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A b s tra c t

The low spin states of 223Th and 223Ra have been populated via a-decay. 

The parent nucleus of 223Th (227U, T j/ 2 ~1 min) was formed in the reac

tion 208P b(22Ne,3n)227U, Ebeam =  110 MeV. Out-of-beam measurements of a-7 

and a-e coincidences were performed with the aid of a rotating target mecha

nism. These measurements have enabled a limited level scheme of the low-spin 

states in 223Th to be constructed, along with tentative F  assignments and a 

hindrance factors. The data are interpreted in terms of the geometric model 

assuming a static octupole deformation and compared to that for the N =  133 

isotones 221Ra and 219Rn.

In the case of 223Ra the parent nucleus (227Th, T ^  =  19d) was pro

duced by the /F -decay  of an 227Ac ( T ^  =  22y) source. For this study we 

have designed a versatile and compact system which allows the simultaneous 

measurements of a-7 and a-eic.L.M angular correlations and hence allows the 

determination of internal conversion coefficients. The measurements have en

abled unique spin parity values to be assigned to all bar one (315.5 keV) of 

the levels below 400 keV in 223Ra. The results are compared to theoretical 

calculations that assume a static octupole deformation with ¡33 ~0.1.
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Introduction

The neutron-deficient light actinides (Z~88, N~132) are of interest because 

they lie in a transitional region where many examples of the following phe

nomena have now been observed:

(i) l -  states of unusually low energy

(ii) interleaving positive and negative parity states with strong E l transitions 

between them

(iii) parity doublets in odd-A nuclei

These phenomena have been cited as evidence for octupole deformation in 

nuclei which arise from the coupling of close-lying states with A l  = 3 and 

Ay =  3 (Sheline, 1980).

Early calculations did not allow any potential energy minima for non-zero 

octupole deformation, as a consequence of this the deformation was interpreted 

as being vibrational in nature with stabilization of the octupole shape only 

occurring at high spin. W ith the advent of the Strutmsky method (Strutinsky, 

1967) and the use of more realistic nuclear potentials, ground state stable 

octupole deformation became a possibility for nuclei in the Ra region (Leander, 

1982). The nuclei studied in this thesis, 223Th and 223Ra, both lie within the 

light actinide region of octupole deformation mapped out by Sheline (1987).
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Neutron number

Z i 131 132 133 134 135 136 137 138 139 140 141

93 Np ( I ) ( f )

92U

giPa

9oTh

89Ac

88 R&

srFr

86 R u

85 A t 9“
2

Table 1: Light actinide region of octupole deformation as mapped out by 

Sheline (1987) and updated by Jain et al. (1990).

For example, see table 1 where part of figure 32 from Jain et al. is reproduced. 

The table lists the ground state spins and parities of odd-A nuclei beyond 

208Pb, the region of expected octupole deformation is bounded by the solid or 

dotted lines.

The Strutinsky method adopts the macroscopic-microscopic approach 

which links together two well established nuclear models: the Liquid Drop 

model (LDM) and the Shell model (SM). Chapter one explains the principle 

of this method after first describing the models involved. The chapter also de

scribes the rotational and vibrational excitations of the Colective model (CM). 

The CM is also known as the unified model since it combines certain features 

of the LDM and the SM. Chapter one ends with a discussion of the octupole 

degree of freedom with particular reference to the light actinide region.
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As the title implies, the investigations of this thesis concerns the low spin 

structure of the light actinide nuclei 223Th and 223Ra. A convenient method of 

populating the low spin states of these nuclei is by a-decay. In chapter two a- 

decay is discussed with reference to the one-body formalism of Preston (1947). 

The concept of the hindrance factor is also explained in this chapter along with 

the process of internal conversion and the selection rules involved in 7-decay.

The ideas behind 7-7 angular correlations are explained in chapter three 

with the aid of a simple example. The general results are also quoted and 

extended to include the cases of a -7 and a-e angular correlations. The chapter 

finishes by considering the corrections that need to be added to the theory to 

allow for the less than ideal conditions inherent in an experimental set up.

Chapters four and five explain the experimental arrangements and the 

data analysis techniques used in the study of 223Th and 223Ra. The 223Th 

experiment was carried out at the University of Louvain-la-Neuve, while the 

223Ra experiment was carried out here at the University of Liverpool. In 

the case of the 223Th experiment the material presented in this thesis (with 

the exception of section 4.4—the half-life measurement of 227U) has also been 

published in the Journal of Physics G, as has a preliminary report on the 223Ra 

experiment. In this second publication the a-7 angular correlations of the 79.7 

and 350.5 keV ground state transitions in 223Ra were used to demonstrate the 

capability of the versatile and compact six-detector system of chapter five.

Finally, in chapter six the results of the above experiments are discussed 

in terms of static octupole deformation. In the case of the 223Th experiment 

the level scheme is compared to those of the N =  133 isotones 221Ra and 

219Rn. The results of the 223Ra experiment are compared to the theoretical 

calculations of Leander and Chen (1988) and Sheline et al. (1988).



Chapter 1

Nuclear Models

1.1 In tro d u c tio n

It is not possible to solve exactly the dynamics of any system consisting of 

more than two interacting bodies, however, in many cases very accurate so

lutions can be obtained if appropriate assumptions are made to simplify the 

situation (ie. effectively reduce the many-body problem to that of a two body 

interaction). For example, in the solar system the dominant interactions are 

those between the sun and its planets. If it is assumed that the force between 

the sun and any given planet is unaffected by the existence of interplanetary in

teractions (that are small by comparison), then solutions of planetary motions 

can be obtained that are in excellent agreement with the observed facts.

In the case of the atomic nucleus, where there is a dense cluster of strongly 

interacting particles exhibiting different forms of behaviour, things are not so 

simple. Finding a precise description of such a complex system is an extremely 

difficult task. In fact, no single treatm ent can be applied to predict all nu

clear properties and several different models have emerged that take account 

of particular aspects of nuclear behaviour. Restricting a model in this way

7



Chapter 1: Nuclear Models 8

enables it to be made simple enough to alow a proper mathem atical treatm ent 

of its properties. The hope then is that the results so obtained will help in the 

understanding of the analogous properties of the real nucleus.

1.2 T h e  L iq u id  D ro p  M o d e l

Two experimental facts allow the nucleus to be likened to an incompressible 

liquid drop. Firstly, over a wide range of nuclei the binding energy per nucleon 

remains approximately constant. Secondly, since the nuclear radius is found 

to be given by R = R 0A 1/,s, the number of nucleons per unit volume is also 

constant. Both of these properties arise from the short range nature of the 

nuclear force. This short-range nature results in bonds being formed between 

close neighbouring nucleons only. The force is said to saturate: once there are 

enough close neighbours the binding energy of one particular nucleon is not 

altered by the presence, or absence, of more distant neighbours.

The semi empirical mass formula (von Weizacker 1935) uses the liquid drop 

model (LDM) to express the total binding energy, B, as a function of A and 

Z:

B ( A , Z ) = ^ A - a 1A 2̂ - a c Z 2/A 1' 3 - a , yrn( A - 2 Z ) 2/ A - 8 ( A )  (1.1)
1 2 3 4 5

The five terms arise as follows:

1. The volume term; this is the total binding energy of the nucleons which, 

since the average binding energy per nucleon is constant, is proportional 

to A.

2. The surface term; this arises because the nucleons near the surface are 

not so tightly bound as those inside the nucleus, hence the volume term
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is an overestimation and must be reduced. It is therefore proportional 

to the surface area (oc R 2 oc A2/3).

3. The Coulomb term; this corrects for coulomb repulsion between the pro

tons, it is proportional to Z2 and inversely proportional to the nuclear 

radius (oc A1/3).

4. The symmetry term; this is included to favour a symmetric combination 

of nucleons (ie N=Z).

5. The pairing term; this is included for purely empirical reasons and takes 

account of the fact that, compared to odd-A nuclei, those nuclei with 

even Z,N are more stable while those with odd Z,N are less stable. Thus, 

£(A) is defined as:

< 0 for even-even nuclei

£(A) < = 0  for odd-A nuclei (1.2)

> 0 for odd-odd nuclei 

The five parameters of equation 1.1 can be evaluated by fitting to the ex

perimental data. Various sets of values have been suggested, each set differing 

slightly depending on the range of nuclei under investigation. One such set of 

values, in MeV, which result in reasonably good agreement with measurements 

over the whole range of A-values is given by Evans (1955):

av = 14.1 

a3 =  13 

ac =  0.595

® sy m  — 1 0

=  33.5 /A 3/46
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The model outlined above is based on the assumption that the nucleus 

has a well defined spherical surface. Corrections to the Coulomb and surface 

terms can be included to take account of surface diffuseness and deviation 

from spherical sym m etry—for further details see Myers and Swiatecki (1966).

The LDM can successfully account for the ground state stability of nuclei 

against deformation and the general trend of the ground state binding energies 

versus nuclear masses. The model cannot explain, with much accuracy, the 

nuclear excited states. It should also be noted that the LDM gives only an 

overall fit to the binding energy as a function of A and it does not predict the 

strong local deviations that occur at magic numbers of protons or neutrons. 

For this it is necessary to invoke the shell model.

1.3 T h e  Shell M odel

The behaviour of nuclear binding energy with respect to magic numbers is very 

reminiscent of the behaviour of atoms with respect to closed shells of electrons. 

It has become customary to refer to a magic number of nucleons as a closed 

shell, in analogy with the electrons in an atom. However, despite this superfi

cial similarity it should be understood that the nuclear and atomic systems are 

physically very different. In the atom the electron motion is dominated by the 

Coulomb force between each electron and the nucleus, the force between the 

individual electrons being small by comparison. In the nucleus there is no one 

dominant force, each nucleon moves under the influence of all the others. The 

theoretical description of the single particle aspect of the nucleus, on which 

the shell model is based, was first put forward by Mayer in 1949.

The shell model (SM) starts with the drastic assumption that as far as any 

one nucleon is concerned, the forces exerted on it by all the other nucleons in



Chapter 1: Nuclear Models 11

the nucleus can be represented, to a first approximation, by a potential well, 

the depth of which is roughly proportional to the density of the nucleus. This 

assumption immediately reduces the complex many-body problem to that of 

the simple problem of a single quantum  mechanical particle in a potential well. 

But is this approximation valid? Do the nucleons in the nucleus traverse one 

or more orbits before undergoing a collision, as would be suggested by the 

solution to such a problem? The approximation is in fact quite good, because 

the mean free path of nucleons within the nucleus is of the order of the size 

of the nucleus. This is mainly due to the Pauli exclusion principle severely 

limiting the number of collisions causing the nucleons to be restricted to a 

very limited number of allowed orbits.

1.3.1 T h e Spherical Shell M od el

In the simplest form of the shell model the nucleus is assumed to be spherical. 

Various shapes for the nuclear potential have been suggested and used. The 

Woods-Saxon and the harmonic oscillator are two such potentials. The former 

is considered to be more realistic because its radial dependence is closer to 

that of the real nuclear system, while the later has the advantage of being 

easier to use in calculations.

The Woods-Saxon potential is given by:

V{r ) =  -Vo  j l  +  exp ( ~  (~ g° ) }  ( 1 -3)

with, Vo ~  57 MeV, R 0 ft 1.25A1/3 fm and a ft: 0.65 fm (Cohen 1971).

The harmonic oscillator potential is given by:

V (r) =  ~M w 2r 2 -  V0 (1.4)

where, u> is the oscillator frequency {hu  ft 40//41/3 MeV— Burcham 1979) and 

M  is the reduced mass of the system (core plus single nucleon).



Chapter 1: Nuclear Models 12

In order to reproduce the magic numbers a strong, non-central spin-orbit 

coupling term  needs to be added to the central static potential. This term  is 

proportional to i  • s and when included the single particle potential of equa

tion 1.4 becomes:

V (r)  =  -  V0 - C l - s  (1.5)

where, l  and s represent the orbital angular momentum vector and the spin 

vector, respectively, of the nucleon. W ith the addition of this term  the poten

tial is usually referred to as the modified oscillator (MO) potential.

The above equations ignore Coulomb effects and as such are only applicable 

to neutrons. For protons, the addition of the repulsive coulomb force leads to 

energy levels which, on an absolute scale, are higher than the neutron levels 

but are in other respects similar. This model provides a good description of all 

low-spin states seen in nuclei close to shell closures. However, as nuclei depart 

from the closed shell structure discrepancies begin to appear, for example 

mid-shell values of magnetic moments and electric quadrupole moments are at 

variance with experimental results.

1.3 .2  T h e D eform ed  Shell M od el

The nuclear electric quadrupole moment is a measure of the deviation of the 

nuclear charge distribution from spherical symmetry. The differences between 

experimental quadrupole moments and those predicted by the spherical shell 

model suggest the possibility of a deformed nuclear shape.

Nuclear deformations can be thought of as being due to the tendency of 

nuclear orbitals to orientate themselves so that the nucleons are as close as 

possible. This results in an asymmetric mass distribution, which in turn  leads 

to a deformation of the shell model potential. For example; if the first nucleon
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added to a closed shell nucleus occupies a horizontal orbit, then the addition 

of further nucleons will lead to a considerable equatorial bulge by the time a 

mid-shell configuration is reached. The resulting deformed potential will affect 

even the orbits in the closed shell (ie. the core becomes polarised) and the 

whole nucleus takes on an ellipsoidal shape.

Perhaps the most widely used deformed shell model is that provided by 

Nilsson (1955), the potential used is that of an anisotropic harmonic oscillator 

with the addition of an i  • s term and an L2 term:

V{r ) =  2 Tn^U}̂ x2 ^  +  CL • s +  Dt? (16 )

where, x , y , z  represent body fixed axes and the frequencies u}{ are related to 

the length of the axes defining the nuclear shape. As before the L-s term  allows 

for spin-orbit coupling. The l 2 term  is used to depress the energies of levels 

with high ¿-values to take into account the fact that the real nuclear potential 

is rather flat, so that the nucleons near the surface feel a stronger force than 

would be described by the bare oscillator potential. Figure 1.1 shows the 

splitting of the harmonic oscillator energy levels caused by the addition of l 2 

and i  • s terms to the single particle potential.

When ujx — u)y ^  u z , equation 1.6 describes the single particle potential 

of a deformed nucleus with an axis of symmetry parallel to the z-axis. If the 

volume of the nucleus is to remain constant then the following condition must 

hold:

(jjxuiy(jjz = uj2 = constant (1.7)

If a deformation param eter 5 is introduced so that:

=  * 1 ( 1 + 1 « )

= *1 ( 1 + 2 « )

( 1.8)

(19)
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Figure 1.1: Single particle level scheme showing the effect on the harmonic 

oscillator levels (left) of introducing an l 2 term  (centre) and an £ ■ s term 

(right). A indicates the levels with A l  = A j  -  3—see section 1.5.1.
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the volume of the nucleus remains constant provided that:

Since spherical symmetry is broken with the introduction of deforma

tion, orbital angular momentum is not conserved. Hence, l  and consequently 

j  ( =  | l  + s |) are no longer good quantum  numbers. However, since cylindrical 

symmetry is preserved the projection of j  and the projection of l  onto the 

symmetry axis remain good quantum  numbers. The projections are denoted 

by Q and A respectively and are related to each other by:

=  A +  E (1.11)

where, S (=  ± 1 /2 ) is the projection of the intrinsic spin onto the symmetry 

axis.

In the Nilsson model the levels are labelled by the so-called asymptotic 

quantum  numbers: QT[N, nz , A]; where N( = n x + ny + nz) is the total oscillator 

quantum  number, with rii being its component along the ¿-axis and x  is the 

parity—given by x  =  ( —1)N. Since orbits that differ only in the sign of Q 

represent the same motion in opposite directions (time reversed orbits) then 

each level is two fold degenerate (corresponding to ± fl). The asymptotic 

quantum  numbers become good in the limit of very large deformation when 

the l 2 and i  • s terms can be neglected.

Figures 1.2 and 1.3 (reproduced from Lederer and Shirley, 1978) show 

Nilsson diagrams for protons and neutrons in the region corresponding to 

actinide nuclei. These diagrams are useful in determining the ground state 

spin of odd-A deformed nuclei, ie. if the deformation param eter is known then 

the appropriate energy level can be associated with the last proton or neutron, 

thus ascertaining the ground state  configuration.
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Figure 1.2: Nilsson diagram  for protons showing the change in the energy 

(in units of hu>0) of the single particle levels as a function of deformation.
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Figure 1.3: Nilsson diagram  for neutrons showing the change in the energy 

(in units of fiu>0) of the single particle levels as a function of deformation.
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Although the shell model can explain many of the nuclear properties it 

does not represent a complete picture, for example it cannot account for the 

low energy of the first excited state in even-even nuclei. The next step is to 

consider the possibility of collective motion of a large number of nucleons.

1.4 T h e  C o llec tive  M o d e l

The collective model (CM) combines certain features of the LDM and the 

SM. This unified model, as it was originally known, was first suggested by 

Rainwater (1950), and later developed by Bohr and Mottelson (1953). In this 

model the nucleons are assumed to move independently in a real potential that 

is capable of undergoing deformations in shape. Like the SM the nucleons fill 

orbits in a pairwise fashion forming an even-even core. However, in the CM 

this core is not inert and it can have angular momentum, this means that any 

odd particle is not entirely responsible for the nuclear properties as in the SM.

Nuclei that are close to the closed shell type posses spherical symmetry 

and they will resist any deformations impressed upon them. However, as 

nucleons are added (or subtracted) the restoring forces become weaker and the 

nucleus will pass through a state of having a soft, easily deformed structure 

(transitional nuclei) to become a spheroid of revolution as it approaches a 

mid-shell configuration.

The surface of a general shape can be written as:

f i ( M )  =  «Jl +  f ;  (1 12)
A =  1 fj.-

where, R 0 is the radius of an equivalent sphere, 8, </> are the polar angles with 

respect to arbitrary axes, Y£  are spherical harmonics of order p, A and the 

coefficients are used to quantify the deformation. For axially symmetric
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nuclei R  is independent of (f) and — 0 for all non-zero p. In this case the 

above equation reduces to:

*(9) =  ^ l  +  f ;& V ? ( 0 ) }  (1.13)

where, (3\ represents a^o •

The simplest type of deformation is ellipsoidal and, in analogy to a diatomic 

molecule, a nucleus possessing this type of deformation can be expected to 

exhibit vibrational and rotational excitation levels.

1.4.1 R o ta tio n a l E xc ita tion s

When considering collective rotations it is assumed that the rotations take 

place with low enough angular velocity to permit the single particle orbits 

(which involve much higher velocities) to follow the rotation of the deformed 

shape. When a deformed nucleus rotates it can have two components of an

gular momentum: a component R, due to the rotation of the deformed core 

and a component j  due to the intrinsic angular momentum of any single par

ticle excitations. These components will couple together to form a resultant 

/ ,  whose projection onto the symmetry axis is denoted by K—see figure 1.4.

For even-even nuclei in their ground state the individual particles are paired 

off and fall alternately into states of opposite K  so th a t the resultant K -value 

is zero with even parity. Because of the symmetry about a plane perpendicular 

to the z-axis only even /  values occur (ie K  =  0 implies that a 180° rotation 

about PQ leaves the system unaltered). In this case the spin-parity values for 

the rotational band will be: I  =  0 + ,2 + ,4 +,. .., the total angular momentum 

arising solely from the collective rotation.

In even-even nuclei with an intrinsic excitation and in odd-A nuclei K  is 

non-zero and the energy levels will have spin given by: /  =  K, K  +  1, K  +
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Figure 1.4: Schematic representation of an axially deformed nucleus, showing 

the coupling between the angular momenta of the collective rotation (about 

the body fixed axis PQ) and the intrinsic excitation.
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2 , . . .  with a parity that of the intrinsic excitation. In this case there will be 

rotational bands built on single particle excitations, with the if-value known 

as the band head.

The energy of collective rotations is given by:

[ { V /(2 Q ) } { / ( / ± l ) - i H  for i f /  |
E r o t  =  < (1-14)

{ {/>! /(2 » )> { /( /  +  1) -  P  +  o ( - l ) '+‘ ( /  + 1 ) }  for K  = 1

where 3  is a moment of inertia and a is a decoupling param eter that describes 

the mixing between the i f  =  ± 1 /2  states, this mixing is caused by the coriolis 

force and depends on the single particle nature of the states.

At low spins the experimental moments of inertia are about 30-50% of 

the rigid body value. This is due to the fact that pairing correlations (see 

section 1.4.3) introduce a strong irrotational flow pattern  into the nuclear 

motion, resulting in a moment of inertia whose value lies between that of a 

rigid body and that of an irrotational fluid.

1.4 .2  V ib rational E xcita tion s

According to the theory developed by Lord Rayleigh (in the 19th century) the 

shape oscillations of a macroscopic drop of liquid may be thought of in terms 

of standing waves on the surface of the drop consisting of an integral number of 

wavelengths. In equation 1.12 A = 2 , 3 , . . .  are the interesting cases and can be 

thought of as fundamental vibrational shapes called normal modes. According 

to classical mechanics any possible vibrational pattern  can be described as 

a linear combination of normal modes, so that problems in vibration can be 

reduced to problems of understanding the vibration of each normal mode.

In a system such as a molecule or a nucleus, where quantum  effects are 

im portant, vibrations are quantized into energy units of size hv\, where v\
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represents the frequency of vibration of order A. These energy units are known 

as phonons and each carries an angular momentum A and parity ( —1 ) \  A 

vibrational state must contain an integral number of phonons of each A. One- 

phonon states with energy hv2, hu2, hv>4 will have Fr of 2+ ,3~,4+ respectively. 

In the two-phonon vibration of energy 2hv2 the angular momentum of the two- 

phonons will couple to give a total angular momentum of 0, 2, 4 (see table 5.5 

of Cohen, 1971) so there will be three states at energy 2hu2 with P  of 0+ ,2+ 

and 4+ .

Many examples of such vibrational states have been found and a reasonable 

description of low-lying states of non-closed shell spherical nuclei is provided by 

vibrational motion. However, since the theoretical phonon energies have been 

derived using a simple harmonic oscillator potential the predictions are not 

accurately borne out. For example, the two-phonon states are not degenerate 

and the ratio of the two-phonon to one-phonon energies is not precisely 2.T. 

The introduction of anharmonic vibrations can remove the degeneracy of the 

two-phonon state and change its excitation energy relative to that of the one- 

phonon state.

For deformed nuclei A is no longer a good quantum  number. However, if 

the deformation is axially symmetric the quantum  number p (=  the projection 

of A onto the symmetry axis) will remain good and different p -values (A, A — 1,

. . ., 1 — A, —A) will no longer be degenerate in energy. For example, the one 

phonon octupole vibration has:

A =  3 with | p  | = 0 , 1,2, 3 (1.15)

This gives rise to an / ir =  3“ state in the spherical case and J ir =  0~, 1_ , 2~, 3“ 

states in the axially deformed case. Since, deformed nuclei must be thought 

of as rotating as well as vibrating this will complicate the level structure and
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we can expect to see rotational bands built on vibrational states. In the above 

example, a rotational band built on the lowest energy octupole vibration will 

give rise to a K n = 0~ band with I w =  1~, 3~, 5 " , . . .

1.4.3 Pairing C orrelations

The forces resulting from ‘close encounters’ between nucleons within a nucleus 

are known as residual interactions. A particular type of residual interaction 

is the pairing force, it is strongest between nucleons occupying time-reversed 

orbits (monopole pairing) and results in a lowering of the overall energy of 

the nucleus. On a simple level, pairing correlations can be treated in terms 

of collisions. That is, a collision between two like nucleons in time-reversed 

orbits will cause them to scatter into unoccupied time-reversed orbits, subject 

to the conservation of angular momentum and parity. In accordance with the 

uncertainty principle conservation of energy may be violated by an amount 

AE provided the violation does not last longer than a time At:

A E A t  ~  h (1.16)

Given that the time between collisions is at least of the order of the time taken 

for a nucleon to traverse its orbit then, for a medium mass nuclei (Cohen 1971), 

we have:

A £ < l M e V  (1.17)

This value for A E  is much less than the energy gap between major shells. 

Thus, in closed shell nuclei there can be no collisions due to the lack of available 

orbits to scatter into. On the other hand however, A E  is of the order of the 

energy difference between orbits in the same shell. So that as the closed shell 

structure is departed from more scattering orbits become available, the Fermi 

surface becomes less well defined and both holes below it and particles above
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it can co-exist—excitations that are mixtures of a hole state and a particle 

state are known as quasiparticles. This smearing out of the Fermi surface 

leads directly to the smooth variation of nuclear properties associated with 

the collective behaviour of the nucleus. That is, as a mid shell configuration 

is approached and nucleons are added, the Fermi surface does not jum p from 

one single particle orbit to the next. Instead, the Fermi level is raised with 

only a slight modification of the occupation num bers1 and thus the properties 

of the nucleus are not greatly changed.

1.5 O c tu p o le  D e fo rm a tio n

The discovery of very low-lying negative parity levels in certain light actinide 

nuclei (Stephens et al. 1954, 1957) has stimulated much theoretical interest 

and led to the introduction of an octupole degree of freedom into the collective 

nature of nucleonic motion. While even order deformation results in reflection 

symmetric nuclear shapes, octupole deformed nuclei are reflection asym m et

ric. For example, figure 1.5 shows the shape generated by equation 1.13 and 

the param eter set {/3{} provided by Sheline et al. (1988) for the equilibrium 

deformation of 222 Ra.

The level schemes for various forms of the octupole potential are shown in 

figure 1.6 (reproduced from Leander et al. 1982). The potential on the left 

has a very high barrier between the reflection asymmetric shape and its mirror 

image. The octupole shape will be stabilised in this situation giving rise to 

the single band of the form: / 7r =  0+ , 1—, 2+ , 3“ ,. . .in the even-even case (see

1The occupation numbers V| indicate how fully occupied the orbits are with given values 

of n, ¿, j —an orbital in any given shell is completely specified by its j-value (see figure 1.1) 

so neither n nor l  are needed as subscripts.
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Figure 1.5: The octupole shape used in calculations by Sheline et al. (1988).

section 1.6.1). The potential in the centre has a more realistic finite barrier 

height. This allows tunnelling between the two minima, at a frequency uit that 

is strongly dependent on barrier height. In this case the negative parity states 

are pushed up in energy by an amount Tiuit . If the barrier disappears entirely 

u>t becomes the vibrational frequency and the level scheme goes smoothly over 

to the vibrational limit.

1.5.1 M icroscop ic O rigins

The microscopic origin of octupole deformation lies in the coupling between 

single particle states that differ by A l  =  Aj  =  3. These states lie close to each 

other and close to the Fermi surface at proton and neutron numbers 34, 56 ,88 

and 134—-see figure 1.1. In order to gain an insight as to why this is so we can
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Figure 1.6: Schematic representation of octupole potentials along with the 

resulting level schemes.
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consider the general conditions for shell structure in spherical systems given 

by Bohr and Mottelson (1975). They suggest that shell structure is expected 

when the ratio:
de de d l  , .
d n '  ~di = ~ dn^ a ' ^ ' 18^

where, a and b are small integers and e is the energy of the single particle

level characterised by the radial, n, and angular, i, quantum numbers. A

ratio of 2:1 means tha t single particle states with A l  = 2 (or 4, 6,. . . ) will lie

energetically close together, wdiile a ratio of 3:1 gives states with AL =  3 (or

6, 9, . . .  ) lying energetically close.

Equation 1.18 can also be related to the classical trajectory, with the ratio 

a : b corresponding to the number of radial and angular oscillations in a 

closed orbit. For example, a : 6  =  2 : l o r a : 6  =  3 : l  would imply 

elliptical or triangular orbits respectively. These orbits tend to line up and 

hence have a shape driving effect, so that elliptical orbits lead to quadrupole 

deformation and triangular orbits lead to octupole deformation. If this driving 

force is strong enough then the nucleus will achieve a permanent ground state 

deformation. If the driving force is not so strong however, the nucleus will be 

soft and the deformation will appear in the form of a vibration. The strength 

of the driving force will depend on how close in energy the single particle states 

actually are and hence on the single particle potential used.

1.6 O c tu p o le  D e fo rm a tio n  in  th e  L ight

A c tin id e  R eg ion

Early calculations, based mostly on the Nilsson model, came to the conclu

sion that although certain nuclei are soft with respect to octupole deformation,
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intrinsic reflection asymmetry is never stabilised. Consequently, interpretation 

in terms of an octupole vibrational model were favoured. In this model the 

octupole deformation appears in the form of a vibration built on a reflection 

symmetric ground state minimum. The I*  =  0+ , 2+ , 4+ , . .. states arise from 

the usual K * = 0+ rotational band, while the 7ir =  1“ , 3~, 5 ~ , . . .  states rep

resent a rotational band built on the one-phonon K* = 0~ octupole vibration 

(see section 1.4.2). The vibrational model was successful in predicting the 

low-lying octupole states in even-even nuclei with 152 < A  <  190 (Neergard 

and Vogel 1970). However, when applied to the light actinide region the re

sults were less successful. Perhaps the greatest discrepancy was the failure to 

observe the 0+ two-phonon excitation expected at about twice the energy of 

the 1~ state.

The first hint of static octupole deformation came with the advent of the 

Strutinsky shell correction method (Strutinsky 1967). However, although cal

culations predicted potential energy minima at non-zero values of /?3 they were 

considered too shallow to be significantly different from the soft potentials ob

tained previously. It was not until 1981 tha t the use of more realistic potentials 

indicated a significant stabilisation of octupole deformation in the Ra region.

In the Strutinsky method the total nuclear energy is expressed as the sum of 

macroscopic and microscopic energy contributions, both of which are functions 

of deformation and particle number:

Etot — Ert + En (1.19)

The smoothly varying macroscopic energy can be calculated from the LDM, 

while the rapidly fluctuating microscopic energy is given by:

E-m icro E 3hell E  aflen ( 1.20)

where E aheii is the sum of the single particle energies and Eaheii is a smoothed
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average of E3heii• In this way E tot is composed of an average bulk energy (from 

the LDM) and a shell correction term which accounts for any oscillations, 

due to shell closures for example. Any other considerations, eg. pairing, 

can be included in an overall energy formula. The potential energy can then 

be minimised by varying the shape parameters to obtain the ground state 

deformation.

The first calculation to predict a significant potential energy minima at 

/?3 ^  0 was performed by Moller and Nix (1981), on nuclei around 222Ra. 

Further calculations by Leander et al. (1982) were able to show that static 

octupole deformation is more appropriate (than octupole vibration) for certain 

nuclei in the Ra region. Furthermore, with the inclusion of this octupole effect 

the calculations were able to explain the disagreements between experimental 

and theoretical nuclear masses in the Ra region. The main difference between 

these and earlier calculations was the use of more realistic potentials in the 

Strutinsky treatm ent. A modified LDM (modified to include surface diffuse

ness and the finite range of the nuclear force) and a folded Yukawa (FY) single 

particle potential were used to calculate the macroscopic and microscopic en

ergy terms respectively. (For a description of the FY potential see Moller and 

Nix 1981.)

Other potentials that have been used to calculate the shell correction term 

are the MO and the WS. The effect of these different potentials on the octupole 

deformed minima have been calculated by Nazarewicz et al. (1984). The 

calculations cover four different regions of nuclei: (Z,N) (34,34); (34,56);

(56,88) and (90,134), with the strongest octupole correlations occurring in the 

la tte r (light actinide) region. The results of two comparisons are reproduced in 

figure 1.7. The top half of the figure shows the effect of using the more realistic 

modified LDM, as compared to the standard LDM, for calculating the bulk
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nuclear energy (in both cases the WS potential is used to calculate the shell 

correction term). The effect of using different single particle potentials (with 

the bulk contribution coming from the modified LDM) is shown in the bottom  

half of figure 1.7, as can be seen the calculations give similar values of /?3 at 

the minima, with only the actual depth of the potential varying.

1.6.1 Parity D oub le ts

W ith the introduction of octupole deformation the intrinsic nuclear Hamilto

nian is no longer invariant with respect to the operators V  and 1Z (V  is the 

parity operator, equivalent to space inversion, and 7Z represents a rotation of 

180° about an axis perpendicular to the 2-axis). One symmetry tha t remains 

however, is that of reflection in a plane containing the z-axis. This is described 

by the operator S  and is connected to the two broken symmetries via:

S X1ZX = V  => S x = V1Z~X (1.21)

where, S x represents a reflection in the y-z plane and 1ZX a rotation of 180° 

about the x-axis. The eigenvalue of S  is called simplex and is denoted by the 

quantum  number s. The spin and parity of a level are related to s by:

7T =  s( —l ) r ( 1 .2 2 )

(1.23)

where,

| ±1 for even A (i.e. integer spin)
s =  <

±z for odd A (i.e. half integer spin)

The application of S  to the ground state of an even-even nucleus [K — 0) 

leads to the identity:

S$K=o — $ k =o (1.24)

where $ k =o is the intrinsic ground state wave function. Thus, s =  +1 only 

and a single rotational band of the form: / 7r =  0+ , 1~, 2+ , 3_ , . . .  occurs.
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Figure 1.7: Results of calculations by Nazarewicz et al. (1984) using the 

Strutinsky method and various nuclear potentials.
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For odd-A nuclei (or indeed excited states of even-even nuclei), K  ^  0 and 

the application of S  yields:

S $ K = <$>R (1.25)

where d’jf represents the time reversed state with projection —K  onto the 

symmetry axis. In this case both s-values are allowed and there will be a 

doubling of all spin states with respect to parity. For example, if K  = 3/2, 

then s =  dzi with:

s
+ i

—i

=> r  = 
=> r  =

3+ 5“ 7+
2 >2 ’ 2 ’ ' ' '
3-  5+ 7“
2 >2 >2 > ' ' '

(1.26)

1.6.2 Intrinsic D ipole  M o m en ts

The existence of octupole deformation is expected to give rise to a dipole 

moment in the intrinsic frame (ie. a frame whose orientation is defined by 

the instantaneous shape of the nucleus). Classically, this can be seen to be 

due to a separation of the centre of charge and the centre of mass within the 

nucleus, the protons moving towards the end of greatest curvature in analogy 

to the electrons in a conductor. This intrinsic dipole moment would manifest 

itself in the form of enhanced E l transitions in the laboratory frame. So that, 

along with E2 transitions, we can expect to observe E l transitions connecting 

states of opposite parity within the rotational bands of constant simplex. In 

fact, one of the signatures of octupole deformation is the characteristic decay 

pattern involving E2 transitions with two parallel E l transitions.

Although the existence of enhanced E l transitions is taken as an indication 

of octupole deformation, the magnitude of the associated E l moment is not 

necessarily a measure of the amount of octupole deformation present. For 

example, in a theory formulated by Leander et al. (1986) the E l moment of a 

given nuclear shape is expressed as the sum of two terms: a macroscopic liquid
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drop term  and a microscopic shell correction term. Since these terms may be 

of a similar magnitude they can enhance or cancel each other (depending on 

their relative sign), resulting in very different E l moments for similarly shaped 

nuclei.

The results of the calculations of Leander et al. (1986) are reproduced in 

table 1.1. The calculations are of a two-step nature: first it was necessary to 

determine the equilibrium deformation at the appropriate spin, and then to 

determine the E l moment at this equilibrium shape.
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Nucleus 02 A? &
Qi

(efm)

Q2

(eb)
(I)

B(E1)/B(E2)

(fm -2)

218Ra
0.02 0.08 0.013 -0.07 0.75 12 1.1 x 10-6

-0.06 0.08 0.037 -0.11 -2.26 12 5.0 x 10“6

220Ra
0.11 0.10 0.065 0.19 4.6 4-9 9 x lO -7

0.11 0.08 0.065 0.13 4.3 17 4 x 10~7

222Ra
0.12 0.11 0.071 0.18 5.2 5-12 6 x lO -7

0.13 0.04 0.076 0.17 5.3 21 8 x 10“8

224Ra
0.14 0.11 0.081 0.12 6.0 8 2 x 10~7

0.14 0.04 0.081 0 5.8 23 0

226Ra
0.16 0.09 0.090 0.05 6.8 3-11 3 x 10-8

0.15 0.05 0.086 0.05 6.3 24 3 x 10“8

220Th 0.07 0.07 0.043 0.25 2.8 13 2.5 x 10~6

222Th
0.11 0.01 0.065 0.32 5.0 0-12 2.0 x 10“6

0.13 0 0.076 0 5.4 26 0

224Th 0.14 0.11 0.081 0.33 5.9 5-14 1.6 x 10~6

226Th
0.15 0.11 0.086 0.29 6.6 6 9.6 x lO“7

0.15 0 0.086 0 6.6 20 0

228Th
0.18 0.08 0.099 0.10 7.7 8 9 x 10~8

0.18 0 0.099 0 7.8 15 0

Table 1.1: Results of calculations by Leander et al. (1986) using a WS potential 

in the Strutinsky method. Columns 2-4 give the calculated equilibrium values 

of the respective deformation parameters (/35 and (36 were also included in the 

calculations but are not shown above). Columns 5 and 6 give the calculated 

intrinsic dipole and quadrupole moments respectively. Column 7 gives the 

approximate spin region over which the entries are valid. Column 8 gives the 

theoretical branching ratios.
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Alpha Decay

2.1 In tro d u c tio n

Alpha decay can be used to good effect to study low-lying states of certain nu

clei. Alpha transitions, in contrast to 7-transitions, are only mildly inhibited 

by angular momentum changes, this means that they are more likely to popu

late, to a significant extent, all the low-lying states of the daughter nucleus. As 

a spectroscopic tool a-decay suffers from two main restrictions: only certain 

regions of nuclei are a-active; and a  transition rates exhibit an extremely sen

sitive exponential dependence on decay energy. The la tter restriction means 

tha t in practice only low-lying states (ie. states of up to a few hundred keV 

in excitation) are excited in a-decay.

If the sum of the binding energies, Eb, of the two protons and two neutrons 

that occupy the last filled orbitals of the parent nucleus is less than the intrinsic 

binding energy, Eg, of an a  particle (28.3 MeV) then a-decay of the nucleus will 

be energetically possible. However, since a-emission involves the penetration 

of a potential barrier a-decay will not occur at an appreciable rate until the 

difference between Eg and E\> is positive by several MeV. This explains the

35
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fact that although most of the naturally occurring A > 150 nuclei are unstable 

with respect to a-decay, very few of them have observable a-activity.

2.2 A lp h a -P a rtic le  E n e rg e tic s

The total kinetic energy available from the emission of an a-particle can be 

obtained by applying conservation of mass-energy to a-decay:

Q t  =  [A/parent — {Mdaughter +  MQ}]c2 (21)

where, Qt is the energy (in MeV) and the masses M are in units of M eV/c2 

Assuming a-decay is a two-body process then the available energy will be 

shared between the em itted a-particle and the recoiling daughter nucleus:

Q r = E a + (2.2)

From simple two-body kinematics, this can be written:

Qt = -M 1  +  4/A) (2.3)

where A is the atomic number of the daughter nucleus.

Experimentally it is found that a-particles em itted from a particular nu

cleus do not always have the same energy. This implies that the Q-values 

and hence nuclear masses are multivalued. In conformity with mass-energy 

equivalence the effective mass of a nucleus when in an excited state is given 

by:

Ineffective  =  A / g s . +  E^/c2 ( 2 - 4 )

where, Mgs. represents the ground state mass and Ex the energy of excitation.

Thus a-decay can leave the daughter nucleus in one of its excited states, 

with a Q-value depending on the excitation of the state involved. The largest



Chapter 2: Alpha Decay 37

Q-value; Qa , corresponds to decay to the ground state, so that:

Qa — Ea (1 + 41 A) — Ex (2-5)

The Q-value tha t is actually measurable is slightly lower than that given 

by the above equation since the a-particle must do work against the attractive 

force of the orbital electrons in escaping from the parent nucleus. The true 

Q-value can be obtained from the measured Q-value by adding a screening 

correction term  (Rasmussen 1966), A Es.c.'-

& Es.c. =  {65.3Z7/s -  80Z 2/5} eV (2.6)

where, Z is the atomic number of the parent nucleus.

Once formed the excited states will usually de-excite (eg. by 7-ray emission 

or internal conversion) well within a nanosecond. This means that the a- 

particle and the subsequent 7-ray or conversion electron will appear in good 

time coincidence. Both a -7 and a-e coincidences can be recorded and used to 

deduce information on the daughter nucleus. For example, the a-7  coincidence 

data can be used to determine the level ordering of the excited states, whilst 

the a-e coincidence data can be used to deduce the multipolarity of transitions 

within the daughter nucleus.

2.3 E x p o n e n tia l D ecay  Law

Alpha decay is described by the exponential-decay law:

A(t) = A 0e~Xt (2.7)

where, A(t) is the activity (number of decays per unit time) of the parent 

nucleus at time t, A0 is the initial activity (A (t) at t= 0) and A, the decay 

constant, represents the probability per unit time of a decay occurring.
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The decay constant is related to the average lifetime, r ,  and the half-life, 

T j/2, of the parent nucleus:

A
1 In 2
T T x/2

If additional modes of decay are possible (eg. /3-decay, 7-decay etc.) then:

( 2 .8 )

A — Xa +  Â3 +  A.,, T • • •

1 1 1
_  - — -|-------b • • •

Ta T-y
In 2 In 2 In 2

+ +Tot ' rp/3 ' rp"t 
1l/2 I-1/2 i l/2

+

(2.9)

( 2.10)

( 2 . 1 1 )

where, \ a,p,y,... , and T “)^’7’'", are the partial decay constants, lifetimes

and half-lives respectively.

When dealing with nuclei that can only decay by a  emission then:

A =  Aa =  X]A; (2.12)
i

where, i refers to a decay to a particular state of the daughter nucleus, A; is 

the partial decay constant to state i and can be expressed in terms of the total 

decay constant Aa :

Xi =  a i \a (2.13)

where, a{ represents the fraction of the decay to state i and:

=  1 (2-14)

2.4 T h e  C o n cep t o f th e  H in d ra n c e  F ac to r

Experimentally it is found that the a-decay constant varies extremely rapidly 

with decay energy—the least energetic oi-particles coming from nuclides with 

the longest half-lives (and vice-versa). This energy-lifetime relationship was 

displayed in a useful form by Geiger and Nuttall (1911). They showed that
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for the even-even a  emitters known at the time a good straight line fit could 

be obtained by plotting the logarithm of the half-life against the range of the 

a-particles in air. This is known as the Geiger-Nuttall relationship:

log X = A(Z )  + B ( Z )  log R (2.15)

where, A and B are empirical quantities (constant for a given Z), and R is the 

range (in cm) of the a-particles in air.

Since Ea is related to R, this relation can be expressed as follows:

log t ;„ = A jh  + B'(Z)(2.16)

Figure 2.1 shows a plot of experimental points for even-even nuclides, the 

lines on the plot are connecting points of the same Z. W ith the exception of 

two isotopes of Rn and three of Po, whose decay involves a magic number, all 

the points corresponding to a-decay to ground states are seen to lie very close 

to the empirical lines.

If a corresponding plot is made for non-even-even nuclides then great de

partures from the straight lines of figure 2.1 are seen to occur. Figure 2.2 shows 

a plot for even-Z, odd-N nuclides; in no case is the half-life shorter than for 

an even-even nuclide of the same Z and same Ea and in many cases half-lives 

are longer by two to three orders of magnitude.

The empirical facts highlighted by the plots shown in figures 2.1 and 2.2 

have led to the concept of the hindrance factor. In non-even-even nuclides 

any a-transition that is slower than the ground state transition, of the same 

energy, in nearby even-even a  emitters is said to be hindered. The degree of 

slowness can be expressed in terms of the hindrance factor HF:

HF = X0/ \ i (2.17)
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Figure 2.1: Plot of experimental points for even-even nuclides—Preston (1947).
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Figure 2.2: Plot of experimental points for even-Z, odd-N nuclides— Preston 

(1947).
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where, A; represents the partial decay constant of the odd-A a-em itter and A„ 

represents the decay constant predicted by the empirical even-even line.

Hindrance factors can be defined for a-decays to excited states of even- 

even nuclides by a formula identical to the one above. In this case the partial 

decay constants, A, and A0 are those to the excited state and ground state 

respectively.

Since there is no apparent correlation between hindrance and transition 

energy, the hindrance factor is seen as a way of removing the strong energy 

dependence of a  transition rates so that comparisons can be made between 

a-decays. For example hindrance factors can be used to deduce a measure 

of the overlap between the parent wave function prior to a-emission and the 

daughters immediately after.

2.5 T h e  O n e-B o d y  M o d e l o f A lp h a-D ecay

In the one-body model of a-decay, it is assumed that the a-particle exists 

preformed within the nucleus and that the action of the nucleus on the a- 

particle can be represented by a rectangular potential well. This potential is 

expressed graphically in figure 2.3 and mathematically as follows:

!U for r < r0
(2.18)

2Z e 2/ r  for r > r0

where, Z and r0 are the atomic number and nuclear radius of the daughter 

nucleus respectively.

The nuclear surface is assumed to be well defined, so the potential consists 

of two distinct parts. Outside the nucleus the potential is that due to the 

Coulomb force, whilst inside the nucleus it is assumed that the potential can 

be represented by an average value U, which remains constant throughout the
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Figure 2.3: Graphical representation of the potential used in the one-body 

model of a-decay.

nuclear volume. The nuclear surface represents a potential barrier through 

which the a-particle has a finite probability of tunnelling, even though it may 

be moving inside the nucleus with a kinetic energy less than the barrier height.

Hindrance factors are calculated using the one-body formalism of Preston 

(1947). In his attem pts to obtain a formula expressing the Ea — A relationship 

which is valid for non-zero values of a-particle angular momentum, Preston 

found it necessary to re-derive the case for l  =  0 in a more rigorous manner. 

The results of this re-derivation are represented by the following two equations:

p = — tan a 0 tan(pkr0) (2.19)
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a 0 =  cos
I m v 2r0 

4e2Z

m  is the reduced mass of the a 
-̂  particle and daughter nucleus

and v is their relative velocity

^0
4e2Z

hv
( a 0 — sin a 0 cos a 0 )

In calculating hindrance factors the above formulae are used twice: first to 

calculate an effective nuclear radius, ra, of the parent, using the known values 

of Ea and A for even-even ground state transitions; and second, retaining this 

value of r0, to calculate a value of A using the measured Ea of the transition for 

which the hindrance factor is being determined. The hindrance factor is then 

given by the ratio of this calculated value to tha t of the measured experimental 

value. In the case of a non-even-even nuclide the effective nuclear radius of 

the parent is taken to be the mean of the values calculated for its even-even 

neighbours.

The probability that an «-active nuclide will decay can be expressed as the 

product of three quantities:

A = Pf P  (2.21)

where, p is the probability of formation of an a-particle within the nucleus, 

/  is the frequency with which the a-particle strikes the potential barrier and 

P  is the barrier penetrability factor (ie. the probability tha t on striking the 

barrier, the a-particle will tunnel through). The one-body model assumes 

p = 1 (ie. a preformed a-particle), with the decay constant representing the 

probability of the a-particle escaping from the potential well. The justification 

of the above assumption is borne out, to a certain extent, by the consistency 

of the values of r0 obtained for even-even nuclei using equations 2.19 and
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2.20. This consistency (eg. see table 4.3 in Hyde, Perlman and Seaborg 1964) 

demonstrates the dominance of the barrier penetration process and that all

state transitions in even-even nuclei. However, this model represents an ideal 

situation in which the following factors have been ignored:

• non-zero values of a-particle angular momentum.

• non-central forces.

• formation factors.

N on-Z ero Values of A lpha A ngular M om entu m . The effect of angular 

momentum is to reduce the probability of a  emission since the potential barrier 

is increased by a centrifugal contribution. This change in barrier penetrability 

can be allowed for by the addition of a centrifugal term  to the potential outside 

the nucleus, so that for r > 0 the potential becomes:

Retaining the quantum  mechanical rigor used in re-defining the l  — 0 case,

other factors are essentially constant. It should be noted however, that rQ is a 

model dependent param eter and as such represents an “effective nuclear radius 

for a-decay” .

2.6 L im ita tio n s  o f th e  O n e-B o d y  M o d e l

The simple one-body model of a-decay provides sufficient treatm ent of ground

( 2 .2 2 )

Preston went on to produce formulae, similar to equations 2.19 and 2.20, valid 

for l  > 0. However, as pointed out by Preston, when these formulae are used 

to calculate A for a given r0 and Ea the values of A show an initial increase
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with l. This predicted increase is at variance with later theoretical calculations 

involving more realistic potentials (eg. Winslow 1954) in which the a-particles 

existence within the nucleus is limited to the surface region. Perhaps the best 

way to allow for l  ^  0 is to correct for the change in barrier penetrability 

separately. One such method is provided by Rasmussen (1959), he offers the 

following approximate formula:

Pi
Po

exp
—2.027 i[i  + 1)

(2.23)Z1/2/!1/6 j

where, Z and A are the atomic number and mass number of the daughter 

nucleus and Pi, Pq are the barrier penetrability factors for non-zero and zero 

a-particle angular momentum, respectively. Hindrance factors calculated in 

this way (ie. with the angular momentum dependence removed) are known as 

reduced hindrance factors.

N on-C entral Forces. A particular case of a non-central force is the 

quadrupole interaction. If an even-even nucleus undergoes its ground state 

transition emitting an a-particle of zero angular momentum then the result

ing daughter nucleus will be in its 0+ ground state. Now, before the a-particle 

has fully penetrated the potential barrier, the quadrupole interaction can ex

cite the daughter nucleus to a 2+ state, simultaneously changing the kinetic 

energy and angular momentum of the a-particle. The energy of the a-particle 

would now be the same as that of one involved in a “one-step” 0+ —> 2+ 

transition but, since the potential barrier would have been penetrated at two 

different energies, the value of A will be different— presumably it will have a 

value somewhere between those of the “true” 0+ —» 0+ and 0+ —> 2+ transi

tions, ie. lower than expected. This effect, along with the increased intensity 

of the excited state transitions at the expense of the ground state transitions, 

will tend to reduce the hindrance factor of the excited state transition.
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Figure 2.4: Schematic diagram of the nucleon states involved in a-decay. The 

diagram is a reproduction of figure 4.15 from Hyde, Perlman and Seaborg 

(1964), it shows the last Nilsson states to be filled in a spheroidal nucleus.

Form ation Factors. As previously stated the one-body model of a-decay 

assumes a preformed a-particle moving within the nuclear interior. A more 

realistic treatm ent is provided by Brussard and Tolhoek (1958). They suggest 

a nucleon overlap model, where the a-particle is formed in the nuclear sur

face region from individual nucleon states depending on the overlap of their 

wavefunctions. A schematic representation of the nucleon states is given in 

figure 2.4. Neutrons 1 and 2, and protons 3 and 4 are in paired states with 

maximum overlap, consequentially formation of an a-particle from these nu

cleons would represent a favoured a-decay. In the odd-A case this would leave 

the odd nucleon occupying state  5 in both the parent and the daughter nu

clei. For this reason a hindrance factor < 4 is usually taken to imply that 

the excited state has the same I* as the parent ground state. Formation of 

the a-particle from nucleons 1,2,3 and 5 might correspond to the ground state
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decay (the most energetic ct-particle), but since nucleon states 3 and 5 will 

have a small overlap the probability of this combination is likely to be small.

Of the effects not treated in the one-body model it is the variation in 

the formation factor that causes the greatest variation in half lives, it is the 

only effect that is likely to be capable of producing variations of an order of 

magnitude or more in the half life (Preston 1964). Thus, it is usual not to 

attem pt to correct for non-zero values of a-particle angular momentum and 

non-central forces but to continue using the one-body formalism of Preston 

(1947) and treat the hindrance factors obtained as: “merely a number that 

is the order of magnitude of the ratio of the formation factor of an even-even 

nucleus to that of the nucleus in question”-—Preston (1964).

2.7 G a m m a  D ecay

One mode of decay available to all excited states of nuclei is that of 7

decay. The possible decays are governed by the selection rules that arise from 

applying the conservation of angular momentum and parity to the system of 

nucleus plus 7-rays. The possible multipolarity of the radiation em itted in a 

transition between initial, (/¿, 7^) and final (7/ , tt/)  states is given by:

Ii — I f  !^  L <  ij -f- If

AlV = TTi/TVf = <
( —1)^ for EL radiation

(2.24)

(2.25)
( — \ ) L 1 for ML radiation

where, L is the angular momentum (in units of h) carried off by each 7-ray 

and is used to classify the radiation in terms of multipole order. From the 

limitations imposed on L we can see that I t — I f  = 0 would mean that L = 0, 

this is not allowed however, since an em itted 7-ray must carry off at least one 

unit of angular momentum.
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For most known nuclear 7-transitions the probability for decay decreases 

rapidly with increasing multipole order so that it is usually sufficient to con

sider only the lowest one or two L-values; L and L +  1, where:

L = A /  = | h  -  I f  | (2.26)

When it is necessary to consider two L-values a multipole mixing ratio 6 is 

introduced. The ratio of intensities of the (L+l)-pole radiation to that of the 

L-pole radiation being equivalent to 82.

In this work only radiation of pure M l, E l, E2 and mixed E2/M1 multi

polarity are considered. The E2/M1 mixture arises because magnetic transi

tion rates are significantly smaller than electric transitions of the same order. 

Therefore it is possible for E(L+1) radiation to compete favourably with ML 

radiation.

When the m ultipolarity1 of a transition is known, along with one of (/¿, If) ,  

then the selection rules can be used to place restrictions on the unknown of 

( I i , I f )• For example, an E l transition with I f  =  3/2* implies that U = 1 /2 - , 

3/2~, or 5 /2" .

2.8 In te rn a l  C onversion

The existence of orbital electrons provide a nucleus with a method of de

excitation that competes with 7-ray emission. The field of the nuclear mul

tipole will act on any electron that is in the vicinity of the nucleus, the full 

transition energy can be communicated to the electron causing it to be ejected 

from the atom (provided of course that this transition energy is greater than

the electron binding energy). This process is referred to as internal conversion, 

lrThe term multipolarity is commonly used to specify the kind of radiation as to both

class and order.
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it is distinct from, and competes with, 7-ray emission. There is no intermedi

ate 7-ray em itted and later converted as the term  erroneously implies (this is 

a possible process, but much less likely).

The competition between internal conversion and 7-decay is expressed in 

terms of an internal conversion coefficient, a:

a  = (2.27)

where Ae and A7 are the total probabilities for the emission of electrons and 

7-rays respectively.

Since electrons from different atomic shells have finite probability densities 

close to the nucleus, electrons may be em itted from the K, L, M, . . .  shells of 

the atom. The total probability for internal conversion Ae is then composed 

of partial probabilities for the different shells:

Ae — A e ( A  ) +  A e ( L )  +  A e ( M )  +  • • • (2.28)

and similarly for the L, M, . . .  sub-shells, for example:

A e ( T )  — A e(Li)  +  A e (Zj//) +  A e ( T m )  (2. 29)

so that:

a = a(K)  + a(L) + a(M) + . . .  (2.30)

This forms a rapidly converging series, since the outer electrons do not nor

mally get close enough to the nucleus to strongly interact with the nuclear 

multipole field.

Calculations of internal conversion coefficients reveal a dependence on the 

Z-value of the atom and on the

energy and the multipolarity of the transition (these latter factors control the 

field strength involved in the process). B latt and Weiskopf (1952) have given
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Figure 2.5: K shell conversion coefficients for Z =  90.

an approximate formula for a (K ) ,  when the binding energy of the K-electron 

is small compared to the transition energy:

,2 4 T ( o™ „2 i L+f
a ( K )  = Z 2

2 m 0c2 
heu

(2.31)
he J L +  1

where Z is the atomic number, L the angular momentum and hu  is the energy 

of the transition in units of m 0c2.

As a consequence of this dependence internal conversion has its greatest rel

ative importance for low-energy transitions in high-Z nuclei. This dependence 

is shown graphically in figures 2.5-2.7, where values of conversion coefficients 

for Z =  90 (obtained from Hager and Selzter 1968) are plotted as a function 

of transition energy.

The theory of internal conversion and the details of the calculations in

volved in obtaining conversion coefficients can be found in numerous references

(eg. Rose 1966).
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Figure 2.6: Total L shell conversion coefficients for Z =  90.

Figure 2.7: Total M shell conversion coefficients for Z =  90.



The energy of a conversion electron Ee is given by:

E e = E0 -  E b (2.32)

where E0 is the energy of the transition and Eb is the binding energy of the 

electron. Thus, electrons from different shells will be experimentally distin

guishable because of the difference in Eb and an internal conversion electron 

spectrum will contain several peaks corresponding to each transition. If the 

intensities of these conversion peaks are measured for a particular transition, 

along with the intensity of the associated 7-ray peak, then the conversion co

efficient can be calculated. This experimental value can then be compared 

with the tabulated theoretical values to determine the multipolarity of the 

transition. The conversion coefficients for different multipoles often differ by 

an order of magnitude so an unambiguous determination is usually possible.

It is possible, and sometimes desirable, to obtain information on the mul

tipolarity of a transition by consideration of electron data alone. For example, 

a measurement of the K to L conversion ratio has the advantage of reducing 

the error introduced when corrections are made for detection efficiency—only 

relative electron efficiency need be calculated. In the case of two different mul

tipoles (eg. E l, M l) having similar K:L ratios a measurement of ratios within 

the L shell (provided the electron spectra exhibit the required energy resolu

tion) may distinguish between the two cases. This has the added advantage 

of simplifying efficiency calculations even further: the energies within the L 

sub-shell differ by only a few keV, over which range the electron efficiency is 

expected to vary very little.

For transitions of mixed multipolarity internal conversion measurements 

can be used to obtain a value for the multipole mixing ratio S2. For example,
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the conversion coefficient for an E2/M1 mixture can be written:

54

a (X ,  E 2 / M I )  = aa{X,  E2) + ba(X, M l ) (2.33)

where X = K ,L ,M ,.. . ,  the mixture param eters a, b clearly being the same for 

all shells and sub-shells. Since a + b =  1 and a/b =  82, a and b can be expressed 

separately in terms of 82, allowing the above equation to be rewritten:

S2a(X, E2) + a(X, Ml)
a ( X , E 2 / M  1) = (2.34)

1 + i 2

In this way 82 can be expressed in terms of an experimentally measured con

version coefficient or conversion ratio, eg:

2 a(K ,  M l )  -  a K
8l =

aK  — ot(K, E 2)

or:
2 _  a(K,  M l )  -  (K :L)a(L, M l)

(2.35)

(2.36)
(K :L)a(L, E2) \- a { K , E 2) 

where a(K ,  Ai l) ,  etc. are the theoretical conversion coefficients and aK,  (K:L) 

represent the experimentally measured K conversion coefficient and K to L 

conversion ratio respectively.
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Angular Correlations

3.1 In tro d u c tio n

The theory of angular correlations is well developed and the details of this 

complex theory can be found in many references; eg. Rose and Brink (1967), 

Frauenfelder and Steffen (1966). The following discussion follows the formal

ism of the latter reference.

The energy flow of the radiation from an oscillating multipole is given by 

Poynting’s vector:

(sb) j (31)
where, L is the multipole order and M  is the z-component of the angular 

momentum. Calculations (Preston 1964), using the vector potential A, show 

that for a fixed M , the angular distribution is proportional to:

S l m {6) =  {2L(L + I)} “1 x {{L{L +  If -  M { M  +  1)] | Y™+1 |2 

+  2M 2 | Y[4 |2 +  [L(L +  1) -  M ( M  -  1)] | Y ^ ~ l |2}

where, Y?1 (=  Y^(9 ,( j)Y)  are spherical harmonics. Since electric and magnetic

l The (f> dependence of Y f f  is in the form of a multiplicative term e!M^ that cancels out

when | Y^1 |2 is calculated, hence Slm is independent of (j>

(3.2)

55
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multipoles differ mathematically only in their parity and physically only in 

their plane of polarization, equation 3.2 holds for both types of multipole.

For radiative transitions between nuclear states the L,M of the emitted 

radiation is given by the selection rules:

\ I i ~  I f  \< L < Ii + I f  (3.3)

rrii — rrif =  M  (3.4)

where /¿ j are the initial and final spins of the levels each having 2p j  -f 1 

magnetic substates m,ij.

The angular distribution arising from a transition between a particular pair 

of substates m i , m f  is given by:

W{9)  =  P{m i)G {A im f )SL,M (3.5)

where P(mi)  is the relative population of the substate and G(mii7if) is 

the relative probability for the transition —» mj.  G(mimf)  is defined in

terms of the Clebsh-Gordan coefficient for the vector addition p  =  I f  +  L,

m l = nif  -f M:

G(mirrif) =  (I frr i fLM \ h m i ) 2 (3 6)

In the nuclear case, it is not normally possible to detect transitions between 

individual substates, instead an unresolved line is observed and the total an

gular distribution is given by summing over all possible pairs o fm ,',m / values:

W{6)  =  X] P(m i) ( I f m f L M  \ h m ^ S ^ d )  (3.7)
77T ,771 j

Consider the particular case of a dipole transition, where a state B (/#  =  1; 

mg  =  0 , i l )  decays to a state C (Ic  — 0; m e  = 0) in the presence of a 

magnetic field. Except at strong fields and very low tem peratures («  0.01°/f)



the population of the magnetic substates of B will be equal, furthermore, since 

one of the combining vectors ( If )  is zero the vector addition coefficients will 

be unity.Thus, equation 3.7 reduces to:

W(9) = £  S l m (9) (3.8)
M

substituting L =  1, M  =  0 ,± 1  into equation 3.2 and using the definition for 

Y ^ 1 given by Blatt and Weiskopf (1952), gives:
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Si,o = ^ - (1  -  cos2 9)07T
(3.9)

Si,±i — ,  (1 4  cos 9)107r (310)

Slm  — constant (3.11)
m

that is, W(9)  is isotropic. From this we see that the observation of an 

anisotropic angular distribution depends on the ability to obtain a non-uniform 

population of substates. One way to achieve this is to observe the angular dis

tribution of sequential radiations.

3.2 A S im ple  C ase o f G a m m a -G a m m a  

A n g u la r  C o rre la tio n

Consider again the previous example, but imagine that the state B is pop

ulated from a higher lying state A ( Ia =  0; tua =  0), via another dipole 

transition. The population of the substates of B will now depend on the an

gular distribution of the radiation from state A, in the general case:

P ( m B) = Y l ^ B m BL i M x \ I Am A)2S LlMl(9) (3.12)
771A

where, Mi = m A — ra#.
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In this particular example this reduces to:

P {m B) =  S i |-m|l(0) (3.13)

Now, in the absence of a magnetic field the choice of the quantisation axis 

is arbitrary and without loss of generality we may choose our 0 = 0 direction 

as that of the first 7-ray. W ith this choice of axis the function S i O(0) =  0 

(=7 P { m B) =  0, ie. the m B =  0 substate is not populated) and, provided the 

state B is sufficiently short-lived, the directional correlation between the two 

7-rays is seen to be (from equations 3.7 and 3.12):

W{0) = Sll- i(O )S U 0 ) +  S1,i(O)Sll_1(0)

oc (1 +  cos2 0)

ie. an anisotropic angular distribution.

From the above example we see that P ( m B) =  P ( —m B), this is a general 

feature and means that for I B = 1/2 the two magnetic substates, m B = ± 1 /2 , 

will be equally populated and so can only give rise to an isotropic distribution. 

Similarly, if I B =  0 there is only one magnetic substate (m B = 0) and the 

distribution is again isotropic.

3.3 T h e  G en e ra l A n g u la r  C o rre la tio n  

F u n c tio n

A similar analysis can, in principle, be carried out in the general case 

giving the result:

W{0) = ' £ A kkPk{ cos0) (3.15)
kk

(3.14)
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where, P  is the Legendre polynomial; 0 <  k < min{21,  2mt-, 2m /}, with k be

ing even (the odd k terms disappear because the interm ediate state is aligned2) 

and:

A kk = A k{LxI lI ) A k{L2I I f ) (3.16)

The above equation defines A kk under the assumption that the detected ra

diations are of pure multipolarity and represent consecutive 7-rays in a double 

cascade. In fact, allowances can be made for the possibility of the multipolar

ity being of a mixed nature (ie E2/M1) and for the existence of unobserved 

transitions between the two coincident 7-rays. For example, in the triple cas

cade: I{ —*■ I  a —> Ib —* If ,  where the intermediate 7-ray is unobserved, the 

above equation is modified by the inclusion of a Uk term:

A kk =  A k( L 1I iIA)Uk(IAIB)Ak(L3I f I B) (3.17)

In the case of mixed multipoles it is usually sufficient to consider only the 

lowest two multipole orders L and L' , where L' = L + 1 (see section 2.7). In 

this case we have:

A kk — A k[LxL'1I i I ) A k[L2L2I f I ) (3.18)

where,

Fk{LxL 1) +  28xFk{LxL[) + 8\Fk{L\L\)

and:

A k{LxL'xIiI)

A k(L 2L'2I I j ) =

l-M ?

Fk{L2L 2) +  2 82Fk{L2L'2) + 8¡Fk(L'2L'3) 
l + Sn

(3.19)

(3.20)

where 8\ , S2 are the multipole mixing ratios for the first and second radiations 

and the Fk coefficients represent the normalised A k terms, eg:

A k( L L I J )
Fk( L L ) =  Fk( L L I i I ) h

Ao(LLIil )
(3.21)

2The state I is said to be aligned if P(rrij) = P (—m; ) for all rrij and P(m,j) A P(mk)

for all j  A k-
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The Fk coefficients can be expressed in terms of Clebsh-Gordan and Racha 

coefficients, for which formula and numerical values are available (eg. Con

don and Shortley 1951). Hence, E*.-values can be calculated for any desired 

case. Alternatively, several authors ( eg. Ferentz and Rosenzwieg, 1954) have 

provided tables of selected Fk coefficients allowing their values to be obtained 

directly.

Experimentally, angular correlations of this type will at best yield the two 

constants F22 and E44 (certainly, the maximum value of 7-ray multipolarity 

considered in this work is L =  2 => kmax <  4). In this case the angular 

distribution is usually written:

4F($) =  A q -f- A 2P2^coàd) T A^P^cosd}  (3.22)

or, normalising to A0:

W{8) =  1 +  a2P2{cosd) + a^P^cosO) (3.23)

where a2 and a4 are experimental values (obtained from a Legendre polynomial 

fit to the data) that can be compared to theoretical Fk coefficients for various 

spin hypotheses.

3.4 A lp h a -G a m m a  a n d  A lp h a -E le c tro n  

A n g u la r  C o rre la tio n s

By convention the 7-7 correlation function is adopted as the standard rep

resentation of the ‘geom etry’ of the correlation process. Angular correlations 

between different pairs of nuclear radiations can be obtained from this stan

dard representation by the introduction of a particle parameter, hk(LL']x) : 

x — a,  e, ¡3 . . .
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If the radiation detectors posses cylindrical symmetry (with respect to the 

propagation direction of the radiation) then:

Cko î L L , x)
bk(LL']x) (3.24)

Cko{LL'] 7)

where, the ck0 terms are Racah radiation parameters, they are the only terms 

that enter into the derivation of the angular correlation function that depend 

on the nature of the radiation. From this we see that the bk coefficients merely 

serve to replace one set of radiation parameters with another and in so doing, 

transform the standard 7-7 correlation function to an a-7  correlation function, 

for example.

The correlations of interest in this work are a-7  and a-e (where e represents 

an internal conversion electron). For these cases we have:

Akk =
Ak(LiL[IiI] a )A k(L 2L'2If I] 7) for a-7  correlations

Ak(LiL[IiI-, a )A k (L 2L'2If I] e) for a-e correlations 

For pure transitions (1/ =  L)  we have:

A k { L L I i I \ x ) — bk( L L ; x ) A k{LLIiI\  7)

while for mixed transitions we have:

A k(L L ' I i I -a )  =

bk(LL)Fk(LL)  +  [bk{LL') +  bk(L'L)]8aFk(LL') + 62abk{L'L')Fk(L'L')

(3.25)

(3.26)

l  + Sl
(3.27)

and:

A k( L L ' I J ]e) =

bk(LL)Fk(LL)  +  2 Sebk(L 'L)Fk{LL') +  82ebk(L' L')Fk{L' L') 1
1 + bp

(3.28)

with.

be — 8y
Oii.

\  <*ic(L)
(3.29)



where, oiic(L ') and oiic( L ) are the internal conversion coefficients of the two 

competing multipoles—the equations and tabulated values for the particle 

parameters can be found in several references eg Biedenharn and Rose (1953).

In the case of a  transitions L 1 = L +  2, since the parity selection rule for 

a-decay (A x =  ( — 1)^) only permits mixtures of L-values differing by an even 

number of units (ie. (L1 = L + 2, L +  4 , . . . ) .  Usually it is sufficient to consider 

only the lowest two multipole orders. However, if /; =  0 or 1/2 the transition 

must be of pure multipolarity. That is, the angular momentum selection rule:

| Ii — I f  |^  L  jc I{ T I f  (3.30)

only allows one L-value for /; =  0 (L = If )  and two L-values for Ii =  1/2 

(L — If  ±  1/2), each of which differ by a single unit and so are not allowed to 

mix.

Equation 3.15 represents a somewhat idealised situation, in that W{9)  

gives the distribution at a point and it is assumed that the interm ediate state 

is sufficiently short lived so that its population is unaffected by the existence 

of any extranuclear fields. These shortcomings can be remedied by the in

clusion of solid angle correction factors Qkk and attenuation parameters Gkk- 

Equation 3.15 is then rewritten:

W ( 8) =  Yl^-kkQkkGkkPk (cos#) (3.31)
kk

3.5 A tte n u a tio n  P a ra m e te rs

The attenuation parameters Gkk describe the influence of extranuclear fields on 

the angular correlation. If the intermediate state in the cascade —► I  —> Ij  is

sufficiently short lived, so that the relative population of its substates (imposed 

on it by the previous transition) remains unaltered, then the Gkk parameters
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will be unity. If this is not the case then interactions can occur between the 

magnetic dipole moment or the electric quadrupole moment of the nucleus 

and any extranuclear fields present. These interactions will cause transitions 

among the m -states of I  and lead to an attenuation of the angular correlation 

(Gkk < 1 )-

The fact that the daughter nucleus can recoil through the source material 

following a-decay will expose it to quite considerable electric field gradients, 

both as it recoils and when it comes to rest—since it is unlikely to do so at 

a regular lattice site. A further source of extranuclear fields is provided when 

the a-particle passes through the cloud of orbital electrons, this can have the 

effect of leaving the electrons in unpaired configurations which then produce 

magnetic fields and electric field gradients at the nucleus.

The interaction of the nucleus with its surroundings is a very complex situa

tion and a theoretical discussion of the Gkk terms can be found in Frauenfelder 

and Steffen (1966). Experimentally, an indication of the amount of attenua

tion occurring can be gained by measuring the angular correlation of a cascade 

in which all the factors are known. The data can then be fitted and a value 

obtained for Gkk- Alternatively, Gkk can be treated as a free param eter and 

varied alongside Ak and 82 to obtain the best fit to the to tal data set.

3.6 Solid  A ngle C o rre c tio n  F ac to rs

The solid angle correction factors, Qkk enable us to allow for the finite size of 

our radiation detectors, where:

(Qk{l)Qk((x) for q-7 correlations
(3.32)

Qk{l)Qk{z)  for a-e correlations
The correction factors will vary inversely with the solid angle, Q, subtended
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by the detector. For example, Qk = 1 for a point-like detector (fl =  0) and 

Qk =  0 for a detector totally surrounding the source (fi =  47t). For detectors 

with axial symmetry Yates (1966) has obtained the following expression for

Qk-

Q k = ^  (3.33)
Jo

f<t>
J k =  Pk(cosp)e(p)s inp  dp (3.34)

J 0

where, p  is the angle at which the radiation enters the detector, 0 is the half 

angle subtended by the detector at the source of the radiation (ie. p max ) and 

e{p) represents the detector efficiency.

If e is independent of p  then, substituting x for cos<£>, we get:

Jk =  e /  Pk(x)dx  (3.35)
J C O S  0

For k =  0, 2 and 4 this gives:

Jo = e(l  — cos (¡)) (3.36)

J 2 =  -e(cos 4> — cos3 (/)) (3.37)

J4 =  x^(~ 3  cos 0 +  10 cos3 0 — 7 cos5 0) (3.38)
8

and so,

Qo = 1 (3.39)

Q2 =  -  cos 0(1 +  cos 0) (3.40)

Q4 =  -<?2(7 cos2 0 - 3 ) (3.41)
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The “¿3Th Experiment

4.1 In tro d u c tio n

The nucleus 223Th has been investigated in a recent in-beam experiment 

(Dahlinger et al. 1988). The presence of two equal intensity bands of a lternat

ing parity, connected by strong E l transitions, was revealed. The two K  — 5/2 

bands were established up to spin 33/2+, and were interpreted in terms of an 

octupole deformed core and an unpaired nucleon. The reflection asymmetric 

rotor model with octupole deformation predicts a band based upon a K =  

3/2 orbital which lies close to the K =  5/2 ground state (Leander and Chen 

1988); the non-yrast members of this band were not observed by Dahlinger et 

al. (1988). Both bands have been observed in a recent study of the isotone 

221 Ra where low lying states were populated via the a-decay of 225Th (Ack- 

ermann et al. 1989). In this experiment comparable a hindrance factors to 

opposite parity members were observed. Observation of similar phenomena 

in 223Th would allow the behaviour of the single neutron in an octupole field 

to be probed in a region where the octupole correlations are strongest. In an 

attem pt to observe the above effects a study has been performed in which the

65
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low-spin states of 223Th were populated by the a-decay of 227U ( T ^  ~  1 min).

4.2 E x p e r im e n ta l D e ta ils

The parent nucleus 227U was produced using the reaction 208P b(22Ne,3n)227U. 

The cross section for this reaction is ^  10 pb  (Ter-Akop’yan). Two 4 mg cm-2 , 

isotopically pure 208Pb targets were alternately bombarded by a 110 MeV 22Ne 

beam supplied by the cyclotron facility, CYCLONE, Louvain-la-Neuve, Belgium. 

The target thickness was chosen to be both thick enough to trap the recoil

ing 227U nuclei and thin enough to allow a-particles and conversion electrons 

to escape without the occurrence of excessive straggling. All measurements 

were made in an out of beam mode with the aid of a rotating target assem

bly. Alpha-electron and alpha-gamma coincidences were collected, along with 

information on the time of arrival, and associated energy, of each a-particle, 

for a total of 51 hours, during which time the average beam current was 26 

particle nA.

4.2 .1  T he W in d m ill— a M oving Target M echanism

In order to reduce the background from the prompt radiations, a moving target 

technique was employed (figure 4.1). In this method a target is irradiated for 

a fixed period of time and then transported to a measuring station. It remains 

there for a further fixed period, after which time it is returned to its original 

in-beam position and the cycle repeated. In order to fully utilise the available 

beam time two targets were employed, so that simultaneous measurement (of 

one target) and irradiation (of the other) could take place.

The target transport mechanism consisted of a twenty pole stepper motor 

and a centrally pivoted, rotating arm, with a target fixed to either end. The
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F777T77777\ Perspex
S.b = surface barrier

Figure 4.1: Schematic representation, of the rotating target mechanism.
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target arm was attached to the rotating axis of the motor in a vertical plane. 

The arm was cranked from its stationary position by a driving pulse and 

stopped, after a rotation of 180°, by a pre-set pulse rate counter. It was then 

rotated through a further 180°, and stopped again, this time by a photocell 

device. The time between successive rotations was chosen to be 30s. To prevent 

backlash on stopping, the arm was attached to the motor via a gearbox with 

a velocity ratio of 10:1.

During measurement the target was positioned between a 500 m m 2 cooled 

Si(Li) detector and a 200mm2 surface barrier Si detector. A 25% efficient 

(measured with respect to a 75x75 mm Nal detector for 1.33 MeV 7 radiation) 

intrinsic n-type Ge detector was also placed in the counting position, adjacent 

to the surface barrier detector. The Si(Li) and surface barrier detectors sub

tended angles of approximately 145° and 139°, respectively, at the centre of 

the target.

Energy calibration was carried out using the following sources: 152Eu and 

133Ba 7-ray sources; a 20' Bi electron source and a 228Th a  source. The 

a-particle energy resolution was 65 keV (full width at half maximum) at 

6.297MeV (measured using the 228Th source).

4 .2 .2  D a ta  A cq u isition

The portable data acquisition system used was based around an IBM-PC. Ad

ditional pieces of hardware included a purpose built Octal ADC Interface unit 

and a Perex ‘Peridata 4510’ tape drive. The system was capable of control

ling up to eight ADCs, in singles and coincidence mode. M ultiparam eter data 

were collected onto 15Mbyte capacity tape cartridges, and later transferred to 

standard 6250 bpi magnetic tape. While data collection was in progress it was
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possible to perform simple on-line analysis and save any results, along with 

any singles spectra collected, to floppy disc. After the experiment all data 

collected were transferred to the GEC 4190 mini-computer at Liverpool for 

subsequent sorting and analysis.

4 .2 .3  Signal P rocessin g

A block diagram of the electronics used is shown in figure 4.2. The energy 

signals from each preamplifier were fed into analogue to digital converters via 

spectroscopy amplifiers, while timing filter amplifiers and constant fraction dis

criminators processed the timing signals. Two time to amplitude convertors 

(TACs) were employed to generate time spectra for a-7  and a-e coincidences, 

the Si detector provided the start signal while the Ge and Si(Li) detectors pro

vided the stop. The event trigger was defined to be any a-7 or a-e coincidence 

and was obtained by combining together an output from each TAC. In order 

to obtain half-life selection a time digitiser unit (TAU) was used. This enabled 

the time of arrival, and associated energy, of each a-particle to be written to 

tape.

The TAU unit was developed and used by Jones et al. (1980) to measure 

lifetimes of nuclear reaction products from ps upwards. Upon the application 

of a start signal (in this case the arrival of an irradiated target at the counting 

position) the unit begins to count internally generated clock pulses. The de

tection of an a-particle causes a synchronous transfer of the current count to 

an address register and then to the output via a digital to analogue convertor. 

The counter carries on incrementing, irrespective of any transfer, until it is 

reset by the application of a new start signal. This means that all a-particles 

detected will be tagged with their time of arrival. The internal clock runs at a
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Si(Li)

Si

Ge

MG

Figure 4.2: Block Diagram of the Electronics. PA =  preamplifier, AMP = 

amplifier, ADC =  analogue to digital convertor, TFA =  timing filter amplifier, 

CFD =  constant fraction discriminator, GDG =  gate and delay generator, 

FAN =  logic fan in/fan out, TAC =  time to amplitude convertor, TAU = time 

digitiser, SCA =  single channel analyser, OR =  slow coincidence unit, with 

coincidence requirement set to one, MG =  master gate.
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frequency of 1MHz, but the time period between the pulses presented to the 

counter can be selected, eight options are available from 1 ps to 10 s in factors 

of ten. In this work a period of 0.1 s was chosen.

4.3 D a ta  A nalysis

Prior to this work the only information available for a-decay into 223Th was 

the work of Valli et al. (1970). From previous work it was not clear which 

«-energies should be associated with the decay of 227U. A spectrum  of all 

7-rays in coincidence with a  particles of energy 5.34-8.79 MeV is shown in 

figure 4.3. Known transitions arising from the population of channels other 

than the 3n channel were identified. On elimination of these known 7-rays a 

247 keV transition emerged as the likeliest candidate for a decay in 223Th.

From the possible open channels two 246 keV transitions are already known 

from a-decay studies: a 7 /2+ —> 7 /2+ transition in 221Ra and a 1" -> 0+ 

transition in 224Th. The a-particle energies corresponding to these transitions 

are 6.51 and 6.44 MeV respectively. The 224Th channel, which corresponds to 

primary population of 228U via the (22Ne,2n) reaction, is expected to be very 

weak (see later). The a-particle energy corresponding to a 247keV transition 

to the ground state in 223Th is expected to be 6.83 MeV—based on Qa =

7.2 MeV obtained from systematics (Lederer and Shirley 1978). Contributions 

from other channels could therefore be eliminated by choosing a suitable a  

window for generation of the 7-ray spectrum. The window chosen was 6.76- 

6.92 MeV.

The contribution due to the 177 keV (Ea =  7.00 MeV) transition from 220Ra 

was reduced by requiring that the time of arrival of a-particles was >  7 s, since 

the major population of this level occurred via the decay of 224Th (T ly/2 ~  1 s)
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which was directly populated through the (a  2n) channel.

The contribution due to the strong 152 and 140 keV (Eq, =  7.3 MeV) and 

weaker transitions in 219Ra were reduced by a two-stage normalisation and 

subtraction process. A spectrum was generated for 219Ra and was found to 

contain, along with the 152 and 140 keV transitions, a 316 keV transition from 

215Rn. It w*as therefore necessary to generate a second spectrum  containing 

only the 316 keV transition. This second spectrum was then normalised and 

subtracted from the first, thus removing the 316keV peak and leaving a pure 

a-7 spectrum  for 219Ra, which was then normalised and used to reduce the 

contributions from 219Ra.

The resulting 7-ray spectrum is shown in Figure 4.4. The presence of Th x- 

rays in this spectrum adds confidence to the assignment of the 7-rays to 223Th. 

An associated electron spectrum was generated and is shown in figure 4.5. 

Table 4.1 shows the experimental conversion coefficients deduced from these 

spectra and compares them to the expected theoretical values (Hager and 

Seltzer 1968) for M l, E l, and E2 transitions. It can be seen from this table 

that all the transitions are consistent with M l multipolarity, although E2 

mixing cannot be ruled out, especially for the 158 and 209 keV transitions.

It should be noted that figures 4.4 and 4.5 do not represent pure spectra 

for 223Th. For example, 7-rays corresponding to 68 and 75 keV transitions in 

219Ra and x-rays from Ra (80 and 83 keV) and possibly T1 or Pb (72 keV) 

can be seen, thus indicating an incomplete subtraction process. If the 7-rays 

observed at 68 and 75 keV are indeed due to transitions in 219Ra then this 

would account for approximately 50% (using the multipolarity assignments 

of E l from the work of El-Lawindy 1986, with conversion coefficients taken 

from Hager and Seltzer 1968) of the counts in the broad electron peak around 

65 keV as being due to L (50-60 keV) and M (63—72 keV) conversion.
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Shell E y( keV) Expt. M l E2 E l

158 1.72(66) 4.36 0.237 0.134

209 0.80(44) 1.95 0.150 0.0682

K 247 1.24(28) 1.22 0.109 0.0465

259 1.58(75) 1.07 0.0998 0.0418

310 0.65(24) 0.656 0.0742 0.0285

158 - - - -

209 0.69(28) 0.349 0.287 0.0129

Ltotal 247 0.297(74) 0.251 0.175 0.00960

259 0.46(28) 0.218 0.143 0.00850

310 0.092(46) 0.116 0.0582 0.00496

M-ioéaZ 247 0.074(28) 0.0598 0.0469 0.00229

Table 4.1: Experimental and theoretical internal conversion coefficients for

223Th.
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(keV) Ea (Mev) I t r a n s

158 6.91(6) 14(5)

209 6.90(6) 14(5)

247 6.86(3) 100(13)

259 6.74(4) 15(6)

310 6.74(5) 18(6)

Table 4.2: Relative transition intensities and a  energies associated with the 

7-rays belonging to 223Th.

If it is assumed that the five 7-rays (157-310 keV) observed in figure 4.4 all 

belong to 223Th and their associated a-particle energies are measured, then a 

decay scheme (figure 4.6) can be constructed. Table 4.2 shows the a  energies 

associated with the 7-rays in figure 4.4, along with relative 7-ray intensities.

A low-lying level 51.3 keV above the ground state was observed by 

Dahlinger et al. (1988); his assumption of a 5 /2 + ground state and a 7 /2+ 

first excited state is followed here. The assumption of a 5 /2 + ground state is 

based on the experimental assignment of 5/2 to the ground state spin in 221 Ra 

(Ahmad et al. 1983) and the theoretical assignments given by both Leander 

and Chen (1988) and subsequently by Cwiok and Nazarewicz (1989). The 

247 keV transition has All multipolarity and is placed in the decay scheme as 

originating from a 247 keV level decaying to the ground state. This level has 

F  =  3 /2+ , 5 /2 + or 7 /2+.

A level is placed at 310 keV with decays of 310 keV and 259 keV to the 

ground state (5 /2+) and first excited state (7/2 + ) respectively. These transi

tions are both consistent with M l multipolarity which restricts the F  of the
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a
branching JJF 

ratios

(5/2+, 7 /2+)___________  310keV

(3 /2 + ,5 /2 + ,7 /2 + ) 247keV

(5/2+ ,7 /2+ ) 209keV

259 keV

310 keV

158 keV 247 keV
209 keV

(7/2+) ■ ■ 51keV

(5/2+) 0

(16±4)% l-9 ±  0.6

(50±6)% 1-1 ±  0.2

(14±3)% 5 .6±  1.5

(10±6)% 3 1 -  13 

_L 7f)
( 1 0 ± 6 )% 20

i h  Qa =  7.206(16)MeV

Figure 4.6: Proposed level scheme of 223Th as populated in the a-decay of 

227U. Hindrance factors were calculated using the one-body theory of Preston 

(1947) with R0 =  9.647 fm and T t//2 =  66 s for 227U.



Chapter 4: The 223Th Experiment 79

level to 5 /2 + or 7 /2+ .

A level is placed at 209 keV with decays of 209 keV and 158 keV to the 

ground state (5 /2+) and first excited state (7/2 + ), respectively. These transi

tions are both consistent with M l multipolarity which again restricts I7r of the 

level to 5 /2 + or 7 /2+ .

The relative intensities of the five transitions given in table 4.2 were ob

tained from the measured 7-ray intensities by correction for internal conversion 

(using the values obtained in this work). In order to accurately deter

mine the a-branching ratios to these states the intensities of the 223Th 7-rays 

are required without any restriction on ct-particle energy (ie. too restrictive 

an a  gate on the 247 keV 7-ray would result in missing intensity from the 209 

and 310 keV levels). It was therefore necessary to determine what fraction 

of the 246/247 keV peak was due to 223Th, since the other 7-rays assigned to 

223Th are too weak to be used for normalisation. The contribution to this peak 

from 224Th decay was determined by looking for the 152 keV transition corre

sponding to the 33% branch to the 2+ state, which should be seen in addition 

to the 246 keV 1“ to 2+ transition (Lederer and Shirley 1978). A measure

ment of the intensity of this 152 keV transition would allow the intensity of 

the 246 keV transition, and hence its contribution to the 246/247 keV peak, to 

be calculated. Unfortunately a 152 keV transition was also observed in 219Ra 

so a direct measurement was not possible. However, the relative intensities 

of the 113keV, 140 keV and 152 keV transitions (all belonging to 219Ra) are 

known from the work of El-Lawindy (1986), so it was possible to determine 

the expected intensity of the 152 keV peak due to 224Th decay alone, relative 

to that of the 247 keV transition in 223Th. It was estim ated that a maximum 

of 2% of the total 246/247 keV peak arises from a contribution from 224Th. 

Further evidence that the 224Th component is weak is provided by the pre
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dictions of the computer code ALICE (Blann 1966): the population of 224Th 

is expected to be less than 0.4% of that for 223Th. It was possible to deduce 

the contribution from the 246 keV transition in 221 Ra to the 246/247 keV peak 

by measuring the intensity of the 321.4 keV transition (also in 221Ra) observed 

in this work, since the relative intensities of these transitions are accurately 

known from the work of Ackermann et al. (1989); this fraction was 21(3)% .

The total a-decay strength observed in the 227U chain can be obtained 

using the measured intensity (corrected for germanium detector efficiency and 

internal conversion) of the 315.8 keV transition in 215Rn and the known «- 

branching ratio (El-Lawindy 1986) to this level. In order to avoid problems 

over direct population of nuclei in the chain via «  am exit channels the first 

7 s of each 30 s measuring period w'as excluded. In this way the sum of the 

«-branching ratios to the ground state and the 51 keV level can be deduced. 

The «-branching ratios to the ground state and first excited state could not be 

individually determined in that no transition from the 51 keV level was actually 

observed. The relative intensity to each state has been arbitrarily apportioned 

as 50/50, on the grounds that the «-branching ratios to the ground state and 

first excited state of 221Ra are of a similar magnitude: 7% and 9%, respectively 

(Lederer and Shirley 1978). These values along with «-branching ratios to the 

excited states, are given in figure 4.6, together with deduced hindrance factors 

using the formalism of Preston (1947).

The Q-value given in figure 4.6 is the mean of the values obtained by 

measuring the «-particle energies in coincidence with 7-decays from the 209, 

247 and 310 keV levels to the ground state. The «-particle energies were 

calibrated relative to decays from a 228Th source and a measurement of the 

Q-value is then given by Ea +  E,r +  E7, where Ea is the «-particle energy 

measured in coincidence with a 7-ray of energy E7 and E# is the energy of the
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recoiling nucleus.

Due to the close geometry of the particle detectors with the target (neces

sary because of the low cross section) there is the possibility of pulse summing 

of correlated particles in the surface barrier and Si(Li) detectors. This prob

lem has been largely circumvented by utilising windows on 7-ray spectra to 

generate a-particle yields. Summing in the Si(Li) detector was fortuitously 

avoided since a build up of contamination on the front surface of the detector 

during calibration, prior to the start of the experiment, precluded both direct 

detection of L or M electrons from the highly converted 51 keV transition as 

well as indirectly via summed events.

4.4 H alf-life  m e a su re m e n t o f 227U

We have also attem pted to measure the half-life of 227U. Ideally, in this type 

of measurement data should be collected over a period of time equivalent to 

several half-lives of the parent nucleus. However, since the main aim of this 

experiment was to obtain as much a -7 and a-e coincidence data as possible 

within the available time, irradiation/count periods of 30s/30s were chosen. 

The TAU unit can be used to generate a time versus count rate spectrum  for 

a particular group of a-particle energies. A decay curve can be fitted to this 

spectrum and the half-life of the parent nucleus determined.

The a-particle energies, branching ratios and half-lives for the a-decay 

chain of 227U (Lederer and Shirley 1978) is shown in figure 4.7. Since the 

a-decay of 21oRn to 2uPo is well separated in energy from other decay chains 

seen in this work, the 8.67 MeV a  group was used for the half-life measure

ment. Although the preceding half-lives are <C 66 s (the dominant half-life 

of the chain due to the 227U precursor), 223Th was also, to some extent, pop-



Chapter 4: The 223Th Experiment 82

half-life

227U 

223Th 

219Ra 

215Rn 

2UPo 

2°7p b

Qo. =  7.2 MeV 

(systematics)
r

7.32MeV
(40%)

r

7.29MeV
(60%)

7.98MeV
(35%)

7.68MeV
(65%)

r

8.67MeV

7.45MeV

66s

0.66s

10ms

2.3ps

0.52s

Figure 4.7: The a  decay chain from the parent nucleus 227U.

ulated directly via the a  n exit channel. This meant that the timer spectrum 

contained both a fast and a slow component. A collection time of 30s made ex

traction of the slow component quite difficult by conventional means. Because 

of this a slightly different method of analysis was adopted. The first 7 s of the 

timer data was excluded (~  10 half-lives of 223Th—thus allowing time for any 

direct population to decay away) and twelve a  spectra were generated—each 

spectrum corresponding to an equal time interval (of ~  1.9 s) ranging from 7 

to 30 s. The spectra were integrated over the energy range 8.05-9.02 MeV to 

produce a count rate versus time plot. This was then fitted using a non-linear 

least squares fit to produce a half-life of 45 ±  5 s. This is somewhat shorter
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than the value of 66 ±  6 s, obtained by Hann et al. (1969), but the difference 

is not sufficient to unduly influence determination of a-hindrance factors (be

cause of a logarithmic dependence), which were calculated using the one body 

formalism of Preston (1947).
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The ~ 3Ra Experiment

5.1 In tro d u c tio n

Over the past th irty  or so years a wealth of experimental data has been ac

cumulated for the nucleus 223Ra. This information has been well summarised 

in publications such as Nuclear Data Sheets (Maples 1977). The data comes 

from the a-decay of 227Th and from the /3-decay of 223Fr. As pointed out by 

Sheline et al. (1988), the complexity of this data is highlighted by noting that 

there are 46 a-groups and 240 7-rays following the a-decay of 227Th with a 

further 56 7-rays following the /3-decay of 223Fr. This has lead to the assign

ment of 44 levels in 223Ra, one of which is tentative. However, the Ix values 

assigned to these levels are now known to be incorrect since they were based 

on the assumption that 223Ra has a ground state spin of 1/2. A measurement 

by Ahmad et al. (1983) has shown that the ground state spin of 223Ra is in 

fact 3/2.

In an attem pt to reassign I7r values to at least some of these levels, a study 

has been performed in which the low-lying states of 223Ra were populated by 

the a-decay of 22'Th. It was also hoped that the level structure and the new

84
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F  values could be understood in terms of octupole deformation since 223Ra 

lies in the middle of the region where octupole correlations are expected to be 

strongest.

5.2 E x p e r im e n ta l D e ta ils

Since 227Th has a half-life of only 19 days an 227Ac  source was used, this has 

a half-life of 22 years and /3-decays to 227Th. The source consisted of ~10/iC i 

of 227Ac  evaporated onto a gold backing. Gold has a simple cubic crystalline 

structure and was chosen to reduce hyperfine field effects on recoiling 223Ra 

nuclei following a-decay. The 7-rays were detected with a Be windowed, low 

energy, hyperpure Ge detector, while internal conversion electrons were de

tected using a 100 mm2, 3 mm thick, Si(Li) detector. The a-particles were 

detected using low-cost silicon PIN diodes with an active area of 1.5 cm2.

The name PIN arises from the diodes so-called p-i-n structure. The diodes 

consist of a highly pure wafer of silicon whose front and rear faces have been 

doped to form p-type and 11-type layers respectively, leaving a high-resistance 

intrinsic region in between. Figure 5.1 (reproduced from HAMAMATSU 1987) 

shows a schematic of the cross-section and the external dimensional details of 

the Hamamatsu S i723 photodiode. The diodes were originally intended for use 

with scintillators as a solid-state alternative for photomultiplier tubes, hence 

the references to light. The actual diodes used were type S1723-04N and were 

supplied with detachable perspex squares in place of the resin windows.

In the work of Gooda and Gilboy (1987) spurious satellite peaks were 

observed tha t were found to be due to edge effects in the diodes. To avoid 

the possible occurrence of this problem and to ensure that equations 3.24 and 

3.34 remain valid, circular collimators (with 8 mm diameter holes) were used
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Figure 5.1: The Hamamatsu S1723 photodiode. The diodes used in this work 

were supplied without the resin windows.
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with the PIN diodes. The collimators both mask the edges of  the diodes and 

ensure that their exposed area is cylindrically symmetric.

Energy calibration of the Ge and Si(Li) detectors was carried out using 

152Eu and 133Ba 7-ray sources and a 207Bi electron source. Since the a  energies 

involved in the 227Th decay chain are well known, the 227Ac source itself was 

used for energy calibration of the PIN diodes. The a-particle energy resolution 

was typically ~25 keV and the 7-ray resolution for transitions less than 250 keV 

was typically 1 keV. The low energy 7-ray cut-off was ~ 4  keV. The electron 

resolution was ~2.5 keV at electron energies of ~  150 keV.

5.2.1 T h e V acuum  C ham ber

The usual experimental arrangement for performing angular correlation mea

surements involves a source of radiation and two radiation detectors. One of 

the detectors remains fixed opposite the source defining a 9 =  0 direction. The 

second detector then occupies a number of co-planar positions about this axis 

allowing the coincidence intensity distribution to be recorded. In the case of 

a-7  or a-e correlations the particle detectors and the source must be placed 

in some sort of vacuum chamber. The 7 detector may be positioned outside 

the chamber provided that the severe attenuation of low energy 7-rays can be 

tolerated.

In order to overcome the technical problems imposed by such a system 

(particularly in the a-e case) we have developed a versatile and compact six 

detector system which allows the simultaneous measurement of a-7  and a-e 

correlations. The system consists of a vacuum chamber with provision for 

mounting a radioactive source, upto five PIN diodes (with collimators) and 

two apertures for accommodating Ge or Si(Li) detectors. The system is shown
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schematically in figure 5.2 and has been used in two specific arrangements: set

up I and set-up II. The figure shows five positions labelled 1 to 5, separated by 

25° or 45° from their nearest neighbours, at which PIN diodes, in transmission 

mounts 3 cm from the centre of the chamber were placed. The positions A and 

B allow a Be-windowed Ge detector and a cooled Si(Li) detector to protrude 

into the 16 cm diameter vacuum chamber for the detection of low energy 7-rays 

and internal conversion electrons.

S e t-u p  I A single-sided source was positioned facing the PIN diodes, position 

B was unused and position A was occupied by a low energy 7-ray detector 

9 cm from the source. Coincident signals between any of the detectors in 

positions 1 to 5 with the Ge detector were recorded event by event. The 6 = 0 

direction was defined to be that between the Ge detector and the source, the 

PIN diodes 1 to 5 then occupied angles: -25°, 0°, 45°, 90° and 115°. As the 

data are expressed in terms of cos2 6 these angles are equivalent to: 25°, 0°, 

45°, 90° and 65°. A more equal separation of points, in terms of cos2 9, would 

be obtained if position 1 were separated from position 2 (and 4 from 5) by 

30° but experimentally it was found that slight rotation of the source holder 

could lead to severe degradation of the a-particle resolution in the detectors 

at positions 1 or 5 so the indicated separation was adopted.

The only 7-ray attenuation suffered in this arrangement is through the 

300 pm  of PIN diode 2 and the very thin (0.2 mm thick Al) a-particle collima

tors. Since the Be windowed Ge detector at position A is fixed no differential 

7-ray absorption occurs for different correlation angles as happens in the case 

of more conventional arrangements. Relative normalisation of the angular 

correlation yields was obtained from simultaneous collection of the a-particle 

singles yields in detectors 1 to 5. Coincidence data were accumulated during
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Figure 5.2: Sketch showing possible locations for PIN diodes, Ge and Si(Li)

detectors
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two weeks of continuous running.

Set-up II In perhaps its most versatile configuration the PIN diode at po

sition 2 was removed, position A was occupied by a cooled Si(Li) detector,

5.5 cm from the source, for electron detection and position B was occupied 

by a Be windowed low energy Ge detector. Four point a -7 and a-e cor

relations were obtained simultaneously perm itting various theoretical fitting 

options. W ith the appropriate efficiency calibrations internal conversion co

efficients were also obtained from the conversion electron/7-ray yield ratios. 

Coincidence data were accumulated during one week of continuous running.

5 .2 .2  D a ta  A cq u isition  and Signal P rocessin g

Data acquisition was performed using the portable PC based system described 

in chapter 4. In set-up I the event trigger (or m aster gate) was defined to 

be any a -7 coincidence, while in set-up II it was defined to be any a -7 or 

a-e coincidence. Standard NIM electronics modules were used for the signal 

processing. Block diagrams of both set-ups are shown in figures 5.3 and 5.4.

The energy signals from each preamplifier were fed into analogue to digital 

convertors via spectroscopy amplifiers, the timing signals were processed by 

timing filter amplifiers and constant fraction discriminators. In set-up I, one 

time to amplitude convertor was used to generate a time spectrum for a -7 co

incidences and, after suitable processing by a timing single channel analyser, 

to provide the event trigger. In set-up II, two time to amplitude convertors 

were employed, the output of both being combined in a summing amplifier 

resulting in a single a-"// a-e coincidence time spectrum. Appropriate adjust

ment of the relative delay between the Ge and Si(Li) timing signals, provided 

by the gate and delay generators, ensured that the a -7 and the a-e peaks
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Ge

PIN
x5

Figure 5.3: Block diagram of the electronics for set-up I. PA =  preamplifier, 

A M P =  amplifier, ADC = analogue to digital convertor, TFA  =  timing filter 

amplifier, C FD  =  constant fraction discriminator, G D G  =  gate and delay 

generator, FAN — logic fan in/fan out, TA C =  time to amplitude convertor, 

T S C A  = timing single channel analyser, SA =  summing amplifier, D ISC =  

discriminator, MG =  master gate.
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Ge
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key.

.4: Block diagram of the electronics for set-up II. See figure 5.3 for
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were well separated. The PIN diode timing signals were fed through Le Croy 

discriminators and combined in a logic fan in /fan  out unit. The discriminators 

provided adjustm ent for compensating for any differential delay experienced 

by the diode timing signals in their propagation through the system up to this 

point; this adjustment ensures that the peaks in the time spectra are as well 

defined as possible.

5.3 D a ta  A naly sis

The original aim of this study was to make it as self-contained as possible. For 

example, set-up II was specifically designed to allow the measurement of a -7 

and Oi-ex i  M angular correlations, as well as measuring some or all of e/f/e£, 

e i /e j i ,  e-a! 7 and e ^ /7 conversion ratios. In this way the spins of the levels 

could be determined by the correlation data, the parities of the levels by the 

conversion ratios and the multipole mixing ratios by a combination of both. 

However, on a preliminary analysis of the electron data it became apparent 

that the results of Briançon and Vieu (1971) could not be improved upon. It 

was therefore decided that their multipole assignments and multipole mixing 

ratios would be used in the analysis of our a -7 correlation data.

5.3 .1  T ransition  In ten sities

In a recent publication by Briançon et al. (1990) best-fit values for the energies 

of transitions in 223Ra are presented. The energies were obtained from the high- 

precision internal conversion electron spectra of an earlier study (Briançon and 

Vieu 1971). The error associated with any resolved transition is quoted as lying 

between 10 and 60 eV, depending on the transition intensity. In the light of 

these high-precision measurements all of the energies quoted in this work were
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taken from the above reference.

Figure 5.5 represents a 7-ray spectrum for 223Ra. It shows all 7-rays in 

coincidence with a-particles in the energy range 5.51-6.04 MeV. This range 

includes a  energies corresponding to transitions in 219Rn, consequently 219Rn 

7-rays and Rn x-rays can also be seen in this spectrum. Table 5.1 shows 

the measured intensities of 223Ra 7-rays obtained from this spectrum. The 

intensities have been normalised so that the 236.0 keV ground state transition 

has an intensity of 1000.

It was not possible to make a direct measurement of the intensities of the 

93.9 and 94.9 keV 7-rays because of the large contribution from Rn and 

K/3i x-rays (94.24 and 94.87 keV). Instead, the expected intensity of these 

x-rays were calculated from the measured intensity of the 84.09 keV Rn Kal 

x-ray with the difference being taken to be due to the 223Ra 7-rays. This 

problem did not arise when measuring the a-7  distributions of these 7-rays 

since in each case the window on the a-particle energy excluded the Rn K 

x-rays (ie. the difference in energy of the a-particles corresponding to these 

transitions and the a-particles corresponding to the nearest transitions that 

produce Rn K x-rays is at least 120 keV). The intensity of the 100.3 keV 7-ray 

was calculated in a similar manner: the expected intensity of the Kg3 and K^i 

Ra x-rays (99.43 and 100.13 keV) were calculated from the measured intensity 

of the Kai Ra x-ray (88.47 keV).

Table 5.2 shows the a-branching ratios to the levels in 223Ra. The total 

a-decay strength observed in the 227Th chain was obtained by measuring the 

intensity of the 271.2 keV ground state transition in 215Po. The multipole 

assignment and mixing ratio for this transition together with the a-branching 

ratio to the 271.2 keV level was taken from the work of Davidson and Connor 

(1970).
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Figure 5.5: Spectrum of all 7-rays in coincidence with a-particles in the energy 

range 5.51-6.04 MeV.
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E7 (keV) It I7nds

20.3 16.1(14) 18(5)

29.6
29.9 8.4(7) 9(3)

31.6 7.8(7) 7.1(18)

43.7 19.1(17) 21(3)

49.9
50.1 760(60) 780(50)

61.4 6.8(7) 7.1(18)

62.3
62.5 20.4(17) 22(3)

64.4 2.9(2) 2.5(9)

72.7 2.28(19) 2.5(5)

73.7 2 .0(2 ) 1.7(3)

79.7 170(20) 188(13)

93.9
94.9 140(60) 126(13)

100.3 16(7) 7.7(9)

113.1
113.2 61(5) 66(5)

117.2 13.7(12) 15.2(12)

134.5 2 .0(2 ) 2.4(3)

140.9
141.5 12.6( 10) 14.5(12)

168.1 1.38(14) 1.25(19)

173.4 1.32(13) 1.2(3)

184.7 3.1(3) 2.9(4)

201.7 2.3(3) 1.8(4)

204.2 21(2) 21(3)

205.0 11.2( 11) 13(3)

206.1 22(2) 21(2 )

210.6 99(8) 101(9)

E7(keV) It
tNDS
7

212.6 6.0(5) 6.3(13)

218.8
219.0 8.4(8) 8.9(14)

234.8 37(4) 40(4)

2 3 6 .0 1000 1000

250.1
250.4 45(4) 45(8)

252.5 8.6(7) 9.8(18)

254.7 65(6) 71(10)

256.3 530(50) 610(50)

262.8 8 .6(8) 8.9(10)

272.9 38(4) 44(5)

279.7 5.2(7) 6.3(18)

281.3 13.4(14) 14.3(11)

284.3 4.1(4) 4.5(18)

286.1 140(12) 141(4)

292.4 6.2(7) 5.4(9)

296.5 39(4) 38(3)

300.0
300.4 196(15) 200(20)

304.5 96(10) 94(13)

312.7 47(6) 43(5)

314.8 45(5) 41(5)

319.2 2.5(3) 2.0(3)

329.9 240(20) 246(19)

334.4 102( 11) 89(10)

342.5 30(3) 31(4)

350.5 12.2(15) 9.8(10)

Table 5.1: Relative 7-ray intensities for transitions in 223Ra. The values ob

tained in this work are compared to those given in Nuclear Data Sheets ( n d s ).
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Elevel(keV) I a (% )

0 25(3) 24.5(10)

29.9 2.8(7) 2.90(15)

50.1 — 0.002(13)

61.4 23.3(17) 23.4(10)

79.7 2.9(3) 3.00(15)

123.8 0.81(8) 0.78(3)

130.2 0.15(2) 0.174(8)

174.6 2 .1 (2 ) 2.42(10)

234.8 1.23(14) 1.27(2)

247.4 0.33(4) 0.311(5)

280.2 0.24(3) 0.228(10)

286.1 20.6(15) 20.3(10)

315.5 — 0.034(3)

329.9 5.5(5) 4.9(2)

334.4 7.8(8) 8.2(3)

342.6 3.6(3) 3.6(2)

350.5 1.59(18) 1.50(10)

369.3 0.067(11) 0.057(4)

376.3 2.07(17) 2.06(12)

Table 5.2: Experimental a  intensities compared to the values given in Nuclear 

Data Sheets—see text for details.
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The easiest way of obtaining the a  intensities was to gate on the a-group 

populating a level and measure the intensity of each of the depopulating 7-rays. 

These intensities were then corrected for Ge detector efficiency and internal 

conversion and the results summed to give the a-branch to tha t level.

In the case of overlapping a  peaks corresponding to unresolved 7-rays, the 

converse of the above procedure was used. Take for example the 250.1 and

250.4 keV transitions, it was not possible to resolve these two 7-rays and the 

energies of the corresponding a-particles differed by only 50 keV. If we were 

to gate on one of the a-groups then, even with an a  resolution of 25 keV 

( f w h m ), it would not be possible to prevent a-particles from the other group 

causing a contribution to the 7-peak at 250 keV. On the other hand however, 

it is a relatively simple m atter to gate on the 7-ray at 250 keV and measure 

the intensity of both a-groups with the aid of a peak-fitting routine (ie. see 

figure 5.6).

Care must be taken when using this method however, if there are transitions 

connecting the two levels. Since the lifetimes of the levels are shorter than the 

coincidence resolving time of the signal processing circuits it is possible to 

record a coincidence between an a-particle populating the higher level and a 

7-ray depopulating the lower level if the interm ediate 7-ray is not detected. 

This is more likely if the connecting transition is highly converted and will 

result in an excess in the measured a  intensity of the higher energy group.

A further problem is posed by highly converted transitions: if the 7-ray 

intensity is too low to be measured, but the total intensity is significant then 

this will result in missing ‘depopulating’ intensity and hence a reduced a- 

branch.

In cases where any of the above problems are expected to occur the mea

surements of the suspect transitions were not included in the determination
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----- 1-------- ♦--------1-------- .-------- 1-------- *-------- 1-----

5.65 5.70 5.75 5.80

Energy (MeV)
Figure 5.6: Spectrum of a-particles in coincidence with the 250 keV 7-ray. The 

crosses show the result of a peak fitting routine. The two peaks correspond to 

the a-groups populating the 329.9 and 280.2 keV levels in 223Ra.
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of the cc-branching ratios. Instead, the values for the intensities of these 7- 

transitions given in Nuclear Data Sheets (Maples 1977 ) were used, after nor

malising to the measured intensities of transitions from the same level (to 

ensure that the intensity corresponded to tha t part due to population via 

a-decay). In this sense the figures in table 5.2 do not represent totally inde

pendent measurements. However, since these values are well known this was 

not considered to be a problem and their measurement here merely serves as 

an indication that there are no serious flaws in our experimental technique.

5.3 .2  A lp h a-G am m a A ngular C orrelations

The ground state spin of 225Ra (the isotone of 227Th) has been measured 

by Ahmad et al. (1983) to be 1/2 which along with theoretical calculations 

(Leander and Chen 1988) suggests a spin of 1/2 for the ground state 227Th. 

Clearly a definitive measurement of the ground state spin of 227Th would be 

welcome, but if we follow Jain et al. (1990) and assume that the ground state 

7ir of 227Th is l / 2 + with a ground state I n for 223Ra of 3 /2 + then the ct-7 

correlation analysis becomes particularly simple: there will be no mixing of 

a-particle angular momenta. That is, conservation of angular momentum and 

parity implies that a  transitions to states in the daughter nucleus can only 

proceed by a single pure even L transition to positive parity states and by a 

single pure odd L transition to negative parity states—see section 3.4.

The standard procedure in the analysis of angular correlation data is to 

first normalise the coincidence data to the singles rate in order to remove 

any angle dependent efficiency. The coincidence intensity of each transition 

is then plotted as a function of cos2 9. A Legendre polynomial is then fitted 

to the data, using a computer code, resulting in experimental values for the
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angular distribution coefficients Ao, A2 and A4. These can then be compared 

to the theoretical values obtained for a given spin hypothesis. The sum of 

the squares of the residuals (S2) between the Legendre polynomial with the 

theoretical coefficients and the actual data points is then computed. In the 

case of mixed multipoles the program also gives the value of Sy tha t allows the 

best fit to the experimental data.

The number of experimental degrees of freedom (n) together with S2 is 

taken as a measure of the agreement between experiment and theory. For 

example, with set-up I we have five data points, for a transition of pure multi

polarity and a fully aligned interm ediate state the only variable param eter is 

A0. In this case u = 5 — 1 =  4. Consulting table C-4 in Bevington (1969) we 

see that for a value of S2 > 13.28 the given spin hypothesis can be rejected at 

the 99% confidence level. Similarly, for an E2/M1 mixture with Sy unknown 

then v = 3 and S2 >  11.34 would again imply rejection at the 99% confidence 

level.

In this work the Legendre polynomial fits were performed by the computer 

code STAG (Butler 1974). The program was not specifically designed for use 

with a-7  angular correlation data, however it can be used to fit the angular 

distribution of 7-rays emitted from aligned (eg. see Litherland and Ferguson, 

1961) states formed by nuclear reactions. The amount of alignment is included 

in the calculation either as a fixed value or as a free param eter that is varied 

during the fitting procedure. Since we are assuming a parent spin of 1/2 we 

can expect the alignment of the interm ediate state to be high1 and we can

initially fix the alignment parameters to 1. The program can then be used to 

^ince an a-particle is spinless it can have no component of angular momentum in its 

direction of travel (ie. i  — r x p =>■ i  ■ p = 0); if this direction is taken as the z-axis then 

rrii = mj and only the ±1/2 magnetic substates of the daughter nucleus will be populated.
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fit th e  m e a su re d  d is tr ib u tio n  for th e  sp in  seq u en ce  / A I j y w h ere  one  o f (/, If)  

is k n o w n . T h e  p ro g ra m  uses a  n o n - lin e a r  lea s t sq u a re s  f ittin g  p ro c e d u re  on 

each  h y p o th e s is  in  tu rn .  In  th e  case  o f an  E 2 /M 1  m u ltip o le  m ix tu re  th e  value  

o f 6-y is a llow ed to  vary  ov er a  sp ecified  ran g e  a n d  an  i te r a t iv e  p ro c e d u re  is 

c a rr ie d  o u t lead in g  to  th e  id e n tif ic a tio n  o f an y  lo ca l m in im a  in  S2. I t  sh o u ld  be  

n o te d  th a t  th e  sign o f 81 o b ta in e d  fro m  o u r  a n g u la r  c o rre la tio n  m e a su re m e n ts  

m ay  b e  o p p o s ite  to  th o se  o b ta in e d  fro m  som e 7-7  a n g u la r  d is tr ib u tio n  an a ly ses  

(Y a m a z a k i 1967). To avo id  an y  con fu sio n  th e  p h a se  c o n s is ten t sign co n v en tio n  

o f R ose a n d  B rin k  (1967) is a d h e re d  to  in  th is  w ork.

S ince  Sy c an  have  an y  v a lue  b e tw e en  ± 0 0  it is e a se r to  d ea l w ith  th e  q u a n 

t i ty  a r c t a n ( i 7 ). T h is  tak e s  o n  values b e tw e en  ± 9 0 °  a n d  allow s th e  re su lts  to  

e x p re sse d  g rap h ic a lly  in  a S2 vs a rc ta n (^ 7 ) p lo t. T h is  m e th o d  is d e m o n s tra te d  

by  f it t in g  th e  a -7  a n g u la r  c o rre la tio n  d a ta  fo r th e  61.4 keV  g ro u n d  s ta te  t r a n 

s itio n . T h e  m u lt ip o la r i ty  o f th is  t ra n s it io n  is k n o w n  to  b e  E 2 , w hich  along  

w ith  a g ro u n d  s ta te  o f 3 / 2 ^ r e s tr ic ts  th e  I7r o f th e  61.4 keV  level to  7/2"r , n ev 

e rth e le ss  for il lu s tra tiv e  p u rp o se s  th e  d a ta  w ere f it te d  for th e  fo u r h y p o th ese s : 

1 /2 , 3 /2 ,  5 /2  a n d  7 /2  for th e  61.4 keV  level. For tw o  o f th e se  values arctan(<$7 ) 

w as v a ried  ov er th e  ra n g e  ± 8 5 ° . T h e  to p  h a lf  o f figu re  5 .7  show s S 2 p lo tte d  as 

a  fu n c tio n  o f a rc ta n (£ 7 ) w hile  th e  b o t to m  h a lf  show s th e  L eg en d re  p o ly n o m ia l 

fits  to  th e  e x p e r im e n ta l  d a ta .  T h e  fits for th e  3 /2  a n d  5 /2  sp ins re p re se n t th e  

b e s t fit w ith  a rc ta n (£ 7 ) =  —74° a n d  —24° resp ec tiv e ly .

In  th e  an a ly sis  o f th e  a n g u la r  c o rre la tio n  d a ta  th e  fits w ere all c a rr ie d  o u t 

tw ice . In it ia lly  th e  a lig n m e n t p a ra m e te rs  w ere all fixed  to  1 (ie no d e a lig n 

m e n t) . In  each  case th is  re s u lte d  in a single fav o u red  sp in  h y p o th es is  ( th e  

o th e r  p o ss ib ilitie s  b e in g  re je c te d  a t  th e  99%  con fid en ce  level). T h e  fits  w ere 

th e n  p e rfo rm e d  ag a in , th is  tim e  th e  a lig n m en t p a ra m e te rs  for th e  p rev io u s ly  

re je c te d  p o ss ib ilitie s  w ere a llow ed  to  v a ry  b e tw e en  0.8 a n d  1.0 (ie  u p  to  20%
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CO

-8 0  -6 0  -4 0  -2 0  0 20 40 60 80

arctan (Sy)

Figure 5.7: Top: S2 vs arctan(£7) plot for the 61.4 keV ground state transition. 

The dotted and dashed curves represent the spin sequences 1/2 —> 3/2 -T- 3/2 

and 1/2 5/2 3/2 respectively. Bottom: Theoretical fits for the indicated

spin sequences (1/2 dfi /  dfi /^) and multipole mixing ratios.
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1+ Q T7T y 3 + 
2 1 2

Elevel multipolarity r ¿2 (Z4

61.4 E2 7/2+ +0.47(4) -0.26(5)

79.7 E l 5/2 — -0.41(3) -

234.8 M l 5 /2+ -0.33(5) -

329.9 E l 3 /2 “ +0.32(4) -

334.4 E2/M1 5/2 + +0.68(5) +0.18(6)

342.5 E2/M1 3 /2+ -0.57(4) +0.03(4)

350.5 E l 1 /2 - +0.07(3) -

Table 5.3: V  assignments and experimental correlation coefficients arising from 

ground state transitions in 223Ra.

dealignment). Although in many cases the S2 values for the rejected possibili

ties improved, in no case did it decrease enough to necessitate reconsideration.

Using ground state Pr values of l / 2 + and 3 /2 + for 227Th and 223Ra respec

tiv e ly , and using the multipolarity assignments and mixing ratios of Briançon 

and Vieu (1971), then the a-7 angular correlation data of this work can be used 

to assign definite U values to twenty levels in 223Ra. W ith exception of the 

level at 315.5 keV this accounts for all of the levels up to 376.3 keV in energy. 

Tables 5.3 and 5.4 show the P  assignments along with the experimental a2 and 

0.4 coefficients. A selection of the theoretical fits to the experimental data are 

shown on pages 110 to 114. For the 334.4 and 342.5 keV E2/M1 transitions 

S2 vs arctan(<$7) plots are also shown. The horizontal error bars on these plots 

mark the 99% confidence level and the relevant2 value of arctan(57) ± 2 cr taken

2Of course, internal conversion measurements only yield | 6y | the sign is determined 

from the S2 vs arctan(é7) plots.
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Elevcl 1 level
E j

E 7 . E ,multipolarity J a 2 CZ4

29.9 5/2  + 123.8 7 /  29.9 -0.33(3) -
205.0

234.8 29.9 £/1 +0.42(5) -

50.1 3/2  —
184.7

234.8 50.1 £/1 -0.47(6) -
292.4

342.5 — * 50.1
E 1 +0.48(8) -

123.8 7/2  ~
62.3

123.8 — * 61.4
E 1 +0.39(11) -

206.1
329.9 — > 123.8

E 2 +0.11(4) +0.09(5)
210.6

334.4 123.8
E l -0.10(3) -

130.2 9/2  +
204.2

334.4 — *  130.2
E  2 +0.24(4) +0.01(4)

100.3
130.2 — > 29.9

E  2 +0.48(11) -0.14(12)

174.58 9 /2 “
94 9

174.58 — > 79.7
E  2 +0.38(5) -0.26(5)

174.62 1 1 / 2 + 247.4 174.62
E 1 +0.37(9) -

247.4 1 1 / 2 “
117.2

247.4 —/  130.2
E  1 -0.34(7) -

280.2 7 /2 +
250.4

280.2 — ► 29.9Ml -0.37(3) -

286.1 l / 2 +
236.0

286.1 — > 50.1E 1 0.00(3) -
256.3

286.1 — » 29.9
E  2

+0.02(4) +0.02(55)

342.8 9 /2 +
212.6

342.8 — + 130.2E2/M1 +0.65(10) - 0 .2 0 ( 1 0 )
281.3

342.8 — 7 61.4
E 2 / M 1 -0.48(8) + 0 .1 0 (8 )

369.3 5 /2 “
134.5

369.3 — ■» 234.8
E 1 +0.34(7) -

369.3 50.1M1+(E2) -0.30(8) -0.09(10)

376.3 7 /2 “
141.5

376.3 234.8 1 -0.35(3) -
314.8

376.3 61.4
E 1 +0.50(4) -

296.5
376 3 E2/M1 79' 7 +0.08(7) - 0 .0 2 (8 )

Table 5.4: V e assignm ents and experim ental correlation coefficients arising from 

non-ground sta te  transitions in 223Ra.
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from the internal conversion measurements of Briançon et al. (1990). The fits 

to the data from the 281.3 keV transition (342.8 —> 61.4) were obtained using 

8^ > 0, there is an equally acceptable fit for the hypothesis 5/2 A  7/2 with 

81 < 0. However, the presence of a dipole component in the 212.6 keV transi

tion between the 342.8 and 130.2 keV levels and an assignment of 9 /2 + to the

130.2 keV level means that the 342.8 keV level cannot have a spin of 5/2.

5.3 .3  A lp ha-E lectron  A ngular C orrelations

In order for the a-e correlation data to be useful the transitions involved must 

be both converted enough so tha t the electron intensities can be measured 

and have large enough particle parameters so that their distributions are not 

isotropic. In the case of E l transitions although the 6*. coefficients are relatively 

large their conversion will be small. On the other hand, low energy transitions 

with a large M l component will be highly converted but will have small 6*. 

coefficients. Thus, the most suitable candidates are low energy transitions 

that have a large E2 component.

The restrictions imposed by the above criteria limit the usefulness of the 

a-e correlation data for this particular nucleus. However, the technique can 

be illustrated by measuring the L conversion and the M conversion of the

113.2 keV transition. Figure 5.8 shows a spectrum of electrons in coincidence 

with the a  group populating the 174.62 keV level. The transition is actually 

a doublet consisting of an E2 (174.62 —* 61.4) and an E l (174.58 —> 61.4) 

component, however we can expect the electron contribution from the E l 

component to be small. Figure 5.9 shows the results of the fits to the four point 

a-e coincidence data. The fits were performed using the computer code BINPOL 

(Jones 1990) assuming a parent V  of l / 2 + and a fully aligned intermediate
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Energy (keV)
Figure 5.8: Spectrum of internal conversion electrons in coincidence with a- 

particles in the energy range 5.85 to 5.90 MeV.
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Figure 5.9: Theoretical fits to the four point a-e angular correlation data for 

L and M conversion of the 113.2 keV (174.62 —> 61.4) E2 transition.
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state. As can be seen from figure 5.9 the  best fit in bo th  cases corresponds 

to the sequence 11/2 —> 7/2 , this agrees with the assignm ent of 11/2 to the 

174.62 keV level obtained from the a -7  angular correlation data.
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Chapter 6

Discussion

6.1 T h e  22!T h  E x p e rim e n t.

The level in 223Th which has the strongest population by a-decay is the 247 keV 

level which decays via an M l transition to the ground state. An a hindrance 

factor, to an excited state in a daughter nucleus, of less than 4 is usually 

taken as strong evidence that the excited state has the same V  as the ground 

state of the parent nucleus. Clearly the hindrance factors calculated in this 

work may be prone to rather large systematic errors (due to uncertainties 

in half-lives and branching ratios in neighbouring even-even nuclei, as well as 

uncertainties in ground state a-decay strength in this nucleus) but the relative 

hindrance factors are somewhat more reliable. Therefore a value of F  =  3 /2+ 

is tentatively assigned to the 247 keV level in 223Th as it is the level which is 

most favoured (lowest hindrance factor) by the a-decay of 227U, for which a 

ground state  V  =  3 /2 + is expected—e.g. figure 4, Leander and Chen (1988).

The N =  133 isotones 219Rn, 221Ra and 223Th are believed to have similar 

structure and have been treated in the same theoretical framework of octupole 

deformation by Leander and Chen (1988) where a [33 deformation of ~0.1 was

115
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HF

HF

50 180

Figure 6.1: Partial level scheme of 221Ra (Ackermann et al. 1989) shown for 

comparison with 223Th.

required to satisfactorily fit the experimental data for 219Rn. Both 219Rn 

(Maples 1977) and 221Ra (Ackermann et al. 1989) have strikingly similar level 

schemes and structures for those states populated following a-decay. Several 

of the more strongly excited states have low hindrance and they largely decay 

by M l transitions to the ground state and lower excited states.

Figure 6.1 shows a partial level scheme of 221 Ra (Ackermann et al. 1989) 

for comparison with 223Th. The relative energy spacings and the relative 

hindrance factors of the 209 keV (HF =  5.6), 247 keV (HF = 1.1) and 310 keV 

(HF =  1.9) observed in 223Th bear a remarkable resemblance to the 299.2 keV 

(HF — 7.3), 321.4keV (HF =  1.9) and 359.1 keV (HF =  3.8) states observed
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in 221Ra and they all decay by M l transitions to the ground state and first 

excited state. The 299.2 keV and 359.1 keV states in 221Ra have been assigned 

7 /2+ and 5 /2 + by Ackermann et al. (1989); therefore the same spin parity 

values can be tentatively assigned to the 209 keV level and the 310 keV level 

in223Th respectively. These states have been interpreted, both by Leander and 

Chen (1988) and Cwiok and Nazarewicz (1990), as arising from two bands with 

K  = 1/2 and K  = 3/2 which lie close to each other and are strongly mixed 

because of coriolis coupling.

The lower hindrance factors to the ground state and the first excited state 

in 223Th compared with the corresponding values in 221Ra (Ackermann et al. 

1989) may suggest that the K  — 3/2 band is more strongly mixed to the 

K  =  5/2 ground band in 223Th than in 221Ra.

6.2 T h e  223R a  E x p e rim e n t.

A recently published a-7 angular correlation study of the 227Th A  223Ra decay 

by Briançon et al. (1990) indicates the same IT assignments as found in this 

work but assuming 3 /2+ for the ground state spin of the parent nucleus 227Th.

That work appears to show irrefutable evidence that the ground state spin 

of 227Th cannot be 1 /2+ due to the observation of 7-ray anisotropies following 

low tem perature, nuclear orientation of 227Th. However, a 227Th ground state 

assignment of 3 /2+ raises difficulties which we find hard to reconcile.

For example, using the notation of Rose and Brink (1967) the A£ coeffi

cients of chapter 3 are replaced by B*.(I) statistical tensors that describe the 

population of the magnetic substates of the state I. These coefficients can be 

expressed in terms of population tensors S*. Figure 6.2 shows B2(I) plotted 

as a function of 6a/(  1 +  52) for a parent spin of 3 /2 + . The values for B2(I)
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Figure 6.2: Param etric plot of B2(I) as a function of a-particle mixing ratio.
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were obtained using the equations in section 1 of a recent work of Rowley1 et 

al. (1991) and the tabulated S*, coefficients of Rose and Brink (1967). For a 

parent spin of l /2  + the B2(I) coefficients are -1 , -1.06904 and -1.09109 for 

the I values 3 /2± , 5 /2 ± , and 7 /2± respectively.

In our analysis of 227Th a-decay we have found no case where a-7  angular 

correlation data cannot be fitted assuming a spin l / 2 + parent nucleus. It is 

clearly possible to reproduce the large alignment coefficients, B*,(I), tha t a spin 

l / 2 + parent produces if one assumes a spin 3 /2 + parent with the appropriate 

L, L+2 a-wave mixing. However it is difficult to see why a-decay from a spin 

3 /2+ parent should always have the high alignment coefficients commensurate 

with a spin l / 2 + parent nucleus.

In addition, the lowest a  hindrance factor for a-decay from the ground 

state of 227Th is 6.1 (Lederer and Shirley, 1978) to the 286.1 keV ( l / 2 +) level 

in 223Ra. Although this hindrance factor cannot strictly be used as a strong 

argument that these parent and daughter states have the same I7r (this would 

require a hindrance factor < 4) it is suggestive that this is indeed the case. 

Therefore, if 22'T h  does in fact have a spin 3 /2 + ground state and the new 

P  assignments in 223Ra, obtained by Briancon et al. (1990), are correct it is 

extremely difficult to explain why none of the a  transitions to 3 /2 + states in 

223Ra have low hindrance factors.

We feel that an independent measurement of the ground state spin of 227Th 

is warranted.

The two models that incorporate octupole deformation are referred to as 

the static and the dynamic reflection-asymmetric rotor models. In odd-A nu

clei, where a nucleon is coupled to an octupole deformed core, both models

1The equations of this reference relate directly to a-decay, whereas those of Rose and 

Brink refer to a-capture.
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predict a doubling of all spin states with respect to parity. The resulting 

pairs of bands are known as parity doublets and we can expect to observe 

enhanced E l transitions between opposite parity members of the same band 

(see section 1.6). In the dynamic model the deformation appears in the form 

of an octupole vibration of a reflection-symmetric core. In this case one half 

of a parity doublet arises from a reflection symmetric Nilsson orbital of good 

parity with the opposite parity member coming from a rotational band built 

on a K =  0 one-phonon octupole vibration of the even-even core, with an en

ergy splitting between the bands equal to the octupole phonon energy. In the 

static model the core possesses a permanent octupole deformation and the 

parity doublets are simply different projections of the same intrinsic state. In 

each of the above situations the octupole mode and a single Nilsson orbital are 

involved, so magnetic moments for parity doublets are expected to approach 

the same value and, in the case of a-active nuclei, the a  hindrance factors to 

both members of a given parity doublet are expected to be of a similar mag

nitude, with the lower hindrance factors belonging to the bands that have the 

same configuration as the parent ground state (eg see Leander and Sheline, 

1984). Also, for the YJ  =  l / 2 ± parity doublet bands the decoupling param 

eters (equation 1.14) are expected to approach the same absolute value but 

with opposite sign.

Prior to the measurement of 3/2 for the ground state spin of 223Ra no evi

dence has been put forward to support the presence of octupole deformation 

in this nucleus, despite the fact that it lies in the centre of the region where 

octupole correlations are expected to be strongest (Sheline 1987). However, 

in 1988, in publications by Sheline et al. (hereafter referred to as S88) and 

Leander and Chen the energy level structure of 223Ra was calculated assum

ing the presence of static octupole deformation (¡3$ ~  0.1). The calculations
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predicted that the lowest energy levels would belong to 3 /2± ,5 /2 ± and 1/2^ 

parity doublet bands. Using a 223Ra ground state Ix of 3 /2+ and the 7-7 angu

lar correlation results (Maples 1977) for the spin sequence 286.1 50.1 0,

S88 was able to assign new Ix values to levels in 223Ra. The assignments were 

made by considering the decay modes of the levels and, where unique val

ues could not be obtained, on the basis of the expected band structure. In 

this way the authors were able to demonstrate a one-to-one2 correspondence 

between the theoretical and experimental energy levels, with the calculations 

reproducing the correct level ordering of the parity doublet bands.

The assignments made in the work of this thesis agree with those of S88 and 

we are able to confirm the assignments of 9 /2 +, 1 /2” and 5 /2 — for the 342.8,

350.5 and 369.3 keV levels, respectively (these values were only tentatively 

assigned in the above reference). Figure 6.3, reproduced from S88, shows the 

new I7r assignments and experimental level energies compared to the theoretical 

calculations.

The enhancement of E l transitions between members of the same parity 

doublet over other E l transitions in the same nucleus is illustrated in figure 6.4. 

The figure, again reproduced from S88, shows the E l transition strengths as a 

function of transition energy. The transition strengths are given in Weisskopf 

units since it is common practice to compare experimental transition strengths 

to those obtained from the single particle model, in this case the Weisskopf 

transition probabilities are given as: 3 .86x l06E 3, with in keV. As can 

be seen from the figure the points fall into two distinct groups, separated by 

approximately two orders of magnitude, a feature tha t the theoretical model 

is able to reproduce.

2Neglecting the tentative level at 105 keV which did not fit into the theoretical band

structure and was therefore believed to be spurious
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Figure 6.3: Experimental levels up to 514 keV (solid lines) and calculated 

levels (dashed lines) in 223Ra. The IT assignments to the 315.5 kev level and

the levels above 376.3 kev were taken from S88—see text for details.
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Energy (keV)

Figure 6.4: E l transition strengths in 223Ra. The solid points represent tran 

sitions between parity doublets. The open points represent transitions from 

the Kx =  5 /2 ± , 1/2^ bands to the ground state band. The crosses represent 

the theoretical transition probabilities.
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@3 —  0 /?3 /  0

K* Nilsson states / n m ) a /x(nm) a Experiment

3/2 — 3/2~[761] -0.06
0.50

0.42 +  0.06

3 /2+ 3 /2+ [631] 0.03 0 .28+0.014

1 /2 - l / 2 “ [770] -7.0 -2.7 -2.004

l / 2 + l /2 + [631] - 0.1
+2.7 1.346

1/2 + [640] -3.0

Table 6.1: Experimental and theoretical values of magnetic moments (p) and 

decoupling parameters (a) assuming both zero and non-zero values for /?3 in 

the equilibrium deformation of 223Ra.

The doubling of spin states with respect to parity is a necessary but not 

sufficient condition for octupole deformation. That is, a parity doublet could 

also arise from two separate Nilsson orbitals of the same fl but opposite 7r. In 

the case of odd-A nuclei in the actinium region there are many such closely 

spaced levels. For example, in figure 1.3 (and also in figure 4 of Leander and 

Chen, 1988) the neutron single particle energy levels corresponding to the 

Nilsson states l /2  + [640j and l/2~[770] run almost parallel (as a function of 

quadrupole deformation), as do the 3/2^[631] and 3 /2 — [761] Nilsson states. 

In this situation we can expect the magnetic moments and the decoupling 

parameters to have quite different values from the octupole deformed case.

Sheline (1986) has compared theoretical and experimental values for the 

magnetic moments of the 3 /2 + (ground) and 3 /2 ” (50.1 keV) states and the 

decoupling parameters for the K =  1 /2 ^ rotational bands in 223Ra—see ta

ble 6.1. The theoretical values were calculated assuming /33 =  0 and /33 =  0.15.
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As can be seen from the table, although there is no absolute agreement, in each 

case the experimental values are closer to the theoretical calculations when a 

non-zero value of f33 is assumed. It is suggested in the above reference that cori- 

olis coupling between the l / 2 ± and 3 /2 ± bands may explain the discrepancy 

between the experimental and theoretical (/33 =  0.15) magnetic moments. It 

was also noted tha t the calculated decoupling parameters were quite sensitive 

to changes in ¡33 a small increase in which would result in a value for | a | of 

1.7, which is intermediate between the experimental values of 1.346 and 2.004.

The conclusions drawn in the above reference are that the experimental 

values in table 6.1 are what might be expected from an intermediate situation 

ie. octupole deformation causing mixing between Nilsson orbits of good parity. 

As to the nature of the octupole deformation, the calculations of S88 are based 

on static reflection-asymmetry. However, as stated there, this does not mean 

that the experimental data cannot also be explained in terms of dynamic 

octupole deformation (ie. the multiphonon method of Piepenbring, 1986). 

Furthermore, S88 recognises the possibility that the static and the dynamic 

descriptions of octupole deformation may be similar or even identical.
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