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The energy levels of In populated in the beta decay

117m

117 Cd have been studied with the aid of Ge(Li)

of Cd and
gamma ray detectors singly and in coincidence mode. A decay
scheme based on the present results is proposed and speculation
is made concerning a possible interpretation of some of the

levels as a rotational band based on the 1/2+[431] Nilsson

orbital.

171Lu populated by single particle

‘The energy levels of
transfer reactions have been studied using an Enge spectrograph
and a number of Nilsson assignments are made. These results
have been complemented by a study of the gamma rays and conver-
sion electrons following the reaction 169Tm(a 2n)171 u, using
Ge (Li) detectors and an on line Orange spectrometer. Assignments
were made to high spin for rotational bands based on.five
Nilsson orbitals. In addition some interesting K forbidden

interband transitions were observed and discussed in terms of

Nilsson model branching ratio predictions.
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CHAPTER 1

THEORETICAL CONSIDERATIONS

1.1 Introduction

The nuclear physicist faces two basic problems;
he does not know the form of the nucleon-nucleon interac-
tion and he can not handle the number of degrees of freedom
involved in a calculation of the nuclear wave function.
These two problems are inextricably linked in our use of
models as a means of simplification.

A model is a method of transferring some relation-
ship or process from its actual setting to a setting where
it is more conveniently studied.

Mathematics is a model kit. There are pieces which
fit together according to certain rules. Using the standard
pieces one can represent a real life situation. Once the
transformation has been made the model is allowed to work
according to its own rules. If successful, its predictions
will be in agreement with experimental results.

There have been a great number of models proposed to
describe nuclear properties. Each is limited in scépe.

Some are successful only for certain nuclear mass regions,

others describe only specific aspects of nuclear behaviour .

1l



One of the most widely used is the shell model which is
based on a quasi-atomic approach to the nuclear system.
Its surprising success is based on two basic properties of
nuclear matter. The first, saturation, describes the
observation that all nucleons have the same binding energy
and density. Nuclear matter theory shows that these
characteristics arise from the specifics of the strength
and shape of the nucleon-nucleon potential together with the
consequences of the exclusion principle. The second key
empirical fact is that the mean frée path of a low energy
nucleon moving through nuclear matter is relatively long
compared to a nuclear radius. It appears that the nucleus
is a very cold Fermi system. Most states below the Fermi
level are occupied, so that only a nucleon with initial energy
above the Fermi level can scatter from another nucleon.

The remainder of this chapter deals with specific
aspects of some nuclear models and roughly traces their

historical development.

1.2 The Nuclear Shell Model

The basic ideé of the nuclear shell model is that
the interaction of any one nucleon within the nucleus with
the remaining nucleons can be mainly represented by .a static
potential well whose shape and spatial extension is expected
to be similar to that of the nuclear density distribution.

In such a potential well there will be a series of single




particle energy levels characterized by the quantum numbers
n, &, J.

In the atomic case a similar procedure successfully
predicts "closed shell" configurations characterized by a
lack of low-lying excited states. Physically these occur at
the noble gasés (Ne, A, Kr, X). Such closed shell effects
exist in nuclei at the so called "magic nucleon numbers"

2, 8, 20, 28, 50, 82 and 126. However it was found that there
is no reasonable form for the central potential which leads

to these numbers. Thisimpasse was surmounted by Mayer (1949,
1950) and independently by Haxel, Jensen and Suess (1949, 1950)
by postulating a coupling between the spin of the nucleon and
its orbital angular momentum. It is necessary that this force
be about 20 times stronger and of opposite sign to the force
expected from a consideration of the magnetic spin-orbit
interaction experienced by an electron in an atom. Thus it

is due to nuclear forces, and not to electromagnetic phenomena
or small relativistic effects. Its effect is to raise those
states for which j = 2 - % and depress those for which

j= 2 + %, thus causing some high spin levels to be de-
pressed into the next lowest shell. Figure 1.1 shows the
ordering of the shell model levels using a simple harmonic
oscillator potential with the 2°s force.. Each level is
labelled by nf2j and may contain 2j+l neutrons or protons

corresponding to different values of the orientation of the
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spin quantum number j. It appears also that pairs of par-
ticles having equal and opposite values of this spin orien-
tation quantum number find it energetically favourable to
couple, so that the resultant angular momentum is zero. For
a nucleus containing even numbers of neutrons and protdns,
all coupled pair wise, the total angular momentum is zero,
and since the pairs are symmetric under inversion the system
has positive parity. However, for an odd A nucleus, in the
last neutron or proton energy level to be filled there is
either an odd neutron or an odd proton which is unpaired. 1In
its simplest form, the shell model predicts that the spin and
parity of the nucleus will be that of the unpaired nucleon.
More sophisticated calculatious consider all possible couplings
of the extra core nucleons, assuming some simple fdrm for the
"residual interaction".

Such procedures have been very successful for nuclei
with nucleon numbers close to the magic numbers, however there
is a large body of experimental evidence which suggests that in
certain mass regions (A n 20, 150 < A < 190, and A > 220) away
from closed shells nuclei have a non spherical stable shape.
This shape can be explained in terms of the quadrupole inter-
action between nucleons. Pairing forces tend to produce a
spherical equilibrium shape whereas the guadrupole force gives
rise to a tendency for each nucleon to align its orxbit with the
average field produced by all the other nucleons, thus pro-

ducing a deformed equilibrium shape.




When the field becomes deformed the angular momentum
of a particle orbital ceases to be a good guantum number and
the particle wave functions are spread over a number of jJ
orbitals. States of good total angular momentum are genera-
ted by coupling the intrinsic angular momentum with a rotational
angular momentum.

Before continuing to a discussion of the rotational
Hamiltonian it is appropriate to consider a little more closely
the effects of the short-range pairing forces. It is noted
above that it is the balance between the pairing force and
the quadrupole force which determines the equilibrium shape of
the nucleus. In addition, the pairing force tends to destroy
the independent particle structure, which is a basic assump-
tion of the shell model approach, and causes a diffuseness
of the Fermi surface. This difficulty is best overcome by
introducing the concept of quasi-particles. The quasi-particle
can be considered as a conjugate pair (j,m) and (j-,m), that
is as a particle in the state (j,m) and a hole in the state
(j,-m). The correlation produced by the interaction between
pairs of particles is such that the levels of the simple shell
model are no longer filled or empty in the usual sense. In-
stead particle hole pairs or quasi-particles are distributed
amongst these levels in a correlated fashion. Thus in a given
state of the nucleus a particular shell model level (n.2%2,3j)

has a probability V2 of being occupied and Uizj of being empty.

nj



Under a simple transformation from particles to quasi-particles
the energies of the shell model levels (Enjz) become

2 %

2 L A% -2

Eneg = [lengy = N

where A is a parameter for the position of the Fermi level and
A, the diffuseness, is a measure of the pairing strength.

The formalism for handling correlated pairs of par-
ticles was originally developed by Bardeen, Cooper and Schreif-
fer (1957) in dealing with the problem of superconductivity.
The application to nuclear physics was made by Bohr, Mottelson

and Pines (1958).

1.3 Collective Motion in Nuclei

The collective properties of a many body system are,
as the name implies, those in which a large number of nucleons
are involved, moving in a more or less correlated fashion.
Since the shell model contains in principle a full description of
nuclear properties it is theoretically capable of handling all
collective properties, However it is found that not only is the
calculation prohibitively large but that a greater insight may
be achieved by approaching the problem from a completely di
ferent direction.

In the liquid drop model individual nucleons are com-
pletely ignored. Nuclear properties are calculated wusing a
semi-classical procedure based on an analogy with a fluid

droplet. When applied in detail to the low-lying excited




levels of nuclei, the liquid drop model is inadequate. It
predicts too few levels,and these are far too widely spaced. .
However it does predict large quadrupole moments and the
strong enhancement of E2 transitions which are characteristic
features of many deformed nuclei. Bohr (1952) and Bohr and
Mottelson (1953) fused the individual-particle and liquid-
drop aspects of the nuclear system into a successful "unified"
model.

If the collective motions, vibrations and rotations,
of the deformed nucleus are slow compared with the frequency
of particle motions then the nuclear wave function may be
separated and written as a simple product. In the highly de-
formed nuclear mass region vibrational motion does not play
a very important role in ocdd A nuclei. Accordingly it will
be omitted from the following discussion. The separated

wave function may be written as

Vv = DiotXint

where Dr describes the orientation of the nuclear shape,

ot

and Y. the motion of the nucleons in a distorted potential

int
well. This was first suggested by Bohr (1952) and is known

as the adiabatic assumption. Non adiabatic effects are treated
as small pertubations.

The nuclear Hamiltonian may be written in the form

H = Hint + Trot + Hcoupl



where Hint is the intrinsic or particle Hamiltonian, Trot is
the kinetic energy operator of the rotational motion and

H couples the rotation and intrinsic motions. Of course

coupl
for the adiabatic assumption to be valid it is necessary that

H be small relative to Hint and Hrot’

coupl .
Now for a rigid body with body fixed axes x', y', 2°'

2 - 2 2
R o 2 o) 2 A 2
Troe T 2d R T Ry Tagy Ra

This may be simplified by assuming axial symmetry, for which
ga. = J@. = u% and Rz' = 0. 'UL may be regarded as a variable
parameter to allow for non rigid nuclei. Thus

2
_ a2 2
Trot = 29 R .

Figure 1.2 shows the gquantum numbers appropriate for

rotations coupled to particle motion.

B |
2

Figure 1.2. Coupling scheme in the rotational wave function
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The projection of the intrinsic spin J on the body fixed
axis is labelled 2, for the case of axial symmetry this is
equal to K, the projection of the total spin I. The space
fixed axis is denoted by z.

Using the relationship R= I - J, the rotational

term in the Hamiltonian may be written

2
_H 2 == 2
Trot = 27 117 - AI:3) + 37

2
the term‘%a J2 is a function only of the intrinsic motion

and may be incorporated into Hi Accordingly the total

nt"*
Hamiltonian becomes

2
_ 4 2
H=Hipe o ?t

2
where the term H is neglected and the the term'%— (X-J)

coupl
is omitted for the time being. The appropriate definite
parity normalized eigenfunction may be derived (Elliott 1958)
using the rotational eigenfunctions DﬁK(e) derived by Bohr

(1952) . The result is

5 -
¥ (IRM) = [21“;] {Dp (0)xg (A") + (-1 T 79Dy L (0)x_ (AN} .

lémw

A set of states, all of which involve the same intrinsic
function xK(A') but have different values of I is called

. I .
a rotational band. From the properties of Dy, functions

- 2
2 1% Y (IKM) =%I(I+l)w(IKM) )




1

Hence the familiar I(I+l) energy spacing of rotational bands.
The term'g‘z- (I+J) is called the decoupling term as
it measures the decoupling of the intrinsic motion 3 from the
body fixed symmetry axis. Its effect is to mix the wavefunc-
tions of bands for which AK = 1. This is referred to as
Coriolis coupling. In general the energy spacing between
rotational bands is much greater than the off diagonal matrix
elements linking these bands and so the effect on the rotational
spectrum may be considered as a perturbation. In one case,
however, the coupling term does have diagonal matrix elements.
This occurs for K = % bands and is a conseqﬁence of the sym-

metry of the wavefunction for k= i%. That is the Coriolis

interaction may couple the two parts of the total wave function

1

with K = + 1 and K = - S

2
The correction term may be easily derived (Elliott
1958) with the result that the energy spectrum of a rotational

band may be given by

‘ 2
_ P o _qy I+%
EK(I) = Ep + o [I(I+1)+a(-1) (I+% )GK'%].

The term a is éalled the decoupling parameter; like Jit is
usually regarded as a variable parameter.

When rotational bands for which AK = 1 lie close to-
gether in energy, Coriolis mixing has to be explicitly taken
into account, Its importance was first emphasized by Kerman

(1956) .

For levels of spin I in rotational bands K and K+l
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we have unperturbed energies EK(I) and EK+1(I)‘ To find the
perturbed energies it is necessary to diagonalize a 2x2
matrix

E, (I) c

¢ Egey (T)
where C is the matrix element

£ - =
(IMK+1 | - (I+J) | IMK)
= [(I-K) (I+K+1) 1 %A, (Elliott 1958)
where AK must be calculated from some specific model of the
intrinsic motion.

The solutions to the secular equation are expanded

as a power series in the parameter

o [(I-K) (T+K+1)17%
Ege1 (1) ~Eg (1)

2|a

€ =

which leads in first order to the expression for the perturbed

rotational energies (Rowe 1970)

2
B(D) = BC + Ty (z(m++a(-1 T (o) 6y )
2

Ax

[T(I+1)-K(K+1)] .
Eg (1) =Eg,q (1)

+

Provided the moments of inertia are the same for both bands
the denominator of the perturbation term is independent of I.
Thus the effect of the band mixing is a renormalization of

the inertial parameter. The band lower in energy gets de-
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pressed while the upper band is expanded.

The effect of band mixing most strongly affects the
transition rates for transitions between bands of different
K where the change in K is greater than the multipolarity of
the transition. The pure rotational model forbids such tran-
sitions so even small admixtures of the wavefunctions, brought
about by stepwise coupling of bands for which AK = 1, pro-
duce drastic changes in the branching rates.

Finally it may be noted that the assumption of axial
symmetry made above 1is generally found to be a reasonable
one. However the non axially symmetric case has been consi-
dered (Davydov and Filippov 1958) and is found to have some
success, particularly in the transition regions between spheri-

cal and strongly deformed nuclei.



CHAPTER 2

FURTHER COMMENTS ON NUCLEAR MODELS

2.1 The Nilsson Model

Single particle states in the deformed region are
described very well by using the shell model approach but with
an axially-symmetric deformed potential such as the one

proposed by Nilsson (1955). The single-particle Hamiltonian

to be used is,

H=H_ + CR+s + D% .

The first term is a deformed harmonic oscillator potential,

and the second term is the spin-orbit force discussed in

Chapter 1. The term Dzz is introduced to simulate the main

difference between the oscillator and square well potentials,

the effect of the latter potential being to depress states with

high 2. This..is necessary since the tendency of the square well

is to favour prolate deformed .shapes, as opposed to oblate, and

it is found in the region of large deformation that all
nuclei have prolate shapes. The result is to perturb the
(2j+1) fold degeneracy of a spherical potential state of
spin j, as shown in figure 2.l1. Each state is labelled by
Kﬂ[Nn3A], where N is the major oscillator gquantum ndmber, n,
its projection on the symmetry axis and A the projectipn on

the symmetry axis. These are known as the asymptotic quantum

14
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numbers since they are only constants of motion in the limit

of large deformation. The figure shows energy dependence of

each state with the deformation parameter §.

[ X3 o

| +[400]

/ +[402])
é =-[508]).

$+lce2]
/ = [530]
5§yqua
+[651]
/ +[402)
—% (514}
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=~
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s My
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\

~§-(s32]

- N ] C{

saf — §-(541]
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1 } 2 L N i-[550)
o X o2 03

6 A‘ N

Figure 2.1 Partial Nilsson diagram for proton states in
the rare earth region

" In its simplest form for odd A nuclei the Nilsson
model assumes only axially symmetric nuclei and allows only
the last particle to have any intrinsic motion. A’ conven-
ient representation chosen by Chi (1967) uses iéotopic har-
monic oscillator eigenvectors as ;he set;of base vectors.

Then the Nilsson wave functions X may be written
K

Xg = I cjzlmjm

J

3 o

A
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Thus the expansion of a state éuchhas the 1/2+[4111 will con-
tain five terms corresponding to the 1/2 ' projections of
the 99/2° 99/2° d5/2, d3/2Aand 51/2 shell model states which
occur in the N = 4 oscillator shell. The expansion coeffi-
cients Cjz which can be calculated for a givén nuclear defor-
mation can be experimentally extracéed from pickup and strip-
ping reaction cross sections. .
Nilsson model calculations were made during the course
+ of the present work using a computer prbgram that was due ori-
ginally to Chi (1967) and was modified by O'Neil (1970). Ih
this program the quasiparticle energies are given by
A2]1/2

X - [(erASZ - A

qp

where €, is the Nilsson single particle enerxgy, A is the

K
energy of the Fermi surface and 2A the pairing energy. The

members of the unperturbed bands are assumed to have energies

given by
Eg(I) = Egp + A([I(I+1)-K21+ a('1)1+l/2(xt1/2)6x.1/2)

The Coriolis matrix element between orbitals with

quantum numbers K and K+1 is given by

]

vKK+L _ -oa_ zcjl ?Il Y(3-K) (3FK+L) (I-K) (I+K+1)
- 3

* (UgUger * VkVke1)
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where A is the average of and<A' .
av g Ak R+l

The occupational
ampli tudes Uk and Vg may be expressed in terms of the single
pa;#icle energies Exr the Fermi .level A, and the pairing-gap
A as

eK-A 2

2
K .
/. (EK-A)E'}Az v/ (eK—A) 2+A

2
Uk

= %(1 +

The term o is an attenuation factor which is used as an
adjustable parameter to adjust the strength of the Coriolis
interaction. It is found in general that an attenuation
factor between 0.6 and 1 is required (Lovhgiden et al. 1972).
The rotational energy matrix is thus constructed and
diagonalized in the space of all the Nilsson orbitals which

lie within one or two MeV of the Fermi surface.

2.2 Non-Adiabatic Effects

When higher order terms in the expansion describing

the Coriolis term are taken we may write for K = 0 bands

E_ = AL(I+l) + BI2(1+1)2 + cr3(+1)3 + ...

while for K # 0 we obtain in addition some decoupling
texrms due to the fact that the rotational wave function con-
tains one part in which the projection of the spin on the body

fixed axis is K and one where it is =K. Thus we have (Nathan




and Nilsson 1965)

4B, = (-1) I+ (14k) [A +B I (T+1)+ ...]
3

AE% = (-1 I+-2-(1-1,) (I+%) (I+3/2) [B3+C I (I+1)...]
etc.
Calculations (Chan 1966 and Hamamoto and Udagawa

1969) based on the cranking model and the Nilsson model in-
cluding the pairing force have been quite successful in pre-
dicting values of the B parameter, Other studies have
ascribed the observed 12(I+l)2 energy dependence to centri-
fugal strefching(Stephens et al 1965).

. Thus in general rotational bands are described well

by the expression (Hamamoto and Udagawa 1969)

2

. = AiI(I+1)-K2] + B[I(I+l)2-K2] + ceee

rot
K ) .. .
+ DTE T (1) (A, 4B, [T+ K21+, .0

-~ i=1-K

where the.parameters A, B, Ay B2K etc. are determined by
making a least squares fit to the level energies. However

this procedure is unsuccessful for rotational bands which are
appreciably Coriolis mixed because a large number of terms are

required in the expansion to obtain a fit. On the other hand

most Coriolis mixing calculations do not include in the energy
expression any of the higher order terms of the expansion.

In the present work it is found that the rotational energy
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spacings can be reproduced with the introduction of just
one extra parameter. Thus the unperturbed energy levels in

the Coriolis mixing calculation are given by
=pK - e _qy I+%
Eg (T)=E_ _+[A+B(I(I+1) K21 % [T (I+1) -K2+a (1) 7% (143) S, 5]

When written in this way the form of ﬁhe expression suggests

a rotational parameter which varies with spin. The reason for
this emphasis is that the variable moment of inertia model
(Mariscotti et al 1968) has been extended to include odd A
nuclei and has been shown to be very successful in describing

the ground state band of 171Lu (Gregory and Taylor 1972)Appendix'A,

2.3 Rotational Model Predictions of Transition Rates

Analysis of the angulgr momentum properties of the
radiation field leads to the well known classification into
electric and magnetic multipoles. For deformed nuclei the
app;opriate operators may be simply transformed from the labora-
tory system to a coordinate system fixed in the nucleus. Upon
writing out the reduced matrix element (Nathan and Nilsson
1965) it becomes apparent that the matrix elément vanishes
if the multipole order A is less than the change in K value.

The so called K forbiddenness. Moreover for |K,-Kg| < A < K +K.
the branching from an arbitrary state to any two members of
one rotational band is independent of any intrinsic matrix

element and depends only on a ratio of two Clebsch-Gordon

coefficients (Alaga et al. 1955). That is

R
At <2

AR B ek ¥ I
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BOL,I+I.,) S AK, (Re-K, )le.xAyz
BO,I,~1, ) - xx (K K1 |1g K >2

In practice K forbidden transitions are frequently observed.
It is found that ﬁhey are generally hindered by ~ 100x (AK-1)

over allowed transitions.

Accoraing to the rotational model (Nathan and Nilsson
1965) the reduced transition probabilities for gamma transi-

tions within a rotational band are given by

' 5 22 | 2 =

B(E2,KI,+KI.) = 7g= € Qg<I;,2,K,0|I; K> -
3 2.2, 12,2 2 5

B(M1,KI,+KI;) = 75= A" (gg-gp) “KF(U;,I¢,K) -

with F = (Ii'If'K) = <Ii'l'K'°'If'K>(1+5K " o( -1) g +s -
where e is the charge of an electron, Q is the quadrupole
moment, gg and gg are the gyromagnetic factors of particle i
motion and rotational motion respectively, A is the Compton
.wavelength of the proton and Ig is the greater of I, and I..

From the above formulae one can derive the M1/E2

mixing parameter p

) _ | _
-6—2' = IY(Ml,I*I l)/IY(Esz*I 1)

) .
1.148 -[gK gR] (I+1) (I-1) (1+ (- )I+J’b ok, ;5) .
MeV ©

E (I+I- l) Q

The cascade co crossover gamma intensity ratio can be expressed
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in terms of this mixing ratio (Winter et al. 1970)

IY(I*I—l)

1 _ E(I+I-1)° 2x? (21-1)
IY(I*I—Z)

- E(I+I_2)§ (I+1) (I+K-1) (I-K-1

so that for K # 1
SK9R 2 _ E(I-IS1) 2., ( I (I>I-1 E(I>I- 2)5 (L+1) (T+K-1) (T-K-1)

o ) T TIaEEED(T=IV I, (1> 1-2) E(1-1- 1)° 2K% (21-1)

1
1+ =)
) 52

-1)
In the absence of Coriolis mixing this term is considered a
constant for the band; the spin dependence of the relative
B(M1) and B(E2) is almost exactly cancelled by the spin de-

pendence of the rotational energies.

2.4 The Statistical Model and (ion,xny) Reactions

As was mentioned at the beginning of Chapter 1,
certain models are appropriate only for very specific aspects
of nuclear behaviour. Such is the statistical model which
describes the evaporation of particles from a compound nucleus.

The type of reaction where the incoming projectile
forms a compound nucleus with the target and then proceeds to
evaporate several neutrons or charged particles has been known
for a number of years. With light nuclei where the Coulomb
barrier is small a variety of reactions occur and, for example,
protons and alpha particles as well as neutrons are emitted;
with medium and heavy nuclei the Coulomb barrier strongly

inhibits charged particle emission so that the dominant mode
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of decay is evaporation of neutrons. Under these circumstances
the reaction has the great virtue that, by choosing the ap-
propriate bombarding energy, it is possible to make one final
product nucleus almost uniquely and with large cross section.
Initially, Moringa and Gugelot (1963) studied the ground

state bands of even-even nuclei using the (o,xn) reaction,
since then the method has been extended to odd & nuclei using
a number of heavier ions as projectiles.

The first step in any calculation for these reactions
is to evaluate the angular momentum brought into the system.
This is done with an optical model program. Next it is
necessary to consider how the compound nucleus will decay.
According to the statistical model, the relative probability
of neutron and alpha decay depends on the transmission coef-
ficients and the available phase space. Thus the relative
probabilities depend directly on the relative level densities
in the final nuclei. For emission of particles of zero angular
momentum the transmission coefficients will be roughly unity
for neutrons of all energies, but only for alpha particles
having energies above the Coulomb barrier. This energy dif-
ference gives rise to a large difference in level density
which causes neutron emission to dominate. Measured and
calculated (o,xn) cross sections (Kurz et al. 1971, are shown

in fig. 2.2.
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Figure 2.2 Measured (dashed curves) and calculated (full
curves) 197au(a,xn) cross sections (Kurz et al.1l971)

Grover and Gilat (1967) introduced the very useful
concept of the Yrast line. The energy taken up by the rota-

-tion of the nucleus is given by

2
_A .
E‘I = -2-—/I(I+l) o

One would not expect to find any levels of spin I below
E = E_.. The level of spin I with the lowest energy is

I
known as the yrast level as shown schematically in figure

2.3.
In the region above the yrast line the gamma rays

will cascade down by electric dipole transitions until they

reach the yrast line, giving rise to a very large number of
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Figure 2.3 Schematic diagram illustrating the region of
excitation energy and angular momentum in which -
most de-excitation is by y radiation (Grover @

and Gilat 1967). 3
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becomes a distinct rotational band in the final nucleus.

general this is the ground state band since this is most likely

" to have the lowest energy levels of a given I. Thus, although

the ground state band may be present in the gamma spectrum
up to high spin sidebands may be only weakly fed.
One feature of reactions of the type (ion,xn) which has

proved to be quite useful in making assignments of gamma transi-

tions is the anisotropy of the emitted gamma rays and con-

version electrons. The excited state in the compound nucleus

has a strong spin alignment in the plane perpendicular to the

beam direction. The evaporated neutrons with low energy and
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low angular momeﬁtum do not disturb this alignment very much.
consequently the angular distribution of the de-exciting gamma
rays in the final nucleus is found to depend on the spins

of the excited levels and the transition. This feature was
first exploited in (ion,xn) reactidhs by Ejiri et.al (1966).
Their work gives an outline of the sfatistical model calcu-

lation used to analyze the angular distributions.

2.5 Single Particle Transfer Reactions

Single particle transfer.reactions are a class of -
direct reactions. That is reactions in which the nucleons | 3
of the target nucleus are thought to remain undisturbed. i
One nucleon is simply transferred, with the outgoing part-
icdls bearing information about the populated state.

The method of calculating such reactions uses a =
number of approximations but nevertheless is quite succ.essful. EE
The target potential, described by the optical model, dis-

torts the incoming plane waves, described by the distorted

wave Born approximation. A particle is transferred, and

the scattered particle moves away from the residual nucleus.

L~

For an even even target nucleus and a stripping reaction

_the differential cross section is given by .

do _ 2,2
a_f-i = 2N02(9)Cj2“U

The terms cjz and U have been previously defined. The

intrinsic single particle cross sections cz(e) contain no
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nuclear structure information. A full'expression for this
term and details of the calculation afe given by O'Neil (1972).
The expression %%-/Zch(e) is known as the spectros-
copic factor and may be compared with the term Cjzzu2 cal-
culafed from the Nilsson model. The normalization factor N
is a calculated term which is founé to be only approximately
accurate. To allow a comparison of spectroséopic factors
the usual procedure is to renormalize for a prominent state
for which the spectroscopic factor is thought to be known
from‘a nuclear model. |
As another aid to the identification of states it may
be noted that the "strength" of the reaction is spread to sev-
erai members of the rotational band built on a particular
Nilsson orbital. Since a given single particle Nilsson wave
function is characterized by the expansion coefficients,

C the relative cross sections of the different rotational

je’
- members will form a distinctive pattern. Also, since there
‘is just one coefficient, Cjz, from each of the shell model

states which appear in the oscillator shell there will be a
limited number of members bf a rotational band which can be

populaﬁed by the reaction. That is, members of the band

will be populated to j = N+1/2.

-

-2 2z =

I
o
1
P
-




CHAPTER 3

INSTRUMENTS AND TECHNIQUES

3.1  Intrcduction

A number of techniques are available for the study
of nuclei. Those used in this work are described below.

The facilities at McMaster for nuclear studies
inclﬁde a pool type, enriched fuel, nuclear reactor. The
neutron flux at the irradiation position is l.BXI013 neutrons/
cmz/sec. One particular feature which proved useful for the
117Cd decay study is a pneumatic sample irradiation and
delivery system. |

The other main facility is a High Voltage FN type tandem
Van déj.Graaf ion accelerator. Some of the features of this
machine and the experimental areas ére shown in fig. 3.1l.
A duo-plasmatron ion source offers a large variety of available
ion beams from protons to carbon. The maximum terminal voltage
is 9 MV, energy stability is good to 1 part in 10,000. Stabi-
lization is by means of a feed back system from slits just
after the analyzing magnet to the corona points near the
terminal. The system is capable of holding stable beams as
”small as 0.5 namps. This last feature is especially important

for the present on line gamma studies where it was found that

the optimum peak to background ratio was achieved with the

26
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detectors very close to the target thus requiring a corres-
ponding reduction in beam current. It is also important to
avoid oscillations in current as these produce an effective
dead time in the analyzer much greater than is recorded, with

a consequent degradation in detector energy resolution.

3.2 Germanium Semiconductor Spectrometers

The high data accumulation rate of a pulse amplitude
analyzer fed by a detector which totally absorbs photons
or charged particles to produce a signal linearly proportional
to the energy absorbed has made such techniques very useful
for nuclear measurements.

At the present time lithium drifted germanium semi-
conductor (Ge(Li)) detectors are almost exclusively used for
measuring gamma radiation. They consist of a single crystal
of high purity P doped germanium in which a region containing
no free charge carriers is created by drifting lithium ions
into the crystal. An incident photon, absorbed in the depleted
region, creates electron hole pairs. These are swept out, by
applying a reverse bias voltage to the crystal, to produce
a charge pulse proportional to the energy of the incident photon.

The first stage of amplification is by means of a
charge sensitive pre-amplifier. This is mounted as close as
possible to the detector to minimize input capacitance, thus
optimizing signal-to-noise ratio. The main amplifier stage

includes pulse shaping networks and can be followed by a base
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line restoration device which prevents high count rates from
degrading the resolution.

The unipolar voltage pulses are digitized in the
analogue to digital converter of a multichannel analyzer. This
and other components of the whole system are indicated schema-
tically in fig. 3.2.

The gamma ray spectrawere stored on magnetic tape
and were analyzed, following experiments, using the McMaster
CDC 6400 computer. The positions and areas of the peaks in
these spectrawere obtained by means of a nonlinear, least-
squares, curve-fitting program (Williams and McPherson 1968).
In this program peaks are fitted by least squares to the

function.

I(x) = o+Bx + I I, exp[e(y—xi)]exp-[G(x—y)Z]dy

where I(x) is the number of counts in channel x, o and B are

parameters determining the background and Ii and x; are the

intensity and position of the ith peak whose width and skew-

ness are defined by 6 and €. The program permitted the
fitting of up to six peaks in the fitted region. The parame-
ters € and § are slowly varying functions of energyf the
procedure used was to have the program determine vaiues from

strong peaks and then interpolate for values of these para-

meters for the weaker peaks.




Figure 3,2 Components of a
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The energies of the stronger transitions were deter-
mined by accumulating a composite spectrum with sources having
transitions whose energies afe known to high precision. These
strong transitions were then used as internal standards to find
the energies of the weaker lines. The program fits by least
squares the energy calibration to a polynomial function.

The efficiencies of the detectors for chosen geome-
trieswere measured as a function of gamma ray energy through
the use of standard sources with known disintegration rates
(I.A.E.A.) and with sources having transitions of well known
relative intensities.

The use of Ge(Li) detectors in accelerator experiments
presents some special problems. It was realized, after some
period of trials, that attempts to shield the detectors from ;
room background cannot be successful. Much of the room back-
ground consists of neutrons which produce gamma rays in any
heavy mass shielding in the vicinity of the detector. Light
mass shielding to stop the neutrons is too bulky to be useful.
The solution was to position the detectors as closely as
possible to the target position and to use a beam which was
small and well focussed. Fortunately the ceilings in the
accelerator lab are very high and the beam line is carried a
reasonable distance from the floor (5'). A second discovery
was that in the presence of a large background photo-peak

sensitivity is not necessarily proportional to detector volume.
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It was found that the sensitivity for measuring gamma rays
up to an energy of 500 keV was greatest for very small planar
detectors of high resolution, so called X-ray detectors, in .
spite of the very rapid decrease in efficiency for these
detectors for gamma ray energies above 100 keV.

Another severe problem associated with the use of
Ge(Li) detectors for on line experiments is that of neutron
damage. Fast neutrons cause defects in germanium which act
as hole traps. The effect of these traps is to cause incom-
plete charge collection and thus skewing of the low energy

side of the peak. Because of the cost of germanium diodes

there are very few available studies on this problem. Those
studies which have been done differ widely in their estimate of
total neutron flux at which damage is noticed. This is

because the degradation in peak shape depends on the energy of (|
y-ray, and on the geometry of the detector. Thus Chasman

et al (1965) report no deterioration of resolution for a
small planar detector for a flux of 10ll fast neutrons.
Stelson et al (1972) report a 50% increase in the peak width

8

at 2.6 MeV following an irradiation by 6x10° neutrons of a

large coaxial device. It appears that degradation of perfor-
mance will be observed at lower neutroh dose levels for those
detectbrs whose geometry favors collection of holes; such as
the commonly used coaxial type, and for those detectors which
are initially of the highest quality. Also the change in

peak shape is noticeable earlier for high energy gamma rays

D
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(Stelson et al 1972).

When neutrons scatter inelastically from 726e nuclei
they excite them with high probability to the ot first ex-
cited state. The decay to the ground state is 100% by EO
electron conversion and consequently is detected at virtually
100% efficiendy. This line at 693 keV is a characteristic
featﬁre of all spectra taken with a Ge(Li) detector exposed
to a fast neutron flux. It has a distinctive shape because
the recoil energy of the germaniﬁm atom adds a high energy
shoulder. The number of counts in this peak may be used as
a rough measure of the neutron flux incident on the detector.

Thus according to an expression due to Robinson (1969)

300x (total counts in 693 keV peak)

Total neutron flux(neutrons/cm2)= Hetector volume (cm3)

A rough survey has been made for those types of experiments
which are commonly done at McMaster and it is found that
whatever beam current and energy is uséd the incident flux of
neutrons is roughly los/day. That is. all experimenﬁs appear
to be almost equally damaging. Thus a Coulomb excitation ex-
‘periment which might use a beam of only 5 MeV a's requires

a current perhaps 200 times as great as an (a,2n) experiment
which requires 24 MeV a's and the neutron flux is comparable.

It is found that, by redrifting,a neutron damaged

detector can be repaired at a cost of about 15% of the original

cost of the detector. It has been found necessary to return

detectors for a redrift after a total incident
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flux of approximately 1019 neutrons.

3.3 Gamma-Gamma Coincidences with Ge(lLi) Detectors

As an aid to establishing the level structure of a
given nucleus experiments may be performed to establish
gamma cascade relationships using two detectors. Pulse height
information for two gamma rays is recorded if the two pulses
fbccur within the resolving time of the circuit. Thus it
is necessary to have precise time information for each pulse.
fhis is limited by the variation in rise time of pulses
originating in different positions in the germanium diode.
This problem is minimized. by using an extrapolated zero strobe
device to generate the time markers. This device uses leading
edge timing and generates a time pulse at a point extrapolated
to zero from two points on the pulse rise time curve. Thus
eliminating the problem of walk, that is the variation
with pulse amplitude of the time at which a leading edge dis-
criminator fires. The time markers from one detector were
used to start a time-to-amplitude converter (T.A.C.) and those

/
from the second detector were used to stop it. The output

of the TACwas then a pulse with an amplitude proportional

to the time difference between start and stop pulses. For

coincident gamma rays the amplitude is constant and a window may be

set with upper and lower discriminators on this pulse height.
A window of equal size set on a different part of the TAC

Spec'f‘;rum records those events for which the TACwas stopped

by chance. The spread in TAC pulses is such that the window was

P N ey gy sy Precemo

§ »w
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required to be n 60 nsec wide. The components comprising
a coincidence experiment circuit are shown schematically in
fig. 3.3. | |

The linear pulses from each detector were digitized
by ADC's intarfaced to aAPDP 9 computer. Pairs of A.D.C.
address outputs form the coordinates of a coincidence event
.:i.n a‘two dimensional (4096x4096) matrix, whose axes repres.ent
the energy detected by each detector. ' These address pairs
were collected in blocks of 2048 and then written on magnetic
tape. The tapes v;rere analyzed on the CDC 6400 computer. First
the events were summed to give the projections along two sides
of the matrix. These projectionswerxe then used to set gates
of interest and all counts contained in the "slice" through
the matrix defined by a gate are extracted. Thus the whole
matrix never had to be explicitly sorted.

The spectra generated by these gateswere then analyzed
to obtain the coincidence probability betweenany pair gamma

rays. This is given by

) cij = Nij/(sw)i(e‘w.)j -Nof
where Ni' is the nu:ﬁber of coincidence events occurring between
the full energy peaks of the ith and jth gamma rays, (ew)i and

(ew)j are the correéponding efficiencies and £ is the fraction
of the peak in the gate. The constant No was determined from
a well known cascade. The experimental coincidence probabilities

were compared withthose extracted from the proposed decay scheme
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TFA: timing filter amplifier, BLR: base line restorer,
DA: delay amplifier, EZS: extrapolated zero strobe,
TSCA: timing single channel analyzer,

LSD: 1logic shaper and delay, TAC: time to amplitude
converter.

Figure 3.3 Components comprising a system for measuring y-y
coincidences
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according to

where Ii represents the gamma intensity of the incoming
transition and Ij.'that 6f the outgoing transition of

interest, ZIR represents the sum of the intensities of trénsi-
tioné de-exciting the level. More complex expressions can be
derived for pairs of gamma rays when several intermediate levels

are involved.

3.4 The Orange Spectrometer

Thé Orange double focussing electron spectrometer
has.an unusually high transmission coefficient which makes it
especially suitable for on line appliéations. . The McMaster
séven gap instrument was made.by Whitehead Enéineering and
is patterned after the Chalk River design (Geiger 1965).
It consists of seven sector or wedge type spectrometers ( Koefoed-
-Hansen ét al. 1956 and- Nielson aﬁd Koefoed-Hansen .. 'arranged
‘with rotational symmetry so that they shére the same source and

. . A .
detector positions which lie on a central vertical axis as

shown in fig. 3.4.
The focussed electrons enter the cylindrical plastic

detector through a gap between two brass rings, the lower of
which can be moved. Optimum momentum resolution (0.5%) is
obtained, at a cost in transmission, with a gap between the

rings of 1 mm. In order to reduce background the detector
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SEVEN GAP ORANGE SPECTROMETER

[T N

YOKE ASSEMBLY

ELECTRON PATHZ SCINTILLATION COUNTER PCLE PLATES

Figure 3.4 Schematic illustration of the "Orange" beta
ray spectrometer. (From Geiger 1965).

was machined as small as was consistent with reasonable de-

tection efficiency (1 cm diameter, 0.5 cm high).
The wedge spectrometers consist of water cooled copper

windings around a soft iron core. The current to each can

be adjusted independently to facilitate tuning the spectro-

meter. The magnetic field is measured with a Rawson probe,

positioned in one of the gaps between the coils, and held

constant to within 5 parts in lO5 by means of a feedback

network. The system is prevented from hunting by means of a rate

coil in the gap beneath the Rawson probe. Electrons are focus-

sed by means of the magnetic field (H = Ho/r) in each of the-

remaining six gaps. Features of the spectrometer are shown

25

b

ey

A Nl ® I L Y Y
RvaaHe

PSR AN -

¢
-
3

+
™
>
K

.
wy
D
o
al
<!

o e ey




39

in fig. 3.5.

For on line use it was necessary to overcome a severe
background problem. Little could be done about the backgrouna
due to scattered neutrons, or the low energy § rays originating
in the target, but the main background contribution came
from scattered gamma-rays and to reduce this a number of
modifications were made. For optimum resolution it is neces-
sary to have a well defined beam spot at the target position,
consequently a set of four independent and insulated Ta slits
which define a 2mm x 3mm aperture were installed near the
beam entrance port. The current to each'could be measured,
and minimized so that typically the current to the slits was
1% of the total. In order to remove the background arising
from reactions on the Ta the assembly was rotatable, through

a vacuum seal, to a position clear of the beam. During a long

RAMAERIETI™] & I i T g e A o™ N emy et prat s

run the slits could be moved back into position to check that
the beam had not wandered. A significant.portion of the beam
suffered small angle scattering in the target. By enlarging
the exit part of the spectrometer, and the size of the beam
pipe to the Faraday cup, two meters away, beam particles,
scattered through angles up to 2%°, reached the shielded cave
before hitting the beam pipe. In addition a number of lead
baffles were placed in the spectrometer, each covered with
aluminum to prevent electrons from being scattered by the

lead and to attenuate the lead X-rays. The last section of the

h
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33° beam line, including the Orange spectrometer is shown

in fig. 3.6. It was found, for reasons of low background,

that the best position fér on line gamma measurements was at
the end of the 33° beam line.‘ Accordingly the 8" diameter

beam pipe between the Orange and the cave was constructed in
such a way that a section could be removed and replaced with

a spécial section with a gamma target positioh. The arrange-
ment shown in the insert of fig. 3.6 was designed to allow

the Ge(Li) detectors to be moved very close to the target.

This is very important for coincidence experiments. Other target
chambers incorporated features for changing targets, thin |
windows, and angular distributions. The whole of the last
section of beam line, inside the cave, is insulated from ground
and forms the Faraday cup.

To facilitate long runs the operation of the épectro—
meter Qas fully automated. During a cycle scalers recorded
"the number of focussed electrons, the charge to the Faraday
cup, time elapsed, and the number of beam particles elastically
scattered into a plastic scintillation detector mounted in
one of the ports of the spectrometer. Normalization was
achieved by this last count. At a pre-determined number,
counting would stop, the scaler contents would be typed out
along with the Bp vélue, and the spectrometer field would be
stepped along a preset amount; following a pause of four

seconds to allow for field stabilization the cycle was repeated.
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In general it was found that charge, elapsed time
and the normalization count were strictly proportional, a
change in this situation indicated an intermittent beam
or a deteriorating target. These conditions were either rec-

tified, or in the case of isolated boints the data rejected.

3.5 'The Enge Split-Pole Spectrograph

The level density in nuclei of the rare earth
region demands the highest degree of resolution in all types
.0f instrumentation. The study of transfer reactions in
deformed nuclei is intimately connected to the advent of
electrostatic accelerators and high-resolution magnetic
spectrographs.

The tandem Van der Graaff accelerator can provide
a beam of charged ions with an energy stability of the order
of one part in 10,000. To take advantage of this high beam
.stability the Enge spectrometer (Enge 1964 and Spencer and
Enge 1967) was designed to combine the inherent high reso-
lution of magnetic analyzing devices with large collecting
power over a broad energy range which is necessary for "on
line" instruments. Unlike the Ofange spectrometer which has
a fixed radius and must therefore be stepped along-through
different field seﬁtings, the Enge spectrometer focusses
particles of different magnetic rigidity onto a‘}ong focal
plane. .

The McMaster instrument is of the Enge split—-pole

I
1
P
'
I
i




type built by AB Séanditronics of Sweden. A schematic

plan, together with some of its features,is shown in fig.
3.7. The purpose of the split between the pole pieces is to
providg second order double focussing over a large energy

range (E E n 8). Vertical fdcussing, the main purpose

max/ min
of which is to increase the collecting power of the instrument,

is achieved in the fringing field areas, particularly at the

entrance to the first gap.
~ The angle of the spectrometer with respect to the beam
direction is chosen after consideration of the yields/angle :%ﬁ
of the light mass impurities and the particles of interest.. ;ﬁ
Particles which have‘been'magnetically analyzed and ‘ié
focussed by the spectrograph were recorded in nuclear emulsions A
mounted along the focal plane. For the present work Eastman _ g
Kodak NTB nuclear emulsions were used. They were 50 microns ;#;
thick and mounted on glass plates. following developing the =
'plates were scanned for particle tracks in %-mm wide strips
across the plate width using a travelling microscope. In general
_itwas possible to eliminate unwanted reaction products by
coverihg the platés with aluminum absorbers during exposure.
A proton N.M.R. probewas used to measure the strength
of the magnetic field. Energy relationships may bé calculated
from the known characteristics of, the instrument.

A semi-conductor detector can be placed in the target
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Figure 3.7 Schematic plan view of the "Enge" split
pole spectrograph (Spencer and Enge 1967)

éhamber to count particles elastically scattered from the beam.
The number of course is used to calculate cross sections for the
Spectra on the emulsions. The energy of levels may bg derived

from the plate position using the known characteristics of the

magnet (O'Neil 1972).




CHAPTER 4

117 ll7mc

The Decay of Cd and d

4.1 Introduction

117Cd undergoes B-decay with a half life

The nucleus
of 2.5 hours from the 1/2+ ground state and with a half life
of 3.4 hours from the 11/2  isomer. These states can be des-
cribed in terms of the spherical shell model as sl/2 and h11/2

117In thus populated and, in particular

states. The levels in
the low lying states, have been carefully studied (Backlin et al,
1967; Pandharipande et al, 1968; Chilosi et al, 1968).
However, there are still problems involved in understanding the
level scheme. Like the other odd mass Indium isotopes, ll7In
has a 9/2+ ground state, a low lying 1/2” isomeric state, and
a number of low energy, low spin positive parity states.
Backlin.et al (1967) made the suggestion that the
positive parity states are the lowest members of the K = 1/2
rotational band based on the l/2+[43l] Nilsson orbital.
Pandharipande et al (1968) supported this interpretation and
proposed the levels at 660, 748, 881, 1249 and 1715 keV as the
3y2%, 172%, 7/2%, 112" ana 9/2% levels of such a band. R.
Moret (1969) also proposed a 1/2+ rotational band but with

levels at somewhat different energies from those of Pandharipande

46
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et al. The present work, undertaken to establish energies,
spins, and parities for levels above 750 keV, leads to a

new proposal for the members of this band. 1In addition to the
determination of gamma ray energies and an extensive series of
Y=Y coincidence measurements, the half life and hence the
parentage of each of the stronger transitions was established.

Harar and Horoshko (1972) have made available to us unpublished

11 117 116 117

data from 6Cd(a,t) In reaction

In and Cd(3He,d)
studies. These data, which complement ours, have proved to

be of great value in assigning spins and parities.

4.2 Experimental Techniques-

Cadmium oxide, enriched to 97.2% in 116Cd, was irra- ;ﬁ*

diated for 4 to 5 minutes in the reactor at a flux of ~ 10l3 ?%:
neutrons/cmz/sec and delivered from the reactor core to the xﬁf
laboratory by a pneumatic rabbit system. The active material :mw
was transferred to gelatin capsules for counting in standard
geometries. No chemical purification was carried out.

The gamma ray singles spectra were investigated with two

Ge (Li) spectrometers. One employed a 50 cm™ co-axial detector

with a resolution of 2.3 keV (FWHM) at 1332 keV while the other

involved a 0.9 cm3 planar detector with a resolution of 0.7

keV at 122 keV.

Two-parameter gamma-gamma coincidence experiments were

carried out using two 40 cm3 Ge (Li) detectors which had reso-
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lutions of 3.3 keV FWHM) at 1332 keV. They were oriented

at 60° and had a wedge shaped lead shield between them to
minimize intercrystal scattering. Source strengths were chosen
to maintain true to chance ratios of the order of better
than 20:1. The coincidence events were recorded on magnetic
tape using an address-recording technique, and were later
sorted and analyzed using a CDC 6400 computer.

In order to determine the half life of each of the

gamma lines, two separate experiments were performed. In both

Py ¥

g

the intent was to determine the characteristic feeding (ie. iso-

e B Al ™ T VP
c 3: e s i s el

mer or ground state) rather than an absolute value for the half

ioes o ::
P S FeE Y

life, although this was obtained for some of the stronger

transitions. ré
In the first experiment the decay of the stronger :

photopeaks from a single source was followed through four me

half lives, this being repeated for three sources and the

results summed in order to improve the statistics. For the

second experiment pairs of samples were irradiated together. ;

The relative amounts of material in these was chosen in such

a way that the total activity of the smaller sample counted

immediately after irradiation was approximately equal to that

of the larger sample counted 16.3 hours later. However, the

ratio of the activities associated with the two decays had

changed by a factor of four in the interval between the two

measurements. In order to build up statistics, four such pairs
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of sources were studied, to uniquely establish the origin of
sixty-eight of the stronger transitions. In addition, transi-
tions with a mixed feeding and long lived impurities were

identified.

4.3 Gamma-ray Measurements

ll7mc

The low energy region of the 117ng and d

gamma ray spectrum as recorded with the 0.9 cm3 thin window
detector with no absorber is shown in fig. 4.1. The weak peak
labelled es. pk. is the Ge X-ray escape peak (Ungrin and

Johns 1969) resulting from the strong peak at 158 keV. Fig.

4.2 shows the gamma ray spectrum taken with the 50 cm3 Ge (Li)
detector shielded with a graded absorber of Pb, Cd and Cu, 5€;
which had a total thickness of 5 mm, and a half inch thick fﬁl
plastic beta stopper. The lines shown at 158 and 552 keV ;f:
belong to the decay of 117In and those at 336 and 527 keV are 2

associated with the decay of 43 day 115Cd. Fig. 4.3 shows -

a portion of the results from the second half life experiment.
Those trénsitions with a 3.4 hour half life have equal
intensity in both spectra. The line at 748 keV is of special
interest as it is seen to be a transition of mixed parentage.
By following the decay of some of the stronger transitions
values of 2.5%0.2 hours and 3.410.2 hours were obtained for
the half lives of the ground state and isomer respectively,

in excellent agreement with the previous determinations (Tang

et al. 1965, Moret 1969).
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The weighted averages of the energies and relative in-
tensities of the gamma rays taken with the two detectors in
several geometries are tabulated in the first and second
columns of Table 4.1. In the case of close doublets and
triplets, the relative intensities of the transitions have‘
been determined from the coincidence probabilities. Column
5 gives the classification of each transifion in the decay
scheme in figs. 4.11 and 4.12. The parentage, where deter-
mined, is shown in column 3 and the evidence on which the
gamma ray was fitted in the decay scheme in column 4. The
transition parentage measurements of the present work are

more extensive than those of Moret (1969).

4.4 Gamma-Gamma Coincidence Measurements

. s . 6
In the two parameter coincidence experiment, ~“5x10

pairs of coincidence events were recorded. A selection of
the coincidence spectra associated with the sixty gates set
on the spectrum is presented in figs. 4.4 to 4.10. Events
due to background underlying the gating photopeak have been
subtracted off in each case. No correction was made for
chance, but the excellent signal to background ratio ensured

that the chance peaks were not troublesome.

~

Fig. 4.4 presents the coincidence spectrum associated
with a gate set on the 273 keV photopeak. The peaks in this
spectrum define a large number of states, as shown in the

partial decay scheme of the figure. Gates set on most of
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TABLE 4.1

Gamma Ray Tramnsitions in 117In

Photon Energy Photon 4 b Basis

(keV) Intensitya Parentage of Fit Classification
71,11 + 0.06 2.8 + 0.3 g E,Y-Y 659.7+588.6
89.71 * 0.05 14.7 + 1 g E,Y-Y 749.4+659.7
97.67 +'0.06 1.0 + 0.1 E,Y-Y 2095.6+1997.2
105.4 + 0.2 - 0.2 + 0.06 E,Y-Y 1997.5+1892.0
132.6 + 0.2 0.1 + 0.04 E | 880.7>747.9
150.6 + 0.2 0.3 + 0.1 E 1360.0+1209.0
160.8 + 0.3 0.2 + 0.1 E,Y-Y 749.4+659.7
168.5 + 0.3 0.2 + 0.06 E,Y-Y 1234.5+1066.0
170.7 + 0.4 0.1 + 0.02 - E 1051.9+880.7
179.3 + 0.4 0.1 + 0.04 E 1892.0+1712.7
220.90 + 0.07 5.1 + 0.2 g E,Y-Y 880.7+559.7
245.4 + 0.2 0.7 + 0.1 _ g
273.31 + 0.06 100 g E,Y-Y 588.6+315.3
280.0 + 0.3 0.3 + 0.03 E 2171.9+1892.0
284.8 + 0.3 0.2 + 0.02 E,Y-Y 1997.5+1712.7
292.0 + 0.1 2.0 +0.08 g E,Y-Y 880.7+583.6
298.7 + 0.03 0.20 + 0.07 E 1365.5+1066.0
315.26 + 0.06 78.7+5 © | E 315.3%0
344,51 + 0.06 62.7 + 3.8 g E,Y-Y 659.7+315.3
366.94 + 0.08 2.6 + 0.2 i E,Y-Y 1432.7+1066.0
387.93 + 0.07 1.5 + 0.1 g E,Y-Y 1997.5+1609.6
397.2 + 0.1 0.5 + 0.04
419.71 + 0.09 0.76 + 0.06 g . E,Y-Y 2311.9+1892.0
434.23 + 0.05 37.8 + 2.6 g E,Y-Y - 749.47315.3
439.9 + 0.2 0.3 + 0.08 E, Y=Y 1028.1+582.6
461.1 + 0.1 0.9 + 0.3 1 CE,Y-Y 1209.0+747.9
463.09 + 0.08 2.9 + 0.3 g E,y-y . 1051.97388.6
484.8 + 0,1 0.8 + 0.06 i E,Y-Y 1365.5+580.7
4979 + 0.1 0.4 + 0.04 O EY-Y 1360.07862.5
52.8 +0.1 0.44 ; 0.2 E,Y-Y 1432.7-580.7
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Phouz;egt)‘ergy Inlt,le‘.::::ya Parentag.eb olf;a:-ii Classification
564.4 + 0.1 11.04 + 0.76 i E,Y-Y 1997.2+1432.7
617.3 + 0.2 0.35 + 0.11 1 ' '
626.7 * 0.2 0.4 + 0.09 g E,y-y 1376.1+749 .4
631.7 + 0.1 2.13 + 0.14 i E,Y~Y 1997.2+1365.5
663.2 + 0.3 0.5 + 0.1 Y-y 1729.1 +1066.0
699.9 + 0.2 0.8 + 0.07 g E,y-Y 1360.0+659.7
712.6 + 0.2 2.86 + 0.18 g ' 1028.1+315.3
716.3 + 0.2 0.8 + 0.12 E,Y-Y 1376.1+659.7
728.7 + 0.2 0.9 + 0.08 g E,Y-Y 1609.6+880.7
736.0 + 0.2 0.3 + 0.09 E 2345.6+1609.6
743.9 + 0.6 0.3 +0.1 E 2456.2>1712.7
747.2 + 0.4 0.3 + 0.2 Y-y 1609.6+862.5
747.9 + 0.2 4.6 + 0.3 i E,Y-Y 747.9>0
 762.7 + 0.1 1.3 + 0.09 i E,Y-Y 1997.5+1234.5
787.6 + 0.2 0.5 + 0.1 g E 1376.1+588.6
831.79 + 0.05 8.1 + 0.5 g E,Y-Y 1712.7-880.7
840.22 + 0.05 2.9 +0.3 g E,Y-Y 1892.0+1051.9
850.7 + 0.5 0.4 + 0.1 E 1712.7+862.5
860.3 £ 0.5 0.9 + 0.4 Y-Y 1609.6+749.4
. 860.4 + 0.5 6.6 + 1.0 i E,Y-Y 2095.6+1234.5
862.5 + 0.2 1.8 + 0.4 E,Y-Y 862.5+0
880.75 + 0.05 14.6 + 0.9 8 E,y-Y 880.7>0
928.7 + 0.5 0.9 + 0.4 E,Y-Y 1957.1+1028.1
931.3 + 0.3 2.2 + 0.2 i E,Y-Y 1997.2+1066.0
945.7 + 0.1 5.4 + 0.35 g E,Y-Y 1997.5+1051.9
950.1 + 0.2 1.04 + 0.22 3 E,Y-Y 1609.6+659.7
963.4 + 0.2 2.01 + 0.17 g E,Y-Y 1712.7+749.4
969.4 + 0.2 1.81 + 0.14 E,Y-Y 1997.5>1028.1
1011.6 + 0.5 0.52 + 0.07 E 1892.0+880.7
1029.0 + 0.1 7.62 Z 0.43 i E,Y-Y 2095.6-+1066.0
1035.5 + 0.1 0.8 + 0.2 g E,Y-Y 1784.8+749.4
1052.0 + 0.1 11.5 + 2.0 g E,Y-Y 1051.9+0
1053.0 + 0.2 2.5 + 0.6 g E,Y-Y 1712.7-659.7
1066.0 + 0.1 15.2 + 0.8 i E,Y~Y 1066.0~)
1116.9 + 0.2 3.5 20,3 g E,Y-Y 1997.5+889.7
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Photcz:egl)lergy Inzlel:::zy Parentageb oga;::z Classification
1120.3 + 0.5 0.6 + 0.2 g E,Y-Y 2171.9+1051.9
1125.0 + 0.2 1.2 0.2 8 E,Y-Y 1784.8+659.7
1131.6 + 0.5 0.14 + 0.06 |

1142.5 *+ 0.1 4.5 # 0.3 g E,Y-Y 1892.0+749.4
1143.8 + 0.2 0.5 +0.3 "E,v-y 2171.9+1028.1
1170.9 + 0.4 0.55 + 0.07 E 2405.3+1234.5
1183.4 + 0.4 0.6 + 0.06 E,Y-Y 2064.1+880.7
1196.9 + 0.4 0.36 + 0.06 E 1784.8+588.6
1205.1 + 0.5 0.3 + 0.1

1209.7 + 0.5 0.2 +0.1 E 1209.0+0
1229.2 + 0.3 2.05 + 0.17 g E,y-Y 2109.9+830.7
1232.4 + 0.5 1.5 + 0.5 E,y-Y 1892.0+659.7
1234.5 + 0.3 35.9 + 4.0 i E,y-y 1234.5%0
1247.9 + 0.1 4.0 + 0.2 g E,Yy-Y 1997.5+749.4
1260.0 + 0.1 3.6 + 0.2 g E,Y-Y 2311.9>1051.9
1272.8 + 0.1 2.4 + 0.2 g E,y-Y 2022.1+749.4
1291.1 + 0.1 2.6 + 0.5 g E,y-Y 2171.9+880.7
1303.4 + 0.1 62.7 + 3.4 g E,y-Y 1892.0+588.6
1314.8 + 0.3 2.3 + 0.6 8 E,y-Y 2064.1+749.4
1337.9 + 0.1 4.5 + 0.7 3 E,Y-Y 1997.5+659.7
1339.2 + 0.5 1.6 + 0.5 E,Y-Y 2405.3+1066.0
1362.2 + 0.4 0.8 + 0.2 g E,y-Y 2022.1+659.7
1365.6 + 0.4 1.2 + 0.2 1 E,Y-Y 1365.5+0.0
1408.7 + 0.2 4.5 + 0.3 g E,Y-Y 1997.5+588.6
1422.4 + 0.3 1.0 + 0.09 g E,Y-Y 2171.9+749.4
1431.2 + 0.3 3.7 + 0.5 E,Y-Y 2311.9+880.7
1432,7 + 0.3 7.5 + 1.0 i E,Y-Y 1432.70
1433.6 + 0.3 0.6 : 0.3 E,Y-Y 2022.1+538.6
1450.2 + 0.2 2.0 +0.1 g E,Y-Y 2109.57659.7
1675.4 + 0.4 1.5 ; c.1 g E,Y-Y 2064.1+588.6
1486.2 + 0.4 0.7 +0.1

1512.4 + 0.5 0.2 + 0.05 E 2171.9+659. 7
1521.3 + 0.6 0.2 +0.06 g E,y-Y 2109.9+588.6
1562.5 + 0.1 5.3 + 0.48 g E,Y~Y 2311.9+749.4
1576.9 + 0.1 38.1 _:_ 2.1 g E,Y-Y 1892.0+315.3

1585.8 + 1.0
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Ph“‘(’;esl)‘e'gy : Ini:ﬁ::‘t‘ya Parentage” . oga;i: Classification
1596.7 + 0.7 0.2 + 0.06 E 2345.6+749 .4
1642.5 + 1.0 0.1 + 0.04 E 1957.1+315.3
1652.5 + 0.3 L1 +o0.1 g8  Ey 2311.9+659.7
1669.4 + 0.3 0.4 + 0.1 E 2328.7+659. 7
1682.4 + 0.3 2.5 + 0.2 g E 1997.5+315.3
1707.1 + 0.1 3.5 +0.3 g E 2022.1+315.3
1723.3 + 0.1 6.4 + 0.4 g E,Y-y 2311.9+538.6
1740.0 + 0.6 0.2 + 0.05 E,Y-Y 2328.7+588.6
1748.5 + 0.7 0.2 + 0.07 E 2064.1+315.3
1756.5 + 0.9 0.1 + 0.06 E,Y-Y 2345.6588.6
1812.2 + 0.3 " 0.04 + 0.02

1856.8 + 0.2 0.7 + 0.09 E 2171.9+315.3
1867.3 + 0.3 0.3 + 0.04 E,Y-Y 2456.0+588.6
1956.7 + 2.0 0.06 + 0.02

1997.4 + 0.02 18.2 + 1.0 1 E,Y-Y 1997.2+0
2012.9 + 0.4 0.4 + 0.1 E 2328.7+315.3
2030.3 + 0.5 0.3 + 0.04 E 2345.6315.3
2096.0 + 0.2 0.5 + 0.06 1 E 2095.6°0
2112.5 + 0.7 0.07 + 0.03

2168.4 + 0.9 0.2 + 0.05

23229 + 0.3 5.2 +0.3 i E 2322.9%0
2400.4 + 0.3 0.5 + 0.1 1 E 2400.4-0
2417.0 + 0.3 0.7 +0.1 1 E 2417.0+0
2461.7 + 0.4 0.2 +0.03

2475.7 + 0.4 0.2 + 0.03

2540.4 + 0.4 0.1 + 0.03

a) The photon intensities are normalized to the strength of the 273 keV tramsition

as determined from a six hour counting period immediately following a three

minute irradiation.
b) Indicates measured feeding, g for ground state fed transitions and i for

isomer fed transitions.
¢) The 315 keV state is isomeric, the quoted intensity of the gamma ray representsits

Percentage of the 273 keV gamma ray when the two transitions are in equilibrium.
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the peaks in this spectrum show the 273 keV line. 1In the
singles spectrum the 161 keV transition is masked by the
intense 158 keV transitions of 117In; the intensity quoted
for this gamma ray in table 4.1 has been deduced from
coincidence probabilitieé derived from éeaks seen in fig. 4.4
and fig. 4.8.

| The spectrum in coincidence with the 344 keV gamma

ray which de-excites the 660 keV state is shown in fig. 4.5.

This gate provides evidence for many new levels as shown in

117

the insert. Strong 158-552 keV coincidences occur in Sn,

and the imperfect subtraction of the Compton background in
the gate brings up a large 158 keV peak. The weak 553 keV
peak in fig. 4.5 is masked by the strong 552 keV transitions

117

of the In decay.

The 461-463 keV gate, showﬁ.in fig. 4.6 and the
434-440 keV gate (not shown) provide further support for many
.of the levels seen in the partial decay schemes of Figs. 4.4
and 4.5. The spectrum in ccincidence with the strong 748 keV
gamma ray Fig. 4.6 ., containing nothing but a 461 keV peak
and indicates that the 748 keV radiation feeds either the
315 keV isomeric state or the ground state. Since the 461
and 748 keV lines both decay with a 3.4 hr half-life,
the second choice is mandatory. These data thus define two
new levels at 748 and 1209 keV, thg ordering being determined
by the fact that the 748 keV transition is the stronger of

the pair. Some support for these levels is provided by a very
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weak 1209 keV cross over transition.

Fig. 4.7 shows spectra associated with gates set on
the 832 keV peak and on the composite peak including the
860.3-860.4-862.5 keV transitions. In the latter gate the
peak at 1234 keV is due to 800-1234 keV coincidences involving
two strong lines which decay with the 3.4 hour half life. The
peaks at 90, 161, 273, 344 and 434 keV require the presence
of an otherwise unobserved 860.3 keV transition of intensity
0.9. Finally, the 498 keV peak arises from the 489-862 cas-
cade to the ground state. The order of this cascade is deter-
mined by relative intensities and defines the level at 862
kev.

Fig. 4.8 shows the lines in coincidence with the 881
keV gate. The 485 and 632 keV transitions have a 3.4 hr half
life and deexcite a high spin 1997 keV state; the 285, 388
and 1117 keV gamma rays decay from a low spin 1997 keV level.
The 881 keV state is noteworthy in that it is fed from both
the ground state and isomer.

Fig. 4.9 presents the 1066 keV gated spectrum, which,
together with the spectra in coincidence with the 564 and
1433-1434 keV gates (not shown) provide strong support for the
partial decay scheme of the figure. The weak peak ?t 663 keV
in Fig. 4.9 and a petter defined 1066 keV peak in the 663
keV gate are evidence for a level at 1729 keV. The 1366 keV
state in Fig. 4.8 is similarly defined by 485 and 1366 keV

peaks in the 632 keV gate and a 632 keV peak in the 1366 keV
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gate: None of these three spectra are shown.

The spectra associated with the three gates of Fig.
4.10 provide further evidence for many of the levels shown in
earlie; spectra and need no comment.

Coincidencé probabilities were derived from all thé.
coincidence spectra, used to test the decay scheme, and to
deduce the intensities of a number of weak or unresolved transi-

tions.

4.5 The Decay Scheme

The results of the measurements described above are
incorporated into the decay scheme of figs.4.11l and 4.12.

Transitions from the low spin states populated by the beta

117

decay of the 1/2+ ground state of cd are shown in fig. 4.1l1l.

The dashed level is populated mainly from the isomer. Fig.
4.12 shows the high spin states populated from the 11/2°
‘isomer. The gamma ray intensities, éhown in parentheses in
figs. 4.11 and 4.12 are relative to 100 for the strong 273 keV
transitions. Fig. 4.12 also presents the log ft values for
‘all levels .,. the deduced spins and parities, which will be

)

discussed in the next section. and the states populated in the
(3He,d) and (a,t) reactions. ’

- 117
The beta feeding from the 1ll/2 isomer of cd to

tl.e 'ground state of 11711 has not- been opserved. The lower

limit for the log ft value for this transition is based on
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the assumption tha%t its intensity cannot be greater than

13 of the total beta intensity (Sharma et al, 1964; Moret,
1969) . The energies and f%-transfer values obtained from the
single particle transfer reaction studies of Harar and Horoshko
(1972) are also shown in Fig. 4.12. The correlation between
the states which they observe and those of the present work

is excellent if one accepts a systematic difference in the
energy calibration of ~ 0.8%. Except for levels above 2 MeV,

this adjustment lies within their quoted experimental errors.

il
N
S

As is expected, the present work confirms the pre- A@
viously well established levels at 315.3, 588.6, 659.7 and 4

749.4 keV; the spins, parities, and lifetimes shown for these

levels are those of Backlin et al. (1967).

Above B00 keV the results of the present work are in
disagreement with those of earlier workers whose conclusions
cannot be reconciled with the present coincidence measurements.

The levels at 862.5, 880.7, 1051.9, 1066.0 keV,

identified by Pandharipande et al (1968) are now defined by

many transitions and a large body of coincidence data. We

find no evidence for the 950 keV state proposed by earlier

workers. The present coincidence data shows the transition of |

that energy to be in direct coincidence with the 345 keV line,

thus defining a new level at 1609.6 keV. We have also

placed new levels at 747.9 and 1028.1 keV each defined by ob-

served coincidence cascades.
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Above 1066 keV the agreement with earlier workers
becomes very poor. The levels at 1066.0, 1209.0, 1234.5,
1365.5 and 1432.7 keV must all have spins greater than 5/2

since they are fed from the 117

Cd isomer, while those at
1360.0 and 1376.1 must have spins less than or equal to 5/2
since they are fed from the ground state. Each of these
states is established by the energy fit of several gamma rays
and at least one piece of coincidence information.

Between 1600 and 2000 keV there are many low spin
states (1609.6, 1712.7, 1784.8, 1892.0 and 1997.5 keV) all
supported by many gamma rays and a large amount of coincidence
data. There is also a strongly populated high spin state at
1997.2 keV which can be clearly differentiated from the low
spin 1997.5 keV level by the fact that the transitions from
it decay with a 3.4 hour half life. These two levels were
not resolved in earlier work. In addition to these states
there is probably a low spin state at 1957.1 keV and weak
evidence for a high spin state at 1729.1 keV.

Above 2000 keV, there are many states defined by weak
transitions. Those at 2022.1, 2064.1, 2109.9, 2171.9, 2311.9,
2328.7 and 2345.6 keV are securely established states of low
spin, while the level at 2095.6 keV is a firmly established
high spin state. Of the remainder the levels shown at 2405.3,
and 2456.0 keV are each placed on the basis of an energy fit of
a pair of gamma transitions while those at 2322.9, 2400.4 and

2417.0 keV are each de-excited by just one gamma transition
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to the ground state. The parentage measurements and energy
considerations forbid these transitions being placed elsewhere.
There are four other weaker transitions of this category

shown in table 4.1 which have not been placed in the decay

scheme,

4.6 Spin and Parity Assignments

The spins and parities of five low lying states may
be uniquely assigned using published data and form a secure
base from which other spin-parity assignments may be deduced.
The 9/2+ and 1/2  assignments for the ground state and 315
keV isomer rest on atomic beam spin determinations (Cameron

11 7

and Summers-Gill, 1962, 1963) and In studies

8Sn(d,3He)ll
(Weiffenback and Tickle, 1971) and are in good agreement with
shell model predictions. The 3/2° assignment to the 588.9

keV state is uniquely determined from the M1+E2'character

of the 273 keV transition (Backlin et al, 1967). The El
character of the transitions from the 659.7 and 749.4 keV
states to the 1/2 isomeric state (Backlin et al, 1967) re-
quires that both these states have positive parity and spins
of 1/2 or 3/2. The anisotropic angular distribution pattern
of the 89.7 - 344.5 keV gamma-gamma cascade (Mancus9 and Arns,

+ .
1965; Begzhanov et al, 1969) makes the 3/2 assignment to

the 659.7 keV state mandatory. The angular distribution of

the deuterons in the 116Cd(3He,d)ll7In reaction (Harar and

Horoshko, 1971) show that the 749.4 keV state is populated in
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an 2 = 0 transfer and must therefore have a spin of 1/2.
In addition to these five levels, one may also regard the spin-
parity of the 1892.1 keV level to be certainly 1/2+. This
conclusion is based on the log ft value of 5.4 for the beta
feed of this state, the 1303-273 gamma-gamma angular corre-
lation pattern (Mancuso and Arns, 1965; Begzhanov et al,
1969; Pandharipande et al, 1966) for the strongest cascade
de-exciting this state, and the & = 0 transfer associated
with this state in the (3He,d) reaction.

Many of the high lying states have log ft values < 6

cos . . ™
characteristic of allowed transitions thus implying J values -

117Cd ground state

of l/2+, 3/2+ for those levels fed from the
and 9/2, 11/2° or 13/2° for those fed from the isomer. For
states in the energy range 800 to 2000 keV the log ft values
can be quite unreliable because they result from small dif-
ferences between the intensities of the incoming and outgoing
gamma rays.

The results of the (3He,d) angular distributions
(Harar and Horoshko, 1972) when used in conjunction with the
present results, lead to unique assignments of 3/2+ for the
2022.1, 2064.1 and 2171.9 keV levels.

Since no % = 5 states were observed in the reaction
data we cannot uniguely determine the spin for any of the
states fed by allowed transitions from the 11/2" isomer.

» - 9 2+
However, for those of this group which deexcite to the 9/

ground state, the 13/2- alternative can be rejected, as this

‘
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would require an M2 transition to be competing strongly with
El and M1l transitions. States which fall into this category
are those at 1997.2, 2095.6, 2322.9, 2400.4 and 2417.0 keV.
The states at 1609.6, 1712.7 and 1784.8 keV are fed from ;he
117cd ground state with log ft values of 7.8, 6.6 and 7.1
respectively. They feed a number of low spin and parity states
but not the 9/2+ ground state and are excited by % = 2 trans-
fers in the reaction work. These facts strongly suggest that
they are 3/2% states. A 5/2% choice for the 1609.6 keV state
is also possible because of the high log ft value.

The 880.7 and 1051.9 keV levels are probably not
beta fed, are populated from many states of 1/2+ or 3/2+, and
deexcite to the 9/2+ ground state and to 3/2+ and 3/2 excited
states. Since they are also excited by & = 2 transfers in
the reaction work, their spins and parities must be 5/2+.

It is not easy to identify either the 1360.0 or 1365.5
keV states with the 1360 keV £ = 2 state in the reaction work.
The 1365.5 keV state would be the natural choice but it is
not fed in the beta decay. It is fed from the (972", 11/2")
state at 1997.2 and deexcites to a 5/2+ state at 880.7 keV
and to the 9/2+ ground state. It could thus have a spin of

- . + .
5/2 , 7/2i or 9/2+. Neither 3/2+ or 5/2 1is acceptable.

The 1360.0 keV level, which is the other possibility, is weakly

+
beta fed from the ground state, deexcites to a 5/2 state but

not to the 9/2+ ground state. This data can readily be recon-

- - . +
ciled with assignments of 3/2 and 5/2" but not with 5/2 .

PR v

Pt X e ek

~



75

We conclude that the 1360 keV state of the reaction work is
not populated in the decay process.

The 1028.1 and 1376.1 keV levels are also probably
not fed in the beta decay, however, they decay t§ the low. lying
1/2 and 3/2 states and not to the 9/2+ ground state. This
suggests that they have spins of 5/2° though other low spin
choices are not ruled out. The 862.5 keV level is not ap-
preciably beta fed, deexcites only to the 9/2+ ground state
and is fed from 3/2+ and 5/2+ states at 1712.7 and 1360.0
keV respectively. Its spin can therefore be 5/2+ oxr 7/2+.

_ The level at 1957.1 is fed by a first forbidden decay from
the 117ca ground state and decays to 1/2° and 3/2° states;
thus its spin and parity assignment is expected to be 1/2° or
3/27.

The states at 1066.0, 1234.5 and 1432.7 keV are fed
from the 1997.2 keV, 9/2 , 11/2° state and feed the 9/2% ground
state. The 1066.0 keV state is not beta fed and its spin can
only be deduced as being between 7/2 and 13/2. The beta feed
to the 1234.5 keV state ié apparently first forbidden thus
restricting the J7 values to 9/2+, 11/2+ and 13/2+. Weiffen-
bach and Tickle (1971) observe a state at 1.43 MeV with an
2 = 3 or £ = 4 angular distribution in the (d,3He) reaction.
If this level is identified with our 1432.7 keV state, it
restricts its " assignment to 7/2+ oxr 9/2+. The weakly

populated 1209.0 keV level is apparently fed by a first for-
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bidden transition from the isomer and feeds the ground state
and the 747.9 keV state. Since the 747.9 keV.level is also
fed from a 5/2+ state and feeds the 9/2+ ground state, its
spin and parity are restricted to 5/2+ or 7/2+. The J"
assignments for the 1209.0 keV level can therefore be 7/2+,

+

9727 or 11/2%.

4.7 Discussion

The low lying states of 117In have been extensively

studied by many workers and the present situation is clearly
presented by Backlin et al (1967). The ground state and the
315.2 keV level are well described as g9/2+ and Pl/z- hole
states, while the 587 keV state appears to be a mixture of
the P32~ hole state and a coupling of the Py/2” particle to
the 2+ core of 118Sn. As these authors point out, positive
parity states may be formed by coupling the 99/2 hole to one
or more of the several quadrupole vibration phonons, by
coupling the negative parity particle states to an octupole
vibration, or through many particle states. However all these
mechanisms would place such states at energies of v 1 MeV or
higher. They therefore proposed that the 3/2+ and 1/2+ states
at 659.7 and 749.4 keV were members of a rotational band based
on the 1/2+[431] Nilsson state which would occur at low ex-

citation if the 117In nucleus, which is expected to bg spheri-

cal in its ground state, could take up a deformed shape at

somewhat higher excitations. They based their suggestion on
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the observation of an enhanced E2 transition between the l/2+

117

+ .
and 3/2 levels in In and retarded El transitions to the

low lying states. Similar evidence for the population of the

Nilsson state appears in 115

111

In (Backlin et al, 1967) and

Ag (Berzins et al, 1969). Furthermore, the measured quadru-
pole moment of the 660 keV level (Raghavan and Raghavan, 1972)

is in excellent agreement with the predictions of the rotatio-

nal model.

Pandharipande et al (1968) and Moret (1969) made an
attempt to identify the higher spin members of this band.
Their proposal that the 880.7 keV state of spin.5/2+ be the
next member of the sequence is consistent with our observation
of a strong 880.7+659.7 keV transition and the presence of a
retarded El1 transition to the 3/2- hole state. The high spin
state at 747.9 keV may well be the 7/2' member of the band
since it is fed from the 5/2° state at 880.7 keV.

The 3/2+, 1/2+ and 5/2+ members of the proposed rota-
tional band are all strongly populated in both the (3He,d) and
(a,t) reactions. The observed 746 keV peak would include both
the 1/2+ state at 749.7 keV and the proposed 7/2+‘state at
747.9 keV. This peak is much stronger in the (a,t) reaction
than one would expect; and the excess intensity may well be
due to the contribution of the 7/2+ compbnent of the doublet,
which would not be strongly'excited in the (3He,d) reaction.

Attempts to reproduce the energies of these states



from the rotational energy relationship for a K = 1/2 band
have been made by regarding the inertial factor hz/zal and
the decoupling factor "a" as free parameters to make a fit to
the experimental energies of the first four states in the
band. AReasonable agreement between the experimental level .
energies and ﬁhosé derived from theory can be obtained with
n2/2<f = 14 keV and a = -2.7. The theoretical predictions
corresponding to these parameters, with the experimental ener-
gies given in brackets are as follows: 3/2" 660 keV (660 keV),
7727 752 (748), 1/2% 731 (749), 5/2% 919 (s81), 11727 957

(no candidate)and 9/2+ 1218 (1209). The values of h2/2<[ and
"a" chosen are not very critical and values of h2/2tﬂ in

the raage 1b to 16 keV with values of "a" in the range -3.5
to -2.2 all give a reasonable fit to the observed level
structure. The main argument for the identification of these
levels with the rotational band must res§ on the character of
'the intraband transitions. The 9/2*7/2; 5/2+7/2, 5/2+3/2

and 1/2+3/2 transitions in the proposed band seem relatively
intense, but in the absence of knowledge concerning reduced
transition probabilities, the jdentification of these levels
with a bandbased on the 1/2+[431] state must be regarded

.as quite tentative.. It should also be noted that in the

case of 115In, which has a very similar level structure, a hole-

vibration coupling calculation (Dietrich et al, 1970) suc-

cessfully explained many of the observed experimental results,
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but failed to account for the low spin, low energy positive
parity states. Recently, Alzetta et al (1972), in a quasi-
particle calculation also failed to account for these low
lying positive parity states.

The simplest core particle coupling approach predicts
a multiplet of five positive parity levels with spins 5/2, 7/2,
9/2, 11/2 and 13/2 arising from the coupling of the 2+ state
of the core with the 9/2+ state of the proton hole. The level
energies expected for this multiplet have been calculated by
Pandharipande (1967) using a simplé residual reaction. Although
the candidates proposed for this multiplet by Pandharipande (1967) f
can no longer be accepted, the présent work suggests possible
alternatives. The spins and level energies predicted by
Pandharipande's calculation together with our proposed candi-
dates in parentheses are as follows: 7/2+ 829 (862), 5/2+ 1020
(1051), 13,27 1040 (1066), 9/2 1220 (1234) ana 11/2" 1440
(no candidate). The first four states proposed have spins
and parities consistent with these assignments. We have no
candidate to propose for the 11/2 member of the multiplet,
although it is perhaps worth noting that there is a fairiy
strong unclassified transition of 1486.2 keV which could de-
fine a level at this energy and which could thus be considered
as the fifth member. The proposed members of a l/é+[431]

+ . .
rotational band and che (9/2+, 2') multiplet are shown 1n

fig. 4.13.
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4.8 Summary

117In have been investigated

1170y ana 2.5 h 1179¢q,

The energy levels of
following the beta decay of 3.4 h
Using high resolution Ge(Li) detectors singly and in coinci-
dence, one hundred and twenty-seven gamma transitions have
been observed. Eighty-five of these transitions have been
classified by both coincidence data and energy fit, twenty-
nine weak transitions by energy fit alone, and twelve remain

ll7ln have been estab-

unclassifed. Thirty-seven levels in
lished; of these, twenty-four are low spin states fed from
the ground state and thirteen are high spin states fed from
the isomer. Spin and parity assignments for the newly estab- -
lished levels were discussed. Discussion of a possible in-

terpretation in terms of a rotational band and in terms of

core particle coupling is made.



CHAPTER 5

ENERGY LEVELS IN 17lru

5.1 Introduction

The single nucleon stripping reaction has been shown
to bé a very useful tool for studying the intrinsic states of
deformed nuclei. Recently this technique has been used to
study the proton particle states in the odd lutetium isotopes

173Lu, l75Lu and l77Lu (O'Neil et al. 1971). The present work

extends this investigation to 17104, ' ;

The single particle reaction work has been complemented

by means of gamma ray and conversion electron measurements fol-

16 171

lowing the reaction 9Tm(a,2n) ILu. The gamma spectrum has

been studied from the decay of 171Hf by Harmatz and Handley
(1966) and more recently by Gizon et al (1970) . In addition

there have been a number of in beam studies. Bjgrnholm et al.

. 171 171
(1965) studied isomeric decay following the Yb(p,n)~  “Lu

E3 transition with .a 76 sec

[541]

reaction and reported a 70.4 keV,

half life. They assign this as depopulating the 1/2-

Nilsson state to the 7/2+[404] ground state. Concurrent studies

the 16%mm(a,2n)t’'Lu reaction, (Noma et al. 1970, Hjorth

using o
nd also the 171Yb(d,2n) Lu

‘et al. 1972 and Barnéoud et al 1972) a

1971) have resulted in a level scheme which

reaction (Kemnitz et al.

includes rotational bands based on the 7/2+[4Q4]: 1/2-[541],

82

N
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1/2+[411), 5/2+[402] and 9/2-[514] Nilsson orbitals. The
single particle reaction work was undertaken to confirm
tﬁese assignments and to search for further single particle -
states in the energy region between 0 and 1600 keV. The
procedure and results of this study are described in sections
5.2 to 5.4 below.

The gamma ray studies were undertaken to establish
rotational bands up to high spin for each of the above mén—
tioned Nilsson orbitals. With high resolution Ge(Li) detectors
in the coincidence mode it was possible to assign some interes-
ting K forbidden interband transitions. By meané of a conver-
sion electron spectrum conversion coefficients for 27 transitions
have been measured leading to M1:E2 mixing ratios for many
cascade transitions. This work is described in sections 5.5

to 5.7 below.

5.2 Particle Spectrograph Experiments

The general features of the experimental procedures
for the (3He,d) and (a,t) exposures follow those of O'Neil et
al. (1971). The F.N. accelerator was used to produce beams
of 24 MeV 3He particles and 26 MeV o particles. The beam
intensity was typically 1 uA through 1 mm X 2.5 mm %lits', The
reaction products were analyzed with the Enge magnetic spectro-

graph, and recorded on 50 um thick photographic emulsions.

For the (3He,d) exposures an aluminum absorber 0.5 mm thick

was placed in front of the emulsion to stop tritons produced
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in (a,t) reactions from reaching the plates. Similarly, a
0.05 mm thick aluminum absorber was used when recording the
triton spectra in order to stop the carbon ions which recoil
from the target backing, and singly charged a particles.

The ytterbium targets were n 60 ug/cm2 thick on carbon backing
of ~ 50 ug/cm2 thickness. The isotopic composition of the
target material is given in table 5.1. It can be seen

that the enrichment is not particularly good. In order to be

Table 5.1

Isotopic composition of the 170Yb target

Abundance of Yb Isotope with Mass

les8 170 171 172 173 174 176

<0.07% 81.4% 7.8% 4.8% 2.3% 3.1% 0.73%

able to make allowance for the main isotopic impurity an

l71Yb target.

exposure was made for the (3He,d) reaction on a
For the 172Yb target impurity the shape of the spectrum is
known from the work of O'Neil et al. (1971).

Spectra were recorded at g = 38° and 48° for the (3He,d)
reaction and at 6 = 90° and 120° for the (a,t) reaction. These
angles were chosen to avoid as far as possible high mass im-

purity peaks in the region of interest. In the case of the

(a,t) reaction backward angles were required because, for beam
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energies near the target Coulomb barrier, tritons preferen-
tially come out at backward angles.

Fig. 5.1 shows the deuteron spectrum from the (3He,d)
reaction at 6=38° and the triton spectrum from the (o,t) re-
action at 6 = 90°. The measured resolutions (F.W.H.M.) were
approximately 18 keV and 17 keV respectively.

The analyses of the spectra were carried out with the
aid of the peak fitting program referred to by Burke et al.
(1971) . The avercge of the excitation energies from each i
reaction together with the observed (3He,d) and (a,t) cross
sections are presented in Table 5.2. For the strongly popu-
lated states the uncertainties are about 2 keV in the exci-
tation energies and 15% in the relative intensities, for
6thers the error in the intensity is greater than this due to
the underlying background arising from isotopic impurities ﬂ

in the target.

5.3 The D.W.B.A. and Nilsson Calculations

In a single nucleon transfer reaction the cross section
for any particular state depends in a simple way on Cjz, the
spherical expansion coefficient for that state. In many cases,
the distributilon of strength among mehbers of a band provides
a characteristic "fingerprint" by which the band may be iden-
tified. In other cases the value of Cjz2 is nearly unity for

one particular rotational band member. In either case the ob-

served populations can be predicted quite well by calculations

which use the stripping theory of Satchler (1958) , nuclear



Figure 5.1

The deuteron spectrum obtained from the 170Yb(3He,d)17lLu

reaction at 0 =
170

39° and the triton spectrum from the

Yb(a,t)l7lLu reaction at 6 = 90°,
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TABLE 5.2
Levels Populated in 171Lu by the Single Particle Transfer
Reactions
Energy (keV)
gamma deuteron triton ’ Ass;r.l.rgnment (§O/d9 (ub/sr)
IK [NnZA] ("He,d) (a.t)
at 6=38° at 6=90°
0 0 0 7/2 1/2+1404] 12 18

71.1 1/2 1/2-[541}

72.9 } 73 73 5/2 1/2-[541] } 54 13
159.2 ‘ 159 160 9/2 1/2-[541] 16 14
206.4 3/2 1/2-[541]

208.1 T 209 207 1/2 1/2+[411] } 38 4.6
220.6 224 222 © 3/2 1/2+[411] 18 6.6
295.6 297 295 5/2 5/2+[402] 87 27
333.6 335 335 5/2 1/2+[411] i4 4.8
379.3 380 382 7/2 1/2~1541] 12 2.9
394.7 399 394 7/2 5/2+1[402] 3.7 0,8
469.3 471 472 9/2 9/2-[514] 0.8 1.1
0 519.3 521 523 9/2 3/2+[402] 1.6 0.7
593.7 598 596 11/2 9/2-[514] 26 19
619.8 624 625 11/2 1/2-[541] 3.8 1.8
799 802 12 1.6
967 968 5/2 3/2-[532] 13 0.2
1045 1049 (3/2 3/2+[402]25%+Y vib) 21 1.6
1087 1090 7 vl
1107 1114 3/2 1/2-[530] 93 2.4
1139 (1/2 1/2+[400]28%+y vib) 55 } Nl
1156 } 1151 (172 1/2+1400)5% +8 vib) 11
1178 1185 9/2 3/2-[532] n3 2.2
1218 1224 7/2 1/2-[520] 32 3.}
1253 1258 25 2.?
1542 1549 ] 14 1.2
1565 1572 13/2 1/2+[GE0] 2.9 8,5
1583 1594 31 1.0
1603 1609 84 1.¢@
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wave functions given by Nilsson (1955) and the intrinsic
particle cross sections from the distorted wave Born approxi-
mation (Bassel et. al. 1962). The predicted spectroscopic factors
with and without Coriolis coupling are presented in table 5.3.

The cross sections for the (3He,d) and for the (a,t)
reactions were calculated using the computer code DWUCK
(Kunz 1967). The optical model parameters used for these
calculations were the same as those used in a number of
earlier studies, in particular that of O 'Neil et al. (1971),
on the odd mass lutetium isotopes 173Lu, 175Lu and 177Lu.
Following this work a local zero-range potential is used to-
gether with a lower cut-off of 9.6 fm for both the reactions.
The standard zero range normalization factors of N = 4.42 for
the (3He,d) reaction and N = 46 for the (a,t) reaction were
used. No renormalization has been performed, although it
should be noted that the value of the normalization factor
for the (a,t) reaction is subject to considerable uncertainty.

It has been observed that the ratio of the experimen-

tally measured (3He,d) and (o,t) cross sections can be a use-
ful indicator of % value. In studies of levels in rhenium
isotopes (Lu and.Alford 1971) this ratio was often found to

be more useful than a complete angular distribution for the

determinétion of & values. The present results, for the ratios

: 5
of the (3He,d) cross sections measured at 38° to the (a,t)

cross sections measured at 90°, are shown in Fig. 5.2. The

solid lines are values obtained from the DWBA calculations

plotted as a function of excitation energy-. The experimental
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points are identified accérding to the & value assigned

on the basis of all the data. With a few exceptions, these
assigned values are in good agreement with the predictions
of fig. 2. _

'fa.ble 52 lists the experim‘enf:al‘ (3He,d) to (a,t) cross
section ratios together with the assigned 2 values and the ’
calculated cross section ratio for that & value. In addition,
in columns 6 to 9 are listed the spectroscopic factors extracted
for the iwo reactions and in order to provide an indication of
the expected value for that assignment, the spectroscopic factors,

U2

Cjzz given by a Nilsson model calculation which includes
Coriolis coupling. Well parameters for Kk = 0.0637 and u = 0.600
were used in the calculation as recomﬁended by Lamm (1969).
These parameters are simply related to the parameters C and D
presented in Chapter 2. The Fermi surface was placed 0.3 MeV
below the unperturbed 7/2+[404] band head, with a diffuseness
parameter of 0.8 MeV. The deformation § was assumed to be 0.29.
Coriolis matrix elements were reduced by a factor of 0.65. This
last assumption will be discussed more fully in /section 5.8.
Coriolis mixing betwéen the following negative parity orbitals
was considered: 1/2-[541], 3/2-1532], 1/2-[5301, 9/2-[514],
7/2-[523], 1/2-[550]1, 3/2-[541]1, 5/2-1532], 5/2-[523] and
11/2-[505]1; and also between the 7/2+[404], 5/2+[402), 1/2+[411],
1/2+[400], 3/2+[402], 1/2+[420], 3/2+[411], 5/2+[413]1 and 3/2+[422]

positive parity orbitals, and between the 1/2+[660] and 3/2+[651]

States. Mixing of states for which AN=2 was not included.
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TABLE 5.3

Predicted spectroscopic factors with and without the inclusion
of Coriolis coupling

orbital Spin Spectroscopic factor - Cjzzu2
_ Unperturbed Perturbed
7/2+404] 7/2 0.67 0.69
9/2 <0.01 <0.01
1/2-[541] 1/2 0.03 0.03
3/2 0.04 0.05
5/2 0.17 0.20
7/2 0,04 0.07
9/2 0.45 0.70
11/2 0.02 0.05
1/72+[411] 1/2 0.02 0.02
3/2 0.09 0.09
5/2 0.03 0.03
7/2 0.03 0.03
9/2 <0.01 <0.01
5/2+[402] 5/2 0.80 0.82
7/2 : 0.04 0.03
9/2 0.02 0.02
9/2-[514] 9/2 <0.01 <0.01
11/2 0.89 1.18
3/2-[532]1" 3/2 0.01 <0.01
5/2 0.12 0.10
7/2 0.05 0.02
9/2 0.73 0.67
11/2 0.03 0.01
1/2-1530] 1/2 " 0.02 " 0.02
3/2 <0.01 <0.01
5/2 0.44 0.44
9/2 0.18 0.12

11/2 - 0.10 0.10
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5.4 Interpretation of the Single Particle Transfer Results

5.4.1 The.?7/2+[404] orbital

This Nilsson orbital has been assighed as the ground
state of all of the odd mass lutetium isotopes previously
studied. This is in accordance with éhe strict level orxder
of the Nilsson diagram (Lamm, 1969) and is in agreement with
the present single particle transfer results. The only rota-
tional member which has a large spectroscopig factor is the
I=7/2 band head for which C;,% = 0.98. The values of v,

deduced from the measured (3He,d) and (a,t) cross sections are

2

shown in table 5.4 and imply a value of U® for this state

between one half and unity. Thus the Fermi surface in the
target nucleus must lie below ;he 7/2+[404] orbital., As men-

tioned above the value used for the Nilsson calculation was

-300 keV.

5.4.2 The 1/2-{541] orbital
The ground state of this orbital decays to the 7/2+[404]

state via an isomeric 71.1 keV, E3 transition girst observed by
Bjdrnhdlm et al. (1965). The rotational band is expected to be

strongly decoupled and the single particle transfer results

confirm this. The value for the decoupling parameter predicted

by the Nilsson model calculation is 3.2. This results in the

I = 5/2 band member being depressed to an energy very close
to the I =1/2 band head. Thus in the single particle spectra

the peak at 71 keV is assigned as an unresolved doublet composed
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of these states. In addition peaks at 158, 208, 380 and
624 kev in the particle spectra are assigned as the I = 9/2,
3/2, 7/2 and 11/2 rotational baﬂd members. The calculated
spectroscopic factors are in reasonable agreement with the

experimental values.

' 5.,4.3. " The 1/2+[411], 5/2+[402] and 9/2-[514) orbitals

These orbitals at band head energies of 208, 295 and

469 keV respectively have been previously assigned in 171Lu

as a result of gamma-ray studies. The spectroscopic factors
observed in the present work places these assignments on a
secure basis.

The 1/2+[411] orbital appears as a proton hole state
with a calculated emptiness factor U2 = 0.3. The contribution

from the I = 1/2 state is unresolved from the I = 3/2 state

of the 1/2—[541] orbital. Peaks are assigned to the I = 3/2

and 5/2 band members at 220 and 333 keV.

The I = 5/2 band head of the 5/2+[402] orbital is ob-

served to be populated strongly. The spectroscopic factor is

’

' seen to be in excellent agreement with the predicted value.

The higher spin members of this band are all predicted to have

véry small cross sections. The only one assigned in the single

particle reactions is the I = 9/2 member at 519 keV.

According to the Nilsson model the 9/2-[514] orbital

should appear as a low-lying particle state in the odd mass

. s -model
lutetium nuclei. It originates from the hy, /5 shell-mode
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configuratioh and thus even at large deformation it has a
value of Cjz2 Q-O.SS for I = 11/2. The Cariolis coupling cal-
‘culation predicté that the value of the spectroscopic factor
for this state should be slightly greater than unity due

to admixtures of the 1l1l/2 ’7/2’:—[5.23] and 11/2 11/2-[505] states.
This is in fact observed, the predicted admixtures to the
wave functions from the two states mentioned above being 0%
and ig respectively. The observed spectroscopic factors
for the I = 9/2 state are gquite small but still much larger
than the predicted value. The discrepancy has not been ex-
plained. However these results do confirm the a;signment

of the state at 469 keV as the band head of the 9/2-[514]
orbital and not as the 7/2-[523] hole state as suggested by
Norma et al. (1969).

5.4.4 The 3/2-[532] and 1/2-[530] orbitals

) . . 173
'In the study of the odd mass lutetium isotopes Lu,

175Lu and 177Lu (O'Neil et al. 1971) by single particle stripping
reactions new assignments were made for band members of the

3/2-[832] and 1/2-[530] orbitals. These are proton particle states

expected atiaround 1 MeV. in the odd mass isotopes of lutetium.

The model predicts that the most strongly populated- states

will be the I = 5/2 and 9/2 states of the 3/2-[532] band and

the I = 3/2 and 7/2 states of the 1/2-[530] band. Because

of background arising from jisotopic impurities in the target
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it is harder to make these assignments in the presen£ work.

_ HoweVer, the deformation and therefore the band head energy
ofiéxcited states is expected to vary smoothly with mass,

so an.extrapolation of the energies of the states observed

in the other lutetium isotopes should be a reasonable guide;
fig. 5.3.' This procedure predicts energies of n 950 and 1175
keV for the I = 5/2 and 9/2 members of the 3/2-[532] band and
~ 1110 and ~ 1220 keV for the I = 3/2 and 7/2 members of the
1/2-[{530] band in 171Lu. The obvious candidates for the |

I = 3/2 and 7/2 members of the 1/2-[530] band are the peaks
at 1107 and 1218 keV. The assignments for the 3/2-[532] band
nemﬁers are a little more tentative. The 5/2, 7/2-[532] state
is probably at 967 keV; the (3He,d) and (oa,t) cross sections
ﬁre reasonably close to the predicted values for this case.
The 9/2, 3/2-[532] state is predicted by the Nilsson calcu-
lation fo 1ie about 260 keV higher. The only candidate for
.this state is the peak 1185 keV, it has about the right

strength ang - has a (3He,d) to (o,t) ratio characteristic

of a high % value.

5.4.5. The 1/2+[660] and 3/2+[651] orbitals

Two positive parity bands 1/2+[660] and 3/2+[651],

both arising from the il3/2 spherical state, might be expected

in the neighbourhood of the observed 3/2-[532] and 1/2-[530]

bands. In the absence of Coriolis mixing, each of these posi-

tive parity bands would give rise to a strong & = 6 transition




Figure 5.3

Energy dependence of the 3/2-[532] and 1/2-[530]

states with mass.
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té the spin 13/2 member of the band. The Coriolis mixing is
expected to be very strong, with the result that most of the
4=6 strength from both bands should be concentrated in the spin
13/2 mémber of the lower band. Thus these bands would be
characterized by a single =6 transition with a spectroscopic
factor greater than unity at an excitation‘between 1.5 and 2
MeV. Such an 2=6 state exists at 1565 keV and has been ten- -
tatively assigned to the 1/2+[660] band, on the grounds that
this bénd is expected to be lower in energy than the 3/2+[651]
Since in the heavier lutetium isotopes this state is expected
to occur at still higher .excitation, it is not surprising that

it has not been identified.

5.4.6 Other States
| Soloviev et al. (1966) have made a calculation for 171Lu
where the interaction of the quasi;particle states with
phonons is considered. The results are presented in Table
5;5- The values given in the column for experimental ener-
gies are taken from the present work. It can be seen that,
apart from the hole states which will not be populated very
strongly in the single particle stripping reaction, all the
predicted "pure" single particle states below 1.5 MeV have
been observed, where "pure" is taken to mean that the single
particle state forms more than 80% of the mixture. Unfor-
tunately the values of the spectroscopic factors are not

sensitive enough to test whether the calculated admixtures are

reasonable.



- 99 . .

" TABLE 5.5

Proposed Non Rotational States in 171Lu Resulting from a
Consideration of the Interaction of Quasiparticles with Phonons

Soloviev et al. 1966).

T . Enérgy (keV)

K present expt. cal. . Structure
W+ 0 0 404+ 93%; 404+ +0;(20) 38; 402440 (22) 3t
1/2- 7 160 541+ 81%; 541+ +0, (20) 14%
172+ 208 200 411+ 88%; 4114 +Q,(22) 6%; 413+ +0,(22)4%
9/2- . 469 270 514+ 97% |
5/2+ 295 310 4024 88%; 402+ +0,(20) 6%; 400+ + Q,(22)5% |
- 3/2+ ' 750-‘ 4114 58%; 411 +Qi(22) 39% |
1/2- 662 . 850 5234 988 - ’ |
5/2+ 1000 413+ 37%; 41llv +Q, (22) 61% o ?
3/2+ . 1046 2 1050 402+ 25%; 404+ +Q;(22) 72%
3/2- 1200 532+ 81% ' 3
1/2+ 1138 2 1350 400+ 28%; 402+ +Q, (22) 41%; 411+ +0,(20)25
1/2+ 1156 2. 1370 4004 5%; 411+ +0Q,(20) 65%; 402+ +Q; (22)15%
11/2+ . 1400 404+ +Q,(22) ~ 100% |

1/2+ ) ' 1500 404+% 3%; 404+ +Qi(20) 97%




100

In addition to the "pure" single particle states it
may be seen that the calculation predicts that at around 1
MeV there should be states which are mixtures of single par-
ticle State and y and B vibrational phonons. épecifically,
we might expect to observe a state thch is pxgdigﬁed to be
25% 3/2+[402] and states which are 28% and §§;§§ the 1/2+[400]
state. As a guide the predicted spectroscopic factors can be
reduced by these fractions. The energy dependence introduced

2 term is neglected. Peaks in the single particle

by the U
spectra at 801 and 1046 keV are candidates for the 3/2+[402],
25% state, 1046 keV being the most likely choice. The 1/2+[400]
28% and 5% states might be at 1138 and 1156 keV. The agree-
ment obtained is shown in Table 5.;ﬁ. The values of the pre-
dicted spectroscopic facﬁor shown in column 8 are those given

by the Nilsson calculation reduced by the appropriate factor,

as shown in column 4 of table 5.5

5.5 Measurement of Electron and Gamma Spectra

The (o,2n) experiments were carried out at beam
energies of 21 MeV for the conversion electron measurements

and at 21 and 23.5 MeV for the gamma ray measurements. Tar-

gets were of natural Tm and were prepared by cold rolling the

metal (Westgaard and Bjgrhholm 1966). Typical beam currents

2
and target thicknesses were 500 na and 0.9 mg/cm” for the

2 nA and 3 mg/cm2 for
conversion electron measurements and a

the gamma-ray studies.
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For the eleétron measurements a beam of o particles
was focussed onto a target at the source position of the
orahge electron spectrometer which was adjusted to give a

~ resolution Ap/p ~ 0.8%. Fig. 5.4 shows the electron

169Tm target with 21 MeV

spectrum from bombardment of a
alpha particles. The electron lines observed and their assign-
ments are presented in Table 5.6. Thenmultipolarity assign-
ments for the stronger transitions arevéhown in table 5.7.
These are determined from the K conversion coefficients and

in some cases confirmed from the a;, oy and K to L ratios.

The- gamma intensities for these ratios were obtained from a

run with a 21 MeV alpha particle_beam using a Ge(Li) detector
placed at 54° to the beam direction to minimize angular dis-
tfibution effects. The normalization factor was determined

by assuming the calculated ag conversion coefficient of Hager
and Seltzer (1968) for the strong 269-270 keV E2 doublet.

The K to L ratios are of coursé independent of this factor

and for Bp values'less than 1500 are very sensitive functions
of multipolarity. The multipolarity assignments proved to be

a Very'useful complement to the gamma-gamma coincidence re-

sults in making assignments to the level scheme. ?he El

assignment of the 137.0keV'transition confirms the Nilsson

assignment of the 1/2+[411] band obtained from the single

particle transfer results.

A gamma spectrum taken at 23.5 MeV beam energy with

3 am direction

(Li) counter at 90O +o the be

a 0.9 ecm~, planar Ge
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TABLE 5. 6 103
conversion Electrons Following the Reaction 169Tm(a,2n) 1My
at 21 MeV Bombarding Energy
Electron Electron Assignment Gamma -
Energy Intensity Intensity
(keV)
75.4 56 23 L 86.32 34.9
81.2 12.9+0.9 K 144.28 34.8
84.1 43.6%3.1 K 147.08 51.7
86.0 11.1+1.6 K 149.11 18.4
87.9 8.0£0.5 K 151.5 12.6
107.8 18.5%12-2 K 171.0 40.2
109.4 4.0:0.8 K 172.3 15.1
111.4 22.1%2.7 L 122.09 100
113.6 14.571-9 K 177.22 79.6
119.8 4.5%0.8 M 122.09 100
121.9 2.5%0.5 M 124.5 36.6
126.0 1.4:0.3 L 137.01 177.7
[k 193.1 7.6
130.8 9.9%1.5 4K 193.9 25.2
L 141.0 -
[k 196.1 5.0
133.8 8.9+1.3 4L 144.28 34.8
| L 147.08 51.7
137.3 8.3%1.2 K 200.0 7.7
'K 200.5 3.0
- 138.5 2.2%0.9 L 149.11 18.4
157.1 4 K 220.06 15.1
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TABLE 5.6 (continued)

Electron Electron Assignment Gamma
Energy Intensity Intensity
(keV)
161.4 4.6 0.7 L 171.0 40.2
162.5 0.96+0.4 L 172.3 15.2
_ L 177.22 79.6
167.7 14.2 1.4 171.0 40.2
' M 172.3 15
177.0 0.15:0.05 K 240.5 ' 15.9
182.4 0.8 0.1 {L 1931 7-0
L 193.9 25.2
183.8 1.38:0.4 K 247.4 ~ 30.2
199.0 1.25+0.09 K 262.8 7.
205. 8 s 180.4 {x 269.09 41.2
| K 270.33 33.3
219.7 | ‘ 0.7920.8 K 283.4 9.8
284.9 9.6820.7 K 295.58 | 84.6
236.8 0.560.13 L 247.4 ' 33.2
242.8 0.83:0.06 K 306.4 21.9
254.5 . 1.92:0.14 K 318.08 48.5
| L 269.09 41.2
258.9 1.66+0.12 {L 270.33 33.3
. ' M 269.09 41.2
256.9 | 0.37%0.05 {M 270.33 33.3
276.6 " 0.40%0.06 K 339.6 10.2
; : L 295.58 84.6
284.9 1.9620.14 {K 347.17 55.0



TABLE 5.6 (continued)
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Electron Electron Assignment Gamma
Energy Intensity Intensity
(keV) '
293.2 0.69:0.06 M 295.58 " 84.6
301.5 0.20%0.11 K 361.9 5.2
302.0 0.84:0.12 K 364.9 25.9
307.6 . 0.5 +0.26 L 318.08 40.5
309.0 0.7640.2 K 372.2 5.6
330.0 0.42+0.09 K 394.7 5.8
346.0 0.29+0.06 K 409.6 13.7
397.2 0.61%0.2 K 460.7 18.1
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is shown in fig. 5.5. The resolution was 0.7 kev (F.W.H.M.)
at 122 keV. Those gamma rays assignéd to l7lLu are labelled
with their energy in keV. Of the remaining transitions some
arise from Coulomb excitation of the target, others from the
(n,n') reaction on materials surrounding the target and de-
tector and the majority from competing'reaétions such as
(¢,n). In order to study the gamma radiation with energy
above v 400 keV a number of runs were made using a 50 cm3
Ge(Li) detector system having an energy resolution of 2.5 kev
(F.W.H.M.) at 1332 keV. |

In order to determine isotopic assignments from exci-
tation functions and to aistinguish lines arising from tar-

168 1; 4 was used.

get impurities the reaction Er(7Li,4n)17
The accelerator was able to provide 7Li beam enérgies in a
range over the maximum of the (7Li,4n) probability curve.
This curve was not directly determined, but could be inferred
from the Q value relationships for the reaction and the known
shape of such cross section.curves. The beam energies used
were 32, 34 and 36 MeV. Some of the results are shown in
fig. 5.6. Intensity ratios, relative to the intensity of the
137.0 keV transition, are plotted against the 7Li bombarding
energy. States of high spin are populated more strongly .

with higher beam energy and so for such states the excitation

R 7. s .
curve has an upward slope. Lines from the (‘Li, 5n) reaction

would also have an upward slope, but the peam energies for

both reactions were such that such lines were not expected.



Figure 5.5

Spectrum of in beam gamma rays from the reaction

169 171L

Tn(x,2n) u. Peaks arising from other reactions

are unlabelled.
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2703 kev (7213 " [54])

1471 kev %% Tt @oq

1099 kevV 'SF(n,n"

-4 kev (7Li,3n)

| { i L | 1

- 137-0kev %% W[4~ % Y57 [541]

34 36 ' ‘
BOMBARDING ENERGY (MeV)
Figure 5.6

32

Ratio of gamma-ray intensity to that of the 137.0 keV lin
a function of 7Li bombarding energy

e as
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Lines from the (7Li, 3n) reaction and impurity lines are
observed to have a downward sloping excitation curve re-
lative to the 137.0 keV transition.

The energies and relative intensities of transitions

1700 are given in columns one and two of table

assigned to
58 These values compare well with the results of similar
experiments done by Kemnitz et al. (1971), Hjorth et al. (1972)
and Barneoud et al. (1972). The intensities of unresolved
lines have been determined from the coincidence probabilities
as described beldw. The intensities of transitions follow-
ing the a-induced reaction to the TLi-induced reaction can

be indicative of spin assignments since the (7Li,4n) react-
ion preferentially populates high spin states. These ratios
normalized to one fo;lthe 122.1 keV transition are given in
column 3 of table 5.8 Column 4 shows the transition assignt
ment within the nucleus. Fig. 5.7 shows the ratios Iy(Ea=23’5
MeV)/IY(E7Li= 36 MeV) plotted against the spin of the de-
exciting state. In obtaining this ratio, the total photon
intensity de-excitiAQ the state was used wherever possible.

It is apparent that these results give a useful indication

of the spin value of the populated state. However the de-

'Pendence is not quite the same for each band since each level

may be populated in two ways; that is directly or by gamma

transitions from other states.
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"Figure 5.7

The ratios I_(E_ = 23.5 MeV)I/(E, = 36 MeV) plotted
LA TLi
against the spin of the de-exciting state.
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5.6 Gamma-gamma coincidence measurements

A two parameter coincidence experiment was performed
in which approximately six million pairs of coincidence events
were recorded. The Ge(Li) detectors used had volumes of 0.9
cm3 and 37 cm3. They were mounted at 90° with respect to the
beam direction and to eacii other. A special beam line arrange-
ment allowed the detectors to be placed within 2cm of the tar-
get position. The resolution of the detectors at 200 kev, as
measured from the coincidence projections was 1.1 keV and
2.5 keV. Although the small detector had very poor efficiency
above 200 keV its good resolution made it possible to set clean
gating windows on each of the photopeaks of the group 144, 147,
149 and 151 keV. The data were analyzed by setting gates on
photopeaks from both axes of the coincidence matrix. Events
due to background undérlying the gating photopeak are sub-
tracted off in eéch case. No correction was made for chance
but the excellent true to chance ratio (v 20:1) ensured that

chance peaks were not troublesome. The resolving time of the

coincidence system was approximately 80 nsec. Coincidence

spectra associated with 52 gates were obtained. Each was

analyzed to obtain the coincidence probability between a

i i incidence
gatlng transition and each transition appearing in coincil

Wlth it. The values obtained were compared with those pre-

£
dlCted for the assigned level scheme except for the cases O

close doublets where this procedure was used to calculate
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the strength of the transition.

5.7 The Level Scheme

171

The level scheme of Lu proposed on the basis of

the experiments described above is shown in fig. 5.8. The
rotational bands built on the 7/2+([404], 1/2-[541], 1/2+[411],
5/2+[402] and 9/2-[514] Nilsson orbitals are established to
high spin by firm coincidence evidence. Part of the coinci-
dence data is shown in figs. 5.9 to 5.11. Figure 5.9 shows
the 147, 171 and 177 keV gated spectra. Most of the peaks ob-
served in coincidence with the 147 and 171 keV photopeaks are
assigned to the 7/2+[404] band, together with interband tran-
sitions from the 9/2-[514] band. 1In addition an 801.4 keV
transition is observed to feed theground state band at the

I = 13/2 level, thus defining a new level at 1241.6 keV.

This state apparently feeds both the I = 15/2 and 17/2 mem=
bers of the ground state band by means of the 607.5 and 391.8

keV transitions which have been assigned on the basis of energy

fit. The transition to the I = 11/2 level is not observed, an

upper limit of 3 (relative to the intensity of the 122.09.

keV transition) being placed on its intensity. The structure

above the 801 keV line in the 147 keV gated spectrum corres~

ponds in energy to known impurity peaks. .

The 177 keV gated spectrum presents evidence for a

number of assignments within the 1/2-[541] band. Also a number

‘ eV
of interband transitions are obgserved. The 615 and 760 k

= 3 2
transitions feed the 1/2-[541] band from the I = 15/2 and 17/



Figure 5.8

Level scheme of 17lLu. Levels drawn double width

are observed in the single particle transfer spectra.



123

fees}-% bea- (or)+3 sl-% [1v) +%; zov)+% f2s)%

:11
®
3
D,

vl

X %
B0 . rseol ﬁa_ e
sg2

€ .%_m
6281 ¥

L4414

8s9s! LI._l.wu

e % owa %)

0Je
1 S6bb
a 2

Zwel ke

(4

oser——%;



Figure 5.9

Coincidence spectra associated with the 147.08,

171 ,0-171.6-172.3 and 177.22 keV gates.
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states of the 1/2+[411] band. The 722 keV transition ob-
served in the 177 keV gated spectrum feeds the 1/2-[541]
band from the I = 19/2 state of the 9/2-[514] band. This,
and other K forbidden gransitions, will be discussed in
section 5.8.

Figure 5.10 shows the 149, 144 and 295 keV gated
coincidence spectra. Lines in coincidence with the 149 keV
transition are assigned to the 9/2-[514] band with the ex-
ception of a number of interband transitions to the 7/2+[404]
band and a K forbidden interband transition from the 19/2,
1/2-[541] state to the 15/2, 9/2-[514] state.

Evidence for another K hindered interbaﬁd transi-
tion is shown in the 295 keV gated coincidence spectrum.
The 295.6 keV transition depopulates the 5/2+[402] band
and most of the lines observed are assigned to this band.
However the 247 and 339 keV transitions are assigned to the
1/2+[411] band. They arise from coincidences with a weak
296 keV transition from 17/2, 5/2+[402] to 15/2, 1/2+[41l1].

Figure 5.11 presents coincidence spectra recorded with the
1 cm3 detector. The 151 keV gated spectrum contains lines
the 5/2+[402] band and also two interband transi-

assigned to

tions: a 232.9 keV transition between 17/2, 1/2+[411] and 15/2,

5/2+[402] and a 75.0 keV transition from the band head of the

5/2+[402] band to the 3/2, 1/2+[411] state in competition with

the 295.5 keV transition to the ground state. The 137 keV

transition de—excites the 1/2+[411] band to the ground state.



Figure 5.10

Coincidence spectra associated with the 149.11,-

144.28 and 295.58-296.2 keV coincidence gates.
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Figure 5.11

Coincidence spectra associated with the 137.01

and 151.5 keV gates. Windows set on the 37 cm3

detector spectrum.
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Consequently, the 137 keV gated éoincidence spectrum con-
tains most of the lines assigned to the 1/2+[411l] band and
also, because of the 75 keV interband feeding, transitions

in the 5/2+[402] band. Because of the recognition of the

interband feeding and the excellent resolution of the 1 cm3

detector it is now possible to assign the 125.5 keV transit-
ion to the 1/2+[411] band. Previously it was thought that
the 5/2+1/2 1/2[411] transition was one of an unresolved
triplet at energy 124.5 keV. As a consequence the energies
of the levels in the 1/2+[411l] and 1/2-[541] have all been
shifted up by 1 keV from previous assignments. This shift
has made possible the fitting of three AK=2 inter-

band transitions. As this manuscript was in preparation a
paper appeared in Physics Letters (Kemnitz et al. 1972) in
which the authors report seeing a number of interband tran-
sitions with AK=2 and 4for which evidence is presented above.

There appears to be good agreement between their result and

ours.
The 109 keV line seen in the 137 keV gated coincidence

spectrum 1s not assigned.

The band head of the 7/2—[523] band was placed at 662

kév by Gizon et al. (1970) who studied the gamma spectrum

following the decay of 171,¢. 1evels in this band are too far

from the Yrast line to be strongly populated by the (a,2n)

reaction. Consequently we observe only the 661.9 and 539.9

keV transitions depopulating this band. For the same reason
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we have no gamma ray evidence to support the single particle

reaction assignments to the 1/2-[530] and 3/2-[532] bands.

5.8 Discussion

5.8.1 Introductioﬁ

The single pérticle transfer results and the on line
gamma and conversion electron data, when used in conjunction,
provide secure aésignments for a number of Nilsson orbitals
upon which rotational bands may be constructed to high spin.
It is interesting to examine the predictions of the rotational -
model for this.éase where there is sufficient data to test
the limitations of the model. It is also worthwhile to

consider what other states might be present at low excitation.

5.8.2 A poséible three quasi-particle state at 1241.6 keV
It would seem that the most probable assiénment of

the high spin state at 1241.6 keV would.be that of a three
quasi-particle state. In odd A spectra one expects three
quasi-particle states to occur at an excitation energy qf
approximately twice the diffuseness parameter, A. Such
states have been cbserved in 177Hf and 177Lu (Alexander
et al. 1964) and in 17 'Ta (Skanberg et al. 1970).

| It is possible to make a tentative assignment for

the spin of this state from the relative intensities of the

de-exciting transitions. To a first approximation one would
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expect the relative intensities of gamma transitions de-

2A+1
¥

of the three transitions feeding the I = 13/2, 15/2 and

exciting a state to vary as E « The intensity ratios

17/2 levels of the 7/2+[404] band are 1:0.25:0.09, in reasonable
agreement with the ratios 1:0.43:0.11 expected for dipole tran-
sitions. Thus 15/2 seems the most probable spin for the

1241.6 keV state. 1In 171Lu the most probable configurations

at low energies are the 7/2+[404] proton state coupled with

two low lying neutron states. The available single particle

orbitals are shown in fig. 5.12. In the present case a likely

configuration is
{m7/2+[404], v7/2+[633], vl/2-[521]}15/2- .

5.8.3 Gyromagnetic factors
Assuming pure configurations the rotational model allows

the calculation of the gyromagnetic factor gK.from the cascade

to cross-over gamma transition intensities within a rotational

band (Winter et al 1970). The results which are obtained by
using the neighbouring 17°Yb quadrupole moment Q, = 7.55b
= 0.3, are listed in

or the 7/2+[404],

(Stelson and Grodzins 1966) and gp

table 5.8 and are compared with the gy values £

5/2+[402] and 9/2-[514] orbitals, predicted by the classical

Nilsson model (Nilsson 1955). For an unmixed band the value

of the gyromagnetic ratio Ix is given by

: 1 2 - a2 ) + g
QK = 3% (gs - gg)i(ag'x;l/z a2,,K+1/2 2



- o | 131

@ 9/2"' 624

@- 5, +402)
2 C4 7- B14)
@3 9, - Bi4]

69) l/2+[4||]

&
—6 7523 —&)- Yo~ 523

Figure 5.12
on single particle orbitals for

Available proton and neutr
171;.,.
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for K # 1/2, the aﬂ"n terms are the Nilsson expansion co-

efficients which are related to the coefficients of Chi by

= )\ NN
Cyp = § <2A5K-A|jK>ay, .«

For free nucleons one.has dgg = (g:ggg) and gy = (é) for
protons and neutrons respectively. 1In practice it is

found that better agreement with experiment is obtained using
gg = 0.6 dg free. This value was used in the present
calculation.

It may be noted that the agfeement is best for the
7/2+[404] band for which the effects of Coriolis coupling are
expected to be least. These data are more extensive but are
in general agreement with those of Hjorth et al. (1972) and
Kemnitz et al. (1971). It may be noted also that values of

2

1/6° presented in table 5.8 are derived using a model depen-

dent approach, and furthermore it is assumed that there are

no Coriolis coupling effects. The results are in good agreement

with those given by angular distribution measurements (Hjorth
et al.1972) One may conclude that the rotational model
approach is valid and that the results are not very sensitive
to the effects of Coriolis coupling.

The next two sections present a discussion of an at-

tempt to calculate rotational energy spacings and branching

ratios in a way which properly takes the effects of Coriolis

coupling into account.




-

TABLE 5.9
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Gyromagnetic factors of the 7/2+[404]), 5/2+[402], 9/2—[514]
1/2+[411]] and 1/2-[5ﬁ}]'rotationa1 bands in %71Lu
Orbital Initial l/cS2 ’ 'E'f'aﬁ'c?ﬁ'fr'_u%xf Nilsson
Spin , ratios Model
7/2+[404) 11/2‘ 3.8t0.6 *0.67:0.10
* 13/2 4.7:0.8 *0.71%0.11
15/2 5.5¢1.8 *0.73+0.24
17/2 3.8+0.8 :0.65+0.14 0.70
19/2 5.4x2.1 *0.75+0.29
21/2 5.5¢4.0 *0.70:0.51
5/2+[402] 9/2 16 +6 +1.,10+0.4
11/2 49 x8°* tl.68t0.3-
13/2 55 12 +1.70+£0.4 1.46
15/2 48 9 +1.3120.2
17/2 47 *18 +1.2420.5
9/2-[514] 13/2 22 *4 +1.1 0.2
15/2 24 *6 +1.1 +0.3
.17/2 21 %5 +1.0 0.2 1.23
19/2 25 *15 +1.1 £0.7
ib 7 +0.8 *0.6

21/2
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S5.8.4 Description of the rotational bands

. When the energy spacings of the rotational bands in
171Lu are presented in a plot of the effective momént of
inertia againsﬁ 212 (fig. 5.13) it is apparent that a number
of different mechanisms must be taken into account in order
to provide a complete description of the rotationai energy
levels. An excellent discussion of this point has recently
appeared (Hjorth et al. 1972). These workers suggest that
AK = 2 coupling is necessary to account for the oscillating
behavior of the 5/2+t402] band. Alsc they examine the pre-
dictions of the Harris (1965) vériable moment of inertia model
and fit the 1/2+[411] band by makiné a separate variable mqmeht
of inertia fit for those levels for which I1+1/2 is even or
odd. 1In the present work the approach has been to attempt
a complete description with one general calculation. To this
end a Nilsson model calculation which includes Coriolis mixing
and an approximation to a variable moment of inertia has been
performed. The general philosophy has been to describe the
energy spacings within the rotational bands with a minimum
o use values of the variable parameters

of parameters and t

which are physically reasonable rather than letting the

Pfogram make a search on all the available parameters. The

results of the fit to the energy spacings are presented 1n

table 5.9. The Nilsson parameters used are as described

in section 5.3. The expressions for the unperturbed energy



Figure 5.13

The effective moment of inertia plotted against

2I2 for rotational bands in 171Lu.
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TABLE 5.10 .

136

Calculated Fit to the Energy Levels in 171Lu
orbital Spin Level Energy (keV) Oorbital Spin Level Energy (keV)

expt. predicted expt. predicted
1/2+14041 7/2 0.0 0.0 . 1/2+[411]1 1/2 208.1 208.1
9/2 122.1 121.7 3/2 220.6 226.6
11/2 269.2 268.7 5/2 333.6 331.2
13/2  440.2  440.0 7/2 364.8 365.0
15/2 634.1 634.2 9/2 558.8 556.4
17/2 849.7 849.9 11/2 612.2 609.6
19/2 1086.6 1085.6 13/2 875.0 877.2

21/2 1341.2 1339.3 15/2 951.8 949.0 -
9/2-[514] 9/2 469.3  469.3 17/2 1276.1  1287.5
11/2 593.7 593.9 19/2 1367.7 1373.0
13/2 742.7 742.4 1/2-[5411 172 71.1 71.1
15,2 915.2 914.7 3/2 206.4 198.7
17/2 1111.3 1110.5 5/2 72.9 83.8
19/2 1329.3 1329.3 7/2 379.3 376.6
21/2 1565.8 1570.2 9/2 159.2 177.0
5/2+[402] 5/2 295.5 295.5 11/2 619.8 624-7
7/2 394.7 393.7 13/2 336.4 350.6
9/2 519.3 518.4 15/2 933.5 . 940.4
1172 670.9 669.6 | 17/2 606.8  602.2
13/2 842.6  843.9 % 19/2 1321.1 1320.9
15/2 1043.} 1044.8 21/2 968.7 927.4
17/2 1248.1 1258.3 25/2 1418.2 1320,2



137

levels and for the Coriolis matrix elements are as given in
chapter 2. The rotational energy matrix is constructed and
diagonalized in the space of all the Nilsson orbitals which
arise from the xg.,' 2 45 /2'. hyy a¢ 3/ and ), shell model
states, plus the 1/2-[530] Nilsson orbital from the f7/2
gstate. When known, the band head energies are those found
experimentally, otherwise the Nilsson model predictions are
used.

It is found that the rotational parameters and de-
coupling parameters have to be treated as free parameters,
although the necessary changes are small. The coriolis attenua-
tion factor a is commonly given a value between 0.6 and 1.0
(Lgvhgiden et al. 1972)}. It may be noted that the 17/2,
5/2+[402] and 17/2, 1/2+[411] states lie very close in
energy. This energy separation was reproduced with o = 0.65
and so this value was adopted for all the bands. A good
fit to the 7/2+[404] band was obtained with Bg = -8 eV,

accordingly this value was used for all the positive parity

bands. It is suggested by fig. 5.13 that a smaller value for

By must be used for the 9/2-[514] band. A good fit was ob-

tained with B ‘= =3.5 eV. This value was also used for the

1/2-[541] band. These values for B are of the same magni-

tude as that found by Rensfelt et al. (1970) for the 7/2-1523]

band in 161Ho. The rotational and decoupling parameters
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vhich were used are presented in table 5.11.
Table 5.11

Rotational parameters used in the unified model description

of the rotational level energies of l7lLu
Orbital Ay | By a
(keV) . lev) ..

7/2+[4041 13.9 -8
1/2-[541]) 11.2 -3.5 2.95
1/2+[411} 13.8 -8 -0.62
5/2+[402] . l4.25 -8
9/2-[514] 13.9 -3.5

By using a power series expansion, as presented in
chap£er 2, it is possible to make a fit to the energy spa-
eings of a rotational band to better than 1%. However this
leaves very few degreeé of freedom (in general just two or

three per band) and the physical significance of all the

parameters is not clear. The approach outlined above re-=

presents an attempt to describe the rotational energy

spacings in a more realistic way.

5.8.4 Unified model description of transition probabilities

A more stringent test of the model is its ability to

correctly predict transition probabilities and branching
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ratios especially in the case of the K forbidden transitions
discussed in section 5.7. For these special cases the
branching. ratios will only be correctly predicted if the
calculated admixtures of wave functions are correct. For the
levels of greatest interest the predicted amplitudes are
given iﬂ table 5..12

stng the predlcted energies as shown in table 5 .10

the transxtlon probabilities are calculated between states

. . N I'K- ‘ [} N v I K.
yI= ¢ ci 4, ~ and i o= I cE v, -
i=1l i j=1" )

éere, the qﬁantity Ci_ is the amplitude of ghe admixture of
the wave function on%Ki into the state with spin I, and N
is the number of mixed bands. The reduced transition proba-
bilities between mixed states are given by Hjorth et al.

(1970) as
: 2 ' : 2
B(E2,I+I') = —— e20 I I Cg Sk, <IK,20|1'K;>]

' 2 '
e 3 1 Iz
BML,I-T)= (G TF 4l o e

.—l(.il K.

3
K K. 2

I'+% ' i
1 -1|T -%>} ]
+ bM15K ,% K %( -1) <T l

where for K = X

M L+1 2 —g.)+2a, a, VEFI) (gy-gp)] )
b1 Gy1 =72 (1) i[azo(gs IR 2,20, %
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K.K,
. i
The diagonal elements Gyl J (Ki = Kj = K) are given by
KK 2 -k
G = a -1 - -

and the off diagonal elements (Ki + K+1, Kj = K) by

K+1,K K,K+1 - K. K,

Gy, ' = Gyt = - 3 (g .-

M1 Gy1 V2 EA [a&AaLA(gS.gR)
K, K,

+ agtn13, 0 YR+E+1) (8-A) (g, -gp)]»

where the coefficients ap, are the normalized amplitudes
for the particle wave function taken from the Nilsson model
calculation. The gyromagnetic ratios are taken to be gg =

0.6 95 free and dr = 0.3 with the quadrupole moment Q. = 7.55b.

For in band E2 transitions Qo is assumed to be constant.

The transition rates are given by

2
T(EA) = 4T (ﬁgi R-22B (EA)

and

2 _ -2
) = am (AEH T R 2@ " s

-

where R = 1.20 A1/3 fm and B(EA) and B(M\A) are in units of

fmzl.

The results of the calculation are compared with ex-
- perimental results in table 5.13 as branching ratios,
normalized to 100 for each level. It may be noted that the

calculation correctly predicts appreciable branching for the



141

v0Z°0- 9€8°0- "ELY°O S00°0 TET0 $S0°0- €2T°0 €°626T 2/61
L20°0 ZI1°0 - 890°0- ps0°0 . €Z0°0- cop°0- 168°0 T°126T  2/61
[s0s]-z/TT [¥1sl-z/6 (ezsl-z/L 'lezsl-2/s tzesl-z/s ~ leesl-z/€  (1vsl-2/T
S%0°0 8zs'0  S20°0 620°0- ¥20°0- TLTO 0€8°0- T°9L2T  Z/L1
SLO°0 €€8°0 S10°0- €€0°0 LT 0- SyT°0- 66%°0 0°8¥2T ¢/LT
‘ (A3Y)
zzv)+z/c  lzovl+z/e [tivl+z/e  (vovl+e/I (tTvl+2/1 Kbasug :
1oA97 utds

suoT3ouUny aAeM Jo 9pnaTTduy

zqana ut se3e3ls poxTW ATybTH 03 STLITAI0 IO mmuspxﬂanm

¢1°S TTaVL



142

Table 5.13
Experimental and Calculated Branching Ratios for
Gamma Transitions in l71Lu

. —___Transition Transition Branching
Orbital Ii Kin If Kfn Enerqgy Ratio Comment
(keV) expt. theory

7/2+4(404) 11/2 7/2+ 7/2 1/2+ 269.09 47 54

9/2 1/2+ 147.08 53 46

13/2 7/2+ 9/2 1/2+ 318.0 66 73

11/2 7/2+ 171.0 34 27

15/2 7/2+ 11/2 1/2+ 364.9 73 82

13/2 7/2+ 193.9 27 18

17/2 7/2+ 13/2 1/2+ 409.6 85 87

15/2 1/2+ 215.6 15 - 13

19/2 17/2+ 15/2 1/2+ 451.9 87 90

17/2 1/2+ 236.1 13 10

2172 7/2+ 17/2 7/2+ 491.4 85 92

19/2 7/2+ 255.2 15 8

1/2-[541) 372 1/2- 1l/2 1/2- 135.4 35 12

5/2 1/2- 133.5 65 88

7/2 1/2- 3/2 1/2- 172.9 .8 6

5/2 1/2- 306.4 46 15

9/2 1l.2- 220.06 46 79

11/2 1/2- 17/2 1/2- 240.5 20 26

9/2 1l/2- 460.7 57 45

13/2 1/2- 283.4 23 29

15/2 1/2- 11/2 1/2- 313.7 17 44

13/2 1/2- 597.2 69 29

17/2 1/2- 326.8 14 27

(continued next Page)
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Table 5.13 (continued)

. “Transition __  Transition ﬁrénching
(keV) expt. theory Conunent
19/2 1/2- 15/2 1/2- 387.8 30 44
17/2 1/2- 714.8 49 37
2172 1/2- 352.4 <5 17
15/2 9/2- 405.7 10 0.8 AK=4
17/2 9/2- 210.1 6 0.6 AK=4
1/2+[411) 5/2 1/2+ 1/2 1/2+ 125.5 10 33
3/2 1/2+ 113.1 90 67
7/2 1/2+ 3/2 1/2+ 144.29 79 6
5/2 1/2+ 31.2 1 0.03
5/2 1/2- 291.9 20 94
9/2 1/2+ 5/2 1/2+. 225.2 37 70
7/2 1/2+ 193.9 63 30
11/2 1/2 1/2 1/2+ 247.4 79 , 32
9/2 1/2+ 53.4 <1 <0.5
9/2 1/2- 453.2 21 68
13/2 1/2+ 9/2 1/2+ 316.1 51 84
11/2 1/2+ 262.8 49 16
15/2 1/2+ 11/2 1/2+ 339.6 83 54
13/2 1/2- 615.3 17 46
17/2 1/2+ 13/2 1/2+ 400.8 63 92
15/2 1/2+ 324.3 37 8
19/2 1/2+ 15/2 1/2+ 415.0 60 66
17/2 1/2- 760.2 40 34
5/2+[402] 5/2 5/2+ 7/2 7/2+ 295.58 98 99.7
3/2 1/2+ 75.0 2 0.3 AK=2
7/2 5/2+ 5/2 5/2% 99.1 66 70
7/2 1/2+ 394.7 34 30 AK=1

b
(continued next page)



Table 5.13 (continued)
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] ___Transition — Transition Branching
Orbital 1; K,m Ig Kem Energy Ratio
(keV) expt. theory Comment
9/2 5/2+ 5/2 5/2+ 223.8 22 18
7/2 5/2+ 124.5 62 67 v
7/2 7/2+ 519.3 <5 0.5 AK=1
9/2 7/2+ 397.1 16 14 AR=1
11/2 5/2+ 1/2 5/2+ 276.0 21 36
9/2 5/2+ 151.5 71 53
9/2 7/2+ 548.8 <5 4 AR=1
11/2 17/2+ 401.8 8 7 AK=1
13/2 5/2+ 9/2 5/2+ 323.4 66 53
11/2 5/2+ 171.6 34 47
15/2 5/2+ 11/2 5/2+ 372.2 44 65
13/2 5/2+ 200.5 56 35
17/2 5.2+ 13/2 5/2+ 405.7 43 69
15/2 5/2+ 205.0 28 26
15/2 172+  296.2 29 5 AR=2
9/2-[514] 9/2 9/2- 7/2 7/2%  469.3 39 95
9/2 7/2+ 347.1 53 5
1172 17/2+ 200.0 8 0.05
1172 9/2- 9/2 9/2- 124.5 74 26
9/2 17/2+ 471.5 24 69
1172 7/2+ 324.3 2 5
13/2 9/2- 9/2 9/2- 273.4 9 15
11/2 9/2- 149.11 75 45
1172 7/2+ 473.5 16 40
15/2 9/2- 11/2 9/2- 321.4 23 41
13/2 9/2- 172.3 77 59

(continued next page)
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Table 5.13 (continued)
Transition Transition  Branching
Orbital I, K.m I R.m Enexgy Ratio
1 : £ £ (keV) expt. theory Comment
17/2 9/2- 13/2 9/2- 368.6 36 53
15/2 9/2- 196.1 64 47
i19/2 9/2- 15/2 9/2- 414.2 26 63
17/2 9/2- 217.9 36 . 35
15/2 1/2- 395.8 <10 2
17/2 1l.2- 722.5 38 0.6
21/2 9/2- 17/2 9/2~ 454.4 71 68
19/2 9/2- 236.6 29 32

3) calculated using coincidence probabilities and the conversion

coefficients of Hager and Seltzer (1968) .
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K forbidden transitions observed experimentally. For pure
states transitions for which AK > A are complete forbidden,
such transitions proceed due to admixtures in the wave-

function of states of different K.

5.9 Summary

A variety of experiments has been performed in order.

to establish and identify the states in the rare earth de-

formed nucleus 171Lu. Proton particle states have been stu-

died using (3He,d) and (o,t) stripping reactions. The reac-
tion products were analyzed with an "Enge" split pole magnetic
spectrograph. - The expected components of the following in-
trinsic proton states have been identified: 7/2+[404] (ground
state), 1/2-[541], 1/2+[411] , 5/2+[402] and 9/2-[514]. In
addition, tentative assignments are made for rotational states
based on the 3/2-[532], 1/2-[530] and 1/2+[660] orbitals, and
for states which are mixtures of B and y vibrations and

particle states. The cross section ratios of the two strip-

ping reactions were used as an indication of & value and

- spectroscopic factors were extracted using D.W.B.A. calcu-

lations. Gamma radiation and conversion electrons following

the reaction 169Tm(a,2n)17lLu have been studied, using high

resolution Ge (Li) detectors in singles and coincidence mode,

and an on line, doubly focussing, electron spectrometer. -

Coincidence probabilities have been calculated and have been

used to determine the intensities of unresolved gamma transi-
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tions. Excitation functions of gamma-rays following the
168Er(7Li,an) reaction were used to check isotopic assién—
ments. The ratio of the relative intensities of gamma transi-
tions following the 7Li, and o induced reactions was found to
be a good indicator of the spin of the de-exciting lével.

It was found that a rotational model calculation which in-
cluded Coriolis coupling term and an approximation to a spin
dependence of the moment of inertia was able to provide a
satisfactory fit.tovthe energies of the observed rotational
levels and the gamﬁa branching ratios. The emphasis was Qn
performing a calculaéion which would give a reasonable
description of the properties'of all the rotational levels
without making undue assumptions Or introducing parameters
with no physical significance. The problem has been, and

remains, which parameters should be allowed to vary. The

present calculation points out the striking effects of

Coriolis coupling by predicting significant mixing for

bands differing in K values py as much as four.
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A VARIABLE MOMENT OF INERTIA DESCRIPTION OF BANDS IN
ODD-EVEN NUCLEI

P. R. Gregory and T. Taylor
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Hamilton, Ontario, Canada

Abstract
The advantages of extending a variable moment of iner-
tia model to bands in odd-even nuclei are demonstrated.
Calculations are performed for bands which are not signifi-

cantly affected by Coriolis coupling.

The variablé moment of inertia (VMI) model, as
formulated by Mariscotti et. al. (1), yields excellent two
parameter fits to the excitation energies of the ground state
bands of even-even nuclei, over a wide mass range. The
expression for the excitation energy, in the semiclassical
model, contains a rotational energy term I(I+l)/2<4 and a

2
potential energy term CGJ;-JQ) /2 where~J% corresponds to

the ground state moment of inertia and C is a restoring force

constant. The moment of inertia for a particular state of

spin I is determinea by the variational condition aEI/an = 0.

Deviations from the I (I+1) rule for energy spacings within a

band are in this way attributed to an increase in.the moment

of inerxtia. o

With the advent of very high resolution Ge(Li) de-
y high spin

tecfors it has recently become possible to stud



members of bands in odd-~even nuclei by (Heavy Ion,xn) reactions.
In particular, data is now avaiiable for bands which are not ex-
pected to be significantly affected by Coriolis mixing, thus the
feasibility of extending the VMI model to odd-even nuclei may
be easily evaluated.

The Fpecific cases considered are the 7/2+[404] valence

proton band in 171Lu (2) and the 11/2-[505] valence neutron band

in 153Gd(3). The experimentally derived gyromagnetic ratios

(2,3) are found to be constant within each band. The observed -
values are Ik = 0.70 for the 7/2+([404] band and gy = -0.16

for the 11/2-[505] band assuming the'intrinsic quadrupole moments

153

Q, = 7.55 for 1711, (4) and Q_ = 6.08 for ~~-Gd (4) and employing

the gyromagnetic ratio dgr = 0.30 for the rotor. The values pre-
dicted by the Nilsson model are gy = 0.70 for the 7/2+[404] band
and gK.= -0.19 for the 11/2-[505] band. The constancy of the
éyromagnetic ratios and the agreement with the theoretical pre-

dictions for pure bands implies that the effect of Coriolis mixing

is negligible for the bands in guestion.

The spin dependence of the excitation energy spacings

can be conveniently compared with that of neighbouring even—-even’

nuclei in a plot of AI = 2 transition energies versus I. This

comparison is made in Fig. 1. Rezanka et. al. (5) have noted that

for the case of 153'154Gd the effective moments of inertia as well

as their variation with angular momentum may be seen to be al-

most identical. Apparently the rotation-particle coupling does

not significantly renormalize the effective moments of inertia

in l71Lu and 153Gd.



Figure 1

The variation of the effective moment of

inertia with angular momentum is seen to be

171Lu(153 17

almost identical for Gd) and

on(154Gd).
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Table 1

Experimental and calculated energies and

moments of inertia of bands in 153Gd, 154Gd

171Lu and 170Yb. Also shown are the values

of I, (kev-l) and C(kev3) associated with each
fit,
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Figure 2

The calculated moments of inertia for odd-
even and even—-even nuclei show the same variation

with angular momentum.
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The ad hoc expression originally formulated by
Mariscotti et, al, (1) and recently theoretically justified
by Volkov (6) is logically extended to odd-even nuclei by adop-

ting the expression (7)
E; 1) = C(‘é-ci)2/2+(I(I*i)-K(K+l))/24L .

The parameter5<54 and C are determined by a least squares fit to
the equally weighted experimental excitation energies. The re-
sults are presented in Table 1. The variation of the moment
of inertia as a function of spin is shown in Fié. 2. The
gualitative similarity between neighbburing even-even and odd-
even cases is impressive and suggests the desirability of inclu-
ding a variable moment of inertia in more sophisticated calculaﬁions.
The advantages of a variable moment of inertia model
for bands in odd—eQen nuclei are now apparent and therefore the
extension of the model to Coriolis mixed bands is under considera-
tion. An inherent difficulty is that the variation of the moment
of inertia implies the variation of the deformation which in
turn gives rise to modified valence particle eigenfunctions and

band head energies. Nonetheless such calculations may prove

to be extremely fruitful. - .
The authors acknowledge useful discussions with A.B.

Volkov and J. C. waddington.
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