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Introduction

This thesis describes an attempt to investigate the
structure of the nuclei of masg 37 and %8, The problem;
which has not been tackled in detail before, is an inter-
esting one in that it concerns a region about which not too
much is yet known experimentally and where the methods of
calculation described here may begin to break down. Indeed
the results obtained will indicate the applicability of an
approach that has met with much success elsewhere, ( see,

later, reference to the work of Elliott and Flowers ).

The nuclear problem is e many-body problem and as
such cannot be solved exactly. The situation is further
complicated by the fact that, unlike the atomic case, the
précise nature of the inter-particle forces is not known.
Hence most of the attempts to describe nuclear structure
have involved the setting up of a model to represent the
nucleus, deduction of properties associated with the model
and comparison with experimental nuclear data.

The idea of models in theoretical physics is not new.
In less sophisticated form they became the foundations of
that great edifice nineteenth century ' classical physics [
thereby causing its downfall - for the conception of a
model has now undergone subtle and far-reaching development.
It would be fair to say that the classical physicist 4id
not consider himself to have understood a phenomenon until
he had devised some mechanical model for its theoretical
interpretation. As most of the experiments up to that time

had been concerned with phenomena which could be more or



less satisfactorily ' explained ' along these lineg, it is
not difficult to understand the attitude in the 1890's that
there was little else for coming generations of physicists
to do than measure the next decimal place., This illusion

was shattered at the turn of the century by the discovery

of radioactivity and Plancké novel derivation of the black-
body radiation law, neither of which admitted interpretation
via a mechanical model,

In the first decade of the present century theoretical
physics was flung into confusion as one experiment after
another exposed flaws in the previously well-established
ideas. It is perhaps a mistake to discard a philosophy
until there is something better with which to replace it}

A turning point was reached however wiﬁh the advent of Bohré
atomic model and De Broglieé hypothesgis, the full signif-
icance of neither being realised at the time. The structure
of theoretical physics has now been strengthened by the
reintroduction of models; not this time mechanical, but
mathematical., Thus if models are to be successful, their
limitations should be accepted and distinction made between

natural phenomena and the predicted behaviour of artificial

systems.,

In order thaet progress shall be made in any branch of
science; it is necessary that both experimental and theo-
retical work are done in conjunction with'each other., This
is particularly true for problems in nuclear structure where
the theoretical basis is not well understood. In fact the
most successful approaches begin with a broad theoreticgl

outline based on the experimental systematics of nuclei,



followed by an attempt to £ill in detail from nucleus to
nucleus with constant reference to the measured properties.
It will be seen later in this thesis just how much the work

hag depended on the availability of nuclear data.

The shell model

The shell model has been used exclusively as the
basis of the calculations described here. It is one of the
earliest nuclear models; being the natural extension of its
highly successful atomic counterpart.

The shell model has been mest useful in accounting for
the gystematics of nuclei in a general way. It has been
able to deal adequately with the structural details of
nuclei with mass lying between 6 and 20, Elsewhere detailed
calculations are not always easy to perform, but generally
speaking the model is not expected to give such good results.

Other nuclear models have been proposed and some have
been successful where the shell model failed. However as
there exists no single or unified model valid for all nuclei,
the choice of a model for a parbticular calculation is mainly
governed by the region in which the nucleus is found. In
the present instance the nuclei concerned oceur Just before
a double closed shell at Ca'’” and it was felt that in this
region the individual particle shell model with intermediate

coupling would prove most satisfacbtory as a first choice,

A description of the contents of this thesis

Chapter 1 contains an account of the Hamiltonian constructed
for the calculations. The classgification of nuclear states

is explained and details of the type of interaction used are



given. Also included is a section on the evaluation of

central force matrix elements and one on the choice of an

oscillator well parameter,

Chapter 2 is concerned with the calculated energy levels for
the mass 58 nuclei. It describes how the interaction
parameters were varied in order to find an ' optimum 1
spectrum end discusses the final values obtained in the

light of those deduced by other workers.

Chapter 3 describes the evaluation of ﬁ%-decay log'ft values
from the calculated mags 38 wavefunctions. The regulbts are

used to assgist verification of the interaction parameters

deduced in the previous chapter.

Chapter 4 consists of an attempt to account for the for-
vidden [ ~decay of 0138, which could not be done using the
simple approximation to the Cl wavefunction successfully
employed by Goldstein and Talmi. It is shown how the Cl
wavefunction mey be expanded using perturbation theory and
how this detailed wavefunction is essential to an under-

standing of the decay. Suggestions for the resolution of

this paradox are also included.

Chapter 5 considers the energy levels calculated for the
mass %7 nuclei. The evaluation of magnetic and guadrupole

moments in 0157 ig also discussed.

Chapter 6 deals with the determination of ﬁ?-decay log £t
values from the calculated mass 37 wavefunctions. A for-
bidden decay, similar to that described in Chapter 4, is

satisfactorily accounted for in the same way.

-



Chapter 7 reviews the conclusions to be drawn concerning
various aspects of the problem. Suggestions for further
work on the mass 37, 38 nuclei are given together with those

for possible future application of the Chapter 4 techniques.

Previous theoretical work on the mass 37, 38 problem

Almost all the previous work on the mass 37, 38
problem appears to consist of passing references to one or
other of the nuclei in papers dealing with systematics. A
few of the more interesting references are given below.

(1) Goldhammer: Phys. Rev. 101; 1375. (1956)
This paper refers to work on C157. A ground state with
spin 5/2 is predicted followed by a low-lying excited
state with spin 4/2 « A correction to the Bchmidt value
of the magnetic moment is suggested which is about half
as large again as the experimental deviation. Mention
is made of a derived quadrupole moment rather larger
than the experimental one. The approach used here was
to consider the coupling of nuclear orbitals through the
medium of surface waves, btreated by an intermediate
coupling procedure.

(2) Grayson and Nordheim: Phys. Rev. 102; 1093, (1956)
This paper deals with the systematics of certain /3 -
decay transition probabilities. It shows how the ratio
of theoretical ft value to observed ft value can be
reduced when going from the single particle model to
one using simple jj-configurations.
o socny {52380 (HaME Ceimne e
237 — 137 15 4 2.5
g8 — 538 1 45 1.5




(3) Kurath: Phys. Rev., 91; 1430, (1953)
Mention is made of the ground state spin of 0158, the
value 2 being favoured. A similar conclusion is
reached by Hitchcock: Phil, Mag. 45; 385,

(4) Tauber and Wu: Phys. Rev. 933 295. (1954)
Here an intermediate coupling calculation gives a ground
state spin O followed by a first excited state spin 2
for A38. Incorrect levels for K58 are infervedbut not
discussed.

(5) Thieberger and Talmi: Phys. Rev. 102; 923, (1956)
Using pure Jjj-coupled wavefunctions the splitting
between ground and firsﬁfexcited states in A58~and some
similar even~even nuclel is deduced for various forces.
The level of agreement obtained in ABB is not as good as
that for the other nuclei, being only 80% of the
experimental value.

(6) Pandya and Shah: Nuc. Phys. 24; 326. (1961)
A central two-body interaction is deduced here which
fits the energy levels ( of simple Jjj-configurations )
obgserved in K58, 0156. Spin and parity are assigned to
the lowest three levels in K58 and the spectrum is
successfully related to that of G120, enabling the
interaction parameters to be estimated. In conclusion,
however, it is shown that by this means the very small
splittings of the sj/2 -particle doublets in PBO; P52

cannot be explained.

This brief account of some previous investigations

closes the introduction.



Chapter 1

The Structure of the Hamiltonian

The basic process involved in finding the eigenvalues
and eigenvectors of a quantum mechanical system is the

1
solution of Schrodingers equation
-
HU -F U | .1
b e J__

In applying this to the problem of nuclear structure
H is the Hamiltonian, %{ the eigenfunctions or wave-
functioms, E the eigenvalues or energy levels of a systen
which acts as model for the nucleus.
The wavefunctions EE may be expanded in terms of a

complete set of orthogonal functions, such as the states

formed from harmonic oscillator wavefunctions, %&1

q; = éz% (1n %’n

4

1t
Schrodingers equation may then be written in matrix
form, EH} being the matrix Hamiltonian whose rows and
columnsg are labelled by the J/n and whose ijth element

i

Y(YilELY )

H '

The solution of 1.1 is then equivalent to
diagonalising [H] . This cannot be done exactly because
EII} is an infinite matrix; but an approximate solution
is found by only considering a finite number of terms in
the expansion ofk%.; ie. the lowest configuration of
oscillator well states, which are the most likely to
contribute to the nuclear waﬁefunction for low energies.’
The finite [H] so obtained may be diagonalised either by

hand or, as in this instance, using a digital computer.



The structure of the Hamiltonian depends on the details of

the model used,

Classification of the nuclear states

The initial assumption made is that CaQO has doubly
closed shells in neutrons and protons, from this it is
supposed that low lying even-parity levels in nuclei of
mass 39, 38, %7, are due to one, two, three holes in the
14, 2s oscillator shells. It is further assumed that the
classification of states is independent of whether they
are formed by particles, or holes.

The next step is the enumeration of possible nuclear
states formed by two or three holes in the 14, 2s shell,
such states being constructed with due regard to symmetry
in the usual way. These are the 'pure' configurations in
terms of which the final wavefunctions will be expressed.,
In the present case they have been constructed using the
IS-coupling scheme for convenience, although the final
wavefunctions will be intermediate betweén this and the
jj-extrene.

For example, in mass %8 the possible configurations
of two holes are d2, ds and 82, the IS-coupled states
being given in the table below. The wavefunctions involve
the products of charge-spin and orbital components, each
with appropriate symmetry to produce a finally anti-
symmetric wavefunction.

Columns 1, 2 represent the T, S values of the two hole
combination, column 3 the gymmetry of the orbital component

and the last three columns ligt the T values of the final
astate.
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These states label the rows and columng of [H:} and
as J, T are good quantum numbers of the system, [H} nay
be partitioned and the submatrices dealt with separately.

The J, T states for mass 57; which are partially
classified group-theoretically, can be found in appendix

A
- o

Bquivalence of particle systems and hole systems

It has already been mentioned that there is no
difference in the classification of states formed by
particles and those formed by holes.

In most nuclear structure calculationg it is both easier.
and more convenient to work in terms of particles rather
than holes. The question arises ‘how may a result
derived for a system of particles be made applicable to
a systen of holes 7!

The type of result envisaged is obtained using the
matrix elements of tensor operators. A rule given by
Racah (Theory of Complex Spectra II. Phys. Rev. 62; 438,
1942) states that for a single body operator the
transition from particles to holes only involves a change

i i 1 .
of sign given by (<) + k, + k2 + kB

where the tensor operator in question has component
tensors of rank ki in isotopic spin space, k2 in
intrinsic spin space, kB in orbital space.

For example matrix elements of the spin-orbit force

(oporator B.1) chengé sign when particles are replaced

by holes,

-0



Racah (1942) has also shown that the matrix elements
of a two-body scalar operator (eg. central force) are
unaltered when holes are substituted for particles,

provided only differences in energy are considered.

Terms involved in the Hamiltonian

The Hamiltonian is taken to consist of three terms:

(1) a two-body central force,

(2) a spin-orbit force,

(3) a term involving the d-s single hole level separation.
These terms will be discussed in more detail below.

Tensor forces have not been included as there is no

conclusive Jjustification for their inclusion in the many

body problem, (Elliott and Flowers. The structure of the

nuclei of mass 18 and 19. Proc. Roy. Soc. 229; 53%6. 1955),

the spin-orbit term giving rise to similar effects.

From this it will be seen that the calculation has
been carried out in Intermediate coupling, a coupling
scheme lying between the extremes of jj-—coupling (obtained
with spin-orbit force and no central force) and IS-coupling
(obtained with central force and no spin-orbit force).

The Hamiltonian matrix is given by

(2] - % spin-orbit matrix | Vo [ central force matrix |
- fof holes * 5 _for holes |+

[d-g difference matrix|
for holes

_ _9[spin-orbit matrix| ., | central force matrix
- for particles + 55 for particles +

d-g difference matrixw
for particles B

where ﬁ is the strength of the spin-orbit force,

Ve is the strength of the central force.

-1 =



This can be rewritten

H=- g%ﬁgpin—orbit force] + x } ecentral force |
/‘

\V]

- [@—s differenoej } 1.

—Ve
where x =553 is the so-called intermediate coupling

parameter,
The calculations were performed for several values of x .,
The wvalue of q may be determined from the single hole
levels in Ca59 and a value of Vc chosen to give the most
satisfactory agreement with experimental data. This value

of V¢ should not of course be inconsistent with that found

by other workers.

The Central force

The central interaction between two particles outside

a closed shell may be written

where T1p is the distance between the nucleons
g = 25, s being the intrinsic spin of a nucleon

T = 2%, © being the isotopic spin of a nucleon
This may be expanded in termg of the permutation operators

- ~¢
Pios Pips Pyp  as

i r Y s B BV
Vip = V(zqp) [W + MBS, = H Pjp + B Byy)Ve
r 1+3+T T T+8 -,

= V(rqg)l W+ M(=) + H(=)" + B(-) _ch 1.3

for two-body matrix elements, where S, T are for the

two-body states.

-2



Throughout the mass 38 problem the exchange mixture

parameters 13 _ W+ M+H+B

BT s s M-H-3B
A°? oW - M-H+B
A - MsE-B

will be used.
An indication of the techniques involved in

calculating the central force matrix elements will be given

later in this chapter.

The spin-orbit force.

The spin-orbit force is introduced to account for the
experimentally observed splitting of certain levels.

Eg. In Ca59 the 14 single hole level is split into two,

a2/2 ana a’/2

Its value is

< (51> == &% for a’/2
v 328 tor &2

The strength % may be calculated from the mass 39

experimental levels given below (Middleton. Private

MV communication) based on the
280 7 dss  reaction ca'*? (He?, d ) ca??,
5 It must be said at this point
247 207
(es) —— - —— =~ — {4) that the interpretation of
%% these experimental levels is
s by no means certain. In
0 hY AR V4
29 particular the d5/2 single hole
Ca

level may well be somewhat

higher.

13-



The experimental results are difficult to analyse,
furthermore Ca4o may not be a good closed shell, The
effects of changing these levels will be considered

throughout the calculations.

The wvalue of % deduced from this deta is -1-12 Me V.,

The matrix elements of the spin-orbit force for mass
57 and %8 have been taken from Elliott and Flowers'

previous work on mass 18 and 19 (Private Communication).

The d-s difference.

This term arises from the interaction of particles
outside closed shells with the particles inside. It is
assumed to depend only on orbital angular momentum and is

independent of the spin-orbit force,

The energy of particles in the unsplit & state relative
to the 2s state is, from the Ca59 data,
247 +1-68 = =0:79 MV
Thus the d-s difference term has diagonal matrix
elements 0 in 52, o2 7
-0:79 in ds, d32

_1-58 in a°, d°s

—2-37 in &2

Changing the Ca59 single hole levels must also affect
these terms, however this is Jjudged to be of small

importance relative to its other ecifects.

Al—



Calculation of central force matrix elements

An expression for the two-body central force
has already been given (cquation 1.3)
Writing the charge-spin part of the two-body states as

27 + 1)(2s + 4).T__
the two-body states are

1%-, 5%~—: antisymmetric in charge-spin, requiring

symmetric E21 orbital functions for final
antisymmetric state.
1 symmetric in charge-spin; requiring anti-
(_' [—~ symmetric Lﬂﬂ] orbital functions for final
antisymmetric state.
where the matrix elements of the r"s are simply the
A's defined on page 13 .
Writing the appropriate orbital wavefunctions for
inequivalent particles (the symmetry of equivalent particle

states being determined by the final L value) as

Tlarimy=J5 (P4 LM ¥ (L4 L))
T ULrm1em) =yl (¢ UL im) -y (LA Lv))

the orbital matrix elements are

AL, ] it

RV T e i) = (GG Ve L EM)
+(_)““L(£ 4 LMV, 1 ¢, fz'l!,’m‘) -
L
(1407 Lmlv,tlmq M) = (et Lmiva B E U M)
o OGN BT M) |
Expanding V(r42) = £ P (cos uhz) vy (rq, ra) 15
=0

where Ph(cos<dh2) is a Legendre polynomial and N, is the

angle between T, and 52, gives rise to matrix elements:

15



(O, 'O, LM Ve [0 ET), L)

= 5 (0L R leown LEMY) el 56)

ko
where F° are radial integrals of the form

LYANNN +'4

, Ekk (Y)H ('T'l 't: )\A {, )\/('T‘ ).) ') 'c\,“)JZ

J w {
v 0

the q&tteing radial parts of the wavefunction normalised

o

by j W )y dy =

[

K -

me

From the spherical harmonic addition theorem

P (corton) = sl { (I)Y(z)|

2+
the matrix elements of such operators being known.

In fact
(LG LM R (eonwi) |2, L)
Gyﬂﬁ*(+€+Q)+L

= 3 B22+0(ZE+4)(25+1)@25+0

x W ¢ LR)

where (gk are tabulated as the Shortley-Fried coefficients
{

(_\
I

2
=

<
<>

¢

1.7

v

(Shortley and Fried. Phys. Rev. 54; 739. 1938)
The possible values of k are restricted by the Racah

function.

The following radial integrals occur in the types of matrix

element given below

(2} |8 FO (25°)
@ 1. 1a% F° (1a2)  F2 (1@?)  FY (189
(as | | as) F° (1d28) G2 (1a2s)

16~



| ds) M° (14%, 1d2s)
G2 (14,2s)

where the FX have already been defined and

2

\
“)%w“3>%w“‘)%@9‘)Vibﬂ*ﬂ'ﬁ Y, dridy,

k l

M

o
w
i

ou-~“% € e &,

?

) ?

ol

| Y/ _

) () UL Oy U \‘Vz\) Vi (T',)Y'L) MR A c\.wl

, e we 0w A “

In order to evaluate the radial integrals two things must

be decided,

(a) the shape of the nuclear potential well, which
determines the k{v&(Tﬁ

(b) the shape of the two-body force, which determines

\/’h (Yt ) Yq_ )

Throughout most of these calculations the nuclear
potential well has been represented by an infinite
harmonic oscillator shape, following many other workers

and in particular Elliott and Flowers (1955).

e

ngzi(%zJ‘r

where M 1is the nucleon mass
b 1is a constant related to the size of the nucleus

whoge value will be dealt with later.

This gives rise to «zi )
Y \% /260
¥ - Vo - (Y.
U\“Q ( /X_‘-) - ( gyl < TA\.Q!\ /&)
where the 3' include a factor to normalise qltas
bans g,

indicated above and may be found in 'The nuclear
shell model' Elliott and Lane (Hand. der. Phys. 39;
41. 1957)

A7



Concerning the two-body interaction, in the first instance

a Yukawa potential
-r/a
V(r) = (‘Z
r/a
based on simple meson field theory was chosen, following

Elliott and FPlowers (1955), with a = 1.37 x 10 2en

Later on it was decided to vary a, the range of the force,

and to facilitate this a Gaussian two-body potential

-r2/a2
V(r) = 2

was employed.

Radial intergrals with Yukawa potential.

Elliott and Flowers (private communication) have
derived expressions for the d,s shell radial integrals
with Yukawa potential involving the Hh functions. These

are listed in appendix I, a typical example being given

below
o sz&iz_»
Fag) = e A hps Hh, = (32 Hh g+ 16O Hlg =33 600 HE,
/ﬁw 946 L )
+ 120160 Hhq |
! © o \/é
where o 12 %’ and H,\ix(/(/) (l L} '}Lﬂ t) At ) Hho(’(’/ (j,{% A
J‘/a ‘o

The Hh functions are tabulated in 'Report of the British

Association for the Advancement of Scicnce! (Glasgow) 1928.

Radial integrals with Gaussian potential.,

In changing from Yukawa to Gauss potential it is neccssary

to replace the Hh functions by their Gaussian equivalent.

18-



From Jahn's 'Tabulation of the radial integrals by the

Talmi method' (Private communication) it is seen that

o AL ()

ro-

must be replaced by

(w1t =

T
(Q'\\ -t ) | /%O N i
!'? - V&-“”‘
where [0 /Siﬁi“

Three particle central force matrix elements,

So far only the simple two particle central force
elements, such as occur explicitly in mass 38, have been

congidered.

In mass 37 the matrix elements will be given by
3(T o) Val,, (Ts))
Using the concept of fractional parentage coefficients

(c.fop.) to expand

_ D, (To1) = i*w$%

( tsi
where 113 denotes vector coupllng in the T, S, L spaces
and the a ; are the coefficients of fractional

parentage, the three particle matrix elements

may be expressed in terms of the two particle ones

(¢ (Ts’L)\V,zW (Tsﬂ) 5_‘.. f_,, o /N'«%/?\L\/,,_H‘;.z‘f"?s")
v

— - [ RS
3 o 'R ‘z‘ -

Using the fact that V12 only operates in the coordinate

space of particles 1, 2 it can be shown that

SRR AT

reduces to two-body terms of the form
— = iy T (-x7 Y
(\!/t; \tﬂl)'\/{:\‘\f/n \t/)'()> )4)3 4”5
where the integral must be unity from the normalisation

of the wavefunctions.

19



U
The a ‘; have been tabulated and are given together

with the central force elements for d2, a2 configurations
by Jahn 'Theoretical studies in Nuclear Structure IT!'
(Proc. Roy. Soc. 205; 192. 1951). The remaining elements
have been computed from expressions used by Elliott and
Flowers (Private communication).

A list of some central force mabvrix element |

expressions is given in Appendix ITI.

Bvaluvation of the oscillator well parameter b.

A value for b may be determined by evaluating <r2)

for the nucleus in two different ways and equating the

results.

(1) For the quantum-mechanical system 41‘2) is defined
by , 2 .
r>= =z, (\\’S«z.(\) b . L«kM(L)/)
RoT
where A is the masgss number of the nucleus
T; is the distance of particle i from the

centre

Ukz(i) is the wavefunction of particle i .
n

2.
Th > = L g O I <
us <> A =, SU’H(LJTi A, _{32‘ IAY)

4 i £

¢
Expressions for (., are taken from Elliott and Lane

(1957) and the integrals Iq‘{,_,for nuclei with A <40 are

_ 5 2
1A’Is - /2 b
Tip = 50 22
I 2s = 7/2 b2
ds
Laa = 75 ®2

Hence for mass 38 all shells are closed with the

-20- -



exception of two holes in the 4, s and so

/2 1 1
&g = g {wI +2T +22T |

_ 113 2
= ?ﬁ? b
and
;2
{ ¢ > - - 21? b2

(2) Now <:r2:> is calculated using a somewhat crude
technique.
Suppose the nucleus to be represented by a uniform

spherical distribution of matter with definite radius

R.

Then 4r2> is given by

R < |
I‘2 _ Sg SOT“. YZAT“/.)'W\ G A& ‘k‘f) _ }E_::E.i : é .. 2
" R
() (S‘ y’-[\y AnGAG Ad S ‘Y’ZAT_ £

This approach seems no more arbitrary than that of
Swiatecki (Proc. Roy. Soc. 205; 238, 1951) who defines
b by associating R with the point at which the
probability density (i (5/b) falls to a quarter of its

maximum value,

-2 =



Of course the nucleus has no definite radius, but
Moszkowski in his 'General Survey of Nuclear Models'
(Hand. der. Phys. 39; #411. 1957) quotes the following

empirical formula for R

R =1-3 4% x 10" Jen

2 -
Thus <\r2:> = 1014 A° x 10 26cm and equating the
expressions for <;r2> yields

b

55 = 1-963=x 10~"3¢n

b

]

5o = 1950 x 10~ %en

The value of b obtained this way for the mass 19 nuclei

is big = 1672 x 10~

which compares with 1-64 x 10" %cn used by Elliott and
Flowers (1954),

Finally it must be remarked that it is the ratio
a/b which occurs in the evaluation of central force
matrix elements, although b occurs explicitly in the
expressions for forbidden B -decay half lives and
quadrupole moments. Later in these calculations a/b

will be treated as a free parameter.

Note on the diagonéiisation of Lul.

The matrix [H| was formed by the addition of
three matrices after the fashion of 1.2 for several
values of the intermediate coupiing parameter X .,

[H] was subsequently diagonalised using EROS, a routine
for symmetric matrices developed by Howell (Southampton
University Ph.D Thesis 1960).

A1l computations were carried out on the Southampton

University 'Pegasus' computer,

e



Chapter 2

The Masg 38 Spectrum

The methods outlined in chapter 1 enable the energy

levels with T = 0 or 1 to be calculated for the mass 38

nuclei. The available experimental data summarised in the
diagram below has been taken from the following sources,
(1) Endt and Braams, Rev. Mod. Phys. 293 68%. 1957

(2) Janecke (University of Michigan), Private communication

(3) Taylor (Rice University, Texas), Private communication
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The assignment of spin 1 to the 0«45 Me V T = O state in
g8

is not absolutely certain.

The levels above 2-4 Me V are given by Taylor, those at
18
24 and 1*7 MeV in K38 by Taylor and Janecke, the others

being common to all three sources.
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The bulk of the data given on the last page, has only been
recently determined. Most of the work described in this
chapter was done at a time when only the lowest three
levels were known in K58 and the lowest two in A58. This
explains why so much attention has been paid to the lowest

lying levels obtained from the calculation,

It is ©o be hoped that still more experiments will be
performed in this region, which is a difficult one as many
of the substances involved are gaseous; so that the new
levels may be confirmed and spin; parity assignments made.
The results of the energy level calculations will now be

given and compared with the data on the last page.

Yukawa interaction (a = 1+37 x 10_15cm)

Initially it was decided to use the interaction which
Elliott and Flowers (1955) found to give such good agree-
ment at the beginning of the ds shell.

An exchange mixture

PN
221 = s0e7
A% = 40-26
2" - o5

16

was chosen following that employed in O' by Elliott and

Plowers (Proc. Roy. Soc. 2423 57, 1957), The radial

integrals were evaluated using a Yukawa two-body inter-
action (a = 1+37 x 10—130m) and the oscillator nuclear
potential well (b = 1°96 x 10"450m).

In mass 18 it was found that Ve should take a value of
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around 40 1l eV, which would correspond to x = 0*7 in this
case,

The spectrum obtained is given in fig: 1 for varying values
of x, These spectra have all been plotted relative to the
J=3%,T=0 (3, 0) level, which is the experimental
ground state of K38.

The following points are apparent;

(1) The first (1;0) level, which should be above the
(0,1) level is much too low and falls down sharply as x
increases.,

(2) The (0,1) level is approximately correct; but to

gain a 2 MeV difference between this and the (2;1) 1evel;
a large value of x (~~1+2) would be needed; which is
inconsistent with (1) above.

(3) A second (1,0) and a (2;0) level, which have not yet

been identified, may occur among the low lying levels in

x28

Woods-Saxon Integrals

In chapter 1 it was shown how the radial integrals
depend on the nuclear potential well. One objection to the
use of an oscillator potential in representing the nuclear
well is that it does not approach zero as = becomes large,
A better approximation to the nuclear well is the Woods-

Saxon potential

V(r) = - v
1 4+ exp[o((r - a)]

where a 1is the 'nuclear radius' and oL determines the

thickness of the surface region,

25~
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The radial integrals have been evaluated for a Woods-Saxon

well by Wilmore (Manchester University, Private communi-
cation) witho = 116 (Ross Mark and Lawson Phys. Rev.
1025 1613, (1956)) and V = 80 Me V.

These integrals were used in the present calculation
retaining the Yukawa interaction (a = 1:-37 x 10_45cm). The
spectrum so obtained was plotted, but is not shown here as

there is no noticeable deviation from the fizg: 1 curves.

This indicates that for these energies the oscillator
wavefunctions are quite adequate to describe the nuclear

potential well and they have been used in all the other

calculations here,

Variation of the d°/2 single hole level

It was shown in chapbter 1 how the matrix elements of
the spin-orbit force depended on the mass %39 single hole
levels, Mention was made of the fact that these levels
are not well known, there being a good chance that the d5/2
level might be higher than 2-80 MeV, (which is certainly

a lower limit for this level).
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The calculation giving rise to the fig: 1 spectra was
repeated, assuming that the d5/2 level is at 4 Me V, the
results obtained being given in fig: 2.

At first sight the splitting between the (0,1) and
(2,1) levels has increased favourably, but the (1,0) has
been pushed further below the (3,0) level. Also i has
altered (to 1-6) and so a given value of x now
corresponds to a larger value of Vc. Ag far as the lowest
levels are concerned nothing can be gained from this
effect alone. Howeveﬁ the spacing between the higher

levels can be increased favourably by this change.

Initial attempts to improve the mass 38 spectrum

In this type of nuclear structure problem there are
a great many quantities which can be varied. It was
decided to retain the Yukawa two-body interaction and seek
improvement by variation of exchange mixture.

As a preliminary to doing this the wavefunctions for
intermediate values of x were examined and found to be
reasonably close to ji-coupling (see Appendix TIT ).

It is not difficult to derive expressions for the slopes
of the curves E(x) at the origin (x = O corresponding to
pure Jjj-coupling) and from such expressions it is possible
to argue whether the (1,0) curve for example can be kept
sufficiently above the (%,0), (by ensuring that its slope

relative to that of the latter is as large as possible).

The slopes of the energy spectrum curves at x = O are

given by fag) = - i (%/(jj)J § 20 HCH’ (jj)J>
‘\dX/l
X=0

-27~



where Hc is the central force part of thevHamiltonian
given by V12//Vc (see equation 1.3) and‘%’(jj)J are
the pure Jjj~coupled wavefunctions responsible for
the curve with spin J. -

Denoting the slope of (3,0) by E
(1,0) by B
(0,1) by E

(2,1) by E)

;-
the following relative slopes are of interest; E4 —EB,
/ 7/ /

E2 —E; and E,l —Eo. Using the Yukawa interaction the

following expressions are obtained (in units of —?’)

/ /
By ~B; = =0+49 A" 4 0eng AN
/
E, B = =147 a9V _0ezp p33
(o]
ot —E; = 160 A2 y 065 1T .06 A2 ~q.08 PP

For an improved low level spectrum the following conditions

would have to be satisfied.

/ £

5
/ /
(b) B, =B, >0 and as large as possible
7
o)

The table below illustrates the result of substituting

some well known exchange mixtures into the formulae above.

28
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Ixchange used by:-

Elliott and Flowers Rosenfeld Kurath Soper

Values
A3 - 1 - -1 - 1
31 .
A - Q7 - 0'6 - 06 - 0'46
ez + 0-26 + 0°%3 + 06 - 0-15
A - 0-5 + 18 + 1+0 + Ol

Type of exchange:-

Blliott and Flowers Rosenfeld Kurath  Soper

Slope differences

{

E,'«— €. + 024 + 1037 + 098 + 0-69
E.~ €, + 0+95 + 0+78 + 0°69  + 0:72
E'-E, - 0-76 + 0+45 — 0:36 ~ 0-23

It will be seen that none of the exchange mixtures
ligted here would appear to give all round improvement,
with the possible exception of Rosenfelds; which is not
thought to be completely satisfactory from Eiliott and
Flowers (1957) 046 work, Also this exchange would not help
the splitting between the (0;4) and (2;1) levels,

In fact two calculations were carried out using

different exchanges, the results being given in figs: 3, &4,

In the fig: % eurvos Sope@s;‘exghange was used,

Points to be noted are

(1) The position of the first (4;0) level has improved,
although it is still below the (O;ﬂ) level and is too
low, ‘

(2) The (O;ﬂ) level is now too high for a realistic value
of x and consequently good splitting between the (0,1)

and (2,1) levels cannot be obtained.

-29-
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In the fig: 4 curves the exchange used was

e,

== 1
I N
2% - 408
UL

a modified version of that used by Elliott and Flowers,

chosen to preserve A55 - Aqqfv 0-8 from 016

Most of the remarks made about the fig: % curves also
apply to this case, although (0,1) and (2,1) level
splitting is a little better.

From these results it was concluded that variation of
exchange mixture alone could not improve the mass 38
spectrum. This was born out by the[% ~decay results to be

discussed in chapter 3.

Attempt to simulate a variotion in the range of the

two-body force.

/ I4
The expressions derived for E,l —E5 etc. above depend

on the exchange mixture and the two-body interaction. As
variation of the former yielded no improvement, it was
decided to vary the latter.

An attempt to simulate the effect of varying the range a
of the two-body force was made by introducing a guadrupole

force of strength ¥ defined by

N
¥ 2 2

V () =", r; T3 Py (cos W 13)
i< J

/ - .
and replacing V(r) by V(r) + V (r), thus affecting the

value of certain radial integrals.

~30-



There is 1little justification for this new force.
Its physical interpretation is vague; all that can be said
is that it resembles the interaction between two particles
outside a closed shell and the vibrations of the closed
shell core.
New expressions for E4 —E; etc, were worked out; various
exchanges considered, and a rough estimate of the value of
§made. Detailed calculations were then performed
following the usual techniques.

It has not been thought worthwhile to include a
summary of the results obtained, some of which seem rather
peculiar, The quadrupole force did help to increase the
splitting between the (0;1) and (2;1) levels but this was
completely offset by a considerable deterioration in the
position of the lowest (1,0) level.

This approach was then gbandoned in favour of a straight-

forward range variation,

Variation of the range of the two-body force

The effects of changing the two-body interaction are
felt in the evaluation of the radial integrals. 1t was
decided that as the range might have to be changed several
times; this would become easier if the Yukawa potential
were replaced by its Gaussian equivalent., This had the
additional advantage of demonstrating the effects of
changing the shape of the two-body potential.

It was shown in chapter 1 how this step was carried outb.

: -13
Gauss potential, a = 1-80 x 10 chl,

This short range potential is similar to the initial

-31-
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Yukawa calculation with a = 1:37 % 10—qacm. The Elliott

and Flowers exchange was again used.,

The spectra obtained are illustrated in fig: 5. It will

be seen that there is little or no improvement.

(1) The first (1,0) level is much too low and again falls
shalrply as x increases.

(2) The (0,1) level is much too high and consequently
cannot easily be split 2 MeV from the (2,1) level.

(3) A second (1,0) and a (2,0) level should be found in
the low lying levels of K58.

The range of the potential was then lengthened.

Gauss potential, a = 340 x 40"150m.

This calculation was first performed for the Elliott
and Flowers exchange, the results obtained appearing in
fig: 6.

Significant changes have occurred, but no improvement,
(1) The first (1,0) level is now a little higher,
(2) The (0,1) level is ridiculously high and cannot besplit

2 M eVirom the {2,1) level.
(3) The second (1,0) and (2,0) levels are again low.

Having observed the effect of a range variation it
was decided to see whether altering the exchange could
cause an improvement. Expressions were worked out for the

slopes of the curves at x = 0 as indicated before.

By -By = -2+84 A0 4 2.8 2"
B, -5, = 274 A2 - o5 %3
B, B, = 690 &2 + 430 &V~ 563 a7 - 9.17 27
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From these it becomes clear that one way of reducing
the slope of the (0,1) curve was to change the sign of A53.
This also slightly assists with the splitting between the
(0,1) and (2,1) levels. Changing the sign of A1 a1s0
helps. From other considerations it is not advisable to

alter 13\./|5 or A51 and so it was decided to try the exchange

a1? - 9

22 - 2 0ep
A% -~ 026
2 - s o5

which is similar to that favoured by Soper (and will here-—

after be referred to ag the Soper-like exchange).

The curve slope data is summarised below

Exchange:- Elliott and Flowers Soper-like
Values
/ _
o ~E; + qe42 + 426
1/ *\/ - .
E2 —EO + 1-80 + 2-0%
5 -5’ - 6-97 + 1-05
1 7o

The calculation was repeated using the new exchange and

the result obtained is illustrated in fig: 7.

(1) The position of the first (1,0) level has improved
and is now roughly correct for 01« x < 05

(2) The (0,1) level is still much too high and the split-
ting between this level and the (2,1) has only
improved slightly.

(%) The second (1,0) and (2,0) levels are again low lying.

-3
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It is known that reducing the range of the force improves
the position of the (0,1) level. It was decided to try a
mid range potential to see whether the (0,1) level could

be lowered and the lowest (1,0) level kept sufficiently
high.

Gauss potential, a = 2:31 x 10—150m.

The calculation was performed using the Soper-like
exchange, the results being given in fig: 8., These were
the best obtained for the low lying levels in mass 38,
the wavefunctiong associated with them also being the most
satisfactory as will be seen in the next chapter.

(1) The position of the first (1,0) level is still improved
but it is still too low for a realistic value of x.
(2) The (0,1) level is again too high (but at least for
x <0-% it is above the (1,0) level for the first time).
If this level could be further lowered and the (2,1)
raised, the splitting between them would be correct.
(%) The second (1,0) and (2,0) levels should be low lying
in KBS.
The ﬂ>—decay calculations in chapter % indicated that a
value of x around O-5 should be taken, corresponding to
Ve ~ 30 Me V., The K58 spectrum so obtained is compared

with experimental data below.
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The arrival of new experimental data caused attention

to be turned towards some of the higher levels.
The evidence was strongly in favour of there being only one
level between (17)T = 0 at 0-45 Me V and 2'T = 1 at 2-4 Mev,
whereas all the calculations so far have advocated two {(for
realistic values of x ).

The position of higher levels in this kind of treat-
ment must depend quite strongly on the single hole levels
which represent the pure Jjj-coupled states at x = o.

It was said earlier that the d5/2 single hole level at 2:80
Me V could only be taken as a lower limit. If this level
were to be raised, it should lead to the raising of the

higher calculated levels leaving the lower ones relatively

unchanged.

The calculations were repeated using the Gauss mid range
force, the Soper-like exchange; and. a d5/2 single hole level
shifted from 2-80 to 4 Me V. The results for the lowest
levels are shown in fig: 9.

(1) The position of the first (1,0) level is acceptable for
0-1< x < 04,

(2) The (0;1) level is again too high and is only below the
(1;0) for x<0 2. In order to obtain good splitting
between the (0,1) and (2,1) levels a high value of x
(~ 0-7) would be necessary, at which both of these
levels are too high by 1 Me V.

(3) If there is to be only one level between the (1+)T =0
and the 27T = 1 then 0-34 £ x < 0-42.

Taking all these factors into account together with the

/3 -decay data of chapter 3, the best overall agreement is

-35-



still obtained with Ve = 30 MeV which now corresponds to

x = 0-38 (since { has changed to —1-6 MeV).

The K58 gpectrum with Ve = 30 MeV is compared with

the experimental data below for the lowest levels.
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following remarks can be made,

The T = O level observed at 1-70 MeV 1is probably the

1% D = 0 calculated to be at 1-5 Me V.

The next even parity level above 2%

is most likely to have spin 2 with T

228

experimental data below.
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The lowest calculated 27T = 1 level is out by 1 Me V

and further comment is impossible until more experimental

data is available.

Fig: 10 illustrates the complete level scheme obtained from

this last calculation.

The final conclusions to be drawn from these results will

be left until chapter 7.

Justification of the longer range force

The mid range Gauss force used here has longer range
than the conventional p shell forces and indeed longer
range than that required by Elliott and Flowers (1955) at
the beginning of the ds shell.

Some workers at the beginning of the pf shell have also

found it necessary to employ these longer range forces.

The assumption of a long range force was first made
by Kurath (Phys. Rev. 80; 98. 1950). Levinson and Ford
(Phys. Rev. 100; 1%. 1955) had to employ such a force
when fitting a spectrum to 6342. French and Raz (Phys.
Rev. 104; 1411. 1956) also used a longer range force

(though not as long as Levinson and Ford's) when

investigating the spectra of Ca isotopes.

If all these results are valid, there is no reason

why a force of longer range should not be required Just

below Ca4o.

Analysing the results quoted in French and Raz (1956)
(1) Levinson and Ford used a very long range Gaussian
force (a = 34 x 10"150m) and in order to fit their

spectrum an overall Ve ~~ 20 Me V was required.
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Potential and Range Nucleus L/K K/Vc Ve (Me V)
B -13 .6 )
Yukawa a = 137 x 10 cm Li 621 0-0%1 32
N*  5.62  0-024 0o
. -1% 6
Gauss a = 180 x 10 cm TLi 847 0-02% nrn
N .98  0.022 15
_ = -13 .6
Gauss a = % 40 x 10 cm Li 466 0011 9%
Y 281 0-015 68
Gauss a = 2-31 x 10~ Pem 14 4.9 0.020 109
% 405  0.022 45

38—



(2) French and Raz used a Gaussian force of range
a =27 x10 Pcn, To fit the Ca’> spectrum they
required an overall Ve ~ 25 MeV. (Nb it proved easier
to fit the Cat? spectrum than the Ca42).

They also used an exchange mixture having
221033 =23

which is similar to the value 27 used here.

Using a Gaussian force of range a = 231 x 10" %en ana
overall Vc ~ 30 M eV would not be inconsistent with the
above.

Some calculations were made to investigate the effects
these longer range forces would have had in the p shell.

The quantities L/K and K/Vc were evaluated.

Kurath (Intermediate coupling in the “1p shell. Fhys. Rev.
1013 216. 1956) found empirically that »/K should lie
between 6 and 7 whilst K~ 1 MeV.

The results obtained are sunmarised in the table opposite.

Ve was estimated by putting K = 1 Me V.

It will be seen from this that the Gauss mid range force
is not in complete conflict with the p shell results

although it could not be used there satisfactorily.
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Chapter 3

The Magss 38 Wavefunctions

When the Hamiltonian matrix [H] described in chapter 1
is diagonalised, a set of eigenfunctions are obtained which
are the approximate solutions of Schrgdingers equation.
These functions represent the nuclear wavefunction and may
be used to calculate such things as transition probability
for electromagnetic radiations,/@-decay ft wvalues,
magnetic and quadrupole moments.

The mass 38 wavefunctions have been tested via the
calculation of several 2 -decay ft values. The available

experimental data, taken from Endt and Braams (1957) is

summarised in the diagram below.

_ MeV
28 2 A4S " T-0
(.JL w}ev + .
ITA 7, O\ c T=!
I .~ \ - e e —
(Fovlrihed @an /% .«:'A’(XLNR” + o - 3 7=0
.. o = 'O e
‘gt on } £=75) 1 \ X'LLC‘Y” be=5 .%l ,!3 - o
A e
X a +/
c \\\ 2 o) S Suhe al( *wao‘}'
9 G e =)
’ 38
A1) A

In addition to this there is the decay Ca’S. 4% K°C which
will be considered later.
The composition of some mass 38 wavefunctions is described

in Appendix IIT

The allowed ﬁ;~decay transitions

In light nuclei most 3 -decay transitions are of the

-40—-



allowed type for which the ft value is given by (Elliott

and Lane (1957))

ft = B -
(1=x) P~ +x G

where the square of the Fermi matrix element is

2 /

SV e illy)

¥

and the Gamon—Teller_term

2-
2 H !/ } , P . R
G = ‘L\/’ f’\’ (\‘/ { j («'\CN(AJ) B \;”(/;,))c-‘ () %4/)

the 'dashed' symbols representing final states
signs referring to ﬁ? emission
B and =x are constants given by
= 278% + 70

x = 0-560 £ 0-012

The Fermi term

and the

Rewriting the Fermi term operator in terms of -tm

- | U
where b, = = §";i‘(g/)
and Y, = F =V = T+ L (1/ -
=) vz, ‘i + R il t‘{\,,)

N
i*s

|

|

oy
NS

,‘_‘

are defined such that ﬂi+1 is the operator which changes

a proton into a neutron and X
changes a neutron into a proton, and using the

Wigner~Eckart theorem, it can easily be shown

that
o= (TeW )T M +x} (77 S{M v

14 -

4 is the operator which

)



where T is the nuclear isotopic spin and M. the MT
value for the final nucleus. It will be seen that

this term cannot contribute if isotopic spin

changes.

For example consider the super allowed decay
8 + 1+ 8 +
¥7° (0%, 11; M=0) L5 2% (o*, 715 M =1

then F& = (1 +1) (1 =14+1) = 2

The Gamow-Teller Tterm does not contribute in this case
because the vector operator concerned cannot couple two
Jd = O states.

Thus from 3.1

£t = —2085
(1-0-56) 2

whence log,q ft = 3-5

This example gives no fresh information because the decay
concerned was used in establishing the constants of the

ft formula.

The Gamow-~Teller term

Writing the operator in terms of T,,,

| 1 __,’ L g ] —_ ——
= z_iq(%ﬁ”“ Tﬂ%nﬁwﬁpﬂ%('mr)mﬂ>

rA

Applying the Wigner-Eckart theorem to remove M

dependence

T\ o)
2 _ L ‘ { N \Je(' !
2 (274 ) (23591 -

X \¢(T )}ff‘”m>dm>\ v (T3))

LD



™M

P

where Qﬂﬁavnlare the Wigner coefficients.
This is an amplitude matrix in both T and J spaces.
Using the latent symmetries of the Wigner coefficients

and their orthogonalities it is not difficult to show

lvi 1 ’
< (<Y 2w
;;{,;M Tmgle, / 2J +1
Hence > — N : ;
@2 A (YL tme b)) 5.5
¥
where ; (TimT’ \>7.
A =3 G
(21 +1)(23+1)  \TMrlth
Consider

N = (ur/(“c’s‘ (€2HIH) L5’

1S Yoo | Lrs DL ))
S h

where (l'i)[;f] L denotes a two-body orbital angular
momentum state where l,‘i of the two particles have
been coupled to form a state of symmetry .

As the operator in N does not operate in the L space but

only in the T, S spaces
"y ~ , X ) |
N = S((Ui )[’r'}L',(UJH-JL) [s+0(@s+n)] W {Lsstiss)

X (T"J' | <, T ITS)
4 2.6

using standard expressions of the Racah algebra, to be

found forvexample in Elliott and Tane (1957).
The Kronecker & shows that the operator cannot change

the L value of the initial state, its symmetry or its {wo

particle configuration.
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For antisymmetric two particle states

M
-0
~

=

Q

[

=
V’\

S
!

since U only operates in

space.,

2 (7Y roew | TS)
LTl T)s1r0ns)

the T space and ¢ in the

These terms may be evaluated using the fact that the

operator does not act on

the first particle

S

~

(vl T) = [ersoem o] Wi s ) (i)
and similarly for the other.
Also
CRR ‘/1‘): (B letdy) = (e
Hence
N = E}((K'ZI}M']L,.(!E)[“L){ r ) 73402 T+t)2!+|)(;+')(73+\

X |

it
In solving Schrodingers equation the nuclear wave-

functions

states

SHT+L+ T+ 5+ 1 &L‘) 5

4T
Ls' s i1 %

il
™M

5
-

J- 5

/

7 - Z L, ¥,
Hence from 3.5
Z
G- AELYIOI k)
- N (2 ¢ ety (4 10 sﬂ))

were expanded in terms of certain IS-—coupled

\N
oo

|



where (Q represents the appropriate operator, and

('%@ g0 Y. ) is just N evaluated between
’ /
/ . +
states 7% ,fkwhlch are known.

The evaluation of G2 from 5.8 is equivalent to forming

the matrix representation of (9 with rows labelled by the

14
%} and columns by the %i’ pre- and post-multiplying by
the appropriate eigenvectors obtained from the calculation,

squaring the result and mulbtiplying by A.

The allowed decay K58-—li—e ABB

The details of the decay are

-+ .
K28 (3%, n = 0) L, 438 (2%, 1 =)

The matrix{ (0] is labelled by the states (J

=2, T =1)
8 = T = O i the
’<z A dn and (J 3, ) as in
P$& Vs i3 MR diagran.
D (64 F (2] D
T — The zeros are caused by
D *Qj% o) o]
p . -~ . / f -~ .
P S, (L)
) Pl © 0 o C]
33 £ in 3.7 from which the non-
Rl o o 6y
‘ zero mabtrix elements are also
@fﬂp —@ﬁz computed.
: .
#o. | O
{n> D : C
L.
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Mr is determined from the relation

XV
=
O

\
Moo= (T =3 (W -2)

|

for a nucleus with N mneutrons and Z protons.
Bg. for K°° which has N = 2 = 19; My = O
for A%%® which has N = 20,7 = 18; M=

In this example A, evaluated from 3.5, has the value 4/42.

Thus G2 can be found.when the calculéféd eigenvectors
are substituted in %.9 and log,IO ft obtained from 3.1
where the Fermi term does not contribute, there being a
change of isotopic spin.

The mé%rix elements of {@ﬂ were checked by calculating
this (3 -decay using pure jj=-coupled wavefunctions directly,
which corresponds of course to x = O in the eigenvector
calculation.

The results obtained are given for several exchanges and

ranges in Fig: 11; a key to these curves is given below,

Exchange

Curve no. POtent%ﬁiﬁ”\poiiéion Aja AB/I A55 A/]/l
1 Yukawa .37 2-8 MeV -1 =07 +0-26 ~0-5
2 " L u n u u
5 " 2:8 " L0-46 =015 +0-4
mn " " n .0-7 +0-8 0
5 Gauss | 8o " " " +0-26 =0-5
6 u 340 1 " i u n
7 L 540w " " ~0-26 +0°5
8 : 23" mooo " "
9 n -3 I " n " 1

L6



The experimental value for logqo ft is 5-0. The

results will be discussed on the bagis that the calculated

log,‘O ft is acceptable if it lies between 4-8 and 5-2.

(a)

(b)

(c)

Curves 1 to 5.
These curves were obtained using short range potentials
and various exchange mixtures. One variation of d5/2
single hole level is included. For an acceptable
log,IO ft x must be restricted as follows

Curves 1, 2 x > 0-9

Curves %3, 4, 5 x > 0-8
Reference to the spectra associated with these curves
(Chapter 2) shows that with these values of =x no
kind of agreement can be obtained with the experimental

levels, due mainly to the positions of the two lowest

(1, 0) levels.

Curves 6 and 7.
These curves correspond to the long range Gauss
potential, with a variation of exchange. For an
acceptable log,IO ft x 1is restricted as follows

Curves 6 024 < x <« 0-42

Curves 7 014 < x < 0-3
Reference to the spectra associated with these curves
(Chapter 2) shows that if x is so chosen, the spectra
will not agree with experiment due mainly to the
position of levels (0, 1) and (2, 1) in addition to the

totally inadequate splitting between them.

Curves 8 and 9.
These curves represent the Gauss mid range force with

a change of d5/2 single hole level. It will be

47~



observed that this ealculation is particularly insensitive

to the latter effect. For an acceptable log,lO ft x would
be restricted by

0-32 <L x €06
Reference to the appropriate calculated spectra
(Chapter 2) shows that =x 1lying within this range will

produce a spectrum that may reasonably be compared with

experiment.

In particular Vc

%20 MeV which gave the best spectrum

corresponds to x

il

05 in curve 8 and x = 0:38 in curve 9,
both of which lie within the range above.

The very faint indication that increasing the d5/2
single hole level leads to a decreased value of x for
the same level of agreement with experimental 3 -decay
data should be noted; this result would seem to apply with

regard to energy levels (Chapter 2).

Conclusions to be drawn are

(1) the calculation is sensitive to range of potential
and exchange, it being necessary to employ the longer
range to obtain agreement with experiment for B -decay
and energy levels,

(ii) this calculation is insensitive to the d5/2 single

hole level position.

2
The forbidden /3 —decay €170 /2y 258

The /3 -decay c198 (2“),fi:; p38 (0") is of the unique
first forbidden type, involving a change of parity and

spin change 2.
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Expressions may be derived for the fot value of such
a decay, one of which is given below (see Blatt and
Weisskopf }Theoretical Nuclear Physics‘ or Bohr and

Mottelson Dan. Mat., Fys, Medd. 27; 16. 1953)

ét - (7 )05 )Lég—%—_))‘}ﬁ;; €| 3.1

N t
\ _
where x, B were given at the beginning of the chapter
Z is the number of protons in the nucleus Eo is
the total energy available for the decay (units mcg)
AR
(L1 - avfem(E-) + b ()]
{'0
i
is given by
Davidson (Phys. Rev. 82; 50. 1951) who also plots

a(z), b(z) as functions of Z.

Now

2 2
S (TN T Y [ TMTM,) |
(ML)

can be reduced using the Wigner-Eckart theorem and the

orthogonality of Wigner coefficients to

S — (T \\’L \\2* Y(ax()HTN ) 3.12

23+

an amplitude matrix in the J space. This expression can

be evaluated using suitable wavefunctions.
The technique followed here will be to substitute

crude wavefunctions for 0138, A58 on both sides of 3%.12
and add detail later.

14O



The lowest energy odd perity configuration of Cl (J = 2) is
; % 2 U 6 z x Yeoa
L) (] () () T () b 000
4
[

{.(/)'/‘l)l(h’/z )Z (h"/z)‘lt ((15;_ ){9 (7. Ay, ) c(‘&/ /\{U’Ct‘d% J

which would appear from the work of Goldstein and Talmi

(Phys. Rev. 102; 589. 1956) to be a good approximation to

the real wavefunction.

If this is to decay as a first forbidden transition %o
A28 (0%), the only part of the argon ground state wave-

function that can contribute is

4 L’lﬂ.( wkyon

07 ] (o s 2 5 ]
2 2 Yhrotem
[T (] (b T (s (220 ) )

:
Thus the nuclear states may be represented by the following

simple wavefunctions in jj—-coupling

|
ECREE

f-, u))g<n/3(z)\<(2)——)r(z)‘7.)43 I)X(;} = ()

/
v T22

i

A28

) /
{45 W0X_0) A, @ % ) % =\ (2)
Y=0

where K+,2§_ represent wavefunctions for neutron, proton.

Defining

[

(v i g vy (o' vl \U
Dg (k///(cz)" (,T,;/z\{- Le'% \'”)2.)(1) H ";L('z)) 5.1

N

I
N

|

/
where %’(42), %f(»z) are just as given above, and using

the properties of Y_ : X, = 2 %

- X

il
o

reduces this to

N=d ({U{’VL(Q) C'LZ/Z(E)’IEO i (“Y‘(C*'x\(')z}h? I :i AR A 1)2.)



Since the operator only acts in the space of particle 1,

vk (A v @Y )

z \Tk
= e () [

from further properties of the operator.

Evaluating this expression

(2ot 1) =Ve

Pivtedy - -3 2

' W

R

U, U

e = Je b
r~

whence N = ;Z b, where b 1is the oscillator well

N T

parameter.

The value of 3.12 is therefore 7 b2

S
For this decay Ej = 4:9 MeV (Endt and Braams (1957) )
= 9.68 (mcg)
for Zz = 18 a(z) = 0:052 )
} Davidson (1957)
~-b(z) = 0-054
and. b = 1.96% x 10'15cm (Chapter 1)

5.103% x 10~ 2 em (™ /me )

]

Substituting these numbers into equation %.11 ylelds

The detailed AZC wavefunction

The log ft above was evaluated using a (d5/2)§

configuration for the ground state of A38.
The J = 0, T = 1 ground state wavefunction calculated for

ABS consists of a linear combination of jj-coupled states

38 = L (a5,08 + B(a3,05 + ¥ (5,05 B0k

where ol 2+ ﬂ2+ Xz =1
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Since only the (d5/2)§ configuration contributes to
the decay it will be necessary to include a factor (34
is a function of x ) in 3%.1%, the initial expression for

N carrying this factor through, the final expression

becomes
log g £, = 6:77 =2 logqo{g (x) 3,15

gt et mcaied.

The values of/3 (x) are determined by transforming the
IS~coupled A58 wavefunctions into their jj-coupled
equivalent.
Fig: 12 illustrates the results obtained for several
ranges and exchanges; the curve numbering here is as in
Fig: 11.

It will be seen that none of these curves predict the
experimental figure. This result is disappointing in view

of the previous success of the Gauss mid range force

(curves 8 and 9).

One reason for this non-agreement might be that too crude
an approximation has been made in the 0158 wavefunctions.
It was decided to repeat the calculation using perturb-
ation theory to form more realistic wavefunctions by the
mixing in of higher configurations. The next chapter (4)
will be devoted to this approach and the conclusions to be

drawn therefrom.

Another possibility to account for the bad agreement
is that the oscillator well approximation to the nuclear
potential is too crude. It seemed hardly worthwhile to
replace this by the Woods-Saxon well, which in chapbter 2

led to no significant change in the energy levels.
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However the more drastic change of substituting an infinite

square well potential was investigated.

The effect of this is to replace N = %_ b in the original

calculation by )
N = 2- 9360

5
- ‘W/g

where R is the 'nuclear radius' obtained from the

R

empirical formula quoted in Chapter 1.

Expression 3.15 is thus replaced by

and even including the expansion of the ABS ground state it
would not be possible to obtain good agreecment with the

experimental result,

/3 ~decay of Ca58

Cline and Chagnon (Phys. Rev. 1083 1495, 1957) have

reported The decay of an unstable calcium isotope formed

from the reaction
Caq'o Q) , 2n ) Ca38

The experimental data for this decay is given in the

diagram below.

(¢")  On the basis of the
shell model Ca58 is
a T = 1 nucleus
which should have a

o* ground state

(cf. 429
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Two ﬁ+ decays were observed consistent with log gy £t = 3-5.

One of these was associated with the superallowed

transition ot ~
ca?® (o*, 1) 2 %38 (o*, 1)

—
7

The other apparently gave rise to a.~K«Iey of energy %-5
Me V, and was interpreted as a decay from the Ca38 ground
state to a 1+; T = O level at 3-5 Me V in K38.

A theoretical investigation was made as to whether
this interpretation is consistent with energy levels and
wavefunctions obtained in the present calculation.

An alternative interpretation of the second decay,

suggested by Cline and Chagnon (1957) was
.
ca’® (o*, 1)Ly &8 (0%, 1) at 3.5 Me v,

which would be inconsistent with these calculations as they
do not predict a (0%, 1) level for x>8 in this region,

A theoretical point also arises here. If there were
no Coulomb force the decay would go exclusively via the
transition to the lowest (O+; 1) level in KBS. The
existence of é Coulomb force will admittedly mix the
(O+, 1) states, but hardly to such an extent as to account

for the second decay observed by Cline and Chagnon.

It was decided to treat the Ca’> ground state as

+

(07, 1) and calculate the log ft values for /Rfdecay to all

the predicted (1%, 0) levels.

The theory of such allowed transitions has already been
described earlier in the chapter. The decay under
congideration involves a change of isotopic spin, so only

the Gamow-Teller term can contribute.
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An expression for G2

was given in %.9, the
appropriate matrix (] being illustrated below; the matrix
elements were calculated as before,

In this case the value

of A (3.5) is 1 .
C& CJ:L 01 /6
33 : 22 ! 1
\ 3t
{<V - > P e The calculations were
12
S1-6 @ performed for the mid
JZ R range Gausg curves with
\ L;) Vo) o
(> the 45, single hole
"
P | o 2.3 level at both 2-80 and 4
13 Me V.
dr | D :
- S — Fig: 1% (i) shows the
2 ”l} (:> & )
S RS -6 position of the (1, 0)
L

levels with a d5/2

hole level at 2-80 Me V,

Fig: 13 (ii) shows the calculated log ft value for a decay
to each of thz2se levels.

The best spectrum was obtained here with x ~ 0-5.
In this case there is a (1+; 0) level at 2MeV with a
log £t of 5-6, This does not agree particularly well with
the experimental interpretation.

There are also two lower (1+; 0) levels with log ft

~ 3.4 wnich were not seen by Cline and Chagnon (1957),

Since it is the higher levels that are involved in this
decay, the effect of raising the d5/2 single hole level

should lead 1to improvement as in Chapter 2.
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Fig: 14 (i) shows the position of the (1, 0) levels
with a d5/2 single hole level at 4Me V; Fig: 14 (ii)
shows the calculated log ft value for a decay to each of

these levels,

In this case for a good spectrum =x should take a
value 0-38. This would predict a (17, 0) level at 3 2
Me V and a log ft of 4 4, both improvements on the Fig: 13
results from the point of view of verifying the experi-

mental interpretation.

The *two lower (1+, 0) levels now have log ft values 3.7

and %-5% associated with themn.

The conclusions to be drawn are

(1) According to the calculations a(0+; 1) state of ca’®
could /3 -dscay to a a(1*, 0) level k58  ap 3.5 MeV
with a log £t value ~ 4,

(2) If it does so then this is an argument in favour of
using the Gauss mid range force with a d5/2 single

hole level raised above 2-80 Me V.

(3) R -decays to the provisionally labelled 1", o)
levels at 1-7 and 0-45 MeV in K°°© should be

observed with log ft v 3.5,
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Chapter 4

The Forbidden /3 -Decay ¢128(27) 25 a38(0%)

The last chapter showed that it was not possible to

explain the forbidden /3 ~decay C1°0(27) I _ 438(0%), 1og

fot = 7.5, with any of the detailed I wavefunctions,

using a crude jj-coupled wavefunction for 0138.

The object of this chapter is to recalculate the log

fot value using more detailed wavefunctions for 0158

obtained by first order perturbation theory.

Basic first order perturbation theory,

(non-degenerate levels).

It is assumed that a wave equation differing from the

true wave equation by the omission of small terms can be

solved.

Let
(H-—E)\// =0

represent the true wave equation, with eigenvalue

solutions Ek and eigenfunctions ¢,k.

Assume H can be written

H = Ho + Hq

where H,I is the perturbation correction and
— // =
(Hy = By )Y, =0

can be solved.

I~
N

|

Let the solutions of 4.5 be the\#% which form a complete

orthogonal set of functions normalised by

s . ('
LToLd e = 0

._5'7_



The effect of the perturbation is to be small by hypothesis
and so expanding ,
X3
VA M
Eh - Eh-+ Eg 4
h LLlc ‘k - -
where akEk E q are perturbation corrections,

substitution in 4.1 yields
k k
(B + (e )Y+ (-4 (- = ©

The first term in this expression is zero from 4.3 and the

last is of second order which may be neglected.

mence (K~ £2 ) 4" + (H-E") (" =0 4.6

Expanding (/% in terms of the ¢
I

=~
)]

whence
b, i ¢ i L AL
(.,o Li" - §Z~l (;{( HO \(/u - §“I O( (:o Ll/o
and - l ke
Eo 4(‘ = %d@ e kk)
4.6 may now be written
; b,
( k k e
%A((E‘)‘ E“ >4{< = (E' - H') &{/o -%3—@

*

Multiplying both sides of this equation by *fg and

integrating over all space yields

A , . -, s T
Zny (E-el) Sthe) = Efstw — (W TRITY,))

<

i

oxr

i '
oo ()
& "
S

o

e
%
=
=
O
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&y, is generally chosen to normalise the resultant ‘#’ and

in first order theory its value is zero.

From 4.2
Hl = H“Ho
thus 4.9 can be rewritten as

A, = B (l(/oé [H=H, | “11) _ - (¢2“4Wcl:) + (\(ﬁ“""’“h:i)

ES - €, e
or
- l2
o - W THIY)
9‘ E '}_ E—\x ﬂ:_'_ig

from 4.3 and 4.4 remembering that 4.9 holds only provided

J==kK.

Ixpansion of the nuclear wavefunction

Consider the transition from an initial nuclear state ¢?
to a final nuclear state #f. Suppose that these states
may be expanded in terms of complete setes of states éﬁj’
LP i but that the transition is mainly goverened by the

leading states Cbo, %/o

o b - /!—-iﬂl ¢, + ;., Uy by
k//‘ - \/' ZLi { k(/ + c—L—J € k{/L

where the sguare root factors have been included to give

D

normalisation, y -
The terms %ﬂl.gﬁj, = & % can be

i i i
considered as perturbations after the fashion of 4.7 and

the perturbation coefficients will be given by 4.10

’y:\/ = ’\H‘C‘:l | s

(s £

NN
o

e¢tc.
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Once the 473 have been chosen, the qu can be
evaluated if the Ej — Eo are known. The latter
quantities are difficult to find theoretically, but to a
first approximation they may be determined from single
particle energy levels.

. : 38 38 '
Applying this to the forbidden decay Ol ——> A" 1letb N
¥/ be the Cl, A wavefunctions and ¢>o, %90 the crude
approximations used in Chapter 3 (page SO ). Denoting

the decay operator by /@ y the nuclear matrix element is

obtained from

($(p») [Ip cﬁ(cﬁ”s)) -
=TT [z (lphd) e £ fim2 (Ripi)

RS (¢ 15hg,) + ézf L, (KhAl4,)

using 4.11 .

st rmsnamset St

The possible ¢7j and %fi which can contribute are
listed in fig: 15. All the states with one oscillator

quantum of excitation (4w ) have been considered.

(i) The last term in 4.1% is of second order and so may

be neglected.
(i1) The second term in 4.13 is the coupling of ; with
(ﬁ o Via the /2 operator. This is a single body
operatbf and 51nce %/ (i =1, 2) has (cizé)q' and-¢ o
has only ( d. )q, the operator cannot couple these

PN pe) =

states. ie. (

w5 es



(iii) Consider the term ( %’olwéu(# j). States similar
to q§z+ in which the extra neutron is in an £
orbit cannot contribute because the operator would
have to change % into sP and it can only change
angular momentum by one unit. The state similar to
<¢ i with the excess neutron in the P4 state

/2
is not considered because it has no final J wvalue

of 2.

Prom (i), (ii) above 4.13 can be written

(YA hpl ¢ (@)
,m{("‘“ Z (4, n,@nﬂ+:§;~c9(za“ﬁ"(/»)} e

Now \‘(— Ry represents the coefficient of the leading

state in the jj-expansion of the A58 wavefunction, which

is effectively |

(s, )
and has coefficient /% (x) defined in 314
Thus

(@) | lﬁl\ ¢ (©3®)

oo [TET WAL 20, (1p1y) |

V=
£-3
AN
A3

1]
H
3

The term ( %’ouf%“ ¢?0) is just that which was
considered in the last chapter. It remains to find the
nuclear matrix elements for the excitation coupling terms

and to determine the ”L 3 by perturbation theory.
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The terms (kéa I A |1‘__‘f;"4:__}_

Throughout this section reference will be made to the
corresponding section in Chapter 3 (pages 48 to 51 )

where ( kh AN qﬁo ) was calculated.

In evaluating these nuclear matrix elements the C,/J'j can
be divided into two groups, (i) J = 1 to &
(i1) j = 5 %o 8

The first group of %/}

The 0158 wavefunction (ﬁ 3 may be written as

\;3 {£‘9‘ll) Xj:) ﬁz,_?;z) K‘(TL) — '(;):1) X}_l) 219:‘) X“,‘i}j

| T=2
where 24 = "\"5/2. ) ‘“"/‘.,_ )oY /1-' ';/;.

= Gk- ’-,/L o~ S Ve

v

, "
Nb. In y4 , the (s Y2  must be coupled to spin zero
as the /5 operator will not affect these particles

and they are coupled to spin zero in ¢ o

The 1% wavefunction k/ro may be written

.{13. (1D x_ () 1y @)X (2)%J =0

- A -y
where 1j = 6_)/2 o 81/2

Then as in %.13
v(pp = (hIErsY (X1 )
2 (4§ s ey o by )

i
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Using the detailed wavefuncitions and the properties of "¢ _

this may be reduced to

Since the operator only acts in the space of particle 1

G N (A o A = Iy NNV T
’ ! [Zg-fl]\l( / 4}) =28

o

Consider

(LI ' WLy ) = (), Iv <Yl (50)y)

B
N
~J

|

SN (YR PRON CR ,25( e R (YL ) RIL)
7 Y A
© (1 |12

using the Racah algebra.

These quentities can all be evaluated

(Llhelis ) = Jo

( ‘\V “‘Y ) { (221+g)x%z ﬁ;?
AT {“/;t.o

Qan- b fl@n-Z L fen= %I

using oscillator well wavefunctions.

63



Thus N (Cﬁj) can be found from 4.16 and 4.17 where the lj

evc, are given by

= 4
State lj 1,l jq 12 j2 lj from 4.16
¢ Bro Py
b2 a3/2 P1/2
b5 @ 1
$ 4 2 P
For example
q/l”"%/l b i
. %N A3
ST RN - 4 CAD PR i i
1 A ﬁ v, 7t 3
{? >i+‘) Pt
l/ /1(/
¥4 a7
£ 36 {s(ﬁu—s)] C A
LT 1210
S 3
ATl
Similarly ——
N((ﬁg)=%x(§_>¢b
N 2T
- g s, /‘ N
4 J’ o= e e X 21 L b
2 T
¥ (b = X 3 o«
N
The second groqp_ggmf4w‘
The 0158 wavefunction (‘j may now be written as an anti~
symmetric version of
. 5 ¢ 54
51 }5-. \ d—5 ) L v—:__ ) by
| /2 52 l2
where 1y = 17,5 , Po/p  Plyo o o £5 /5
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Suppose it 1s desired to form an antisymmetric state from

YD ( 1y eaeeqm)

Y&q( M+ 1, eeeeoll + 10 )

wavefunctions

This is done by writing

S S PY G fimn, i ae
]D

P is the permutation operator of parity p and

where
includes only those permutations which preserve

natural order in each group.

Thus the antisymmetrie wavefunction for 0138 may be

written

Y,y?ﬁJ((') c‘»% N (23456) — f{&(z) As, ¥ _(13u5¢) ]

N

ﬁ+"1>f+(ﬂcu%X—02uga)-£9,ﬁ§n i@ax_023€c},

1
\[3

J=72

L-\f (}XJr(s) c\q/z)(\(nwc) — Ay X6 olq/z)’\((zsw g),

The corresponding A58 wavefunction gbo is now written
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Substituting the detailed wavefunctions, using the fact

that the operator only acts on particle 6, removing the

~ dependence, yields

5

N (¢3) = é({(&g,i M/;@)SON (re st oz W") (s2), %)

%
/L Z

which is evaluated just as in the last section giving the

following expressions to be compared with 4.16 and 4.17

%
(D) = ) (ds I @RI Ay) 519

st

N>,

2 lely) v Rz e) 4.0

where all these quantities have been discussed before.

The N(({)j) can be evaluated where the 1 are given by

State 13 N( Cﬁ’ﬁ)
3 7
%5 f‘7/2 /L\/7sz" * b
4)6 P5/2 - 3{¥ 7{:-1 % b
[ 1 3 [ x b
T 7 /2 2 \fr;r
£5 ST wd
4;8 /2 NEZE e

Evaluation of the "\ X

An expression for the TL 3 has been given in 4.,12. 1In
order to evaluate this the matrix elements (ij | H | (PO)
are required. These could be found by expressing the (/5

in either jj- or IS-coupling. Here it was decided to

e -



employ the latter approach.

Writing

H = Hspin—orbit * Heentral

then since IS-coupling is to be used H can be replaced

by as

cannot couple different

Heentral Hepin-orbit

configurations.

The numerical evaluation of two-body central force matrix
elements has been simplified using the 'Tables of
Transformation Brackets' published by Brody and Moshinsky

(Monografias del Instituto de Fisica Mexieo 1960,

The working out of (4)?} HI%b) is a lengthy process
of which only a bare outline is possible here. The qu
are expressed as Jjj-coupled wavefunctions. They have to
be transformed into their IS-coupled equivalent and
reduced to twc-body form. The calculation of (¢)1 ‘H*¢o>
will be followed through in a little detail, although

results for the rest must just be quoted.

Evaluation of (¢, | Hi.)

<$ 4,(ﬁ o Bbave been written (Chapter 3, page 50 |,
Chapter 4, page 62 )

C/?( = { § (h’n;/z J\i:l >l%
z

o

b3 (k5L

where both these functions are taken to be properly anti-
symmetrised and (§ o represents a group of closed shells

common to each wavefunction.
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The first step is to reduce (c{: 1 | B qﬁo) to two-body form

and this is done ag follows.

Considexr ((E 7(/ ;;t )
where in this case \k (\%,/ c} 3, }- ; % = (f': OC’;/)
% 2

/
Assuming 4; . \(/ , )l// are individually antisymmetric the final

states may be antisymmetrised by (see 4.18)

\/ (m—2)17] Z (_';’P 2_@ 1, n-2) %I(n—:,m)

R
: P

and similarly for the i} sz state.

The matrix element 1s therefore

(n-2)12| k<a~> Pot-»9 $oa|2, H | ) o,..m«..«;)wn-l,«))
P

! L<g ‘¥ L];8

{(n- ;) (2 H P —’%U \7[/; (1-1,1)

\P

g gt

Expanding the wavefunction on L.H.S. gives

f— , -

(k (1, ... m-2) ¢ O, m) o+ Lterms in which one particle in
the last pair is in % , the other in \/'J + [ terms in
which both of the last pair are ¢|.

and similarly for R.H.S.

The operator H) acts only on the last pair of particles.
(n-1)n

(i) - If both of these are in ¢ on the left, consider the

states of particles not involved. One of them is in a p
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state on the left and not on the right. Hence by ortho-

gonality all terms of this sort vanish.

(ii) If one of the involved particles is in #\ and the

other in \P/ on the left, there are two ;:;ssibilities:
(a) the one in \{/Iis in the 4 state. In this case an
uninvolved particle will be in the p state similar
to (1) above and these terms vanish as before.
(b) the one in k//’ is in the p state. Therefore the 4
state is occupied by an uninvolved particle; there
are n - 5 uninvolved particles in :E on the lefdt,

vt

so there must be n - 3 in 4) on the right, with one

in the d state, leaving one involved particle in

;Xg_ and the other in the f state.

/

_ . \ .

L.H.S. n-% uninvolved /
+ &// | (L,J(involved) A ( uninvolved)\\
IR % b

involwved
)2

"ln—B uninvolved) \
A{\ : ) Q (involved) o~,(um nvolvedz,

involved 7y

2o

Changing the order of coupling of angular momenta this can

be written (apart from constants)

L.H.S { Hio ‘b;”z( involved))} cﬁ; (vninvolved) )‘(

3 3 )

- 5
R,H.S.{ (4) {-}(involved.)) (f\,)/(uninvolved) }»
e 2

/Y 2 J
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, /
These are of the form {

{

and the matrix element becomesg

({%;A%EJ g ,,h\ “17/ %k}

and using the fact that H does not operate on aa/z,
(n=-1)n

inn

Jg(uninvolved)g 5

3 ~
3 Z

!4%!
.

3(uninvolved
Ly, )y

this may be extracted to leave a term

( ! (A - 1)11,” 1/7_).

which is zero, because H 1is a scalar and cannot couple

different values of J.

(iii) The only other possibility is that both involved

I'4
. . ! . .
particles are in V- and \# y leaving uninvolved ones

—

in + .

-

This argument, which is of a type used frequently in this

work, has reduced (#vq{ H E%O) to two-body form

o lilh )= (s, K, (B, %)) .21

where the two-body states are baken to be antisymmetric.

Now the transition to IS-coupling must be made.

Two particles with intrinsic spin 4 can couple to $=0, 1
Since J=2

(a) 8=0, L must be 2, gives IS-state D

L .
(p) 8=, L=1, 2, or 3, gives IS-states BP, “’D, or ’p.,
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Rewriting 4.21 as

((#\ \H () (,{)o> =

Then

——
C 3
~—~_
\aBE
—

3
~

)\.—./

1
Vi
S

N
—~
<

N
=
~

N
o
N

etec. , and since T +takes only the values 0, 1 the sunms
over T may be easily performed.

Purthermore

/1

U'\,%(\) JU’(Z))L =

%2

A % (4

AN I
. . \ . T Ceh '
é‘i L(z,.s/z»f r){z,-«'/z+"-/(‘z(7-+ |)(:iL.-H)J \2 Zﬁf} ‘\)l\ UZ)kr (5“«'6*“-’))
Q,L, - X

T=2L
etc. Using the table below and substituting espressions

of the type shown above into 4.22 yields 4.2%

Value of T Value of S Symmetry of I
0 0 | {111
0 1 [21
g 0 (2]
1 1 {44]
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/ ! [ART-S
’!Z\CJLz;‘[“] jié‘k é‘;'*,/gL =] L“Z)

(m» PRl g Al )

[ ((/z 3
where D'\L = [{2.”’/2“)(2&‘/7_'%1)(2 ¢+ l)(‘)L.-L PR i
(o Lo )
f [ 3 4]
of = LUJ F (23 4+1)0 04;y7L+|) Y 1
L X
¢ L2
2 = {(ZJ/‘H)(Z RADICAEIDICAENDE 4'/2 2%
(LA
b 3%
- (2-744'\-?(Zﬁ;/*'?)(?,;m) (zu—s)] 2 1 %
s A 2
L L2

and I = 1, 2, or 3,

In matrix language this may be rewritten as %

following terms: L
(1 Lo, ] x  hda { “[..] B, { ) Ezj X [d\;]
o
CORN PO N P ) ’T ‘ o | A
Fat Fe1 D, | *F § B.
mE| O | 1Ay ]
B
(3) e ) bd{®5 D, e ] o« ()]
() fﬁ'ﬁzﬁz}{%tjfioﬁ“‘!?. o | % B
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where

(2T + 1)(28 + 1)
E:;L (pd:fd) are the two-body

central force matrix elements.

It is the E's which are evaluated using Brody and
Moshinsky tables.

Consider a typical E,

E, (hedka) = (Rt o2 (1, L4 { 0D, )

et ral

{4342 -2 I
= {(Mzml\/m; A2 4 & (mdzM ’V,J(A{-ZM)}H
from 1.4

Brody and Moshinsky label the oscillator well levels by
*p Od; Of 04

and the matrix elements by

/ 4 /
(nqlgs mplys S | V() [ gL, mply, A ) 4.24

and so quZ (pa- £a) is given in terms of

(11, 02, 2m|V(r) | 03, 02, 2 m )
and (11, 02, 2pm{V(r) [ 02, 03, 2 m)

General evaluation of 4,24

(i) Find f>= 2n, +1, +2n, +1, and note the value of N,
both of which ghould be the same for each side.

This table gives the values of nl NL and p for a

particular A and /9 .
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A table is then drawn up as below,

nl NL [ ¢34 05 0 (4 & 2 3
abcd §
E
sum o A B c D
Table Ml of Brody and Moshinsky will indicate the

positions of numbers to be entered in the table above
whose rows are labelled by nl NL and whose columns
are labelled by p.

(iii) The second column is filled with products of trans-~
formation brackets <t > . These are given in Table

| of Brody and Moshinsky,

il

T AN f,(l,,12X; nl NL 5 p )nq, n

2

/ /7 .
£ (1,,12); nl NL 5 P ),! )

) v
nd {15 2y o

Nb., It may be necessary to use the relation

L=

- A ) = (_ . .
{1) = £(1,1, \ 5 nl NL;/ dn,, n,~ O £(1,14 X5 nl 1\TL,/]?1)rl
‘ 21
(iv) The element of the ith row and pth column of the

table above is given by the product of the number in
the corresponding row of the second column and a

factor which depends on row and column.
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This factor is given in Table [[ of Brody and Moshinsky

and is listed as

(v)

AT

s * B

B (nl,

I + C 12

/‘

nl, p) .

+D I

>

The final value of the matrix element is

+ . L4 [ ] .

where A, B etc. are the vertical sums of the columns

labelled by p and Ip are radial integrals.

There are two checks

(a) Sum of elements in second column

o

(b) Horizontal sum A + B +C +D + ...

Example (11, 02, 2 mv(x) | 03, 02, 2 m)
P =5, X =2 both sides

mlNnL| <Y a7 \ 2 3 b

ot 12| 0870828701770 2287

02 03 "0 eTug Ik -0 0TW83T )W

o2 v PO H22uq72 “0-H22u972

02 07 |TO0THs EXIs QT G 2T

IV o2 [ON22ud72 J#02860 242010 G124 900 |-0.392¢ Twe2

I 20 g-'$70 5}293“ 067900813095 8016 O‘SQ~‘37?"16:

O -0.0925 4w | 021896582 117728732 O 84T 12496

Hence

C tv(e)t ) = =0-09354143% 11 + 1-02895582 12

~1. 77728732 Iy + 0-84187296 I,

It is using these techniques that enable a value for

(¢b1\Hl #o) to be found.
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An expression for the Iég

Brody and Moshinsky, following Talmi, define

o
2 o~
I, = ( 2 : FP =T y(o) £ ar
T(p +53
/2 g

where v = 1 (=x, T. . in units of ©®

2

7
1

~t
and;V(r) = V(rij) =V
y
Ingerting these expressions into the definition and

in c.g.s. units

performing an integration finally gives

2p + 3
Ip = /30 in units of V
~ ] _ .2
where /5 S R — and o« = a /. o
o i + 2 b

The values of (‘#41 2| )

It is not possible to exemine the calculation of the
( ¢>j \E{¢,) in further detail here, The final numerical

values, obtained using a Gauss force of range
a =23 x 107 Pen

will Just be quoted.

¥ (PylEIf) wmits of Ve 5 (P HIF) wits of Vo
1 - 0:0080 8722 5 « 0-0250 8079
-~ 0-0008 4641 6 + 0-0058 1648
7 - 0-0072 8279
8

2
3~ 0-0011 1384
n ~ 00200 0774

+ 0-0222 0319
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Evaluation of the "M 4

The expression for the’\ 3 (4.12) involves the

Ej - Eo which are given approximately by differences in

single particle energy levels.

Me V
MeV ¢ ‘+g})
2
282 dgy
3:9%
253 Ay 7 h%—
Qa Ol% ' clg' ‘1

W

Kza o 4
o

N

The position of the £5,, level in ca®! is not well known,
however it is said not to fall below 6 Me V. It will be
seen later that the calculation is not very sensitive to

the position of this level.

These single particle levels are taken from Endt and Braams

(1957) .

Later the effect of raising the d5/2 level in mass 39

will be considered.
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The table below lists the (Ej - EO) and the “\.j

3 Ej - B, (MeV) M 3 (units of Vc)
1 1-95 + 00041 4729
2 395 + 0-0002 1428
3 6-00 + 0-0001 8564
4 448 — 0-0049 5607
5 282 - 0-0088 9390
6 497 - 0-0012 1939
7 6.77 + 0-0010 7574
8 8-82 + 0.0022 6845

In 4.15 the products T\j (‘% 0|U2|l96j) = W]j N(qu) are

required.

Ny NP

-0017 9583 x B/i_ x Ve
i

- 0000 %280 n n

[N

-0001 50%8 " "
£ 0107 3021 " n
-0249 5844 " d
0017 1095 u "
-0016 1361 " L

® 3 O W W NS
{
o O O O O O O O

- 0034 6511 " "

It will be noticed that the largest contributions come

from states 96 y 8and ¢)5. The f5/2 level in mass 41
is only involved in T\ 3 and "\ g 3 the contributions

from these termg are small,
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Using the result in Chapter 3 for'(\%o “/3(](ﬁ0), 4.15 can

now be written

YBNA N dea®®y )

. — b
= /3(3‘) { 1-0-0001 2873 V¢ J ?-0-0377 4261 VC} \)-_;: 4.2
(]

This is a function of x (since x= Vc/_50§ and ﬂ = =1:12)

which can now be evaluated.

Log,‘O f,t is found from 3.11 using 3.12 where

2d + 1

' , G
(Y] S T L)
Fafh s - '
must now be replaced by

o (penlpl ¢ o

given in 4.25 .

The result obtained is illustrated in Fig: 16. The
effect of raising the d5/2 level in mass %9 to 4 Me V is
also shown. This is calculated in just the same way, the
only differences being in the values of some Ej - Eo and
%g(x).

Curve a vzrepresents the crude calculation using a Gauss
mid range force with the d5/2 single hole level at
2:80 MeV,

Curve b represents the perturbation correction for the

same force and single hole level position,
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Curve ¢ represents the perturbation correction for the
same force with the d5/2 single hole level raised to

4 MeV.

It will be seen that there is great improvement, the
correction being of the right order of magnitude and sign.
The best spectrum was obtained using the parameters of
curve ¢ with Ve ~ns 30 Me V and this corresponds to

logyy .6 = 73 .

Once again there is an indication that to obtain the
same level of agreement with experiment a smaller value of

X should be chosen when the d5/2 single hole level is

raised.
In a perturbation calculation of this kind not too much
emphasis should be laid on the final numerical figure, it

is the sign and order of magnitude of the correction that

are important.

Some conclusions

The result obtained here helps to confirm the previous
success of the Gauss mid range foxrce.

In order to obtain some kind of agreement with the experi-
mental 1ogﬂ)fot it has been necessary to replace the crude
Jj-coupled approximation to the 0158 wavefunction used in
Chapter 3.

At first sight this would appear to be at variance with
the work of Goldstein and Talmi (1956) who related the

spectra of K40

and 0158 very convincingly, using pure Jjj-
configurations, without calculating or specifying the
nuclear forces, apart from the assumption of a two-body

force. Herein perhaps lies the explanation of the paradox.
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The basic problem is always to solve

{

H\Y =% %/

{

where H is the Hamiltonian and %, its wavefunctions.
It is usual to specify an H which is to some extent

arbitrary and approximate to Vb in order to solve the

equation.

Suppose now that there are a 'model} set of wavefunctions

qb and that some operator P exists that transforms the

'model! wavefunctions into real ones
ie. 70 - P<ﬁ

HPf= BEPP= PEG

then

Now assume that P posesses an inverse Prﬂ, so that

Pl E P ¢>==IV“P E¢ =B

{1
and this new equation is similar to Schrodingers equation,

but relates 'model! wavefunctions <# with a '‘model’

Hamiltonian P~ H P.

It would then be possible to deduce a good spectrum from
‘model' wavefunctions,provided a suitable 'model'

Hamiltonian were used.

Let the nuclear matrix element in /2 -decay be represented

CE B ¥

{
where \P is the final state wavefunction

by

‘f is the initial state wavefunction

/% is the decay operator.
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This decay problem could be solved eqgually well using
'model' wavefunctions, provided the decay operator were
suitably transformed into a 'model' operator,

ie. the nuclear matrix element would be given by

CARWEIE S

/
where fﬁ is the final state 'model' wavefunction
% is the initial state ‘model' wavefunction

Pr1/3 P is the 'model' decay operator.

However only thelreal’ /5 -decay operator is known and

the problem is not solved in this way.

As Goldstein and Talmi made no assumptions about their
Hamiltonian (apart from its two-body nature), they could be
considered to have used a 'model' operator, which with
'model' wavefunctions might give a perfectly good spectrum,
Here however the 'model' wavefunctions are of no use as

only the real operator is available.

This may be why it is necessary to approximate more closely
to the 6158 wavefunctions in order to explain the forbidden

R -decay than did Goldstein and Talmi in order to relate

the spectra of two nuclei.
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Chapter 5

The Spectrum and Electromagnetic Moments of Mass 37

The methods outlined in Chapter 1 eénable the energy
levels with T = 4/2, /2 to be calculated for the mass
37 nuclei. It is to be regretted that there is so little
experimental data available for these levels. The diagram

below summarises all that is so far known.

MeV
365 — »
My
300
209 -
MeV
257
7 24
229
-T2
- 4~ MQY R 7 +
B e — +
L pee— UL b2 —————— (L)
Ol ~ = =
A -+ Lo
s 1{5,})%) 6] @) —— 3/z o —%
27 3 27 ~ 3T
A (1) K (" f} (2> L(.(3)
- 2 — . . —_

The sources of this data are as follows
(1) Yamomoto and Steigert: Phys. Rev. 12135 600 (1961)
(2) Ferguson and McCallum: Private communication,

(3) Endt and Braams (1957)
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The lowest lying levels in A57, KB'7 would be expected
to have T = /2

It will be seen that there is a disagreement between
sources (1) and (2) in the assignment of spin to the
lowest A57 levels. The shell model predicts a 5/5
ground state for this nucleus, a fact used by Ferguson
and McCallum in their assignment of spin to the first two
excited levels.,

Yamomoto and Steigert note that their first excited level
in K37 was probably a doublet, not resolvable by this
particular experiment.

In 0157 there is possibly a level at 0-84 MeV. The
level at 3-09 MeV is believed to have 0dd parity as there
is an allowed ﬁ%—decay from 827 (7/5) to this level.

The problem of calculating energy levels and wave-
functions in mass %7 is very much greater than that in
mass %8, since three holes in the ds shell form more
states than two and larger matrices have to be
diagonalised.

Furthermore the mass 37 calculations were made at a time
when there was no definite evidence in favour of a d5/2
single hole level higher than 2-80 MeV,

Consequently only two full calculations have so far been
made, both of which use the minimum value for the d5/2
single hole level.

Fig: 17 illustrates the low lying levels obtained
with a Yukawa interaction (a = 1-37 x 10—450m) with the
Elliott and Flowers (01©) exchange mixture; Fig: 18

illustrates the spectrum obtained with a Gauss mid range
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interaction (a = 231 x 1O_q90m) using the Soper-like

exchange.

The spectra for K57 and A57

(1)

(2)

(3)

Both calculations predict T = 1/2 low lying levels
in 37, 237 with grownd state 3o
The earlier work of Elliott and Flowers (1955) who
used the interaction of Fig: 17 would suggest that Ve
takes a value ~40 M eV corresponding to x = 0-7.

In mass %7 this leads to two excited states with

spins 5/2, 1/2 very close to each other at about

1.1 Me V, followed by a spin (/2 state at 1-7 Me V.

This does not agree with the Ferguson and
McCallum spin assignment, but favours that of Yamomoto
and Steigert. In the latter case the 1/2, 5/2
levels are both too low and too close. The 7/2
level would be difficult to fit into this scheme.

In the case of Fig: 18, the conclusion drawn from
the mass %8 calculations (Chapters 2 and %) were that
Ve should take a value ~ 30 MeV (x = 0-5) for this
kind of interaction. In mass 37 a first excited state
with spin /2 at 0-7 MeV would be predicted,
followed by a /2 state at 1-1 MeV and a /2 stabe
at 1-5 MeV. This result again favours the spin
assignment of Yamomoto and Steigert; the calculated
levels are all much too low, but there is now a
O-4 MeV separation between the first and second
excited states (experimental value ~» 0'2 Me V) which

could only have been approximated to in the Fig: 17
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spectrum (keeping the first excited state as 1/5)
for too small a value of x(~ 0-5)

(a) It is to be expected from the mass 38 work that
an improved spectrum should result from the Fig: 18
interaction when the d5/2 single hole level is
raised.

Without detailed calculation it is difficult to say
precigsely what the effect of this will be,

However some tentative suggestions are

(a) the overall level density should decrease

(b) the 1/2, 5/2, 7/2 levels should be raised, the

7/2 probably being least affected

At the present time it is not possible to say which
interaction is most acceptable in fitting the A57, K57
spectrunl. These preliminary results favour the level
order given by Yamomoto and Steigert. The raising of the

d5/2 single hole level would increase the energy of the

excited levels, which is certainly desirable.

The spectrum for 015'7

Figs: 19, 20 reproduce the T = 5/2 levels obtained by
calculation applicable to 0157. Fig: 19 is for the

Yukawa and Fig: 20 is for the mid range Gauss interaction.

(1) Both inberactions predict a 5/; ground state

(2) Both interactions predict first and second even
parity excited states of spin 4/2, 5/2 respectively
separated by about O0-1 Me V. TFor the values of x

discussed above, the Yukawa interaction predicts
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(3)

More
nucle

fully

Magne

these excited levels at ~ 2 MeV and the Gauss inter-
action at v1-5 MeV,

The effect of raising the d5/2 single hole level in
this case would probably lead to a raising of the 5/2
level relative to the 4/2, which would itself be
raised. It is not easy to predict an even parity
level at 0:84 MeV., If such a level is to be found in
c1.27

, on the basis of this calculation it must surely
be of odd parity.
It seems possible that the excited stvate observed at

1.-72 MeV corresponds to the first even parity excited

state with spin /2.

experimental data is badly needed for the mass 37
i before the validity of these calculations can be

discussed.

tic moment of 0157

Blin-Stoyle (Theories of Nuclear Moments. 0.U.,P. 1957)

quote
magne

nucle

g the magnetic moment of 0157 ags 0:7 nuclear

ton, the single particle model prediction being O-1

ar magneton.

The magnetic moment J4 is defined by Blin-Stoyle (1957) as

where

and

/g,L=(JM=JE/{A(O VI M=3) 5,1
k\ - % R N\
t Q ) v Vb z! “ t
o= e (R R+ 29 k) oy
A = Ly ASAY L g4 N\R X,
// © 2 Me \. l ;!l ?L L Ll:‘| “ ~ §

J

L, S are vector operators

e /2Mc is a constant known as the nuclear magneton

)
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the g's are comstants given by

proton neutron
81, ‘1 0
8g 5-587 - 3-826

Using the Wigner-Eckart theorem 5.1 may be reduced to

r

/ J \ 222
M SJ@ + @I+ ) (7 M b3}

2

From the values of 81, for neutron and proton, the first

Term in the expression for A  may be written

A
éi. er, (X)) T (k) = fiﬂ L (p) a sum over protons
k=1 P only
-2 2 (=T @) ) T ()
1 o]
2.3
= YL i’t’o (1) T (1)
i

since 4/2 (1 —‘T% (1) ) = O for neutrons, 1 for protons.

)
Similarly the second term in ‘AAbmay be written

A, ; . -
> g Sy = 5 (RM+a ) S
b=y 5.4

Ve
! £ . .
F5 (go0-9, (1m) 260 St 222
} L
Thus in general the operator /m; can be expanded in terms

of the four operators

A

( Q i“do('\) RO ;:,ﬁiom S(i)

L
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Cl37 is a three proton hole system. It will be convenient

first to develop expressions for M applicable to the
three proton system and then exchange parbticles for holes

using Reedit's rule (Chapter 1).

}
Expanding /Lbusing 5.3, 5.4 and the fact that ke

= — 71 for
protons /f ) ] 5.5
o } 222
Replacing I by J — S +the amplitude matrix of 5.2
becomes
R REITE (8, () =1) sla)

sl (T 31 D)+ ()1 )T 18 (1) 2:8

These terms are easily evaluated using the Wigner-BEckart
theorem and Racah algebra.

In fact

(FRINT) = 3T + 12T + 1)

(Fis1a =y (J+’\)§LJS
3|

118

/"s(s + )28 + 1)

[

whence from 5.2 and 5.6

s LSRG

/u- ’J+(g(p)’i)\/—£-2—-‘li—)()§LSJ“

g 7]vs(E¥)(@s+)

2:7
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The calculated mags 37 states were expanded in terms of a

set of IS-coupled states i
Y= é—\a"tk}i,

and so 5.1 should be wrif%en ¢
M (ﬁ%‘“L(LQ\/A; \ ?§¢b4\k}>
2‘ f‘ '{'I'i. ’(rf,}/ (\L!/L ‘/U\\O \ J/gr)

R

= La&gzﬂ W{

i

il

S
I

'(}7-.

in matrix language (compare with 3.9)
The elements of the matrix [}X{\may be calculated
using 5.7 , and the matrix must be diagonal as the only

terms which can contribute have the same state on each

side of the operator in 5.1

'
61’7 nas 7 =3/2, 7 =>/2 and the form of [p,]1s

given below.

‘D P 2y “p +F *D P YP YE 2D
y

( WP X

L2

B P <:> Bé
b .
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Since 5.7 depends on L, 8 only (J being the same for all

these states) there are only four distinct elements X/.

For example

¥, - & {.’5. 4 (5587-1) 34 (3%'%” §2% st\]‘fx/,zz ]
TR e AR
= 0.1239 ¢&
2Mc
Similarly
Yo = 3.7935 B /ome

)3
Yy

6. 5457 eﬁ//2Mc

]

—2.6283 eﬁ//EMc

Changing from protons to proton holes has no effect in
this case as Racah's rule predicts a sign change

(_)k + 1

where k is the rank of the tensor operator and the only

/]

terms involved have the operator L or S/l .

Expression 5.8 was evaluated using the calculated J = 5/2,
T = 5/2 wavefunctions and the results obtained are shown
in Fig: 21,
Curve a represents the Yukawa two-body force

(a =137 x 107 2cm)
Curve b represents the Gauss two-body force

(a = 2:31 x 10~ Pem)
both with d5/2 single hole level at 2-80 Me V.

In each case it will be seen that intermediate
coupling can increase the single particle value by the
correct order of magnitude. Assuming that an acceptable
calculated/ﬂulies between 0-5 and 0-9 n.m,, then x is
restricted as follows:

Curve a: x > 0-58 Curve Db: 0-26 < x « 0-76

- -



These values of x are quite consistent with all the
work described here and it would not be sensible to
distinguish between the two curves in this instance.

As the (5/2,5/2) 0157 ground state is of the lowest
configuration in the jj-coupling limit it is thought that
raising the d5/2 single hole level would make very little
difference to these results.

The final conclusion is that the single particle value
for the magnetic moment of Cl57 can be greatly improved
by intermediate coupling, but that the calculation is not

unduly sensitive to the various parameters.

Quadrupole moment of 0157

Blin-Stoyle (1957) quotes the quadrupole moment of Ol57

as =0-06 x e x 10™%en® with a single particle value of

~0-08 x e x 10~ em?.

The quadrupole moment G? is defined (see for example

Elliott and Lane (1957) by

Q= /16T (g M=J{Q2| 7M7) 5.9

B e ] it

5

N
|

where Qg = e féf(g (p) 2 (p) , a sum over protons only.
P

Using the Wigner-Eckart theorem 5.9 can be reduced to

/;’/16W [ 327 - 1)
J 5 \7(J¢4)(2J+1)(2J+5)

Q = (T2 ) 5,10

[ SN

Racah algebra enables the amplitude matrix of 5.10 to be

written
((8"T)HT ha% § (51)T ) )
BN I IO R {2 i S(If h Q%) 5.1
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In order to evaluate (T | Qzﬂ L) it is necessary to use

fractional parentage coefficients and expand the three-body

states I , T in terms of two-body states.

) —! i L
o - g e e dw)

Z
vow

L. 5.12

i @ — _ / % AR
2 o TAGENGL

i

Also fo; a three proton system (the change to holes will be

made later) 2 2 5
Q, =3¢Y, (3 & (3

Inserting this expression and 5.12 into (L/H Qen L) and

using the fact that the operator only acts on particle 3,

(CIGIL) = 3, 4. 4 o o S (¥, ¢ (@)

A 4
-
Yo Lk o
x (@] ¢ {f-zflj{f AT
210 L

o«
vow  (¢IYAA) = (L W YR he) ju ) YU )
W' "
Q

and terms like this have already been dealt with in

Chapters 1 and &.

The only contributions are from

— 2

> 2 ~ 5 [7 b
(@{y" r=§a) = 5 J s ﬁ; s a4
N2 2 ) S T

(@Y= r=l s) = 5 J =

since \{2 cannot couple two 1 = O sgstates.

-9



Combining 5.10, 5.11, 5.13,

StL+L+T \
q = J’16T' J(ZJ—-’I)(ZJM) %(ss) (=) (87 1] /%
(J+’l)(2J+3) 21 3[(2L+4)(2L+’1)‘

L 'y
w30 Lo o (Eng LW

L 5.15
v L 222

which can be evaluated using 5.14 .

The calculated wavefunctions are expressed in terms of a

gset of IS-coupled states

o . [T l\f_',a;% | G, | %',zm\

1]
IR
=
=
Qe
5:
/‘\
<
ad
i

= Lo -] Mot~ x {( |W 2:1¢
U' ‘ L
w g |
L" JLJ
in matrix language.
. (l o L 2]
The elements of the matrix \\J 5 QO * may be evaluated

directly from 5.15.

This time in changing from particles To holes there is a

change of sign, since Racgh's rule (Chapter 1) predicts
(_)1 + k

and the operator is a tensor of rank 2.
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H
P

[16 T '

i
| emsimct e,

'y 5 Qi J for 0127 (J=5/2, T=5/2) is given

below. It is symmetric because expression 5.15 is

The matrix

-

{ ——
symmetric in 8, S 3 L, L s L, L 3 and 1 is always

even.
D P Zp kp v 25 2p 4p YE
& (to)L“D ! 2 3 (7 Yo l
LI Bla v 5| O s 0 O P
& 1 M5l s LEE )
( 1y
o (”)\qu S 7 5’ oo 12727
L F b 4 2 2K
i (snup 7 18 4 o o O 23
Ay | 9 P20 a1 2a TG 20
I I L
] (35 F 27 28 iy G
AP ?( Gy > | 23 2y o e
The zero's here are due to the & 's in 5.15.
Element Value Element Value Element Value
1 e ebs 0 ~%%  eb° 20 75 of
2 2% . 11 e . 21 “j’T”/S‘ .
3 32V, . 2 s, 22 7%,
R 13 11/:.25 " 03 W%
5 -.l% . o V25e o4 o
6 Mo 15 s, 25 s,
7 —284< 16 % " 26 2 ”)E?f?; "
g —4VTg. , w e, 27 TS,
9 —Bs. ., 18 L3, 28 2WVZo

-
19 Dq%/é 1
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These non zero mabtrix elements have been worked out
directly from 5.15 and 5.14 taking the fractional parentage
coefficients from the sources mentioned in Chapter 1.

b was evaluated in Chapter 1,
bgy = 1-950 x 107 Zen.
Expression 5.16 was evaluated using the calculated wave-

functions and the results obtained are shown in Fig: 22.

Curve a is for the Yukawa interaction (a 1-37 x 40"45cm)

Curve b is for the Gauss interaction (a = 2 %1 x 40—450m)

i

Once again there is little information to be obtained
from the result. If an acceptable calculated value of
lies between -0 050 x e x 10" em® and -0-070 x e x 10724, 2
then both curves are satisfactory for x<0-9,.

The effect 6f intermediate coupling is to slightly
shift the single particle value (~0-053 x e x 40—240m§ in
this case) nearer the experimental figure. The difference
between the single particle value obtained here (and
checked by a pure Jjj-coupling calculation) and that quoted
by Blin-Stoyle (1957) is probably due to different .ways of
estimating D.

The conclusion to be drawn from this calculation is that
the quadrupole moment of ClB'7 is fairly well described on
the single particle model. The effect of intermediate
coupling is a slight improvement, but the calculation is
very insensitive. The agreement between the experimental
quadrupole moment and that predicted by the shell model is
an indication that the €127 nucleus is not perticularly
deformed and so should be better understood on the basis of

" the shell model rather than that of a rotational model.
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Chapter 6

/?-Decay in Mass 37
/

Some of the nuclear wavefunctions obtained from the
mass %7 calculation have already been used to estimate
electromagnetic moments, in the last chapter.

Others will be used in this chapter to calculate log ft
values for various /g -decays.

The available experimental information is summarised in

the diagram below.

i—SEMJAAAQW } ,/// T;y

Poitoy h=722

(Pleowed S _
LL(_“'g__t-t: G- C}) g

SR e A
{ ol +

-
Z
z

37 T= 3/2

(g

The composition of some mass 37 wavefunctions is described

in appendix T:T.

The mirror transition K27 At 227

The details of this decay are

+
K37 Bz, =2y B, 137 B2, n = 2)

where K57 and K57 are mirror nuclel.
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The theory of allowed /g ~decay has already been
discussed in some detail; see the first part of Chapter 3.
As the isotopic spin is the same for both nuclei, there
will be contributions from both Fermi and Gamow-Teller
terms (3.1).

The Fermi term is easily calculated from 3.4, putting
T ="/2 ana M = T2 (ror 427y )

2 o Mo Voyo =2 v 4) =4 6.1

B
for this /3+ decay.

The Gamow-Teller term

A general expression for the Gamow-Teller term has been
given in %.5 .

Defining

ENOACEN AOLIOTNICERD

o
N

|

= (Tfsf(1;1515)[f3(?/)L'j“%;q;(j)o-(j)u T 8(111215)[f](X)LJ)

where (111215)[_f](5) L denotes a three-body orbital
" angular momentum state with 111215 of the three
particles coupled to form a state labelled by
symmetry [yfx and any other quantum numbers (¥ ).
Nb. In this case 1, 2, and % are not particle

numbers.
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Using the fact that the operator in 6.2 acts only in the

T, S spaces and not in the I space,

.
AN

e

N=§( @1 £ 1, (g1, B)Ef](a{)L) 6
‘ L ‘ ' b :
x | 23"+ (23 + 1) | /2 w(zos'1:87) (2 120 @) ) 98)

from standard expressions of the Racah algebra.

For three particle states

(r's | 53(3) cHlire) =32’ NG TG T 8)

and expandlng these states in terms of two particle states

coupled to a single particle

i CE, TS
b - 5, (REIHn)
—I2% C;;
6.k
&[» TS) = & cxi' {%l(fé—)?«gg(t/))}"s

123 \’,

where the a's are coefficients of fractional parentage,

the above amplitude matrix can be written

o4 U Y — T
25 é, a_, 0% ({Lkz‘rbav s”"{(s)c*(s) I W;ZCM $>

- g% ZL_-P' a% a Gq <}> l (a)“i })({ ‘/’Sj HO‘“’“?H’U

using an abbreviated notation for some of the symbols in

6.4 .
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Since the operators involved only act on the last particle,

with the help of Racah algebra this expression can also be

written as

Y \S(S s o100 S) (Elcnt) (s lelin)

which reduces to a single sum over %’ as the &'s imply

_—/

L(a'sy = (TE)
For single-body states
t =t = /2

s =8 = 1/2

and so 6.2 can finally be written

- (8 (L) ) UL ) L)

% | T4+2S+ L+ gLTS)
- s 7

g 6.2

and G° = A N , see equation %.5.
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However the calculabed mass 37 wavefunctions are expressed
as o linsar combination of certain IS~coupled states,
A
\I/ = 2( Ay "]_L ;
v a
= {, %g

and so for the purpose of this calculation

G2 = A N
= A ( 2“ (‘,» lwt,; “ @ ) {i; = L.LL )2
y %

= A ( z;%. ok, (o, O ¥
where ((j represents the decay operator (see 6.2) and

\% o ¢, ) is just N evaluated between the

/
known states 4/3, Y ; using 6.5 .

G2 can be evaluated by matrix algebra just as before, sece

3.9 .

The elements of mabtrix C(Q] with rows and columns labelled
by the IS-coupled states having J = 2/2, T = /2 are
calculated directly from 6.5. Some sources of fractional

parentage coefficients are mentioned in the first chapter.

The matrix Lﬂﬁland its elements are given for convenience

in Fig: 23 (1) and (2).
In this decay A +takes the value /24 (see 3.5).

G2 was evaluated as usual and log,lO f t calculated from
3,1 using 6.1, the results obtained being illustrated in
Fig: 24.

Curve a represents the Yukawa and curve b the mid
range Gauss wavefunction.

If an acceptable calculated log,lo ft lies between %-5 and

%:7, then both interactions are satisfactory for O<x .
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Thus the calculation is very insensitive. The Gamow-
Teller term is of the same order as the Fefmi term, but
does not wvary much as the parameters change.

It can be said that this mirror transition is well
enough described by the single particle model; the very
slight effect of intermediate coupling being an improve-
nent, although the wvalculation is too insensitive for

deductions about the interaction parameters to be made.

The allowed decdy A57 M—Ehg% 0157

The details of this decay are
+ Ec +
837 Gpo, =2y =55 0137 Bz, n o= 32)

The E.C. (electron capture) process can be treated in the
same way as a ﬂ&—decay; since it involves the capture of
an orbital electron by the nucleus and the conversion of
a proton into a neutron, equivalent to a /ﬁf—decay.

In this particular example only the Gamow-Teller
term will contribute on account of the isotopic spin
change.

The theory developed in the last section can also be
applied here. xXpression 6.5 may be used to evaluate
elements of the matrix {(@] and G2 found from 3.9 as
before. The matrix [ (] together with its elements is
given in Pig: 25 (1),(2). 1In this decay A +takes the
value 1/52 (see 3.5).

The results obtained are illustrated in Fig: 26, where
curve a represents the Yukawa and curve b the mid

range Gauss interaction.
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If an acceptable calculated log,lO ft lies between 4°8 and

52, then x is restricted by
Curve a: 0-34 <« x <« 0-6
Curve Db: 018 £ x « 0-35

These values of x are rather smaller than those hitherto

associated with these interactions, see Chapters 2 to 6.

The result should be slightly improved by raising the

d5/2 single hole level, which usually leads to smaller

values of x YDbeing acceptable.

It will be seen that this calculation is more sensitive

than the previous one, although it is still not

sufficiently so to enable distinctions to be made between

the interaction parameters.

The forbidden decay 857 el Cla‘7

The details of this decay are

837 ((T2)7m =52y LTy 6137 (3ol 0 =32

which is of the unique first forbidden kind, Jjust like

that discussed in Chapters 3 and 4.

It was decided first to evaluate 1og,\O fot using a crude

approximation to the 357 wavefunction as for the

forbidden /3—decay in Chapter 3.

Calculation using crude 837 wavefunction

The lowest energy odd parity configuration of 357
g="7/2 is

. (,, TMeU b wea
.(/)4)7'(!,“/2 )1 (Q,“)/ )‘( (/,&S/7 ) <2_/)\/z) (Cl'&/z )Lr/!’?/: %l e
b

103
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If this is to decay as a first forbidden transition to

+
Cl57 (5/2) the only part of the chlorine ground state
wavefunction that can contribute is

8

{w%f(ﬁaf(h%fr(&y)(
L) U] () s (2]

( lv] NI N AL
{

3, \.o'(a\
z
J

and so the nuclear states may be represented by the

following simple wavefunctions
s77 7, () X, (D = ¢

01’ a3, (D X () = )/

o

These wavefunctions may be inserted in 3.12 and fot found

from 3%.11.
Defining

w20 Ko e o o Xeo)
as in 3.15 and using the properties of Y _

N = (d. () H T o' X') ),)H 47 0;3

which is closely related to the quantity evaluated in

Chapter 3. This time

=i\ £

N -

N

b
: 7 )y be
The value of 3.12 is now ‘/47

For this decay

B

o =47 MeV =9-29 (mc?)

]

b 5.069 x 1072 (R /me)

the functions a(z), b(z) being approximately the same
as in the Chapter % case.
Proceeding as before ylelds

1055‘o £,5 = 6-72

in the jj-coupling limit, to be compared with an experi-

mental figure of 7-2.
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So far no use has been made of the detailed 0157
wavefunctions obtained from the mass 37 calculation.

Writing an equation analagous to 3%.15

logyy £,6 =6-72 — 2log,, /3 (x) 6.6

st B

where/g (x) is now defined as the coefficient of that raxrt
of the 0157 wavefunction which contributes to the

decay, ie. ( dap )"'5
2

Now the calculated wavefunctions are expressed in terms of
a set of IS-~coupled states and /8 (x) is the coefficient
of a Jjj-coupled state. The transformation matrix between
IS~ and jj-coupling is not readily available in this case
and so use has been made of a slight trick in order %o
find /3 .

The following discussion has been restricted to d5 con=-

Tigurations which are the only ones involved.

The calculated wavefunctions are expressed as a linear

combination of the following IS-coupled states with
J=72/p2,1=7/

{213 Led (in)

i y 1

b2 42 L2 Yo G4
o) ® @ P @ D - F

The corresponding set of Jjj—coupled states are formed from

(X

O

t‘-'\ Wi

Ty Yy 3\(s
2 \ ] \ = K:

%) %) (’;y%\l {'-i>
“ iy, A 2/, 2 \z} L2 -

In general there is a matrix transformation between eigen-

—

vectors labelled by the IS-coupled states, and those

labelled by the Jjj-coupled states,
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(gf'7@qu b, b, &y &g tg“ V%bojoéfbw
/\%)‘(%> b = . o ) ) 209 Han™*® PLI [21]
]| S ]
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W e

where f%(xﬂ is the appropriate coefficient of the (5/2)5
part of the wavefunction, &, two t5 are the elements
of the transformation matrix which enable f% to be
calculated; s, to 55 are elements of an eigenvector
expressed in terms of LS-coupled states which
renresents the 6157 ground state.

If the +'s were known, ﬁ% could be determined for any

IS-labelled eigenvector.

However in the ji-limit at x = O it is known that
the jj—coupled wavefunction corresponding to the lowest
eigenvalue is pure (5/2)33/~ and since the mass 37 calcu-
lation was performed for ; = 0, the d5 part of an eigen-
vector labelled by IS-coupled states corresponding to the
lowest eigenvalue is available.

Hence in the jj-limit the matrix expression above can be

written
= - L ar 7 2
ol CoEs by by s |lpe e D
5)E)) o = R RV NS bfprhﬂ
e io Lo ps o) [ D )
2 C i
ERTEAS . S ke P
ki)(zkv 0 Putor | ] lﬂnW(n)
2 : "
] R L S

where from the normalisation of the wavefunctions

Si (O) ::ti ; j_:/l, 00095«
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Thus the t's are just the coefficients of the a’ part of
the eigenvector corresponding to the lowest eigenvalue
obtained by diagonalising Hamiltonian matrix [H]

(described in Chapter 1, 1.2) for x = O .

/g (x) is given by
QG =2t p 6 6.7

1

where 55 (x) are for the eigenvector corresponding to

the lowest J = 5/2, T = 5/2 eigenvalue, repres-
enting the 0157 ground state.

The correction in 6.6 proves to be small and will be

illustrated for the Gauss mid range force in Fig: 28,

curve .

Calculation using corrected 857 wavefunction

It was seen in the last section that the forbidden
f% ~decay of 857 could not be satisfactorily accounted
for using a crude approximation for the S57 initial

state, even when the 0157 final state was considered in

detail.

It was decided to try and improve the 557 wave-
function using the perturbation theory technigues outlined
in Chapter 4.

As the calculation is very similar to that described
before, very little detail has been included here.

The nuclear wavefunctions are expanded Just as in
4,11 where 96 now represents the 857 wavefunctions and

%/ the 6137 wavefunction.
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An equation analagous with 4,15 can be written
@RI TARACH)

AT N RS Zemgat ilpid) &S

=]
N

|~ £ \} -2

A

/’}‘

The possible ¢} and %Q’Which can contribute are listed in

o ——— AL Do L
F o, f-ae (YA, ) + Fale 2, Wi, )

Fig: 27. Once again all those states with one oscillator

quantum (4 w ) of excitation have been considered.

(1) The last term in 6.8 is of second order and so may be
neglected.

(2) The second term in 6.8 is the coupling of 4Q_with
cﬁo via the /3 operator. As \féis an exclted state
above 4@ , 1t must have more than one proton in the
d5/2 orbit and ¢Q,has no protons in this orbit. The
operator can only change one neutron into a proton,
hence coupling between \#i and <¢B via the /g
operator is impossible, so this term must be zero.

(3) Other states similer to the c/v? listed in Fig: 27 will

not contribute, for one of the following reasons:

(a) 4% must have J = 7/2
(b) The operator can only change angular momentum by one
unit.

Finally 6.8 can be reduced to a form resembling 4.15

() 119 7)
. . | 6:9
- peo 727 (Lpnde) + £, (BRI, )|
i J'J -

where (42 u/gn <ﬁo ) was that term considered in the las®

section and /2,(X) is given by 6.7.
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The wavefunotion.%tis written as an antisymmetric version

(see 4,18) of
{om hk b
(), {501 50,

The wavefunctions ¢3 to ¢g are written as antisymmetric

vergsionsg of

{ \/\33 where 1. = J )w
) L )y

by s
37 Moy ool Ty

QRICARIA LN

e L o ’ 7’)§Q

(that these last expressions are equal can be seen by re-
coupling the particle groups and taking into account the
permutations)

In the above ( L}denotes a group of closed shells.
The angular momentum J 4in the #%Fwavefunctions must be
equal to 2, a fact which appears éuring the calculation,
as a tensor operator of rank 2 couples the group of

particles with spin J +to a group of particles with spin

ZEero.
Defining

N(cpy) = (%, I %“"’z"i-(‘r\*\'ﬂf | 5/’2)

just as before, the ﬂ:—decay matrix elements are worked

out as indicated in Chapter 4 using the wavefunctions

described above. J N(¢j)
1 B x Y
) 3 \ﬁ? 0
4 3 V% "
5 -2 i "
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The ﬁiqin 6.9 are given by 4.12 and are evaluated as
before, the numerical values for the Gauss mid range

force using the single particle energy differences of

Chapter 4 being quoted below.

J M M 5 N

1 —0-0055 4105 x Ve -0-0151 7479 % /7 x Ve
2 -0-0099 4368 ~0-0352 9656

3 —0-001% 6331 +0.0024 1963

4 +0.0012 0272 +0.0022 8200

\J1

+0-0025 2620 " -0 -0049 0040

Equation 6,9 can now be written ( c.f. 4.25 )

@) a1 $(57))

= in-o«wol%ﬂ%z\f'Jﬂ;~—O-OSO@‘hN2_VL}£D<%} 6.10

-

Logqo fot can be found from 3%.11 using %.12 which now

takes the value

R ICGEON Wl NONGHOY

and the result is shown in Fig: 28.

Curve a represents the calculation using a crude 857
wavefunction whilst curve b represents that using an
improved wavefunction.
Once again the correction is of the right order of
magnitude and sign.
If an acceptable calculated log,‘O fot lies between 7-0
and 7-4, then x should be restricted by

curve b: 0:32 <« x «0-58
which is in agreement with other estimates of x for

this interaction in both mass 37 and 38.

=110~



The effect of raising the 65/2 single hole level
will be felt mostly in the evaluation of perturbation
coefficients and from the mass 38 result this should lead

to the same level of agreement with experiment for a

smaller value of x.

It is to be noticed that in this kind of calculation the
Ji-limit approximation to the forbidden [g—decay 10840 fot
value 1s improved mainly by btaking a more detailed wave-
function for the odd parity state of the parent nucleus.
The detalls of the daughter nucleus even parity wave-

function are only of secondary importance
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Chaptexr 7

Conclusions and Matters Arising

‘In this final chapter it is proposed to summarise
the conclusions reached at each stage of the work, review
the problem as a whole and lastly indicate extensions of
the calculations; an outline of possible future invest-

igation of topics arising from this thesis will be included.

The mass 38 calculation

The calculation of energy levels and wavefunctions
for the mass %8 nuclel has proved to be a sensitive one.
It was necesgsary to employ variations in exchange mixture,
range of two-body interaction énd single hole energy level
in order to obtain even a fair approximation to the
experimental spectra, ( Chapter 2 ) . The wavefunctions
were also sensitive to these parameters, exemplified by
the calculation of/% -decay log £t values, ( Chapter 3 ) .

Concerning the energy levels:

(1) There has been great difficulty in keeping the lowest
(1,0) level sufficiently high. This level tends to
dip below the (%,0) ground stote as the intermediate
coupling parameter is increased. In the most satis-
factory spectrum so far obtained the lowest (1,0)
level has been kept above the (%3,0) for a value of x
consistent with the /3-decay results, but is still
too low. |

(2) There has been difficulty in obtaining satisfactory

splitting between the (0,1) and (2,1) levels, both of
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which originate from the lowest configuration in jj-
coupling. ¥ven in the optimum gspectrum this is still
too small, the necegsary correction being a raising
of the (2,1) level and a lowering of the (0,1), which
would also improve the position of the latter level
relative to the lowest (1,0).

The bulk of these energy level calculations were
performed at a time when the available experimental datp
was restricted to the four lowest levelg in KBS, (exeluding
that e 1°7 MeV ), and the two lowest in AJS Tt is the
variation of range and exchange parameters to which these
levels are greatly sensitive. When some higher energy
levels became known the calculated results were improved
by variation of the d5/2 sinzle hole level, which was
uncertain from the beginning. Tuckily the two effects are
practically independent and the information concerning
higher levels did not lead to reconsideration of range and
exchange, which had been determined by fitting the lowest

known levels.

There are three/% —-decays in mass 38 which have

been of interest:

(1) The allowed decay Kaé—e A58 , which proved gsensitive

to range and exchange parameters, bubt insensitive to
the single hole level position.

(2) The forbidden decay Cla§_e_A58 , which proved almost®
completely insensitive to the A58 wavefunction. This

decay could only e satisfactorily explained by taking

a detailed wavefunction for 0158 in apparent contra-

diction with the sucessful work of Goldstein and Talmi
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who used a very simple approximation. A suggested
resolution of this paradox was given at the end of
chapter 4.

(3) The allowed decay of Ca58 ; which is sensitive to
the position of the d5/2 single hole level, This decay
will be mentioned again later. The result obtained
in chapter 3 tended to confirm the experiment as far
as it went, however there is a suggestion that the

observations were incomplete,

In order to obtain a fair approximation to the low

energy spectrum and explain the /Sdecays, the following

parameters were required:
(a) A Gauss mid range two-body interaction,
a =231 x 10~1% cm,

(b) A Soper-like exchange mixture

A/|5 = -7

22" = ~0.7
2%% - _0.26
21 - soes

(¢) A d5/ single hole level above the 280 MeV minimum
2
suggested by Middleton ( Chapter 1 ) and provisionally
taken at 4 MeV,

(d) An overall two-body force strength Vo ~ 20 MeV,

The range of the force used here is longer than that
required by Elliott and Flowers (1955) at the beginning
of the shell. This might appear inconsistent were it not
for the fact that the nuclear mass has doubled and other
workers ( notably French and Raz, Levinson and Ford )

require an even longer range force to fit the spectra of
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Ga42, Ca45 at the beginning of the pf shell ( Chapter 2 ).

These longer range forces could not be of use in the p

4
shell, but do seem to be needed in the Ca¥o region,

The mass %37 calculation

Only two detailed calculations were performed for
the mass 57 nuclei, both utilising the minimum d5/2
single hole level position. One of these used the range
and exchange parameters which proved most satisfactory
in mass %8, the other had those found best for the mass
18, 19 problem by Elliott and Flowers (1955).

The calculations have proved on the whole rather
insensitive to the various parameters:

(1) As far as energy levels are concerned the different
interactions do predict different levels; but there
is insufficient data available for serious comparison
to be made. Also the effect of raising the single
hole level has yet to be investigated.

(2) The single particle magnetic moment of 0127 can be
improved by intermediate coupling; but once ggain the
calculation is insensitive to the parameters. The
quadrupole moment of 0157 is already close to the
single particle value ( indicating an undeformed
nucleus ). The slight effect of a very insensitive
intermediate coupling calculation is to bring single
particle and experimental values even closer,

(3) The calculation of several mass 37 /B-decays is
described in Chapter 6. One of these is a forbidden
transition very similar to that in mass 28. The

others again prove insensitive to the interaction
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parameters and can equally well be explained with either

set.

The forbidden 2 -decays

These calculations stand apart from the rest of
the work described here, They were made because an inter-
action which proved satisfactory in describing other
/Z—decays in mass 38 failed badly with Cla§«”§.A38 when
only a simple approximation was used for the 0158
wavefunction.

When the odd parity ( 0158, g57 ) nuclear wave-
functions were improved using perturbation theory, the
correction to the log,IO fo t was of the right order of
magnitude and sign, the final result proving almost
independent of the detailed even parity wavefunction

corresponding to the daughter nucleus ( A58, 0137 ),

Review of the mass 37, 38 nuclear structure problem

The work described in this thesis represents the
first detailed investigation of the structure of the mass
37, 38 nuclei. Such an investigation has not been made
before owing to lack of experimental information
concerning the single hole energies in mass 39.

The calculations have been carried out using
standard mathematical methods and techniques.

There is nothing startling or revolutionary about the
results obtained; they indicate that this kind of shell
model calculation can be expected to give a fairly
reasonable account of nuclei at the end of the ds shell,

The agreement is not as good as that obtained by

~116-



Elliott and Flowers (1955) for mass 18; 19. In particular
the energy levels have not been fitted so easily.

There is doubt concerning the d5/ single hole level,
indeed the difficulties may stem from ca™0 not being a
good 'closed shell} nucleus. There are signs that this

kind of shell model begins to break down at 0840' the

- ?

o

ebsence of clearly defined single particle levels in mass
39, the apparent need to vary the range of the two-body |
interaction from nucleus to nucleus in going from the
beginning of the ds shell to the beginning of the pf; both
tend to support this idea.

Elliott and Flowers (1955) find that the value of Vc
required for the best spectrum is higher by about 5 MeV
than that needed to fit the/B -decay data., Conclusions
of this kind may not be formed here; the agreement between
calculation and experiment being insufficiently precise.

French and Raz (1956) have been quoted as saying
that it was easier to fit the Ca45 spectrum than the Ca42;
{ Chapter 2 ). Whether, when more experimental data
becomes available, the three hole spectrum will be easier
to fit than the two hole, remains to be seen; however
there is less difficulty in fitting the /g-decays in mass
37 than in mass 38 by virtue of the calculation being much
less sensitive %o the interaction parameters; ( a fact

A
also true for the 01)7 electromagnetic moments ).

When thinking of possible ways to improve the
calculation it is necessary to bear in mind the limita-
tions of the model. It may be feasible to correct the

lowest mass 38 levels by a small variation of range or
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exchange mixture designed to improve the splitting between

the (0,1), (2,1) levels without adversely affecting the

others,

Whether, if this could be done, the interaction

would prove satisfactory in mass 37 is not obvious, but

in any case more data is needed for this nucleus.

Otherwise an alternative approach at the end of a

shell would be to consider the effect of higher config-

urations formed when particles are excited into the next

shell,

This is felt to be more realistic than a

consideration of core particle excitations, which may

lead to a deformed nucleus and are perhaps more likely at

the beginning of a shell., It is difficult to Justify

these remarks and the following simple argument‘is nod

all-embracing.

ah —— T Ay
\\\\/’ ‘lt’s/z

p —<_ L3
\\ ‘4'1/
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T tatg/z

b ez =y
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o~ = = mm e lpy

ORCCLL a ko~ \eramediaty
we {0 wWell wikth shin

~oy il ‘—c‘fcg
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The diagran illustfates
the level scheme assoc-
iated with a well shape
intermediate between
square and oscillator
taking into account spin
~orbit splitting,.
(Blliott and Lane (1957))

In the oscillator
well the energy gaps
between different shells
are roughly equal, but
this is not so for the

more realistic well,



(a) Consider a nucleus at the beginning of the ds shell
- which in its lowest energy sbate has some holes in the
d5/2 orbit. Suppose it is desired to form a low energy
configuration with one quantum of excitation.
The simplest possibilities ares
(1) The excitation of a d5/2 particle into the lowest
level of the next shell, ie. f7/2 .
(2) The excitation of a p1/2 core particle into the ds
shell lowest level, ie, d5/2 .
Of these less energy is required to form (2) and in
this instance core excitations would probably be
considered first when taking into account higher
configurations.

(b) Consider a nucleus at the end of the ds shell which in
its 1owesf energy state has some holes in the dB/g
orbit. If it is desired to form a low energy config-
uration with one quantum of excitation the simplest
possibilities are:

(1) The excitation of a d3/2 particle into the lowest
-level of the next shell, ie. f7/2 .

(2) The excitation of a pﬂ/g core particle into the
lowest available ds shell level, ie. d5/2 .

Of these less energy is required to form (1) and so at

the end of the shell it would probably be more realistic

to consider this kind of excitation when taking into

account higher configurations.

The result is unaltered if, in order to retain the parity

of the original state, either

(1) the excitation of two particles by one quantum, or
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(2) the excitation of one particle by two quanta
to form higher configurations i1s considered.

These arguments seem quite consistent with the
experimental fact that rotational spectra ( associated with
deformed nuclei and hence core excitations ) are'observed
more towards the beginning of a shell than the end.

It is not then expected that a rotavional model
would improve the mass 37, 38 results; indeed Judging from
the quadrupole moment of Cl57 this nucleus does not appear

in the least deformed ( Chapter 5 ) .

Further work on the mass %7, 38 problem

Possibly the most urgent extension of the calcula-
tions described here is the evaluation of energy levels and
wavefunctions for mass %7 using a higher value than 2-80:
MeV for the d5/2 single hole level. It will be interesting
to see precisely how this affects the spectrum and
quantities deduced from the wavefunctions.

No attention has yet been paid to the calculation of
electromagnetic moments in mass 38. This would be a quite
straightforward and; if any experimental data is available,
worthwhile exercise which might provide further information
concerning the interaction parameters.

The possibilities of the Ca’® [3 -decay have not yeb
been exhausted. In its present state the theory suggests
that decay to at least three (1+,O) levels in K58 should
be observed and decay to only one has been recorded. I¥
would not be difficult to extend the calculation and
predict the branching ratio of the decay:to each level,

%8

thereby estimating the lifetime of this Ca state.
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In mass %7 there is an allowed /4 -decay

637(() T——>A0157(('57“) T=% )

23°%2

with logqo £t = 42, A description of the odd parity 557
ground state was given in Chapter 6. The final nuclear
state is probably the lowest lying odd parity state in 0157

and is likely to consist of the configurations
{(Dyfi(\u (k)" (o H,) (27 f (do ) Prere )
g 1% (M’(hm (dsg ) (22%)" by, Jhrewen
[ () (o) (dsg)® (2 ) («kayzw% jremerem ]
{00 (ko) (1o ) TAsg ) (2) g Jhooee
both of which are states of 'mixed' T. However it should
be possible to find some combination of these which has
= 5/2 and the decay might then be investigated.

The magnetic octupole moment of 0157 has been
measured according to Schwarz ( Phys. Rev. 105; 180. 1957 )
The value quoted is =0+0146 x 10'2& cn® and that predicted
by the single particle model ig -0.008 x 40“24 cm2 which
is down by a factor 2. The predicted value is said to be
small on account of cancellation between spin and orbital
contributions. The magnetic octupole moments of 0155; Ol57
are somewhat unique in that they fall outside the Schmidt-
like lines. It would be possible to calculate the octupole
moment using the mass 37 wavefunctions and this might be
more sensitive to the interaction parameters than were the

magnetic and quadrupole moments.

Further application of the forbidden;@ -decay techniques
i

The main criterion for sucessful application of the
Chapter 4 techniques is the existence of relatively simple

models to describe thecﬁg, %L states.
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Finally it must be emphasised that the work described
here is only a first attempt at detailed investigation of
1 the structure of the nuclei of mass 37 and 38.' As more
experimental data is published the inadequacy must surely
become obvious. Nevertheless it is by such painful
processes as these that man gropes his way towards an

understanding " de rerum natura."

-123~



Appendix T

Some expressions for the ds shell radial integrals

Fach of these expressions should be further multiplied
by a factor 1 4/2& 4/2
7 €
See text ( Chapter 1, page 18 ) for explanation of the
symbols.

!

F?Q/f) = ¢ 1

123 Hi - 632 Hh,+ 6100 Hb ;= 33C00 H.+ 1204¢0 Hkq}

FO(AZ) = ‘il_{oi_(’g H\1,+ BQHR;"Q’QL\' th"'l;‘-\r‘f Hh,-@zu,mzl_lk{!

Fo ) %O 63 Blo= 112 Hh,~ 112 Hhs - 2088 Bl w192 H\l,‘]
E* )

il

\!

39 [ 1Y - ¢H SUL (47 Y
EB“\“ SHE,twg Hbkg MzH\msgum“\]

tf

Fd,20) = i};["; Hlo+ 80 Hhy 4272 Hhy — 2033 HL#ZquHhﬂ]

(;(Aﬂn) = %[(SH\1.~93 HL,+ 8uwgHj . -(7z0H $-17+zmzﬁiu.,}

2 —
M a25) = 70 [‘swh,wm\; 32 b= (72 Hhy + 3450 H \\q]
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Appendix IT

Some Central Force Matrix Elements

2 .
g matrix elements

(158'438) A15

70(22)

ds matrix elements

(M | oy} A, o o
(31D lan)k = L (F (d,28) + G (d,ES))

(o | Tyl = 4 (#°¢a,20) - Gz(d,2s))

Two=body coupling term matrix elements

13 1% -
5| 2] 2eaioe)
gl 2 5

I

(a%| &2)

1 1% -
(@] as) | % _ 2MP(a?,a06)

3 %] ==
DI A ) J 35

It has not been found possible to include the three-body

matrix. element expressions; there are a great many of

them and it hardly seems worthwhile devoting several pages

to quantities which were not derived in the course of the

other work describved here.
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Appendix ITIT

Some mass 38 wavefunctions

These wavefunctions correspond to the calculation using

the Gauss mid range force with d5/2 single hole level
at 4 MeV and x =04 ( Ve 32 Me V )
(a) In IS-coupling

(2,00 (L,0) (o) (he) (2,0 (2,0) (3,7)

G ' +o-z9 - 4077
2
S : © to ,
" p ) - 030 -0y
e ‘063 - =-0-25
"D 007 -0k7 - 409 - -0.53
> : : - C +oes -
"E 4021 .
33 , . . . +0:69 )
"¢ +o0q7 - ' :
Y6
dp (2] ';D +0:02 4054 - -0« : 10-82
7 D . ~0-22
(3 " D +0.22
*» . ' . - —0-i0
i BC: . 40172 402y . .
oo C 4015
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Some mass 37 wavefunctions

Appendix 4

These ILS—~coupled wavefunctions correspond to the lowest

levelrs dbtained nsing the Yukecwa force with

(Ve 3% Me V)

£ (37 (o) D

20y =5
F
e
(23 (10) °D
'
(z1) &P
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D
‘D
2
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-
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¥ H
i G 2P
) 2 F
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“q
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(13) 2D
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(31) 2D
() 2&
&
l21) 2¢
) *P
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W
(1) *F
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Y
ds 3D
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