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ABSTRACT

The /?+/EC decays of mass-separated and '^^Bi were studied at the

Oak Ridge Holifield Heavy-Ion Research Facility. In these experiments the heavy-

ion fusion reactions 4??,) and ̂ ^^Re{^^0,Sn) were used. Time-sequenced

spectra of 7-rays, X-rays, conversion electrons and 77t, 7Xt, e7t, eXt coincidence

data have been obtained. The decay schemes of '^^Bi consisting of 67 excited states

and 216 transitions and of ̂ ^^Bi consisting of 41 excited states and 61 transitions

in were constructed . Several very-converted transitions interpreted to have EO

multipole admixtures, an indicator of shape coexistence, were found to de-excite

positive-parity levels at 1705 and 1754 keV in ^^®Bi and levels 757 and 1023 keV

higher than the isomer state in ^^'"'Bi. One possible deformed state with negative

parity was found at 739 keV in ^'-'^Bi.

The systematics of the lower excited states in odd-mass Pb isotopes were

discussed. The good agreement were found for P3/2, f5/2 and ii3/2 energies as com

pared with the theoretical deformed harmonic-oscillator potential predictions. The

systematics of shape coexistent states in odd-mass Pb isotopes were discussed in

both positive and negative parities states and compares was made with even-mass

isotopes. The odd-A states were interpreted in terms of a single neutron weakly

coupled with tlic spherical and oblate deformed even-core. The Nilsson model and

Ibtal Routhian Surface calculations were used to studied the nuclear shape of Pb

isotopes.

As a by-product of the '^^Bi experiment, a decay scheme of '^^Pb with 56

excited states and 86 transitions was established. Two bands of 7r/?9/2 9/2" [505] and

7/2[514] were ex])anded. The particle-rotor model was applied to calculate



level energies and and transition rates. Idie calculation wit h = -0.145 and 7 = 0°

gave a good fit to the experimental relative intensities for K=9/2 band.
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CHAPTER 1

INTRODUCTION

Nuclear shape, a semi-classical concept, is used to describe the property of

general, collective structure in nuclei. As with many other nuclear properties, e.g.,

single particle orbitals, different nuclear shapes can coexist among the eigenstates

of a nucleus. It means there is more than one stable nuclear shape existing in some

excitation region, rather than a shape change as the excitation energy changes. The

main point of this paper is the study of the shape coexistence in odd-A Pb isotopes.

The phenomenon of nuclear shape coexistence was found first in the nu

cleus about 40 years ago. Morinaga [A'lor56] explained the first excited J" =

0"^ at 6.05 MeV as a deformed state in 1956. In about ten years. Brown and Green

[Bro64,66a,66b] and Engeland [Eng65] developed this idea in theory. The first ex

cited J" = 0"*", the collective rotational-like band built on it and the 5(E2) values

related with this band \vere explained very well, using two particle-two hole (2p-2h)

and 4p-4h configurations which mixed with the spherical ground state. After that,

coexistent states in the ''°Ca region were studied by the same process. Federman

[Fcd69] made a comprehensive review of this region. Before 1970, the main study

of coexistence phenomena was limited to the light nuclei (<®^'Ni). In this period,

the main theoretical considerations started from the Nilsson model and included

the pairing part from the residual interaction which induces the BCS pairing cor

relation.? in the nuclear system. A quadrupole deformed static field combined with

pairing correlations create the necessary minima in the potential energy surface of



tlie nucleus. Spherical states and quadrupole defonued excited states will co-exist

in the same nucleus.

After understanding shape coexistence in the light mass region, many co

existence phenomena were found in ilie heavy nuclide region from the 1970's, es

pecially in heavy nuclei near closed shells. The presence of low-lying shell-model

intruder states and rotational bands occurring in nuclei with spherical or near-

spherical ground states constituted the main evidence of coexistence in this region.

In the 1980's and 90's, more shape coexistence was found and superdeformed high

spin states proliferated. With the development of experimental techniques, in fact,

coexistence phenomena were found in (nearly) every nucleus. Heyde ei a/.[Hey83]

had a comprehensive review in odd-mass nuclei and Wood et a/.[Woo92] had an

other comprehensive review in even-mass nuclei. Large amounts of experimental

results have pushed the development of the theory on coexistence. There are many

theoretical descriptions of coexistence in nuclei. But usually these theories can be

placed in two major categories: shell model plus a residual proton-neutron force and

deformed mean-field descriptions.

For lead isotopes, the first evidence of shape coexistence was obtained

only ten years ago [Dup84]. In even-mass isotopes, the deformed O""" excited state

is explained as a 7r(2p-2h) intruder state, A proton pair jumps from 3si/2 state

to next shell 1119/2 state. Excited 0"'" deformed state systematics of even-A lead

isotopes compared with intruder states in ^-^Tl and are shown in Fig. 1.1.

i?(E2) values for decay from the deformed 2+ state to the ground state and deformed

O""" state and the EO transition components are used to support the existence of

collective bands and shape coexistence (Fig. 1.2). p^(EO), given in the figure 1.2, is

the reduced electric monopole transition probability and will be discussed in section

2.7.

In the odd-mass lead isotopes, there is evidence for shape coexistence only

2
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in ^^^Pb [Gri91] and ̂ ^'Pb [Van91]. Some positive parity shape coexisting states in

these nuclei can be interpreted in terms of an ii3/2 neutron coupled to the shape

coexisting states of the even mass cores.

The main objective of this study is to utilize ̂ S-decay from neutron-deficient

Bismuth isotopes 19-3 and 199, to set up more complete level schemes of i93,i99p]^^

to search for evidence of coexistence in these isotopes and to extend the systematics

in odd-mass lead isotopes.

The development of nuclear physics depends on both theoretical and ex

perimental studies. Chapter 2 is devoted to the nuclear theory. In the first four sec

tions, some theoretical descriptions related with the shape coexistence phenomenon

will be discussed. In the second half some nuclear decay theories related with this

experiment will be introduced.

In Chapter 3, the experimental set up at Oak Ridge National Laboratory

will be described including components for the production of radionuclides, mass



separation, tape transfer of activities and detection of and electrons. In the

last two sections, the data-acquisition system used for this work and the techniques

of data analysis will be discussed in detail.

In Chapter 4 the experimental results are reported. From the /? decay of

^®®Bi and ̂ ®^Bi and 7 de-excitation, more complete level schemes of and ̂ ^^Pb

were developed and several possible EO transitions were found, which serve as the

indicator of nuclear deformation. The ̂ ®^Bi decays to ̂ ^^Pb and it, in turn, decays

to ̂ ®^T1. As the by-product of this experiment and combined with some early works

of this group, a new level scheme of i^^Tl is presented.

The most important results, shape coexistence in discussed

in the chapter 5. The systematics of coexistence and low levels in odd-mass Pb

isotopes are discussed and compared with even- mass isotopes. Finally the single

particle states of ̂ ^^Tl will be considered and calculated and the negative parity

states will be discussed in terms of a particle-core coupling model.

Finally, the primary conclusions from the current work and some sugges

tions regarding future directions are discussed in the last chapter.



CHAPTER 2

THEORETICAL BACKGROUND

The essential challenge of nuclear physics is to explain the nucleus as a

many-body system of strongly interacting particles. There are three fundamental

forces in nature: strong, electroweak and gravitation forces. The short-ranged strong

interaction which is the main force functioning in the nucleus, is still not understood

in sufficient detail. The many-body(7i > 3) problem can not be solved mathemati

cally. The nucleon number of a nucleus is lower than a few hundred, which is not

enough to get a precise solution by statistical methods. Because of these difficulties

in nuclear physics, many approximation methods have been adopted. Theoretically,

many simplifying mathematical models are constructed to make the many-body

problem tractable. According to the treatment of particles in the nucleus, these

models can be divided to two kinds: independent-particle models and collective

models. Experimentally, through nuclear spectroscopy and the analysis of differ

ent nuclear reactions, attempts are made to understand the nuclear structure and

fundamental interactions among the particles moving in the nucleus.

2.1 Shell Model

The nuclear shell model is the best-known independent-particle model and

usually is taken as the fundamental model of all other nuclear models in the low

energy region. In this model, every nucleon is assumed to move independently in a

single, smoothly varying central potential field, representing the average interaction



with all other nuclcons in nucleus, ll is a good appro.xiniation, because of the short-

range property of the strong force and the Pauli exclusion ).>rinciple which limits the

interaction between the nucleons. This potential field has roughly the shape of a

square well with a depth of about 50M(A'^ and a radius equal to that of the nucleus.

For the single-particle moving in this approximately spherical potential,

the Schrodiger equation is:

+ U{r)^ 4^nim{r) = E^im'^nimir) (2.1)
If the potential f/(r) is taken as a 3D harmonic oscillator or square well, this ecpiation

can be solved analytically. Solutions exist only for certain energies (eigenvalues)

which are functions of quantum numbers. With the harmonic oscillator potential,

the states are evenly distributed by the main quantum number < n > and solutions

are degenerate in / and m. In finite or infinite square wells, the states are further

separated by different orbital angular momentum number < I >.

The Woods-Saxon potential:

f <--2'1 + exp[^-f)

gives a better description to the real potential field. Fq is the depth of the potential,

R is the half-depth radius, and a is the diffuseness parameter which describes the

rate of radial decrease in the nuclear potential at its surface. With this potential a

numerical solution is required. There is some shift in the energy eigenvalues, but no

big difference with solutions utilizing the finite square well. The rounded edge of the

Woods-Saxon potential and the spin-orbit coupling interaction separates the states

further by the direction of spin. The corresponding single-particle Woods-Saxon

Hamiltonian is

f h V
^  f^vv5(r) - vu ( 2^ 1 9radUws{r){a- x p) (2.3)



Via is the constant of spin-orbit interaction, a is the spin matrix. The spin-orbit

coupling interaction is a surface phenomenon. It is only connected with outside

nucleons near the potential surface. An energy splitting proportional to cr • / is

introduced where

a- I =2{s- l)

= p — P —
(2.4)

/, j — / -f 1/2;

-(/+1), j = 1-112.

The energy splitting from the spin-orbit coupling interaction is proportional to /

for different orbit quantum numbers < / >. The selection of the proper vu of this

potential will create appropriate big gaps in the energy levels at neutron or proton

numbers 2, 8, 20, 28, 50, 82 and T26(Fig. 2.1). The splitting of higher orbit states

of If, Ig, Ih and li are responsible for gaps of 28, 50, 82 and 126. These magic

numbers are fitted with experimental results perfectly. This is the most astonishing

and important result from the shell model.

In this model, the nucleons filling the states under the major gap constitute

a spherical "core" and are difficult to be excited. Nucleons outside of the major gap

or unfilled holes under it are called valence particles and rearrangement of these is

used to describe most low energy nuclear phenomena. This method simplified a very

complicated many-body problem. The properties of ground states of nuclei and the

structure of light or near closed shell nuclei can be explained successfully. But for

nuclei far from closed shells, the more valence particles may occupy many j shells.

The size of matrices for shell model calculations is too big to be solved. This is the

limitation of single-particle shell model.
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2.2 Collective Model

The collective model was introduced by Bohr and Mottelson, mainly as a

basic macroscopic nuclear structure model in the medium and heavy mass region.

At the regions far from closed shells the collective motion of many valence nucleons

is approximated with a few collective degrees of freedom. For regions relatively near-

closed shells (60 < A < 150,190 < A < 220), the experimental low energy excited

levels resemble those of a vibrating harmonic oscillator. For regions far from closed

shells (150 < A < 190, A > 220), the experimental levels are similar to those of

a rigid rotor. Thus the collective model is divided into two parts: the vibrational

model and rotational model.

2.2.1 Vibrational Model

When a nucleus is easy to deform about its lowest equilibrium shape, vi

brations about this shape will be the important motion mode at low excited energy.

For small deformation at constant volume, the shape of a nucleus is described by a

radius vector R{9, (f)) from the origin to the surface.

oo A

R(e, 4>) = /?o[i + E E ol. ^)] (2.5)
A=2 ii=-\

A = 1, which corresponds to a translation of the nucleus, is not considered here. For

the small harmonic vibration, the total Hamiltonian is[Nat65]

= -Bo + 2^ E ^ E (2.6)
Eo is the energy of nucleus at the ground state; the second and third items are kinetic

and potential energies of collective vibration. The classical oscillation frequency

equals ̂ C\f Bx. Introducing phonon creation and annihilation operators

10



which satisfy the relations:

M'M

[0X'^i'1 I^Xp, = 0
(2.7)

and letting

a

the quantized vibration Hamiltonian becomes

H „ib ̂  H -Eo = hux + \)

The total energy eigenvalues are

E = + 51 ("Am +

(2.8)

(2.9)

(2.10)

where n,\^ is the number of phonons in the A/z-mode of vibration. Modes with

A = 2 and 3 are called quadrupole and octupole vibrations, respectively. The

excited energy spectra are shown in figure 2.2. The selection rule for the decay of a

vibrational excited state limits the change in phonon number to one, or An^ = ±1.

The main vibrational mode found in the experimental results is the quadrupole

vibration( A = 2 ). Usually the orientation of the coordinate axes is chosen so that

Q2i = 02-1 = 0 and 0:22 = 02-2. The parameters 02^ are related by the expressions:

(2.11)
020 = jScos'y

«22 = 0:2-2 =

An axially-symmetric nucleus has 7 = 0. Oscillations in Q20 and 022 are called fS

and 7 vibrations, respectively.

2.2.2 Rotational Model

The total Hamiltonian of a collective rotational nucleus is

E — Hrot + Hint + 77,coup (2.12)

11
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Figure 2.2: Energy .spectra for the quadrupole and octupole surface vibration

where Hrot represents the collective rotation of the nucleus, Hint describes the in

ternal motion of the nucleons and H coup is the coupling between the rotational and

intrinsic motion.

Usually for a nucleus far from closed shells, the nuclear deformation is

large and the excitation energies of the rotational states are much lower than the

single particle states. The characteristic frequency of rotation of the whole nucleus

is much less than that of the internal nucleon motion. The coupling interaction is

weak. Under the adiabatic approximation {Hcoup ~ 0)

H = Hrot + Hint (2.13)

The deformed nuclear shape or potential field is the first condition of nu

clear collective rotation. A nucleus can not rotate along the symmetry axis, because

a change in orientation is not detectable in quantum mechanics. Any collective ro

tational angular momentum R is perpendicular to the symmetry axis(Figure 2.3).

12



Figure 2.3: Vector relationship in the rotation model

The rotational Hamiltonian and corresponding energy eigenvalues are given by

fJ _ JL "R 2
^^roi — 2^7"^

E„, = §(/(/ +1) + J(J+1)- IK']
(2.14)

where J is the moment of inertia of the nucleus. In general, it lies between the

moment of inertia of a rigid body and that for irrotational nucleon motion. For

particular values of Jand A', the sequence of energy levels just looks like a molecular

rotational band.

For an even-even nucleus, the intrinsic angular momentum J is zero. The

total angular momentum I equals R. So

Hrot = 2J'

Eroi = ̂I[I+l)
(2.15)

At higher energy, the adiabatic approximation will be worse and the moment of

inertia will increase due to centrifugal stretching. The excited energy is modified as

(2.16)
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Bis a. fitting constant and can be decid(\] by the experimental data. The rotational

band can be set up on the collective vilnat ional states. Depending on the type, they

are called the ̂  or 7 bands.

There have been many interesting phenomena found in the high spin rota

tional states in recent years. The description of high-spin phenomena has become a

big topic in nuclear theory and lies outside of the scope of this work.

2.3 Nilsson Model

The deformed shell model is called the Nilsson model because a significant

advance was made by Nilsson. The model assumes that all nucleons move in an

axially deformed harmonic oscillator potential V(x,y,z) with spin-orbit and orbital

angular momentum dependent terms. The Nilsson Hamiltonian is

H = ̂  -b Vix, y, z)-Cl-s- Dl' (2.17)

where V{x,y,z) = ̂7v{u;lx'^ + ^1^^) and = ujy = Further, the

frequencies can be written as

(2.18)
wx = wo(£)(l + ie)

w.-= u;o(£)(l - |e)

where e is the deformation parameter in the Nilsson model. Keeping the nuclear

volume as a constant

^00 (2.19)

Comparing the last two equations, one obtains

^o(£) = woo(l - (2.20)

where cuqo is a constant which represents the frequency of the spherical nucleus.

14



For the case of a 3-D harmonic oscillator potential, the three frequencies

can be written as

= teo(e,7)(l + ̂ecosj 4-

Uy = u;o(£,7)(l + \ecosj - -^esin-y)

u>z = u!o(e,j)(l - \ecos-i)

(2.21)

where e and 7 axe deformation parameters. For the axially symmetric system (

7 = 0 ), it will return to the basic Nilsson model.

Using the polar coordinate system to describe a quadrupole deformed nu-

cleus(Fig. 2.4), the deformed harmonic potential is

&i4') — 2 ~ 2^[cos7 Y2o(^5 ̂ ) + + F2-2)]} (2.22)

The relationship between the different deformed parameters (/?, e) under the first-

order approximation is

e = y^p = 0.95P (2.23)
The deformed Woods-Saxon potential is

Vo

where R(0, cj)) is defined by Eq. 2.5. In a deformed potential well, the nucleons in

the same j subshell but having a different projection (D) on the symmetry axis have

different wave functions and energies. The degeneracy of {2j + 1) for a j subshell

is lifted to {j + 1/2) states. The resulting doubly degenerate states will split in the

case of nuclear rotation. The calculated Nilsson diagram with the Woods-Saxon

potential for both neutrons and protons are shown in Fig. 2.5.
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Figure 2.4: Lund-Warsaw convention of quadrupole deformation.

16



—
I

Si
ng
le
 p
ar
ti
cl
e 
ne
ut
ro
n 
le
ve
l

Wo
od

s-
Sa

xo
n 

po
te
nt
ia
l 

y=
0 
N=
10
2

q
.

Si
ng

le
 p
ar

ti
cl

e 
pr

ot
on

 l
ev
el

Wo
tx
ls
-S
ax
on
 p
ot

en
ti

al
 ^
4=
0 
y=
0 
Z=

77

(
6
2
4
1
^

|
5
l4

]7
/i

r
s
—
I

r
r
—
•

I
—
T
V

y
 
/

v
v
^
 

✓
 

/
>

\
\
 

\
 
T
 

A

\
 \
X

y
^
/

v
r
.
-

<
V

:
:
V

A
,
 

A
 f

^
 .
'
 /
 

W
.
v

9
S

q
V
"

\
 /
ir

 
•'■

~
\/

^
 

xX
<v

/
/v

V
"X

::
—

V 
\
\

J
\
 
\

\
 
'

A
O

.N

•f
l'l

c?
v

<
»

/
S

V
 /"

if
'X

 
/

\(
,V

^
y

P3
/1

\ 
Vv

 
X

 
-

X
^
x
W

/
•

^.
 \
 
\
 

\/
^

yv
* 

'*'»
 
\

//
\ 

\ 
N, 

V
 
\

\@
^
//

•'
 

\ 
//
>

x
 -j

#
 ®

 w
 S

/
 w

P
y:

>
. \

S
^4

^®
 \

<
i'

.-V
tV

x

H
I

>i
Jn

8
2

5:^
{S

33
,

i
 ->o

S
j

{<3
,

y-
K

-
/2

r
.-

vk
j;

80
(?

2jj
98

frn
•X

-1
1

«2
7n

®
 y

'i/
j

\
 

♦.
>

88
%

\
y
y

I
 y 

/
 

X
—

^X
--

X
rX

_
 y

—
[li

x?
" 

\

K
 "s

o'
>.

 
'

2
S;

 
-A

3
82

.
/ 

^T
SS

jvi
 

\—
X

 
^
 

va
\iS

2--
^

i-_
_X

2_
2X

iy
^ 

"—

'nO
13

5?
c-

V
fi

x.
k-

^
J?

:

d
 I 

■
I

 1>
 
\
 I

 
t 

X 
1

0.
4 

-0
.2

■0
.1

0.
2

-0
.2

 
-0

.1
 

0.
0 

O
.l 

0.
2 

0.
3

Pz
Pt

Fig
ur

e 
2.5

: 
Th

e 
Ni

lss
on

 d
iag

ra
m

 fo
r n

eu
tro

ns
 a

nd
 p

ro
to

ns
 in

 th
e 

lar
ge

 m
as

s r
eg

ion
.



2.4 Shape Coexistence

In the last two sections, the deformed miciear shape has been discussed.

The spherical or deformed potential field is used to describe the interaction among

the nucleons effectively. But this is still an approximation. Usually the energy gap

at closed shell can separate the nucleus as an "inert" core plus "valence" nucleons.

The Hamiltonian can be written

H = Hcore + Hyal + Hcoup (2.25)

where Hcore and Hyai are Hamiltonians of the core part and valence nucleons, and

Hcoup represents the interaction between the core and valence nucleons. For a system

with more than one valence nucleon, the "residual" two-body interactions between

the valence nucleons are very important. Hyai is written as

= D(fi + V(r,) +d,.s,) + j:V(r„r,) (2.26)

Hyal — Hghcll T Hr

"■+V(r,-) +£l, -s,) +

There are two kinds of nucleons (proton and neutron) in the nucleus. Residual

interactions can be divided further as

HrtS = Httt: + Hyy + (2.27)

The short-ranged "pairing" force is the most important interaction between the like

valence nucleons, which produces a strongly pair-correlated structure as the nuclear

ground state. In this case, a large amount of energy is needed to break a pair of

nucleons to produce an excited state. The residual proton-neutron interaction is the

main force responsible for the deformation in nuclei[Sha53].

Most of shape coexistence phenomena at low-excitation energy are found

at and near closed shell regions. The proton-neutron residual interaction is the

key to understand the coexistence in the shell model theory. In single closed-shell

18



TC

Figure 2.6: Schematic representation of a proton intruder 2p-2h O"*" configuration
where and denote the intruder particle and hole orbitals, and denotes the
neutron orbitals filled with a BCS-like pair distribution.

nuclei there is only one kind of valence nucleon, the deformation producing force

is zero(jEr^^ ~ 0). The ground states of tin and lead isotopes are spherical or near

spherical shapes. However for the isotopes like tin or lead, when a proton pair

is excited out of the closed shell to the next higher shell(Fig. 2.6), it is called an

"intruder" state. The strong proton-neutron residual force will create the deformed

nuclear structure.

For medium and heavy nuclei, even single closed-shell isotopes, the number

of valence nucleons is big enough to make the shell model calculation difficult or

impossible. Empirically the energy of the proton intruder 2p-2h O"*" state can be

written as[Hey87]

Eintr{0^) = 2(£j„ — Cj'^) — AEpair + AEm + AEq

= 2(£j„ - £^.) - AEpair + 2 + l)vl[E{j^j^) - E{j'ju)]
ly

+ <

j  j' n )
2(2ju-l) ^ \J-^i J Jvi "■tt )

4 kq v/Ott — — N„Ny
(2.28)

where ej„ is the energy of the proton single particle state at j subshell; AEm and

19
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Figure 2.7: The total energy correction (full line) for the lowest 0+ intruder state.
The different contributions due to the pairing energy ( straight dashed line); the
monopole correction(dashed line) and the quadrupole correction (dot-dashed line)
are given in a schematic way for the Z = 82 region, (from [HeyST])

AEq are monopole and quadrupole proton-neutron interaction energy corrections;

is neutron pair BCS distribution probability at j subshell; N is the number of

valence pairs and = j + j is the orbital degeneracy; and, E denotes the spin-

averaged proton-neutron matrix element;

2 \ 1 J \V^^ \ J)
zJWTT) (2.29)

The total energy correction applied to the Pb region is shown in Fig 2.7.

Under the IBM-2 SU(3) limit (lower line of Eq. 2.28), using subshell ( N = 114)

correction, the excited energy intruder 0+ of Pb isotopes are fitted(Fig. 2.8).

The Nilsson single-particle energies depend sensitively on the deformation.

There is more than one local minimum of the total energy as a function of defor

mation for a given nucleus. From the Nilsson diagram(Fig. 2.5), on the oblate side

the high-j, high-f^ orbitals and on the prolate side the high-;, low-fl orbitals drop

20



I  1 1 I I I I I

Pb

A : EXPERIMENT

No /

O 3

//
/ /

190 192 19i 195 198 200 202 2W. 206 208
ATOMIC MASS A —

Figure 2.8: The energy fitted with the experimental 0+ intruder states in the Pb
nuclei. The dashed line is calculated up to the double-closed Z = 82, = 126
shell. The full line is fitted including an = 114 subshell closure with the effected
neutron pair number correction, (from [Hey87])
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quickly as deformation | /?2 | is increased. Most shell gaps are created by the energy

splitting of high-j states as mentioned in section 2.1. When the intruder valence

particle occupies these single-particle orbitals, the nucleus will be easily deformed

energetically and the occupation of these orbitals is a deformation driving effect.

The structure of odd-mass nuclei basically can be set up as a single particle

coupling with an even-even "core". This coupling is divided into three limits in the

extreme situation (Ref. [Hey83]). It is shown in Fig. 2.9.

Case A. Near spherical symmetry = 0), the excitation spectrum consists of

multiplets built on core-excited states. The coupling is weak.

Case B. For prolate shape (7 = 0°), particle states(small fl) result in a decoupled or

rotation-aligned spectrum, hole states (large fl) give a strongly-coupled spectrum.

Case C. For oblate shapes (7 = 60°), the reversed situation occurs: a strongly-

coupled spectrum arises when coupling a particle state (large fl), and a decoupled

(or rotation-aligned) spectrum results when coupling a hole state.

In fact, the particle-"core" coupling lies between these limits for most situations.

The triaxial deformation (0° < 7 < 60°) is needed to fully account for the observed

energy spectra.

2.5 Beta Decay

As P decay is involved in the experimental part of this work, it will be dis

cussed briefly in this section. In P decay the parent nucleus does not change its mass

number while its atomic number changes by one unit. The P decay include three

modes: electron emission {P~)^ positron emission {P"^) and electron capture(F'(7).

After the continuous energy and momentum spectra of P decay was explained by

the Pauli neutrino hypothesis in 1933 and confirmed in experiment later, the three
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Figure 2.9: The three important limiting cases of particle-core coupling(from
[Hey83]). The level schemes illustrate the band structure of hole states. For particle
states the schemes of case B and C are exchanged.
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,Y + e + u

(2.30)

decay modes are written as

/^~ = z+i-

/?+: ^ i.,Y + e+ + u

EC: iX + e- i_,Y + i^

Where u and V represent the neutrino and antineutrino. In the nucleus, it also can

be written as

/9~ : n —> p + e~ + 77

:  p —> n + 6++1/ ^ (2.31)

EC : p + e~ —»■ n + ly

When the spins of emitted electron and neutrino are anti-parallel, the decay is

labeled as a vector Fermi transition; when the spins are parallel, it is called an

axial-vector Gamow-Teller transition.

Probability of ̂ -decay. From the basic Fermi theory(1934), the probability

of an electron emission per unit time with momentum between p and p -|- dp is

^ dn

dE
(2.32)I{p)dp = Y 1/

Where is the number of final states per unit decay energy. Since the interactions

among the produced nucleus, electron and neutrino are very weak, the wave function

of the final state is the product of the wave functions for the individual parts

'I'y = Uj(f)p(f)^ (2.33)

Under the free particle approximation, the non-relativistic wave functions of the

electron and neutrino are

(jyp = V~^f'^exp{ik0 ■ r)
(j)^ = V~^^'^exp{i]fii, ■ r)

Finally considering the effect of the electrostatic field of the nucleus, the Coulomb

correction factor F{Z,E) (called the Fermi function) is added. The probability is

(2.34)

np)dp = nz,E){E„.. - srp'dp (2.35)
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where Mij = / Uy u,exp[—i(k^ + k^) • rj^/r is transition matrix element and g is the

strength constant of the weak interaction. The total probability of all /? particle

emission is the decay constant A given by integrating over the momentum distribu

tion as

-L (2.36)

= ["• F(Z,E) ^ (2.37)
The plane wave part in the transition matrix element can be expanded by

the Bessel function

exp{ic{ • r) = Yio{6)Bi{qr) (2.38)
I

The transition probability therefore can be expressed in terms of orbital angular

momentum < / > eigenstates. Transitions with / = 0 are called allowed /3-decay;

those with / = n are called nth-forbidden transition. The practical calculation of

the transition probability gives 2-3 orders of magnitude difference in rates for the

neighboring nth transitions.

Probability of K-electron capture: The interaction between the nucleus

and the electron in the /v-orbit is stronger than for electrons in the other or

bits. Relatively the capture probability of the K electron is bigger than others.

But when the mass energy difference of the initial and final nuclei is too low (

Ek > {Mi — Mj)c^ > El ), the A'-electron capture is impossible and the L-electron

capture will be the most probable process. Only the probability of K electron cap

ture is discussed here. The wave function of the electron in the K shell is given

by
1  fZm^e^y' ( Zm,e' \
(—j (-^7

Considering that there are two electrons in the K shell, the total probability of K
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Figure 2.10: Ratio of /if-capture to positron emission

electron capture is

Aa' =
2m\c'^g'^ f Ze^

Mij ? (2.40)
he

The energy of neutrino is a single value because there is only neutrino emission

in this process.

If the mass energy difference of initial and final nuclei is bigger than 2meC^

and the atomic number(Z) of the final nucleus is one more than initial nucleus, it

is possible in principle that the /3- decay and electron capture occur simultaneously.

The ratio of can be used to check the /3 decay theory. For an allowed transition,

comparing Eq. 2.36 and Eq. 2.40

A A' Ei (2= 47r .41)A^+ y he j f i^Z/, Effiax)

which is not a function of the transition matrix. This ratio for different Z is shown

in Fig. 2.10. The transition energy for a heavy nucleus is small, so K capture is a

26



more dominant decay mode than ̂ '•'-dccay in the heavy mass region.

2.6 Gamma Decay

The produced nuclei from /3'-decay and other nuclear reactions usually are

in excited states. The excited nucleus can be de-excited by the emission of 7 rays.

Nuclear 7 decay results from the electromagnetic(EM) interaction in nuclei. The

7 spectroscopy has been extensively applied to the study of static and dynamic

properties of nuclei, because the EM interaction is considered to be a well known

one. The long-range nature of the EM force makes it quite sensitive to the collec

tive motion and the well-established EM theory provides a test of the fundamental

symmetries. The 7 transition selection rules, probability and multipole mixing ratio

will be discussed in this section, to show their dependence on the basic quantum

numbers (eigenvalues) of the nuclear states and how these are used to set up a level

scheme with excitation energy (Er), angular momentum (/) and parity (tt).

As a micro system, the nuclear radiation will obey quantum mechanics.

The nuclear excitation energy {E) and angular momentum (7) are both quantized.

The transition energy (E'7), angular momentum [L) and parity [-k^] of a photon are

= Ei-Ef (2.42)

L = Ij — If (2.43)

=  TTi/TTf (2.44)

As the nuclear charge distribution generates both electric and magnetic moments

and each can generate electromagnetic radiation, the transitions are correspondingly

classified as electric (E) and magnetic (M) transitions. The multipole character of

transition determines the orbital angular momentum L and parity according to these

27



simple reactions

Electric muliivolt radiation : 7r.v = f —1)^
(2.45)

Electric multi-pole radiation : tTj ~ ( — 1)^

Magnetic multipole radiatioii : rr^. = ( — 1)^+^

From quantum electromagnetic theory, the probabilities of electric and

magnetic multipole transitions are [Eji89]

where B{E,L} and B{M,L} are called electric and magnetic reduced transition prob

abilities. After averaging on the initial states and summing over the final states

B{E(M],L]= Yi (2.47)
MfMMi " '

where the multipole transition operator M is written as

M{E,LM} = f (2.48)

M{M,LM] (2.49)

The theoretical evaluation of the transition operator is involved with the nuclear

initial and final wave functions. It may be calculated only for the specific nuclear

models.

In the single-particle shell model, the nucleus is spherical and the 7 emission

is the result of a single proton transferring from one state to another state, the upper

limit of the transition probabilities are

Mi) (2.50)

M(i) = nilSip (1I5)'(^)""" (2.51)

The contribution of each multipole to the total transition probability is related by

a power series {R/Xy^, where R is the radius of nucleus and A is the wavelength of
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the 2^-pole radiation. From the last two equations, twt) conclusions are reached:

a). The higher the multipolarity of transition, the lower the transition probability

will be. For heavy nuclei, if the 7 energy is about 1 MeV'',

+ ̂)/^E{M){L) ~ 10

b). For a given multipolarity L, an electric transition is faster than a magnetic

transition. Usually Xm{L) ~ Xe{L + 1).

This is the reason that the E2 transition frequently competes favorably with the Ml

transition. Usually the experimental value of the multipole transition probability

is lower than the theoretical value, because Eq. 2.50 and 2.51 are the upper-limit

of transition. But for deformed nuclei, some E2 transition probabilities are much

higher than the shell model theory value which must be explained by the collective

model.

Electromagnetic theory indicates that there is a particular angular distri

bution for a given multipole electromagnetic transition. If the nuclei are polarized,

the angular distribution of the 7 transitions can be observed. But producing a

polarized target or ion beam is difficult experimentally. Frequently the 7 angular

correlation is used to determine the multipolarity of radiation. In the next section,

another method will be introduced which is used in this work to determined the

multipolarity of the transition.

2.7 Internal Conversion

The excited nucleus de-excites with the ejection of an atomic electron in a

process called internal conversion. The nuclear excitation energy Ey is transmitted

internally to the ejected orbital electron. The energy of the ejected electron is

El = E^- Bi (2.52)
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where 5, is the electron binding energy of the tth shell. Internal conversion competes

with 7 emission. Then, the total probability of an EM transition is given by

A = 4"
^  (2.53)

= A,(l+Ea.)

where A,- is the z-shell electron conversion probability and a,- is the t-shell internal

conversion coefficient. Practically, only three inner-shell ( i = K,L,M ) electrons

are considered because the probabilities of emitting other outer-shell electrons is

small.

For an electric transition, the Coulomb interaction is considered, and the

transition operator for the A-shell electron is

M{EL) oc'^J J exp{-iks n re)^pjj—^-—^rpi-^exp d^rid^r^ (2.54)
where kg is the final electron wavevector, is the nuclear state and a is the Bohr

radius of the /("-shell electron. When l/|re — r,| is expanded by the orbital angular

momentum, the multipole transition operator is written as

M{EL) a J exp{-iK n r,) exp d^iKv,) n [B{EL]Y^'
(2.55)

where B{EL} is mentioned in Eq. 2.47. Comparing Eq. 2.47 and Eq. 2.55 for A'-shell

electrons, the internal conversion coefficient afc is

oc oc (2.56)

since k^, oc for non-relativistic electrons. The conversion coefficient for magnetic

transitions is similar.

The conversion coefficient is independent of the nuclear matrix element.

It only depends on the 7 and electron momenta and electron wave function which

are expressed as E^, J, k, Z and ~ exp(—ikg • Fg). The conversion coefficient and
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ratios (as QkIql ) are used to determine the multipolarity of the transitions. The

numerical values of conversion coefficients have been given in several Nucl. Data

Tables [Tru72]. The experimental conversion coefficients are compared with the

theoretical value in this work to set limits on multipolarities of the transitions.

0+ —> 0"'" transition: It will be specially mentioned here because it is often

taken as the indication of shape coexistence. The intrinsic spin and parity of a 7

ray is 1~. From the 7 decay selection rules, the 7 transition is impossible for a

O"'" —> O"*" decay; only internal conversion is allowed (At higher energy AE > 2meC^,

the creation of an electron-positron pair is possible and its probability increases with

transition energy to become the main decay mode). The electric monopole operator

of internal conversion in the shell model is defined as

M{E0) = j2er^ (2.57)
t=i

And the reduced transition probability is

B{EO} =\ if I M(F;0) I i)/eB' P

'  (2.58)
eB?

where R denotes the nuclear average radius. From the last equation, EO internal

conversion radiation has a strength proportional to the difference in their nuclear

radii; a transition between the deformed 0+ state to spherical 0+ state will result

with an enhanced electric monopole transition. For any transition between the same

, the EO internal conversion component is possible and will be enhanced between

bands built on two different shapes. An aji value larger than the theoretical value

for a Ml transition is taken as a sure indicator of an EO component and a possible

indicator of shape coe.xistence.

31



CHAPTER 3

Experimental Arrangment

3.1 Experimental Set-Up

The mass-separated, radioactive sources were produced at the University

Isotope Separator at Oak Ridge (UNISOR) which is on-line to the Holifield Heavy-

Ion Research Facility (HHIRF) at the Oak Ridge National Laboratory. The layout

of the experimental area is shown in Figure 3.1. Heavy-ion projectiles, accelerated

with the HHIRF Tandem Accelerator, were incident on the solid target placed in

the FEBIAD ion source. Radioactive isotopes were produced by fusion evaporation

reactions (HI, xn). The cross-section of the selected reaction channel is connected

with the probability of forming a compound nucleus and the decay pattern of the

compound nucleus, which change with the incident energy and different projectile-

target combinations. Usually a statistical reaction model is used to calculate the

forming and decaying processes of a compound nucleus and the cross-section of a

given channel. In this experiment, a 53mg/cm^ stack of Re foils was used as a

target. The natural Re is constituted of 37.4% ̂ ®®Re and 62.6% of ̂ ®^Re. For the

best productivity, an ion beam was accelerated to 155-MeV to produce

mainly through the Re{^^0,An)^Bi reaction; and an acceleration energy of 170-

MeV was used to produce ̂ ^^Bi by the channel \^Re{^^0,%n)^Bi.

The radioactive nuclides produced by (^®0, xn) reactions would either recoil

or diffuse into the FEBIAD ion chamber. The high temperature inside the ion source

chamber caused the produced nuclides to ionize. The ionized nuclei were extracted
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through an aperture at the end of the chamber and accelarated by a 50-keV potential

into the UNISOR mass separator. Tiie singly-ionized atoms were separated spatially

by the 90° bending magnet according to mass and the desired mass was guided into

the right-beam-line and deposited on a stationary mylar tape.

There was a measurement station at the end of right beam line which is

shown in Figure 3.2. Three N-type hyper-pure Ge 7 detectors (Up, Down and Left)

and one Si(Li) electron detector (Right) were used in this experiment. One computer

controlled the tape-transport system by use of a stepping motor which moved the

atoms deposited on the mylar tape to the measurement point periodically. The

tape moving direction was arranged so that the radioactive isotopes were on the

electron detector side of the mylar tape, because of the poor transmission capacity

for electrons through the tape.

3.2 Data Acquisition

Two computers were utilized to acquire 7 and e~ singles and coincidence

data. A micro-VAX II was used to control and record the singles spectra. The

energy signals from the 7 and electron detectors passed a preamplifier and were

amplified by spectroscopy amplifiers. The amplified pulse heights were transferred

to Analog-Digital-Converters (ADCs) which produced digital numbers proportional

to the pulse heights. These numbers were transmitted to the computer which incre

mented the count in that channel of the spectrum being stored. For each collection

cycle six spectra taken from equal time segments were accumulated. 7 and electron

spectra were stored in the corresponding six sections of a Nuclear Data Interface

memory. The data of the next cycle was added on the last one; after many cycles

the spectra were dumped to data files on disk. A view of these six spectra together

gives the decay behavior of the peaks over time, as will be discussed in detail in the
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Figure 3.2: Diagram of the measurement station of the right-beam-line
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next section.

A Concurrent computer was used for the coincidence data collection. The

coincidence circuit is shown in Figure 3.3. The energy signals were sent to gated

ADCs. The pulse from the preamplifier through the Timing- Filter-Amplifier (TFA)

and Constant-Fraction-Discriminator (CFD) gave out the precise time signal. In a

timing range, the time difference between neighboring signals is converted to the

related pulse amplitude by a Time-Amplitude-Converter(TAC) first and then to a

digital signal by an ADC. The coincidence level was set as 2, so any more than two

pulses from different detectors occurring in a pre-set timing window (~ 200 ns) was

taken as one coincidence event.

The data acquisition is monitored and managed by the Event Handler,

which is a programmable CAMAC-based controller. The program was written in

assembly language for this experiment, it would control opening the gate of all ADCs

and let the energy and time- relationship signals pass through when a coincidence

event occurred and then closed the gates until the computer finished the recording

process of this event and reset. This data collection method is called event-by-event

mode. Data were accumulated in the memory unit from which some histograms

could be viewed to monitor the experiment. Data were also recorded onto the

magnetic tape. After the experiment, the tapes can be scanned at will to change the

timing window on the TAC channel or other parameters to get the best coincidence

matrix files (.his). This is the advantage of the event-by-event recording format.

The experiment can be repeated with different gating conditions any time when the

tape is scanned, such flexibility is difficult or impossible by using hardware gates in

the experiment.
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Figure 3.3: Experiment coincidence circuit scheme
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3.3 Data Analysis

3.3.1 Detector calibration

Before the on-line experiment, all detectors were calibrated using a Na

tional Bureau of Standards "Mixed-Radionuclide Point Source" with 7-rays energies

ranging from 27.4 keV to 1596.0 keV. The standard source was put into the beam-

line with the same geometrical position as the on-line experimental source. The

energy and efficiency calibrations were facilitated by a computer code and calibra

tion data file for the standard source used. The gains of the amplifers were adjusted

to the desired levels before the experiment and checked after the experiment. But

because of the very high counts in the experiment, there was a small energy shift

of the on-line data relative to peaks from the standard sources. In fact the energies

of known 7-rays of ̂ ^^Pb from NDS [Sch88] proved to be a more reliable energy

calibration. It was checked self-consistently by the level scheme. The energy cali

bration of the electron detector was given by matching the K-shell electron energy

with the corresponding 7-ray energy. The electron detector was thick enough to

stop electrons between 50 keV and 1500 keV. No useful electron peak intensity was

found out of this range, so the relative efficiency of the electron detector was taken

as a constant.

3.3.2 Singles Spectra

The energy signals from the 7-ray and electron detectors were amplified

and collected by computer directly in histograms called singles spectra. The singles

spectra were analyzed to obtain energies, 7-ray intensities and internal-conversion

coefficients. The peak position and area were fitted by use of the spectrum analysis

code, SAM written by W. Milner at HHIRF. The electron and 7-ray peaks were fit
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with a Gaussian function plus low- and high-energy tails.

F{^Xo^ H^ a, y^s./ou/) ̂ s,high^ ~ H • <
exp

jx-Xp)^
a2(l+/l s,loui *{^0"X)

(
exp

/(x)

x —Xq)^

X < Xq

X > Xo

(3.1)

a'^(l + A,,H,gh-{x-xo)/a),

Where xq is peak position, H is the peak height, a is the Gaussian function width

at 1/e max and As,iow/^s,high are parameters of low-/high-energy tails. Near the

central position, the fitting function is a pure Gaussian function and far from the

peak it follows an exponential fall-off, ( ea;p[-|x - Xo|/(a • AJ] ). The high- energy

tail of the 7-peaks was very small; only low-side asymmetry was used. At first, about

ten single strong peaks distributed through the whole energy range were selected

to fit the parameters A^^high as constant and a as a straight line. Then these

parameters were used for the all peaks in the spectra, so only two parameters Xq, H

per peak were varied in the final fitting.

The decay-time tendency was used to identify the transitions from each

isotope of the decay chain. One of the actual decay chains in the experiment was

,199 Pb ,199 Tl

If pure ̂ ^Bi ions were extracted from the mass separator, the number of different

nuclei present during the deposit cycle (0<t<T)is

and during the measurement cycle ( 0 < f < t );

^Bi
(1 _

(3.2)

(3.3)

N^\t) = d-a (3.4)

where I is the intensity of beam, r is the length of the deposit and measure

ment cycles, A is the decay constant. The activity measured between ti and t2 is
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£efjXAN'^{i)dt. So

•  ~ P. t i

Xsi
C^'{ti -> ̂ 2) = £e//-r— (1 - ̂ _ e (3 (5)

r<Pb(f , ̂ \ - r ^^Bi^PbC  [ti t2) - £e//-T ^
^Bi — ̂ Ph ^pb

1 (1 _ e-AB.r)(e-AB.(i _ g-AB.<2) (3.7)
A T-» •
^Bi

For stronger radioactivity and better identification of 7 and e~ lines, a

30 minute cycle ( ~ 27 min half-life of ̂ ^Bi ) was selected in the experiment of

^^Bi /S-decay. The singles spectrum was divided into six equal time sections called

multiscaled spectra. According to Eq. 3.6, the transition intensity from Bi decay

would decrease as a regular exponential function. The intensity ratio of the 6th

group over 1st group ( C^'{t^ —> T)/C^*(to —> ̂ 1) ) is 0.53. The experimental value

of stronger 7-rays from ̂ ^Bi decay is fitted with the theoretical value. The half-

life of ̂ ^Ph is 90 minutes which is longer than ̂ ®®Bi and the cycle time, for the

cycle time used, the intensity would increase with time. From Eq. 3.7, the ratio

of —> T)/C^''{to ti) is 1.71. But because of the competition of reaction

channel Re(^^0,p3ny^Pb and since some of the ̂ ^Bi decayed to Ph in the ion

source before separation, there were ̂ ®®Pb nuclei from the mass separator deposited

on the tape directly. The experimental value of ̂ ^Pb decay ratio is about 1.2. From

Eqs. 3.6 and 3.7, the calculation yields a ratio of ̂ ^Pb activity of 1.2 when the

beam intensity of ̂ ^Pb from the mass separator is 50% of ̂ ^Bi (Figure 3.4).

The half-life of ̂ ®^Bi is 67 s, so the cycle time was set at 60 seconds for the

experiment of ̂ ®^Bi fd decay. The cross-section of is very small.

The competition of reaction channels ^^^Re(}^0,plny^^Ph and

2pQny^^Tl is more important. The experimental values of decay ratio for

different isotopes were closer. For weak transitions, it was difficult to identify the 7-

ray and conversion electron lines only by a decay ratio. The problems are increased

by doublets in the spectra. The coincidence spectra were used for a further check
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Figure 3.4: Experimental decay tendency of ̂ ^Pb. R is the ratio of beam intensity
of ̂ ®^Pb from the mass separator to that of ̂ ^Bi. The dashed-line is the activity of
i99pb from ̂ ®^Bi ̂ -decay. The dot-dashed-line is the activity of ̂ ®^Pb which came

directly from the separator. The solid-line is the total activity of ̂ ^Pb. R was
adjusted to make CqIC\ = 1.20.
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Figure 3.5: Schematic diagram of 7-7 coincidence relationship

of the identifications ba.sed on decay tendencies.

3.3.3 Coincidence Spectra

The 7-ray and electron spectra from the decay of heavy isotopes are very

complicated, usually containing hundreds of peaks. Some peaks are doublets or

even multiplets. To construct a decay scheme, energy sums can suggest some level

placements, but more importantly time coincidence relationships establish decay

cascades. The 2-dimensional matrix was set up by scanning the event tape after

the experiment. A coincidence between two 7 photons at energies E^i,E^2 would

add a count at cross point {E^x,E^2) in the matrix. To illustrate the technique,

a schematic diagram is shown in Figure 3.5. 71 is time coincident with all other

three 7 transitions. 73 is coincident with 74, but 72 is not time related with 73 and

74. From the 2-dimensional coincidence matrix, there is only the 71 peak in the 72

gated spectrum. A spectrum gated by 73 will contain both 71 and 74. The presence

or absence of coincident lines, energy, multipolarity and intensity of each transition

are four factors to establish the location of transitions in a level scheme.

In the la.st section it was pointed out that for any double coincidence event,

ie. for a 7-ray and electron or two 7-rays within 200ns of each other, e~ and 7-ray

energies and several TAG signals were written on the record tape. From a preview
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scan, the six related timing spectra (TAG) from four detectors were checked. Because

of the fluctuation of the electric pulses and shift, 50-100 ns wide coincidence peaks

appeared in the TAG spectra. Different timing windows were set by utilizing gates

on TACs in the second scan to decrease the random accidental coincidence in the

7-7 and e~-7. A two dimensional matrix with directions corresponding to the two

energies of the coincident rays was constructed with the program SGAN developed

by W.T. Milner. The program is controlled by informtion input through a (.chl)

file.

The energy calibrations of the energy axes of the 2-dimension matrices were

determined by a few strong known coincidence peaks. After gain shift corrections

three 7-7 and three e~-7 matrixes were added to yield one sum 7-7 matrix and one

e~-7 matrix by program DAM which was written by W.T. Milner. All coincidence

peaks from total projections of the sum matrixes were picked out to select a series

of gates to study the coincidence relationships among the transitions. Sometimes a

'walking gate' method was used to identify the doublets and different coincidence

relationships for different doublet components. The X-ray peaks in a gated spectrum

identifies the element that the gating transition belongs to.

From TAG spectra and the total projected spectra it was shown that back

ground exists in the coincidence matrix. It includes the contribution of random

accidental coincidence and compton scattering. For background subtraction, a gate

is set on the neighboring channels close to the gated peak and the resulting back

ground spectrum is subtracted from the peak gated spectrum. The result of sub

traction is shown in Figure 3.6. The first spectrum ( ID = 1 ) is a spectrum gated

by the 841 keV ( from ̂ ^Bi /3-decay ), which shows strong background and acci

dental coincidence peaks at 354 keV and 367 keV (both from ̂ ®®Pb ̂ -decay). The

second spectrum ( ID = 2 ) has the neighboring background spectrum subtracted;

the resulting spectrum has a lower background, the intensity of the 367 keV peak is
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Figure 3.6: Gated spectra before and after background subtraction

much weaker, and the 354 keV peak has disappeared.

3.3.4 Multipolarity

The conversion coefficients for different multipole transitions from the the

oretical model were discussed in the last chapter. Experimentally the relative inten

sities of the 7 transitions and the corresponding conversion electrons were obtained

from the peak fitting of singles spectra and efficiency correction. In ̂ ^Bi decay,

the 1034 keV transition is a pure E2 transition ( 7/2" —> 3/2" ) and it was used

to normalize the relative intensities of 7 and e~ to obtain the theoretical value at

this energy. The conversion coefficients of other transitions had values between Ml

and E2 theoretical values and were called M1/E2 or E2/M1 mixed transitions de

pending on which part is stronger. Most experimental points were in this range as

expected by the general decay theory. Several conversion coefficients higher than
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the Ml value were interpreted to result from EO+Ml-f E2 transitions because higher

multipole transitions seldom compete with E2 or Ml decay. No pure EO transition

was found in this work.

Coincidence spectra were used to obtain the conversion coefficients where

doublets made it difficult to extract reliable intensities from the singles data. One

7-ray transition results in three electron peaks from K, L, M shell electron emission,

which creates more doublets in electron spectra, especially in the lower energy range.

Sometimes two separated peaks in the 7-spectrum would result in a doublet in

the electron spectrum because of the different electron binding energy for different

elements, or vice versa. Conversion electrons are not only in coincidence with X-

rays from the parent nuclide e-decay, but also with the X-ray from after the A'-shell

electron is ejected, and the outer shell electron has jumped to the lower vacant

position. The probability of a conversion e~ being coincident with a X-ray is higher

than for the corresponding 7-ray. So X-ray gated spectra can not be used to calculate

the conversion coefficient.
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CHAPTER 4

Experimental Results

This Chapter is devoted to the experimental results and is divided into

three sections for and respectively, spectra are the by

product of the experiment of /3-decay.

4.1 /^-decay and Level Scheme

4.1.1 Spectra Analysis

Singles 7 and e multiscaled spectra and 7-7, 7-e, X-7 and X-e spectra

from decay of ̂ ^^Bi (which has a half life of 27 minutes) were analysed. 7 and

e singles spectra are shown in Figures 4.1 and 4.2. Time multiscaled spectra,

electron energy shift and coincidence spectra were used to identify the transitions.

The energy shown in the singles electron spectrum is the energy of the electron plus

the A-shell electron binding energy of Pb which is the same as the 7-ray energy for

the same transition. Since the K-shell binding energy is 2.5 keV less for T1 than

Pb, comparing of 7 and e~ spectra provides elemental identification. Thus, several

strong 7-lines at energies .354, 367, 1383, 1659 keV belong to TI. 720 and 1136 7

peaks are doublets since appropriate e~ lines apears for both Pb and Tl.

The 7-ray and internal conversion data from the /3-decay of ̂ ^®Bi are given

in Table 4.1. Coincidence relationships between transitions are given in Table 4.2.

Energy uncertainties of most transitions are about 0.2 keV mainly from energy

calibration. Some weak peaks and doublets have a bigger fitting error, uncertainties
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Figure 4.2: ^^-decay singles electron spectrum

48



Table 4.1 Transitions from ̂ ^^Bi Deccay

Transition

Energy
(keV)

7-ray

Intensity
(Relative)

Assignment
in Multi-

polarityInitial —> Final

126.4(2) 0.6(1) 1937 1811

156.3(2) 1.7(1)
162.6(2) 0.9(1) 1811 1648

183.2(2) 1.0(2) 1937 1754 1.6(3) Ml

194.9(3) 1.9(1) 1937 ̂ 1742 1.24(8) Ml

197.1(5) 2278 2080

216.3(2) 4.3(3) 216 ̂ 0 0.97(7) Ml

237.0(5) 1825 1648

237.8(2) 2.4(2) 1811 1574 0.59(5) M1+E2

240.1(2) 2.9(4) 1274 1034

248.4(5) 1.5(9) 1953 1705 0.38" MH-E2 ?

253.2(2) 3.6(7) 1317 1064 0.29(15) MH-E2

270.3(6) 1.1(5) 0.9(4) E0-I-M1+E2

277.9(3) 1.6(3) 2358 2080

279.1(5) 1.5(4) 2360 ̂ 2080

279.2(3) 0.5(2) 1643 1363 0.8(3) E0+Ml-fE2

284.4(2) 9.1(5) 1348 ̂ 1064 0.24(2) E2+M1

288.3(3) 1.5(3) 1213 ̂ 925

288.4(3) 1.7(3) 1937 1648 1.7(4) E0+M1+E2

294.0(2) 7.7(5) 1811 ̂ 1517 0.55(4) Ml

300.1(2) 2.9(3) 1574 1274 0.70(7) E0-I-M1-1-E2

303.3(2) 1.6(3) 2495 2193 0.50(7) Ml

307.5(2) 0.5(1) 1655 ̂ 1348 ?

314.2(2) 0.8(2) 0.37(9) Ml

317.1(2) 2.3(2) 1274 957

319.4(2) 1.1(2)
325.1(2) 1.3(1)
338.2(2) 2.4(2) 2080 1742 0.49(5) E0+M1+E2

341.3(3) 0.9(2) 1705 1363 0.9(3)" E0-hMl+E2

341.9(3) 1.4(2) 1690 1348

350.9(4) 2.4(4) 2093 1742 0.5(1)" E0+MH-E2

359.5(5) 3. (1) 1317 957

From gated coincidence spectra.

Intensity of doublet.

? Unconfirmed transition position

49



Table 4.1 (Continued)

Transition 7-ray Assignment

Energy Intensity in (^k Multi-

(keV) (Relative) Initial —> Final polarity

360.2(5) 2. (1) 1517 1157

362.8(2) 3.1(5) 1937 -> 1574

370.2(3) 6. (2) 1648 1278

379.1(5) 1.5(5) 1742 ̂ 1363 0.19(6)" Ml

391.0(3) 8.(1) 1348 -> 957 0.07(1) E2+M1

391.0(3) 2.(1) 1754 -> 1363 0.05(2) E2-fMl

406.1(5) 1754 1348

414.8(6) 2495 ̂ 2080

415.9(3) 4.3(3) 1574 1158

425.3(2) 156. (8) 436 ̂ 11 2.39(12) M4

426.5(5) 1.5(5) 1704 -> 1278

431.5(2) 2.0(3) 2080 -> 1648

444.6(2) 3.9(3) 2093 1648

451.9(4) 1.1(5) 2389 ̂ 1937

452.1(4) 3.1(6) 2026 ̂ 1574 0.10(5)" M1+E2

463.2(2) 1.4(1) 1742 1278

473.0(2) 1.3(2) 2358 1885

480.4(2) 4.8(3) 1754 1274 0.31(2) E0-1-MH-E2

483.5(2) 6.0(3) 1517 1034

491.2(2) 1.4(1) 1648 1158

497.0(3) 0.9(2) 1655 ̂ 1158

507.0(2) 6.9(5) 2080 1574

509.6(5) 2.3(8) 1574 1064

521.4(3) 5.9(4) 2458 ̂ 1937

522.1(5) 2.5(3) 1885 1363 0.062(4)" E2-1-M1

533.1(2) 12.1(7) 1811 1278

537.2(2) 2.5(3) 1811 1274 0.047(7) E2+M1

539.7(2) 5.2(4) 1573 1034 0.022(4) E2+M1

547.1(2) 4.1(3) 2358 ̂ 1811 0.079(6) Ml

560.1(2) 2.5(2) 1517 -> 957

563.3(2) 2.9(2) 2080 1517 0.064(5) M1+E2

579.1(3) 1.0(5) 1643 1064

579.8(2) 2.0(3) 2797 2217 0.086(14) Ml

584.1(2) 2.0(2) 1648 ̂ 1064 0.058(7) M1+E2

590.8(2) 2.5(2) 1655 ̂ 1064 0.064(6) Ml

592.7(2) 1.4(1)
596.6(2) 2.0(2) 1754 1158

600.5(2) 1.1(1) 2797 2197
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Table 4.1 (Continued)

Transition

Energy
(keV)

7-ray

Intensity
(Relative)

Assignment
in Qk Multi-

polarityInitial —* Final

607.3(2) 1.0(1) 1885 1278

610.1(2) 1.7(2) 2495 ̂ 1885 0.069(8) Ml?

626.3(5) 2.5(5) 1690 ̂ 1064

628.0(2) 5.0(4) 2276 1648 0.050(4) M1+E2

648.8(2) 2.2(2) 2166 -> 1517 0.221(20) EO ?

656.4(2) 2.1(2) 1690 1034

658.9(2) 6.9(4) 1937 1278 0.042(3) MH-E2

662.3(5) 1.2(2) 2026 ̂ 1363

663.3(4) 0.5(1) 1937 ̂ 1274 0.12(3) E0+M1+E2

664.7(2) 1.8(2) 2942 ̂ 2278

674.6(2) 2.8(3) 1953 1278 0.048(5) Ml

679.0(2) 1.9(2) 1953 ̂ 1274

697.6(2) 0.8(1) 1655 957

704.1(2) 1.1(1) 2278 ̂ 1574 0.120(13) EO?

708.9(2) 2.4(2) 925 216

715.1(2) 0.8(1)
720.6(3) 12.(1) 1754 1034 0.011" E2+M1

730.0(5) 1.6(5) 2093 ̂ 1363

735.0(2) 1.2(2)
741.1(2) 1.3(2)
747.0(3) 2.5(5) 2026 1278

750.8(3) 4.5(3) ?
751.8(3) 1.0(1) 2026 ̂ 1274

768.4(2) 1.9(2)
771.4(2) 2.1(2)
777.1(6) 1.0(5) 1811 1034

779.4(2) 9.1(6) 1937 ̂ 1158 0.025(2) M1+E2

797.0(2) 2.9(4) 1754 -4 957

800.8(3) 2.0(4)
802.5(2) 5.0(5) 2080 ̂ 1278 0.011(2) E2+M1

805.1(3) 1.5(2)
806.7(2) 6.4(4) 2080 ̂ 1274 0.024(2) M1+E2

818.8(2) 1.9(2) 2093 1274 0.012(3) E2-fMl

821.0(2) 2.3(2) 1885 -> 1064

826.5(3) 3.5(3)
827.9(3) 1.5(1) 0.053(7) E0-fMH-E2

837.6(2) 96. (5) 1274 436 .0064(4) E2

841.0(5) 3.1(3) 2119 1278
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Table 4.1 (Continued)

Transition 7-ray Assignment
Energy Intensity in Otk Multi-

(keV) (Relative) Initial —> Final polarity

841.7(2) 101. (6) 1278 -> 436 .0067(4) E2

845.0(5) 2.2(11) 2119 -> 1274

849.0(2) 2.0(2) 2197 1348

854.0(6) i 0.5 1811 957

859.4(2) 2.3(2) 2797 ̂  1937

865.0(2) 1.6(2) 0.020(4) M1+E2

868.3(2) 1.7(2) 2026 ̂  1158

870.9(2) 1.2(2)
884.0(2) 2.1(2) 2458 1574 0.011(2) E2+M1

906.9(3) 1.4(4)
909.7(3) 1.5(4) 0.049(13) EO?

911.9(2) 5.9(5) 2616 1705 ?

913.8(2) 12.6(8) 925 -> 11 0.011(1) E2+M1

916.6(2) 5.7(5) 2942 ̂  2026 ? 0.021(2) Ml

921.6(2) 2.1(3) 2495 1574

925.1(2) 18.3(10) 925 ̂  0 0.010(1) E2+M1

927.1(2) 33.1(20) 1363 436 .0062(4) E2-bMl

946.0(2) 105. (6) 957 11 .0055(3) E2

956.1(2) 1.8(3) 0.029(5) E0-bMl-bE2

961.8(5) 0.6(3) 1996 1034

962.3(4) 1.6(5) 2480 -> 1517

966.0(2) 17.3(10) 977 ̂  11 .0058(4) E2-hMl

977.2(2) 12.7(8) 977 -> 0 .0061(4) E2-bMl

983.2(3) 1.6(3)
985.3(2) 9.9(6) 2797 -> 1811 0.009(1) M1+E2

989.3(6) 1.6(8)
991.8(2) 4.0(5) 2026 1034

997.3(3) 1.2(5) 1213 216

998.4(2) 3.4(4) 2276 ̂  1278 0.011(2) M1+E2

1001.3(2) 2.0(3) 2276 1274

1013.4(2) 8.7(6) 3106 2093

1018.6(2) 3.1(3) 1996 977 0.019(3) Ml?

1022.8(2) 40.2(21) 1034 -> 11 .0095(5) E2-fMl

1034.0(2) 55.2(28) 1034 ̂  0 .0050(3) E2

1038.6(2) 3.0(3) 1996 ̂  957

1041.9(2) 2.5(4) 2358 ̂  1317

1048.2(2) 4.7(3) 2026 ̂  977

1052.8(2) 71. (4) 1064 ̂  11 .0034(3) E2?
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Table 4.1 (Continued)

Transition 7-ray Assignment

Energy Intensity in Oik Multi-

(keV) (Relative) Initial —+ Final polarity

1063.7(2) 1.8(2) 1064 0 ? 0.010(3) Ml-hE2

1068.8(2) 3.0(3) 2026 ̂  957

1076.0(2) 2.2(2) 2033 ̂  957

1085.8(2) 2.5(2) 2120 ̂  1034

1097.7(2) 2.7(2)
1101.4(2) 3.0(2) 2166 ̂  1064

1104.7(2) 1.7(2) 2082 ̂  977

1110.5(2) 2.1(3) 1327 216 ?

1119.5(5) 1.0(5) 2278 ̂  1158

1121.3(2) 20. (2) 3059 -> 1937

1135.7(4) 10. (3) 2093 ̂  957

1137.1(3) 40. (5) 1574 ̂  436

1146.4(2) 44. (3) 1158 11 .0068(5) E2-f-Ml

1152.2(5) 8. (3) 1369 ̂  216

1152.9(3) 3. (1) 2217 ̂  1064

1157.5(2) 3.7(3) 1158-^ 0

1162.1(2) 17.2(9) 2120 ̂  957

1171.4(2) 6.1(4)
1174.4(2) 1.7(2) .016(2) Ml?

1179.3(3) 4.0(4) 2213 1034

1177.6(5) 1.8(2) 2921 ̂  1742

1183.7(2) 1.1(2)
1187.9(3) 2942 ̂  1754

1188.7(3) 9.6(6) 2166 977

1206.5(3) 10.8(8) 1643 -> 436

1209.2(4) 4.6(4) 2166 -> 957

1212.2(2) 42. (4) 1648 436 .0040(3) E2+M1

1217.1(4) 2.2(6)
1221.6(3) 3.0(6) 2495 1274 0.011(2) Ml?

1235.7(2) 2.3(2) 2193 957

1239.9(3) 14. (2) 2197 957

1240.5(5) 13. (2) 2166 ̂  925

1243.5(2) 3.8(3) 2278 ̂  1034

1254.9(3) 4.0(3) 2829 ̂  1574 .0043(6) E2-hMl

1256.0(4) 2.5(2) 2213 957

1267.1(5) 8. (1) 2193 925

1268.2(3) 2.0(4) 1705 436 0.05(2) E0+Ml-bE2

1274.4(3) 1.0(2)
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Ta!)le 4.1 (Continued)

Transition

Energy
(keV)

7-ray

Intensity
(Relative)

Assiguinent
in Ck Multi-

polarityInitial —y Final

1281.2(3) 1.2(2) 3093 ̂ 1811

1305.6(2) 64. (4) 1742 ̂ 436

1317 11 ? .0019(2) El?

1311.5(5) 2. (1) 2829 ̂ 1517

1312.4(4) 5. (2) 2237 -> 925 .0034(3) E2+M1

1317.6(3) 1.1(3) 1754 436

1326.3(2) 3.7(4) 2360 1034

1343.9(3) 2.3(3)
1347.5(2) 6.7(4) 2921 ̂ 1574

1368.8(2) 2.0(3) 2942 1574

1374.5(2) 6.1(4) 1811 436

1379.7(3) 1.8(2) 0.003(2) E2

1398.3(2) 2.0(2) 2672 ̂ 1274 0.005(1) E2+M1

1402.4(3) 1.3(6) 2360 957

1410.3(2) 4.4(3) 3059 1648 .0019(4) El?

1413.3(3) 1.2(2)
1419.1(2) 1.2(2)
1424.0(3) 7.1(5) 2458 -4 1034

1424.4(5) 2.0(2) 3235 1811

1432.7(3) 2.3(3) 2389 957 0.015(2) EO?

1435.4(2) 5.0(4) 2360 ̂ 925

1448.1(5) 2797 1348

1448.5(4) 16.4(9)' 1885 ̂ 436 .0018(2) El?

1461.5(2) 12.5(7) 2495 ̂ 1034

1464.6(3) 0.8(1) 2389 ̂ 925

1479.6(5) 3.3(3)' 2797 ̂ 1317

1480.3(5) 2829 ̂ 1348

1485.9(2) 1.4(2) 3297 ̂ 1811

1505.9(2) 48. (3) 1517 11 .0011(1) El

1506.2(6) 3.0(3) 3023 1517

1517.4(2) 12.9(8) 1517 0 ?

1529.5(2) 4.3(3) 3105 1574

1540.5(2) 6.9(5)
1550.8(2) 2.5(2) 2829 ̂ 1278 ? 0.003(1) E2+M1

1554.3(2) 1.6(2)
1575.5(2) 6.1(4) 3093 1517 .0019(2) E2

1586.0(4) 2.4(5) 3105 1517

1589.1(3) 2.4(3)
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Table -1.1 (Continued)

Transition 7-i-ay Assignment

Energy Intensity in Oik Multi-

(keV) (Relative) Initial —> Final polarity

1613.2(2) 1.0(1)
1618.9(2) 2.2(2)
1622.5(2) 6.7(4) .0019(3) E2

1633.0(10) 1.1(5)
1638.1(3) 1.1(2)
1641.8(4) 1.3(2)
1644.3(4) 5.9(5)'' 2080 -> 436

1643.4(5) 2921 -> 1278

1647.1(2) 4.0(3) 2921 ̂  1274

1658.8(4) (2.8) 2616 -4 957

1667.9(2) 5.6(4) 2942 1274 .012(1) EO?

1678.7(2) 4.6(3) 1690 -> 11 ?

1683.0(3) 1.8(2)
1695.8(3) 4.9(3)
1707.6(2) 4.6(3)
1715.7(2) 4.7(5)
1725.0(2) 4.7(3) 3480 1754 ?

1740.3(3) 1.2(2)
1757.5(2) 5.0(4) 2193 436 ?

1764.6(3) 1.8(3)
1775.5(3) 1.3(2) 3054 ̂  1278

1780.3(5) 7.4(5)'' 2217 436

1780.8(4) 3059 ̂  1278

1784.3(2) 2.4(2) 3059 -> 1274 ?

1799.1(2) 3.9(3)
1804.1(3) 2.2(2)
1807.6(2) 6.9(4)
1839.0(3) 2.4(2)
1841.2(3) 2.6(2)
1853.4(2) 3.0(2)
1864.0(3) 1.7(2)
1866.4(3) 3.4(3) 3023 ̂  1158

1871.7(3) 4.8(3) 2829 ̂  957

1874.3(3) 2.3(2) 1885 11 ?

1899.8(3) 1.9(2)
1908.0(3) 1.9(3)
1921.6(2) 9.8(6) 2358 ̂  436

1928.5(3) 2.0(2)
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Table 4.1 (Continued)

Transition 7-ray Assignment

Energy Intensity in Oh Multi-

(keV) (Relative) Initial —> Final polarity

1939.3(3) 1.1(2)
1945.6(3) 2.4(2)
1951.3(3) 3.3(3)
1961.2(3) 1.5(2)
1965.7(3) 1.9(2)
1989.2(2) 5.4(4) 3023 ̂  1034

2012.9(3) 1.3(2)
2018.5(3) 2.1(2) 3297 1278

2021.5(3)'' 11.1(6)'' 2033 ̂  11

2458 ̂  436 ?

2047.6(3) 1.8(2)
2058.7(2) 12.7(7) 2495 436 ?

2064.4(3) 2.5(3)
2070.0(3) 2.2(3) 3105 1034

2077.0(3) 1.4(2)
2101.7(3) 2.4(2) 3059 957

2106.2(3) 1.4(1)
2113.7(3) 1.0(2)
2117.9(3) 1.1(2)
2124.4(3) 1.4(3)
2154.3(3) 1.6(2) 2166 11 ?

2165.1(3) 0.6(1) 2166 ̂  0 ?

2181.5(3) 1.9(2) 2193 ̂  11 ?

2201.4(6) 2.1(2)'' 3235 1034 ?

2202.6(6) 3480 ̂  1278

2223.3(3) 1.7(2) 3257 1034

2246.2(3) 1.1(1)
2309.9(3) 0.8(1) 3235 ̂  925 ?

2324.2(3) 1.4(2)
2342.7(3) 1.8(2)
2354.4(3) 2.9(2)
2363.7(3) 1.8(2)
2378.1(5) 1.3(2)
2391.7(3) 2.3(2)
2416.6(3) 1.3(1) 3480 1064

2458.9(3) 2.5(2)
2505.6(3) 1.4(1)
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Table 4.2. Coincidence Relationship of 7-Decay

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
126.4

162.6

183.2

195.3

216.3

237.0

240.1

248.4

253.2

270.3

277.9

279.7

284.4

288.5

294.0

300.1

303.3

307.5

317.1

319.4

329.7

338.2

341.5

360.0

362.8

370.2

379.1

391.2

416.5

431.5

444.6

451.9

463.2

469.0

473.0

294 533 1121 1374

370 547 985S 1212S 1281 1424W

35IW 39IW 444 452 480S 521 596 720S 797 837 859 927 946S

1023S 1034S 1121 1135 1146 1212 1305 1317W

379 401 416 451 507 521 563W 802 806 827 837 841 859 927

1052W 1122 13058 1505W 1643W

709S 997 nil 1152S

300 416 539 547 821 985 1022W 1034W 1137S 1212 1424

300 481 1022 1034 1221W

334 341 427 762 841 875 926 985 1212 1268 1435

1052

783 1034W 1305W

378 507 563W 802 806 837 841

559W 667W 741W 9278 958 972 1026 1644

849W 927W 1053S 1480

371 452 521 584W 841 859W 925 1122 1212S

483 547 560 945 9858 1424W 1506S

237 240 452 507 8378 1212 1348 1369 1529

370 641 728W 925 1135 1268 1446W 1505 1659W 2077W 2180
284 709 725 985 1505

414W 946

920W 984

183 781W

195 253 277W 379 414 927 1052W 1238 13058

248 284 391 414 761 763 9278 1052 1305

945 1146

300 521 540 838 1022 1034 1121 1137S 1212 1239 1505 1517 1589

163 288 444 452 457 628W 749 827 8428 946 1410

195 338W 9278 1146 1212W

342 522W 875 926 9458 1448

237 362W 645 704 741 827 884 1146 1157 1256 1347

370 1212

183 370 841 12128

183 195 288 363W 659 781W 837 853 917 11378 1212W
195 842

253 837 841 946 1644

247 607W 926 946 1022 1136 1187 1304 1448 1505

57



Table 4.2. Continued

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
480 4 1833 240 837S 913W 1023 1034 1188

483.5 2943 564 10233 10343 1505 1575 1586

491.2 1136 1146

497.0 720 1146

500.6 1137W 1537W

507.0 195 278 300 1023 1034 1137

521.7 288 658W 841 927 1137 1211W

533.1 547 566 8413 9853 1424 1485W

537.2 837 986W 1211W 1505

539.7 238 1023 1034 1242 1256 1347 1448W

547.1 163 237 294 533 841 1137 1374 1505

560.1 294 946 1505W

563.3 195 288 278W 280W 1505

579.8 925 1052 1152 1305 1505W 1780

584.0 163 288 946 1052 1528 1540

590.8 163 946 1052S

592.7 1135

600.5 849W

607.3 473W 646W 841 995 1161W

610.1 837W 842W 1448

626.0 1053 1305

628.0 370 1212

646.0 196 416 432W 543 649 661 741 758 813 854 1306

648.8 646 925 1505

656.4 841 1023 1034

658.9 451 521 8413 1121

662.8 241 451 521 8373

664.7 927 1242

674.7 841

679.0 8373 841 1052 1162

697.6 946 1380

704.1 300W 1137

709.0 2168 288

715.1 926 1022W

720.6 183 521 913 1023 1034 1188

735.0 1305 1448

741.1 416W 646
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Table 4.2. Continued

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
751.8

771.4

777.0

779.5

787.2

797.0

800.8

802.5

806.7

813.7

818.9

821.2

826.5

837.6

841.7

845.0

849.0

853.6

859.3

865.0

868.3

882.1

884.0

893.4

898.9

906.9

909.7

911.9

913.8

916.6

921.6

925.1

927.1

946.0

216 837 946

838 1305

1034

927 1146 1505

318 465W 469W 1305

183 946

252 1136 1305

195 278 841S

195 278 8378

646 1206 1305

826 837

231 1053

370 1013W

216 3008 4808 537 662 679 725 752 806 818 845 1002 1221 1398

1541 1647 1668 1784 1834 1899 2009 2201

195 288 294 3708 427 445 464 5338 547 607 628 659 675 747 802

842 927 985 1097 1121 1410 1423 1449 1643 1775 1780 1872 2201

837

284 391 1033 1052W 1305

646 927

183 195 288 658 780W

1022

1146

720W 842 977 1022

841 1137

1053

916W 1023W 1267W

805W 853W 976 1307

416W 1306

1268 1305

1041 1053 1268 1311

720W 837W 991 1023

300 838W 946 980 1137

288 946 952 1229 1239 1267 1312 1325 1435 1464

280 341 379 391 522 662 715 730 754 779 842

294 317 329 360 370 3918 560 697W 733W 750 797 854W 921 944

983 1013 1038W 1068 1075 11358 1162S 1209 12398 1256 1402

1658 1803 1871 2101
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Table 4.2. Continued

Energy Coinsidence Line (keV) (S; Strong, W: Weak)

954.

956.1

962.4

966.0

977.2

983.2

985.3

989.3

991.8

998.4

1001.3

1013.4

1018.6

1022.8

1034.0

1038.6

1041.9

1048.2

1052.8

1068.8

1076.0

1085.8

1097.7

1101.4

1104.7

1110.5

1120.0

1121.3

1135.7

1137.1

1146.4

1152.5

1157.5

1162.1

913 925 1505W

256 1023W

962 1022 1034 1505

730 837 841 966 980 1018 1023 1048 1104 1187 1212 1216 1345
1424 2029

636W 857W 1047 1104 1188 1243 1505 1560

946

162 237 294 533 537W 842 1374 1505

1034 1135

1023 1034 1052

842

837

946 1136

946 966

183 240 483 507 540 720 992 1085W 1179 1243 1424 1461 1989

2222

183 240 483 507 540 720 927 992 1085 1179 1243 1326 1424 1461

1989 2222

837 946

1305

966 977

2538 2848 584 591 626 820 946 992 1152 1212 1281W

946

946 1505

946W 1023W 1034

841

946 1052 1505

927 966 977

216 1212

1146 1157

183 195 288 658 841

946

238 363 452 507 884 922 1075 1254 1346 1447 1484 1808

360 416 497 596 779 838 868 1120 1179

2168 1052

416 596 841 868 1121

946
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Table 4.2. Continued

Energy Coinsidence Line (keV) (S: Strong, W; Weak)
1171.4 1052 1212W 1228W

1174.4 1052W

1179.4 195W 1023 1034 1146 1.305W

1183.7 533

1188.0 391 406 480 720 966 977

1206.5 634 837W 946 1052W

1209.2 946

1212.2 163 237 289 294 431 444 628 1004 1111 1120 1410

1217.1 1146

1221.6 837

1235.7 303 946

1239.7 946

1254.9 300 539 1137

1268.1 248 303 913 917 925 1312W

1274.4 965W

1281.2 237 294 841 1052

1305.6 195 338 351 709 1040 1179 1480

1312.1 913 925 945W 1505

1326.3 1023 1034

1347.5 300 416 539 1137

1374.4 547 985 1424

1402.4 946

1410.3 370 1212

1424.2 238 294 533 777 837 841 1023 1034 1374

1435.4 925

1448.6 392 473 610 1137W

1461.5 1023 1034

1480.3 253 284 391 1305

1505.9 294 547 563 595W 648 778 871 962 977 985 1312 1505 1586

1517.4

1529.5 1137

1540.5

1575.5 483 927W

1643.7 195 278 841 946

1658.8 946

1667.9 240 837

1678.7 244W 253W 280W 926W
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Table '1.2. Continued

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
1725.0

1757.5

1780.4 580 841

1807.6 284 841 945W 1305

1871.7 946

1921.6

1989.2 1023 1034

2021.5

2058.7 301

2070.0 689 1023W 1034W

2201.8 841

2223.3 1023 1034

are as big as to 0.6 keV. Relative intensities of 7-rays were deduced from the singles

spectrum except for the weak lines and doublets. The 1034 keV transition from 7/2"

state to 3/2" was taken as a pure E2 transition to normalize the relative intensities

between 7 and e spectra. Using this parameter in the low energy region, the 425

keV A/4 transition was checked. The theoretical value of a/,- is 2.41 and the fixed

experimental value is 2.39(12). Experimental a/^/o'L O'Li+Z/i/'^La ratios are

1.89(2), 2.7(2) compared with theoretical values 1.96 and 2.81. The 7 intensity of

the 425 keV transition in Table 4.1 is not important here, because part of it is from

atoms in the 436 keV isomeric state which were extracted from the mass separator

directly. It would be different under different experimental conditions.

As was discussed in Chapter 2, the probability of lower multipole transi

tions is much bigger than higher ones. If it is possible, excited states will decay to

neighboring spin states. For the first 13/2+ state of ̂ ^^Pb, the nearest spin state in

the lower excited energy region is 5/2", the lowest possible multipolarity is A'/4. So

this isomeric state has a very long half life (12.2 min) and competitive e -f /?+(7%)

decay.

Several other transitions with conversion coefficients much larger than the
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Ml transition theoritical value are interpreted as EO+M1+E2 transitions. In the

927 keV gated electron and 7 spectra (Fig. 4.3 ), the 379 keV transition is Ml

and 391 kev is E2+M1. The 342-keV transition having a stronger relative electron

intensity yielding an Ok (0.9(3)) which is about 3.5 times the Ml theoretical value

must be a.n E0 + Ml + E2 transition. The 352- and 441-keV peaks in the electron

spectrum are the L-lines of 280- and 367(Tl)-keV transitions. The 371- and 426-keV

peaks are the accidental coincidence peaks or incompleted background subtraction

of two huge K-line electron peaks of transition energies at 367(T1)- and 425(Pb,M4)-

keV. Another important E0+M1+E2 transition is the 1268 keV line. In expanded

singles spectra (Fig. 4.4 ), the ratio of electron to a 7-ray counts for the 1268 keV

transition is clearly shown to be bigger than neighboring peaks. Considering it is a

doublet (coincident with 248 and 925 keV at different locations in the scheme), the

7 counts in the 248 keV peak in the 1268 keV electron gate is about half as large

as in the 1268 keV 7 gate; but no 925 keV peak was found in 1268 keV electron

gate. It can be concluded that less than one tenth of the electrons from the 1268

keV transition energy is through in the coincidence with 925 keV. The corrected

for the 1268-keV transition between 1705 and 436 keV is 0.05(2), about 6 times the

Ml transition theoretical value.

4.1.2 Level Scheme of

The level scheme of ̂ ®^Pb presented in Figs. 4.5-4.7 is constructed with

the 7-rays and conversion electrons attributed to the /?-decay of The figure

is separated into three parts for clarity. It is based primarily on the coincidence

relations. Energy sums and differences were also used in conjuction with coincidence

data to place levels. Strong 7-lines observed without coincidence peaks are assumed

to decay to the ground state, first excited state, or the isomeric level (1st positive

parity state), if its energy is equal to the energy of an excited state, these are
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indicated by dashed lines in Figure 1.5. The present scheme of has 67 levels

compared with the 16 previously known levels[Sch8S]. A total of 216 7-lines from

the 296 observed transitions in the range from 100 to 2500 keV attributed to the

decay of have been placed in iJie hwel scheme.

The present work is based on t he several known levels [Ri78]. The ground-

state spin and parity of has been assigned 3/2" from the hyperfine structure

and its magnetic and quadrupole moments, //, and Q [Tho83]. Some other levels will

be discussed in detail if different from the previous work.

The excitation energies of all states were determined by fitting to the energy

of transitions which connected them to the scheme. The minimum y-squa.re method

is used in the fitting.

^ -0 - (<■!)

where E~^{i —> /) and —> /) are the energy and energy uncertainty of the
7-ray from the i state to the / state. Ei{i) is the excitation energy of state i and
n is the number of transitions put into the scheme. The energies of levels are the
variables in the fi tting process to make minimum. An alterative method includes

an additional weight factor of to account for a larger uncertainty in the higher
energy levels.

i  /)]2 ^ ^ f) - (Eiii) - ELif))Y (4.2)
The level energies deduced were the same with these methods to within 0.1 to 0.2

keV.

Eirst Excited state: The spin and parity has been assigned 5/2" for it is a
favored state from o-decay of and the 425 keV A/4 transition from the 13/2+
state [Sch88]. The previous work set its energy as 5(4) keV from IT decay because
the measurement low-limit was 9.3 keV. But in this work the 1023 and 1034 keV
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gated spectra were found to have the same 14 7-lines in coincidence (Fig. 4.S). Being

stiong transitions they must decay to low-lying states and having the same coinci

dence 1 elationships they must decay from the same level. The 1023 keV transition

has been put into the scheme above the Ist excited state and the 1034 keV transition

above the ground state. Thus, the energy of the 1st excited state is 11.2 keV. Three

other twin 7 gated spectra with a gate energy difference of about 11 keV (914-925,

966-977, 1146-1157) are used to establish three new levels.

No transition directly to the ground state was found in previous work. All

other states were connected to the 1st excited state. So the excitation energies in

this work are higher than the corresponding previously known levels by about 6

keV. The second level at 19.5 keV in the previous decay scheme is not supported by

the present work since all three transitions (926, 1034, 1780 keV) connected with

this state have been moved to other positions in the new decay scheme in order to

satisfy coincidence requirements.

216.2 keVState: The 216 keV and 1052 keV transitions are both coincident

with the 1152 keV transition; this was an early problem in this work before it was

found that the 1152 kev is a doublet. Otherwise, from the known position of the

1052 keV transition, the 216 keV would be placed at an excitation energy higher

than 2 MeV and would necessarily be in coincidence with the 1052-keV transition

as well. Since the 216-keV transition is of Ml character, the 216.2-keV state has

a negative parity and a spin between 1/2 and 5/2. By comparing the systematic

trend of higher A Pb nuclei, (see section 5.1 ), it is likely a 1/2" state. The 216-keV

gated spectrum contains four coincidence lines (709, 997, 1111, 1152 keV) which are

not in coincidence with each other, hence establishing four new levels. The spins of

the four new levels should be equal to or lower than 5/2.

Jf36.5 keV State: 1 he well known 13/2"'" state of '^^Pb is isomeric with a

half-life of 12.2 minute. The 425 M4 transition decays to the first excited 5/2" state
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since it is the lowest iiiultipolarit}' I rfiiisition possible. J he only difTerence is its

excited eneigy is 6 keV higher than the previous result and more transitions were

found which decay to this state.

925.0 keV State: There are three transitions from this state to the three

lowest levels. The 709 keV is coincident with 216 keV transition and the 709 and 925

keV transitions both are coincident with a 288 keV transition. The energy difference

of the 914 and 925 keV transitions is 11.3 keV, both are M1+E2 transitions and

coincident with 1268 and 1312 keV transitions. So the 925 and 914 keV transitions

to the ground and first excited state permits an assignment of (3/2, 5/2)" for the

925-keV level.

977.2 ke V State: The 966 and 977 keV transitions have an energy difference

of 11.2 keV and both are coincident with 1048-, 1105- and 1188-keV transitions. The

spin and parity of this new level is (3/2, 5/2)" because the 966- and 977-keV have

a mixed E2/M1 multipolarities and decay to the 5/2" first excited state and the

3/2" ground state separately.

1034-0 and 1064-0 keV States: These two levels were from previous work,

the 1034 keV transition is moved to a decay from the 1034 keV state. As it decays

from 7/2" to the 3/2" ground state, the 1034 keV is a pure E2 transition and

it is comfirmed by comparing the value with 425 keV M4 decay. It was used

to normalize the qa" measurement. The 1052 keV transition in the previous work

was assigned an E2(+M1). In this work, its experimental conversion coefficient is

0.0034(.3) lowei than the theoretical value of 0.0048 for an E2 transition. But a

7/2+ state is impossible at such low excitation either as a single particle state or

collective state; the 10o2 keV is still taken as an E2 transition. On the basis of its

energy the 1064 keV transition was put into the scheme from the 1064 state to the

ground state. No coincidence line was found for this weak transition.

1157.6 keV State: This is the last level decaying to the two lowest levels



with the eiicrg}' clifTcreiice of 11.1 keV. The 1146- and 1157- keV transitions are

both coincident with 416, 596, 868 and 1120 keV transitions. The 1146-keV is an

E2+M1 transition to the 5/2" state. .Mso, there are possible El transitions from

9/2+ states to the 1157.6 state. Thus, an assignment of 7/2" is given to this state.

1213.5 keV Stale: A 997-keV transition coincident with 216-keV transition

and 288-keV transition coincident with 709- and 925-keV transitions leads to the

placement of this new level. The transition between this state and the 216-keV state

(l/2~, systematically) implies a. spin change of 2 or less, which results in a spin and

parity of this state of (1 /2-5/2)~.

1274.1 and 1278.2 keV States: Both 837 keV and 841 keV are E2 transi

tions to the 13/2+ state. By systematics one is 9/2+, the other is a 11/2+ state.

From the 1274-keV state, two transitions (240, 317 keV) decayed to 7/2" states.

These were treated as candidates of El decay since the conversion electron intensi

ties were too weak to be measured in this experiment. So 1274-keV level is assigned

as 9/2+ and the 1278-keV level is assigned as 11/2+ state.

1316.9 keV State: This is a known (7/2)" state, but the main 1305-keV

transition is moved to another place because of coincidence data and a 360-keV

transition is added which decays from this state to the 957 keV state.

1326.8 and 1368.5 keV States: These two new levels were added to the

scheme because of 1110-keV and 1152-keV transitions coincident with 216-keV tran

sition. Both should be low spin (< 5/2) negative parity states.

1363.5 keV State: 4 his is the second 13/2+ state seen in high spin work

[Pau88]. A single 927-keV transition is to the first 13/2+ state.

1704.7 keV State: There are one transition (248 keV) in and three transi

tions (341, 427 and 1268 keV) out of this state. The 248 keV is coincident with three

other transitions, the 341-keV is coincident with 927-keV and the 427-keV coinci

dent with the 842 keV transition. This state is placed because of these coincidence
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relations. The 1268-keV and 341-ke\' transitions with admixtures of E0+M1+E2

decay to the first and second l.t/2' states, thus the 1 (04.7-keV level is another

13/2+ state and is considered as the deformed state. This is the most important

new level with regard to shape coexistence which was found in this nuclide and will

be discussed in the next chapter.

1754-3 keV Slate: The 4bO-keV E0-hMl-l-E2 {o:k,exp ~ transi

tion is strongly coincident with the 837 keV which decays from a 9/2+ state. Thus,

the spin and parity of this state is 9/2+. Four transitions (406, 597, 721 and 797

keV) decayed to (7/2, 9/2)" states and should be El transitions which were too

weak to be confirmed in this experiment. The 391 keV is a doublet, so the uncer

tainty of conversion coefficient is big {ak = .05(2)). In the spectroscopic analysis,

this transition is set as an E2(+M1) transition because theoretical value for E2 \s

0.03. Since it decayed to the second 13/2+ state (1363.2 keV), this transition should

be a pure E2 decay from the difference in spins of two. It is just tenable in the

experimental uncertainty.

Spins of some positive parity states: There are Ml(+E2) transitions from

the 1811.2 keV state to 9/2+ and 11/2+ states, thus, it should be (9/2, 11/2)+ itself.

The 1517-keV state is connected to 1811-keV state by Ml transition (294 keV), and

hence the 1517-keV level has a positive parity and spin of (7/2—+13/2). The 1505

keV transition decays from 1517 keV level to the 5/2" state. The experimental cc/^-

is consistant only with an El assignment. So the 1517-keV level is a 7/2+ state and

the 1811-keV level is a 9/2+ state.

Other New Levels: Most new levels are connected with more than one tran

sition and confirmed by coincidence data. Several new states, which are connected

with only one transition, were added to the scheme because they are supported by

clear coincidence evidence. Since a 2223-keV transition is coincident with both 1023-

and 1034-keV transitions, a new level was added at 3257 keV. .^Iso since a 13T2-keV
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transition was coincident with both 913- and 925-keV transitions a level was added

at 2237.2 keV and since the 1424-keV transition was coincident with 238-, 294-,

533-, 777-, 854", 1374-keV and some strong cascade transitions (837, 841-keV), a

level was added at 3235.5 keV.

4.2 /5-decay and Level Scheme

4.2.1 Spectra Analysis of /?-decay

As was discussed in the last chapter, the cross-section of the ̂ ^^Re{^^0,Sn)

^^^Bi reaction channel used in this experiment is small. In the singles spectra, the

7-rays from and ̂ ^^Tl /7-decays are mixed together. The strongest, the

365-keV 7-line, from the first excited state to the ground state of ̂^^Tl, is at least 20

times stronger than any other 7-ray in the singles spectrum. Thus, it was necessary

to rely on coincidence spectra to assign transitions and accidental coincidences had

to be appropriately recognized.

The cleaner 7 and e~ spectra for ̂ ^^Bi decay were obtained by gating on

the Pb XA-„-line as shown in Figures 4.9 and 4.10. The accidental 365-keV line

is still among the biggest coincidence peaks. Because of the complexity of 7 and

electron spectra, only the transitions which have been placed in the decay scheme are

listed in the Table 4.3. Most 7-ray intensities are determined by gated coincidence

spectra. The relative intensity is normalized to the 175 keV 7-line which is the

strongest line from the ''^^^Bi decay and decays to the ground state directly. The 7-

ray transitions in coincidence with known ̂®^Bi lines are shown in Table 4.4. Because

there are accidental coincidence peaks from some stronger transitions, every gated

coincidence spectrum was compared with the total projected spectrum; only the

peaks having a significantly bigger ratio than that of the 366-keV transition were

considered as the real coincidence peaks. The strong coincidence peaks of 515 keV

75



1
9
3

C
7
i

Bi
 K
^f

-g
at

ed
 G
a
m
m
a
 S
pe
ct
ru
m

c
P

6
0
-

4
0
-

co
 

T-
 
2
 CO

T
—
 

m
 
^

I

I
I

 I
C
O

[
1
0
0
0

1
1
0
0

1
2
0
0

1
3
0
0

1
4
0
0

1
5
0
0

1
6
0
0

1
7
0
0

1
8
0
0

U
2
 -

1
7
5

l
o
a
^

T
f

C\
J

c
o
i
r
^
i
>
t

ro
'^

Jv
o

1
^
 
e
 
o-

: f5
K

c
o
n

O
 
C
O

M
l

3
0
0

4
0
0

7
0
0

5
0
0
 

6
0
0

E
N
E
R
G
Y
 (
k
e
V
)

Fi
gu
re
 4
.9

; 
T
h
e
 

G
a
m
m
a
 s
pe

ct
ru

m 
ob
ta
in
ed
 b
y
 g
at

in
g 
o
n
 t
he

 K
a
i
 X
-r

ay
 f
ro
m 
Pb
.



1
9
3

0
0

D O U

B
i
 K
cj

-g
at

cd
 E
le

ct
ro

n 
Sp

ec
tr

um

4
0

2
0
-

Wi
-

1
0
0
0

1
1
0
0

1
2
0
0

1
3
0
0

1
4
0
0

1
5
0
0

1
6
0
0

1
7
0
0

1
8
0
0

1
0

1
7
5

10
'^
-=

fs
. 
0
>

C
O
 ̂

u
v
>

1
0

I
 I

11
8

I
 I

o
5
 
®
 

CO

1
0
"
-

if
ii

!:

2
0
0

3
0
0

4
0
0

7
0
0

9
0
0

1
0
0

5
0
0
 

6
0
0

E
N
E
R
G
Y
 (
k
e
V
)

*
*
*

Fi
gu

re
 4
.1

0:
 T
h
e
 

el
ec

tr
on

 s
pe

ct
ru

m 
ob

ta
in

ed
 b
y
 g
at

in
g 
o
n
 t
he

 M
ct

i 
X-
ra
y 
fr
om
 P
b.



Table 4.3 Transitions from ̂ ^^Bi je Deccay

Transition

Energy
(keV)

7-ray

Intensity
(Relative)

Assignment
in '^^Pb Ok Multi-

polarityInitial —> Final

174.7(2) 100. 175 ̂ 0 0.90(5) M1+E2

194.6(5) 1195 1000 +x

196.6(2) 13.(1) 925 ̂ 729 0.5(1)" Ml-fE2

265.5(5) 1023 ̂ 757 +x

289.6(2) 13.(1) 1000 -4 711 +x

311.7(4) 4.9(5) 1023 ̂ 711 +x

319.6(3) 9.(1) 1000 -> 681 +x

335.4(4) 1.0(5)° 1197 ̂ 862

342.0(4) < 1.° 1023 ̂ 681 +x > 1.1" E0-bMl+E2

343.8(3) 4.(1)* 1055 ̂ 711 +x

354.2(2) 9.(1) 354 ̂ 0 0.20(5)" Ml

380.6(4) 3.(1)° 1091 711 +x

437.5(5) 1195 ̂ 757 +x

505.8(4) 2.(1) 1368 ̂ 862 0.05(2)" M1+E2

514.2(4)

OC

1195 681 +x

554.0(2) 54.(4) 729 175 0.05(1) M1+E2

557.5(6) 1606 1049

564.5(4) 4.8(8) 739 ̂ 175 0.18(4)" E0-bMl+E2

576.3(5) 1333 ̂ 757 +x

620.0(4)

O

P

1348 729

620.8(4) 8.(3)'' 975 354

622.6(4) 3.(1)" 1333 711 +x

636.7(4) 10.(3)" 1365 -> 729

644.0(4) 5.(1)" 819 175

680.8(2) 82.(5) 681 0 +x .013(2)" E2

687.5(2) 27.(3) 862 ̂ 175

710.8(2) 74.(5) 711 ̂ 0 +x .013(2) E2

738.7(3) 20.(4) 739 0

750.4(2) 20.(2) 925 175

757.4(3) 20.(5)" 757 ̂ 0 +x .13(3)" E0-1-M1+E2

From gated coincidence spectra.

+X: Levels set up on the 1st 13/2"'" state which excitation energy is about 100 keV.
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Table 4.3 (Continued)

Transition 7-ray Assignment
Energy Intensity in I'^^Pb Qk Multi-

(keV) (Relative) Initial —» Final polarity

800.0(4) 6.(1) 975 -> 175

818.7(2) 30.(4) 819 0

821.5(5) 5.(1)' 996 175

861.9(5) 862 0

874.0(2) 43.(4) 1049 -> 175

995.9(4) 15.(5) 996 ̂  0

997.5(4) 5.(2)" 1172 -> 175

1000.3(6) 1000 -^ 0 +X

1022.2(5) 2.(1)" 1198 ̂  175

1022.7(2) 20.(3) 1023 -^ 0 +X

1049.1(2) 18.(2) 1049 ̂  0

1115.8(2) 14.(1) 1291 175

1125.5(2) 16.(1) 1300 175

1142.1(4) 8.(2)* 1317 ̂  175

1173.7(2) 9.(1) 1348 ̂  175

1190.5(3) 3.(1)" 1365 ̂  175

1217.3(4) 3.(1)° 1392 ̂  175

1259.0(4) 3.(1)° 1434 175

1316.6(4) 1317 ̂  0 ?

1358.5(4) 2.(1)° 1533 -> 175

1411.8(4) 3.(1)" 1587 ̂  175

1431.4(5) 2.(1)" 1606 ̂  175

1469.6(4) 3.(1)" 1644 -> 175

1534.1(6) 1533 ̂  0 ?

1561.4(4) 3.(1)° 1736 ̂  175

1605.2(6) > 2." 2334 729

1720.9(5) 2.(1)° 1896 ̂  175

1979.2(5) 2.5(5) 2905 925

2029.2(5) 2.(1)" 2204 ̂  175

2351.0(5) 2.(1)" 2526 175

2656.2(6) 2.(1)° 2831 -■> 175
? Unconfirmed transition position

+X: Levels set up on the 1st 13/2"'" state which excitation energy is about 100 keV.
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Table 4.4. Coincidence Relationship of 7-Decay

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
175 197 319 385 459 467 506 554S 564 596 620 630W 637 644 687S

750S 787 800 821 874S 998 1022 1116 1126S 1142 1174 1190

1217 1259 1358 1412 1431 1470 1561 1605 1721 2029 2351 2656

197 175S 554S 1377 1979 2107

290 195 711S

320 195 6818

354 621S

506 175 515 687

514 509 681 736 944

554 1758 1978 620 637 1099

564 175 637 648

620 354 553

644 174 736W

681 3208 342 514 1288

687 1748 335 506

711 194 290 312 344 381 623 783

739

750 1758 320

757 265W 433 437 576 584 931 945 1075

800 175

819

821 175

866

874 1758

996

1000

1023

1049

1116 175

1125 175

1142 175

1174 175

1190

1605 175 554
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in the 506-keV gated spectrum and 509 keV in the 514-keV gated spectrum come

from the Doppler siiifted annihilation radiation for wliicli the energy sum of two

photons is about 1022 keV.

From a high spin work of [New74], the 716-keV transition is from

13/2" —> 9/2" state and 755-keV is from 15/2" 11/2" state. Conversion coef

ficients for the mass-193 experiment were normalized by the theoretical values of

these two pure E2 transitions. The values of three transitions (175, 554 and

711 keV), which have relative intensities larger than 50, were obtained from singles

spectra. Others were deduced from coincidence spectra by comparing with the three

mentioned transitions. Three EQ -f Ml + E2 transitions were found from ̂ ®^Bi de

cay. In Figure 4.11, no conversion coefficient was known for any coincidence peaks;

if the 320-keV line were a pure E2 decay then the value of 342-keV would be

at least 5 times the theoretical value of a Ml transition. In Figure 4.12, portions

of the 7 and e" spectra containing the 554-keV and 564-keV transitions, both of

which decay to the 175-keV state, are compared. The 554-keV transition is Ml -|-E2

decay ( ok = 0.05(1)); the e"/7 ratios from this spectrum results in an q^- value

of 0.18(4) for the 564-keV transition, which is about 3 times the theoretical value

of Ml decay. The 681-, 711- and 757-keV transitions decay to the first 13/2+ state.

The 711-keV was found to be an E2 from the singles data and since the 681-keV

transition has the same e"/7 ratio in the gated spectra (Fig. 4.12), it also must be

an E2 transition. However, the qa* obtained from these coincidence spectra for the

757-keV line is about 10 times as large and 4.5 times the theoretical value for an

Ml transition. The very-converted nature of .342-, 564- and 757-keV transitions are

interpreted as being due to /iO components to their multipolarities.
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Figure 4.11: 7 and electron spectra in coincidence with 681-keV 7 transition
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Figure 4.12: Pb Ka\ X-rays gated 7 and electron spectra for the transition energy
range 500-800 keV
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4.2.2 Level Scheme of

The scheme for the decay of to levels in (Fig. 4.13 and 4.14)

is based partially on an early work of this group [Bin90b] and depends strongly

on the present coincidence data. Transition inteiisities and energy sums were also

considered in placement of levels. Strong 7-rays observed in the Pb /Ci-gated

spectrum and fitted by energies were placed in the scheme feeding directly to the

ground state. Two other 7-rays (1317, 1534 keV) shown in the A'„i gated spectrum

and fitted by energies were put into the scheme as possible transitions to the ground

state. The excitation energies of states were determined by the same fitting method

as used in the last section. In all, 41 excited states have been located and 61

transitions have been assigned to the level scheme.

The ground-state spin and parity of '^^Pb has been assigned [Shi90] as

3/2" from systematics of odd-mass Pb nuclei and from the cv-decay of '^^Po. The 5.8

min isomer of ̂ ^^Pb has been assigned [Shi90] as 13/2+ from the same systematics

of odd-mass Pb isotopes, the a-decay of the ^^'''Po isomeric state and consistent

with population of high-spin levels in ^®^T1 from ^-^'Ph /9+/£ decay. No transition

was found between the levels placed on the ground state and on the isomer in the

previous and present works. The excitation energy of the isomer of about 100 keV

is estimated from extrapolation of energy differences of 13/2+ and 3/2" states in

i^^Pb (425 keV), i9'Pb (319 keV) and (203 keV).

States set up on the ground state

174-7 keV State: The 174.7-keV ^1/7-/-£1.2 transition is the strongest in the

^^^Bi decay and coincident with most other transitions (Fig. 4.15). The parity of

this state is negative and spin is 1/2^5/2. From systematics [Gri91] it is the 5/2"

state. This assignment is supported by the fact that the ground state of '^^Bi is

9/2"; /i'+/ec transitions from would populate 9/2" states by allowed /?-decay
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and thus, the 5/2 stale becomes the preferred final state in the 7 decay cascade

(see Fig. 4.15).

354-2 keV State: The Ml character of the 354-keV transition determined

the parity and spin of this state to be negative and 1/2—>5/2. From systematics

[Gri91] it is expected to be the 1/2" state.

738.9 keV State: The 174.7-keV transition is coincident with 564.5-keV

E0+M1+E2 transition. Thus, the parity-spin of this state is 5/2".

Other States: Most states are located by a single transition in coincidence

with the 174.7-keV transition (Fig. 4.15). The possibility is large that these states

have negative parity and spin values higher than or about equal to 5/2. Coincident

peaks in the 506-, 1605- and 1979-keV gated spectra were used to add the 1368.0-,

2333.8- and 2904.0-keV states to the decay scheme.

States set up on the isomeric state

680.8 and 710.8 keV States: Both depopulating transitions (680.8, 710.8

keV) are E2 transitions which connect to the isomeric (13/2+) state and are coin

cident with some decays from upper states. The 13/2+ isomer is interpreted as the

ii3/2 neutron coupled to the 0+ ground state of the core; thus, excitation of the core

to the 2+ state would result is five states from 9/2+ to 17/2+ in ̂ ^^Pb. These excited

states would decay predominantly by E2 transitions and hence these two states are

good candidates. They are populated from /5+/c-decay of Bi 9/2" state, and hence,

the two strong transitions should come from the lower part of the 9/2—>15/2 spin

range. Systematics suggests that the 680.8 keV state is the 11/2+ state and the

710.8-keV state is 9/2+.

757.3 keV State: There are three transitions (265-, 437- and 576-keV) in

and one transition out of this stale. The 757.4-keV EO + Ml + E2 transition is

coincident with the other three transitions. The ver\"-converted character of 757-
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keV decay indicates it is a deformed l;V2+ state.

1000.4 keV State: Three transitions (290-, 320- and 1000-keV) decay to

the three positive parity states (9/2, 11/2 and 13/2). It is a possible (9/2-^13/2)+

state. The 290- and 320-keV decays are coincident with a 19o-kcV transition which

decaj's to this state from the liigher level.

1022.7 keV State: Four transitions decay to the first four positive parity

states. The 342-keV E0+M1+E2 tra.nsition decays to the 11/2"'" state, which makes

the spin-parity of this state to be 11/2+.

1054.6 and 1091.4 keV States: The 343.8- and 380.6-keV transitions are

coincident with the 710.8-keV line in a clear manner, thus resulting in the addition

of these two states to the decay scheme.

1195.0 and 1333.5 keV States: There are three transitions (195-, 437- and

514-keV) from the 1195-keV state and two transitions (576- and 623-keV) from the

1333-keV state. Both are positive parity states.

4.3 /3-decay and Level Scheme

4.3.1 Spectra analysis of /9-decay

The purpose of the mass-193 experiment was to study the /?-decay of

but in practice the intensity of ̂ ^^Pb ^-decay was stronger than ^^^Bi decay. As

the by-product of this experiment, the single 7 and e spectra and 7-7, 7-e, X-7

and X-e coincidence sj)ectra from decay of ̂ ®^Pb were analysed also. Due to the

large number of decay lines, it is difhcult to identify the transitions from ̂ ^^Pb /?+/£

decay by multiscaled singles spectra. The coincident characteristic X-rays and other

coincident peaks were used to do it.

The coincident characteristic X-rays of Pb, T1 and Hg obtained by setting

gates on the known decay lines are compared with the X-rays in the total projection

89



in Figure 4.16. The 75.0 keV line of Pb was used in the last section as a gate

energy to get the 7 and e" spectra from '-'•'Di decay. The line of T1 at 72.9 keV

is mixed with y^K^n^ni of Pb at 72.5 keV. Because ''"es and X/^^,

line of Pb have the same coincidence sjrectra of '^^Bi decay, the X/,-^, line of T1 gated

7 and e~ spectra were extracted by subtracting a portion of the Xa'^^ of Pb gated

spectrum. The ratio factor was determined by checking a few strong transitions

(at 175, 554 681 and 711 keV) from '®^Bi decay. It was a little over subtracted

to make sure the subtraction of all transitions of ̂ ^^Bi decay was compelete. The

fixed ^^^Tl Xa7 gated 7 and electron spectra are shown in Figures 4.17 and 4.18.

There aie some strong transitions from ^^^Xl decay shown in the spectra because

the high energy tail of Hg Xa-^/ peak is included in the gate. As ̂ ^^Pb decay, only

the transitions having been placed in the decay scheme have 7-ray and internal

conversion data are listed in Table 4.5 and coincidence relationships in Table 4.6.

The strongest 7 line at 365.5 keV comes from the isomeric state of

which is a few keV higher than the 365.5 keV state and directly separated from mass

separator. The second strongest 7 transition at 392.5 keV which decays to the iso

meric state was used to normalize the relative intensities of other 7 transitions. The

QA" values are normalized by the pure E2 transition at 716 keV. Several transitions

with OA- lying between the theoretical values of El and E2 transitions are marked

with question.

4.3.2 Level Scheme of '^^Tl

The decay scheme of jg partially based on the early work of

this group [Bin90a] and is primarily constructed by the coincidence spectra. No

transition was found between the levels connected with the ground state and the

levels connected with the 9/2" isomer. The levels connected with the ground state
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Table 4.5a 7-ray(^''-'Tr) from Decay

(Transitions decaying from the levels which are set up on the ground state)

Transition 7-ray Assignment
Energy Intensity in '•'■■^Tl OCk Multi-
(keV) (Relative) Initial-^Filial jwlarity
365.5(2) 2360. 366->0 0.066(4) E2+M1
395.1(4) 1.2" 1644^1249
404.6(4) 6.7(5) 770^366
596.1(4) 2123-^1527
756.9(4) 6.(1)" 1527^770
770.1(3) 5.(1)"

O
T

O

873.6(4) 8.(2)" 1644->770
883.4(3) 7.(1) 1249^366 0.005(1) El?
895.2(3) 2.1(2) 2144^1249
953.7(3) 0.8(2)" 2203^1249
1101.8(5) 1.0(5)" 1467-^366
1161.8(3) 4.(1)" 1527->366
1322.1(4) 1.7(4) 1688->366
1409.0(4) 2.1(2) 1774^366
1643.3(4) 2.3(3) 1643^0 ?

From gated coincidence spectra.

'') Doublet peaks.
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Table 4.5b 7-ray(^^^Tl) from ̂ ®^Pb Decay

(Transitions from the levels set up on the 9/2" isomer state)

Transition 7-ray Assignment
Energy Intensity in i^^TF oik Multi-

(keV) (Relative) Initial—^Final polarity

288.1(2) 2.8(3) 1291^1003

321.8(5) 0.7(2)" 1835-^1513

323.8(3) 18.(3)" 1082-^758 0.19(4)" Ml-t-E2

370.6(3) 11.(3)" 1661-^1291

384.4(4) 3.1(5) 2046^1661

392.5(2) (100.) 758-^366 0.10(1) M1+E2

406.4(4) 5.3(4) 1901-^1494

412.3(2) 2.6(4) 1494-^1082

416.6(3) 1.1(2) 1930-^1513

427.1(4) 1.1(3)" 1921-^1494

431.2(2) 8.9(7) 1513-^1082 0.08(2)" Ml-t-E2

466.8(2) 3.1(2) 1961->1494

490.3(3) 3.0(6) 1493^1003

512.6(4) 9.(2)" 1822-^1309 0.03(1)" E2+M1

532.7(3) 1.7(2) 1291^758 0.07(1) Ml

548.5(4) 2.6(3) 1973-^1424 0.03(1) E2-bMl

551.4(4) 1.9(2) 1309^758 0.04(1) Ml-t-E2

579.4(4) 1.7(5) 1661-^1082

580.8(3) 8.(1) 1872^1291

637.3(2) 31.'' 1003-^366

658.3(4) 2.6(3) 1661-»1003

666.2(2) 13.(1) 1424-^758 0.015(2) E2-bMl

690.4(5) 1.5(5)" 2000-^1309

716.4(2) 31.(2) 1082^366 (0.0097) E2

736.0(2) 22.(2) 1494-^758 0.0067(8) El?

737.2(3) 2.1(6)" 2046-^1309

752.8(4) 5.(1)" 1835^1082

755.1(3) 10.5(11) 1513^758 (0.0087) E2

755.4(5) 2.7(7)" 2046-^1291

757.6(3) 6.(1)" 2067-^1309

769.5(5) 7.4(9)" 2193-^1424?

789.8(2) 4.(1)" 2099-^1309

800.3(4) 1.1(2)" 2313-^1513

C) Levels are set up on the isomer state. The excitation energy should add
a small value about 10 keV.
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Table 4.5b: Continued

Transition 7-ray Assignment

Energy Intensity in Oik Multi-

(keV) (Relative) Initial—♦Final polarity
803.9(3) 1.9(2)° 2113^1309

818.7(4) 2.0(5)° 1901-^1082

824.4(3) 2.1(2) 2134^1309

839.2(4) 2.0(2) 1921->1082 0.006(1) E2?, El?
847.7(4) 2.2(2) 1930-^1082

878.9(4) 0.8(1) 1961->1082

883.6(3) 0.9(3)° 2193->1309?
890.9(4) 1.2(2)° 1973->1082
903.0(4) 2.7(2) 1661-^758

925.2(2) 6.7(4) 1291->366 0.0043(4) El?
944.0(2) 38.(3) 1309-^366 0.0089(9) E2+M1
957.3(4) 1.6(2) 2267-^1309
965.1(4) 2.5(2) 1723->758
1020.2(4) 1.2(3)° 2330-^1309
1058.9(3) 4.5(4) 1424^366
1064.0(5) 1.3(4)° 1823-^758

1086.7(4) 2.5(3) 2169^1082

1113.5(2) 7.7(5) 1872^758 0.0041(6) E2

1127.9(3) 2.0(2) 1493-^366
1140.8(3) 1.2(3)° 2450^1309

1161.7(3) 1.2(3)° 2471-^1309

1178.5(3) 2.6(3) 2181-+1003
1182.9(4) 2.7(5)° 1941^758
1196.0(4) 1.5(5)° 3068-^1872

1243.6(3) 0.6(2)° 2553^1309
1272.0(4) 0.9(3)° 3144->1872

1296.3(4) 1.7(2) 1661—>366

1379.9(4) 2.3(5)° 2462-^1082
1434.8(4) 1.6(3) 2193-^758
1512.7(4) 2.8(6)° 2595->1082

1555.0(5) 2.0(5)° 2313->758

1597.8(5) 4.8(5) 2356^758

1607.0(4) 4.2(6) 2689-^1082

1644.2(5) 2.3(3) 2726-^1082

1686.8(4) 1.5(3) 2996^1309

1914.7(5) 1.1(2) 2996^1082

1968.3(5) 0.6(2) 2726->758

2406.0(5) 3164-^758
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Table 4.6. Coincidence Relationship of 7-Decay

Energy Coinsidence Line (keV) (S: Strong, W: Weak)
288 371 581 6378 755

324 156 393S 412 431 579 753 819 839 848 891 1087 1380 1513 1644 1915

365 4058 756W 874 8838 895 1102W 1162 1322W 1409

393 3248 370 4068 412 427 431 466 533 549 552 6668 7368 753 7558 839

848 903 1064 11148 1183 1196 1409W 1435 1555 1607 2406

405 3668 756 874

406 324 3938 412 716W 7368 879 933 1243

412 324 393 406 437 466 716 1628

431 3248 3938 417 7168

467 3938 412W 736

490 6378

512 393 552 944

548 393 666 1059

581 288 533 637 925

637 2888 370 490 658

666 3938 549

691 596 944

716 406 4128 4318 7538 789 839 848 879 891 1027 1087 1197 1379 1513

736 3938 4068 427 467 944

753 324 3938 716 1078 1339 1606

755 288 322 3938 716 1078 1339 1606

758 288 3658 393 404 552 596 770W 9448

771 757W 874

790 944

819 324

874 366 405 771

883 3668 395 895 944 954

891 324 375 716 736

895 366 392 716 883

903 392 490

925 371 533W 581
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Table 'T6. Continued

Energy Comsidence Line (keV) (S: Strong, W: Weak)
944 366 513S 691 737 758 790 804 824 957 1020 1141 1162 1244 1687
1059 548

1114 392S 1196 1273

1141 944

1162 366 392 596

1178 637

1196 288 393 532 581 925 1113

1409 366

1436 393

1555 393

1598 393

1915 324 393

2406 393

(1/2+) are mainly lower spin states (Fig. 4.19). The levels connected with the isomer

(9/2") basically are higher spin states (Fig. 4.20 and 4.21). The relative populations

of the two level groups were different due to different population of the ground state

(3/2~) and isomer (13/2+) of ̂ ^^Pb in the early work [Bin90a]. Prevalent direct

^+/EC feeding from the ground state was also used to determine the spin of some

levels. Fifty six excited states were located and 86 transitions assigned to the level

scheme of ̂ ®^T1.

States set up on the ground state:

The 1/2+ spin of the ground state was determined by an atomic beam

experiment [Eks76] and o-decay of '^'Bi [Coe85]. The parity is from the systematics

of odd-mass 11 nuclei. Ihe 365.5-keV E2-|-M1 transition is the strongest one and

determines the energy of the first excited state of '^^Tl, this state is fed mostly from

the isomcric state of ''-'>^11 which decays to the first excited state. The spin-parity of

3/2 was from the Ml multipolarity of the 365.5-keV transition, the isomeric decay

to this state from the 9/2+ state, and systematics. The M0.2-keV state is placed by
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the coincidence of 405- and 770-keV transitions with 7o7- and 874-keV transitions

and a strong coincidence of the 405-keV transition with the 365-keV transition. The

5/2"'" assignment is from previous work [BinOOa],

Since the 883.4-keV E2 transition is coincident with 366-, 395-, 895- and

954-keV transitions, the r248.8-keV state is a positive parity state with a spin <

7/2. The 1101.8-, 1322.1- and 1408.9-keV transitions are only coincident with the

365.5-keV transition, so three states at 1467.2-, 1687.6- and 1774.3-keV are added to

the decay scheme. From the coincidence relationships of 756.9-keV (v.s. 405-, 366-,

596- and 770-keV) and 1161.8-keV (v.s. 366- and 596-keV) a level at 1527.2-keV

and another level at 2r23.3-keV were added in the scheme. The 395-keV transition

is coincident with the 883-keV transition and the 874-keV transition coincident with

366-, 405- and 770-keV transitions resulting in placement of a level at 1643.9 keV in

the scheme. No transition was found in coincidence with 1643.3-keV, from energy

considerations it is located as a possible transition from the 1643.9-keV state to the

ground state. Both 895- and 954-keV transitions are coincident with the 883-keV

transition; thus, 2144.0- and 2202.5-keV levels were added to the scheme.

States set up on the isomer 9/2~ state

Excitation energy of the isomer. From the IT decay of this state only the

strong 366-keV 7 transition was observed and no strong coincidence X^-line of T1

was found, so its excitation energy is a little higher than 365.5 keV but the difference

is not over 13 keV. The real excitation energies of states set up on the isomer should

be the energy difference between the state and isomer plus 365.5 keV plus a small

value lower than 13 keV. In electron spectrum gated by the Kqi X-ray of Tl, there

is a strong electron peak at 375.8 keV which islO.3 keV higher than the strongest

365.5-keV electron peak. It was first suspected to be the M4 transition from the 9/2"

isomer to 1/2"'' ground state which cannot be checked by a coincidence relationship.
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But because the same structure apijcars for the strongest electron line (425-keV)

in the ̂ ^^Bi decay, it is a possible coincidence sum of the conversion electron with

the coupling L X-rays which are emitted when an electron moves from the M-shell

to the L-shell and detected by the same electron detector. No state was found in

the lower excitation energy region which was connected with both the ground state

and isomer, because of the big difference of the spin values. But comparing the

two separated schemes at higher energy region, the 2113.2-, 2133.7- and 2192.9-keV

states set up on the isomer are close to the 2123.3-, 2144.0- and 2202.5-keV states set

up on the ground state at the differences of 10.1-, 10.3- and 9.6-keV. No coincidence

data from present work can support that they are the same states or that the energy

of the E3 transition from isomer (9/2~) to 365.5-keV state (3/2+) is about 10.1 keV.

Therefore in the present work the energies of all levels set up on the isomer are still

marked with "+E" which is believed to be about 10 keV.

9/2[505] band: The isomeric state has been interpreted as a h9/2 proton

coupled with the ground state of even-mass Hg. A rotational band is set up on

it which has been confirmed by a high spin work [New74]. The 758.0-keV state

is an 11/2" which connects with the isomer with a 392.5-keV M1+E2 transition.

The 1081.9-keV state is a 13/2" state which decays to the isomer by a 716-keV E2

transition and to the 11/2" state by a 324-keV M1+E2 transition. The 1513.1-keV

state is a 15/2" which decays to the 11/2" state by a 755-keV E2 transition and

to the 13/2" by a 431.2 M1+E2 transition. The 1834.8-keV state is a 17/2" and

connects with the 15/2" and 13/2" states by 753- and 322-keV transitions. The

17/2" is the highest spin state identifed from the /?+/£-decay of ̂ ^^Pb.

7/2[514j band: The first 7/2" state at 1002.8 keV is interpreted as the

head of the A' = 7/2 band [BinOOa]. The structure of this band is not as clear

as the 9/2[505] band because there are many side-decays. A band up to 13/2"

state is suggested: 1002.8-keV(7/2-) ̂  1290.8-keV(9/2-) 1661.4-keV(ll/2"?)
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—> 2046.2-keV(13/2~?). The 1290.8-keV' state decays to 1002.8-keV by a 288.1-keV

transition; the 1661.4-keV state connects with 7/2" and 9/2" states by 658.3- and

370.6-keV transitions; and the 2046.2-keV state connects with 9/2" and ll/2~(?)

states by 755.4- and 384.4-keV transitions.

States set up on the state: The 1309.3-keV state has a spin and parity

of 11/2" and is believed to be the hn/2 state corresponding to a hole in a ̂^''Pb core.

Fourteen transitions to this level were confirmed by coincident relationships. The

512.6-keV E2+M1 transition placed a negative parity level at 1822.0 keV which

is supported by the coincidence between 1064-keV and 393-keV transitions. The

2192.9-keV state is added to the scheme also by the coincidences between 884- and

944-keV transitions and between 1435- and 393-keV transitions. The 2046.2-keV

level is added by the coincidence relationships of 384-, 737- and 755-keV transitions

and the 2726.3-keV level is placed by the coincidence relationships of 1644- and 1968-

keV transitions. Ten other levels (1999.7, 2066.9, 2099.1, 2113.2, 2133.7, 2266.6,

2329.5, 2450.1, 2471.0 and 2552.9 keV) are added because of ten transitions which

were only coincident with the 944-keV transition. A quintuplet of levels above the

hn/2 state are expected due to excitation of the core to its first 2+ state. The

energies of the quintuplet should be near the energy of the 2+ 0+ transition in

^^''Pb (965-keV). Except for the 512.6-keV transition, the next 5 strongest transitions

{I'y,Rei. > 1'9) are located within a 90 keV (737 —> 824 keV) energy region, indicating

that the core is essentially spherical. (The interpretation of the 2046.2-keV state as

a vibration of the spherical core here is somewhat contradictory with its being in

the 7/2[514] band. Considering 13/2" members could be mixed, the decays to both

deformed and spherical structures are permitted.)

13/2/606] band: The 1494.2-keV state is interpreted as a 13/2+ because

of the El character of 736.0-keV transition [Shi90]. The 1900.6-keV state is tlie

possible 15/2+. Other higher spin positive parity states were not observed in this
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work.

Other states: All other states connected with the lower states by one or

more transitions are supported with the coincidence relationships. 769.5- and 800.3-

keV transitions were located in the scheme as possil)le positions only by the energy

relationships; neither was used to place the new levels.
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CHAPTER 5

Discussion

5.1 Systematics of the odd-A Pb isotope lower states

Pb isotopes are proton closed-shell nuclei. The shape of Pb isotopes ground

state is spherical or near spherical. Most lower states of odd-mass Pb isotopes can be

explained by the neutron single-particle motion. The single quasi-neutron coupling

with the ground state of the even-mass Pb isotope core creates the ground state and

several lower excited states of the odd-A isotope. Below the neutron (126) gap, the

order of neutron single particle states is ii3/2, P3/2, f5/2 ̂ .nd pi/2 from neutron mid-

shell to closed-shell. The last single neutron will occupy the particle orbit according

to the Nilsson level order at £2 ~ 0- for the ground state. The spin-parity of the

odd-mass Pb ground states progress from 3/2" to 5/2" to 1/2" sequentially as the

neutron number increases from N = 111 to 125.

The experimental energies and P of the lowest 3 negative parity states

and first positive parity state of isotopes between ^®^Pb and ^°^Pb are displayed

in Figure 5.1, except for the case of ̂ ^^Pb where the possible 1/2" state is still

unknown. The 3/2" and 5/2" levels exchange their order around A = 199. The

1/2" state starts at quite low excitation energy in ^°^Pb and its excitation energy

increases with A decreasing to ̂ °^Pb; the (1/2, 3/2, 5/2)" levels of ̂ ^Pb, ̂®^Pb and

I93pb follows the trend of 1/2" states established in 205-20ip|^^ thus on that

basis, they probably are the 1/2" levels in these nuclei. The Fermi surface is higher

when the mass of nuclei is increased and the energy difference between the Fermi
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surface and the \\zi2 neutron-hole state is bigger, so the excitation energy of the first

positive parity state, with spin 13/2, increases with A.

The modified harmonic-oscillator potential introduced by Nilsson et al

[Nil69] was used to calculate the first few single particle states of odd-A isotopes.

The potential is

V = —K^a;o[21t • s -f- /z(/^ — {11)n)\ (5-1)

where ujq is the harmonic-oscillator parameter which incorporates the principle of

volume conservation when the nucleus is deformed from spherical shapes; s is the in

trinsic nucleon spin and Ij represents the orbital angular momentum in the stretched

coordinate basis [Nil69]. The deduced "universal" (/c,/i) parameters set of different

K,/i values used in the calculation for each oscillator shell were obtained by Bengts-

son and Ragnarsson [Ben85, RagSO] which assumes a dependence related to the

main oscillator quantum number N, rather than to the mass number A (Table 5.1).

Table 5.1 (/c, /x) values as a function of oscillator shell A'used in the calculation for

protons and neutrons (from [Ben85]).

Protons Neutrons

^  K pL K ^
0  0.120 0.00 0.120 0.00

1  0.120 0.00 0.120 0.00

2  0.105 0.00 0.105 0.00

3  0.090 0.30 0.090 0.25
4  0.065 0.57 0.070 0.39

5  0.060 0.65 0.062 0.43

6  0.054 0.69 0.062 0.34

7  0.054 0.69 0.062 0.26

8  0.054 0.69 0.062 0.26
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Figure 5.1: Experimental (solid) and calculated (dashed) energy levels for ii3/2, £5/2,
P3/2 and pi/2 states of odd-A Pb nuclides with A = 193 - 205.

Ten single quasi-particle states, pi/2(A' = l/2),p3/2(A' = 1/2,3/2), hniK =

1/2,5/2),/i9/2(A = 9/2) and ?i3/2(A = 1/2,3/2,11/2,13/2) were considered in

the calculations. The potential energy of each single state was extracted from the

minimum value on the £2~£a two-dimensional surface. The calculated results for

Pi/2-,P3/2i fb/i and h3/2 states of odd-A Pb isotopes {A = 193 — 205) are shown in

Table 5.2 and Figure 5.1 too. Comparing the experimental and theoretical values,

the calculations do reproduce the crossing of the pi/2 and f5/2 orbital states at about

A = 205 and the crossing of the P3/2 and f5/2 states at A = 199. The predicted

levels follow the trend of the experimental levels for the 3/2" and 5/2" levels with

excitation energy differences less than about 100 keV and the higher 13/2+ levels

with less than about 200 keV. Yet if the third negative parity levels of I93.i95,i99pj^

are assigned to the pi/2 state, the deviations between experimental and calculated

excitation energies are much bigger, becoming about 600 keV in ^®^Pb. Small
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alteration of ac and /i do not significantly alter the discrepancy between the theoret

ical value of pi/2 and the experimental energy of the possible 1/2" level.

5.2 Systematics of the shape-coexistence in odd-A Pb iso

topes

The phenomenon of shape-coexistence in the odd-mass Pb isotopes was

first found in I95,i97p|^ [Gri91, Van91]. Since pure EO transitions are found between

the different shaped 0"^ states of even-A isotopes, transitions with strong EO com

ponents are expected and observed widely between the shape coexisting states with

the same spin and parity both for even-A (other than 0+ state) and odd-A isotopes.

The three very-converted transitions of ̂ ®®Bi decay at energies of 318, 401 and 890

keV were considered to have EO components since experimental ax values were

15(9), 21(11) and 2.0(6) times the theoretical Ml transition conversion coefficient

respectively, the three positive parity states (9/2, 11/2 and 13/2) were interpreted

as the states with the deformed nuclear shape [Gri91]. From ̂ ®^Bi /3+-decay, three

very-converted transitions at energies of 351, 477 and 1111 keV with experimental

ax values of 2.0(2), 5(2) and 3.6(4) times of the theoretical Ml transition con

version coefficients were also taken as the transitions with EO components. Three

states, 9/2"'"(1525 keV), 11/2'^(1625 keV) and 13/2''"(1431 keV), were interpreted as

deformed shape states [Van91].

In the present work, similar situations were found in the ̂ ^^Bi and ̂ ^Bi

/?"^-decays. The 342 and 757 keV transitions in the ̂ ®^Bi decay, have experimental

conversion coefficients (ax) that are > 5 and 4.5(10) times the theoretical Ml value.

Two states (at the 757 and 1023 keV excitation energies over the first positive parity

state) were interpreted as the deformed 13/2+ and 11/2+ states. The 480-keV and

1268-keV transitions in ̂ ^Bi decay have ax values which are about 3.0(2) and 6(3)
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times Ml transition conversion coeflicients. The 1705-keV state in the level

scheme was interpreted as deformed 13/2"'" state and 1754-keV state was assigned

as the deformed 9/2"*" state.

The energies of deformed positive parity states compared with the first

positive parity state (13/2"*") in the Pb isotopes (A=193-199) are shown in the Fig

ure 5.2. The excitation energies of the deformed states with different spin value

increase systematically with the neutron number. This can be understood by com

paring the deformed 13/2+ states in the odd-A isotopes and the deformed 0+ states

in the even-A Pb isotopes (Fig 5.3). The first 13/2+ states and deformed 13/2+

states in the odd-A isotopes are interpreted as the \\zi2 neutron hole coupling with

the spherical ground 0+ and deformed excited 0+ state of the even core. When the

excitation energy of the deformed 0+ state of even-core increases with the neutron

number, the coupling result for the deformed 13/2+ state excitation energy will be

higher logically.

It would be noticed in detail that the excitation energy of the odd-A de

formed state is always lower than the neighboring even-A isotopes, from ̂ ®^Pb where

the 757 keV excitation energy is 174 keV lower than its even-core ̂ ^''Pb to ̂ ^Pb

which is 358 keV lower than the even-core. It indicates that the interactions be

tween ii3/2 neutron-hole state and the ground state of even-core or deformed state

of even-core are different systematically. The potential energy of a high j, low K

single particle state on the oblate side of the Nilsson diagram will rise as the de

formation increases, and hence the ij3/2 state is closer to the Fermi surface. So the

ii3/2 quasi-particle favors an oblate shape deformed state which has lower excitation

energy than the spherical ground state. Or it can be considered that the overlap

between the wave function of ii3/2, low K hole state with the oblate core is bigger

than with the spherical core. The stronger interaction between the quasi-neutron

and deformed core pulls down the excitation energy of the odd-A deformed state
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relative to the neighboring even isotope.

The deformed states with the lower excitation energy found in the Pb

isotopes are interpreted theoretically as two proton holes (81/2,1/2)"^ and two proton

particles (h9/2,9/2)^- In an early Nilsson-Strutinsky calculations [May77], there are

possible excited oblate and prolate minima lying above the spherical state. When

the neutron number is less than 106, the energy of the prolate state is lower than

the oblate state; when the neutron number is more than 106, the oblate state would

be lower than the prolate state. In another recent theoretical calculation using a

deformed Woods-Saxon field plus the monopole pairing interaction [Ben89], a similar

result was obtained: for lower neutron numbers {N « 104), both oblate and prolate

shape states are possibly observed in the experiment; for higher neutron numbers

N w 114), the oblate shape state would be more likely than the prolate shape. The

deformation parameter {^2) of oblate shape is about 0.15.

The same modified Nilsson model and harmonic-oscillator parameters dis

cussed in the last section were used to calculate the ground state potential energy

surface here (Fig. 5.4). Similar potential energy curves were obtained with the

Woods-Saxon potential calculation [Ben89]. For ̂ ®®Pb, the clear minima exist on

both oblate and prolate sides. The corresponding deformation parameters (£2, while

£4 was varied to keep the energy minimum) are about -0.18 and 0.24. As with the

Woods-Saxon potential calculation for ̂ ®^Pb[Ben89], the local minimum on the pro

late side has disappeared and a fiat region exists on the oblate side (£2 ~ —0.15).

For heavier isotopes (Aw202), only a recognizable flat structure in the normal de

formation region is left on the oblate side.

For the odd-mass Pb isotopes, the potential energy surface of ii3/2 was

calculated by the same model (Fig. 5.5). On the oblate side, a local minimum

for the isotope (A=187) becomes a clear flat region for the isotopes (A=191-199)

with A increased, and this flat region disappears as the neutron number approachs
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Figure 5.4: Ground state potential energy calculation by Nilsson potential for even-
A Pb isotopes.

the closed shell. Just as their even core, all of these occur at £2 about -0.15 and

the potential energy differences between the flat region on the oblate side and the

minimum near the spherical point are about 1 MeV. On the prolate side and at

normal deformation region, the deformed minimum disappears very quickly as the

neutron number is increased above 106.

As it is known the total routhian surface (TRS) calculation is quite suc

cessful in determining the nuclear shapes. The TRS are shown in Figure 5.6 for
I87,i93,i97pjj at low frequencies {hu> = 0.0 and 0.05 MeV). When u = 0.0, there are

no differences between the 7 = 60° and -60°. From the ̂ ®^Pb TRS, there is a flat

region at |/?2| ̂  0.15 and 7 = —60° (oblate); and at a little higher excitation energy

region there is a minimum at ̂ 2 ~ 0.20 and 7 = 0° (prolate). In both ̂ ^^Pb and

i97pb XRS's, there is the clear flat region at 7 = -60° and |/32| ~ 0.15; but along

the prolate axis the first minimum is in the super-deformation region (/?2 > 0.4).

The different theoretical approaches under the different approximations
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Figure 5.6: Total Routhian Surface (TRS) of I87,i93,i97pjj _ q q j^gy Qgft
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give out the similar deformation results for the 0+ states of even-A and 13/2+ states

of odd-A Pb isotopes: when nuclear mass A is larger than 190, there is a normal

deformed state on the oblate side at /?2 equal to ~0.15; and when A is smaller

than 190, the normal deformed oblate state still exists and a normal deformed

prolate state will begin competing with the oblate shape state. The phenomenon of

shape coexistence in the odd-A Pb isotopes have been observed experimentally for

A=193-199. At the heavier isotope end, the transition energy between the deformed

13/2+ state and spherical 13/2+ state has increased to 1268 keV, and the conversion

coefficient is only 0.05; even so its experimental ax is 6 times that of a pure Ml

transition. For even higher mass number odd-A Pb isotopes, the excitation energy

of the deformed state will be higher systematically. Comparing with the relatively

simple level structure of even-A isotopes, the odd-A isotopes at higher excitation

energy have a higher density of states and the probability of mixture among different

states will be much higher. It may be very difficult to find the deformed state by

measuring the conversion coefficients. Theoretically, the existing probability will

be lower with the smaller flat structure of its potential surface. On the other side

{A < 191), measuring the EO component at lower transition energy (< 700 keV

for ̂ ®^Pb systematically) would be easier. It would be very interesting to observe

the normal deformed prolate state beginning to compete with the oblate state and

the excitation energy of the spherical 13/2+ state will be lower, even becoming the

ground state of odd-A Pb isotopes. But the production of very neutron deficient Bi

radioactive source has a much lower production cross section and the short half-life

will make the measurement much more difficult.

Most of the shape-coexistence phenomena in the odd-A Pb isotopes are

found in the positive parity states connected with ii3/2 single quasi-neutron. In

^^^Pb one highly converted transition (565 keV) decays to the lowest 5/2" state and

serves as the only candidate for shape coexistence among the negative-parity states.
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The 739-keV level can be interpreted as a {5/2 neutron coupled to the first deformed

0"^ state at 769 keV in the core. The lowering of the EO transitional energy

in ̂ ®^Pb relative to the 0+—^O""" energy in the ̂ ®'^Pb (769 keV) can be explained by

the downsloping f5/2 orbital on the oblate side of the Nilsson diagram. The

13/2jgy spacing in ^^•''Pb is larger (757 keV), but since the ii3/2 orbital is nearly

full it is interpreted as a hole state in the ̂ ®^Pb core, which has a 0"^—>0+ transition

energy of 930 keV.

The shape coexistence phenomenon in the Pb isotopes is very interesting

because it is on the proton closed shell. While their ground states are spherical, some

excited states are possibly deformed from a broken proton core. At low excitation

energy, three negative parity states (f5/2, P3/2 and Pi/2) and one positive parity ii3/2

state are distributed according to their energy difference with the Fermi surface

basically with spherical shape. Because the potential energies of the high-J, high-K

and high-j, low-K states have large slope in the Nilsson diagram, energetically the

nucleus favors large deformation (prolate or oblate) when these orbitals are occupied.

It is called the deformation driving effect of the single-particle orbital. In general,

the shape-coexistence structure will be more likely in the high-j state. On the oblate

side of this mass region, the ii3/2, low-K hole-state is the energy favored state. Then,

the deformed positive parity states in the odd-A Pb isotopes are found in the lower

energy region throughout the various isotopes in the experiment. Because of the

abundance of spherical negative parity states near 1 MeV, the deformed negative

parity states have many states with which to mix. The significant lowering of the

O"*" deformed state in the ̂ ^^Pb perhaps produced the first such negative parity state

with sufficient admixture of the deformed state to be observed by this technique in

'^3pb.

When an outside quasi-neutron couples with the spherical 2]*" state of an

even-core, it will create the multiplet level structure. There are clear observed
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level structures from to sliowing that there are {113/2 ® 2^} weak cou
pling configurations (Fig. 5.7). the iiill quintuplet was identified in ' Pb. The
transitions between the {il3/2 (g) 2+) and {il3/2 @ Of} should be fairly pure E2

characteristic decays; this is confirmed by the experimental data. 1 he corresponding

structures cannot be identified in the negative parity states, because the possible

{P3/2 ® 2/"}, {f5/2 ® 2^} and {pi/2 ® 2^"} coupling configurations are mixed to

gether in a relative small energy region. As mentioned above the negative parity

states might also mix with deformed states thus making simple characterization of

any of the negative parity states around 1 MeV excitation difficult. The "crossing"

decays with the Ml component are prevalent in the low negative parity states.

5.3 Band structures of

The Pb isotopes have a closed proton shell, the low excitation states have

spherical or near spherical shape. For the isotopes of Tl, there is a proton quasi-

particle outside the closed shell. While many of the configurations are still spherical,

some may be easier deformed by the proton-neutron interaction, and other pairing

effects promotes a proton to the next major shell ( h9/2 suborbital) and establishes

deformation in the low excitation energy range. Several low spin positive parity

states connected with the ground state of ̂ ®^T1 are believed to be the proton hole

states (si/2, d3/2) coupling with the spherical Pb core; those are expected from a weak

coupling model. There are some high spin positive parity states connected with the

ii3/2 single proton particle state. High spin negative parity states are expected from

the coupling of a hii/2 proton hole to the Pb spherical core and the coupling of a h9/2

proton particle to the Hg oblate core. The mixing between the states from the hii/2

and h9/2 should be small because the Pb and Hg cores have different deformations.

The isolation between the different deformation bands makes it possible to describe
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the band structure with the theoretical model which couples a single particle to a

rigid core. As has been discussed in the chapter of experimental results, four band

heads (9/2[505], 7/2[514], ll/2[505] and 13/2[r)06]) were found in the level

scheme. Relatively complete quasi-rotational band structures were set up on the

9/2[505] (9/2- 17/2-)and 7/2[514] (7/2- 13/2-) states. The rigid triaxial

particle-rotor model with a modified oscillator potential was used to calculate the

excitation energies and relative transition intensities of these two bands.

A similar calculation has been done on ̂ ^^Tl [Bin92], in which the quadrupole

deformation £2 was taken from [Bou85] as -0.14, and the parameter 7 = -23° was

set from fitting the position of the K = 5/2 bandhead. In the level scheme of ̂ ®^T1,

the 5/2[523] state and band were not found. Considering the position of the T1 pro

ton Fermi surface and the lower excitation energy of hg/2 and 113/2 high 0 states and

the coupling Hg core, the nuclear shape should be oblate. The harmonic oscillator

potential calculation predicts the minimum of /ig/2 different Q, states at £2 w —0.14.

For lower values, the nuclear shape is softer and there is a second minimum on

the prolate side.

For all these reasons, calculations were made utilizing both an axially sym

metric potential (7 = 0°) and a triaxial rotor potential (7 = —23°) used in fitting the

^®®T1 level structure. In both cases the deformation parameter £2 was taken as -0.145,

Standard values for the g-factors have been used {gt = 1.0, = 0.70*gs{free),gR =

Z/A). Another calculation of input parameter E2 is about half of 2+ state energy of

even core. For the best level energy fit, at 7 = 0° and £2 = -0.145, E2 is 210 keV;

^t 7 = —23° and £2 = —0.145, E2 is 260 keV. The experimental and theoretical

level energies are shown in Figure 5.8 and relative intensities are compared in the

Table 5.3.

Usually a nuclear model is more strictly tested by electromagnetic matrix

121



t
o

t
o

1
9
0
0
 —

1
4
0
0
 —

> <
D

w

9
0
0
 —

4
0
0
 —

-1
00

 —
'

1
3
/
2
-
 
1
6
9
0

1
7
/
2
-
 
1
4
6
9

1
1
/
2
-
 
1
2
9
6

1
5
/
2
-
 
1
1
4
8

9
/
2
-
 

9
2
5

1
3
/
2
-
 

7
1
6

7
/
2
-
 

6
3
7

1
1
/
2
-
 

3
9
3

B
x
p
.

9
/
2
-
 

0

1
7
/
2
-
 
1
7
0
4
 ̂
3
/
2
-
 
1
7
2
2

5
/
2
-
 

1
5
1
4

K
=
5
/
2

1
1
/
2
-
 
1
3
1
0

1
5
/
2
-
 
1
1
8
6

9
/
2
-
 

9
6
2

1
3
/
2
-
 

7
2
9
7
/
2
-
 

6
7
S

K
=
7
/
2

1
1
/
2
-
 

3
3
4

9
/
2
-
 

0
K
=
9
/
2

T
h
e
o
.
 1

1
3
/
2
-
 
1
6
1
2

1
7
/
2
-
 
1
4
9
9

5
/
2
-
 

1
5
4
7

K
=
5
/
2

1
1
/
2
-
 
1
3
2
2

1
5
/
2
-
 
1
0
6
3
9
/
2
-
 

1
0
1
4

7
/
2
-
 

6
9
0

1
3
/
2
-
 

6
3
3
 

K
=
7
/
2

5
/
2
-
 

5
2
6

1
1
/
2
-
 
3
9
6

T
h
e
o
.
2

9
/
2
-
 

0
K
=
9
/
2

Fi
gu
re
 5.

8:
 T
he

 th
eo
re
ti
ca
l e

xc
it
at
io
n e

ne
rg

y f
ro
m 
th

e P
ar

ti
cl

e-
Ro

to
r M

od
el

 c
om
pa
re
d 
wi

th
 t
he

^p
er

im
en

ta
l 
da

ta
 o
f 

fig
ur
e 
gi

ve
s t

he
 e
xp
er
im
en
ta
l 
va
lu
e

Th
e 
ce

nt
ra

l 
an

d 
ri
gh
t p

ar
ts

 a
re

 t
he
 t
he
or
et
ic
al
 v
al
ue
s 
wi

th
 d
if
fe
re
nt
 p
ar
am
et
er
s:

(6
2 
=
 -
0.

14
5,

 Y
=
 Q

O,
 E
2 
=
 2
10

 k
eV

 a
nd

 Y
=
 -2

3°
, E

2 
=2

60
 k
eV

).



Ta
bl

e 
5.

3:
 C
o
m
p
a
r
i
s
o
n
 o
f 
en

er
gi

es
 a
n
d
 i
nt

en
si

ti
es

 b
e
t
w
e
e
n
 t
he

 P
ar
ti
cl
e-
Ro
to
r 
M
o
d
e
l

ca
lc

ul
at

io
ns

 a
n
d
 t
he

 e
xp
er
im
en
ta
l 
da

ta
.

t
o

C
O

B
a
n
d

Pa
ri
ty
: 
-

E
x
p
e
r
i
m
e
n
t
a
l

Th
eo
re
ti
ca
l 
1
 (
 y
= =

 0
)

Th
eo
re
ti
ca
l 
2
 {
y
=
-
2
3
 )

K
Ji

Jf
E
y

R
e
l
.
I
n
t
.

E
y

B
(
E
2
)
B
(
M
1
)

R
e
l
.
I
n
t
.

E
y

B
(
E
2
)
B
(
M
1
)

R
e
l
.
I
n
t
.

9
/
2

1
1
/
2

9
/
2

3
9
3

1
0
0

3
4
4

.
6
3
6
8
.
0
8
2
2

3
9
6

.
5
3
5
2
.
0
5
9
7

1
3
/
2

9
/
2

7
1
6

1
0
0

7
2
9

.
1
1
8
2

1
0
0

6
3
3

.
2
7
8
8

1
0
0

1
3
/
2

1
1
/
2

3
2
4

5
8

3
9
5

.
7
0
0
3
.
1
2
9
2

7
5

2
3
7

.
0
6
4
4
.
0
3
3
9

2
.
5

1
5
/
2

1
1
/
2

7
5
5

1
0
0

8
5
2

.
2
3
3
1

1
0
0

6
6
7

.
3
5
7
9

1
0
0

1
5
/
2

1
3
/
2

4
3
1

8
5

4
5
7

.
6
2
8
3
.
1
5
7
7

3
3

4
3
0

.
3
5
5
4
.
0
6
5
2

2
7

1
7
/
2

1
3
/
2

7
5
3

1
0
0

9
7
5

.
3
2
6
3

1
0
0

8
6
6

.
3
1
7
7

1
0
0

1
7
/
2

1
5
/
2

3
2
2

1
4

5
1
8

.
5
3
2
7
.
1
7
5
4

1
9

4
3
6

.
3
2
9
8
.
0
9
6
6

1
1

7
/
2

7
/
2

9
/
2

6
3
7

1
0
0

6
7
8

.
0
2
7
6
.
0
5
4
0

1
0
0

6
9
0

.
0
5
5
1
.
0
4
1
1

1
0
0

7
/
2

1
1
/
2

2
4
4
?

0
.

3
4
4

.
0
1
8
0

0
.
3

2
9
4

.
0
0
0
7

0
.
0

9
/
2
2

7
/
2

2
8
8

4
2

2
8
4

.
6
2
3
8
.
1
2
5
0

2
1

3
2
4

.
5
2
1
2
.
0
9
6
0

2
0

9
/
2
2

9
/
2

9
2
5

1
0
0

9
6
2

.
0
1
8
1
.
0
0
7
9

1
0
0

1
0
1
4

.
0
2
1
4
.
0
0
6
5

1
0
0

9
/
2
2

1
1
/
2

5
3
3

2
5

6
2
8

.
0
0
5
5
.
0
4
8
4

7
1

6
1
8

.
0
1
7
6
.
0
4
0
5

4
7

1
1
/
2
2

7
/
2

6
5
8

1
0
0

6
3
2

.
1
3
7
3

1
0
0

6
3
2

.
2
8
3
0

1
0
0

1
1
/
2
2

9
/
2
2

3
7
1

4
2
0

3
4
8

.
6
1
9
5
.
1
8
1
7

1
0
2

3
0
7

.
1
5
8
8
.
0
7
5
2

1
3

1
1
/
2
2

9
/
2

1
2
9
6

6
5

1
3
1
0
.
0
0
5
4
.
0
0
0
5

1
6
0

1
3
2
2

.
0
0
4
5
.
0
0
0
0

6
4

1
1
/
2
2
1
1
/
2

9
0
3

1
0
4

9
7
6

.
0
1
7
6
.
0
1
2
5

2
3
4

9
2
6

.
0
1
1
1
.
0
0
6
9

5
4

1
1
/
2
2
1
3
/
2

5
7
9

6
5

5
8
1

.
0
0
0
4
.
0
4
5
8

9
3

6
8
9

.
0
1
9
6
.
0
3
6
6

7
1



elements than by energy comparisons alone. It is interesting to note that there is

not a big difference in the quality of the excitation energy fit for 7 equal 0° and -23°;

however, the transition intensities are quite different for the different 7. In Table

5.3, the relative intensities from both E2 and Ml contributions are normalized to

the strongest 7-ray or the pure E2 transition observed from that particular level.

For the predicted transition relative intensities in the K=9/2 band, the 7=0° results

gave a much better comparison with those extracted from the experimental data

than the 7 = —23° results. When the intensities of transitions from the first 13/2"

state are normalized for the pure E2 decay to the isomer 9/2" state, the prediction

of the intensities which decay to the first 11/2" state are 75 for 7 = 0° and 2.5 for

7 = —23° compared to the experimental value 58. For the decays from 15/2" and

17/2" states, both calculations give good fits. For the K=7/2 band, the result of

7 = —23° is improved. The predicted decay intensities from 7/2" and 9/2" states

of 7/2[514] band are similar for 7 = 0° and —23°. But for the transitions from

the second 11/2" state, the theoretical model gives the better fit for the in band

transitions with 7 = 0°; and the better fit for the transitions to the 9/2[505] band

with 7 = —23°.

From the Total-Routhian-Surface of igs-pj rotation

frequency (Fig. 5.9), there is a real deformation minimum at /?2 ~ 0.14 and 7 « —60°

(same as 7 about 0° when £2 is a negative number). It is logical that for the K=9/2

band, 7 = 0° is a very good approximation. But for the ̂ ®^T1 isotope, the parameter

7 = —23° was required to get the energy difference of 5/2[523] and 9/2[505] states

which was very sensitive to the 7 value. A possible explanation is that the nuclear

shape is softer for the h9/2 middle K states, thus resulting in a K shape dependence.

In the Nilsson diagram, the potential energy slope of the 9/2[505] and 7/2[514] single

particle states are very big and the 5/2[523] state is basically a flat line. Compared

with K=9/2 and 7/2, the nuclear shape of K=5/2 band will be more easily changed,
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perhaps resulting in a clifTerent 7 value. Under this situation, the different 7 value

should be assigned to the different K bands or even different states in the same band.

The 7-soft rotor should be considered in the calculation. For such a flexible and

changing potential, the transition intensity calculation between the different shape

bands will be more complicated.
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CHAPTER 6

SUMMARY AND CONCLUSION

The /?+/EC decays of mass-separated and were studied at the

Oak Ridge Holifield IleaA'y-lon Research Facility. In these experiments the heavy-

ion fusion reactions 4??) and Srr) were used. Time-sequenced

spectra of 7-rays, X-rays, conversion electrons and yyt, yXt, eyt, eXt coincidence

data were obtained. The decay schemes were constructed consisting of 67 excited

states and 216 transitions in ^^^Bi and 41 excited states and 61 transitions in '®^Bi.

Several very-converted transitions interpreted as EO multipole admixtures, as in

dicative of shape coexistence, were found to de-excite positive-parity levels at 1705,

1754 keV in ^^®Bi and 757, 1023 keV higher than the isomer state in ^°^Bi. One

possible deformed state with negative parity, the first one discovered in odd-mass

Pb isotopes, was found at 739 keV in ^®^Bi.

The systematics of the lower excited states in odd-mass Pb isotopes were

discussed and interpreted as a single neutron particle or hole coupling with the

ground states of their even-core. Good agreement was found for P3/2, f5/2 and

ii3/2 experimental energies and ])redictions of the theoretical deformed harmonic-

oscillator potential calculation. The theoretical energies of the pi/2 states agree

with the experimental value at heavy mass region (A~205), but there are bigger

energy differences with the experimental energies of the (1/2, 3/2, 5/2)~ state as

neutron number decreases (~600 keV at A = 193). This state needs more detailed

study and the experimental missed one in ̂ ^"Pb should be found in the 250-300 keV

energy region.
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The sysleinatics of shape coexistence in odd-mass Pb isotopes with even-

mass isotopes were compared and discussed in both positive and negative parities

states, and interpreted as single neut ron weak-coupling with the spherical and oblate

deformed even-core. The Nilsson model and Total Houthian Surface calculations

were used to study the nuclear shape of Pb isotopes. The systematics of shape co

existence phenomena in lead isoto])es are basically explained by these theory models.

Considering the steeper theoretical deformation potential slope, the higher excita

tion energy of the deformed state, and the resulting lower experimental conversion

coefficient on the higher mass side, it will be very difficult to observed the normal

shape-deformed state in heavier odd-mass Pb isotopes by the same experimental

method. On the lower-mass side, potential minima will appear on both oblate and

prolate sides, the experimental q/v value will be bigger at lower transition energy for

the same EO component. Observing the competition between the potential minima

on the oblate shape and prolate shape would be quite interesting. More negative

parity deformed states are expected in the lower mass region. While production of

intense sources will be quite difficult, it would be interesting to pursue these studies

to the lower mass region.

As a by-product of the experiment, a decay scheme with 56 excited

states and 86 transitions in ^^^Pb was established. Two bands of 7r/(,g/2 9/2" [505]

and 7r/?.9/2 7/2[514] were expanded. The particle-rotor model was applied to the

energies and electromagnetic properties of these two bands. Compared with the

experimental relative transition intensities, the £2 = —0.145 and 7 = 0° give the

better fit for K=9/2 band. This type deformation also agrees with Total Routhian

Surface calculation for the 7r/ig/2 state at low rotation frequency. Comparing with

the work of '^''Tl [Bin92]. it is suggested that for lower K value(5/2), the T1 nuclei

becomes 7-soft shape and a non-zero 7 is needed. If true this implies that the

deformation variable 7 cannot be taken as a constant for the different bands even
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in the same nucleus.
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