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RESIVE!

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
fbr the mounting of the three detectors are suggested in order to
make angular correlation method feasible for experimental studies
of thé radiations from radioactive nuclei. A few radioactive
igotopes have been studied. A survey of all angular correlation
data have been made and analysis of (é*’*'2¢) gamma—tragsitions
in even-even nuclei are presented to get additional insight into
the structure of the excited statés. The thesis has been divided

into the following chapters.

GHAPTER-L 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_IT THEQRY OF DIRECTIONAL CORRELANION

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



for the analysis of the angular correlation data.

CHAPTER-IIT 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 cirecuits, vacuum chamber
alongwith the source stand, for triple correlations are given.

The assembly is illustrated in-block diagram,

CHAPTER-IV BET A-G AMMA~G AMMA ANGULAR_CORRELATION ST UDIES
OF THE RADIATIONS FROM THE DECAY OF Ryl03

Beta~-gamma-gamma directional correlation studies for the
cascades (i) p-rays of B . 120 keV ~y -rays of 557 keV = y-rays
of 53 keV and (ii) p-rays of Emax 210 keV =y -~ 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 Rhm3 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 @ure quadrupole and
557 keV gamma-transition is the mixture of dipole and quadrupole

with mixing ratio '§' (between 0.1 to 0.25)

CHAPTER-V BETA-GAMAGAMA ANG ULAR CORRELATTON STUDLES OF
THE RADIATIONS FROM THE DECAY OF EJ7AND EJ24nD
STUDIES OF THE NEGATIVE PARTTY STATES IN G152

Beta-gama-gamma angular correlation studies are done for

the radiations from the decay of Eu'1o4 and Eul02 for the following
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cascades (i) B-rays of B 590 keV=+y - rays of 1278 keV=y ~rays

max
of 123 keV and (ii) B~ rays of B . 360 keV»y -rays of 779 keV

=Y« rays of 344 keV. The angular correlation coefficients thus
obtained are analysed and sping of the excited states and multi-
polarities of gamma-transitions are detemined. A method for the

estimation of the mixture of dipole % quadrupole * octupole for

triple angular correlation coefficients is also given.

CHAPTBR_VI NEGATIVE PaRITY SUAPES IN Ng'44 aND MULT ITPOLARITY
OF_GAIMA-TRANSITION FROM 1~ T0 * STATES BY BETA-
GAMAG AMMA-ANG ULAR CORKELATION METHOD

Some of the low lying states in many isotopes (Nd144,8m148

¢a'92 ana 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 17, 57, 37, 4~ etc. are considered due to the
gimultaneous excitation of quadrupole and‘octqpole 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 B~rays of Emax 800 keV = Y- rays of 1489 keV -

Y =-rays of 696 keV are usged to estimate E3 content in BE1 transi-
tion in Nd144 and estimate is also made for other nuclei [:Sm148,

gp 192 156

and Gd :] by gamma-gamma angular correlation data.



vii
CHAPTER~VIL STUDY OF THE DOUBLET AT 1128 AND 1134-keV

LEVELS IN Pa'%® FROM THE IECAY OF 30gec Rh!0P
BY BETA-GATAGAMA ANGILAR CORRELATION METHOD

The beta-gamma-gamma angular correlation for the cascade
of p-rays of L 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 Pa 0 106

from the deecay of 30 sec Rh
The branching of two beta-groups (51 and 32) to thede levels

is determined and the percentage of former is { 5 percent that
of the latter. The spin values are confirmed as of and 2+ for the

1134 and 1128-keV lewels.

CHAPTER-VIII A METHOD FOR THE DETLRMINATION OF AB THE

..... 2’

- ANGULAR CORRELATION COEFF ICIENT BY BETA-
GAMA-GAMMA ANGULAR CORRELATION STUDIES

A method of beta-gamma-gamma angular correlation has
been tried to obtain Ag » the angular correlation coefficient
o' particle parameter terms in triple angular correlation
are included, 4 typical case of the decay of Tb160 to Dy160 i
given for the cascade of B-rays of Emax 566 keV ~+y ~raysg of
298 keV =y ~rays of 966 keV. The results obtained by this triple

angular correlation method are compared with those obtained by

beta~-gamma angular COrfelat;on method.
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CHAPTER-IX SYSTEMATICS IN E2/M4 MULTIPOLE MIXING RATIOS
' []
oF (2 - o%) GAMMA TRANSITIONS IN EVEN-EVEN

NUCLEL
Agxpt. and E%Xpt‘ angular correlation coefficients for the

f .
cascade 2"F - 2* - O* for almost all the even-even nuclei have

been collected and reanalysed to calculate the émplitude mixing
ratios (8) for £+ - 2* gamma-transitions. There are two methods
for analysing the data VviZ. Arns and Wiedenbeck method [:Phys.
Rev.111, 1631 (1958):} using A2 values or A4 values and that of
Coleman [Nuol. Phys.5, 495 (1958)] using A2 and A4 values., The
phases and values which are common in both the analysig, are
taken for the analysis. The plot of 1n |6]E§| versus mass number
(A) is given alongwith the values predicted by Greiner's model
( 7T4) and that of Krane ( 73), Many systematics obtained in the

values and phases of § are presented,
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CHAPTER-1

INTRODUCTION

The directional correlation studies between successively
emitted gamma-quanta from radioactive nﬁclei are particularly
mo st informative in aggigning the spin values of the excited
»energy levels and the multipole orders for the gamma-radiations,
The experiments for the study of directional correlation of succesg~
ively emitted nuclear radiations have been performed by using the

coincidence technique.

The first theoretical study of the angular correlation of a
cagcade 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 paperé and review articles that
have appeared, have either heen 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 treafed the complete theory'of angular correla -
tiong. Devons and Goldfarb, in their Encyclopedia article (9) give
a comprehensive discussion of the theory énd exXperiments pertaining
to cascade correlations and to angulaf distributions in nuclear
reactions. A brief introduction to the theory of gamma;gamma

angular correlations and a description of corresnonding experiments
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ig 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 advahtages; 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 developéd
by Falkoff and Uhlenbeck (12). Their theory had some limitations
‘which were later removed by many investigators (13). The expression
generally used for g (allowed)»y-directional correlation Was giveg
by Morita (14). For allowed B-transitions, neglecting higher order

effects, beta-gamma directional correlation is isotropic.

Biedenharn, Arfken and Rose (15) have extended the theory
of angular Eorrelation 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 ig 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) hag 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 usefulnéss of triple coincidence and angulaf correlation
studies may be. seen by comparing it with double correlation study.

They are ag following:

(1) Additional confirmation of the decay scheme is obtained

by beta-gamma-gamma studies,

(11) Cascade of three radiations can be separated for angular
correlation studies in a complicated decay scheme congisg~

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-cagcade which is difficult to estimate in a complica-

ted decay scheme. This is completely eliminated (or reduced

to the minimum).

(1v) Meny 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 uncebtainfy
in the sign of '8' (when '8' is determined for the middle
garma-transition of the cascade of three ‘radiations) can bé

rempved in triple directional correlation study.

Angle function for triple correlation is given by Ferguson

(16) as:

ey |
s N
kkk“ jl k k2 o (-1)°
17273 k1 23 Nyl
Qe e [lgl> 7 m )Y, 2(” ) ¥ 30@)

wherejQ1;Rggn3 are the directions of first,second and third
radiations. It is assumed that the excited states have definite
parities so that k1,k2 and ké 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 onﬂ\-Q andQ . The

2 3
’
simple restrictions which are experimentally feasible, areJ21=O

i.e. 8y = 0 2nd ¢1 =0, 6, or 85 is 90° and @(=©2 - 03) is 90° or

180°, With these restrictions, the function becomes.
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The ai x k k 2re the coefficients giving the restrictions and 6
17273
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.

(i) A1l 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 thé 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, Ru103, Eu152 and Eu154, Pr144, Rh1o6

and Tb160 have been invegtigated by the method of beta-gamma-gamma

angular correlétion 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



for the method of beta-gamma-.gamma correlations ares

(1)

(ii)

(iii)

(iv)

(+)

Will it be possible to rule out many permutations of gpin

agsignment for the excited levels ? (Decay of Ru103)

Can we separate certain gamma-casgcades in complicated decay
scheme and get information which otherwise was difficult to

obtain ? (Decay of Bu'22 and Eu154)

Will it be possible to ascertain more informations regarding
the multipolarity of gamma-ray transition if gamma cascades

are geparated ? (Decay of Pr144)

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 9 (Decay of Tb160)

"Multipolarity'! of gemma-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° = 2") gamma-transitions in even-even nuclei are presented to

- understand certain systematics,



CHAPTER.2

THEORY OF DIXECTIONAL CORRELATION

.1 INTRODUGTION

Directional correlation is a valuable tool for the
determination of the spins of the nuclear excited states and
multipolarities of gamma-trangitions. Iﬁ general the radiations
obgerved from the randomly oriented nuclei are isotropic and
an isotropic radiation pattern can be observed only from an
enéemble 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 emigssion of two radiations 31 and RZ' We obgerve
the radiation say R1 in a fixed direction K1 and study the
distribution of RQ with respect to the direction §1 of the
first rqdiation. Then the succeeding radiation R2 showg a
definite angular distribution with respect to ﬁ1.

The relative probability W(e)dg that the second
radiation R2 is emitted into the solid angle dQ at an angle ©
with respect to f1, is of interest. The theoretical expression
for the correlation function W(9) 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



2.2 THEORY OF DIRECTIONAL CORRELATION FOR THE
CASCATE OF TWO RADLATIONS:-

We derive the directional correlation function
W(f1,§2). Whe re W(K1, ﬁz)d Q1dQ 5 is defined as the
probability that the radiations R1 and R2 are emitted

~successively in the directions E1 and fz respectively into
the solid angles d 21 and d Qo The angular oorrelation
function is derived by making use of the concept of density

matrices.

(1) IENSITY MATRIX FORMULATION :-

Let us assume that the eigenstates of some operators
form a complete orthonormal set |m>. Agsume that we have a
system in a pure state |0> which is the function of spin

guantum number a, can be expressed as

In> = g a, [ | (2.1)

The expectation value of an operator F is given by

(n[F[n> =% at,a  <o'F[m
nim

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 |n> with weight g, + The expecta-

tion value of operator F for this gystem is then obviously

<F>

b <niF|n>
ngnll

n

n gna* ¢ - <m'|F|m (2.2)



These coefficients (gnanm nm) describe the state completely.

We define the matrix element of a density operatorj° by

<n|P |m*> = 2‘. g, &% , a

Then
GE> =% <n|fin" <n'|Fow
m,m’
=1 (PP) =1 (FP) | | (2.3)

<m\f>[m’> is the dens1ty matrix, If the states |n> are not
Tr(FF)

lized, then <F> = . The density operator of a
normallzead, —m

state can be defined in a Dirac notation as
JD= L in> {n - 2.
I |n> g <nl | (2.4)

The probability of finding the pure system |nd> in

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

of states |n> is
P(m) = <n|f |m>

Assume a transition from level A to level B. Let
a, a'..ee. 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;
CEJH|L>* = <i|HM £
| £>

H|i> , <f[= <i|H* (2.5)
| £>

H|a>
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In general, the initial state of the system is described by a

density overator
A = i In> g, <nl (2.6)

After the transition which is induced by H, the density

operator in level B is

= » 3
R = i H[n> g <n[H (2.7)
Writing the matrix element in terms of |b>

> =] Hin> H*{b'>
<o|fylp™ £ <bH[n> g <n|H¥|
By applying [n> = £ |a><a|nd, we have
a

<o|fglv™> = I, <v|H|a><alndg <njat><al [H¥[b "
n
=L <blH[aX<a|f|a><p! [H]|al>* (2.8)
a,a’
n

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

The angular correlation function W(K1,f2) ig derived
by the density matrix formulation. Let us asgume that the
nucleus emitts radiations R1 and R2 in a cascade which is
I R R

1. 251

The density matrix ), describes the initial state I,
whileﬁ9(§1) describes the intermediate state which is the final
state of the first transition but the initial state of the

second transition.fg(f1, Kz) describes the final state (nuclear

engemble + emitted radiation).
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In order to derive the correlation function W(E1, fz)
we first consider the transition Ii———>-1. Applying equation
(2.8) to this transition by putting a = m, b = m, we obtain

the density matrix for the intermediate gstate

<m{P(i<:"1)[m*> = 8, g <w|H, [m > <mg | Py [md>

i ml .
t 15 %
X (n'|H, o> (2.9)

The symbol 81 denotes summation over all unobserved
properties of the radiations e.g., spin, polarization etc.
The matrix element<m/H,|m > stands for <Im K1031H1llimi>;

P is the component of intrinsic spin of quantum of radiation
field along K1 and H1 is the interaction operator for the
emission of R1 into direction K1 with polarization'oa.

Applying (2.8) to the second transition and obtain the
density matrix for the final state by setting a = m, b = uh
_<mf|f>(K1,K2)[mf> = 848, 2 <mf[H2[m> <m[H1]mi><mi]f3]m{>

,m'
X <n'|H, |nH* <mt|H (mr>* (2.10)
1L £172 *
Since the probability of finding the nucleus in the final
state me, while the two radiations R, and R, are observed in
the direction §1 and ﬁz, is given by the diagonal elements
ot (&, &) |
pelmg) = <mp| P (K, /K, [ng> (2.11)

In a directional correlation experiment, we observe the

final me states with equal efficiency and no distinetion is
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made between them.

Therefore
mf
- ;:]f <mg | P(K1,K2)[mf> (2.12)

Using equation (2.10), the directional correlation function

becomes
WK, K,) = 8,5, ;ﬁf,m <mf]H2|m><m]H1]mi>
m?,my

X <o’ [H |m % <mp|H, jmt>* (2.13)
Rewritting the matrices in the following way
| P(E,) o> = 5y §, <ol lmy>* (2.14)
and m.
<m'lf3(f2)|m> =5, éf <mf]H2}m> <mf[H2‘m{ >* (2.15)

Therefore equation (2.13) is written as

-

w(i1, K,)

it

z <@lPE)(ny '] P&,) | m

m,m
v, P P&y | (2.16)

The (2.14) equation is valid only if the intermediate

state after the emission of the firgt transition is not

changed before the emission of the second radiation and the

initial state is randomly oriented.

We wish to exnress the density matrix <m|H|mi>
= <ImﬁcﬂH|Iimi>. This matrix element is represented in terms
of the nuclear spin and the dicection K and the polarization ¢

of the emitted radiation. The transformmation from the plane
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wave representation (KO'\ to the angular momentum or spherical
representation <IMn| is given by a unitary transformation
@} =3 <K o|IMR <In - (2.17)
M~
Therefore we get

<I mKofH|T;m> =L§ﬂ<ﬁo~|1.1vm> <I m Wn]H|Tm> (2.18)

(If parity is conserved, the sum over m reduces to one term,
For g transitions, vparity is not conserved, therefore the sum
over m can not be omitted.). In this equatioh, the first
factor <§51LMﬂ> describes the eigenfunction of theAradiation R
corresponding to the eigenvalues L, M and m of the operators
of angular momentum, 2 component of the angular momentum and
parity respectively. The second factor, the matrix element

<I o IMn|H|I;m > corresponds to the vector addition I,=I+IL,

m, = m o M. Thus we can express the angular part of the state
<I m IMn|Z <In [<IMz| in terms of states <I] m',|
: = $ t mt ! ot
<I'w IMn|H|T,m> I% iy T mtM|I'm'.> <I'.m' ILx|H|I;m >
i~ i

Applying Wigner-Eckart theorem to <I'im'iILn|H\Iimi>,
We get

I'.-m', [
<I'im'iILn|H|Iimi> = (-1) 17 i

Kt | [H(T, ) || 150 (2.19)
Therefore <I m IMn|H|I;m> = <I m WM|I;m,>

X <I||om||I;> (2.20)

on the right hand side of equation (2.20), the first term



14
<I m IM|I;m> is a Clebsch-Gordan coefficient (geometrical
factor) and the second term <I||Ln||I,> the reduced matrix

element of a scaler operator H, is a nuclear factor.
e apply the rotational matrix to equation (2.18) i.e.
- - : -*" - - .
Ko |wmw = 1 <O'U]LF1E>~])§'P (Z - ¥) and replacing the
Clebsch—Gordén coefficients into Wigner-3J symbol,

We get
<m[H[m> =% (-1 )—Iﬂ"mi; L I,
Ln? '
X <00 Tpn><1} [Ln| 1> D»Ir (z » ¥) (2.21)

According to equation (2. 21) the density matrix for the
first transition is written as

I+IJ1 -
2 % (=1)
m

1P1
ﬂ'y

<ol £ (Kq) [m'> = s,

1

S T+ L-
X <00y |y gy ><T|{Tymy |14 vz &) (1) BT M

! =
< 00! 1 (g~ %
KO0 |1y mp><T | | Tgnf | |1,5% D) (z - &)

‘ (2.22)

Now applying Clebsch-Gordan series after changing (%@,

into D(Lz 1 4 we get after some manipulation by setting

Ny = M% - My = (mi—m') -(mi—m) =m- m' and Y = P{ R4

| PE)|n'> = : . (~1)%L =Tyt —py

k1n.1 '.1 (Zk: *1)
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' k
. o
X(OO'}[{L,;H n,§>*<lt |L1n1l [Ii>(IHL1'n,} [ tIi>* DN1T1(Z - K_])

(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 th.whioh is defined by

L' Xk

L! -p! / L
(=) h(z}m)v . J<Oofmm>

P

X0 LM nt>* ' (2.24)

t —
th(L LY =S¢%

s

Now the final expression for the density matrix of the

first transition becomes

R 21-Ii+m+n; 1/2
@lf@) o> =2 2 (2k,+1)
LI kI,T

I 1 k
X LIL 1 ,
Ck{r (BB Y <IilL1n1||Ii>

4
~—

. |
1 —

X<1||L{n;|{xi>f QN c (2~ K, | (2.25)
1™

Simitarly we obtain

o o Py 1/2
w P Efm> =8 2 () F TR (am) O (T,15)
B} . L%Lgkk2N212 2

x K
2 %* 2 - -
o w,/|5, 1) 1 T [Tpmp | |I><T, [{T4ma | | T DNérg(Zsz)

(2.26)
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We now evaluate the directional cocrrelation funotion

W(-I{1 ;fz) in the following manner

oT-I.-I k-L! -IL.
kLt

v

.W(K1 ,—K_e) = ("1)

| k
N
X <T]|Tymy [|T KT [T my | Ty 0% Ck,c1(L1'L1) CkTZ(LQLé)]?r

2 Tq(KQ»K1 )

(2.27)
The rotation KZ - K1carries 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 XK.
0 ¢ k ¢ Min (2I, L,+L{, L,*L}) |
andfop pure mulfipoles
0 < k < Min (21, 2L,, 2L,)

For pure multipole radiations (11 = Li, L2 = Lé), the reduced
matrix elements in equation (2.27) can be omitted and the sums
over L1,L;,L2 and Lé 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 Rﬁ and R2.
In this case, the angular correlation function W(8) independent

of the Buler angles Y, and V‘Q which denote the rotation about t
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directions of propagation K1 and Kz. The -independent of Y means

14 = T, = 0 and the radiation parameter Crert (IL') is

L-1 1/2 1/2 1/2( 1 1t X
CoofIT) = (-1) §2L+1) (2L*+1)  (2k+1) 110

Ferguson (16) has defined 2 coefficient which is written

as .
k—-L,'*L;—'?/\/\ A A I:1 I:1' k\WWI I k
- ]
2y (LT3 T, Tyk)=(-1) BB DI 0 o)ln,
(2.28)

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

' Ii—I f—L‘] -L,"
we) =z . (~1) 24(L,ILIT5T, k)2, (LILNT Tok)
KL, LT, L)
X <Il]L1n1|[Ii><I||L{n{||Ii>*§§fj|L2n2|11>
X <L |npnslI>* Q (1) g (2) '?k(cose) (2.29)

Where Q.(1) and R, (2) are the attenuation coefficients for
the first and second radiations. Introducing the multipole

mixing ratios

KI||Tint])I.> It =il D
61 = 12 1 and § £ 2 2

2:‘:
Tf[Dymy || I Tl |y myl| I

The correlation function can be written asg

I;-Ip-L,-L]
W) = ¢ (=1) Z1(L1IL{ I:I.k) Z(LZILé I;I.k)
KL, LIL LS 1

X 8,71 8,72 (1) q(2) 2 (Cos 6) (2.30)
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Whece ry is the exponent having values 0,1 and 2 depending on

whether the term is of the tye (L1L1), (L1L;) or (L; L;). 6 is
the angle between the two radiations R1 and R2 when the direction

of R1 is fixed.

2.3 EXTENSION TO THE CASCADE OF THHEE RADIATIONS:-—

Let us consider that nucleus decays through successi%e
emigsion of three radiations R1,R2 and R3 into the directions
K1, K2 and K3 . Let Ii, I

numbers and Myy My, Ty and me be the magnetic auantum numbers

a7 Ib and If be the spin quantum

of the states.

4. b’ ™
133(E3)

If,mf

Let us compute R2 - R,5 corcrelation using as‘fi_the density

matring(k1). From equation (2.10), setting my =m,, m=m,

We obtain the density matrix f}(ﬁ1, KZ R K3) of the final

state

el fr &, £, By) [m'g> = 5,55 L <g |ty |my><m, | B, Im >
a’" a
My, 1y,

[ P @) m et 11 ot a5y > (2.31)
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Now we sum over m, and obtain the triple directional correlation

(m'e = mp)
W(K1 ’KZ’KB), = 82 bX . <ma| F(K1)|m'a><mb[H2]ma>
ma,m a
1
mb m b

X <m’b[H2[m'a>* <mb]f)(ﬁ3)|m'b>

sr g P& ot pcmgnt [6(Fy) mynt < IPE) 0>
mm'

mm'y : (2.32)
The matrix elements <malfkf1)lm'a> are given by (2.25) and
the <mb|f%i3)]m’b> are obtained from equation (2.26) by

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

<t |6 (K, [myn'y> = Sytmy [Hy[m ><m'y [Hofm! 2% (2.33)

This coupling matrix represents the unitary transformation

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

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(iz)

1
k2-2Ib—L2—ma-m a+M

<mam!a‘G(KZ)‘mbm'b> :E LS_&) ! :
' oo Mo
| 1/2 L! k
X (Sky*1) o 2
2 My oW

k X . .
X <IbllL2n21lIa> <;b\!Lé“él{Ia>* DNEO (%~ K2> (2.34)
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The equation (2.34) is substituted into (2.32) equation and

again using Z, coefficients as given by Ferguson (16) and
Racah radiation parameters GkO(LL'), introducing Gy and

Py x x (K1K2K3) which are defined by Ferguson (/6),

17273

i
i (“1)Ia*lb“Lé 1+ ~3 (k2 *+ kg - k1)

Ib L2 Ia

/\
X (Ia)2 L)L, ﬁ1 ﬁé ﬁé <L, T}

5 ~1[k, 00 I

1
b Lz Ia

3 e k1§

(2.%5)

and

K
- = _ 1-»_’-»
Pk1k2k3(K1K2K3) = X <k1N1k2N2|k3N3> DN1O(Z K1)

-

X 2 (Z - %) 1{3(2--K) (2.36
D0 ? Ihso 3 2.36)

~Lla+k

17771 ™M .
Z1(L1Ia;{1a,lik1)

We get
o I+, L
W(K1K?K3) =(-1) 2(-1)

2 D
I'b L2<Ia1
‘ Ir r r = =
2 - . 1. Ty T3 E.EZ
L6y Ty By I.p24(Uslylig TisTeks) & '8, “85 7 B o (0102 )
k, k. k
L3 2 l{ (2.37)

With the summation over L1L; LQLé LBL% k1 k2.k3. Where

multipole mixing ratios are given by

<Ia}|L; AR

. =
1
,<Ia{iL1 ™, I, >
62 _ <;b]1Lé né ll Ia >

TpllTy =y [ I,
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- 34 =5 || I, 0
3 Il Iy mgl| Iy, >

The D matrices in equation (2.%5) are written in terms
of the spherical harmonics by the relation
1/2
k1 - - (Y' 1 - -t .
Dy o (5= Ky = 2k == Y@~k (2.38)
1 k1
The similar expression for the other D matrices can also

be written. Therefore Pk " (K K3) can be written as

k
23
3/2

P, (X, B K;) = Z £ <k XN, |k N>

ke kks oKz k1g5§%)2 18y Kol ksl

. P N

LYGaR) T2, &L _

X, k, (Z -~ &) . (2 - ¥5) (2.39)

Tor k1 + k2 + k3 = odd integer (k1k2k3 =111, 122, 133, 144,
212, 221, 223, 232, 234, 243, 322, 324, 333, 342, 344, 414,

423, 432, 434, 441 and 443), P k1k2k3(K1 5 3) are not real.

To make it real we take i 1Y§1 (% - K1) as the bagic function.
: 1

Using the properties of svherical harmonics and also replacing

the angular position of the three detectors by-Q1 92 and j%ﬂ
4
we get as given by Ferguson (16),

3 /o Kqtko-kg

P (B, K%)= (4n) & = (-3
k1k2k3 2 3 Q’ ﬁ (ﬁ )2 K1k2k3

W
X <hcqly Kol [leglig> ¥ 1(z—-K ) 1,2 (z ~ €)Y z(z - £5)

(2 40)
and the sum will have 19 terms with (k 1Koks ) =(000), (022),(044),
(202),(220),(222),(224),(242), (404),(422),(424), (440), (442),

(444),(624),(642),(644) and (844).
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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 eXperimentél resultg
with the theoretical calculations, it is necessary to apply
solid angle cocrection. Angular correlation function is
multiplied by the attenuation factors for each detector,
Let 2y » 2 and 523 be the s0lid angles substended by the
three detectors whose attenuation factors are Q.(1), Qk(é)
and QK(B). The tables of these attenuatien factorsbare given
by Ferguson (16) and a computer programme is also made on
the lines given by Rose (17). Including solid ahgle correction,

the angular correlation function would be

g 3/2  I,+I.  L,-Ll+k,
Wl Ry R, Rg)=(g7 (~) z(-) 24 (LI 13T, 51 K, )

f oD, I
a

X T Tl I 1 1 I‘2 1?3
b Y2 Ta Y (DT T4 Tysleks) & 78, “65 © (1) 0 (2)

X g (3) B,k ks (2, 2,8%) | (2.41)

. : 1 ! 1
With the summation over L1L1L2L2L3L3 k1k2k3

2.4 THEORY OF BETA-. GAMMA AND BETAGAMMA_GAMMA
DI HHECTIONAL CORRELANTON :-

(i) BETA GAMMA DIRKCTIONAL CORRELATION s~

o e

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



23
unobserved. The theoretical calculation'neceséitétes an averagina
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 <&, 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 i7b .
w(e) = (~1) JZL - b, (J7)2,(3 I, 7 I 5 T.ky)
’292
T2
X ZT(LQIbLé I3lek,) &, “By (Cose) (2.42)

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

higher order effects.

(ii) BETAGAMA GAMVA DIRECTIONAL CORRELATION:-

According to equation (2.41), the directional correlation

- function for g (allowed)**Y - Y cagscade can be written as
W( 21 2, 93) S(ZEf) (-1) T (-1) bk(JJ) z1(JIag Ia;Iiki)
:‘,"‘ \
] Ty by I r
i . 2 73
X 6§ Ty T Tap 24 (DsTylilosTels) gy “us "% (1) B (2)0,(3)
: k3 k2 k1;
\ v !
2 2 {
XPkkk( g R %) (2.43)
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. . ] 1 1 . . .
With the summation over JL2L2L3L3k1k2k3. If we neglect higher

order effects in the allowed p-transitions, bQ(JJ) and b4(JJ)

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

Thus 3/2 I oI

W 8, 92313) - () G0 Ty T ey
Iy I’2 Ia

2, (JT1JT,51,0) Grq Iy It Ia;Z1(L3IbL%.Ib;Ifk3)
k3 k2 k1f '

. r : I
K82 657 (1) A(2) 3,(5) By e %1 %2 25)

(2.44)

With the summation over JLzLéLsL% gk ks

2.5 THElGENERAL FORMULA FOR ANGULAR CORRELATION COEEF ICIENTS
WITH THE GEOMETRICAL CONSIDERATIONS FOR THE MOUNT ING OF
THE DETECTORS. IN THE STUDIES OF TRIPLE CASCADES:-

The function for angle in triple correlation function

is given in equation (2.40) as
k.+k, -k
0 % 3/2 710273

" N
(2,73, %)= (4n) (-1) 7

>l

5
£ %2 www

P
K.k, k
1 1 Kp Kg 1Nl

273

~

, N1 - N2 ~ N3 5

The function Pe oy x (9192Q 9 can be simplified if one of the
17273
angles say 91 is zero i.e. 8, = 0, @1 = 0, then

i

Ny Ny

1 et
k16N10
T um 72
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Therefore

I e,k
o £ (1)< Ky 0, [0
2 ¥3

P g g (02, 85)=

~
17273 k¥, k

X YN 0 - .
i, (%5) Yk3( ) | (2.45)

The spherical hamonics can be written in terms of the

associated Legendre Polynomials

\

/ A - 1/2 1y
t/eeul) kG “‘N“’l 2 (Gosg) 10 -
(4m)1/2 L (x +[wDY

Yi(e,Q)= (-)
(2.46)

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

) lk1*k -k3 ( )
> (09, 9.) = 2=2=G=2m T (2 —6N0<k e Nk N>
kylekst T2 73 &) ’2?' W0 <ol s
O (2.47)
Xxkk 2! 3’ .
273
Where | 1/2
N ( N [' 5 14 —N)‘] ¥ : )
B8.+02,0)= k, k P, (Cosg
Xk2k3 2'73 275 (kz*N)z(k3+N) ) ko 2
N -~
x p (Cose,) Cos N ¢ (2.48)
k 3
3
and q)2 - ®3 = @

The agssociated Legendre function with N even can be
expressed in the form

N N , :
B (Cos 0) = 2 fk,kfpk(cose) (2.49)
‘ N
With k { k' and even. The coefficients fk’k for k' = 0,2 and ¢

are given in table I.
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If we impose certain restrictions on 92 and 93, then
it is feasible to do the angular correlation of triple cascade.

The restrictions are summarized in table II.

TABLE I
N
Coefficients £y 4 for the expansion of the associated
Legendre function

k'N k = 0 kK = 2 k = 4
00 1 ’ 0 0
20 0 1 0
22 2 — 0
40 0 0 1
42 2 10 ~12
44 56 -80 | 24
TABLE IT

0 . .
6~ is wvariable

Geometry 0, 8 b= 0 b5
A, 6° 90° 180°
L, 90° 6° 180°
c, 8° 90° . 90°
C, - 90° 6° 90°

From table II, we see that § = @2 - @B is either 90° or

180° and angle o,(or 65) is fixed and 85(or 6,) is variable,



27
Using these restrictions on =, and 93 after inserting _

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

Py k(00 Pos 93) as
19053

Py 1, (0 2,0 05) = & aé ik Pe(Cose) (2.50)
1%2%3 | k F1%2%3

Where i identifies the cases of the mounting of the detectors
as given in table II. The ay y 4 4 coefficients of P (Cos 6)

17273
are given by Ferguson (16).

The directional correlation function for beta (allowed)-

gamma-gamma cascade can be written as

Ww(e) = ¢

k1k2k3k

T e BelCos0) (2.51)

eyl gky Mgk,

‘Whe re

1 i k1
gk () (1) £ (-1) ' vy(37) 2, (IT, II,31,0)

S 1 To I3 1)
eI, L [ 2(TsT 03Ty 5T 0ky) 6,7 &5 Qk:é

X Q. (2) q.(3) (2.52)
Let
& T A}y “i k. k. k (2.53)
177273 17273 ,
then
W =% a P, (Coso) | 2.54
(9) £ Y | (2.5 )
In case, all the radiations ace pure, then L2 = Lé and L3=L%

and therefore ry, = O or 2 and Ty = O or 2. agrdy and a, can be
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calculated from equation (2.53) using equation (2.52).

One can mount the dstectors easily in two geometrical
congiderations i.e.,(i) In the first geometrical consideration,
all the three detectors are in the plane of the table, referred
as A1 and A? geometries. In these geometries, the two detectoré
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 C1 and 02 geometries, Thé
movable detector moves in the plane of the table. The

detector which is fixed in the plane of the tahle, 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
f— transitions and consider only the allowed - transitions,
in this way we find the values of aﬁ X de k coefficients which

. 17273
are given in table III,



FIG. 2.1 (b)
GEOMETRIES OF THE MOUNTING OF THE DETECTOR FOR TRIPLE

rIAcD DETECTORS AND M IS A MOVABLE DETECTOR .




29

TABLE II1

Tables for “§1k2k3k where 1 stands for various geometries
B Geometry'A1 ] Geometry A2

ks k=0 2 4 0 2 4

000 1.0000 O 0 1.00000 0 . 0

022 0.22361 -0.44721 O 0.22361  -0.44721 0

044  0.06944 -0.27778 0.33333 |0.06944 -0.27778 0.333353

Geometry 61 Geometry 02 ‘
kqkokz k = O 2 4 0. 2 4
000 1.00000 O 0 1.00000 O 0
022 =0.223%61 O 0 -0.22%61 0 0
044  0,12500 O 0 10.12500 O 0
i . o
is zero for k = 2 and k = 4 in G, and C
%k 1k pkzk 1 2

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)

aﬁ X is not gero for k = 2 and k = 4 in A1 and A

1k2k3 2
geometries for the allowed beta-transitions again from table III.
Therefore there will be anisotropy in this geometry of mountiﬁg

of the detectors. This has been taken in the present gstudy.
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2.6 THEORUTICAL PLOT OF ANGULAR GORKELATION COEFFICIENTS
VERSUS MULLIPOLE MIXING RATTO:-

Let us consider the case when one of the trangitions
(say second) is mixture of dipole and quadrupole in the triple
beta-gamma—-gamma cascade taking the first to be allowed g-
transition and third transition to be pure. Therefore J = J!

and L3 = Lé resnectively and

.
a'.
Ia’ alongwith the 62'is written as
2 | _.
"
I, (1, 1, I;' 2 I, DTyl I,
- 1 I
Ia?' +268, GY' Iy L2+1 Lt 8o Gy< Ty L2+
k, k k il
(2.55)

Considering the first term of the exﬁression (2.55) in & 1k
172

3
the equation (2.54) can be written in the form

w(e) = ag * aZPZ(Cose) *a, P4(Cose)

Similarcly putting second and third terms of the expressicn
(2.55) in equation (2.54), the values of angular correlation
coefficients a'o, a'2 and a’4 and ag ,aé’ and ai’ are obtained.
Therefore W(6) is written as

W(e) = [50 * a, P2(Oose) ‘e, P4(Cose);] +252{taé + aé PZ(COSG)

+ a/i P4(Co-sﬁ) ] + 622[3,(‘)' +aé‘ PQ(COSG)""&A' P4(COSG)] (2.56)



Writing this in the form

W(e) = 1+ AP (Cosp) + AP (Coso)

2
&
The values of A2 and A4 (defining Q = _“2__2 ) are
1 * 8o
‘ 2
1 1t
Az 2y * 262 a, + 62 a,
- L ot 2
or : '
(1-0) a, £ AATAT af + 4 a)"
27 ) ag £ AT af 44 oy
and ’ 1 2 11
i - 2, + 262 ay + 52 a4
4 ag + 2@2 aé + &5 ag
or
. (1-Q)a 4 «2Vq (1-Q) a R
A =
Y (1-0)ay 2R (T2 & +eY
For each value of @, we shall get two values of A2
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(2.57)

depending

on (+) or (~) sign of square root. The tyvical curves are

obtained fromthe plot of A2 vecrsus 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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CHAPTER — 3

EXPERIMENTAL SET~UP FOR THp STUDY OF THE CASCADE OF
TWO sND THREE RADIATTIONS:-

3.4  INTRODUCTION :—

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. A fraction of this energy is emittéd 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
seintillator.

(ii) The scintillation process in which the’energy dissipated
in the scintillator is converted into the luminescence
emission of photons.

(iii) The transit of thg emitted photons to the cathode of the
photomultiplier tube,
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(iv) The absorption of the photons at the cathode, the
emigsion of photoelectrons and their egpllection at
the first dynode.

(v) The electron multiplication process.

Wide varities of scintillators are in uge today. Some of

the commonly employed scintillators are

(i)  Organic crystals like anthracene, trans-stilbene and
plastic for the spectrometry of beta-particles and

(11) Inorgenic crystals like sodium iodide activated with
0,1 percent mole fraction of the thallium for the
spectrometry of gamma-rays.

z .2 BRIEF DESCRIPTION OF UNITS:

(i) SCINTILLATOR-PHOTOMULITPLIBR ASSEMBLY :-

For gamme-ray spectrometry, the cylendrical NaI(T1)
detectors whose dimensions are 3.8 ém 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-narticles 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.%.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 Equiwment Co.Ltd. Calcutta (India)

(ii) SINGLE CHANNEL SCINTILLATTON SPECTROMETER:

The scintillator-photomultiplier tube alongwith the
céthode 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) EHI POVWER 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 milliamperés, are used. The ripvle
and noise contents are less than 15 millivolts peak to peak.
The output variation is less than 0,002/. for one percent

change in line voltage between 218 and 250 volts.
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(b) LINEAR AMPLIFIZR.ANALYSER:

Model 250 amplifier-analyser wag obtained from Baird
Atomic Inc,Mass. This model 25O 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) SCALLR AND ELECTRONIC TIMER:

Scaler and electronic timgr are obtained from Electronic
Corporation of India Ltd., Hyderabad. Scaler model DS325 may
be operated either manually with an electronic timer, The
electronic timer tvpe ET450A 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 are:.

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

(i1)  coincidence circuit using 6BN6 tubes

and those of Slow-coincidence set-up as shown in fig.3.4 are:
(1) pulse shaping using 6J6 tube (univibrator) and

(ii) Rossi type coincidence circuit using IN34 diodes.
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(a) FAaST COINCIDENCE SET-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
(4044) and in the pulse forming section, the tube (4044) is
fiased at zero and its plate load consists of a shorted section
of delay line. The delay line (RG176/u) uged is 2.5 inches
in length i.e. both ways time delay is 5 x 1078 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
regpectively of 6BN6 coincidence tube. The coincidence output

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

(b) SLOW-COINCIDENCE 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 64K5 tubes so as to trigger the
pulse shapers (univibrators) using 6J6 tubes. Rossi type
coincidence circult using IN34 diodes has been used, followed
by the discriminator which is not triggered by single or double
ihput 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 circvit-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 GAMA-GAMMA COLNCIDENCE 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 scin%illator and other from
NaI(T1l) detector is fed to a fast coincidence circuit and is
élso fed to the single channel analyser using cathode followers.
The output nulses 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 circuvit-diagram
in £fig.3.2. The pulses from the third NaI(Tl) 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 scale?
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 %.5(b) show the block diagram of the

general set-up.
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3.4 CHECKING OF THE MOWTING OF THE DETECLORS FOR
ANG ULAR CORRELATION STUDIES:

The e?perimental 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 0060. The detector mounted perpendicular to the plane of
the table has been checked by the following method. The
coincidences were recorded for the 1.1TmeV—> 1.3%meV gamma-
ray cagcade 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

reverge.
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CHAPTER — 4

BET A-GAMMA~GAMMA DIRBCTIONAL CORRELATION STUDIES
OF THE RADIATIONS FROM THE DRGAY OF R

4,1 INTRODUCTION s

The excited energy levels in 103Rh from the decay of
1OZRu’have been well established as given in fig. 4.1 by many
previous investigators ( 18, 19 ). The spins and parities of
excitéd states in 1O3Rh are uniquely assigned except for the
93~ , 537- , and 650- keV levels. The spins and parities of
the excited states in 1O3Rh 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 1OBRh on the basis of unified vibrational model and

have measured directlional correlation invwolving the transition
deexciting the 537- and 650-keV levels. Avignone IIT and-Frey

( 26) claimed to have conclusively assigned the parities and
spins of the 93-, 537-, and 650-keV levels by ganma-gamma
angular correlation and internal conversion coefficient studies.
One of the serious difficulties pointed out by Avignone III

and Prey (26 ) was due to the interference of the gamma-
cascades from the decay of 1O6Ru resulting from uge of fission

106 106

product sources., 1O6Ru decays to Pd via Rh. The coincidence

106

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

eliminated if it is present as an impurity in the coincidence
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of gama- rays of the interest from the decay of 'CORu, 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-~

ca.gcades of 1O6Rh.

4.2 EXPERIMENTAL:

The radioactive isotope material RuCl3 in dilute HC1
solution was obtained from Bhabha Atomic Research Centre,
Bombay . The specific activity was 10mc/gm Ru, A few dreps of
the source were dried on a cellotape. The source was spread
in 2mm dia. and mounting was done using persﬁex 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 STYDIES FOR THE

C4SCADE OF g-RAYS OF B 120 keV =Y -RAYS OF 557 kel
~Y _RAYS OF 53 keV:

The beta-ray spebtrometer is used as an integral
spectrometer for selecting B-rays between 50-keV and 1MeV
and gamma~ray spectrométer (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 outvut of this forms the gate of coincidences of
p~rays of Eax 120-keV and gamma-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 widfh
(1Volt = 3.6 keV). Therefore the output is the triple
coincidence as shown in fig, 4.2 which establishes a triple
cascade of B-group of E__. 120 keV - Y _rays of 557 keV =7 —rays
of 5% keV. The angular correlation studies are done by
selecting 557-keV gamma-ray above 497 keV energy (using the
snectrometer in the integral position above 35 volts pulse
height as shown in fig.4.2) and 5%-keV gamma-ray at the

photopeak in TV channel width as mentioned above.

(ii) COINGILENCE AND ANGULAR CORRELATION STUDIES FOR
THE ‘CASCADE OF g-RAYS OF B___ 21Q keV =~V —RAYS OF
444-keV - | _RAYS OF 53-_keVs:

The coincidence studies for this cascade have been
made in the same as done for the previous cascade. The
coincidence sgpectrum 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 g~557 keV -53 keV cascade at

> photoneak of 444 keV has been taken by keeving the position
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Q
of movable detector at 112.50 with respect to the first

detector. The compton contribution at other angles was
caleculated dsing the above eXpefimental correlation funetion
for this cascade. The comption contribution is subsﬁ%oted
from the counting rates of second cascade of B-444 keV=53 keV

and the angular correlation function was obtained.

t.4 ANGULAR GORRELATION RESULTS:

The angular correlation functions W(6) 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, B-rays of B oax 120 keV =Y ~rays of 557-keV
~ ¥ _rays of 5% keV

W(e) = 1+(-0.153 + 0.031) P2(Gose) +(O.OO4:O.035)P4(0059§‘
and for the cascade, p-rays of Emax 210 keV »YJ—rays of 444~
keV - ¥V ~ rays of 53 keV

W(e) = 14(0.163 + 0.042) PZ(COSG),+(—O.035i0.058)P4(C0593

4,5 ANALYSIS OF ANGULAR CORRELATION DaTA AND DISCUSSION
QF THE RESULTS:

The spin and parity of the ground state of 1O3Ru have
been revorted by earlier workers Ekuhn and Woodgate (28)
Goldhaber and Hill (29 ) and Mason etal (30 )]to ve 7/2%.

53 keV gamma-cay 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 B2 (8<0.02) by internal conversion
coefficient measurements. In the present analysis, 53 keV
transition is taken to be a mixture of M1 + E2 with 6=0,02,

Singh ( 21) has considered 3/2, 5/2 or 7/2 as possible
spin values for 537-2nd 650-keV levels and 5/2,7/2 or 9/2 for
93 keV level. These possibilities of spin assignments for
9%—~, 537-, and 650-keV levels are taken on the basis of
'log ft values', half lives of the excited states and nartly
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
corcelation results but are ruled out on the basis of observed
beta~transition probabilities from the ground state of 1OBRu
to the top most levels in 1O3Rh. 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

-gtudies.

Beta-gamma-gamma angular correlation coefficients A, and

AA werevcalculated for all the possible spin sequences as given

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

1+8
been done for all the cascades, Three of such plots are given

or pure quadrupole. The plots of A, versus QQ = 5 ) have

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

the curve. In other cases, exverimental 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 B2 for 5/2 = 9/2 or 3/2 ~ 7/2 transitions. These two

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

As gummarized in Nuclear Data sheets (19 ) and baged on
reference there in, the 537-keV level decays to 295-keV level
(3" = 3/2) via 242 keV gamma-ray. Since the 537-keV level must
have positive vparity from log ft = 5.7 in Rum3 decay, the
242-keV gamma ray must be E1 or M2 or E3. The conversion electron
studies of Pettersson etal ( 25) and also Avignone IIT and
Frey ( 26) show that 242-keV gamma-ray is E1 in charcacter.
Furthermore Pettersson etal ( 25) also show that the 497-keV
- gamma-ray between the 537- and 40-keV levels is mostly M1.
Therefore it is reasonable to conclude that 537-keV levels
g% = 5/o%. This spin value can be assigned by the present
beta-gamma-gamma angular correlation studies but in that cage
9/2 or 7/2 are to be considered for 93-keV level (as given in
table I and II), From table II, 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 oure dipole or the mixture of quadrupole and
dipole. Avignone III and Frey ( 26) reported by the intermal
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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As given in table II, 5/2 is not possible for 650keV

level taking 9/2 for 93keV level. But 7/2 can be assigned for
650-keV level with the certain mixture of dipole and quadrupole
(i.e.d to be 0.1 to 0.25 or 0.77 to 4.36), If 557-keV
transition is taken nredominantly dipole in character, the
present value of & (between 0.1 to 0.25) and the value of '§'
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 '8! also agrees if we follow the same sign convention

[:Avignone IIT and Frey (26 ) have taken the sign convention
of Krane etal (31 ):1 . The complete absence of p-transition to
93%3-keV level indicates that 9/2 is preferred to 93 keV level.
Therefore spin values of 9/2, 5/2 and 7/2 are assigned to the
93, 537-, and 650-ke¥ levels in ' Rh respectively by the
present analysis,

Bargholtz etal (27 ) had done the calculations to find
the properties of excited states in Rh103, 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 (o7 ) had by these calculations,
sugrested 5/2 for 537-keV and 7/2 for 650-keV level. The present
analysis of beta-gamma-gamma angular corcelations agrees with

their theoretical predictions.



TABLE T

Spin sequence for the g-¥Y-Y cascade of a
/

. ,
Y4 . Yz;\d

7z 7
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ansi iony b

allowed

S1.|9pin value for |Multipolarity

Triple angulﬁr:corrai&blon

No.| ® ¢ of gamma-trane| opefficient % .-

sition from b
to ¢

!

1
i
'
1

1 5/2  9/2  quadruple  A,=0.1327  A,=0.001
2 1/2 9/2 dipole b,==0208T4  4,=0.000
o 1/2 9/2 quadrupole  4,=0.059  A,=0,0001
3 3/2 5/2 divole A,=-0,0346  A4,=0,000
3/2 5/2 quadrupole 4,=0.0181  4,=0.000
4 52 5/2  diple 4y=0,0410  4,=0.000
5/2 5/2  quadrupole £,=<0.017T  4,=0.000
5 7/2 5/2 dipole 4,=-0.0302  4,=0.000
7/2 5/2 quadrupole 4,=0,0074  A,=0.000
6 3/2 1/2 quadrupole 4,=-0.1606  4,=0.0001
7 5/2 7/2 dipole 4,20.1303 - 4,=0,000
5/2 1/2 quad rupo le 4,==0.0287  4,=0.000
8 71/2 1/2  dipole ky=-0,1508  4,=0.000
7/2 7/2 quadrupo le 4,=0.0927  4,=-0,001
(i) p-rays of Emax 120keV4Y-rays ﬁgxgtéo 1530, 031
of 557-keV¥ ~ravs of 5%-keV ﬁ 8 00420, 035

(ii)B-rays of Eax 210keV=Y rays
of 444-keV= Y -rays of 53keV

¥

-8 i63+0.042
EXPB 035+0. 038

ls 557 or 444-keV gamma-tran31tlon andy2 is 53keV gamma-
transl‘tlon which is taken o be a mixture of M14E2 with mixing
ratio 6=0.02, Spin values a and 4 are fixed and are taken to be
5/2 and 7/2 resnectively. The dif fefent spin assignments to b and
¢ are possible for the two levels i.e.(i) 650keV and (ii)537-keV.
The values of angular correlation coefficients A, and A4 are
calculated by taking gamma-ray transition to be pure dipole or
quadrupole,
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TABIE_ 2

Multipole mixing ratio in 444 and 557-keV transitions

Spin sequence 62 in 444 keV transition
btl c 24 p~444keV -~ 53keV angular correlation
results
5/2+9/27/2 Possible (table I)
7/2+9/2+1/2 0.149 <82 €0.379
| 5.060¢ 65 < 10.0
3 /27 /2-1/2 Not possible
5/2-7/2-1/2 0¢8£€ 0,010
| 9.52¢85 <24.0
7/0~7/21/2 ©1.150 £ 612
855 &
3/2 |
5/2+5/2+1/2 Not possible
7/2
SQin sequence o 62 in 557-keV transition
'b{i 072 1 p-55T7-keV-53-keV iggg%@g correlation
5/2-9/2+1/2 Not possible o
7/2+9/2+1/2 0.010£85¢0.063
| 7.695¢65¢19.0
3 /2-7/27/2 Possibdle (Table I)
5/2+1/2+1/2 0. 15<51<o .25
‘ 10.113523,39.0
7/2+7/2~7/2 0. 0049<512<o.031
0. 626(62<1 857
3/2 A
5/2-5/2~+7/2 Not wnossible

7/2
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CHAPTER-5

BET A~GAMMA-G AMMA aNG JLaR CORRELATION ST UDIES OF THE

RADIATIONS FROM THE DECAY OF Ey122 aND Ey124 and

STUDIES OF NEGATIVE PARITY STATES IN Gg 22

5.1 INTRODUCTION:

Eu152 decays to Crd1I52 by B~ emission and to Sm152'by

EC and B* emission. Also this isotope can not be easily obtai-
154

ned free from\Eu
154

which decays to aal54 by B~ emission and
to Sm by EC and ;3+ emission. Therefore gamma-ray snectra
from the decay of Eu'22 and Bu'o4 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), Kalfas etal (36), Sen Gupta and
Mukherji (37), Whitlock etal (38, Rud and Neilsen (39), Manning

etal (40, Debrunner etal (41), Stiening etal (42)]. These
correption 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 Eu'?? ana mu?2,

(1) P — rays of B o 590 keV = Y-rays of 1278 keV “*Y-rays
123 keV.

(ii) B - rays of Epax 360 keV =¥ rays of 779 keV =Y-rays
of 344 keV,

The beta—transitions in both the cascades are allowed

having AT = 0, logft = 10.5 in Gd'°% and AT = 1, logft = 10,0
in 6a'%4,
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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. Phe gamma-ray transition involving 779 keV gamma-ray is
of importance, firstly since the multipolarity of 779 keV
gamma—trénsition igs not well established and secondly due to
the theoretical importance of the transition from octupole
quasi vibrational band to quasi rotational band. Helppi etal (54)
and Barrette etal (39 have measured gamma-gamma directional
correlations to determine the multivole mixing ratios of
gamma~transitions and svins of the excited states in Gd152
from the decay of Bu'2%4, Ralfas etal (6) have attempted to

interpret the level structure of Gd152

mp 192

from the decay of

by determining the multipole character of some gamma-
transitions. & search is needed to establish the possible M2
and B3 admixtures in predominantly B4 transition from 3~ to "

levels in Gd'°2 from the decay of Bul 2%,

The level schemes of 6a12° from the decay of Eu152 and

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

5.0 EXPERIMENTAL :

The source in the form of EuCl3 in dilute HC1l solution
was obtained from Bhabha Atomic Research Centre, Bombay and its
specific activity was 1000mc/gm Bu. 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 vplastic scintillator was nlaced 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 CORRELAL (ON STUDIES FOR THb
9ﬁ§CAbE OF pg-RAYS O¥ Emax 590 keV -y —RAYS OF 1278 keV-

Y RAYS OF 123 kev FRUM THE UECAY OF By 2%:

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 invuts of mixer tvpe coincidence unit. The
second input of the coincidence cirguit is from the second
gamma-ray spectrometer which scanes the gamma-ray spectrum and
a clear photopeak at 123 keV ig 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 B 590-keV —y~rays of 1278 keV-y-rays of 123 keV.

max
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 CORRELAIION STUDIES FOR TIHE

CASCADE OF §-RAYS OF B 360 kel -RAYS OF 779 keV-

v ~RAYS OF 344 keV FROM THE TECAY OF By 224

Beta-gamma coincidence study is done selectin
TR
f&}‘\("

betveen 237- and 457-keV energies (vsing differentiaf (uoonee} |
b RN

Wi Of ROORNER O
PETRAL LIBRARY UEAIVERSITY 1 o



"INNY 103dS
3719NIS 3HL HLIM ONCTV WNYLO3dS FONIAIONICD VINWVYO -VINWVO -VL14d ~C'S'D

- s}10A Ul yybiay asing
e S .ﬂm Pe L4
Umvanvasrs Q
(} — T
o
. i ¢
V Y, V >
v .ty V' O
© IS v
X IN
()
< s
<
e
o
V Y,
N Q d
v,
o,
Y,
I
\/
v
v
\{ v
e
wn4ydads olpus ——V—V— o
(7]
x
wn.ayoads 3douapUIo) L L -¢/ % <




51
spectrometer) and gamma-rays at 779 keV photopeak in 6V
channel width (1V = 22.9keV) ﬁsing slow-fagt coincidence
~ciccuit. 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 photooeak in TV channel width (1V = 22.9 keV)

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

5.4 ANGULAR CORRELATION RLESULTS:

The angular correlation functionsW(e) 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 B - rays of Eﬁax 590 keV —y-rays of
1278 keV ~Y— rays of 123 keV from the decay of Fu %

W(e)=1~(0.19330.040)92(6039)+(o.o43io.o46)94(00se)

and for the cascade of p-rays of E nx 360 keV ~y-rays of 779%eV~
y-rays of 344 keV from the decay of Eu752.

W(9)=1*(O.145:0.O19)P2(Coso)*(0.024:0.023)P4(Cose)

5.5 DISCUSSION:

The theoretical values of A2 and A.4 for the cascade
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154)

including solid angle correction (from the decay of Eu

5- B -_trensitions - V4 o ot T2 5
E i 590 keV 1278 keV 125 keV

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

RS
0O are as

radiation to be pure guadrupole and 1278 keV gumma transition

to be

(i) pure dipole

A = “0.2079 A.

o A 0.0

it

(ii) pure quadruvole

k, = =0.137, A, = 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
gquadrupole, it has been done by the plot of A2 versus
Q E= & ) where § = |[I+1]]5 ] which gives the values:

148 AT
Qy £0.009, 18,1 £0.09
or
Q, £0.999, l8,] £38.198

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

gamma-transition are as follows:
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Author | " Multipole mixing  Multipolarity
ratio '&! .
Whitlock etal (38 + 0.024 E1+(0.06%) M2
Rud and Nielsen (39)  -0.013+0,014  E1(£0.08[M2)
Manning etal (4 |6]<0.1 B1
Debrunner etal (41) [6]<0.1 E1
Stiening etal (42) ~0.0%1 BA+(0.1% )12
Present work ~0,026(Mean E1+6VO,O7Z)M2
value) or
181<0,09

This clearly indicates the consistancy of the present results

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

The +theoretical values of A2 and AA for the cascade

including solid angle correction (from the decay of Eu152)

- B-trangition - _ 1 + 2 + ‘
3 ‘Emax 360 keV> 5 779 keV"> 2 gjjfggvbo ace as follows if

we take B- transition to be allowed and the Y2(344fkev) transi-

tion to be pure quadrupole and Y1(779 keV) transition to be
(i) pure dipole
A2 = 0,072, A4 = 0.0

(ii) oure quadrupole

il

A, = 0.285, A,

Comparing these theoretical values with the experimental values.

-0.071

we find that one can not take 779 keV gamma-transition to be
pure dipole or pure quadruvole but can be taken to be 2 wmixtuce

of dipole and quadrupole, This can be done by the plot of A?
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2
versus Q (= 5 2), where & is the multipole mixing ratio) as
148
shown in fig.5.5. The values obtained are as followss
. +0,021
+0.004 _
Q) = 0.00T oo » 8y =+ (0.084 4 o4)
or ,
+0.006 +1,128
Q2 = 0.978-'0.007, 62 = - (6.700"0.864)

One can also consider 779 keV gamma-transition to be
mixture of dipole + gquadruvole + octupole. The present triple

angular corcrelation data can be analysed in the following

manner:
| : £l M2l | 1> ) (
Let us consider 6,,(= and § = .
T el m]] 0 <l El]

and,

Expt

— { 1t )

4, =4y % AQ : (5.1)

where
a, +28 a' + 5 a"
Ay - 2 < (M2 3 EA) (5.2)

t T
ag*2d,4 2 *621 af

| I
P

n
"

-0.0944,aé = ~0,5169, ag ==0.3412

ag = -1.3028, al= 0.2585, all = ;1.1973]
and 9y
zvg - 22 :2231 a2+621 a" , (B3 s B1)  (5.3)
0 31 31
[:az': -0.0944, aé =-0.6721, ag = - 0.3427

ag = -1.3027, al = 0.3193, al

]
I
—
O
O
B
L1
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| Taking certain value of 6 ,Aé is obtained from equa-

tlon(S 2 and now taking this value of Al (énd since Ag Py

determlned),Aé'is obtained from equatlonQS.ﬂ. Substituting

this value of A%

of 621 Ve rsus 631 is given in figure 5.6. In the similar manner

in equation (5.3), 854 is obtained. The plot
using the K shell intermal conversion coefficient given by
Gromov etal (44), a plot of 621 versus 531 for the value of

aK[%O.OOQO4(36):] is drawn.The interpeption of these two plots

(figure 5.6) gives the values of 621 and 651 i.e.

+0. 045 +0.050
8,4(M2 ¢ B1) = +(0.135_ 070), 854 (B3 1 B1)= -(0.125_4 ()

or

+0.055 +0, 030

8,902 ¢ B1)==(0.145_o o7c)s 85(B3 : E1)=*(0.090‘O'O45)

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 collecti#e character.
Therefore we expect the dominant multipolarity in such a
transition is exnected to bé B1, The angvlar correlation coe-
fficient for the trivle cascade,as in present studies having
pure E1 for the transition from 3~ - 2+, ag calculated is

4y = 0.072 but exverimental value of &, is 0.145£0,019., This

clearly indicates that 779 keV gamma transition can not be
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"pure B1 but mixture of M2 or M2 % E3 ( the analysis is

presented above).

The calculations for the '§' multipole mixing ratio
for the transition between 3~ - 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 - 67, 97 - 8%, 117 = 10" and 13~ ~ 12 in ¢a’%2 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

NEGATIVE PARTTY STAYES IN Na'*4 AND MULTIPOLARITY OF
GAMMA~ TRANSITION FROM 17 49 2% SwaTES BY BETA_GAMMA-
GAIMA ANGULAR CORRELATION METHOD |

6.4 INTRODUGTION :

i oA T

' Some of the low lying states in many isotopes (Nd144,
Sm148, Sm152, Gd152 and Gd156) show a similar typical behaviour.
The first 2+ is regarded as a single quadrapole'phonon state

and 3~ as a single octupole phonon state. The levels with the
spins and vparities of 17,5 ,3 ,4 are around an energy which is
very close to the sum of energies of 2" and 3" states. Thecefore
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 *

95> = Dot o, 7= 1,23,

Where the bracket {é*,B-;]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

OBy = - CW(J23%2;%2) | (6.1)
Where W(J2323;32) is the Racah coefficient and C is a constant
which determines the strength of interaction. He comvared 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 [J“) of quadrupole-octupole multi-~
plet to the quadrupole [2+> state would occur through the
collapnse 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 providei

the necessary information,

There are indirect ways of estimating the higher
multipole content in gamma-transition. The more prevalent
methods are baged on |
(1) internal conversion coefficient data

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

(iii) angular correlation data,

The deeay 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 cocrelation.

Therefore this study is under taken.

6.2 EXPERIMENTAL:

The source in the form of CeCl3 in dilute HC1l solution
was obtained from Bhabha Atomic Research Centre, Bombay. Ce“‘4
decays through p- emission with a half life of 284 days to
pr!#* which in turn decays to Na'*%. The source dcied 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 6cm

from each of the gamma detectors.

6,3 COINCIDENCE AND ANGULAR CORRELAIION STUDIES FOR THE
CASCADE OF g-RAYS OF Emax 800 keV—-Y ~RAYS OF 14489qkeV~
Y- RAYS OF 696keV:

Beta-gamma ray (selécting y -rays at the photopeak
of 1489keV in a fixed detector and using beta-ray spectrometer
as integral above 108keV energy) coincidences are obtained
veing slow-fast coincidence set-un. Then beta-gamma coincidences
form +the gate for one of the inputs of other coincidences
(mixer~type) and the -secand 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 gemma—ray in 4V

channel width (1V=30.9keV). The movable detector is kept at
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several angles between 90O to 182° at the intervals of 22.50.

6.4 ANGULAR CORRELATION RESULTS:

The angular correlation function W(6) obtained by the
method of least square fit (without applying soiid angle
correction which has been considered in the theoretical
calculations) for the cascade of g-rays of B axB00keV=Y —rays

of 1489-keV =Yy —~rays of 696-keV ig as follows:

w(e) = 1+(0.219 * 0.019) PZ(COSG) +(0.069 + 0.02%) 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 quadruvole. Using the method of Arns and
Wiedenbeck ( 59 and extending it to beta-gamma-gamma angular
correlation, hence the usual plots are obtained for A2 ve rsus

2 .
Q(q= ?fgﬁ—_ where & = ég %*1 %%) as‘shown in figures 6.3 and

6.4, In this way we obtain,the values

554 =.*(0.03420.015), Qy,= 0.001+0.001, if E3 admixture is not

present and considering the mixture of E1+4M2;

and
854 ==(0.02620.011), Q31=O.0007i8f8882, if M2 admiXture is

not present and considering the mixture of E1 + E3.

But if one wishes to include the contribution of E3
together with M2, the method of Arns and Wiedenbesk ( 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

Exot ] T |

ABXOL 4 gy (6.2(a))
2 = A, 2 -
AEXPE Aj + Ai' | (6.2(v))

Where Aé , Ag ,.A'4 and Aﬁface the angular correlation
- 4
coefficients and are written as for the transition (172 )

- - T v Y2 o
from the cascade O nggw%a->”1 1489keV 2 696keV 0.

Where g-transition is taken as allowed and 72 as pure E2

' T 2 T
trangition. & - Defimimg Q21t= 7%:32 where § = Zi::ﬁ?%:ii

2 .
5 e NEETES:
and %E 1952 Where © = gH@ﬁ“L;)] ve have

o m8y) 3y 2 AT (M) 00000180 inipg)  (6.3(a))

T (1-y)ag 2 ALTTR0a + Qyead
with .
a, = -0.4022, aé = 0.8944, aé' =.0.5708 and
ag = = 1.5310, af =-0.4497, al' = - 1.6612

VT oy
A} = E::zg1; :4f szg1(1:qzlja:taféa4a" » (M2:E1) (6.3())
217 0= 1Npqli=Hpq/ 80 *Rp430

Where

‘

a4‘= 0.0, ai = 0.0, aa' = 1.0295 and

a, 1.5310, a6 =.~0.4497, a6'= -1.6612
and

1.. : 1_ 1] ( 1]
AN = ( %1)8.2 iNQ31( QB—{) a2 :‘ Q31a2 ,(}33 :E1) (6‘4(3.))
2 (1-Q59)ap 2N G TT=G;17 af + Qg4a88

il
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Whefe
2, = -0.4022, aé = ~1.1950, a; = 0.5823% and
ay = -1.5310, af = -0.3562, a} = ~2.0500;

(1-Q31 a +2V63§T1 —Q3,)a)#Q5, a)

Ayt=— (B3 + B1) (6.4(b))
(1 Q31)8'0i 2V-Q3« (1 QB»] )aO_Q31 8.

with .

= (- t_
ay —‘0.0, ay = 1.1582, a4 0.1287 and
ag =-1.5310, aé =0,%562, ag = =2,0500. -

Choosing a value of Q21 lying between O and 1 subgtituting it
in \:6 B(a):l alongwith the other coefflc:Lents, we find Aé which,

in turn, is used to determine Ag £ rom f% 2(azf This value of
AY is employed to find out Gz, with the help of equatlon[§,4(az].

A similar procedure is followed to obtain Q31 from EiXptthrough
equations [?.B(bg], [?.2(bf] and [?.4(b511 The values of Q31 and

hence 631 obtained through these two procedures are plotted

against Q21 or 521 values, selecting the experimental values
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
prooedures gives the possible solutions for Q21( or 521) and Q31

(or 531).‘The hatched portion in these plots gives the values:

N +0.019 . _
Q54 (M2:E1)=0.031_5" 347 Q54 (E3:E1) = 0.004

and

+0, 001
~0.002

) = 2048008 & (et 0. 0g?0-015
621(M2'E1)- +(O'18—-O.O4)9631(E3 oE'])"‘"( 0-06'—0.01 O)
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Therefore this clearly inGicates “»0,4/ contribution of E3
transition. If this contribution is appreciable, then model
suggested by Bhatt ( 46) can be taken for further

calculations.

6.6 ATALYSIS OF GAMMA-GATLS ANGULAR CORRELATION Dalh FOR
170 0 CASCATE ¢

Apart from Nd144, we have four more isotopes i.e.Sm148
152

y

152 and Gd156, where we find the similar negative

Sm ", Gd
parity states, having the cascade 1~ - " 0*. A1l 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 dalsy include
calculated energy levels of negative parity states by the

approximation of Bhatt (46 ),

Gamma~gamma angular correlation coefficients have already

been reported by various workers and are given in the following
tables ' ’

- Gd

Nucleus 3§fg%%$ A, A, Reference
(Ener
'in keV ' |
sm'® 912551  -0.24240.024 0.03340.046 Horpster etal(53)
sm'??  842-122  ~0.245+0.021 0.003+0.014 Debrumner etal(54)
156 415389  ~0.25440.010 0.004%0.009 Hamilton etal (55)
Gd152 Not done, since this state is formed from the decay of

excited states of Eu'’? having half life 9.3h.
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The data of A, and b, for these cascades have been analysed
similarly as given above for A2 and A4 obtained by beta-gamma-
gamma angular correlation, for E1+ 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.

- |Cascagde ‘ 3 .
Nucleus|y200% 8, 1Q,, (M2eE1) Qg (B3:B1) (g0
(Energ{
in keV
148 ' +0.012 +0.002
Sm 942~551 0.044_0‘013 0.001-0.002 orpster etal (5%)
Sm152 842-122 01044+O‘OO6 O.OOOS+O'OOOS Debrunner etal (54)
~0.006 ~0.0004 '
6a'2® 1153-89  0.042%9-0% . 0004*0+0005 apivton etal (55 )
~0.005 -0.0003
N 4 4489-696 0.03170°919 5.00479001 b ccent work.
~0.011 -0.002

This analysis of gamma-gamma éngular correlation data reveals
thatlthere may be E3 content as well, but experimental error

are quite 1arge'which do not warrant to jump for this conclusion
by this analyvsis. The present study of Nd144, positively shows
the O.4i8:;3( B3 content in E1 alongwith M2. These studies need
to be” supplemented by other methods;but égain these estimates
indicate that other methods are very difficult to give conclusive
results. More refined theoretical calculations are needed to

estimate the B3 content in B4 alongwith M2,
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CHAPTER = 7

STUDY OF THE DOUBLET AT 1198_AND 113 4_keV ENERGY LEVELS
IN pa’% FROM THE DECAY OF 30sec Rh C° BY BETA-GAMA-
GAMMA ANGULAR CORRELATTON METHOD

7.1 INTRODUGTION :

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 Rh106 by the investigation of the g-ray spectra..The gamma—
gamma directional correlation studies (58 ,59 ,60 61,62 )
have led to the many spin and parity assignments to the energy

d106

levels of P . Hattula and Liukkonen (58) studied them in

order tovunderstand the level structure above the vibrational
O*, 2*, 4+ triplet at 1.1 - 1.2 MeV., The main purpose of the
investigations of Avignone III and Pinkerton (%9) was to measure
the directional correlations of gamma-ray cascades for fixing
the snins of the excited energy levels. The technique of beta-
gamma-gamma directional correlation was used to study — the

doublet at 1128- and 113%-keV levels and to ascertain if they

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

7.2 BXPERIMENTAL:

The source in the form of RuCl3 in dilute HC1 solution
was obtained from Bhabha Atomic Reseacch 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 plaéticA

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

detectors.

7.% COINCIDENCE aND aNGULAR CORsELATION STUDIES FOR TiE
CaSCADE OF g-RAYS OF Om“;max 2.4 MeV =¥ - RAYS OF 622
AND 616-keV »Y ~ RAYS OF 512 keV,

A beta-ray spectrometer is used as 1ntegra1 spectrometer
selectlng B-rays above 2.0 MeV energy and a Y- ray spectrometer
(fixed one) is used as differential spectrometer in the
‘photopeak at 616-keV in 4V channel width (1V = 15keV). Thege
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“8

sec., The second
input of this unit is from the second gamma-ray spectrometer
(movable).which scans the svwectrum in 1V channel width. The
output of this mixer type coincidence unit is due to triple

B —y~—yicascade and it is fed to a scaler and recorder. The
single and trivple coincidence spectrum are shown in fig.7.2.
‘The chance counting rate is taken by putting the delay in the
mixer tyvpe coincidence unit. This establishes the cascade of
B-rays of Eméx 2.4 MeV ~ Y-rays of 622 and 616—keV*'Y~réys 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 B-groups or any other ﬁ- 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
svectrometer selectingy -rays of 512-keV in 4V channel width.
The selection of other B—and 7Y-rays was done as meﬁtioned
above. The movable detector is kept at various angles in the

interval of 22.50 between 90o to 180°,

7.4 ANGULAR CORRELATION RESULTS:

The angular correlation function W(6) 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(8) = 1 - (0.734 + 0.046) P,(Cos6)+(0.66410.048)E,(Cose)

7.5 DISCUSSION :

If we take g-transitions to be allowed, 622- and 512-keV
gamna-~transitions to be pure E2 and consider the spin value of
O¢ for 1134-keV level, the theoretical values of the angular

correlation coefficients A2 and A..Ar are as followsg:

AQ = - 0.7854 and A4 =»+O.6486

The present eXperimental values are slightly on the lower
side which suggests that a slight mixture of another B-group
can also be conéidered. Let us consider that the B~transition
not only goes to 1134-keV level but also to 1128-keV level of
106p4 (refeccing By to the former and B, to the latter). Congi-
dering the spin assignment 2 %o 1128-keV level and 616-keV

Y =~ ray from this level to be either pure E2 or M1 or mixtuce



68
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 followss

~0.207 and A, = 0.0 (for 616-keV to be pure M1)

by = 4 =
Ay = =0.135 and A, = +0.246 (for 616-keV to be pure E2)

The following estimates are made considering two (B1 and

52) groups to satisfy the experimental valuess

(i)  Taking 616-keVy -transition to be pure E2;
considering A, value, vwe get (4.824.3) /. of B, in B,

considering &, value, we get ¢ 4.97, of B, in B,

(ii) Taking 616-keVY ~transition to be pure M1:
considering A, value, we get (9+8)/ of 8, in g,

congidering A4 value, we get <57, of B, in B,

(iii) Taking 616-keV y —transition to be mixture of M1 and E2

-

The percentage of mixture of M1 in E2 for 616-keV
¥ —~transition as compiled by Lederer etal (18) is gp.sy, . This
small percentage of M1 in E2 for 616-keV transition shall not
change the estimates of two f-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-grouns,
one corresponding to 1128-keV and other to 1134-keV and
the percentage of former f-group ig _<_57. to that of the latter.
Purther as mentioned above, the gpin values of the levels
involved are confirmed by the present studies of B - ¥ - ¥
angular correlation, viz O+ and 2* for the 11%34 and 1128-keV

excited energy levels respectively.
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CHAPTER-8

A METHOD FOR THE DETERMINATION OF Ag, THE ANGULAR CORRELAT ION
COFFFICIENT BY BETA.GAMMA.GAMMA ANGULAR CORRELATION ST UDIES

8.1 INTRODUCTION:

160 to the levels in Dy16o has been exten-

The decay of b
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, Ag the angu-
lar correlation factor is not zero and has been measured., One of
the difficulties in Ag measurements is due to other competitive
beta-gamma cascades (coincidence of beta~gpectrum and compton
digtribution 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,
thé 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 Ag in allowed cages.

The decay of Tb16o to Dy16o hag been gtudied by thigs
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

Ag by beta - gamma - gamma angular correlation studies.
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Cipolla etal ( 69) detemmiied Ab = 0.041 % 0.015 in the decay

of Tb16o for the g-group of B 566keV,

The principle features of the Tb160 decay scheme are

well known from the previous works and the decay scheme of

Tb16o is presented in fig.8.1.

8,2 EXPERIMENTAL:

The gource in the form of Tb013 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 perépex stand and it was kept in vacuum alongwith
the plagtic scintillator, The source was 3.5c¢m from the beta-

detector and 6cm from each of the NaI(T1l) detectors.

8.3 COINGIDENCE AND AlG LaR CORKELATION STUDIES FOR THE
CASCATE OF p-RA/S OF B 566keV = ¥ _RaVS OF p98kev-
Y _RAYS OF 966-keV 3

A beta-ray spectrometer is used as an integral spectro-
meter selecting beta-rays above 360 keV energy and gamma-ray
svectrometer (fixed one) is used as a differential spectrometer
scanning the spectrum in 1V charmel width (1V = 10.6keV) in %he
region Qf 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 typelcoincidence unit and

the second input of this unit from the movable gaﬁma—ray
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spectrometer which scans the gamma-rays above 924keV energy
(1V = 22keV). The triple coincidence spectrum was obtained
clearly indicating a ohotoneak of 966keV. The beta-gamma-
gamma coincidence spectcum alongwith the single sDectrum is
shown in fig.8.2.

The angular correlation studies for the cascade of
p-rays of B .. 566keV ~Y _rays of 298keV =V -rays of 966keV
are done by selecting 298- and 966 keV énergies 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 CORERELAITON RESULTS:

The angular correlation function W(6) 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 followss
W(6)=1+(-0.199 * 0.016) P,(Cos6)+(0.019 * 0.018)P,,(Cos0)

8,5 THEORETICAL ANALYSIS:

The beta-gamma-gamma angular correlation function
W(e) as given in equation (2.51) of chapter 2, has been

modified to calculate the f-correlation factor Ag.

Let us consider the cage when the second transition
is pure dipole and third transition is pure quadrupole,
respectively i.e. L, = Lé = 1 and L3 = Lé = 2 and therefore
65 = 63 = 1. Considering the allowed p-transitions (J=J' =1),

the equation (2.51) can be exoanded by summing over L
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4 3/2 - I.4I )
Wey - (=377 (e g [p0wan) 3 (FTIT 00 x
4n Kk
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Ly Lo .
1
&)y I By (Dglybslyilsks) Qg Q) %, “01«:21«:31:?1((0086)
k5 5

- 24(LT LT 5T 0k) x

i
Q v P (Coso) + bA(IT)Z, (JI_IT, ;1. 4)x
2 %, %, gk 1 at e

. i
{ 2, (LBIbLSIb;IfKB) Q4Q’k2Qk3 (xa,k . kPk_(Cose)]
23 .

(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 _\
Ly I, I,
ik t b0 (JT) Z, (JIaJIa;IiO) GyII, I Ia\- X
273
.kS k, oJ
( )8, LB (Cost) a  Pp(C0s:
Z(Lpl, Lz L 51 @ , P.(CosB). + 086,
3Iplzlyileks 0%2%3 (%o g0 Fo a0k2k32 2

* agk2k5,4P4(Cose)):l | (8.2)
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Writting “O; a, and a, for the coefficients of b0 PO(Cose),
b0 P2(Cose) and b0 P4(Cose) and therefore the first term of

equation (8.2) is written as
b0 [j“OPO(COSB) * aZPZ(COse) + a4P4(Cose);J | (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
Bo» Bp» and B, and third tem having b4(JJ), the coefficients

can be taken as Y‘O,W'2 and Y4 respectively.

Therefore angular correlation function W(9) is written
asg:

W(e)=(agh® * Bob2 + Y p4) B(Cose) +(a,b0 + p,b2 +7 ,b4)
py(Cose) *+ (oyb0 * 02 + 7, b4) P)(Cose)  (8.4)

In order to comvare it with the experiment, the coefficient

A, and A.4 are written in the following manner

DO+ p,02 *+ ¥, b4

a
A, = -5 - | (8.5(a))
| agb0 + By b2 + T ) b4

¥
A - a4b0 % @4b2 + 4b4

b0 *+ pgb2 + ¥ b4

Further A, can be written as

- B, P2 Y, B Y -1
x, L(HQ 2 24y, 70 b2, 0 b4y

= —S + +

1

9

(8.6)
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Taking the approximation in the expression, we have

a B B B Y Y
A =_?-L1+(2 -y 22y 2_%0)23 ](s.v)

2 9 %2 % %2

Cottns Bofos andY'OV'g are the o efficients which are known

for the particular spin sequence and multipolarities of gamma.-

transitions.
= Ly=1 4 Lg=2
Considering the cascade 3~ =t 27 embem> 2 edm30’
B Y1 72
the theoretical value of A2 is obtained to be
ky = - 0,208 (1 + 0. 132 + 0.0 b4 =)
8.6 RBSULTS AND DISCUSSION: v

Taking the experimental value Ay To De -0.199 i'Q.O16,
‘we find the mean value of Eg =~ 0,313 # 0.60. In order to
compare it with the value obtained by Cipolla etal (gg) we

take Fk(LL;IiIa) to be 0.120 and taking_proper sign to change
2,(JI, JI,; 1.k, ),as defined by Ferguson (16) into Fk(LL;IiIa)J'
as defined by Rose ( 6 ), we get the mean value to be Ag =0,0%3?
This value is comparablé with that given by Cipolla etal (69 )

as 0.041 % 0.015,



76
CHAPTER-9Q

SYSTEMATIGS IN E2/M1 MULTIPOLE MIXING RATIOS OF
(o'* = o%) GAMA-TRANSITIONS IN EVEN-EVEN NUCLEI

9.1 INTRODUCTION

Many attempté {:Potnis and Rap (70), Grechukhin (71),
Tamure 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/M4 multipole mixing ratios (='6*) and
relative phase. Kumar (77) has sumarized in review article
entitled ''What can we larn from the transition probabilities and.
mixing ratios of atomic nuclei'!. In all these attempts, the magni-
tude of '6' 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 '§'.
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 DEFINITIONS:

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

Yq Y
Ii-1 I g If in which the initial transition is a mixture of M1 and

B2, are written ag:

. 'Te 2 1 1T,
=Z (L1IL I,Iik) +_E§ Z(L1IL I,Iik)¢6 Z(L1IL I,Iik)

1 1 1

A

1+ 8°
X Z(LZILZI;I k) (9.1
Where '8' the amplitude mixing ratio, is defined as

I LIn ] I, > ‘
Caliumll o)

ST %

Tpe sign convention of Biedenharn and Rose (6) is compared with

Krane (31) and Rose-Brink (78) conventions for a cascade as

’ ¢ (9.3)
G(YQ)BR = 6(Y2)KS’ 6(Y2)RB = - 6(Y2)KS

The mixing ratio '6' may be compared with theoretical values

through the expression, as defined by Kcane (73)

o <af|m(z2)|| 1,5

B T O || 1 (94

Where By is the gama~ray energy in MeV. For the purpose of

theoretical comparison, it is useful to define the mixing ratio

8
2= game) °°
<Ifim(E2)|| 1>

T I [ | I (9.5)
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Where /\ is given in units of eb/r).N

9.3 COMPILATION AND ANALYSIS OF THiE ANG UL4R CORRELATION
COEFFICIENTS

The angular correlation coefficients (A2 and A4) for the
cascade 2; ~ 2% > 0% from almost all the radicactive disintegra-
tions as reported by . various authors are collected and are
given in table I. The detaills of the cascade i.e. energies of
Y1 and Y2 alongwith the references-arg also.given. The analysis
of the angular correlation data has been done by two methods which

are as follows.

(1)  THE ANALYSIS OF THE MULTIPOLE MIXING RATIOS BY THE METHOD
OF ARNS AND WIBDENBECK

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

1+8 v
The multipole mixing ratio '6' is determined if the experimental

plot of A, versus Q (= 2) is done and an ellipse is obtained.
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,

(ii) ANALYSIS OF THE MULTIPOLE MIXING RAEIO‘BY‘THB GRAPHICAL
METHOD OF COLEMAN

Coleman (79) has introduced a method for evaluating the
multipole mixing ratio '6' from gamma-gamma directional correla-

tion experiment if only one transition is mixed by using bothA2
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kngular correlation coefficients for 2'+~ 27 - o cascade

Fucl- E1 E2 v A?xpt. A@Xpt. Reference
eus (keV) (keV) (keV) "2 !
6F658 1675 810 865 0.45%0.04 0.08%0.09 R.A.Fox etal,P.R.CS5,
26" 32 | 853 (1972). 4
G20 2175 1454 1321 -0.2740.03 0.1620.04 D.F.H,Start etal.,N.P,
28773 | &162,49 (1971).
60
Nir, 2156 1330 826 -0,%0%0.03 0.15+0.05 S.M.Shaforth etalyP.R.
28732 °00 149,827 (1966}
J152 2301 1173 1128 0.41540.053 0.08240.131 D.M.Tan Patter etal,
287734 T N.P.A178,355 (1972).
BOZhgi 1800 992 810 =0.20040.022 —0.020+0.032 A.K.Sen Gupta etal.,
. ~ _ P.L.3,355 (1963).
,oMSE 1872 1039 833  0.300.05 0.2180.07  T.Hayashi etal,, J.2.S.
- | (H27,1575 (196%
3Ozn§g 1883 1077 806 0.369+0.025 0.234+0.034 J.Lange etal.,P.R.07,
| 177 (1973 ).
sofens 1464 834 630 -0,00280.009 0.311%0.012 H.Chen etal, N.P,A219,
365 (1974)
32Ge1§ 1204 596 609 -0.251%0.015 0.27+0.04  M.C.Cambiaggio etal.,
|  B.P.A2T75,183 (1975).
32G312 1108 563 545 0.14+0.04 - K.C.Chung etal., P.R.
| €2,139 (1970),
34Se13 1270 635 635 0.213+0.022 0.27240.044 M.C.Cambiaggio etal.,
Z.P.A275, 183 (1975).
343e12 1216 559 657 -0.18520.012 0,305%0,021 T ,Nagahara etal.,J.P.S
(7)34, 579 (1973).
5,56ty 1306 613 693  0.2200.03 0.0340.04  R.M.Tieder otal,, P.R.
¢2, 531 (1970).
36Kr12 1119 455 664 0.11#0.04 0.03+0,07  N.E.Andernson etal.,
. J.P.A(GB)7,1156(1974).
36Kr22 1256 616 639 -0,1220.04 0.21+0.07  T.Hayashi etal.,J .P.S
g ‘ , (5)27,1375 (1969).
s6Kra 1475 7T 698 =0.307%0.015 0.239%0.010 J.Kotch etal,N.P.103,
| | 300 (1967).
5¢Krog 1897 881 1016 ~0.056£0.050 0.426+0,089 J.B.Roalsvig etal.,

P.R.138,B1378 (1965),
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Nuel- E E, By Ab‘xpt. A%Xpt' Reference
US  (xeW) (keV) (keV) 2 .
86 '
8 77T 0.04040.023 0.017+0.057 R.G.Arns etal,N.D.
365748 1_54- 17T - o A148,625 (1970).
88 -
836 1387 0.21740.014 =0,004%0.016 Y .Kawase etal. N .
3g5%50 3223 1836 13 - R A154, 127 (1970).
2% 1864 871 995  0.28+0.04  0.2240.011 N.K.Aras etal N.D.Al12
4055 1864 871 9 e - 609 (1968) '
96
1498 778 720 -0,072%0.020 0.05640.036 D.Heck etal, N.P.
421054 149 4159, 49 (1970),
98 ,
M 1432 7187 645 -0.147%0.020 0,060+0.035 D.Heck etal,N.P.
42756 165,327 (1971).
100 ;
Ru. . 71360 0 820 -0,196x0.024 0.3%24+0.030 H.Kawakanic etal
4456 1350 54 | J.P.5.(J)24,614 (1968)
Ru) 021403 475 628 -0.069£0.017 0.347+0.033 B.Singh etal,N.P.A155,
44758 | 90 (1970).
Pigg 1323 556 T67  0.1620.06  0.0280.04  N.C.Singhal etal.,? .
- 467758 : C5, 948 (1972)
P12 515 612 0.100£0.040 0.31080.007 J.Kotoh etal, N.P.103,
4660 300 (1967). -
6Pdgg81441 434 1007 0.069+0.024 0.055+0.033 K.Okano etal, N.P,A164,
4 | 545 (1971).
RALIBI0 3T4 436 -0.22000.057 - R.L.Robinson etal,
4 | | A N.P.A166, 141 (1971)
Cagy 1476 658 818 0.375:0.050 0.18080.050 K.S.Krane etal,P.R.C2,
48 | , | - - T24 (1970)
Snda®2109 1203 819 0.31%0.02  0.27+0.05 &.Garnoia Barmidis etal,
50 P.R.C9,1060 (1974),
2Te;821250 564 686  0.142+0.006 0.29840.005 J.Kotch etal, N.P.103,
5 _ 300 (1967).
52Te;§41325 603 725 = 0.136#0.009 0.2704#0.015 K,R.Baker etal, N .D.
4189, 493 (1972)
5707201421 66T 754 0.05290.028 0.29140.035 Z.W.Craboweks etal,
4 P.R.C3,1649 (1971).
54xe;§6880 389 491 -0.110%0.012 0.341#0.030 3.W.Grabowski etal,
| P.R.C3,1649 (1971),
5%e12%955 540 415 -0.1830.01  0.3650.02 T.Hayashi etal, N.I.M
53,123 (1967).
5. X610 129T 667 630 -0.16250.047 0.363+0.092 H.W.Taylor etal,C.J.P.
, | 49,2724 (1971).
o, Tego 1613 847 766 0.22040,043 0.062+0.065 J M.Gualda etal,N.D.

A234, 357 (1974)»



TABLE-II | 83
E2/M1 multipole mixing ratios from the quoted angular correlation
coefficientsL‘
Mean fMean value of §P Mean  }Value of ¢ ff“/ .
Nucleus |value 5 5 value |[from the (e PN)
bfsal% & QO lLirs  |literature
taken —

Fe?® 0 26 0,13 +0.39 0.5 +1.0 1.0 +(1 0+0'60) +1.385

26 632 [] [ ] L] » * L] L ] -0.20 .
.58 - - - -
sgfi2g =1.0 0.465 ~0.95 0.885 2,77 1.0  =1.120.2 0.91
ogfise =10 0.575 =1.16 082 ~2.13 1.0 —1.3¢6¢-0.9 1.5
28Ni§i 0,26 0,07 +0.27 0.5 +1.20 40.27 Not deduced  +0.29
BOzngi ~0.66 0,325 =0.69 0.965 -5.25 =0,69 Not deduced  —1.02
solige +0.37 0,05 40,07 0.775 *1.85 +1.85 2.0 +2.66
soling +0.37 0,055 +0.19 0.675 +1.44 +1.44  +1.4540.14 2,14
sfeys 40.47 0.1 0,33 0,99 +9.95 49.95  10,341.3. +18.92
sofeys =2.33 0.425 -0.86 0,82 -2.13 -2.13  -3.420.4 -4.19
sfele =0.11 0,02 =0,14 0,925 +3.51 -0,14  -0,1%0.1 ~0.31
54500y #0.41 0,003 -0.05 0.865 +2.53 +2.53  +2.6:0.2 +4.71
5456 =5.67 0.315 -0.68 0,97 -5.69 -5.69 Not deduced  -10.38
34Se12 ~0.05 0.003 ~0.05 0.860 +2.48 =0.05 Not deduced  -0,08
36Kr12 ~0.17 0.03 -0.17 0.945 +4.14 0.17  Not deduced  ~0.31
36Kr32 42,33 0.21 -0.51 0.995 -14.11-14.11 Not deduced  —26.4T
56KTa2 1,86 0.62 -1.28 0.77 -1.85 -1.83  ~1.6510.15 ~3.14
KT8 40,49 0.145 <0.41 0,995 +14.11 ¥1411  Not deduced  +16.64
38Srj§ 0.25 0.07 =0.27 0.98 7.0 -0.27 0.05¢q<0.09  =0.42
565T0g =005 0,003 =0.05 0.86 +2.48 ~0.05  -0.040,02 -0.04
13025 +0.39 0.003 +0.05 0.8  +2.0 +2.0 2 *2.41
96 . +0, 04

42'Mo5g -0.43 0.16 -0.44 0.997 +1823 ~0.44  -0.4470 4 -0.73
1F00g =0.54 0.25 -0.58 0.97 -5.69 0,58  ~0.58+0.05 -1.08
* Mean value of &

(a) From the plot of A, versus A4
(b) From the plot of

AZBversus Q
(c) Sign convention of Biedenharn and Rose (%)
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Mean [Mean value of gb Mean  [Value of &€ ?
Nucleus value wvalue [from the - )
02 | q 5 Q 5. lof § [|Literature
. 1 1 2 2 taken
100 YR
sRigg =567 032 -0.69 0.97 -5.69 -5.69 -6 -8.31
g 0,16 -0.44 0.997 +18.23 +18.25 60420 +34.79
yPlag’ =011 0,01 -0.10 0.91 4318 -0.10 ot deduced -0.16
sPeg’ +0.44 0,035 <0.19 0945 .14 +4.14  +4,35:0.80  +8.10
1Peg =025 0.05 —0.23 0.97 45.69 -0.23  -0.24#0.04  -0.27
PV 0.36 075 0.95 ~436 075  -O.170.11  -2.04
486dé;O +0.35  0.04 +0.20 0.665 +1,41 +1.41  +1,2040.15  +2.06
SOSngé6 0,39 0.01 40.10 0.755 +1.75 +1.75  #1.840,2 +2.56
52Te%%2 $0.44 0,02 -0.14 0.925 +3.51 #3.51  43.5240.10  46.12
52Te;§4 +0,43 0,02 -0.14 0.93 +3.64 +3.64  43,3+0,2 +6,02
S Xe1o® =190 0.205 ~0.50 0.997 ~18.23 18,23 -21%9 ~44.,46
sifeqy =5.61 030 -0.65 0.975 -6.24 -6.24  Not deduced  —18.03
sifera” 9.0 0.215 -0.62 0.99 -9.95 -9.95 . -18"%0 ~18.91
54Xegg4 -0.05  0.005 -0.05 0.86 +2.48 -0.05  -2.4%02 ~0.08
s6Bqe. 56T 030 -0.65 0.975 -6.24 -6.24 9% ~13.19
56315 <1.00 0,275 <061 0,99 -9.95 -9.95 30 -21.47
SBag0’ <017 0.035 0,19 0.95 +4.36 -0.19  -0.21<§¢~0.19 ~0.18
segg *0.31 0105 4034 0.54 +1.08 2034 +1.1*0 14 Lo s
140 4 #40.01
580e?2 043 0.125 0.3 0.995 #1411 -0.38 05700 o6t
s50ogs° +0.26  0.075 40,28 0,59 41.20 +0.28 40,610,018 40,37
60Nd;i4 +0.37 0,015 +0.12 0,72 +1.60 +1.60  +1,6+0.5 42,22
62590 9.0 0.215 -0.62 0.99 -9.95 -9.95 -8 17,53
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Nucleus *%giig {Mean value of bb ‘%giﬁe g?i;etﬁg 8° (?;jPN)
B of § Q, 5 Q, 5, ggkgn literature

64Gd§32 0,39 0.005 +0.05 0.8 +2,0 +2.0  2,0405 4,00
c£tat <90 0.5 058 0.99 -9.95 -9.95 11273 ~17.18
c£ig 40.46 0,06 -0.26 0.975 46,24 +6.24  5.971'% +7.19
64Ga;Z? 20,17 0,05 =0.23 0.97 +5.69 -0.25  Not deduced ~0.29
ceDasd 0,47 04 <033 0.99 49,95 +9.95  +(9.772:2)  +13.56
o108 <0.25  0.06 025 0.965 +5.25 -0.25 0.2640.04  -0.24
LIS 048 0,155 -0.43 0.997 +18,23 -0.43 036-1¢-0.24  -0.64
TPHENGE <043 0,145 0.1 0,997 418,23 0,41  0.410%3: 36 ~0.42
ATl =0T 0.035 -0.19 0.955 +4,61 =0.19  =-0.20 T s
7¢ng§ -9.0  0.275 -0.54 0.995 -14.11 ~14.11 -12f§ ;15.07
J05E ¥0.49 012 -0.37 0.995 M4.11 +14.41 45 +21.31
105100 40,47 01 -0.33 0,99 49,95 +9.95 +1071° +18.92
760s1§g 0,47 0,105 =0.34 0.995 +14,11 #14.11  +12.342.8  +35.36
70513, 40.4T 0,105 =034 0.995 #1411 +14.11 +127 +45.52
JBEI02 9.0 0,26 <059 0.99 -9.95 -9.95  48.880.5 4028
1RG99 018 =0T 0.995 -1 1411 4570 57,59
P00 20,44 0,02 -0.16 0.98 +7.00 47.00  +4,330,2 25,18
SOHEISS 017 0,035 -0.19 0.95 +4.36 -0.19 0.9 ~0.36
SFE00 <017 0,035 -0.19 0.95 +4.36 -0.19  -0.19£0.01  -0.39
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and A4 valueg. One plots the curve between A2 versus Aﬁ for a
5*-* 2% -+ 0% cascade as shown in fig.9.2. This curve is labelled
with the values of '8' ( or more conveniently with the values

‘1_§ ‘) The measured experimental values:

of the parameter §' =
with the errors for both A, and A.4 are depicted in the plot
which gives the best fit value of '8' with phases, as shown in

fig.9.2. The values thus obtained are given in table II.

9.4 MULTIPOLE MIXING RATTIOS ON THE BASIS OF GREINER'S MODEL

Walter Greiner (74) has reported a model to calculate the
g-factors and E2AM1 multipole mixing ratios in vibrational nuclei.
The basic idea of the proposed model ig the assumpfion fhat 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 Gp and G be the

pairing forces for protons and neutrons respectively. Nilsson and

Prior (80) have found the values for GP = %;_ MeV and Gﬁ ;? MeV

while Marschalek and Rasmussen (81) use Gp =~—%9]Hev and
_ 20

. _
The average deformation BO of the mass distribution is

defined as

_ Ngo(n) + ZBo(P)

Bo = . (9.6)

Where B,(n) and Bo(p) are the neutron and proton deformations.

Greiner (74) has given tle expression for the calculation

of & (2 B/EY) and is written as



=4

s i e
S

T <(6L) usmeTop FJO poyjlau

auq £q ouop ST STYy °TOTONU SNOTIRA JOJ POJOTASD
aTe BJIOJJTD JTOY] WUITMBuUOTe S3uTod T2FUSBUTIIAUXS BYJT
L2y Bd0usnbes urds oyjz J0JF V- snsaea <w JO 30Td

[ i 1 1

+0+

"jdx3

Beunse




87

0*3 Q5/3
. 1
(1.1 x | ) @O (9. )

f(1-2f)
Where f gives the difference in proton and neutron deformations
v [ Bon) o
The parameter £ is calculated from equation (9.8). The root mean
square deformation By 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 ratio®\ (= G/EY) is obtained.
The mixing ratios for a number of nuclei have been calculated and

it is found that the sign ofAis always positive.

9.5  THE MASNITUDE OF 'g! L

The plot of A (= 8/By) versus mass number A is given in
figuri 9.3. The calculated values ofaA on the ba;is of Greiner's .
model (74), are also given in the figure 9.3 and are denotedlby
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 e¢losed 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 offy lie within the groups.

In the first four groups, the values ofA approaches to zero when
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the neutfon numbers or proton numbcrs 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:

1DVM group I . group II group ILT group IV
I =0.1154+0.0262, 0.1554+0,0403, 0,150540.0212,0.2070+0.0244
1n‘A‘ group v
T = 0.1877+0.0330

9.6 THE PHASES OF f&!

The phases of '6' are ag 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, Mo % ang
Gd152). The plot clearly indicates a certain aystem. The line as
given in figure 9.4, separateg positive anq negati#e phases. For
every eight protons, we find a change as iﬁdicated 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 o+ EXCITED STATES

In all these nuclei, the first excited state is 2° and
second excited is not é*‘ but this lies above 4"a or 6* or 8* or
-+ : '
above O$. 0 may lie between 2* and 2:"j QY 4+ and 2 * or

+ + :
between 2 and 4 , All these cases can be divided in five main
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groups as given in figure 9.5.nseven cases which are as follows:
Sr88, Ruwo, Ce14O,Sm152, Gd152Gd154an&Hf 4the 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 '5'.

Gfoup A B C D E

Number of cases, | 33 11 6 2 4
Number of cases, + 12 7 2 2 3
having phases : ‘
- 21 4 5 - 1
Number of cases, + 10 7 0 - 2
large values with phases
‘ - 11 - 1 - 1
‘ . ' 2 - - - 1
small values with phaseS$

The almost 50 percent cases are in A group where second excited
‘%
state is 2 . Thig classification may be considered on the basis

of p~and y~ vibrational bands and may also help in microscopic

calculations for the nuclear structure studies.
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