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ABSTRACT

The major shell wmixed Nilsson meodel which incluées
hexadecapole deformations predicts states from the 1g,,
subshell in the low-lying energy level spectra of #g2sS-jl2s
in a way which is mot found experimentally. The ground
state spin cannot be explained with this model for
reasonable values of the deformation. These diffiéulties
are removwed when a Saxorn-Woods function is used Ior the

radial dependence of the one body potential. i good fit to

o d

he experiaental levels is then produced for accepted

deformations, but only if the RPC term is considerably:

. +

reduced. With the pairing correctior the model has beenrn
used to predict the full low lying rotational band spectrum
2% the nuclei with ¥ = §1 to 97. Only three adjustable
parapeters were used to each rucleus to fit the complete
spectrum. It was possible in several nuclei to obtain the
correct level sequence apd in most to confirm level
assigoments, and the adjusted parameters were in good
agreement with accepted values., Bowever, the aécuracy éf

this method is imsufficient, in most nuclei, <o provide 2



. reliable prediction for as yet unidentified bands. The lack

of good overall ag:eemeﬁfs in the low lying spectra of these . ‘
nucleil confirms that thé core shape parameters do change

fronm ore band to another. The stripping and pickup

differential cross section are in reasorable agreement with

experimental data.
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I INTRODUOCTION

(A} Theoretical Background

In ocder to explain the ftructure of the nucleus,
many nodels have beea introduced. HNost of then were
developed from twvo aspects: 1) The pucleons in the fucleus
are described by éonsidering that they move independentliy of

o

each other ia a potential well and 2} Tke nucleus is ,

described hy the collective motion of all of the nucleons

~

and independernt particle potion is ignored. ‘

The nuclear shell model mainly represents the
developrent of the independent particle aspect. There are
three models derived from the shell mocdel: The ext;eme
single particle model, the single particle mqgel, and the
individual (independent) particle model. In the extirene
single particle model the nucleoas ir the nucleus move
independently in a2 mean potential. Most of the aucleons are
paired so that a pair of nucleons contribute zero spin and
zero magrnetic moment. The paired nucleons thus form an

inert core, ard this nodel therefore predicts that the spins



and the magnetic moments of the even—even nuclei are zero.
Iﬁ the case of odd wmass nucleil the properties of the nucleus
are characterized by the unpaired nucleon, and for odd-odd
auclei, by the unpaired proton and neutron. .Very strong
experimental evidence exists which supports this point of,
vieu, when a nucleus &ontains the so-callea "Magic Numser".
The model also pr;dict the electromagnetic ard the nuclear
ground state properties of the nucleus in texrms of the
uncorrelated ﬁotion of a single particle in the specified
nean potential.

A refipenment of the extreme single particle nmodel is
the single particle model in which states of several
particles afe inveolved. Tﬁe nucleus consists of filled
shell wvnich contain the maximum cumber of neutrons or
protons allowed by %the Pauli principle and of unfilled
shells containing "loose"™ particles. All the loose
particles are considered ir describing the properties of the
nucleus. The nuclear wave function is Tepresented by the
confiqguration of its loose particles and is given by the
Slater determinant. It is found that this model can explain

many nuclear properties such as the spin, the magnetic

moment, nuclear isomerism, and stripping reaction
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spectroscopic factors.

In the individual particle model all the nucleons in
the ducleus are take into account. This model is also
referred to as the many-particle shell model. The wave
function for one configuration of the nucleus is the
properly antisymmgtrized Slater determinant of the single
particle wave functions of all the nucleons in the nucleus.
This model has been successfully applied in the prediction
0of the energy levels aand also the binding energies of light

ruclel.

The liquid drop model (Bohr and Kalckarx 1937) was
based on several properties of the nucleus which are similar
to the properties of a liguid drop: The nucleons in the
nucleus correspond to the moléculés of which a ligquid is
composed. The similarity can be visualized in three
alternative way. The density of nucleus which is
independent of its/;;;F is analogous to the density of a
liguid d-op which is iﬁdependent'of its size. The radius of
& nucleus which is proportional to the.cube-root of 1ts mass
number is apalogous to the radius of a liquid drop which is

proportional to the cube root of the number of tkhe molecules.

The binding energy of a nucleus which is proportional to the



mass number can be compared to the energy needed to
evaporate the drop of the liguid into separate molecules,
this is surface erergy of thermodvnamics. And heace the

energy is proportioznal *o the number of molecules.

Both the nuclear shell model and liquid drop model
achieved respectability by their overwhelming success. The
shell model has beer most successful in explaining only a
certain rumber of nuclear features, and it does not provide
a gomplete description of the nucleus. It was particularly
successful in the case of nucleil composed of a closed shell
plus one or a few additional nuc;eons. In the closed shell
configuration the nucleus is spherical. The addition of one
Or more nucleons produces only a small deformation.

however, nidway betweern closed shells the situation is
differeat. The nuclei depart appreciably ZIrom the spherical
form and collective mo*ion involving mary nucleons becomes

importarnt.

Criticism of the liquid drop model were based on the
unliguid iike nature of nuclear matter. Molecules in a
liguid have long-range interations and are essentially

iocalized, whereas nucleons have short-range interations and



are not localized. Even so, we nowadays believe that the
ligquid drop like collective motion plays a very important
part ir nuclear spectroscopy. Its existence is demoastrated
aost forcefully by the systematic appearance, throughout the
periodic table, of the low lying 2+ excited states in
even—-even nuclei (Scharff-Goldhaber (1953),
Scharff-Goldhaber and Weneser (1955)). These states have
ground state transition strengths of very many
single—parficle magoitudes. Such large strengths can only
be envisaged as the cooperative effect of many particles,
that is as a collective nmotion. For the rare-earth and
.aCtinide nuclei, these strengths are especially lacge and
+he excited state also have large guadrupole moments. The
interpretation is that these nuclei haﬁe highly defozmed
equilibrium shapes ard should consegquently exhibit
rotatioral spectrea. Other nuclei have little or no static
guadrupole noment, but still show large transition strength,
which are interpreted as being derived from a collective
vibration of the nucleus about 1ts spherical eguilibrunm

shape.

The unified (collective) model (Bohr and Mottelson,

1952, 1953) encomnpasses some properties of both the shell



model and the liquid drop model. Their céntribntion was to
shift the collective motion of the particle densify to the
collective motion of the independeat particle field. 1In
this way the ceollective and particle aspects of the nucleus
could coexist gquite naturally. The shape of the nucleus
based orn this model is iznfluenced by the field force (which
correspond to the longe-range part ¢of the two-body
interaction) which texds to align the nucleon orbits and
create a deformed nucleus, while the short-range pairing
féécé tends to scatter nucleons isotropically and stabilize
the spherical shape.thhe equilibriua shape ¢of the nuclieus
depends therefore on £ﬁé balance between these two principal
ingredients. The deformation iz the shape of the nucleus
leads to modes of excitatior which are classified as

vibrational and rotational.

Under +the unified model, there are ftwo main aspects:
One is that the aligned wvave function is derived
phenomenologically by combining the single particle
wavefunctions of a2 deformed potentizl well, it may be
described as the defo-med shell model, 2 pacticular example
of which is the Nilsson model (Nilsson 1955). The other

aspect is where the aligred wave furctions and the field are
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derived by self-consistent methods, thkis is called the
Hactree-Fock (HF) self-cogsistent field.method in which an
approximation is made for reduciag the problem of many
interacting particies to one of a2 nop-interactiag particle
in a £ield. It neglects a large par£ of the interaction

force which is called the residual interaction.

. Ir considering the.residual interaction the HF method

has been extended by the several theorTies: The -
guasi-particle theory (which is called the BCS theory after
Bardeen, Cooper, and Schrieffer, 1957 a2ad which can be

regarded as a2 generalized HF theory) 1s designed to take

account of +he short-range par:t of the residual interaction. ‘“*
The time dependent Hartree Fock theory (TDHF theory) is made

to describe the excited states and, in particu.ar, o take -
accourt of the long-range or field-producing part of the

residual interaction. This theory goes under the other(;ame

RPA (which staads for the random-phase approximgtion), the
Juasi-boson approximation, and the method of linearized

egquations. The TDHF theory has been used most extensively

in the cj;;31ation 0of nuclear ceollective vibrafional
excitations, particularly for the low-lying quadrupole and

octupole vibration and for the high-lying giant dipole
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excitation. - ~
o \,
AN

This thesls ahd the papers (ﬁi;d and Huang, 1873,
1975) are based on{{ga unified model ir which the Nilsson
model with a Saxon—-Woods potential was used to calculate tThe

iong-range interaction and the 3CS theory was chosen to

cepresent the short-range interaction.

b
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(B) General Considerations

One 0f the features of the half-£filled shells of both

neutrons and protoas is to

th
]
<
(o]
[ =]
H

the aligaed couplicg of

their wave functions to form & stable deformed nucieus.

Thete are three deformed mass regions: A=25 (Regioz I),

152<¢A<190 (Region I, a2nd a>224 (Region IIT}.- When

rucleons are added cutside a closed shell they first occupy

the 3-proje tion, Q. o-\yhe empty j-shell at Q&=1/2<<j which

have a den51tv dlSt‘lbugiOﬁ copcentrated along the polar

axis, so tha* prolate deformation is fouad in nuclei with

less than half filied shells. ©n the other hand, bevond

half filled shells +the holes in the coaplete shell tend to

be in orbi+ts with ©@=j which have a density distribution
] Y

concen+rated in the eguatorial plane, the shapes of these

nuclel therefore favour the oblate deformation. So the

prolate shape is favoured for -0<n<j+1/2 and the oblate forx

J+¢1/2<n<23+1, where n

valence shell.

is the number of nucleons within the

X
%

Another feature of +he half filled shell is that the

residual interactiorn,

that is the interaction which cannot
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be described in terms of the averag; field potential well,
plays an izportant role 1ir a discussioﬂ of the deformed
odd-A nuclei. The BCS theory was used to treat the
short-range compornent of this residual nucleon-nucleon
interaction. Thg theory provides a2 mathematical formalism
for describing/éhe experimental fact that the nucleoans
prefer to exist as correlated pairs and that these pairs
co:tinpohsly scatter from one orbit to another. According
to'this zodel, which has strong experimerntal support, the
Fermi surface in a real nucleus is not‘sha:p, but diffuse,
with £he consequence that the elemerntary excitations of
odd-a nﬂclei should be thought of as one guasiparticle
states, not as single particle_states (Nathan and ¥ilsson
1965, Ogle etc. 1971). The effect of this %:eatment
é:ovides huch more realistic predictions of reactlon Cross
sections acd transition probabilities than does the single
particle model without pairirg correlation which often foram

the main basis for a particular state assignment.

Some nuclei in the region of a half £f£illed shell are
believed to follow more the aligned coupling scheme than the
pairing coupling scheme because thelr pairing strengths are

not strong erough to generate a diffuse Fermi surface and it



levels in these nuclei are describable as rather

11

is not appropriate to apply the BCS theory to these nuclei.

Mass number A=25 (Region I) is

}-‘a

r this picture. The low
ensrgy structures of the odd-A deformed aucleil in the
rare-earth mass (Region II), wheres the examples of both ths
aligned and the pairing coupling scheres exist, ace
remarkably well described by a unified model which takes
into accourt rot only the independent particle motion

(¥ilsson 1955) but also pairing correlation and collectiva

phenomena (Nathan arné N¥ilsson, 1965). For example, in

nearly all the well studied cases, the first few ene

g7

o

u

H
]

Nilsson one—guasiparticle states with their asscciatad

otational excitatiorns.

g}

Nilsson (1955) made in +his pioneering woTk an
analysis of nonspherical nuclei which are characterizsd by
thz presence of the rotational bands in thair structure.
His model has beer very successful in understandizg the low
1ying single particle levels of many odd mass numbsr nuclel

which have permanent defornations.

Because of its success, the crigizal formulation of

the model has been extended in sevaral ways. Sone exanmples



oI these zZe, 1) The inclilusion of the interaction betweern

particle states and core excitations, so that both may be
considered simuitaneously. The interaction is known by the

names of Rotation Particle Coupling, RPC, and band mixing

(Kermar 1965). 2} The particle states which are eigenstates

0of an ellipsoidal poteatial in whkich all three principal

axes arze different have been calculated (Newton 1940, Hecht -
and Satchler 1962: Chi and Davidscn 1963). This is described

as the triaxial model. 3) Eighero déformétions iz the

syzmetric core have been added. The next ﬁighe: order of
deformation beyond the spheroidal shape which retains axial ‘
symmetry i1s the hexadecapole terrn Yg (Xjallquist 19s58/59,

Harada 1964). It has been established that in certain mass
Tegions oune or xore of these extensions to the model nas

important conseqexnces zand i1n all cases the existence of

these extra terms has been detected experimentally.

The extersions to the Nilsson model have so farc
nostly been confined to the angular part of the Haziltonan.
Ia almost ell published calculations the harmonic oscilator
radial dependernce of +the original model has been retained.

There aresconputational advantages to using the harmonic

oscillator potential. It is the lowest order ever party



potentzal and the matrix elements all have siaple algebraic
forms. The centre of mass effects, which ace usually

neglected, can be separated in a unigque way froa the

b

nternal motion (De-Shalit and Talmi 1963). Howaver avern in

s

h

m
[4]
ri

iginal formulation some rmodification of the siaple r2

feT]
1)
o)

perdence 1s Teguired to match the obsezved siagle partic

=

e’

(=

evel spacings ané Nilsson added a2 term CL? to simulate the
ilevel ordering of a somewhat flatter radial potential +han

the harponic oscillator. The j splitting 2£ the shell modsl
was generated by adding a spin-orbit interaction Dles ghic&
also was_assumed to have 2 harmonic zadial dependence in %he

carly theories. These two terms introduce two arcbitrary

-

contants C and D, or alternatively the coastants k = C/ (2fw)

and U4 = 2D/C of Nilssom. It is interesting %o notice that

the L2 ipteraction represents a modification tg the angular
—_

1

epandence which is introducsd in order %o azinimize a

cdeficiency i the radial part of the potznitial.

i further computational advantage of the hacmonic
oscillator potention is that N, the radial guartum zumber is
approximately a good quantum number for the spheroidal
potential states. Nilsson showed %that the ¥ mixitg zmatzix

2lements are relatively small, and ke neglected them iz his
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.

~

mumg:ical calcuations. He "also provided an alternative
CTepresentation which, though it is exactly diagonal in ¥ is
ozly approximately diag$§§; inp the acgular guantum numbers.
It bas been verified by dizect calculation that~she’ N mixing
1
does not gualitatively change the Nilsson diag:am,\?B;
example there are 1o changes in the level ordering, so that
12 most situations this approximation is guite justified.
however there are three experimentally relevant applicatioas
of the ¥ilssorn model where N mixirng plays a decisive role,
and there is reason to believe that the poor agreegent which
occurs after incliuding the N mixing interactions originates
in the harmonic oscillator assumption. The first, and the
obvious reguiremert for irncluding arn iznteraction between
different ¥ skells is where two levels from shells differing
by 2 i N cross each other. Iz the mass region A=153 to 171
it is found that the large positive deformations which occur
there cause the highest two levels from the N=4 shell tb
C-0sSs the lowest two levels from the N=¢ shell. The 1/2+
levels in several of these nuclel have been 1identified as
strongly mixed states of [400] and [s00] ard two 3/2+ levels
as mixed [402] and [651] states. Calculations using
harmonic oscillator functions £ail to predict the nmixing by

an order or magnitude at the observed energy separation of

4



. Y . )
;nese.levels (Ande:56$"$?68, Kanestrom, Tjom and Bang 1971).

The reguired mixi:a can hovever be obtaired by adding a

~ -

hexadecapole tecpm 2:-' The higher zultipole teras Y?
S

imt-oduce di;é&t rixiagy across X majof shells and the N &>
Y+I matrix élements are nuch larger. No general
investigation of the N diagonal approximation has been made,
though the presence of Lexadecapole and possibly higher
terms has been established in several mass regiors, hovever
some conclusions ?hich are obtained by adding the Y9 term to
2 siagle skhell Haéiltonian {Tucner and Trainer 19s8) are
Zfound to be changed when a larger.basis involving several ¥
shells is used (Hird 1971). I+ may be that calculations
vhich are made to coropare the hexadecapole and higherx

% -
deformations with experiment may be, at most, gualitatively .

valid {darada 1964, Rebel et a2al. 1972, Hendrie et al.,

1958) wher harmonic oscillator states are assumed. The
third area where N mixing is important, but .where the model
does zot give agreement is ir a reaction mechanisam waich is
specially sensitive to the nuclear surface. I neutTon
pick—-up Ceactions the X mixinglggﬁ the effect of changing
spectroscopic factors between mixed Nilsson states 1in the

1d-2s shell by about a factor of 2 (Kzoon et al 1971). The
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effect of the harmonic oscillator assumption (Rost 1967) i;
not too serious on the strongest transitions, but those
which go by way of N mixing, and are otherwise j-forbidder,
are quite unreliably predicted. 1In the calculation of two
neutron pick-up spectroscopic factors the predictions using
the technigyue developed by Bayman’and Kallic (1987) for
Saxon—-Woods bound states are éuite different f:om those
using a reaction theory where the bound states are described
by harmonic oscillator wave function matched to a hankel

tail (Glendenning 1965) .

It more recent calculations, vhere detailed fits to
experimerntal levels vere pade, the excitations of pairs of
aucleons from the core were taken into account by the
guasiparticle +rarnsformation. Iz the region of large
permanent deformations, this transformatilion generates
Nilsson quasiparticle states which are significantly closer
together thar they are in the ¥ilssor diagram, so that their
separatilions have the correct order of magnitude to fit the
experimental band head energy spacing. when the particle
states have the sape order of spacings as the rotatiocnal
bands spacings, then the Coriolis coupling, which mixes

barnds, becomes important and this can make detailed changes
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in the level spacings, and also significantly change the

spectroscopic factors of nucleon transfer reactions.

This thesis describes calculations in two nmass
regions: One is mass—-25 and the other is mass-153 to 1s65.
The Kilsson diagram of the deformed harmonic oscillator
potential was compared with the deformed Saxoa-Woods
potential in calcula*ing the enerqgy levels of the mass-25
nuclei. After the comparison of two potentials in the
mass—25 region, the deformed Saxon-woods potential was

chosen to calculate the mass—153 to 165 region.

The singlelparticle nodel with the deformed
Saxon—-Woods potential adopted for nonsphérical nuciel with
axial symmetry is described in Section IXI. The formulation
of the Hamiltonian of the deformed Saxon-woods potential
with a pairirg force is given. The assumption of the
inconpressibility of nuclear matter is taken into account by
making small changes in the mean nuclear radius up to second
order in the deformation parameters. The deformed wave
functiors are given in terms of the spherical Saxon-—woods
potential basis. The BCS theory is used to calculate the

core energy-

-
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In Section III, two computer programs are described
which were used rfor the numerical calculation. In *the
méss—25 region the total wave function and its associated
energy were obtained by three successive diagoralizations of

o
different terms ir the Hamiltonian. The spﬂerically
symmetric part is first diagornalizeé in a harmonic
oscillator basis by using the numerically integrated radial
matrix elements. The second diagonalization generates the
deformed single particle states in a basis of the
spherically symmetric eigenstates of the first
diagonalization, aad finally the core and RPC.terms arce
diagonalized in a basis of the deformed states. Only two
successive steps were used to diagonalize the matrix
elements of the Hawmiltoniar for calculdting the mass-153 to
165. Thke deformed part was first diagopalized in a basis of
the spherical Saxon-Woods eigenstates, and then, the core
and R2CP terms witk %the pairiag force were diagonalized in a

basis of the deformed states.

The resulis and conclusions are described ir Section
1V. There were two subdivisions: (4) The energy levels of

Mg2s and al2s using a2 Saxon-Woods potential are compared

with the levels using a harmonic oscillator potential. The
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Nilsson diagrams for these potentials both of which have
guadruple deformations, are similar, but the Nilsson diagrasm
is quite different when a hexadecaple deformation is added.
The Saxon-Woods potertial yields a more correct level
sequence for the deformed states than the haramonic
oscillator potential. (B} The results of the energy level,
stripping and pick-up cross section of Smis3,

Gd1ss,1S7 159,161, Dy1S7 159 161 163 apnd Zrlél 163,185 yere
caiculated by the deformed Saxon-Woods potential. The
aumber of adjustable parameters were kept to the minimum
which is needed %o coupletely specify the model. For
example, a single energy parameter £2/2g,, which represents
the quantun of core rotational energy, completely determines i
the Coriolis Coupling betweern bands, and the decoupling

parameter witkin K=1/2 bands, and hence determines the level
spacing within bands. The shape of the core and the

rotational energy are expected to change with the number of
nucleons in the core, so the three parametecrs Fi' /ifand

£2/2g_ were allowed to vary from one nucleus to another.

many well defined rotational bands have been identified in

this regioz of the permanent deformation; there is

considerable interbard mixing and some major shell mixing.

Oz the other hand many levels remain to be incorporated into



the model. A particular difficulty in €itting this range of
nuclei, containing several differen*t neutron numbers is that
the odd valence neutron is £found to occupy the sane
372-[521] orbital in nuclei with different numbers of core
neutrons so that level crossing must occur between such
isotopes. _The problem of the §ositi¢e parity states is more
complicated than for the negative parity states, with more
band mixing a2mong more closely spaced levels. These
positive_parity states were not considered in the
calculations, except where the ground state has positive
parity, in which case the celative excitation of this
particle state was also included in the theoretical
predictions. The single particle states had.to be calculated
for both positive and negétive‘pariéy states 1n order

to determine the Fermi energy in the guasiparticle
transformatiorn, but only the negative parity states were

afterwards cetained for the subseguent diagonalisations.

There are seventeen tables and twelve figures in
Section V. The Feferences are in Sectien VI. The two
appendices are in Section VII. The detail calculation of the
matrix elepments of a Haplltonian with a sphercical

Saxoa—-Woods potential basis and the guasi-particle



transformation are included in Appendix (iA). The computer
program, which was written for the mass-153 to 165

calculation, with its flow chart, i1s shown in aAppaendix (B).
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II DEZSCRIPTION OF THE MODEL

(4) Hamiltonian =

The total Hamiltonian, in which the last odd anucleoxn

is added to the deformed even-even core of the nucleus, can

be schematically written

H=Hy +H, #H ot #Hppy === === e e e e e e

Where Hp represents the singlie particle motion with respect

to the core in the body fixed coordinates, H. is the
Bamiltonian opsrator for particle states occupied by the

core nucleons, H,, describes the rotatiomal motion of

ct
b

nucleus, and H,
ipntrinsic ard the Totational motion of the deformed
zven—even nuclear core. The eq (1) may be 2xpressed as

follows

_ 2fcr.%,8) £ A
fip =Hgp ~¥o 2, T’R (Pt (O Xl (O) =g % ]

R YFR, 6\ . S
S e AP ARSI OB LT AR 4E) ]2}

pc is the Coriolis interaction coupliag the
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Where
___k i | 9Hr) 7. -
Hgp === =V, £ (2) + () 2V -F—%L(r—ﬂ-ﬂ‘ ---------------- (3)
With
£(z, e)~{1+exa[ (--B)/a‘)}-l --------------------------- (4)

——————————————————————— (5)
Angd
H(rR,8) r_<= r Ro\ -
T‘Ig;g, —exa( y[ T+exp { ) e ——— (6)
R, 8) | - Y-R, Y-Ro. o _
5 RE Y a;em( )[1—exp( a, Lrexo (=) 1 72
------------------------------------------------- (65)

Here the deformad Saxon-Woods potential is used for
calculating the single partials energy and wave fuactiorn.

The h/myc in the spin-orblt term of =g (3) is the J-mason



Compton wavelength. The Pauli-spin operator 7 and orbital
angular momentunm operator_i are given in units of h. The
parameters it the Saxon-Woods potential are the nuclear
radius R=r A1~3, the surface thickness 4,, and thz depth of
the central potential V.. Vg, is the spin-orbit constant.
The-F% and ﬁ% in e3(2) are guadrupole and hexadecapole '

N L
deformation parameters rTespectively. The term —(J§L+l§;)
it R guarantees volume conservation to second order in the

deformation parameters.

The H, .t 2and Erpc for a symmetric rotor abpout the

3=a2xis 0f the deformed even-aven core of the nucleus are

B :—ﬁi IZ+'Z—IZ—'2] --------------------------------- (7)
rot .2.? [ 3 h) 33 .
-3
Fr?c--3r7[1+3‘+"“]*} ---------------------------------- (8)
With
4
I7=32 210
I¥=I, R iI,

Here I=R3+J is the +otal angular momentur which consists of

the rotation part 8 and the total intrinsic part J. Because

-
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of the assumed syrmetry about the 3-axis the relation R;=0

or I;=J; holds. The total spin I is a coastant of motion,

but J is not because of the presernce of HWC'

The particle states occupied by the core nucleons
feel a short-range force which tends to couple the particles
pairvise to form a stable J=0 configuration. The

short-range Hamiltonian operator (BCS) 1is

Ho=Z (£,-)M) (ata +at, 2 )-6 F at at.a,a, ——-— (9,
In the notatien, E,is the single particle energy of eg(2)-
>{H) is the Fermi energy for which the state |4 0f the last
odd particle outside the core 1s blocked, 2, and a:, are the
arpihilation and creation operators, and G i1s the strengh of

the pairing force.
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{B) The Solution 0f The Hamitonian

The approximation which is made to obtain the
solution of eg{1} is that the rotation of the nucleus is
slov enough that the intrinsic motion can be considered %o
be independent of the Totatioral motion at aay moment, that
is the eigernfuntion can be separated except for the RPC term.
Under this assumption, the eigenfunction of eg (1) in the

absence oI RPC can be expressed as follows

- / 2 z=4/2 =
1B, >= (%a"'tnik (8) 2% + (=1 Dk (8)a% , 14/ ---= (10)

Here M and X are, respectively, the 3-projection of the
Totation wavefunction in the space-£fixed and body-£fixed
coordirnate. 9@ is the wavefunction of the corce
corresponding to a scolution of eq(9) and is obtained using a

trial wvavefuaction method employed by the BCS thsory *o

satisfy
<]€="}T£*(U‘fﬂ)+‘!)f“)a:afy)]0> ----------------------------- (11

and
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|;.L>=|jp_>=a):?g ----------------------------------------- {(12)

Here (0> As the bare-particle vacuum and y is the index of
the particle inside the core. The reguirement for

normalization of the U;’“ and v;“l is

AR I A D I B T (13)

The siagle particle state of the spherical nucleus (j& ‘

>, which is the solu%tion 0f eg(3), is

. . / 3
130>=1p300>=7Upig (DVZ BAL130Ygp (6.4 ) frm =====mm==- (14)
, A

! . . . -
Where ?UP)SL (r) is t.he radlal eigenfunction of eqg(3),

m(v,p) 1s the angular part and 7‘ is the spir function. A

N

/ and £ are the projections of the orbital angular moam=ntua
< . / . .
/ ~and the spin s=j. P 1is related to the radial quantun

/ nupber of the harmoric oscillator ¥ by mean of tha eguation

P (B ) /2 I e e e e e (15)

the wﬁlejn.) in eq(14) is Clebsch-Gordan coefficient. .-



The eigenfunction of eq(Z),"};, is calculated by

expanding ir the spherical basis function §jg>, that is

lfjc_a,ﬁzjgn e (1s2)

Tor the negative projection

with its eigenvalue Ex. The extra index t is izntroduced o
distinguish between different Nilsson levels in the same

oscillator shell having tke same projection quantum

The wavafunction of eq(1} when the Coriolis

interaction is included is

5 (z.n)=£_n.§_ Cm@by

QI+ z - x
7 ':'T;),Z-}_ % CKM[DM (Blaf (-1 22D () 2%s 4]




where the coefficients Crgu are determinad after the

diagonalization of the matrix.



{C) Matrix Tlements

The matrix element of eq (1) is calculated by using as

a basis the eigenfunctions of eq(10)

- —

—

Lo MBI OB ]y vE vE tHeo VIR g, >

" P
= EM 6\K‘K S‘L’AA‘-:‘? (S\K‘{ 5{4’}1+_-‘25 {[I {(Z+1)

7

-202 ]gx'lc E.'M'"%C,'nu'c‘}'_ma 3 (j+1)gk'k} +<§'<,’-M'l H’F"— lét’/M>

Where the matr-ices of Hp and H. are diagonal, and theair
expectatior value are, respectively, EK. and E:. The j2 tern
contributes both to the diago.nal and off diagonal elzments.
3y using a variational method (Rowe 1970) for eq(9) the

total energy of even-even core-with state 4 being blocked is



=;-5:“[2(,5;->i‘“ }AVSAY) 2=G (VLMY @ Jmm e e (19)

with

s=2§“(vy( 1))y 2—————-—-—-—-*---——-----—----—----—--f---— (20}

Ej“’=[(5;“‘>?“)2*(ZfﬂJ)z]l/z'f ------------------------ {20a)

u;m={T'[ 1+ (aj—/\m)) /5);0“ ]} S {20b)

v}n):{1—(U5M))2]1/2-;—-;ijl ——————————————————————————— {20¢)
Where

‘ﬁcu)=Gﬁ§LU£M)YﬁM)—--_--—d--*---—---‘------—_‘--———:—-_(205)

fy=fy TV e e e e e (202

Here N is the true particle number ir the system and GVZz,
whick is small in comparisor with E; in eg(20e), can be
neglected through eq(19) to eq(20d) in the self-consistent

calculation.



Frem eq (A-8) (see apgendix), the eq (10) can be

written as

-

5 2
<§3‘;M.lﬁl~$K/u >= £, +E‘(-M+.Qg [I(I+1)

A
-202 ] g:c‘-s.;x Stk :Eﬁj:{:f CrowCion 33+ gx‘:.{l, K

- (I32) (T20+7) J2r2 2 (-1t Ciow Cicatuu [ (3F2) (j2@+1) J1-2
)

Here P{u,u) is given by eq(i-3), it car be written for-T=+

as follovs

P (iom)= (U‘f’A)U‘f# Y—yLudIyLu )):i"[;*"“ (Ui(ﬂ- Jgjcn )+\;.(M)1{‘_(M)) -———(22)

For numerical calculation, it is convenience to separate *he

diagoral and off-diagonal matrices of eq(21).

<Py, 1H(ODY IS, , >=ﬁ+zgu>+3%—£1(1+n+z: (Cia,) 23 (3+1) -207]
‘ J
i ' I-J y .
S (I+)Z 077 (€, )2 (G43) o g —m==—mm===——==- (23)
e J
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<§K,A 1 2{0D) Ié -LK21), u >=- £ (IFQ) (T£n+1) -2
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‘J'E N CrowCiuazom L (372) (J241) J172P (W) 0) === (24)
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(D) Differential Cross Sections

A relatively new and powerful technique for
identifying Nilssor single particle states is high
resolution spectroscopy of single nucleon transfer
reactions, such as (d,p), (d.t). (3de,d), (3He, ), (x.t).
etc. The reactions employed most widely to date are the
(d,p) "stripping™ and (d,%) "pick-up" reactions on even-even
target nuclei. The (d,p) rCeaction is useful as a
spectroscopic tool because the process can be viewed as the
trapnsfer of a neutron into 2 definite single particle
orbital 1z the fizal nucleus without excitation of other
degrees of freedom. Or the other hand, the (d,%) reaction
Tepresents pick up a2 neutron from a definite siagle particle
orbital leaving a2 hole ip that orbital in the firal nucleus.
According to the theory (Satchler 1958, Vergnes and Sheline
1%63, Burke etc. 1966, Elbek azd Tjom 1969), *he
differential cross sectior for a single nucleon transfer
reactioz leading from the ground state of an even-even
target nucleus to 2 specified mepber of the rotational band
built on a purée orne guasiparticle state of an ocdd-2 deformed
nucleus is given by the simple relation

p—
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vhere the C;ﬂt-is the expansior coefficient in a spherical
Saxon-Woods potential basis, V is calculated fron eq(20),
55(9) is the intrirsic sicgle particle cross section obtained
frowm the DWBA (which stands for Distorted wWave Bofn
Appoximation) calculatiorn for an angular momentum transfer ¢
at the angle £, k is a normalization constant to the DwBA

theory. For a stripping reaction V" is replaced by U

In the reactions under coasideration, the even-even
target has spin zero so that the total angular momentum, 7,
of the transfered nucleon nust egual the spin, I, of the
firal state. Consequently, as implied in eg{(26), the
differential cross section for exciting a particular
rotational band member is expected to be proportionai to the

square of a single ch coefficient (the one for which j=I).

<

If the wave functior for a level contains admixtures
of the other levels, the eg(26) which applies only for pure

one gquasipartcle Nilsson states has to be modified, ther the
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pick-up differential cross section for n’'th level is taken

to be
d0:18) :
...__aw__z ]( (%C‘“g vi a., )20‘:(5) ________________________ (27

Where a. is the mixing amplitude of the i +h levels.
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I1X NUMERICAL CALCULATIONS -

Two numerical calculations were carrcied out in two
mass Tegions: The T=1/2 isotopes with mass 25 were chosen
for the calculation and no pairirng force were included. The
odd neutron aumbers from 89 %o 95 in the zuclei with pass
aunbers f:omr153 to 165 vwere chosen for the calculation wixzh
a pairiag force included. This is because the pairing force

becomes important as the mass number increases.

() The Mass-25 Calculation

The odd particle of 1125 and Mg2% in the grournd state
are near the middle of the 2s5-1d shell. Their large prolate
core deformations are well established acd the YNilssoxz model
has been extensively applied to the ever parity levels (Xean
and Ollerhead 1972 and reference guoted ir their paper). A
well kinown a2nomaly exists that the 5/2¢[202] particle state
is the ground state, whereas, for all reasonable guadrupole
deformations the 1,/2+[200] state has been predicted to occur
a2t a2 lower energy. One aim of the calculation is to see

whether the use of a more realistic potential removes +his



anomaly.

Two alternative optical modél parameters for the
Saxon-woods potertial were used. The systematic nucleon
scattering aralysis of Hodgson (1963) provides a set of
neutron parameters, which were used with the imaginary parcts
set Lo zZero. A more recent survey by Becchetti and
Greenlees (1%69) suggested similar systematic pacameter, the
main difference being a radial dependence with a slightly
smaller radius and a thicker surface. There parametefs are

shown 1n tabie 1.

Ir an early program for this part of the calculation,
the single particle state of a spherical nucleus |jQ>, which
is a solution of eg{3), is a further expanded in a sum of
harmonic oscillator eigenstates (Hird and Huang 1973), tﬁat
i1s |iQ>=5:Cj}1Nj>- A computed set of radial integrals forC
<f£(r)y> and <(df/dr) /> were generated using 300 egually
spaced integration steps in the rarge r=0 to r=r_ At/ 3+8a_ .
The integral was calculated for a2ll non—zero matrix elemernts
with ever N and L up to, and including, 12. The energy
parameter hw of the basis function was chosen so that the
Saxon-woods potential ard the harmonic osillator potential

matched at =0 and r=r, Al/3,



There are three successive steps to diagozalize the
matrix elemexts of the Hamiltonian., The spherically
symmetric part is first diagqonalized in a harmonic
osclllator basis by using the numerically icntegrated radial
matrix elezerts. The second diagonalization generates the
deformed single particle states on a basis of the
spherically symmetric eigenstates of the fi-st
diagonalization, and fizally the core and R2C tevms are
diagonalized in a basis of +he deformed states. 3 more
complete description of the techniques used in the computer
code to compute the wavefunctions and energies has been
putlished and 2 more gereral version of +the progranm

circulated under the name ABOV Nilsson orbits {4ird 1973).

.
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(B) The Mass-163 0 165 Calculation.

As in the mass~25 calculation ané discussion (see
DISCUSSION), the conventional values r al”3 for the radius
and sucface thickness &, 0T Saxon-Woods potential are,
respectively, chosen as z,=1.25 fo and a,=0.65 fm. The
potential depth is chosen as Vo=(=51+33 (N-2Z) /A} MeV, (Bohr
.and Mottelson 1969), whick give anaverage value of ~44.9 Mev
for all the nuclei. The spin-orbit potential parameter was
estimated in a sailar way and a common value of V,q ==9.5 Xev

adopted for all +he anuclei.
P

The level density increases as +he mass nuabex
iccreases. 1In this regioxz the pairing force must be taken
into account to calculate the core energy, evergy gap and
Feral erergy by ircludirng both odd aad even partity of
Nilssor particle states. So that nmuchk longer cecaputer time
is required. 2} faster computer progran was w-itten by
improving the early program, includirng the second order
Saxon-woods potential of Hspp and adding the pairiang force

calculation subroutine. The computer program with its flow

Fh

chert foz this calculatior is shown in APENDIX (3). The

program has been furtker developed to autormatically search
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1

for the wavefunctions and erergies to first order in the

]

Saxon-Woods potential (Hird and Huang). The subroutinpe
WAFEZIN directly calculates the sphkerical Saxon-wWoods
eigenstates by radial integration of the Schrodinger -
cquation H’? (Caswell 1956). In the subroutine a table of
SDW = V.R.<ja'ld</dr|je> and SDDW = 0-57V,22<3R]d2£/dr2 | ia>
was generated. Ehere are only two successive steps to
diagonalize the zatrix elements of the Hamiltonian: The
deformed part is first diagonalized in a basis of the
spherical Saxon-Woods eigenstates, and then, the core and
RPC terms with the pairing force a-e diagonalized in a bhasis
0f the deformed states. Bothk negative and positive parity
states were necessary for the variationpal calculation to ‘

vy

. () . - ’
determine U, , V,°, the Ferai erergy 4 and the PLa) of

»

he pairing strength

%]

each deformed guasi-pacticle state.
value of G=(25/2) MeV is choser for calculatio=x in this mass

region.

For the numerical calculation of the differential
cross section of eqg(27), a simple computer program was
separately writtern. The coefficients q;l which are obtained
from C}at"Of eg (16) and a,, ¥vhich 1s obtained after

diagonalization *he matrzix of eqg(13) are punched out for tke



input data of eq(27). The normalization factors k, which
are 3.0 for (4,%) and 1.5 for (d,p) ceactioxs, aznd +he
intrinsic single particle cross sections e, which are

giver in table 2, are taken from Tjom and EZlbek (1967) .

R
—_
:
)
P /.



IV RESULTS AND CONCLUSION

(A) Conmparision of The Znergy Levels of Mass—-25 lNuclei
using a Saxon-woods Potential witk Those using

2 Harmoaic Oscillator Potential..

1. Nilssorn Diagram for' Quadruple Deformations only.

The well-knowr Nilssoa energy level diagrazcs
associated with single particle wave function are obtained
by diagoralizing the deforhed Hamiltonian of %he
Saxon—ﬂoéds potertial eg(2) with Fﬁ_= 0.0 2and the deformed
Hamiltozian of harmonic oscillator potextial -eq(12) of
¥ilsson (1955)- The diagrams appropriate Zor odd zucieon
nuciei of mass-25 are showr in figure Ta, 1b and 1c which
are labeled with the Set of guantum number X7[N 2, A
defined by Nilssor. Eachk level can accommodate two
particles. The two orbitals have degernerate eigenvalues
associated with the wave function which has reflection
symmetric <ith respect to a plane perpendicular to the

auclear syrmmetry axis.

It can be seen iamediately that the general shape of
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all three figures agrées veiy vell as should be expected
from the large.éverlap beteen the tvo types of wave function.
The difference in detail an mainly due to the energf
sSpacings which occur‘at zero deformation. A way to c0m§are
thesé~energy spacings is to take the ratio [E(dbt)—Eés“z
) VIE(s,;)-2(dg,) J- In the harmonic oscillator states the
simple anélytic fora of the <les> interationkéroduces 1.5
for this ratio when U<L2>=0. Ir the Saxon-Woods states the
Tatio-varies considerably; with the Hodgson parameters it is
0.85, whereas witkh ihe Beccﬁetti-ang Greenless paraneters 1ty
is 1.98. \Nilsson introduced the U<L2> ter:m into his
Hamiltonian iz order to bring-the ratio neargf to the shell

rodel value since he found that the matrix elehents'betueen
larger 1 étates are ipcreased by the <L2> term iz a way .
whiégzﬁ;mulates the radial dependence of a more hard—edgé@}
potenial than harmoric oscillator. with the Saxon~woods
potential it is possible to vary the shape of the potential

-
in this respect arbitra;ily by varying the surface thickness
parameter a_. The two optical-gets therefore probably
proauée the very qifferent energy ratiés through'éifference
in the a, parameter. To verify this, a calculation was ‘made

with a rgduced“in the EBodgson parameters. The dotted line
e, ’
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ic figure 1b shows that the ratio is reduced to 0.571 for 2,
=0.55 fm from 0.85 for a,=0.65 f; of solid line. The

iodgson and the Becchetti anq Greenlees parameters produce
energy ratios vhiéh straddle the harmonic oscillator value,
so that, at ieast in this respect, the harmonic oscillator

1s a good compromise to represernt the experimental situation.

~

X
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2- 8pC and Band Mixing

The way to comparé the enefgy levels calculated by
+he Saxon-woods potential ané by the harﬁonic oscillator
‘potential with the experimental situation is to include all
members of the bands, rather than just the band head.  3
large number of states are then generated in the 2s-1d shell.
3ecause of this, it 1is sopetimes difficult to identify a
particulai state. Apr ambiguity of'this type can be resolved
hy plotting the energieg of the states as a fﬁnction of
poment of inertia ﬁZ/ZgO, wPen all the members of the same
banéd become degenerate at ﬁ2/2§°=0-0. The ernergy spacings
‘of the band heads are painly produced by the core ) ‘“
deformation, whereas the energy spacing of the states withic
the band 1is ma;hly produced by the moment of inertia. By
choosxng an appropriate quadrupole deformation and momeat of

ipertia for the EPC and Band mixing calcuiation, the best

result for fitting the experiment situation can be obtaired.

The hand mixed states with total spin up to I=9/2 ia
the 2s-1d shell are plotted in figure 2. The curves show

the way in which the energy levels in a bard séread and

—~
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overlap one another as the‘rotational energy increase. The
core particle interaction is aﬁparent.in the repulsion
between states‘of the same spin wken K differs by 1;‘ And-
t+he very uneven spacing,'uith inversions, iq the K=1/2+"
bands. A fixed quadru%ole deformatién F§=032 was chos=n.
This is smaller than the deformation suggested by the -
intrinsic guadrupole moment of Mg2S, but it 1s apparent from
figure 1 that a highef value would invert the 5/2+[202] arnd
1/2+[211] levels in all calculations. To achie§e the
sxperimental spacing of all band beads anéd the staztes within
the ground state Ss2+ band a moment of inertial about ﬁzkzqo
=0.15 MeV is required. While tke harmonic oscillator
caiculation gives the 1/2+ le;e;_as the grourd state e#en
with this modest deformatiorn, the Saxon-Woods potential
shous a quite good general level ozder. The most serious
discrepancy which remains between the deforped Saxon-Woods
levels arnd experimenf is, apart frqm the snpall deformation,
that the i/2+£200] band derived from the dj,, spherical
particle state is at too high an energy, and the spacing of

the K=1/2+ band is too uneven.
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3. Hexadecapole Deformation -

In order to retain the correct level order and spacing
at'g%=0.u which is obtained from the experimental static
gquadrupole moment (Lurio 1962), 2 hexadecapole deformation
Fiis introduced to this calculation. It is expected
intiutively for a cecre which éhous evidence of beiag madé up
of four alpha-@a:ticles. Inelastic alpka-particle
scattering (Rebel et al. 1972) and electron scattering (de
Suin;arski et al. 1969) to the 2+ and 4+ states oX Ng2*
botk confirm the large:'ﬁi value and pfedict a significant

hexadecapole deformation.

For making a direct comparison between the harmonic
oscillator and the Saxon-Woods potential, the sanme radial r=2

dependence was taken for the %% as for the-;i defor

j=)
(R0
j#3

atio

B

+he deformed harmonic oscillator so that the Bamiltonian is
H=Ha—gﬁw(5i:2(fgig+/%tg). 3 fregquently used alternative is
ﬁo +ake the next higher order in the radial term as well as
in the angular term. The hexadecapole term is then
proportional to /5+r4!°. Trial calculation with an =*
radial depeﬁdence’uas found to produce gqualitatively similaz

results to those with an r2 dependence if the coefficient F@

\/
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is scaled by 2 factor which was about =qual to the square of

+he nuclear radius.

th

The energy levels dependence on F{ and f%gf°: th

harmornic oscillator potential was shown in £figure 3.

k)
o4

left‘hand side is exactly the same as the right hand side of
the figure la. The 1/2+[440] state which belong to the 1gg,;
subshell approachs the 1/2+[200] state of the dgss subshell
when fﬁ increases to 0.4. éhe right hand side of the Ifigurse
shows the-f& dependence of the energy levals assuping 2
constant value for Fg=0.u; The 1/2+[440] was found <o
descend in energy as-;%_incréase so that it c;ossed th;f
1/2+[200] level of the 1d34 subsheﬁl at about- @ =0.05 and
the 1/2+4[211] level of *he 285, subskell at abou:-p4=o.3. It
shows that the hexadecapole term has rcow intzéducea )
considerable N mixing so that there is significant
displacemert of the energies and mixing of the spherical
coﬁfiguration over a wide range of ﬁf values. Clearly oze

of +he two available K=1/2+¢ level is first £il bafore +the

led
.

5/2+{202] level for any value of the hexadecapole
deformation greater than ﬁ%=ﬂ.2. The introducticn of a

~ hexadecapole dz2formation therefore pakes it more difficult

rather than easier to éxplain +he 5/2+ ground state when



using a harmonic oscillator radial dependence.

-

The similar calculation for the hexadecapols
variation of +the Saxon-Woods potential eigeastates was mad2
and is skown in figure 4. The left hapd side of this figuce
shows the ﬁ% variatica when ﬁL=O, and the central r2gion is
obtaired when a constant ;a=0.u is assumad and-jé;is variad.
The 5/2+[202] and 1/2+[2711] are seel to Cross back *o their
original order which occurred at smaller ﬁgvalues. There
seems to be no other significart change in the spsctrum of
+he unfilled levels in coa*ras:t to the deformed haraonic

pscillator states.

Both bound and unﬁound spherical Saxon-Woods states
are gererated as a result of diagonalizing a2 Hamiltonian
oscillator basis. Then the deformed Saxon-Woods states ware
calculated by diagoralizing (its sphe:ical'basis. The dotted

) .
lire ip figure 4 were qglcuiated using only bound states
from the spkerical Saxon-Woods basis in the diagonalization,
whereas the contiruous line included all the N=4 states. It

-

was foumnd that there was little mixing with the N¥=2 shell by
the quadrupole deforpation and zore shell mnixicng by the
nexadecapole interaction. The differences, which are mostly

a common 2nargy displacement for the Fg.deformation, begin
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to show a change‘of spacing with the F%‘deformation. it
interestiag +o see whether the higher shell stat2s were
brought down iz erergy Ey the hexadecapole interaction to
provide soxe gxt:a bouad states it the energy :egioﬁ oL
ipterest as occurs with the harmonic oscillator potential.
I+ was found that the 1/2+[uu0].compone;t from the 194,
subshell in *the deform2d Saxon-Woods potential zanained wall
above zero energy at all the ﬁ& and-;% values considerad aznd

no extra bound state was introduced.

8 The right hand side of figure & shovs tkhe 2ffect of
adéing théjcora excitatior and band mixing to the .
Hamiltoniarn assuming 2 constant deformation with'ﬁa=0.u and
ﬁ:o.u. The level spectrum ié gualtively sipilar to, that
previously £found with F§=0.2 and F%;0.0, and the correct
separations of the members of +he ground state band were
obtained whern £2/2g, was about 0.15 MeV. The en=rgy levals

with thesefparameters vere compared with pravious

calculatioés and with the experimental spectrua in figure 5S.

The overal fit is not very different from that obtained with
;;=o.z and-ﬁg=0.0, however the upper K=1/2+ band head
energy is in better agreement with +he experimerztal value

than in previous calculdtion. Table 3 shows the expanslon



_coefficients CNLR 0f the lowest two states of Ng2s and 3123

'in terms of the spherical harmonic basis, that is |jad>=% Cyia
N f)

INj>- The band mixing which is produced whexn €2/29,=0.15

ey in the bound states in term of the unmixed Saxon-woods

states with ;&=0-4 and ;%=0-4 are shown in table 4.

Iz an attempt to removgﬁfﬁe discrepancy which
predicts the K=1/2+ bands as more uneverly spaced than thei:
experimental barnds, the value of h%®/2g, was reduced Dy a
factor of five in the band mixing and decoupling ternz while
retaining the value £2/2g.=0.2 NeV which gives the best fit
to in-barnd spacing at-F%=0.4 F%?0.4- The improveaent to the
fits to the three known experimental band of Ng2Z3 and Alz2s

are displayed together in figure 5.

-
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4. Conclusion

. The enerqgy levels produced by the harmonic oscillator

ot

potential in the Niisson nodel agree substantially with
those predicted by Saxon-Woods potential both for the
spherical syametric potential and for a gquadrupole deformed
shape. However when a hexadecapole deformatio:n is iaclude=d
there is so much N miiing with higher shells that the levels
from the N=4 shell are predicted to occur well down in ta

-
1s-23 shell and even below the 5/2+[202] in a way which is

D

quite inconsistent vith experiment. SO it is impossibls to
fit the experimental energy levels by including 2PC and band
nixing at é_:o.u- @fo.u wvhen using a harmonic oscillator

-

potential. -

The Saxon—-Wcods potential repoves these anomalies and
predicts good band head spacing to €it the experiment at-
g ﬁfo.u- ﬁ:O;U. The spacing of the levels within eack K=1/2+
band are found to be too uneven so that better aéréement can
be obtained by arbitrarily reducing the h2/2g, -value by

about 2 factor of five ip the <I+3j> term compare to its

value in the 5&2-232> term.



{B) The Energy Levels and the Stripping and Pick-up

Differential Cross Sections for Mass-153 to 165

1. General Discussion of The Level Systematics

The Sm153, G4155,1sS7,159 161, Dy157,159 161,363, and
Triel 153,165, gare groupeﬁ according to the neutron number
N=91, 93, 35, and 97. The groucnd states 0% these nuclei,
except 3/2+[651] for Sm1;3 and 5/2+[ 642] for Dylel, are
3/2-(521] for Gdi1ss,1s7,159, Dy157,1S9, Erisel, apd 5/2_'[523]
for Gdisi, Dyls3, Erts3 165  The occurrence of the éame
band as the ground state 1n nucleil with different neutrorn
nunbers is a somewhat remarkable fact and shows that the
3/2-[521] and-S/Z—[523] states must cross the 3/2+[651]) and
5/2+{642] states at experimentally occurirng deformationsa
The other remarkable fact is that the 11/2-{505] always
stays a2s a hole state in the nuclei under consideration azd
shows a quite.different variation in its erergy as the-
deformation is varied compared éo any of the other lou_lying
states. The long life (Borggreen azd Sletten 1970) and the
strong-fn=5 reutron transfer angular distribuiion in
stripping and pick-up reactiorns (Lovhodexn et al 1871, Tjoa

apd.Elbek 1967, Yagy et 2l 1969, Joskola et al 1969, Grotdal
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et al 1970) make this state relatively easy to identify
experimentally, and it is knowr in all the auclel under

consideration except Gdiel,

The figure & shows the ﬁodel prediction for the
single particle energies as a function of the deformation
with the second order bf.Fa_and éi in the deformed
Saxon-Woods potential being omitted. Oz +the left hand side,
oaly the guadrupole defc:mation-ﬁ%;is considered from 0 o
0.25. On the right, the guadrupole deformation is Irozen'

at-F§=0.25 and a variable hexadecapole deformation /g is

..

added from O to 0.2. The optical parameters for the . ‘“
caleulation of figure & are taken from Gd137 and are
qualitatively very similar for tke otker nuclei. The main
difference in the energy levels of the various nuclel Eomes
from the difference of Fhe Fi, E; and neutron number. In
+his region near Z6;,__:0.25 +he levels 3/2-{521], s5/2-[523],
3/2+4[ 6517 and 11/2-[505] all lie close togather so that
slight éi changé® carn modify the order of Fitting of these
states,iand +herefore the state bf!the last odd neutron.
The most iméortant effect in this Nilsson diagrazm is that
the 3/2-[521] and 11/2-[505] levels change very

significantly azd iz the opposite direction as-fé and—fi
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change, which aliows the 3/2-[521] level to become the
ground state of six nuclei and the 11/2-[505] level to
become a hole state for all the nuclei under consideration
as the experinmetal evidences Tequires. The aumber inside
the circles in figure & refer to the average tumber of
neutrons in the deformed core when the Fermi energy lieé

within each regiorn between the Nilsson orbit energies.

The Nilssor diagram predicts the correct spin for the
grourd state and most of the the particié or hole excitation
states are ia +he correct order if the neutron nuaber, ;a p
and F%_are pfoperly chosen. But it was not possible'fit the
energy spacings asong the band heads aad among the energy
levels witbin a rotational band unless the transformation to
guasiparticle states was performed. A complete calculation
including all the RPC ard the pairing force-was made before
attenpting a comparisoﬁ with the experimental ene-gy levels
of a particular nuclgus. The ground state band and the band
head energy of 51/2—[505] Jsere considered to be the most
- firmly established parameters, and a search was nade to firnd
+he best B2/2g-, ﬁ% and ﬁ% parameters to fit these levels.
mhe levels of all the other bands therefore represent

predictions of the model and provide a test of its accufacy-



The resulting daté was used to analyze the differential
cross section from the grqund state'touards deeper hole
states by mean of the (d,t) reaétion and then the gzound
state towards higher particle states by mearn of the . (d,p)
reaction. The comparision of theoretical differential c:ossi
section vwith experiment is shown in table 5 to 16. The ‘
pa;entheéis indicates +hat the differential cross section

has been shared with another level which was too close in

energy to be experiamentally separated.
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2. Discussior of Individual Isotone Groups

N

() N=91 o
‘."

The levels schemes of N=91 nuciéi is shown in figure
7. In Dy!'37 the 3/2—[521]-ground state band and 11/2-[505]
state are well establéshed. The 5)5-[523],’3/2-[523] and
1/2 [530] ass;gnments are reasonably cer .ain and the
5/2-[512] and 1/2-[510] assigrcments soueuhat less so (Tul*
-_1973a). Our calculation, by fitting the g*ound state band
and the 11/2-[505] state, predicts quite, uell the level
ordering of all five-other bands. The main discrepancies
are that the 5/2-[523] band head'is depressed in ederay'so
.that it comes slighty belgi the 11/2-[505] state, and that
the 1/2-[521] band hééd enerqgy is lower than predicted.
On;j the 7/2- munmber of the 1/2-[530] bané has Eeen firmiy

established and it is almost degenerate with 7/2- level of

- -

the 1/2*{521] baﬂa.‘ We find that the 1,/2-[530] band ha%g;he
larger interband spacxng. So our calculation suggest that
1/2-[530] band head should be found below the 1/2-[521] pand

head as in the other N=91 is iotones.

Tr- Gd155 the experimental level scheme is less well”
- . - .



established. Tjom and Elbek (1967) %ound that +the §/2-[523)
band head occurs at a simpilar excitation aad that the
‘1/2-[521] bandjgf’E"Biiq_;ly"highe:_excitaéion than in
Df157, Qo that the 5/2-[523] band is again predicted at too
low an energy and the 1/2;[521] band t;o high by *his
calculation. The 1/2-[530] band is better experimentally
establish in this nucleus and iméfba:d head appears below
the band head of the 1/2-[521]. This is in agreement with
the calculation. Thetﬁecoupling paramenter and the-RPC
interaction ir this calculation are str;né eﬁough in the
1/2-[530] to cause an inverted spin o:dgri£§ in this band,
éowever thé expeéimental spin assiggﬁents <how the normal
consecutive spin values, azd the uneven-épacingfwithin thi§
band is ir the. opposite ‘serse to that produced py this
calculatior. (Tjom and Elbek 1947, Jaskoxa, Tjom and Eibek
1969) - Thg 3/2-[532] ard the 5/2-[512]_band are predicted:
at ¢losely simila:’energies o *hose in DylS7, but in Gdlss.
there is insufficient experimental informatior to identify

then.

o

In Smlss the.g:ound state is 3/2+[651] (K-oger and

Beic

-

1973) and the first excited state-is the band head of .

3/2—[52f] J&ich is 35.843 KeVv above the ground state. -By

“‘.
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using slightly higher values for f% and f% a £it to the
energy spacing between the band pead of the 3/2-[5217] and
the 11/2-[505] states the grou;d state was predicted.
however, the 1/2-[521] state is found at & slightly higher
energy than experimental level and the 1}2-[530]\stateAis
predicted considerably too high. There is ndiihdicétion of.
the experimental lower energy of the 3/2—[532j, In view of

the discrepancies in the erergies of all the higher levels

it is difficult to make a prediction about the 5/2-[523] or

the 5/2-[512] band from this calculation.

The comparision of theoretical differendrial cross
sections with experiment it this group 1S sShowld in table 5
to 7. The differential cross sectior of the band head of
the 1/2-[530] is extrenely weag, that is why this band head
is difficult to confirm. Both experiment and theory
indicate that the pick-up differential cross section is
large compared with sfripping in the band head of 11/2-[505]-
The theory agrees excellently with the experiment in
Q}edic£ing thal the 3/2- and 7/2- members of the 3/2-[521]
band are stronger than the qther members of this band both

in the pick up and stripping differential cross- sections.



(b)  N=93

The single particlé energies of figure 6 show that
_the.;>2—[521] state Bught_to be the,.ground state and'the
3/2+4[ 651] ought to be a hole state in the N=91 isotomes, tke
3/2-[521] state must cross over the 3/2+[651] statel It is

necessary simultanous to increase both~f& and f%_to'meet

these reguirements. .

The best known level systematics agair occur with the

-
Dysprosium and Gadolinium istopes. Ia Dy1S? several members
'of 3/2-[521], 11/2-[505], 1/2-(521] and 5/2-[523] bands are

established with reasonmable certainty (Tuli 19732). The i

1/2-[530] band yead is missing, aand this bind and the
3/2-[532] band assignments are somevhat legs ¢certain. Our
model fit, show irn figure 8 which fits the energy spacing
betwveen the é:ound state band and thé 11/2-{.505] energf
level, again predicts the correct band orderirg but with the
higher bands too kigh in energy particularly for the
1/2T£?30] band. The pick-up and stripping differential
Cross séction calculatéd for the band head of 1/2—[530],

whick are shown in table 9, is predicted as zero, which is

why this band head is missing in experimental measurements.



In Gd1S? the experimental status of the bands is
qﬁite similar (Tuli 1973b). The 3/2-[532] and 1/2-[530]
bandg are again less certain-‘than other band assignments.
Compared to Dy*S? the emergies of the barnds are changed in
that +he 11/2-[505] and the 5/2-[523] band heads are higherz
ir energy and choser together. Similarly the 3/2-[532] ana
the 1/2-[521] bands are at khigher erpergies and almost
degenerate. One is a hole state; whereas the other 1is a2
particle state, sq;there is little band mixing betweern then.
mhis calculation fits excellently the ground state,
5/2-[523] and 11/2-{505] bands by choosiné +he proper valus
of Fg; F% gnd "2/29, + predicts an increased energy ZoT
the higher bands compared to their position in Dyis9,

However, this increase is more than occurs experimentally

and the predictior are all too high.

In Eriel the work of Hjorth and Ryde (1970“ has
established several member of the 3/2-{521], 11/2-[ 5057 and
the 5/2-[523]'bands, but other low lying negative parity
bands have not been identified. Since this calculation £fits
the energy spacing between the bard head of 3/2-[521] and

11/2-[ 5053, only the higher member of the 11/2-[5057 band



¢
and the 5/2-[523] band energies can be considered a test of
the model. The agreemenrt is excellent. The model also
places the 3/2-[532], 5/2-[512] and the 1,/22[530] bands at
lower excitation t@an in the other isotopes. So if the ~
' est}mates are againo too high, these bands should occur

experimeztal at gulite low excitationsa.

o The experimental stripping and pick-up differential

cross sections ir Gd157 and 33159, whick are shown in table

8 and table 9, are in rough agreement with the theory, but

there is o experihental stripping data 1in E:lﬁlfuith which

to compare with the theortical results as shown in table 10--

The differential cross séctions of the 3/5- and 7/2- membe:§ -
of the 3/2-[521] band, whick is thke ground state band for ‘
the N=93 group, are stfonger than the other .members of this

baﬁd in good agreement witk the experiment. The extremély

veak experimental (d,p) and (d,t) differentiél Cross

sections fof the band head pf the 1/2-[530] band and the

strong (d,t) differential cross sectior for the 3/2- menmber .

in tkis band also show good agreemént between the +theory arnd
experiment. However there is disagreement in the 1/72-[ 521}

band where the experiment shows that the 5/2- member is

stronger'than the 3/2- and 7/2- npembers in the (4,p)
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differential cross section, in contrast to the theoretical

’

prediction.
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(c} N=95

The general trend in the deformations is to iacrease

-

with the value of K in the G4, Dy and Er isotopes,

corresponding to the increase in the number of neutrons

.beyond the spherical region which ends near N=88. This

trend is confirmed for N=95 by. the continuing low energy of
the 3/2-[{521] configuration. It forms the ground state I
Gd1s9, has 74.6 KeV excitation In Dyiel and 104 KevV
2xcitation in Zri1e3, Because of the generally increased
deformation, the_secona order ternms in the deformed
Saxon-ﬂoods_potédtial:éxpansign‘for HF }ere included for the

¥=95 apd the N=97 calculation. The effect of this teram can -

~be seer by comparing figure 9 with figure 6. Tae most

iaportant effect, is that the 11/2-(505] is raised in ererqy
more dramatically and 3/2-[ 5213 falls\in energy more slowly
as Fg‘is increased, however the 3/2-[521], 5/2-{523] and
11/2-[505] energies remain in good agreemeent in N=95 and
N=97 at these larger def?rmations. Because of the large
deformation the variatioi of-Fa has been extended to ﬁ&=0.3

in figure 9.

In Gd15% the 3/2-[521] ground state band, and the.
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s/2-[523], 1/2-[521] and 5/2-[512] bands have been
identified with reasonable certaigﬂg (Tuli 1973a). The
11/2-[505] bard head occurs at a higher excitatiorn tha:z in
any of the N=91 or N=93 isotones. The value of F& must be
therefore increased sufficiently to make the 3/2-[521] level
cross the 5/2+4[642] level so that 1t becomes the ground
state, simultanously the value of f% must be increased to
nake the 11/2-{505] state beconme a highe;_excited hole state.
Under these Cegquirements the model makes a gooé fit to the )
energy spacing between 3/2-{521] and 11/2-[ 505] band head
and predicts excellent ég:eement for'the 1/2-[521] and
5/2-[523] bands, kowever the 5/2-[512] energy is about 400

- Kev too high. The levels scheme of Gd15% is shown in figure ‘
10 The effect of the decoupling parameter appear to be
again is the opposite sense to that found iz the

experimental level spacing.

Somewkat less is known about the negative parity
statelof Dytél where the ground state has the configuration
5/2+[642]- The lowest two negative parity bands are well
established from the—rlra} decay spectrun following ﬂ decay

(Punke et al 1966, Berg and Malmskog 1969) and following the

(&, 3n) reaction (Hjorth, Johmson and Ehrliag 1972) which
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assigned to then tge 5/2-[523] and 3/2[521] orbitals.
Keutron transfer reaction measurements have tentatively
assigned the 5/27[512] and 1/2-[530] band heads to levels
near 800 KeV (Grotdal et al 1970)-. In comparison with Gd4ts®
the 11/2-[505] band is somewhat lower in energy which
suggests a spaller deformation. The simglténeous fiiting of
tha 5/2+[642] ground state, the 3/2-[521] bard energies,
which appear as a hole_state, and the 11/2-[505] barnd ﬁead
erergy also give good agreement for the 5/2-{523] band anad
the 1/2-[521] band energies except that the uneven spacing
within the latter band again disagrees with expe:iment-- The
tentative 5/2-{512] assigonment near 900 Kef is supported by
the model, but not the;i/2—[530] band, wiich is predicted aﬁu
a cuch higher energy.' —
| -
The decrease in deformation through the K=95 1isotones ;
from Gd159 to Dyie1l co#tinues with Zrte3 where the 5/2-[523]
configuration here occurs 55 the ground state. This nucleus
has been well explored and several members of each of the
5/2-[5231, 3/2-[521], 1/2-[s21], 11/2-[505], s5/2-[512] and
the 1/2-{530] are well establisked. The 1/2-[530] band
assigrnments are less certain (Buyrn 1972). The model

results are not in as good agreement as in the dther ¥=9s5

~



isotones in that there is a diifrepancy of about 100 KevV in
the energies.of the 5/2-[512] and the 1,/2-[521] bands but
the experimental band orde:ing is maintained. No low spin
states were predicted between 800 Xev arnd 906 Kev where the
lover members of the 1/2—t530} band have beenx tentatively
identified. However a common feature of the model
systematics seems to be-an overestimate of the excitation

energy of this band.

The differenfial ¢cross sectiorn of the N=95 isotones
were shown irn table 11 to table 13. In Gd1S® and Dyléel the

differential cross sections seem to be guite good agreeament

in proportion between theory and experiment. But the
differential cross section of Erlé3 1is not in such good
agreement. The main reason is because the energy level £it

in the Gd*S9 and Dy?el is better than in Erté3,



(@) N=37

axll the N=97 isotones under consideration have a

5/2-[523) ground state.

Iz Gdrel +the 11/2-[505] state has not been identified
however the 3/2-[521],'1/2-[521f aad the 5/2-[ 5127 bands
.have beer proposed above “he ground state band (Groshev et
al 1971, Tjom aand Zlbek 19 7). The model was nmade fo fit
the energy spacing-between the ground state and the band
head of the 3/2-[521]. The resultizg level scheme places
the 1/2-[521] band lower than the 3/2-{521] bard iz
disagreement with expe:imgnt. The 5/2-[512] band head was"
predicted about 100 XeV below the experiment result. Since
both tkhe 1/2—[521j and 5/2-{512] band heads.are particle-
States whereas *he 3/2—{521] band head is a hole state, this
implies that the discrepancy in the theory is really in the

5/2-(523] orbit energy beirg too high.

In Dy1;3 many measurements have beén nade (Buyrz
1972). The grournd state'5/2—i523], the 3/2-[521] ard the
1/2-[521] bands are all reasonably ceftaiﬁ. The 5/2-[512]
band, which the pand nhead is ﬁissing and the:11/2—[505]_

assignments are based on neutron transfer data only and are

°
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somewhat less ce;tain. The model predicts the correct level
ozdering with the 1/2-[{521] band head below that of the
3/2-(521] oc-bit, *though both ace somewhat highef‘in-ene:gy
thaz p:edicfed;_ Tke 5/2-[512] band is excellent agréement

with the two experimexntally identified members.

The Tecent compilation of Ertés ‘levels (Burn 1974)
identified the 5/2-[523] ground state band and the
3/2-{521]), 1/2-{521], S/2-{512] azd the 1/2-[510] bands as
having firm assignment for several of each of these members.
The state 0of 11/2-[505] is somewhat less cer;ain, and the.
3/2-[512] is only tentatively assigred. The 1/2-[521]
particle state whick occurs above the 3/2-[521] hole state
in Gdiel, and below this State‘i: Dy163 again occurs above
it in ﬁ:lﬁs- The theoretical fit which here use the
3/2-[553] band eneréy acd the 11/2-[505] state predicts
excellent agreement in the 5/2-[512] band and about 40 KeV
differeace ia *¥e 3/2-[521] tand, but the 1/2—[52{} band 1is
predicted as the lowest bard above the ground state and the

1/2-[510] band 1s predicted too high. J

The experimental (d4,t) differential cross section is

not availble in Gdte¢! ({Tjom and Elbek 1967) and its (d,p)

/|
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differential cross sectioﬂ is less certain. It is difficul£
to make a compariscn in Gdi%! which is shown in table 14.

The (d,%) and (d,p) differential cross section Qf the Dylbi
and the ErleS are shown in table 15 and taﬁle 16. There ace

very rough agreement between experiment and theory.

L



3?% Conclusion

“The présént analyéi57+shich givés first priority to a
rigorous application of the ‘axially symmetric collective

. . . ) . _
. model, and makes few concessions towards providing a
- N » - x

parameteiization'of ti?_experiméntal data, was able to.

achieve a limited suc¢es in:'correctly predicting the baznd

ordering in many nucleily By -choosing the proper Fi_and f;

‘and fitfing the neutrpon number N, the grournd state of the

nuclei under consideratiom\ are cofrectly determined in the

Nilsson diagram. -Then, by Fitting the energy spacihg‘

-

~ et .
between the grouad state and thg most. comfirmed bapd head,

. - _ )
.+he rest of the lov energy jbands in séveral nuclel are
a M M .

-predicted in the right order. Certain of the collective
band energies are predicted consistentlypwith :gasdﬁdﬁle
accuracy, for é&ample the 5/2-{523] Band,';nd the_3/24[521]

band when this is not the grqund state, are usually
predicted within a few KeV. The'excepéions occq:'in the

< ' . '
N=91 isotones where.there is a-difference between theqry and

-

-

experigment of 100-Kev to 150 Kev.

+ b . R » . ‘\ - i . . ~ )
The erergy differences vwhich depend primarily on the
rotational quantum of energy £2/2g, ‘are generally in good

v
.

Al
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agreement with experiment. A good fit to the in-band
spacings of all the .excited state bands is mostly found
using the valne of B2/2g, which was obtained from fitting

the ground state band. .The RPC tefm contributed ‘\\

significantly to the spacings between bands, and it was \

necessary to include ‘this term before attempting a'fit to
the level structure $0 that 1t is hard to assess whether
thlG term is mainly respons;ble for the-dlscbepanc1es in the

pos;tlon of the pand heads-

Some difficulties occured witk the decoupling
parameter which is genmerated in our calculation as a

diagonal term in the RPC interation. This cliearly hes the

¥Iopg sign to account for the observed uneven .spaging in the

. 1/2-{521] band in several of the ¥=91 and 95 nuclei. The

decoupling parameter is large enqugh to depress the (2n+1/2)°
spin states below the (2n—1/é) spin states in the 1/2-[530]
band of Gdi15s5S. The experimenfal data (Tjom and Elbeﬁ, 1967)
suégests a non-ipverted l;vel ordering, but the_3/2 and 5/2

levels were not conmplet&ty resolved from levels in other

[ . . ' -" . .
bands and these;spin assignments are inconclusive.

'J

The .input parameters of the model are listed in table

17 and shown as a function of the atomic weight in figure 12.

¥



>

:ﬂnelastlc scattering measurements (_rb et a;f1972, Davidson,

74

The dotted lines conpect the nucle® with the same %, and the

-

" continuous lines connect the nuclei the same Z. In the same

N it show that./s“ and /34_ decrease with mass increasing and
£2/2g, -increase with mass except Gdiel and Dy!s3 which haw}e the
same ipput. parameters. It is not meaningful %o make a.
comparison of t}ze values' of these parameters Hith these |
found by other autkors'who fitted the collective model .
parameters individual to each bénd, since the same

experimental information is being cj{ompared." However the:

deformation of several of the nuclei in this nass region\“‘

haveYbeen deduced from some quite different experiments and

so proviﬂe an irndependert check. In the tab:ﬁlation of ‘
Lobner, Vetteé and Honig (1970) tkeir parannter ﬁ was
malnly obtained from hyperfine structure measuremenis, ,u X
ra}rs and coulomb excitation. Their value of lss' for 'the odd .

A nuclei are shown crosses in figure .12. BApart from Zries

where there is a 1arge error on ‘ﬁ?' the agreement is very

" good. Tkhe hoxadecupole have been ob ained from g-x ray and

.

Close And Malanify 1974, Hendrie et al 1968) but only for

even—aven nuclei. , These deformat:.ons are guite s:.m:.la*' to

those found I1rn the present analysis, but the spread in &

-

el
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values and the absence of odd A data make it difficult to
pick out any overal difference. There is no indication in

our FL parameters value of the charge in sign which occurs

beyond A=166.

There is a striking similarily in the shapes of ‘the
ﬁ&amd-f%_distributions in figure 12, where the varigtions
in f% from one aucleus to another are mirrored‘?y similar .
changes in;;;. This suggests that our method of choosing
these parameters selgéts some aspect of the nuclear shape
whichk is not d%éectly'related to its expﬁnsion as a

truncated series of spherical harmonic¢s. Thus it turms out
. : pd :

that all our nuclear shapes have the same pinimun value of

R (zf¢) /R, within 1.53. ‘_"

It is evident that thefe is no‘gmooth variation in
the parametefs,uith either A, N or 2, and that the rnuclear
shape ‘depends oz the number and type of aucleons withinp it
in suck a complicated way as to produce aﬁ apparently-randoﬁ

fluctuatior ©of these small‘ghaﬁges- This being so it seemS___, ™\
: . ’ N ;

\
\

likely that the assumption of constant nuclear shape for a2 o

given nucleus, regardless of the state of excitatioa of '

either the drbiting nucleon or the collective core,

represents a gross overs;mplification and that, to achieve
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detailed fits, the shape farameters of the core nmust be

Separately adjusted for each collective band.

General speaking the theoretical (4,p) azd (d,t)
differential cross section of the nuclei under consideration
‘are roughly agreement with experiment, for example, the band

- /
head of 1/2-[530] can not be found if the thgoretical
; [s— ’\_/3

- } ; .

differential cross section of this level is very(gaﬁil. A f‘
. 'r

rigorous comparison of differential cross section iIs . HJ’//Q-
difficult to make since the %our basic parts of the theory
[ DWBA, Satchler stripping formalism (Satchler 1958), pairing
correlation formalisnm, and independent particle model]
involve various aprroximations and assumptions, and the

experimental differential cross sections of some nuclei 1“

under consideration can not bé comfirmed.
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TABLES AND FIGURES
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TABLE 1

Saxon-Noods Potential parameters for Mass-25

Reference VO T, 3, vos 'Label

(MeV) (fm) (fm) - (MeV)
Hodgson (1963) 53.0 1.25 0.65 7.2 (a)
Becchetti and Greenlees 55.3 1.17 0.75 6.2 )

(1969)

-
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TABLE 2

The DWBA single particle cross sections

G:(905).0db/sr) for (d,t) énd (d,p) reaction.

N - q (d,t) (d,p)
- Q=-2MeV . Q=3MeV
4 0 ' 214 i
4 2 I20
4 4 234
5 I’ 251 , . 500
5 3 8§8.4 1935
5 5 3.7 26.5
]
6 \‘ 0 372 580
6 . 2 222 365
6 4 . 58.5 102
6 6 - 6.4 I5.5
3 (‘* .
\,
s j
\
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TABLE 3

CNﬁn values for % [211] and 5/27[202] states with né RPC interaction.

L)

h

Energy (MeV) =  -8.622 -8.874 -7.888 -11.739 29.969 -8.910
Q =+ 172 Tor/2 1/2 5/2 5/2 5/2
. B, = 0 B, =0.2 8, =0.4 8, = 8, =0.2 8, =0.
vBg=0  8,=0 8=0.4 g, = By =0 Ba
0 1/2% -0.0126  -0.0147 0.0117 0.0 0.0 0.0 -
2 1/2 0.9896 . 0.7466 0.7184 0.0 0.0 0.0
4 - 1/2"° 0.0890 0. 0660 0.0812 0.0 0.0 - 0.0
L6 172 . 0.0855 . 0.0712 0.0802 0.0 0.0 0.0
8 1/2 0.0579 0.0431 0.0495 0.0 0.0 0.0
10 1/2 .. 0.0050 0.0035 0.0072 0.0 0.0 0.0
12 172 © 0.0046.  0.0034 - 0.0037 0.0 0.0 0.0
2 3/2 0.0 -0.5540 . -0.4007 0.0' 0.0 0.0
4 3/2 .. 0.0 -0.0203 0.0380 0.0 0.0 0.0
& 372 0.0 _— -0.0557  -0.0553 0.0 0.0 0.0
8 3/2 0.0 -0.0231 . #-0.0280 0.0 0.0 0.0
10 3/2 0.0 -0.0039  -0.0081 0.0 - 0.0 0.0
12 3/2 0.0 -0.0030  -0.0029 0.0 0.0 0.0 °
2 5/2 0.0 -0.3438 ©  -0.5388 0.9982 0.9967 0.9978
4 572 0.0 0.0137 0.0367  -0.0021 0.0014 0.0025
6  5/2 0.0  -0.0096  -0.0070 0.0482 - 0.0499 0.0506
8 5/2 . 0.0 -0.0065 0.0043 0.0339 0.0352 0.0357
10 5/2 0.0 0.0037 0.0086  -0.0036  -0.0029 -0.0027
12 5/2 0.0 -0.0012  -0.0015 0.0041 -0.0041 0.0042
4  7/2 0.0 -0.0173  -0.0732 0.0 -0.0101 0.0048
6 7/2 0.0 -0.0125  -0.0531 0.0 -0.0073 0.0035
8 7/2 0.0 -0.0100  -0.0424 0.0 -0.0058 0.0028
10 7/2° 0.0 -0.0050 -0.0211 0.0 -0.0029 -0.0014
12 7/2 0.0 -Q.0011  -0.0048 0.0 -0.0007 0.0003
4 9/2 0.0 -0.0298  -0.0088 - 0.0 0.0472 -0.0208
& 9/2 0.0 -0.0086  -0.0026 0-0 0.0137 . -0.0060
8 9/2 0.0 -0.0081  -0.0024 0.0 0.0128 -0.0057
10 9/2 0.0 -0.0036  -0.0011 ' 0.0 0.0057 . -0.0025 |
12 9/2 0.0 -0.0011  -0.0001 0.0 0.0008 -0.0004

)
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TABLE 5. The differential cross section (ub/sr) of

Sm=I53 at 90°

Assignment (&, p) (q,t) |
Band Spin Exp. Theorv Exp. Theory
I/2- (23]
‘ I/2 183 396 17 43
3/2 52 I70 56 I7
, 5/2 42 T4
7/2 I27 I6
s 9/2 I6 I
II/2 2 "0
I/2-(530] : =
I/2 v “ﬁﬁé
3/2 Fz 622 I44
5/2 I7 86 -
7/2 I3 io4
9/2 9 39..
i II/2 0 5
3/2- (521} ‘ *
- 3/2 44 54 23 30 -
5/2 : 18 - 7 .
7/2 ITT 117 2X 78
9/2 32 I2
Ix/2 2 2
3/2-(532)
3/2 33 28 39 . I25
5/2 I4 77 55
772 I73 27 I27 146
'9/2 3. - 13
. 1I/2 I 9 ‘ “_“
72-(512) '
72 5/2 5 0
9/2 43 2
, 1192 .1 0
5/2-(523) . >
[ ] 5/2 ' 30 < 5
9/2 . 29 5
II/2 4 1 ,
‘iI/z-[so§] | -7 ?
. II/2 I7 I3 I25 8i
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TABLE 6. The differential cross section (#b/sr) of

Gd-I55 at 90°
Assignment (4,p) (d,¢)
Band Spin Exp. Theory Exp. Theory
I/2-(521] | .
: I/2 200 417 51
3/2 36 188 _ 2I
5/2 36 39 4 4
.7/2 98 IIs 5 I7
9/2 IX I4 5 I
. II/2 y. 3 0
I/2-(530) .
' I/2 3 15
3/2 I8 I00
5/2 28 II5
7/2 I7 90
9/2 15 49..
I1/2 I . 4
»
. 3/2-(21)
3/2 43 43 58 29
5/2 3 25 wI II
& 7/2 138 97 92 77
9/2 Io 35 Io I4
II/2 I 2
3/2-(532)
3/2 P 36 IsT
5/2 - I0 38
7/2 33 I79
9/2 L 5
II/2 I s 9
5/2-(512) "
C 5/2 5 0
S/2 . 45 2
"I1/2 I 0
5/2-{523 o .
G23) 5/2 28 /,’;29 ' 95 -7 ,
7/2 90 ¢ I96 49 58
9/2 25 23 5
II/2 3 2
IX/2-{505] .
_ /2-(595) I1/2 I2 8L

i,

97

A
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TABLE 7. The differential cross section (#b/sr) of

<y~I57 at 60°
Assignment (a4, p) k (d,t)
Band-: Spin Exp. Theorv Exp., Theory
, L/2=(521]
VA - I/2 I02 - 418 34 49
3/2 (36) 197 (40) 21 -
. .5/2 (89) 38 (I38) 4
. 7/2 (32) IT4 (27) I7 .
: . 9/2 I4 I
f II/2 2 0
“!; I/2- (530) )
. I/2 4 I7
3/2 (89) I7 (138) 90
5/2 23 3I I6 125
7/2 (32) 17 (27) 88
9/2 I7 53
II/2 I 3
3/2- (521}
. 3/2 35 39 55 26
5/2 2 26 0.6 IT -
7/2 96 9I 06 74
- 9/2 17 36 9 I3
I/ I T
3/2-(532
Gzl 3/2 37 I56
5/2 9 20 29
7/2 33 ) I89
9/2 0 : 2
II/2 I 9.
5/2-{51I2 ' ‘ .
G512) 5/2 6 0
7/2 55 207 20
'9/2 6 46 2
II/2 : I .0
o .
5/2- (523} /2 26 29" o
772" 99 204 30 64
9/2 (36) 22 (40) 3
’9' IX/2 3 2
IT/2-(505) /2 T0 - 20 82
\
B
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TABLE -8§. The differential cross section (»b[sr) of .

Gd—-I57 at 90°
Assignment (d,p) (q,t)
Band Spin Exp. = Theory Exp. Thedry
I/2-(521] - _ .
- 1/2 128 339 30
3/2 20 Izg . Ix
5/2- 70 51 5
7/2 39 - Is0 17
9/2 4 I8 - I -
II/2 3 I
. I/2-{530)
( I/2 0 0
3/2 g4 12 - 260 239
5/2 4 43 57
7/2 ¢ 20 I
9/2 : I I2 3T
I1/2 0 .8
R~
. 3/2~(521) o ,
3/2 55 54 00 4T
5/2 | 6 2 3
S 7/2 I32 I30 150 II7
9/2 9 . 21 I3 II
II/2 5 2 9 3
3/2-(532) |
.G - 3/2 8 59 89/
5/2 oy I3 &b
7/2 . ¢ 3 I43 9%
9/2 ¢ 3 7 26
II/2 0 I0
5/2-(512) :
¢ ) 5/2 3 - -0
7/2 95 251 2
9/2 - T 4% 3
It/2 = - I - 0
5/2-(523 B - :
G2 5/2 7 28 7 25 T a4 -3
7/2  ="103-  "I79 9 30 -
9/2 * 49 i9 - IT 5
- /2 - .5 I}
II/2-{505 -~ -
- ( ,] II/2 8 69 . . 90
\‘.‘- g '\/
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TABLE 9. The dlfferentlal cross section (Ab/sr) of

Dy- IS9 at 90°
Assignment (d,p) _ (d, t)
Band Spin Exp. Theory Exp. T heory
X/2-(521] :
~ I40 367 36 37
3/2 I9 I35 I2
5/2 52 48 ‘5
7/2 (120) I4T ~  (92) 20
9/2 I7 - I
II/2 -3 I
I/2- (530)
. I/2 0 0
3/2 (120) I3 (92) 222
5/2 (13) 5 (26) 67
7/2 8 2 3X II3
9/2 I 33
1x/2 0 7
3/2- (521}
3/2 39 52 QoI 49
5/2 8 5
7/2 105 109 132 126
9/2 (47) 2T (68) I3
IT/2 2 ‘ 3
3/2-(532) -
3/2 II 13 105§
5/2 12 ) 55 76
772 (13) 4 (126) I0I
9/2 ) 3 23
I1/2 0 9
5/2-{512 ’
G2 5/2 3 . 0
7/2 255 24
IT/2 : 2 T
5/2-{523
[ ] 5/2 20 28 I3 4
772 71 176 3I 38
9/2 17 36 4 5
11/2 4 2
II/z-[505]

1I/2 8 50 87
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TABLE I0. The differential cross section (ub/sr) of
Er-I6I at 90°

Assignment (d,p) (d,t)
Band Spin Exp. - Theorv Exp. Theory
1/2~(521)
' /2 - . 384 46
3/2 152 15
5/ 44 6
7/2 I3i ' 25
9/2 16 I
Ix/2 2 I
1/2- (530)
I/2 0 3
3/2 I3 177
5/2 8 82
7/2 3 105
9/2 2 37
Ix/2 0 6
3/2- (521} |
- 3/2 44 55 49
5/2 IT 9
7/2 85 77 124
9/2 22 7 I6
II/2 i I (3) 3
3/2-(532)
/2 17 127
5/2 .8 65
7/2 4 125
9/2 3 18
I1/2 0 ¥
o 5/2-(5I2)
( j 5/2 3 I
7/2 237 28
9/2 ‘47 4
IX/2 I I
5/2~-{523
G23) 5;2 28 9 6
7/2 I8 50 - 56
9/2 A
IL/2 4 9 2

IT/2-£505 . :
ED ) I1/2 8 87
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* TABLE IT. The differential cross section (ub/sr) of
Gd-I59 at 90°

(a,t)

Assignment (d,p)
Band Spin Exp. Theory Exp. T heory
1/2-(521I]
' I99 204 S0 23
3/2 25 I76 7 I9
572 67 13 17 I
7/2 136 178 26 23
9/2 I8 2I 2
B I1/2 . 4 T
I/2- (530}
I/2 0 0
3/2 7 210 246
5/2 2 8 67
7/2 I35 I ox
9/2 T 13 25
IX/2 0 9 15
3/2- (52T}
3/2 66 I9 I9T 28
5/2 7 4 9
7/2 88 66 2109 I45
9/2 I2 22 I6
II/2 2 25 6
3/2-(532)
3/2 3 54 99
5/2 4 90 100
7/2 I 37 80
9/2 2 34 28
I1/2 0 18
5/2-(512)
C 5/2 IT 0
7/2 3 I
9/2 3L I
II/2 0 0
5/2-{523
G23) 5/2 22" 21 27 4
7/2 I36 221 II8 59
9/2 30 25 6
I1/2 I8 7 I8 3
II/2-{505
/ ( ) IT/2 4 5 I02 oI
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TABLE I2. The differential cross section (ub/sr) of
Dy-I6T at 90°

Assignment (d, p) ) (d, t)
Band Spin Exp. Theory Exp. Theory
I/2-(521] -
I52 283 I02 59
3;2 27 TA2 II 28
5/2 48 1T 35 2
7/2 66 137 19 12
9/2 I2 IS 4~ 3
II/2 9 3 I I
I/2-(530)
I/2 I 12 T2
3/2 39 9 I48 179
§/2 6 26 98
7/2 3 34 95
\ 9/2 2 32.
II/2 ) 9
3/2- (521} ‘
3/2 29 24 183 44
5/2 2 15 5 2T :
7/2 124 60 27 139
9/2 2 I9 6 23
II/2 I 5
3/2-(532)
3/2 IT I5T
5/2 ;6 84
7/2 3 12T
9/2 2 2T
IT/2 0 13
5/2-(512) ‘
5/2 9 I
7/2 259 196 25
9/2 I3 47 3
II/2 : I 0
5/2~{523
¢ ) 5/2 20 ° 24 23 I2
7/2 (49) I55 (84) 103
9/2 10 I9 27 9
I1/2 : 4 4
TI/2-(505 '



TABLE I3. The differenti
Er-I63 at 90°

g0

al cross section (ub/sr) of

Assignment (d4,p) (d,t)
Band Spin Exp. Theory Exp. T heory
I/2-(52%] _
1;2 103 300 47 90
3/2 23 I43 II 40
5/ 38 7 2
{ 7/2 64 IXI 34 40
9/2 8 17 4
II/2 2 I
I/2- (530 |
I/2 4
AT
3/2 21 8 63 T04
5/2 S 14 4 140
7/2 : 5 16 8T
9/2 4 4T
II/2 0 5
3/2- (521} y
3/2 34 20 I0X 38
§/2 T 23 32
7/2 I53 37 I98 II3
9/2 24 5 27
IX/2 6 I 7 3
3/2-(532) /'
3/2 20 205
5/2 7 62
7/2 6 163
3 I IT
1I/2 0 Iz
5/2-(512) ‘
5/2 7 7 I3 I
7/2 158 197 5 42
9/2 2 - 45 4
II/2 ~ 2 I
5/2~(523) :
5/2 1T 20 20 I9
772 I9 121 IS4
9/2 I9 I3 18 II
I1/2 2 I 5
Ir/z-[so§]
II/2 8 39 83
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TABLE T4. The differential cross section (ub/sr) of
Gd=I6I at 90° -

Assignmeht (d,p) (d,t)
Band Spin Exp. Theorv Exp. Theory
I/2-(521]
I/2 168 266 84
372 15 98 .3
5/2 195 8 3
g;g I7 I26 42
I I7
I1/2 T 3 2
I/2- (530}
3/2 6 247
5/2 3 38
7/2 I 86
9/2 I 29
II/2 0 I2
3/2- (521}
3/2 52 16 79
5/2 6 22
7/2 24 68
9/2 8 25
I1/2 I5 I 8
3/2- (532}
3/2 6 145
5/2 26 T02
7/2 55 84
9/2 6 23
II/2 I I3
5/2~(512)
C 5/2 3 7 0
7/2 229 30
9/2 16 40 2
IT/2 II 2 I
s/2-[523
E ] 5/2 20 I8 25
772 «~20 79 135
9/2 22 15 20
I1/2 7 2 7
II/2-{505
E ) II/2 6 85

—~——

4
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; - TABLE I5. The differential cross section (#b/sr) of
Dy-163 at 90°
Assignment (d,p) (d,t)
Band Spin Exp. Theorv Exp. Theory
I/2-(521]
I/2 II5 269 263 8T
3/2 3 99 29
5/2 57 8 3
7/2 (II6)  I28 (I50) 40
9/2 I7 4
II/2 3 T
I/2- (530) -
I/2 0 4
3/2 6 60 247
5/2 3 24 88
7/2 I 15 86
9/2 I 2¢-
II/2 0 I2
3/2- (21 .
— 3/2 . 8 I7 22T 80
5/2 8 5 14 22
7/2 28 23 I52 " I88
'%/? .;% I3 25
I/2 2
v——/‘-\‘ . e ( 4) 8
' 3/2-(532)
. 3/2 4 144
5/2 5 T06
7/2 4 68
9/2 I 17
II/2 I g
5/2-(5I2)
5/2 . 7 0
o 7/2 306 230 29
. 9/2 9 40 28 2
_ II/2 . 2 I
5/2-(523)
5/2 II 17. 54 23
772 I8 78 43 136
9/2 I9 I5 43 20
I1/2 5 3 I4 7
11/2-(505) 7
1I/2 Y 6 85
/ s._/"/;\\ .
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TABLE I6. The differential cross section (¢b/sr) of
Er-I65 at 90° ‘

Assignment (d,p) (4,t)
Band Spin Exp. Theorv Exp. Theory
I/2-(521] .
I/2 I2X 260 92 102
3§2 IQ 106 9 40
>/Z 27 8 w21 3
7/2 60 110 42
9/2 Is s
II/2 o I
»
1/2- (530)
3/2 6 96 194
5/2 5 8 T07
7/2 2 17 89
9/2 I 32
II/2 0 - Q
3/2- (521} y
- 3/2 57 15 233 69
. 5/2 8 29
7/2 122 23 217 172
9/2 4 I2 w5 29
I1/2 I 6
3/2-(532)
3/2 N8 I71
5/2 4 92
7/2 2 TI0
9/2 I 22
I1/2 0 I3
5/2-(512)
( 5/2 8 I
7/2 175 218 ~I8 - 40
9/2 7 4T 3.
I1/2 7 2 58 I
5/2-(523) : ,
5/2 6 15 34 27
772 7 76 I6 161
9/2 II I3 33 I9
-ﬁ\\} Ix/2 2 6
I/z-[soé]
II/2 6 ~33 85
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TABLE XI7. The input’parameters for Mass I53 to I65.

Nucleus N A, . /39' ) ‘h‘/z}:

Sm-I53 9T 0.249 . ©.036 0.0125
Gd-I55 or 0.235 0.0I5 0.0I36
Dy-157 O 0.250 0.0I3 0.0I37
6d-I57 93 ©0.290 0.090 0.0IIS
Dy-I59 93 0.280 0.068 0.0I25
Er-I6I 93 0.260 0.046 0.0I32
6d-159 t 95 0.330 0.T45 0.0TI0
‘Dy-161 95 0.280 0.064 0.0I6
Er-163 95 0.250 0.0I6 0.0I27
Gd-161 97 0.320 0.080 . 0.0IIO

\J

Dy-163 97 0.320 0.080 0.0II0

Er-I65 67 0.290 0.050 0.0116
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Fig. 2
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. CAPTIONS T0 FIGURES FOR MASS-=25

The energy levels of a particle in a potential well with quadrupole

deformation. (a) The central and quadrupole deformations with an

r2 radial depéndcncc. Nilsson -parameters ¥ = .08, (N =2) =0,

-

= 4) = 0.45, T = a1/Al nev. ®)

The Saxon-Woods central,

and the derivative of the Saxon-Woods quadrupolc radial dependence,

with the optical potential parameters of Hodgson (1963) Vo = =53 MceV,

T, © 1.25 fm, 3, = 0.65 fm, for the solid lines. The dashed lines

are for 2 = 0.55 fm with the other paramctcfs unchanged. (c)-Thc

Saxon-Woods central, and the derivative of the Saxon-Woods quadrupole

radial dependence with the optical potent

and Greenlees (1969)'Vo = -55.3 MeV, Vos

jal parameters of Beechetti

= 6.2 MeV, L 1.17 fm,

a, = 0.75 £m. The half integers on the right of each line are the ‘

K = Q values of the state.

The effect of RPC and band mixing on sing

le particle states in 2

quadrupole deformed potential- for (2) A harmonic oscillator radial

dependence with the same parameteTs are the same as in fig. la.

(b) A.Saxon—quﬁs radial dependence with the same parameters as for .

the solid lines in fig. 1b. The half integers on the right of each

line are the I values of each state.

The effect of applying, first a quadrupol

e deformation BzrzY; on the

1eft side of the figure, and then a2 hexadecapole deformation B4r2Y3

for a constant quadrupole deformation 8,

= 0.4 on the right side of the

figure, to 2 harmonic oscillator potential well.

continued....-.--
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The other parameters are x = 0.08, y(N = 2) ;.0.0,. uN = 4) = 0.45.

All states with N<6 were included in the diagonalisation

Fig. 4  The cigenstates ijn a deformed Saxon-Woods potential in which, on the
left 84 = 0 and 52 is varied, in the centre 82 = 0.4 and 34 is varied,
and on thé right core rotational cnergy and band mixing is introduced
and varied through the paramcter ﬁz/zﬁg with constant 62 = 0.4 and

By = 0.4.

Fig. S The energy levels of the three lowest even parity bands in A = 25.
On the left are the experimental levels of stg, and on the extreme
right the experimental levels of zsAl. fac th;oretical predictions
with various assumpﬁions are shown in between. The lowest Ievel has ‘
been set to zero excitation in all cases. The symbol SW refers to
calculations using a Saxon-Woods radial dependence for the central
potential and a derivative Saxon-Woods dependence for the other inte-

ractions. The symbol HO refers to the eigenstates of a deformed

harmonic oscillator.

o>
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CAPTIDNS_EO FIGURES FOR MASS I53 TO 165

Fig. 6 Single part-icle energies for a particle in a deformed
‘Woods -Saxon potential with fo = 1.25 fm, a2 = 0.65 fm, V = —44 .9 MeV,
v, = -9.5 MeV, where the radius has an angular dependeﬁce
T Y R AN ORE R AN
On the left the 8, variation is shown for B, = 0% on the right the
Ba variation is shown for 82 = 0.25. The calculation was made for
A = 157, but is very similar for neighbouring nuclei. Theﬂterm in

Hp which is proportional to dzv [rRe)/drz was omitted.

Fig. 7 The model predictions for the N = 91 isotones compared
to the experimentally jdentified bands, Level energies are given &
above the 3/2°[521] band head which forms the ground state, In each
nucleus the experimental levels are shown on the left and the theoretical

predictions on the right. The single digits refer 10 twice the ] yalue of
each level.

Fig. 8 The model predictions for the N = 93 isotones compared
to the experimentally jdentified bands. Level energles are measured
£rom the 3/2°[521] band head which forms the ground state. The ex-

perimental levels are shown to the left of the theoretical predictions

for each isotope. The single digits refer to twice the j value of each level.

Fig. 9 $ingle particle energies for a particle on 2 deformed Woods-—
Saxon potential. The calculation and parameters were identical to

those of fig. 1., except that the dZV(_rRB} /dr2 term was here included.
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Fig. IO The model fredictions for themﬁjf,gs isotones compared
. to the experimentally jdentified bands. Level energies are measured
from thé band head energy of the ground state band in each nucleus.

The single digits refer to twice the j value of each level.

Fig. I1 ‘ The model predictions for the N = 97 isotones compared
to the experimentally jdentified bands. Level energies are measured
from the band head energy of the ground state band in each nucleus.
The single digits refer to twice the j value of each level.

Fig. 12 The variation of the input parameters of the model with
atomic weight. The nuclei having the same N are connected byrdotfed
11nes, the nuclei having the same Z value aré connected by continuous
llnes. The crosses on the graph for the quadrupole deformation Bz
show the average values which were mostly obtained from HFS, wu-Xray
and Coulomb excitation measurements {(Lorner, Vetter and Honig 1970).
The crosses on the graph for the hexadecapole deformation 84 show
experimental values (Erb et al. 1972, Davidson, Close and Malonify

1974, Hendrie et.al. 1968).

’ \ -
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vViz APPENDIX

(\) The Matrix Elements and Quasi-Particle Transformations.

The state of the odd particle nuclaus described as

cne guasi-particle 1is
+1>= + M) Ch)ara+
ot 1 >= ol EO(U}" +V ¢ apa_y)|0>

=a+ CiL) CHIag®+at
at T (TUOI+VE aya__y|0>

(la(,[lﬂlu‘?l):?j(]n(u]F><FHHlIS><flo(:l>

= BIRIS OS] Keafacse >

F



IX9

3ut

Z_ <l o afag ot >=<] ML IR R A KuBgopipep X X1

55

=gV T (OO + 7DV
< OV e T T

—Y ORIV R o, (U(}h'J OCK Y+ T AI VD)
LT Y T 4 4 ~

- ¢ ] e . L4 AL ‘.
< MA'lHlo(‘*'l)-(<H15]M>U‘E“-3U<f3 I SR R AR Ak d

- .(g_ui)u_cunv.(n')v.m))
o * ‘ s A
=<y B woges’ "7y T, KIGMI +TEAITLHD
<HPEIR> (T2 0z "{"} v ),\.‘:}Iﬂ-,n (U‘. UA +V; 'i:‘ 1

=< B >P (W.i)

Where

C oy = (I CA I A STY R D TBD CHI TR +TEAI TCAI) = (A—
2 (W) = (U OO =TI T (GUOTHETTY VLAY = (A=3)

and T=* accozding as & is-ve under rime-reversal. For H=H 5,

, the T 1is positive.
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The matrix (“lﬂl‘>=<h"'|ﬁllnﬂn> is the expacted

value of sirngle particle states &> and |x> outside the coTe.

From 2q(10), one ca2 woite the single particle vith rotation

outside core as followirg

T4l 0s2 ' .
BTl /2 pE (Y gt (FNETI D5 (8 Ko, ]

TMKRD>=
AT
---------------------------------------------- (A-0)
Comparing the mairix of qrpc in eg(18) witk eg(A-2), one can
write .
<Q‘;“.IH,P,_ 1@ a >=<IHKJL'IS.-PC JINKMOP (Ko R} —————~——~"~ (A-5) i
NOW

(T B 1 TRRO=EEEEC O (8) Y, ¢ + (-DE=272DE (o)

oL

apd 17gy FHITETIN (O  (8) kg, m*

(12 =172 D ¢ (8 ke, u) 1>
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I+ " 2 )
2 0 F 8V ko 1 (T#57+173%) DA x (8) Xa,u >

TS 2%

A L)
<D (8 ko)l -ii;( (T+3-+I=3%) 1 (-3 =1/2D5x (6 )Xo i 7]

s X=Q is both in positive and negative. BY using

<o, ¢ (6) 1721 DE () > (T7R) (ZREHD 2 Sun e

<}-R',u' | j*ll-ﬂ;u >= ch-ﬁf#'cj.n.u<j-9:| =138
v

'—"EC- "'Cj_n_g[ (j?” (jiﬂ"’"} ]"fzg:&'/ﬂ-ﬁl
J

eq (3-6) beconme
~
4
<TMEW1Eppe iznm):-z}t{[ (IpKNa2R+1) 1372 5 o

2 Gk C;ania (1T L3R (32247 122
J .

gybstitute eg{A-7) into ag (A-5) , we get

Q
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<@y uwlbepe 12 i u >=<IMKKIH ppe [ TH- (REDKOP Wt
=-£{[ (I3K) (I£R+1) 1= S‘,,_QE_CJ-M'CJ'.mtm (=1
J

Y

[ (331 (522 1) 122 P (AR



(B) The Computer Program With Its Flow Chart
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Begin

V.

P

Vo s R,: 0.,,, VRO: A
Q A - 0] } e Return
( N, ECUT, GA ‘
N7
< 32 I=1, 2 >
!
( ISW, IPAIR, IPW, IEN Return
T
(:}IEN:———}G T CALL WAFEN ﬁ\\\\
. II, N, L, €, J, E,
A4 P
Q ISWe——0 \/ﬂr—> SDW, SDDW
F
(II, N, L, %, J, E, SDW, SDDW
f
N .
(:: IT >0 ‘//T Return




ISPIN, £, fA.» ROT, Dg, Dﬁq.,

DROT, ND§,, ND,%_, NDROT

5/

Calculate matrix elements

<521V, REEEE| 0, <3 Y REEE |30
Skl jie>

<J"_Q'IV;,§%¥§1 igr, <i®|IV, R%_.ﬁy

N

G
N

C I B —f, 3D s

y

Calculate matrix elements of eq(2)

<32l H?l jo>

4

/ CALL EIGEN

N

Obtain C;ay and E, of eq(I6)

Diasonalize the matrix d'_Q.‘]Hf,lj.Q.;'

' N
C IPATR—a0 J T

lp




N/

CALL PENGY

Calculate E , N, €Y7, U, V,

eq(I9) to eq(20d) and P(«,4) of eq(2I)

bm)

of

) @9 ROT —sROT+K*DROT

N

/

S

{ 49 ISPIN—>I to 17

N

>

\ Calculate the matrix elements

4By ur | HI@yof eq(2I)

4

Vs

CALL EIGEN

Diagonalize the matrix <§x‘,u'lH]§ Ko7

Obtain eigenvalue and Cy,y of eq(17)

(52

Return

L

End
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