner's . 
• 

model (74), are also given in the figure 9.3 and are denoted by 

dotted line. The plot as done by Krane (73) is also given which 

accordingly to him indicates the trend of the measured values and 

shows a pronounced minima in the vicinity of the closed shells. 

In the present analysis, it is indicated that we can divide 
the nuclei 

/in five groups by drawing straight lines as given in figure 9.3. 

These straight lines are obtained by the method of least square 

fit for values for nuclei in the groups. The error is calculated 

by the method given in Daniel and Wood (83) and 'indicated by the 

broken lines. Almost all the values of4ilie within the groups. 

In the first four groups, the values o.f approaches to zero when 
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the neutron numbers or proton numbers are at or around shell 

closure, except in the fifth group , indicating as if there is 

one more shell type structure,. The elopes of these groups with 

the errors are as follows: 

14N1 	
group I 	group II 	group III 	group IV 

_37-- =0.1154+0.0262, 0.1554+0.0403, 0.1505+0.0212,0.2070+0.0244 

1n1A,1 	
group V - 	= 0.1877+0.0330 - 

9.6 	THE PHASES OF töl 

The phases of '8' are as given in the table II and are also 

plotted (figure 9.4). The X-and Y-axes are taken Z(atomic number) 

and N(neutron number) respectively. The phase (+) or (-) is given 

for almost all nuclei expect four cases (Ge72, Se74, Mo94  and 

Gd152). The plot clearly indicates a certain system. The line as 

given in figure 9.4, separates positive and negative phases. For 

every eight protons, we find a change as indicated in the figure. 

These proton numbers are at 37, 45, 53, 61, 69 and 77. There is 

a change at 29 but again at 39 as well. Below 29 and above 77, 

there is no such type of structure. 

9.7 	ENERGY OF '4' EXCITED STATES 

In all these nuclei, the first excited state is 2+  and 

second excited is not 2.4  but this lies above 4
+ 
or 6

+ 
or 8

+ 
or 

t +  
above 0. 0

+ 
may lie between 2

+ 
and 2+ 	or 4 and 2 or 

between 2
+ 
and 4 . All these cases can be divided in five main 
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The phases of are given for various nuclei by plotting'Z' (cdomic number) along 
X- axis and 'N' Neuiron number) along Y-axis. 

FIG.9.4 



Group 

Number of cases, 

Number of cases, 
having phases 

Number of cases, 
large values with phases 

small values with phaseP 
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groups as given in figure 9.5Jnseven cases which are as follows: 

88 100 140 152 152 154 	74 
Sr , Ru 	Ce 	,Sm 1  Gd ,Gd andlif ,tbe decay schemes of 

the - isotopes do not lie in the five groups but are different. 

The following table gives the number of cases in -- various 

categories alongwith (+) and (-) phases and large and small 

values of W. 

B E 

33 11 6 2 4 
111•111111•••••1111•MIIIMOIMI. 

+ 12 7 2 2 3 

21 4 5 .11 

10 2 2 

11 1 1 

2 1 

10 4 ea* 

The almost 50 percent cases are in A group where second excited 

state is 2 . This classification may be considered on the basis 

of §-and y- vibrational bands and may also help in microscopic 

calculations for the nuclear structure studies. 
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