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STATEMENT

The atomic nucleus 1s an immensely compléx system of
strongly interacting fermions. It contains too many parti-
cles to be treated exactly yet too few for'the adequate
applicability of statisfical methods: A theoretical descri-
ption of such a system with a iarge number of degrees of
freedom is.possible only if these degrees of freedom are
limited, This makes imperative the introduction of nuclear
models. The extensive theoretical and experimentalvinvesti—
gations to which nuclei have been subjected.have often
unfolded new and intriguing features of nuclear phenomena -
the manifestations of strong, short range, attractive

nuclear interactions.

Thz conventional nuclear shell model calculations in
the chosen ‘model’ spaces using realistic and semiempirical
effective interactions have successfully been performed for
the description of low»lying states ofvnuclei in different
regions of the periodic table.

The nuclei of the (fp) shell are not yvet amenable to

the exact (fp)n shell model calculations because of the
enormously large matrix dimensionalities which are often

greater than 20,000 for the angular momenta of interest.



Fortunately, the relative isolation of the f7/2 single -
particle state from the other fp shell states and the 1d3/2'
state has prompted the shell model calculations in thev

truncated ‘'spherical’ basis states within (f7/2)n or

(f7/2)nl (p3/2)n2 with n=n_+n, éonfigurations. Such calcula—
tions take_adVantage of the importancé of single particle
energies in determining the dominant configurations impor-
tant for the specthSCOpy of the low-lying states,vThey
however fail to take into accoﬁnt the coherent effects that
arise due to the field producing tendency of the two body
effective interactions. These effects require an enormously
m m - My

. | 1 2
large basis Space‘of the type (f7/2) (p3/2) (p1/2)

My

(f5/2) * with n:m1+m2+m3+m4’fqr their description. Hence
the description of a nucleus as provided by these shell
model cslculations is not adequate. On the other hand, the
collective rotation-particle-coupling model which.has been
used for the studied of the fp shell nuclei includes in a
collective way the role of coherent effects of the field
producing part of the effective interaction. From a theore-
tical point of view, such calculations are not satisfactory

aince these collective effects are not deduced from the

effective interactions between the nucleons Ly a microscopic

calculations. Thug neither of these models provides a
satisfactory description of the low—-1lying states of fp shell

nuclel.
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The present thesis describes a 'microscopic' study of
nuclei using a different approach - the Defofmed Configura-
tion Mixing‘(DCMf calculations based on Projected Hartree-
Fock theory. In this approach the effectiVe interaction
' petween the nucleons in presence of experimental single
particle energies is allowed to generate within the full
. model space, in a sel f~consistent manner, the lowest enerdgy
intrinsic state of a nucleus. This resuits in the deformed

basis of states which include similtaneously the coherent

effects of both the single particle energies and of the
various multipole field components of the effective inter—
action. It is, therefore, expected that the calculations
based on such a deformed scheme would be more economical
than the ‘spherical ' basis in the sense that smaller
number of basis states would be required for describing the
structure of the low-lying states of a ngcleuso_Thus théA
present model takes care of the limitations of the previous
calculations.

The DCM calculation involves four stages:

i)the generation of prolate and oblate Hartree-Fock
intrinsic states and various other particle~hole
excited intrinsic states upto a certain chosen

excitation enerdy.
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ii) the evaluation of the expectation value of the
Hamiltonian in the basis of states with definite
angular momenta projected from different intrin-

slc states generated above,

iii) the diagonalization of the Hamiltonian in the
basis of orthonormalized projected states. This
gives the energies and wave functions of the:

states of the composite spectrum.

iv) These wave functions are used in the study of
el ectromagnetic properties of the low-lying

States.

Using this formalism, this thesis presents an exten4
~sive and thus far the most satisfying study of the specﬁra

and electromagnetic properties of the low-lying states of
45,47,49,51Ti 47,48,48,51
7

the fp shell nuclei VvV and 490r.

The deformed single particle basis states have been generated
‘in the full (:Ep)r1 configuration space. It may be mentioned
that there does not exist any detailed microscopic study of

these nuclei in which the effects of full f£p shell are taken

into account.
In all these studies, the effective interaction of
Kuo and Brown modified by McGrory et al in an attempt to

optimize the agreement with the éxperiment of the calculated
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spectra of Ca isotopes has been used.

The agreement between the calculated and the experi-
mental spectrum and electromagnetic properties of the low-
1ying states of the above mentioned nuclel is very good.

An attempt has been made to suggest possible spin assign-
ments to some of the 6bserved states, on the basis of overall
- agreement with the experiment of the calculated energies and

decay properties of these states.

The positions of the high-spin states and the decay
nodes of the Yrast cascades in these nuclel has been
explained wherever experimental data exists and predicted

otherwise.

The wave functions of the low-lying staﬁes of these
nuclei have been analysed for possible band structures.
Besides the-gfound state band, the existence of an excited
low-lying collective band of states has been predicted
in the spectra of the nuclei under cosideration. TFor the

nuclei 49,51

5 :
Ti and “1V, there do not exist well defined ground
state shapes and this is attributed to the tendency of the
8 ,
(f7/2) neutron subshell closure that the chosen effective

interaction leads to..

an interesting extension of the present detailed

study has been with regard to the estimate of level densities.



of states upto about 5 MeV excitation in the nuclei. The
level density of a nucleus iﬁcreases with the excitation
energy and above a few MeV, the experimental data indica-
tes only the energies of these levels without much infor-
mation about their parities etc., The present DCM calcula-
tions are, in principlé, capable of describing these states
adequately but become very time consumihg. However, in view
of scant experimental data, these complete DCM calculations
are unnecessary. It is, however, possible to obtain an
estimate of only the level density upto 5 to 6 MeV, by extra-
polating-the information obtained from the complete calcula-
tions for the low-lying states. The estimates of level
density have usually been made by a combinatorial calcula-
tion in the basis of single particle intrinsic states which
do not have a definite angular mbméntum. The approach pre-

sented in the thesis describes the estimate of level densi-

ties of the states of definite angular momenta and thus is

an improvement over the usual methods.

7(4..;}4 J%~ csvH— - %

—

K.H. Bhatt "A.K. Thar
(Professor-in~Charge) (author)
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CHAPTER 1

1. INTRODUCTION

This thesis is concerned with the description of the
spectra and electromagnetic properties of the low-lying
collective states of the nuclei in the beginning of 1f~Z2p
shell. Thé studies have been carried out in the frame work
of deformed configuration mixing calculations based on

prbjected Hartree-Fock theory.

No systematic and detailed microscopic studieé taking
into account the effects of full (fp)n space have. thus far
been performed for the study of nuclei in this region. How-
ever some of these nucleli have beep studiedl) with varying
degrees of complexities according to £he following prescri-

ptiong:

i) The microscopic shell model calculations - mostly in
the truncated spaces, and
ii) The collective model calculations - mostly the ones

based on rotation-particle-coupling model.

We shall first give briefly an Qver—view of these previous
~calculations, point out their successes and limitations and
then see how the method adopted in the present study besides
being satisfying takes care of the objection and limitations

Of the previcus calculationse.



PREVIOUS STUDIES

2. THE SHELL MODEL CALCULATIONS

201 ?he Model .Spaces, BEffective Interactions and Operators

The intfoduction of nuclear shell model has been one Of
the major triumphs in the studies of nuclear strﬁctureo The
‘model envisages that the properties of nuclei can be described
reasonably well by the interplay of a feéw valence particles
outside a closed core nucleus - usually chosen to be the magic
or semimagic nucleus. This notion of restricting the degrees
 0f freedom of the nuclear system leads to the concept of "model".
spaces and hence to “"effective" interactions and operators
defined for the chosen "model" space. The success of the shell
model‘calculations in describing the prqperties of the low-lying

" gpace

states of a nucleus, hinges on the choice of the "model
and the "sroper" effective interactions and the effective

electromagnetic operators.

In absence of the detailed knowledge about nuclear
interactions, various prescriptionsZ) have been followed to
obtain these "effective" jamiltonians and opera'torsu These
involve their deduction either in a phenomenological manner

from the observed properties of nuclel or in a realistic



3)

manner by a microscopic calculation starting with free

nucleon-nucleon interaction. The effective electromagnetic

7)

- . 4 . _
operators have also been obtained in a similar way.

It might be mentioned that the manner in which the
- various terms in the derivation of "realistic" effecﬁive
interactions and opefators, have been included, is not free
from controversies4’8)_ Tt is for this reason that the semi-

empirical modifications of these realistic interactions become

necessary for the best overall agreement with the experiment.

262 The Dimensionalities

The nuclear shell model calculations within the full
(fp)? configuration space are not feasible because éf the
enormously large matrices that are to be diagonalized. In
the table given below, are presented the matrix dimensionali-

.9 . , .
ties ) for the T=1, J=0,2,4,6,8 states of nuclei with a few

7 dosp = Sy/2 7 Y32 L fo0 7 P37 Prs2 T Yo /0
n =6 -8 12 6 8 12

o 148 481 1372 |} 1514 17437 671159

2 525 1992 5768 6338 77907 3067868

4 502 2131 6562 8026 106132 4461696

6 255 1293 . 4434 6606 98092 4984885

8 67 460 1882 3896 68599 3745740




valence particles (n) in the fp shell space. For comparison,
are also tabulated the corresponding dimensionalities for these

states in the ds shell space.

It is seen than the matrix dimensionalities fér a few
par.icles tend to unmanageable nunbers as the number of valence
particles'increases and the "model" space exbands. For this
reason complete shell model calculations have, thus far, been
possible for the nuclei upto the ds shell. The ones that are

performed in the (fp)n space are for the nuclei with A X 44,

2.3 Truncated Shell Model Calculations

Owing to the prohibitively large matrix dimensionalities X
the shell model calculations for fp shell nuclei have usually
been perforﬁed in truncated spaces, differing from each other
in the choice of configuration space and the éffective inter-

actions and operators.

2.3.,1 The Truncation Schemes

Two types of truncation schemes have commonly been adopted.
These are:
i) those based on the one-body part of the Hamiltonian

and ii) those based on also the two-body part of the Hamiltonian.



" 2.3.1.1 Scheme-1: The Truncated "Spherical! Basis

Thi:ssdheme is based on the property of only the single
particle part of the Hamiltonian. It exploits the relative
isoclation of the f7/2 single-particle state from the 1d3/2
and 2p3/2 single particle states as a means of confining
nucleons to the 1f7/2 state if N and Z <28, For nuclei with

N.or zp229, the 1f subshell is regarded as full and extra

7/ 2
nucleons confined to P3/pf f5/2 and/or Py /2 single~particle
states. Amongst the shell model calculations performed on the
bésis of this truncation scheme are the j-j coupled spherical
shell model calculations in the (f7/2)n configuration and

those which also include partially the effects of other fp

shell single-particle states.

2.2.142 Scheme~2: The Truncated "Deformed" Basis

This type of truncation scheme while taking into account
the relative isolation of the f7/2 state also recognizes the

0)

dominant field producing tendencyl of_the two-body effective
interaction. The studies of the f-p shell nuclel that have
thus far been performed on the basis of this truncation scheme

are in general the projected Hartree-Fock or projected

Hartree-Fock- Bogoliubov calculations,



2.3.2 Calculations in the Truncated "Spherical' Basis

such calculations take adVantage of the importance of
single~particle energies in determining the dominant confi-
gurations important for the spectroscopy of the low-lying
states. They; however, fail to take into account the coherent
effects that arise due to the field producing tendency of
'the two-body effective interaction since these effects require
_én enormously large basis space of the type (f7/2)nl (p3/2)n2

n :
) 4 with n = n1+n2+n +n  for their description.

n
3
(1,20~ (f5,7 3™

We shall now discuss briefly the various calculations

that have been performed in this truncated scheme.

2.3.2.1 The (f7/2)n Configuration Model Calculations

7 11-17
Nuclei with 20 <N and/or Z <28 have been treatedll 17)

in this model. The low-lying states of these nuclei are descri-
bed by the interplay of the valence nucleons in the isolated

~E7/2 state.

A comprehensive calculation for most of the nuclei in the
(f7/2)n model space has been performed by McCullen, Bayman and
Zamickl3) (MBz) . Many of the observed properties of the low-

lying states of nuclei in this region are reasonably accounted

for. Calculationsl4"l7) within this model space have since



been performed or repeated for many of these nuclei in view

of the availability of the new experimental data on the spectra
of 425c from which two-body matrix elements can be obtained.
The energies of the low-lying high-spin states as predicted

by this model are found to be generally in reaéonable agree-
ment18) with the recent observations of heavy-ion induced.
reactions. However, there exist serious discrepancieslg) between
the experiment and the (f7/é)n configuration calculations, as'
regards the energies of the excited states and the electromag-
netic properties of the low-lying states of a nucleus. For
example, in the nuclei 45Ti, 47'49V"experimentally a ground
state triplet of states with J=(3/2, 5/2, 7/2) is observed.

The (£ model calculation for these nuclei reproduces

)1
/72
the first J=3/2  state above by about an MeV. Furthermore

on the basis of such a model the spectra of nucleil having same
number of particles or holes in the lf7/2 shell aré-expected
to have identical spectra. Such features,in general, are not
cbserved in these particle-hole conjugate nuclei. Lawson14)
pointed out an interesting symmetry arising in the (f7/2)n
model for the self-conjugate nuclei. According to this model
‘the M] transitions between the states having “opposite" sig-
natures, should be forbidden. The experimental data16), however,

indicates the breakdown of this proposed selection rule.

Another very remarkable disagreement of the (f7/2)n confi=-



guration with the observed data concerns the level density
in the low-excitation energy region. For example, in 4580,
ten levels below 1.6 MeV have been observed while as only one

is expected on the basis of (f7/2)5 model calculations.

Similarly, for the agreement with the observed E2 transi-~
tions between the low-lying states of a nucleus, large effe-
. 6) . . n . .
ctive charges are requlredl ) in the (f7/2) configuration

model .

All these limitations point to the importance of the
other fp shell configurations for the description of the low-
lying states of nuclei in this region. It should, however, be
mentioned that inspite of fhe many limitations of the (f7/2)n

model calculations, they have been quite dinfluential in the

understanding of nuclei in the lower fp shell region.

2.3.2.2 Extended “"Spherical' Shell Model Calculations

Such calculations include more than (f7/2)n configuration
and are improvements over the pure (f7/2)n configuration
model calculations. The configurations that have been consi-

dered are:

. n \ \
i) Those involving besides (f7/2) configuration, the

ones of the kind (£, ,.)7 " (p3/2)m with m = 1 or 2, in which

7/ 2
ot 8 : i te. Th
1e or two £7/2 neutrons arg excited to the p3/2 state e



isotopes 42~47 . .nd N=28 isotones have been Studied20-—24)

in such a configuration space. Two body matrix elements

were treated as fitting parameters.

ii)'The (f7/2 - p3/2)n configurationf Raz and Soga2
‘performed shell model calculations in this space for the
isotopes of Ca With A=42-45, The.effective two-body inter-
action with seven free parameters was chosen to give best
fit to the several sets of observed spectrum. This calculation
showéd the importance of the p3/2 neutron orbit in the explana-

43,4SCa

tion of the low-lying J=3/2  state in
n n

ooy _ 1 _ _ 2 . _
iii) The (7Tf7/2) (¥p3y,p = Pr/p fS/q) with n, +0,=n

Configurations. Such calculations regard 486a as the closed
core and consider a few valence neutrons outside the core
nucleus. Nucleli with Z 28 and N > 28 have been described26—30)
in ‘such a configuration. Regarding 48Ca as the closed core,

6)

Vervier2 and Horie and Ogawa27) treated N=29 nuclei while
McGroryZS) treated N=30 nuclel in this configuration space,
and found good agreement with experiment for a large number
of energy levels, spectroscopic factors and some ﬁ-decéy

and electromagnetic transition rates.

. . . . 56
McGrory also performed a calculation in which Co was

4 . .
regarded as OCa core plus 14 or 15 nucleons in the f7/2 orbit



10

A o . £ , s,
and the remaining ones in the p3/2; 5/2 and.pl/2 orbits
For the E2 transition effective charges ep=l.5€, en=O.5e
were used, while for Ml transition rates bare operators were
used. &n excellent description of the electromagnetic transi-

., 56 ,
tions in Co was obtained.

: n V
W2 - f - : i o1 -
2434243 (p3/2 5/2 p1/2> Configuration Model Calcula

tions

Nﬁclei'with N and Z > 28 have been studied31m37) in this
configuration, regarding 56Ni as the closed core. Calculations
have been done mostly for the isotopes of Ni and for some of
the isotopes of Cu.

1-36)

. .3 CoL .
Various authors have studied Ni isotopes in the

. n . . - , . )

(p3/2 15/2 pl/2) spacte with different effective interactions.
- .35 . . , 58 __.

Shimizu and Arima also included in their study of Ni

the excitations of particles resulting in 3p-1h and 4p-2h

' , . 56__. ‘ , .
contributions from Ni core. Reasonable agreement with the

experiment was obtained.

A systematic study of the slectromagnetic transitions
. . 36
in i isotopes has recently been made by Glaudemans et al ).
The effective charge e = (1.7040.08) e has been found to give

a best fit to the 33 measured E2 transition strengths. and

quadrupole moments in these nuclei. However, significant
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- discrepancy between the experimeht and calculation is obser-

. + .
ved for the quadrupole moment of the 2 state of 6ONJ..
The large effective charge needed in this calculation

_ - 56 . . .
shows that the deformation of Ni 'core' is very important.

2.3.2.4 Restricted (£fp)” ghell Model Calculations

Extensive shell model calculations for the 42-304,

8)

. . 3 .
isotopes have been carried out by McGrory et al . Assuming

. 4 . ‘ .
an inert OCa core, two sets of basis vector spaces were consl-

dered:

i) the basis space with f7/2; p3/2: Py/oe f5/2 single

particle active states,

ii) the space with f7/2, p3/2, 91/2, f5/2 and 99/2 active

neutron orbitse.

The distributionsof valence neutrons of the Ca isoiopes

in these basis spaces were governed by considering all Pauli

n n n n
3 1 ] + 1 =~ ~ 1 2 K 3 3 4:
allowed configurations of the form (f7/2 P3/p 37 Iy )

i = -+n c ] +
wilith n nl+nZ 3+n4 and n3 n4

g . o i 1 ‘ <
could either be pl/2, f5/2 or 99/2. The restriction n3+n4\q2

L 2. The orbits jl and j2

was made to reduce the matrix dimensionalities for heavier Ca
; . , ., 3 -
i1sotopes. Kuo-Brown effective interaction ) was employed. The
calculations with this interaction showed that while the

spectra of 42Ca 460a could be explained successfully. the
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. . 47 50 .
gspectra of the nuclel Ca to Ca, in contrast could not be
reproduced. McGrory et al modified by least squares fit some
of the T=1 matrix elements of the Kuo~Brown interaction, in

an attempt to optimize the agreaneht between the experiment

4 .
and the calculated spectra of all the 2Ca - 5oCa isotopes.

The modifications were made in two stages:

2 2
7/2

J=0 and 2 were made more attracthe bN'AJO 3 MeV and all the

i) The matrix elements (£ glv]E I\ for
7/ 2 -

i\ll//f J( \ {f J)} matrix elements were made

7/2 P3/2 7/2 P3/2
repulsive by about 0.3 MeV. All others were kept at the same
value as Kuo-Brown matrix elements. This raised the Centre

; i C'G K J \ J i £
of Gravity ( ) of<if7/2 P3/p 7 ]/‘ f7/2 P35 ;> interaction
from -0.1 MeV to +40.2 MeV. Calculation with these modified
(called here MWH1) matrix elements showed that while the

42--46 .

spectra of the nuclel 2 Ca were slightly improved in agree-
ment than with the Kuo-Brown interaction, the spectra of the
47-50

isotopes 2Y0c4 were still in disagreement with the experi-

ment.,

ii) To optimize the agreement for these heavier Ca iso-
topes, McGrory et al made further modification by adding +250
keV to all the diagonal matrix elements of the form
{ J v J\ / £ T\,
E7/2 P12 | §f7/9 1/2 and &y /5 %5, 7/2 T5/2 °/

The effect of this change was to raise the C.G, of the

J}v)f
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interaction of a nucleon 1n f7/2 with that in f5/2 and p1/2

orbits. We label these modified matrix elements as MWHZ,

The calculations with such a modified (MWH2) interaction
showed that although the agreement for 42-46 Ca was not sig-
nificantly different from that obtained with MWH1 interaction,

the agreement for other Ca isotopes was considerably improved.

These calculations sucgested that in the effective
interaction of Kuo and Brown, the ieteractions of f7/2 par-
ticles with P12 and f5/2 particles are too strong. The
calculation further indicated that the effects of excitations
of particles from the 4Oca core into the fp shell spaces, are
significant above about 2.5 MeV in *2Ca though ~OCa.

McGrory39) performed anothér shell model calculation

42"44Ca, 42-4454) in the (£p) "

for the nuclei with A <44 (
space. Assuming that the most important matrix elements in
the calculation were those involving f7/22 JTj>states,
McCGrory treated eicht matrix elements involving these states
as free parameters to renormalize the KuowBrown effective
interaction, given for (fp—gg/z) space so as to be used in
the fp space. The eight matrix elements were varied to opti-
mize the agreement between the calculation and observation‘
for the energies of 29 states and for seven ground state

2 2

binding energies. The<f7/2 J T=} !V‘ f7/2 J T=%>> matrix
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elements obtained in this calclulation are very similar to

those of the MWH2 interaction of McGrory et al.

McGrory also studied the electromagnetic transition rates
for these nuclei with Aqg44. The E2 transitions were calcula-
ted using, in general, state independent effective charges

C . 42
=l.2e and en=o.5e. However for the transitions in Ca and

S 42

¢

Sc, the neutron effective charge was taken to be e =e-

The calculated B(E2) values were found to be smaller than
the observed values even with the effective charges en=e.
This discrepancy has been attributed to the admixture of the
highly deformed states resulting from the excitation of the

sd shell nucleons into the fp shell.

For Ml traensitions various effective operators involving
the corrections due to meson fields were considered. ReasOna-

ble agrzement in some cases with the experiment was obtained.

An important feature that resulted from this calculation
was that besides the modifications in the T=1 matrix elements
of Kuo—-Brown interaction, needed by McGrory et al38), the
c¢hanges in T=0 matrix elements were also found necessary.

40) in

The only other shell model calculation performed

ad
the full (fp)" space is for the nucleus ~ Ti. Using Kuo~-
Brown effective interaction, a reasonable agreement with

the experimental spectrum was obtained.
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2.3.3 Ccalculations in the “"Deformed! Basis

These calculations are not as common as the convention-
a1 shell model calculations.‘These calculations take into
éccount the effects of the single-particle energieé as well as
tﬁé coherent effects of the field producing components of the
Veffective interaction between the valence nucleons in deter-
mining the dominant configurations necessary for the descri-

" ption of the low-lying states.

In this approach the "deformed" basis states are obta-
ined in the foliowing way: The effective interaction between
the nucleons is allowed to generate in a self consistent way.
a deformed intrinsic state by carrying out a Hartree-Fock or
Hartree-Fock-Bogoliubov calculations for the Valeﬁce nucleons
in the fu’l (fp)n space. The basis'states for describing the
low=1lying states of the nucleus are then obtained by projecting

out the states of definite angular momentum from the deformed

intrinsic state.

The hope that this approach would be successful in
describing the low-lying states of the comparatively less

deformed fp shell nuclei arises from the following fact.

It has been shownll'lZ) that the low-lying shell model
states of nuclei in the (f7/2)n space are well projectable

from the Hartree-Fock intrinsic state generated in this space.
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This implies that even for "zero deformation' projected
Hartree-Fock states correspond reasonably well to the colle-

ctive states of these nuclei.

The absencelo’4l“43) of the well developed rotational
spectra for the nuclei in thé beginning of fp shell indicates
ﬁhat these nuclel are not well deformed., However, because of
the above fact, it is expected that even for small deformations,
the low-lying collective states in the (fp)n space would be
projectable, reascnably well from the correspondiﬁg HF in-
trinsic states generated in the (fp) " space. On the basis of
such a model, the calculations that haveithus far been made.
are mainly for the description of the "ground state Bands"
of even-even nuclei in the fp shell. These include the pro-
jected Hartree-Fock (HF) or Hartree~Fock~Bogoliubov (HFB)
calculations4475l) with different choices of the effective
interaétions. HF and HFB calculations have .also been done52"55>
for some of the even-even and odd-A nuclei in the beginning of
fp shell. The agreement of these calculations with the experi-
‘ment varies from quantitativa'in some cases to qualitative
in most of the cases. The spectra are generally found to be
compressed, but the electromagnetic transitions appear to be
reasonably well described by the effective charges ranging

from ep= (1.5 - 1.7)e - and én: (0.5 - O.7) e
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These reasonable effective charges needed in these

" geformed microscopic calculations imply that the chosen
deformed configuration adequately takes into account the
coherent effects of the dominant field producing bomponents

of the effective interaction.

2.3,4 Deformed State Admixtures in fp Shell

The presence of a number of Jlow-lying states and
large E2 enhancements, which do not arise in (fp)" space.
have been very well understood in terms of the deformed

6)

configuration mixing calculations of Gerace and Green5 and
57.,58) . .
Flowers and.Skouras . The calculations involve the
. . . 4
excitation of particles from the _OCa closed core to the

f-p shell space.

The existence of mysterious low-lying states in 42Ca
and 428c whidh could not be explained on the basis of (fp)n
Calculation prompted Flowers and Skoura557) to explain the
energy spectrum of these A=42 nuclel by considering in their
wave function of two particle stateé in the fp shell, the
admixtures of 4p-2h states arising by the_excitation of two
particles from 4OCa core. In general, there are a large
number of (ds)"2 (fp)4 states. Taking advantage of the field
producing components of the effective interaction, they

included in the calculation only those states of the four
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‘nucleons in fp shell that were préjected from the highly
d’eforméd K=0 (K= %"ki with ks.\'jz> the expectation value of
angular momentum along the axis of symmetry) intrinsic

state obtained by putting four particiés in the lowest k=1/2
brbit of the fp shell. All (sd)_zstates were inclﬁded in the
calculation. Yukawa-Rosenfeld interaction was used and the
d3/2— f7/2 single particle energy treated as a parameter to
optimize the agreement between theory and experiment. Large
number of E2 transitions between these deformed and "normal"

2
(fp) © configuration states were found to be reproduced well

with an effective charge ep=1.75e,and en=O.75e.

& similar calculation for the explanation of "core

g 2 i

excited" states in 46Ti has been performed recently by

58 . \
Skouras ). A good agreement with the experiment for both
energy levels and transition rates is obtained. Effective

charges ep=1.5e, en=o.5e were found to give best overall

fit for the observed EZ2 rates.

Q

3, THE COLLECTIVE MODEL CALCULATIONS

3.1 Rotationrparticle-Coublina Model Calculations

Detailed calculations for odd-A nuclei in the lower fp

9)

: g .
shell have been performed by Malik and Scholz in the frame-

work of strong coupling collective model. In this model all
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but the odd nucleon are incorporated in the definition of
the deformed "core'". Bxial symmetry for this "core'" nucleus

is assumecd. The motion of the odd particle in such an axially

N2

symmetric potential leads to the coriolis term (=i.J, where

=

I is éngular momentum of the deformed "core" nucleus and j
of the odd partiéle) that couples the particle motion to the
core nucleus. Various intrinsic states are obtained by vary-

ing the cccupancies of the odd nucleon.

The model with all its simplicity has been cquite success-
ful in reproducing reasonably well the observed proﬁerties
of many fp shell nuclei. The success of this model has en-
hanced the understanding and appréciation of the effects of
the deformation on the structure of the low~lying states of
these nuclei. Indeed, the dramatic conseqguences of deforma-

45 ., 47,49

~tion on the spectra of Ti, V were predicted by this
model.

However, from a theoretical point of view, such calcula-
tions are not satisfactory since the collective effects are
not deduced from the effective interaction between the

nucleons by a microscopic calculation.

3.2 Intermediagte Coupling Model Calculgtions

Some of the odd-A nuclei in the fp shell have also been

60-64)

studied by the intermediate or weak coupling model
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calculations. These calculations involve the coupling of the
odd nucleon to the even-even core nucleus. The interaction

between the core nucleus and the odd nucleon is usually

. 3) .
con51deredo ) to be of cuadrupole-quadrupole form. Configu-
rations involving upto three phonon excitations of the core

nucleus have also been considered.

The calculations that have been performed in this model

are for the isotopes of Mn, Fe, Cr, Zn and Ga. For the des-

C s , . , 6
cription of Cu isotopes with A=59 to 65, Castel et al 1) con-
sidered also the effects of the observed anhormonicities in

the "core" states of Ni isotopes. The resulting agreement for

E2 and Ml transition was reasonably good. Dikshit and Singh64)

55,57

performed a similar calculation for Fe by considering

the anhormonicities of 54'56Fe‘and allowing the odd nucleon

.55
in Fe to occupy p3/2, f5/2 and pl/2 states. The calcula#ed
B(M1) values are in significant disagreement with the obser-

ved values. However, EZ2 rates are well reproduced.
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PRESENT CALCULATIUHS

4. MICROSCOPIC DEFORMED CONFIGURATION MIXING CALCULATIONS

441 The Motivation

This thesis deScribes a microscopic study of odd-A
nuclei in the 1f~-2p shell in the framework of Deformed Con-
figuration Mixing (DCM) calculations based on projected

Hartree«Fock theory.

For the fp shell nuclei the projected HF and HFB calcu-
lations seem to p:ovide an adequate descripﬁion of the experi-
mental ground state banc of states. For the description of
the states other than the ground state band, it is necessary
' to carry out, in the framework of the angular momentum pro-
jection scheme, the mixing of various excited HEF states~and
of the bands resulting from different particle-hole (p-h)

excitations from the lowest energy HF solution.

The axially symmetric HF solutions corresponding to
prolate and oblate shapes of fp shell nuclei are usually
close to each other in enerdgy . ALso, due to the antiquadru-
'pole field sequencelo) bf the single particle energies, the
HF states of £p shell nuclei are likely to be less stable

than those of the sd shell. It is expected therefore that
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the Hamiltonian might appreciably mix the states projected
. from various p-h excited intrinsic states with those proje-

ctéd from the HF state.

The main advantages of performing such a configuration
ndxing'calculation in the deformed basis generated in a
self consistent manner according to the HF theory can be
eésily appreciated by comparing it with the "spherical" basis

R n —

n
| (jl) Lo 5) 2 .. \JT coupling scheme and with the sSu(3)

LSJ basi365“67),

The “spﬁerical" basis takes advantage of the relative
importance of the single particle energies in determining
the dominant configurations which play an important part in

.the spectroscopy of the low-1lying states. However, it does
not anticipate the field producing tendency of the effecti-
interaction. As a result., a large number of spherical basis
states are needed to properly describe the structure of the
low-1lying states. Cn the other hand the sU(3) coupling scheme
clearly recognizes the dominant quadrupole field tendency
of the two-body interaction. It does not take into account
the effects of the higher multipoles of the effective inter-
action as well as ghe highly significant role of the single-
particle spin-orbit interaction in determining the structure
of the low-lying states. The SU(3) basis is however more

economical than the spherical basis in the sense that the
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number of configurations needed to describe the states 1is

muc¢h smaller than those needed in the spherical basis.

The DCM calculations68) based on projected LiF theory
tgkes into account partially the importance of the single
particlé energies as well as that of the various multipole
field components which the interaction gives rise to. It
is therefore expected that the deformed basis based on HF
sﬁate would be more economical than tﬁe SU(3) basis for
describing the structure of the low-lying states of nuclei.
This choice of the basis states is also appropriate for the

identification of band structure in nuclear spectra.

The DCM calculation involves four stages:

i) the generation of prolate and oblate HF intrinsic
states and various other pn-h excited intrinsic states upto

a certain chosen excitation enerdy.

ii) the evaluation of the'expectation value of the Hamil-
tonian in the basis of states with definite arigular momenta

bprojected from different intrinsie stateg generated above,

iii) the diagonalization of the Hamiltonian in the basis
of orthonormalized projected states. This ¢ives the energies

and wave functions of the states of composite spectrum.

iv) These wave functions are used in the study of electro-
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" magnetic properties of the low-lying states.

Using this formalism, this thesis presents an extensive

. . 8-78
and thus far the most satisfying study6 78) of the spectra

and electromagnetic properties of the low-1lying states of the
45,47,49,515, 47,48,49,51 9. e

fp_shell nuclei . V and

deformed single particle basis states have been generated
in the full (fp)n configuration space. It may Dbe mentioned

that there does not exist any detailed microscopic study of
these nuclei in which the effects of full fp shell are taken

into accounte.

4,2 Choice of the Effective Interaction

In all the calculations presented in this thesis, Kuo-
Brown3) effective interaction modified by McGrory et a138)
'in.an attempt to optimize the agreement with the experimental
spectra of Ca isotopes has been used. This modification of
Kuo- Brown interaction involves the 'sinkingls of the C.G.of
the interaction between two nucleons in the 1f7/2 state
and 'raising' the C.G. of the interaction of a nucleon in
Alf?/z with a nucleon in 2p3/2, 2p1/2 and 1f5/2 states..We

have labelled this modified Kuo-Brown interaction as MWH 2

in subseCeZ2e¢3e2.4,

79,80 ; .
It is interesting to compare +80) the deformation pro-

ducing tendency of this semi-empirical, semi-realistic MWH2
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interaction with that of the "realistic" Kuo-Brown inter-
actione.

The experimental data indicates a tendency for shell
closure for nuclei with N=28. The MWH2 interaction is consi-

-
stent79) with this trend. Except for 32Cr, it gives rise to

- HF states for N=28 nuclei having a deformation smaller than

‘those for the nuclei with N=26 and 30. The f7/2 neutron
sub-shell is almost closed in the hBF state of N=28 nuclei.
The £

26Nis

7/2 subshell is completely filled in the HF state of

In contrast to MWH2 interaction, the Kuo-Brown effective,
. . 79,80) . N . : e
interaction leads to a HF state with large deformation
for the nuclei with N=28 and hence is not consistent with
the experimental observations. Thus the calculations with
Kuo-Brown interaction, will not providé even a reasonable
description of fp shell nuclei. It ig for this reason that
we have chosen MWHZ interaction in our calculations. However,

thig interaction too has the following limitations.

i) Although the MWH2 interaction reproduces well the
spherical HF solution of 56Ni, it does not reproduCe81>v
very well the single-particle or hole energies of 57Ni and
55Ni relative to closed 56Ni. This interaction gives for

57 _, ) , ,
Ni the single-particle states with p3/2 and p1/2 at 0.54

and On67 MeV respectively relative to the f5/2 single-particle



N=26-29 like

26

state. The observed single-particle energies for p3/2, f5/2

and pl/z‘states are O, 0,78 and 1.08 MeV respectively,

Thus the calculations with MWH2 interaction for
the nuclei with N 228 would be in error and might become
serious in the calculations of pick up or stripping strengths

etc.

Tt is because of this inadequacy of the MWHZ inter-
action that we have restricted our calculations mainly for
the nuclei with N<28. For these nuclei the above limita-

tion 1s not very serious.

ii) The HF calculations with MWH2 interaction lead79)

to two distinct solutions with less and more deformation
2 .
for the nuclei with N=28 and a1508 ) for some of those with

50—-53Cr 52'53F

. e. As mentioned above, for the

nuclei with N=28, the neutron (f7/2)8 subshell is «lmost full
in the less deformed hF solution. For all the nuclei the

less deformed HF solution is lower in energy than the more
deformed one except in the case of 52Cr, for which the HF
state with large quadrupole moment is the lowest. However,
for this nucleus the leés deformed HF intrinsic state is

also very close.in enerdgy to the more deformed one.

3,84 ¢ the existence of such
51,53Cr 53F

. c 8
There 1s some evidence

excited, 'deformed’ bands in the spectra of ’ .
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The calculations with MWH2 interaction, for these nuclei,
give very small energy separation between the ground state
and these excited band heads‘compared to their observed
gseparations. Thus thé MWH?2 interaction does not, in

general, reproduce very well the band-head separations.

4.3 Choice of the Effective Operators

The description of electromagnetic properties of nuclei
in a chosen model space recuires the use of effective opera-

tors appropriate for the chosen space. Analogous to the

2,34 . , , .
13,4) of effective intaractions vari-

microscopic derivation
4.7) "

ous attempts have been made for obtaining che effective
charges for the description of E2 transition rates. There
is a large uncertainty in the valu¢s of effective charges

6)

resulting from these microscopic calculations * . However,

the recent calculation of Kuo and Osnes7), for fp shell
nuclei, yields proton and neutron effective charges
bep=1.25e, en=0.47e. The effective charges ep and e, resulting
85)

from the macroscopic calculations of Bohr and Mottelson

are l.2le and 0.7%e regpectively.

2)

In one of our calculaﬁions7 of B(E2) values for the
ground state band of states obtained by projected HF calcula-

tions for the even-even isotopes of Ti, Cr and Fe, the
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isoscalar effective charges ep=1.5e and en=O.5e were used.

A reasonable agreement with the experiment was obtained.

) A 39)
similar effective charges were used by McGrory et al ’

for
the description of E2 transitions in nuclei with A <44. The
agreement of these calculations with the experiment was not
good mainly because Ca isotopes are highly influenced by the

"oore" excited states.

6)

We also attempted to determine8 the effective charges
eé and e, by making a least squares f£it between our calculated
and experimental B(E2, 2= 0) values for the even-even igoto-
pes of Ti, Cr and Fe. The best values of ep and en were found
to be (1.3240.16)e and (0.8910.18)e respectively. These values
5)

are cuite close to the values obtained by Bohr and Mottelson

but slightly larger than those obtained by Kuo and Osnes7).

In our calculation reported in this thesis we have used
the effective charges ep=1,32e, en=0.89e as well as those
of Kuo and Oshes. In some cases, calculations with effective
charges gp=1.5e, en=O.5e are also done. For the magnetic

transition, the free nucleon g»factorsbare usede
The present thesis is divided into five parts. In part Il
is described the Deformed Configuration Mixing formalism as

applied to fp shell nuclei. In parts IIT to V are presented
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the results of the DCM CalCUldtlon on spectra and electro-

magnetic proPertles of the nuclei 45,47, 49,51y i, 47,48. 49,31y

49 . . . ‘
and . Cr. Bach nucleus 1S discussed in a separate chapter.

In an appendix at the end are presented some of the results

on electromagnetic transitions in even-even isotopes of Ti,

Cr and Fe,
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CHAPTER 2

DEFORMED CONFIGURATION MIXTNG FORMALLSH

In this chapter we shall present the details of the
deformed configuration mixing formalism based on projected
“'Hartree—Fock theory ror the study of spectrum and electro-

: mégnetic properties of the fp shell nuclei.

1, THE SPECTRUIM

- This involves the following three stages of calcula-
‘tions:
A. Genera+ion of the HF and other low-lying particle-
Ahole excited intrinsic states, upto a certain chosen excita-

tion energy. in the(fp)n configuration space;

B. The evaluation of the energies of the states of
definite angular momentum, projected from each of the intrinsic

states generated above,

C. Orthonormalization of the states projected from
different intrinsic states and the diagonalization of the

Hamiltonian in the basis of these orthonormalized states.

We shall now discuss these three stages of the cal-

Qulation.
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1«1 Intrinsic States

1.1.1 Hartree~-Fock Intrinsic States

We shall give here the calculational details for the
generationl) of an axially symmetric HF intrinsic state of

a nucleus with n valence particles in the fp shell space.

The Schrodinger equation for such a system is

HY = Ey . (1)

where the Hamiltonian

s

T R + 1 <y ~ | s + 4+
fhg;&“ﬁluga a += p¥|YEda a, a.a, (2)

The first term on the right side in eq.(2) is the one-bodypart
of the Hamiltonian consisting of kinetic energy and potential

. , =2 z > , o
energy including 1~ and l.s. interactions etc., describing

the single particle shell model states. The second term

la

(AP | TIVE= LkPlwl Y 6> ~(xPIv 6 YD

~is an antisymmetric matrix element of the two-body force.
+ . . '
a' and a are the usual fermion creation and annihilation

Operators respoectively.

According to HF theory, the approximate description of

the ground state of the fp shell nuclei can be obtained by



v‘replacing in eq.(1) the wave function W by a variationally
determined Slater determinantal wave function X of single

particle states |A> rieeas

T, : .
Yy X o T bh (%) (3)
Py |
such that
'S’ \.
X x>

For an axially symmetric HF solution, the angular momentum

is not a good quantum number while its projection along the-

axis of symmetry is conserved. Thus we can label the wave

function
x o= }’K and | A/\ = (A, k>
o
where K = L with k:<jz>the expectation value of the pro-

=

.

along the axis of symmetry. In the single particle

L d -
Lubﬁ:

jection of
wave function f), k> , A refers to guantum numbers other than

those labelled by k.

The energy of the state QCK is given by:
o

E, = <:KKNEF{LX“KO>
o " o . Zl\ . N
= 5 {Alhy 1A+ L (AP T AR

Azl ;\,/\1
- (5)
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The orbitals ‘R>ale expanded in the basis of fp shell

" gtates as:?
- A .

D=l Adk)y =2 el | ike) (6)
‘ |

and f'

B Ve VRS Ve 5/2°

This eq.(5) can be expressed ag:

XKq\+4lXKO>-:

n %A _ . N CA

Z » ,? C,j( l’\‘ < J\ kl *’t‘l \ \"\O \ JB l/\l 'C'{ / J3K|

A=t \)‘7-!3

! D\ TN PN . , Yk »
+ = Z_, , CJ'k, <)k <Jlk‘?IJJZL’\2L2|U—(J3 | lJJAKZL‘Z>

A T 28y

A D93 ]
E Jl;}le x C-/\ C’(U"
. gk L kg

(7)

The variational eq.(4) implies the variation in single particle

orbits |2} . Thus c,, become variational parameters. This leads

ik
to. the eigenvalue equation:

I A '
h\ 331\_1%1> c = e c, (8)

Z ]_ 1 1‘ j3kl k j. .k

J3

where h is the Hartree-Fock hamiltonian and ey is the corres-
pqnding energy of the single-particle orbit{ﬁ) . The matrix

element:
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: . h' i < \ =
(Il PEIgRE D
‘ oy y .
/i ke h LI ke N+ S ke i %
{3k L agr) )y CrC A V3 gk 2y ) (©)

P":—'I

Eguations (8) and (9) define the Hartree-Fock equations which
are solved iteratively until a self~-consistent solution is

réached. At this stage, the HF solution is defined and the
fHF energy :

gt ady (10)

"

: = /X X 5= 3 e’- L

By '\y'KO\H‘XK/ L 72
Az

i Az
where<kltﬂ K>is the matrix element of the HF gelf-consistent

potential.

In our calculations of HF hamiltonian matrix, we use
for the first term on right side in eqg.(9) the experimental

. . , - 41 '
single particle energies of Ca nucleus.

The solution of eq.(8) leads to a Comﬁlete set of single
particle orbitsj), k>.. In the HF state of a nucleus the
nucleons occupy the Jowest energy orbits according to the
Pauli Principle. In fig.l, we have sketched, for later use
some of the occupied and unoccupied HF orbitals of a NZZ

nucleus.

The dashed line separates the neutron occupied orbits

from those of the unébcupied ones. We refer to the occupied
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LNOOCURPIED
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K

Bp - * kﬁi
‘ rﬂv km

% 4 k,
K e K| gecupiED
s b {4]s0d

B A A s o
b
P

I

Fig.l

orbits by the label i,j,... and to unoccupied ones by MeNys«-.

If the HF single particle orbits$2 ﬂg> are invariant

under a particular unitary transformation for which H is
biinVariant, then, the HF hamiltonian h also possesses thatv
 uSYmmetry. For e&en«even N=% nuclei, both time reversél and

isogpin symmetries are conserved and this leads to the four—

fold degeneracy of the single particle orbitals. For even-even

N£Z nuclei, only time reversal symmetry is good. while for odd-

A nuciei both these are broken. Thus for odd~A and odd-odd

Nuclei the HF single particle states are not degenerate in

energy. In drawing the sketch above, we have,however, ignored
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Ehese difierences in energies.

The intrinsic cquadrupole moment of these single particle
states labelled by | k> in fig.1l, are given by the expectation
.value:

{ x 1“? (11)

G T

- ~where the single nucleon mass quadrupole moment operator

ro o |16 2 2 -
o (1) = Jg& ri v, (6. Ay)

S with yé(@i' %i) as the spherical harmonic of rank 2.

The total mass quadrupole moment of the HF intrinsic

N

" state XI’ is then given by:

O
= {X N 2
O = L% | ) (12)
O
+2 L oA2
h Y = D go(d).
vhere O 2 qo(l)

"

L=l
Equation (12) can be rewritten in terms of proton (pr)

and neutron (nu) contributions as:

P N
% = % Lo Yor * 20 [ a (8] oy

p=1 -

where P and N refer to protons and neutrons and n=P+N.
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Jele?2 Excited Intrinsic States

The excited intrinsic states used in the calculations
described in this thesis have been obtained by various p-h

-éxCitations from the HF states.

As seen from fig.l, the 1p-lh excited intrinsic state

can be expressed as:

| 4 - N
&X K(lp—lh)> = b bi‘/(‘ K, /

where K=K -~k . +k o
o i m

In a similar manner, the wave function for the 2p-2h excited

intrinsic state can be written as:

X (zp_zh;\.: F et b, bIX .S
K yd m n 1 ]

with K'=K 4k +k ~k.,-k, and sO OR.
o m n 1 J

In general, we designate

X (7) where 7 distinguishes
K {

with the same K., The energies

by :

EK(T()

:-<’X KPZ)( H iXK(?F)>

various intrinsic states by
between the intrinsic states

of these states are then given
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In order to know which p-h excited intrinsic states

should be included in the calculation, it is necessary to have

‘gome rough estimate of the energies of these excited intrinsic

‘states relative to the HF intrinsic state.

The energy of the 1p-1h excited intrinsic state is given

.

EK(lp—lh) =<2<K(1p—1h)l H\ XK(lp—lh)>

= EKO+ e - ei —K:mi\lv hmi>

Thus. the excitation energy of the 1p-1h excited intrinsic

state relative to the HF state is:
o~
B HE) ~ - = - i v i 4
KO( ) EK(lp 1h) ey em+<m1\ | m > (14)
and that of the 2p-2h excited intrinsic state is

E (HF)-E_ ,(2p-2h) = e, te,~e -e_+ Interaction terms (15)
K K i 3 m n

o

It is thus seen that the p-h excited intrinsic states
would lie hidher from the HF intrinsic state by about the aiff-
erences in the HF single-particle energies of the orbitals
between which the excitations ére considered--lt is generally
observed that the interaction terms in these expressions

do not modify this estimate significantlye
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'The'essential question is what is the mihimum number of

:ihtrinsic states which should ke included in the calculation

‘to obtaln a reasonable description of the spectrum of a nucleus

‘upto a given energy? The prescription we would like to suggest
is that if we want to calculate the spectrum of the n lowest
;:étates with a given J we must at least include n+l lowest
intrinsic states which can give rise to a state with that J

value.

lel.3 Isospin Mixing in_the Intrinsic States

Ls aiready menticned in subsec.l.l.l, for an odd-A ©Or an
odd-odd nucleus both proton-neutron énd £ime—reversal symie-
tries are broken in their HF intrinsic stateé. Hence in such -
intrinsic states protons and neutrons bccupy single~particle
orbits that are not identical in structure. Therefore even the
.HF intrinsic states of odd-A or odd-odd nuclei have adnixtures
of various isospin components. Usually, however, the differences
in the structure of the proton and neutron HF orbitals are
not very large. Therefore the isospinvcomponent with T=MT is
dominant in the HF intrinsic state. Similar features occur
for the intrinsic states involwving the excitation of a neutron
from an occupied to an unoccupied orbit if the corresponding
proton orbits are unoccupied. However, the intrinsic states

in which the neutrons do not occupy orbits which are similar
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té’thoée occupied by the protons, have large isospin mixing.

'In order to obtain in the final spectrum states of definite
,isbSpin 7, we include intrinsic states with mixed disospin
having similar excitation of the protons and neutrons. It is

hoped that a linear combinations of such configurations would

lead to states with definite isospin Ta

1.2 Projected Spectré

The deformed intrinsic states X (7) generated above
do not have a definite angular momenta. In order to make
éomparison with the experiment it is necessary to extract

out from the intrinsic state ?CK the states of good angular

b4

momentum.

The state }LK(7) can be expanded in terms of the eigen-

functiong of J2 as:
X () = Sia_ () Yo (16)
T K Lo J1<7 K
< _
J ,
where a; (7) is the amplitude of the state ‘?K(?) in the

intrinsic state )%,¢7).

EAN

The states with definite angular momentum J are then given

by :
wiﬂ((?) _ 2J42-1 jdﬂ D;‘/li(n) R(ﬂ.).I’X'K(‘?)> (17)

8T Ny
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here ﬂ%i” is the normalized projected state and the rotati-
= ‘Lr\ .
onal operators
-1 T -ipJ -iyJd
RE) = e z o Y o 2

with 2 (=«,f,7) corresponding to Euler angles. Np. is the nor-

maliZation constant and is given by:
Sy 23t [ g4 pfa (x | re| X >
e Jaa pg @ | R X, ) (18)

" The matrix element of the Hamiltonian in the basis of these

'normalized states projected from different intrinsic states

:fxyﬁﬁ) is given by:

B g = (¥ 1] ¥y 69

AS seen from appendix I, at the end of this chapter, eq. (19)

can be written as:
=

H _wa | ap sing & ()X (D e_iwyﬁ\x ( )>
Ky, K'p' 2J JroR! S) ! P gk ke e
with

N = 2J+1JTC . J X (v 8 O

UK 2—0 A sinf oy (@) < K(() \e 7)> (20]

The diagonal matrix element gives the energy of a state pro-

Jected from a particular intrinsic state.
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sy =1 =y " N ‘
'EJK( 7) = HK?,K'? < WMK(?) ‘ HI . I\IK(7) (21)
e | -ipJ ~iBJ
g matrix elements <’>¢ - ie k Yy ’ XK'> and<X.K\e v PCK-/\/»

) are called the energy and overlap kernels respectively.

le2.1 Evaluation of Kernels

le2c1al Overlap"Kernel

~i
Since d = Z (J ) Vthe operator e ylx .> causes
the rotation of each of the single particle states f\\ o%:
: -1 } J
H[?CI,,/\,by an angle f about y-axis. Thus the function e \?C

is a determinant of the rotated s_i_ngle particle wave functions

and its overlap with the determinant’ X K> is the determinant
~1ifdJd

of the matrix of scalar products of the rotated orbit e Y ]A)

'~ .with the unrotated orbit [A) . Thus:

~ipJ

O (F1= K e YIX’K'/\ B det[M/\;\'(P)j (22)
where

/ "i?j ! .k
Myy (P) = 2le Y’A)=chl{l Jl' d]]‘ o (23)

J

R Y .
or g - O, MAA-’(P ) - 8/\1;

Decomposing into proton and neutron parts:
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P
Ogyer (P) = P (ya) D iy v

fe p and N refer to ranks of proton and neutron determinants

). with their matrix elements M, given by eqg. (23) .

l1e2.1a2 Enerqgy Kernel

The enerqgy kernel is

~ifJ
I :/7 Y X N
Hyger (PIZ(X [e H K'/
where the Hamiltonian
H=T4+V
o "
T= 2. t, is the one-body operator and V=2 V.. is the two-body
: t=1 L (<3 J‘J

interaction term. Thus the energy kernel can be decomposed
into kernels corresponding to one-body and two-body kernals

as:

R ~1fJ . ip
hKK“ﬁ) =<XK‘8 ' y-Tl KﬂC> +<;LKie YV‘;{K'>

One-body Energy Kernel

This can be ex presoed ) st
SREINY
<XJK(‘€ (IXI<I> ¢
'q 4 _A‘ _ J
= S T N LP Vif/*} D;\A (24)
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, . . - .
Where the Sqm is over the occupied orbits. DAy% is the deter-

;{‘nﬁan't of rank (n-1) of the matrix elements given by eq. (23)

'obtained from the nxn determinant given in eq. (22) by removing

A th and :A'th row and column respectively. The orbits [A) are

expanded in the basis states
(2 = Z‘CA Ukrt\
/ ~ ik e
- For the sake of convenience we abbreviate this to the form

l/\> = > c |« with ldy=]3k © )
’ o

where the sum is considered only over j. With thi.s choice

eg. (24) becomes:

_ -i(éJy .
<’XKle T\XK'/
0 A+A et Ly N e
<y _ ‘ o, > ‘t_ o(\ C a&.l
-y )T Dy X Lele (=) Cu
AN 4
We call
S AL n-1 n-1 '
. < _ - |
42&" (~) Sy %o Dy Al = D (26)
AL
Using eq.(26) we can rewrite eq.(25) as:
| ~ipJ ~ifj
Y = / Yo lat ) -1
e T T{ X D 2 ALette el DT, (27)

o, o'
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_ o - J
LR “J’FJ \ * ; . . o :
<Otie Ye \\Q;‘}\: 5, dk ky(fﬁ»)< _]D( ky‘t}]"( k,&/> 07_;\ K (28)
e .o < « ’ .

It may be noted that in eqg.(27) the summation is over the

si i cas ; , £ -
basis states, in our ca e.f7/2,p3/2,pl/2, 5/2 and does not
',dépeﬁd on the number of nucleons. The nucleon number informa-
~tion is stored according to eqg. (26) which under isospin decom—

S . . . P-1 _N
position involved in eq.(28) reduces to storing D },D oU'D
p A
and D . The matrix elements of all these determinants are

calculated according to eq..(23).

Two- Body Enerqgy Kernel

In a manmer similar to the one-body kernel, the inter-

-action energy kernel can be written2) as:
/' -iBJV_ Y +f’+f* uy
(0 e TV > =5 -) Me "J|/\(")D)\ Tl (29
S
-2 XM th th
wher e Iﬁﬁap'is the determinant with 2 and/U - rows and
,th yeh . .
A and/u- columns absent. Expressing in basis states, we
have
/% —iﬁJy e Pjy
& gle VX ) A,J‘("”I o >D Y oy (30)
oY
o2

where
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n / ¢
n-2 _ AApbprt X ¥ . n-2
: 64.;)';‘“\'“0” —_'\ "J’( ) ' , Co( 3, C’d‘l C)\' D,}\ P,Alrl" (31)
‘ Ay
and the matrix element
| -il%j\ v . . : .
.<°('Y‘e ‘[V!(}f,))>: . . | . .

J . J ;

)} d, & ) 3 e . , . . o -
. kakf)‘ (B) a, 1{6'([3) < IgkeTyo Jykéi’té,fv lJoc'koc'%oc"Jy'kY'za'>
&' A

(32)

The isospin couplings in eg.(32) would involve storing of

P2 N 2 N P~ T _N-
DPJ D Fi D l 7 and D 'Y i‘)[
}

p/\.'))Ju(!a)l 4 o(flu(la;l ’ o(‘,d"

The last two determinants are needed for the computation .of

proton-neutron energy kernel and are given by:

!
=) ATA p_1
Dyt = 2/ (=) e, S Dy A |
A2 , , ‘ (33)
B LR ok N-1
Ne— = - T
=1 20 (=) S P
f,'}) ’_;\.,'u\.

Using eq. (30), proton-proton and neutron-neutron energy

. n-2
kernels can be simultaneously computed. The determinant D

. p-2 N N-2_P
in theze have to be replaced by the product D D and D D
for the proten-proton and neutron-neutron interaction energy

kernels respectively. The proton-neutron energy kernel on the

other hand becomes:
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s J — 7 7 an T' \
B (7) = R, I<"f< Ve (7 |l v ) (21)

-iBJ ~iBJ

: P
“The .matrix elements<<RLK e Y H\'XK'>‘ and<?iK\e Y‘x%'>y

in 6q. (20) are called the energy and overlap kernels respectively.

la2.1 Evaluation of Kernels

l1e2elal Overlab'Kernel

n -iBJ
Since J_= gi}(jy)i‘ the operator e y‘)tru/ causes
the rotation of each of the single particle statesf'\\ q%
-1] J
lk_ \‘by an angle {4 about y-axis. Thus the function e YV&K;>

is a determinant of the rotated single particle wave functions

and its overlap with the determinant]jk:K;>1s the determinant

~1fJd

of the matrix of scalar products of the rotated orbit e yf)&)

“with the unrotated orbit !A) . Thus:
ipr :
Ot ()= X e [X 0y = get [ M. (P) ] (22)
where
' . "iﬁj I * 2!
M — / Y >‘. " ‘?\ 1
;\;\’ (P> - &}\‘e [Q\/ "]ch c J]f ]k]{ 2:'-.‘_’ (23)

or Sj - O, MA%'(F ) — 8:\;\-1

DeCOmposing into proton and neutron parts:
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")

. _ Py, N, .
OKK,(;%) =D (M;\;“;) D (MMH

';where P and N refer to ranks of proton and neutron determinants

(D) with their matrix elements M, , given by eq. (223).

leZ.le?2 Fnerqgy Kernel

The energy kernel is

—ifJ
R — ) Yig N\
hKK'(P):<’(K£e HIXK'/

where the Hamiltonian

H=T+V
7 : n -
T= thi is the one-body operator and V=2 V.. is the two-body
o t=1 (<a

interaction term. Thus the energy kernel can be decomposed
into kernels corresponding to one-body and two-body kernals

as:
H o (f) -1p9, v N L/

One-body Enerdy Kerhe;

—_
This can be expressedZ)as:

_'.)J ‘
(A | e L "ta) Dyw (24)
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where the sum 1is over the occupied orbits. D?;& is the deter-
minant of rank (n-1) of the matrix elements given by eq. (23)
obtained from the nxn determinant given in eq.(22) by removing
_)th andjz'th row and column respectively. The orbits |A> are

expanded in the basis states
(,\\.:ZCA(jk'(\f\
o ik /
J
For the sake of convenience we abbreviate this to the form
— N ot N
1A>-u g Cd|d/ w1th\d>,ijk’?>

where the sum is considered only over j. With this choice

eq. (24) becomes:

~ifT N
¢ Y-
<9\.Kse T\XKf/
7) ,’\+;\I "4 "(‘-’43‘;7 /\ * C
S o~y ' .S L« e t o) C "
Sy e Dy X Leie () Cu
A)/’\, 9(?0( ‘
We call
S AT n-1 n-1 '
> (= Tt =D ' 26)°
23 1 e Byan T P 26)

Using eq. (26) we can rewrite eqg.(25) as:
«iﬁJy | ~1p
X ) = \
| (X le T{ X %.<d ©
. , . (_\{}

j o
Yo ot -1
t\ >:Dd7dl (27)
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‘With the matrix element
o : J
- -3pJ \ 3 * ‘s . . = '
e Telab= 8— I ky(m< % k}’ i th»( k»x-’> o, T (28)
’ S ! '

It may be noted that in eq.(27) the summation is over the

basis states, in our case.f7/2,p3/2:pl/2,f5/2 and does not

depend on the number of nucleons. The nucleon number informa-

tion is stored according to eq.(26) which under isospin decom~

Ne1l _P=1 _N
position involved in eq. (28) reduces to storing D °<,,D D

x|
P
and D . The matrix elements of all these determlnants are

calculated according to eq..(23).

Two—- Body Enerqy Kernel

In a manner similar to the one-body kernel, the inter-

- action energy kernel can be writtenz) as:
- -1BJ — t
/ Yol | AFAL P 1 'y,
(% e VX D _Z( {aple JIA(*')DML“\H (29)
S
-2 e th th
_where Iaﬁap'is the determinant with o and/u - rows and -
,th veh . ,
A and/u~ columns absent. Expressing in basis states, we
have
\ e . % = d)’fe YJ\“‘* ' (30)
o,
o7

where
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n / ¢
n-2 A+ALP X * ., _n-2
o2 =2 (=) \ c. C,c ,d,D (31)
TS B Ce T T T A AT .
' Ay

and the matrix element

"‘il%j_‘ [
{7 |e Yl )= -
Z d jCC " jz’ ’ . ~o - . ‘ ' . .
B . k ko (‘31 dk k (B) < Jak(f)' f’(xs J? kévraarlv IJaekae%a',Jy-kYn%O
mégmé,A o p &' .
. . (32)
The isospin couplings in eg. (32) would involve storing of
P 2 N- 2 P N _P-1 ©_N-1
D . D,D D da D
Ayl a2t T T Tt an 7,2
The last two determinants are needed for the computation .of
proton-neutron energy kernel and are given by:
/
V,P"l }\'*’A ¥ P-1
Du)dl h %’ =) CD( CoU D.‘;\/}\‘
3 v , ' (33)
R LA * N-1
N-1 = - C\ C D, -
D ! Z 4( ) I\I- M f’“: f“"l
Yl'}) f&)rlv
Using eq.(30), proton-proton and neutron-neutron energy
. n-
kernels can be simultaneously computed. The determinant D
. p-2_N N-2_P
in these have to be replaced by the product D 2D and D 2D

for the protcn-proton and neutron-neutron interaction enerdy
kernels respectively. The proton-neutron enerdgy kernel on the

Other hand becomes:
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<Xy xr 2T
5 5 < aptyle Py o FTgrals Pt ol
| ) piyl PO Vop,ah Uoy,
OCP, '&N Cx’P’ N :
(34)

163 Ozthoqohalization of the Projected States and Mixing

due to Hamiltonian

The states W%%K(? ) with definite angular momentum J
projected from various intrinsic states ;:K(? ) are, in
‘general, not orthogonal to each other. A set of orthoéonal
vectors can be obtained‘by following the usual Schmidt's
p;océdufe. This procedure, however, becomes tedious to work
out for more thén two or three vectors. We have foliowedB)

a simple alternative prescription which makes use of stan-

dard matrix diagonalization routines.

Consider the overlap matrix

N S i J . N
K7, K'n' =< R (7) IWMK'(Q? )? (35)

J .
between the normalized states HJMK(W7) of definite angular
_ . J
omentum J. For an orthonormal set of vectors the matrix N

With its elements given by eg.(35) would be a unit matrix,
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fﬁhereas in case of nonorthogonal basis, 1t is not diagonal-
 Since NJ'is Hermitean, it can be diagonalized by a unitary

 transformation. Thus

J . . ‘ )
where n is the eigenvalue of the matrix N . The correspond-

.ing eigenvectors can be written as:

J NI J
w®) = 2 G VP (36)
K7
whereée
J Ty 175 |
CKO(”) = [jn (M)M] UK7(u) (37)

with g{ﬁycorreSponding to the element of the unitary trans-
' J
formation that diagonalizes N . Parameter » distinguishes

different states with same J.

The functions ¢3(y) constitute an orthonormal set of
Vectors. From eq.(37) it is clear that if any of the eigen-

T ' J . g .
value n” (¥) of the overlap matrix N is vanishing, then the

Corresponding vector is spurious and should be eliminated,

Having obtained the orthonormal set of projected states,
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it is necussary for the mixing due to Hamiltcnian, to transform
ithe Hamiltonian matiix given by eq.(19) between the nonorthogonal
,brojected states, into the matrix between the orthonormal basis
" &tates. These can be expressed as:

RGE R

""'\T\ *J

< < J St Tt ot T (o
L, L I<7 ) CK'??'()J )<Wwﬂ<(7)THhMK'(7 )> (38)
K7 K7

The composite spectrum of a nucleus is obtained by diagonali-
'zing this Hamiltonian matrix in the basis of orthonormalized

projected states. The resulting eigen-functions are:
Nk

which acccrding to eq.(36) become:

J

2%
2& Nn) () qbw\( /
oY

M

,_.

T < T )
@ (e) = Zl SK”?(O“ wl“\V\
™ K7 (39)
where
J',
S¢ 7 () = > (‘»J) AM‘,(ot) _

and label o distinguishes different eigenstates with the

Same angular momentumn.
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In the following sections we shall first examine thege
wave function for possible band structures and then for the

calculation of the electromagnetic properties.

2. ~ BaND STRUCTURE

We shall now describe the procedure which we have adopted
té determine the extent to which the low-lying states 5; (a)
obfained in the above DCM calculation, can be grouped into
bands of states projected from the lowest few intrinéic states

included in a particular calculation.

. : J . .
G The various eigen functions é&ﬁm) as given by eq.(39)
are:
J N J .4 J
&) = > a W
E—bM (&) e SKT{( Y 1)
K7

Thus the overlap

J N J )\ "J('X)\
BK(?,O‘\) = <WMK (1)\ CE_QM /

« o7
2. ki
K7

J

Ny, Kyt (40)

‘ J ' ,
Yives the amplitude that the eigenstate @EM(&) containsg the
state 1PM;(7) projected from the intrinsic state ?ﬁK(?).

- The larger the amplitude ﬁi(y,ﬁ)'the more pronounced will
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, )
pe the memory of that band in the state §3M(d).

A set of states has been recognized as a band of states
if in the wave functions of all these states comprising the
‘ 2
. , J . J .
set, the intensity {BKV%M)‘ ~ of a state Yy (7 projected
from a_given intrinsic state QLK(?) is large, for all the

states of the groupe.

Using this prescription, the DCM wave functions of the
states of the composite spectrum, of each of the nuclel descri-
bed in this thesis have been analysed for possible band

structures.

3. ELECTROMAGNETIC PROPERTIES

In this section we shall discuss the calculations of
reduced electric quadrupole énd magnetic dipole transition
probabilities, life times, the (EZ/Ml) mixing ratios and branch-
ing ratios for the transitions between the states 'é@i(%) of
the final composite spectrum obtained in the above DCM calcula-

tion.,.

The calculations of electric and magnetic transition

Ce s TJ , .
probabilities between the. states Q?Mﬁi)ianOlVe the evaluation
of the matrix elements of the appropriate transition operators

A .
O, ©f rank } between these states. Thus using eq.(39), we have
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the matrix elements

<§;.(a> | o EFNCORE

5 I () 87" (oc)w (v)lollw (9')>
K, K' n’ K”) K'y MK

(41)
The Teduced electromagnetic transition probability of multi-
' .
J .
‘polarity 1 between the states Qf,l‘("(') and s?M( =) is

given by:

. J Al B
B(eMi; J'= ) = & [<€, (a)|0 |2 Mv L (at)> " (42)
m;/V\

Using Wigner-Eckart theorem and following deShalit and

. . 4 .
Talmi ) phase convention, eq.(42) reduces to:

B(EMl; J'~ J) = -T~%MI~*{< & J(a)k

| 2
2J

) (43)

Our definition of the reduced matrix element differs from that
’ 1
of Rose and Brink5> by a factor (23'41)7% but has the same

phase. In our convention, in the matrix element the initial

state always stands on the right and the final state always
to the left. Rose and Brink have it thevother way round.
Therefore our ratio of the reduced matrix elements for the
electric and magnetic transitions between a given set of

states differs from Rose and Brink convention, by a phase

factor (~)*~1 yhere I is the lowest order multipolarity in the

transition e.g. in case of E2 and Ml transitions between
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he states of angular momentum J and J', 1= 2 and<1= 1

3.1 E2 Transitions

~ The operator corresponding to the electric quadrupole
1= 2) transition iss

.~ Z

= N :

- 2 geiri yM(eilﬁi). \
i=1

T 2 2 ‘
] yM<9j,¢j>}n

[N
H b/hz
f‘-_/‘

wherejy;(g:ﬁ ) are the usual spherical harmonics of rank 2.

and n stand for proton and neutron and e's are the corres-

. pondlng effective charges. We have followed Condon and Shortly

phase convention for the definition of YL(elﬁ ). With this

choice:

vT(e.d) - M ¥ (e, 5

-M

'The reduced electric quadrupole transition probability as

given by eq.(43) between the eigenstates a@ @5) and

HJ! 4
+ M.(‘x) can be written as:
1 2
B(E2, J'=2J) = == M e + M e | (44)

2J ¢ +1 . P P n n

~where Mp and_Mh are the reduced proton and neutron matrix

element and are defined as:




J

< Z
o L * T J!? L J 2 J' 0N
= 2 Sk S (2L @ L v el (7 )/o;’
K«? K'ﬂ_’]‘ L= ,
(45)

‘M can be obtained from eq.(45) by replacing p by n and z
by N. The matrix element of r2 needed in the evaluation of
" eq.(45) have been obtained by calculating oscillator length

parameter from the_relationfﬁé = 41A71/3 MeV.

‘The static clectric quadrupole moment Q of the state

J . .
QDM(%) is given by the diagonal matrix element of the opera-

2 , ' , . .
tor 60 defined above and is defined for the state with M=J.

Thus:
.Q(J'g)v: ECLADY s (ay &7 J Aé‘y‘ J '\

| 5 w@ K K.,7.<o«,><wK<7>\\ 620wl o)
" (46)

3.2 M1l Transitions

The reduced magnetic dipole (1=1) transition probakility

from the state J' to J as given by eq.(43) can be written as:

B(M1,T'> J) =

1 t< T 7 (gl " \
' S.o2, S o) (7) ,(“
2J +1\&,7;.7).1 ) K'7 N “)1“ KT /% (a7)




where the magnetic dipole transition operator:

z > 5 g: . ,
- 'y N l i
J4 (4; gljkikgs %ﬁp+ A,(gssﬁ)n]
o j:i

=2 =

;l:where 1 and s are the single nucleon orbital angular momentum

Zvand spin operators. 93 and gs are the corresponding gyromag-
netic ratios. The free g-factors glzl, gs=5.596 for the proton
and gé = ~3.,826 for the neutron have been used in all the calcu-

‘lations reported herein

The magnetic dipole moment is ¢given by:

S —4;;; \“\ *J - J . / ‘LDJ
SRCEINS E 2, S Sguy i€ <,)!\ 1<~(’? >> (48)
KK
ke

The reduced matrix elements in egs.(45)-(48) are evaluated by
the usual procedureG). However, for completeness, their final

form is given in appendidx L.

3.3 Decay Rates and (E2/M1) Mixing Ratios

7
The magnetic decay rates T(E2) and T(Ml) are relnted ) o

B(E2) and B(M1) as:

g 5
T(RE2) 1.22 x 107 L~ B(E2)

13

3
T(M1) 1.76 % 10 ETB(ML)

i
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éfe E is the energy difference (in MeV) between the states
or which transition is considered. B(E2) is in e"fm  and

: 5 _
‘B(M1) is in (n.m.)” units.

The (E2/M1) mixing ratios for the transitions between

: T J 7. J ! , . }
the states @ (%) and Oy (&') is defined as:

| T(E2,0'> J)
=5 ]T(Ml,J‘a J) (49)

&

~

. where Sg is the sign resulting from the ratio of the reduced
matrix elements for the E2 and Ml transitions. As mentioned
éarlier our sign of the (E2/M1) mixing ratio is opposite to

that of Rose and Brink.

The phases of the observed mixing ratios are given accor-
ding to Rose and Brink convention. Hence to make the comparison
with the observed data on (E2/M1) mixing ratios, we have multi-

plied our values of. & given by eq.(49) by a negative sign.

3.4 Lifetime and Decay Intensity

, I
The 1ifetime T of a transition from the state é&M.(%')

to the state @?;Gﬂ) is given by:

1 : (50)
C= 7
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re T is the total deéay rate between the states labelled by

g and J and is defined as:

P(Jts J) = T(E2, J'=J) + T(ML, J'> J)

|

RE | . |
The mean lifetime ,Z:m of a state & M'*("’k) is then given by:

1 1 1
—"—"—-/. = + + a © aw (51)
where 11: '”52,,“_.. are the lifetimes of the various transitions

— J! H
from the state q.)l\fi' (4) to the other states.

The relative decay intensity I for the transitions from

- Tt
a state @gl,(«v&') to the state @gl(d) can be defined as:
‘ T (g2 J) x 100 (52)
‘\

-

where the summation in the denominator is over all the states

© to which the transition from the state J' are consnidered.
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APPENDIX T

We shall give here a general expression for the evalua~
tion of the reduéed matrix elements of an operator'Tﬁ of
raﬁk I, between the states projected from different intrinsic
 States.

Following Wigner—Eckart theorem and deShalit and

Talmi4) phase convention the matrix element:

(A.1)

The matrix element on the left hand side can also be expre-—

ssed in terms of the matrix elements between the intrinsic

Sf + p H
ates 3LK as

<$J1 l oL \ 1‘»:7~J2~_ \
MK Y Tm u K, /

11
T . J J., L J
2u2+1 . Iz L 1< & 5 1
P ; M. M M L K, ™ K, +7%
Ny x Ny ox 15 2
171 272
(A.2
~ifJ )
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e Clebsch-Gordon and 3-J coefficients are related by

J L J J -M

2 Lo s 11 J. L J, 0\
Cy M = +1 (=) 1 2 .
M, MM 1 \ - mom (A.3)

Substltutlng this in eq.(A.2) and comparing the right hand

51de with eq.(A 1) we obtain for the reduced matrix element:

< g k| || J2K2> =

23 +1 | 27 +1 e B Y
2 / K P K+ ¥
2 NJ K NJ e 2
11 272 W
A 7 AN
. \ -1 '
x j ap sinpa 1 Yy b AN
) i {5 K ,K oy )<’K, ]‘ 'L“l/kX'K D, (A.4)
o . 2 _
L % L ‘
If T = 2‘_ £~(1i) is a one-body operator, then its kernel
1z
reduces to the form:
(X x X -if g \ \ =
K { e =
1t Ty X 164
2
il 33 3, ~V=-2m * J
7 ( )l+]\_ el O -y 2 . CJ ; dml (P
&~ T i,k Ly T 1/2 ii k'k 1% k4
Lke= (2 + - '
Gkt Jirdy, Jh 1)
J
C 1 L Jk / n l,jl“ LHn 1 (14‘.\- )
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The study of the electromagnetic properties thus
s Alris

involves the evaluation of the single—particleAelements,

in eqg.(A.5), of the appropriate operator. Their evaluation

for the operators of interest is given in ref.6.
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strated. The comparison of the calculated spectrum and
.£romagnetic properties of each of these nuclei with the
xperimental data and also with the (f7/2)n and RPC calcula~

ons shall be presented.
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CHAPTER 3

THE NUCLEUS 45Ti

1. INTRODUCTION

1.1 Experimental Data

Thé nucleus 45Ti has been mainly'studied by five types
iof reactiéns at different incident beam energies. The ground
}state pand of states upto J=(15/2) in this nucleus has been

obsérved by Sawa et all) in (&,n) reaction induced by 14.2
MeV @ -beam. Jett et a12) provided an evidence for the
existence of the ground state triplet at 0,37 and 40 keV in
5Ti by ¥-ray measurements following 4SSc(p,n) 45Ti reaction.
They»further showed that the internal conversion coefficient
,;for the 37 keV transition hés a value consistent with that
fOr an E2 transition. Lynch et 313) observed the mean life-
time of 4.540.5/Ms for the 37 keV state excited in their (p,n)
experiment at 7.5 MeV. Using this observed value together with
the value of 17.8 for the internal conversion of the 37 keV
transition, Lynch et al deduced the radiative lifetime of
85410 Ms for the 3/2- 7/2, 37 keV transition. This corres-
ponds to a six fold enhancement of the E2 transition rate.
Lynch et alB) also performed 4'5::”><:(p,n)'and 42Ca(ﬁ,n) reactions

at Ep=6 MeV and E =10 MeV and measured the mean lifetime of

17.2+1.0 ns for the 40 keV transition. Using the internal
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‘conversion coefficient of 0.25, they inferred the M1l radia-

tive lifetime of 21.5+1.35 ns for this level. There, however,

exists a discrepancy between the lifetimes for the 40 keV

state as measured by Lynch et al3) and by Blasi et al4).

"Blasi et al have observed the value of 11.5+1.5 ns for this

‘gtate in contrast to 17.24+1.0 ns observed by Lynch et al.

The spectrum of 45Ti upto about 2 MeV has been observed

5

by Iyengar et al”’ using (p,nY¥) reaction and neutron time-of-

flight technique. Earlier similar studies were also made by

Brugger et al6) and McCallum et al7). Iyengar et alS); Zuk

et alg)

and Iyengar and Robertsong) also studied (p.,nY) re-
action at Ep:2.8 - 5.6 MeV, 3.35 - 4.50 MeV and 4.45 - 5.°90

- MeV respectively:; and observed spins, parities and decay
 propertiés of the low-lying states of 451i, six states upto
about 6 MeV excitstion in 45’1‘1 have been observed by L'Ecuver
and StnPierrelo)'and Lutz and Bohnll) by employing (3He,d)
reactions at about 10 and 18.2 MeV energies. Recently 46Ti
Ap,a) Sy reaction at 34.78 MeV has been performed by Plauger

12

and Kashy and about four J=7/2 7 and three J=3/2  states

|
upto about 5 MeV in 4“)Ti are observed. Barlier (p.,d) measu-

&) o~ - LN 13) 14) « - -
rements of Kashy and Conlon and Jones et al had given
information only about the orbital angular momentum of the
; 45 ..
transferred neutron. The ground state moments of Ti have
been measured by atomic beam resonance method by Cornwell and

MCCUllenlb)q
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1e2 Previous Calculations

' 45 5 , 6
For the nucleus Ti, the (f7/2) calculation 16) had

prédicted near degeneracy of its ground state with J=7/2
and the J=5/2 state. The latter being lower in energy. The
first J=3/2 state was predicted to lie above 2 MeV.

17)

The RPC model calculation had predicted the ground

state (7/2 -3/2 -5/2) triplet in 45Ti, the dramatic conf~- "
2)

“inmation of which was provided by Jett et al”’. However,

: 4
“the description of the excited states of "5Ti as obtained by

‘these calculations is not satisfactory.

8) performed for the study of 45Ti, the band

Johnstonel
r'ﬁiging calculation using projected HF theory. He used s-state
o Kallio-Kolltveit two body effective interactionlg) and. consi-
Vdefed the mixing of the states projectéd from the intrinsic
states obtained by 1p-1h excitations from the HF state of
~Ti. The triplet of states with the right sequence is repro-
duced within about 200 keV compared to 40 keV spread in.

the observed spectrum. However, such a close agreement has been

- found to be force dependent.

2, PRESENT CALCULATICNS

We shall now present the results of our DCM calculations

. . : 45, .. , \
described in chapter 2 for the nucleus le. First we shall
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the details of the energy spectrum and then those of

discuss

“the electromagnetic transitions between the low-lying states

6f this nucleus.

241

THE‘CALCULATION'OF THE ENERGY SPECTRUM

2.1.1 Generation of Intrinsic States

2.1.1.1 Hartree-Fock Intrinsic States

Both axially symmetric prolate and oblate HF states of
45
Ti have been obtained using MWH2 interaction. The prolate
K=3/2 HF state has the enerdgy E = ~11.7 MeV while the oblate

K=5/2 state occurs at -10.5 MeV.

, In tables 1 and 2, are given the single particle ener-
gies ek(eU.S), the cuadrupole moments 9 (eq.11) and the
amplitudes cjk with j=1/2, 3/2, 5/2 and 7/2 in the occupled
and tﬁe lowest few unoccupied single proton and neutron
orbitals of the prolate and oblate HF states of #3103, the
dashed line separates the occupiled orbitals from the unoccu-
pied ones. It is seen from tables 1 and 2 that although
the chosen effective interaction leads to single particle
orbitg with dominant f7/2 component, the admixture of other
fp shell states fS/Z’ p3/2 andpl/2 is sizeable and corres-—
ponds to deformatiOHZO)S:fO.ZO for the prolate HF state and

82~O.31 for the oblate state. It may be pointed out at this

;Stage that in the RPC model calculationsB) of Malik and Scholz,



Table 1

structure of the occupied and some of the unoccupied proton
and neutron orbits of the prolate K=3/2 HF state of 45Ti.

The daslléCI line separates the occupied orbitals from the

‘ unoccupled ones. e, and %, are the energies and quadrupole
- moments of the single particle orbits k. C.. is the ampli~

tue of the Sta%e |ik¥ in the orbit k. (Eyp= -11.7 MeV, Q™

29.82 b°: b= "h/mw)e '

' ! : c e}
: o kz "1y "3y Sk Ty
MeV b 2 2 2 2

1/2 -6.58 4,70 0.195 -0.399 -0.212 0.871
P
0 e e e o e
T
o 3/2 -3.78 2.20 -0.170 -0.179 0.969
N -3/2 -3.08 2.12 ~0.158 0.156 0.975
S
. 1/2 -5.65 4,48 0.174 ~0.365 ~0.196 0.893
L . '
g -1/2 -5.86 4.84 ~0.217 = =0.217 0.250 0.850
T 3/2 -2.41 2.07 ~0. 146 -0.144 0.979
B e e e e o e e e o s ot e e e
0 - 3
N 5/2  —0.40 ~0.31 -0.061 0.998
S /2 0.51  2.45 1.0
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Table 2

itructure of the occupied and some of the unoccupied proton

A.énd neutron orbits of the OBLATE HF state of 45Ti“ (EHF=

7i;1o.5‘MeVI QHF:"13-O7 b2).For other detalils see caption of
table 1.

a
k ek k2 cl]{ ?ﬁk Cék Clk
MeV b 2 2 2 2
D 7/ 2 -5.37 -3.0 1.0
R =7/2 -4.89 =3.,0 1.
O
T et e ke o i o o e e O S T P B P S i e S TS P P e S e b A8 e o S g et R M S s gl e se S v S e S
0 5/2 -3.36 =1.0 0.232 0.973
N
s —5/2 2,67  ~1.09 ~0.256 0.967
N 7/2 -4.35 -3.0 1.0
g =7/2 ~4,70 =3.0 1.0
U 5/2 -2.16  =1,07 0.248 0.969
T
SR e e e e e e e e S e S T e
O -5/2  -2.59  -1.04 ~0.240 ©.971
S 3/2 -1.20 -0.44 0.343  0.095 0,935

1/2 ~0.55 0.58 0«107 0.254 0.056 0.960
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single particle orbitals with § = ~0.34 have been found to

give an optimum agreement with the experimental data.

201lale? Excited Intrinsgic States

For the description of the low-lying states of 45Ti,

we have considered all the intrinsic states X (7) upto
about 3 MeV relative excitation energy. The details of these

various excited intrinsic states are given below.

One particle-One hole Excited Intrinsic States

Nine intrinsic states obtaine&éd by various 1lp-1h exci-
tations from the prolate and oblate HF states have been found
to lie within 3 MeV excitation from the lowest energy HF
state. In table 3 are presented the specific excitations, the
K-values and the energies EKC?) (eg.13) of these intrinsic
states along with the energies and K-values of their parent
HF states from which they were obtained. For example, the
Staté.with K=5/2 at -9,82 MeV is obtained from the prolate
HF state by exciting the odd neutron from the k=3/2 orbital
to the unoccupied k=5/2 orbital and so on. Thus in all eleven
intrinsic states upto about 3 MeV excitation are obtained.
Ffom these intrinsic states, four states with J=1/2, seven
states with J=3/2, ten states with J=5/2 and eleven states

with J5>7/2 can be obtained.

3
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Table 3

;iEnergieS and K-values of the prolate and oblate HF states of
4_STi and of the intrinsic states obtained by 1lp-1h excitations

" from tﬁe HF states. ki and km are the k-values of the hole
and particle orbitals. The labels p and n refer to the proton

~and neutron respectively.

’Shape H;}e Parﬁicle X B (MeV)
i m _ K
Prolate (HF State) 3/2 ~11.64
n 3/2 n 5/2 5/2 -9.82
n 3/2 n 7/2 7/2 ~-8.90
p 1/2 p 3/2 5/2 -8.66
n -1/2 n -3/2 1/2 ~8.57
n 3/2 n 1/2' 1/2 ~-8.55
p ~1/2 p =3/2 1/2 ~8,43
Oblate (HF state) 5/2 © =10.,53 i
n 5/2 n 3/2 3/2 -9.45
5/2 n 1/2 1/2 ~9.13
7/2 b 5/2 3/2 8,38

It is seen from table.3 in conjunction with tables 1
aﬁd 2, that the energics of the excitea intrinsic states re-
lative to their corresponding prolate and oblate HF states,
are about the differences in the energies of the singlé~

Particle states between which the excitations are considered.
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Two Particle-Two Hole Excited Intrinsic States

According to eg.(15) and tables 1 and 2 such states are

expected to lie above 4 MeV relative excitation energy and

;Ehus are not included in the present calculation. In order
;to verify this expectation, we have computed the energies
}bf some of the intrinsic states resulting from 2p-2h
1e%citations to-the lowest unoccupied HF orbitals. The infor-

.mation regarding these states in 4'5'I‘i is given in table 4,.

Table 4

. . . Co .45 .
Details of the 2p~2h excited intrinsic states in Ti

Shapes Ky ko K

Prolate p +1/2, n -1/2 p +3/2, n =3/2 3/2 -7.24

p +1/2 p +3/2 3/2 -6.82

p +1/2, n +3/2 p -3/2, n +5/2 1/2 ~6425
Oblate p +7/2, n +5/2 p +5/2, n +3/2 1/2 ~7.38"°

p +7/2 p +5/2 5/2 ~6.60

p +7/2, n -7/2 p +5/2, a =5/2 5/2 -6.08

2010l.3 Isospin Mixing in the Intrinsic States .

For the intrinsic states listed in table 3, isospin T=1/2
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s the dominant component. In table 5 are given the ampli-

“tudes of the isospin T=1/2 and 3/2 in these intrinsic states.
The isospins with T >5/2 are extremely small and are not given

" 3n the table.

Table 5

;Shape X B (MV) aAmplitudes
‘ K T=1/2 T=3/2
Prolate 3/2 ~11.64 0.999 0.036
' 5/2 ~9.82 0.999 0.036
7/2 -8.90 0.999 0.036
5/2 -8.66 0.999 0.034
1/2 . =8.57 0.816 0.577
1/2 - =8.55 0.999 0.023
1/2 -8.43 0.816 0.577

Oblate 5/2 ~10.53 1.0 0.0

3/2 ~9.,45 1.0 0.0

1/2 ~9.13 1.0 0.0
3/2 -8.38 0,999 0.009

For the intrinsic states with K=1/2 at -8.57 and -8.43
‘MeV the T=3/2 admixture is akout 33 percent. Of these intrinsic
—Stéte the former is obtained by the excitation of'a paired
Neutron from the occﬁpied k= -1/2 orbit to that with k= ~3/2.

Such an intrinsic state is sketched at 2(a). In a similar



£

[}
PO
-

Fig.2

A sketch of the K=1/2 intrinsic states of 45Ti obtained
by the .excitation of a paired neutron (a) and a pailred
_proton (b) from the occupied k= -1/2 orbit to the corres-
ponding unoccupied k= -3/2 orbit. These K=1/2 intrinsic
‘states have substantial isospin mixing. A linear combil~
nation of these configurations is expected to lead in

the final spectrum of states with definite isospin.
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nner the intrinsic state at 8,43 MeV is obtained by the

sorresponding excitation of the paired proton and is sketched

st 2(b). It is clear from table 5 that the states projected
from any of these intrinsic states alone would not have

good isospin T. It is, however, hoped that by'inclﬁding

éﬁoth such intrinsié states in the calculation, the interaction
|would lead to states which are linear combination of these two

‘configurations (a) and (b) with definite isospin.

}241.2 Fnerqy Spectra of the aAngular Momentum Projected

Using the procedure described in chapter 2., sec.l.2,;
states lyiK(T’) with definite angular momenta J have been
%projected from each of the eleven intrinsic states of‘table 3.
‘The energy spectra of these states are plottéd‘in figs.3 and
4 according to the appearaﬁce of their intrinsic states at
34 and 4A. Thus. in fig.3, the states projected from the HF
prolate (P) K=3/2 intrinsic state are plotted under the column
‘labelled P:3/2 and so on. The intensity {aJK(72)[2 (eq.l@)z
of a projected state Q/;K(? ) in the intrinsic state :K_K(?)
is also given on top of each of the states in figs.3 and 4.
Thus, as shown in fig.3, the angular momentum distribution |
in the lowest energy K=3/2 prolate intrinsic state is peaked
around |irz”//2 with 17 percent :i.ntensity.. It is seen from f£igs.
3 and 4 that the projected spectra show a considerable depar-

ture from the rotational sequence. This is in contrast to the
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- , 17) . . . . ,
RPC model calculations )1ncludlng coriolis-coupling between

‘gifferent bands, in which the spectra of all K# 1/2 bands
i;£e:assumed to have a J(J+1) sequence. It is thus clear that
fﬁhiscassumption built in the RPC model does not emerge out
féf'ﬁhe microscopic calculations using effective interactions

between the nucleons.

2.1.3  Nonorthogonality of the Projected States

We shall now illustrate the extent of the nonorthogona-

1ity of the states '@im(7) projected from the diffefent in-

(n) of 4'5Ti. In table 6 are glven the over—

K ¥
given by eq.(35) of the normalized projected

trinsic states X
»léps Niji,K'?'
states with J=7/2 projected from the intrinsic states with
§L$7/2 of 45Ti. Thus the overlaps of the J=7/2 state projected
from the prolate HF K=3/2 intrinsic state (labelled P % )

‘ét -11.64 MeV, with the J=7/2 states projected from other
intrinsic states listed in table 3, are given in the top most
?Ow of talle 6. Similarly., the overlaps of the J=7/2 state
projected from the oblate K=5/2 (O %) intrinsic state with

the other projected J=5/2 states are given in the second row

and so on.

T+ is seen Lrom table 6, that the overlap of the J=7/2

. . 3 ,
projected from the prolate HEF K=3/2 intrinsic state (P E)’ with
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almost all the other projected states except for those proje-

cted from the prolate K=1/2 (P%) intrinsic state at -8.55 MeV

fare large, yvet not too large to give rise to spurious states.
h%Thus a J=7/2 state projected from any of the excited intrinsic
states would not by itself describe well an excited state of

5 |
Ti nucleus.

The overlap matrices for other anguiar momenta have a
JSimilar pattern.

As a consequence of this nonofthogonality of the states
iP;KC?) the energy spectra of the orthonormalized states
<$§¥$) would be shifted relative to the spectra of the states

‘TPﬂKC?) Ehown in figs.3 and‘4. These energy shifts are diff-
rerent from the shifts produced by the mgglgg of various ortho-

gonalized projected states by the Hamiltonian.

- O partiéular interest in table € are the values of the
i\bverlaps of the states projected from the prolate K=1/2 intrin-
Sic state at -8.55 MeV with all the other projected states. |
These overlaps are quite small for all thé J-values (upté i9/2).
This indicates the possibility of a well defined band of states,
Projected from this K=1/2 state, all of which mngtAcorrespond
to the eigenstates of the Hamiltonian if the mixing due to

the Hamiltonian turns out to be small,
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2.1.4 the Composite Spectrum

: . 45 | . .
The composite spectrum of Ti has been obtained by dia-
izing the Hamiltonian in the basis of orthonormalized

T,
cted state dDM(D)-

“In order to verify our expectation that the low-lying states

'5Ti.would be adequately described by the states projectable

ifew of its lowest energy intrinsic states listed in table 3,
ave diagonalized the Hamiltonian in the basis of orthonor-

zed projected states, in two stages:

Fh

‘&) only lowest five intrinsic states of table 3 were comsif

S .21 45
red ) for the calculation of spectrum o

Fh

Ti,

- B) All the eleven intrinsic states were included.

The spectra resulting from these two calculations are
otted at (a) and (B) in fig.5. The calculation B containing
he larger number of basis states, does not éhange much the ‘
PGCtrwn.of 45Ti upto about 3 MeV excitation obtained in
élculation A . However, the additional states.included in

aloulation B appear and modify the spectrum above 3 MeV.

2 “COMPARTSON OF THE CALCULATED AND EXPERIMENTAL SPECTRUM

y . . a5,
In fig.5 is also plotted the experimental spectrum of Ti.

he calculated ground state band of states with J=7/2,9/2,11/2,13/2
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df15/2 occur at 0.13, 1.34, 1.47, 2.40 and 2.64 MeV, These
“se well with ﬁhe spectrum of high-spin states observed
‘awa et a1%). The calculated J=17/2 and 19/2 members of the
‘ind state band are calculated to be at 3.49 and 4.09 MeV

eSpectiVely and do not yvet have experimental counterparts.

The ground state triplet observed by Jett et alz) in

?n})réaction is very well reproduced, except that the J=5/2
nd 7/ 2 states have interchanged. Such an interchange, however,
“é not serious for near degenerate states. 2Zuk et a18) have
éésigned'J:7/2“ or 9/2— rather than 5/2 +to 40 keV le&el° Our
félculations do not favour the existence of a second J=7/2

or 9/27 level amonc the members of the observed ground state

triplet.

The experimental data regarding the only other states
dbservedvat 1.80 (3/27), 1.95(7/2°), 2.016(5/2, 7/2) and
2250(5/2",7/2—) MeV levels i§ not very specific. The 1.80 MeV
16Vél has been excited in (g.,n), (p.d) and (¥,%) reaction

5,9
’ 112;22). Plauger and KashylZ) report the existence

éﬁudies
éf a probable (7/2 ) level at 1.95 MeV from their (p.d) re-
éCtiOn Mmegsurenents. Iyeﬂgar and Robertsong) have not seen
this state in their (p,n) and (p,nY) feaction studies. Instead,
in this region they have seen a level with pgsitive parity

at 1.958 MeV and a level at 2.016 MeV. The positive parity

288ignment to the former level is also consistent with the
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d ) reaction measurementszz) wherein a state with 1=2
hsfer is observed at 1.96 MeV, For the 2.016 MeV state,
:Yéngar and Robertsong) have assigned J=(5/2 or 7/2) of
kther parity. They further suggest that the 1.95 MeV level

bserved by Plauger and Kashylz)

may. be the one observed at
,016 MeV in their experiment., It is however not very clear
ém.thé data whether the 1.95 MeV and the 2.016 MeV levels
vre‘éné and the same. It is likely that the level at 1.95 MeV

éy be‘a doublet of states: 1.958 MeV state of positive parity

.and 1495 MeV of negative parity. The 2,50 MeV level has been
.assigned J=(5/2" or 7/2 ) on the basis of 1=2 transfer in the
‘ 2)

« ' : 2
@s%) reaction measurements .

. ~In the calculated spectrum at 5B, a triplet of statesl
;Qith J;7/2_3/2_5/2 occurs at 2.60, 2.63 and 2.72 MeV respe-
étiVely_ We associate these calculated states with the obser-
ved triplet at 1.80, 1.95 and 2.016 MeV. This association

»is Supported by the similarities of the observed and calcul a-
‘f?d decay“prOPerties of these states. The mean lifetimes and
branching ratios for the transitions from the states.at

1.80 and 2.016 MeV have been observed by Iyengar and Robert-

9)

Son

1.80 MeV Level

We shall show later that the calculated decay properties

Of the T=3/2 state at 2.63 MeV are similar to the observed
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3/27) state at 1.80 MeV, It is therefore likely that the

63 MeV 3/2 state corresponds to the 1.80 lMeV observed state.

1.95 MeV Level

No data on decay properties of this level is available.

However, the probable spin assignment of 7/2" is suggested on

2)

“the baSis of (p,d) reaction measurementsl . It is likely that
réur calculated J=7/27 state at 2.60 MeV corresponds to this

Y

- observed level.

2.016 MeV Level

~ This level is assigned J=(5/2 or 7/2) of either parity
by IYéngar and Robertsong). Poth of our calculated J=7/2 and
‘5/2‘States at 2.60 and 2.72 MeV have decay properties similar
to thos- observed for this 2.016 MeV level. In view of thié
_agreement énd the likely existence of the 1.95 MeV (7/27) level
wi th which we have associated our calculated J=7/2 at 2.60 MeV,
we Suggést that our calculated J=5/2 state be regarded‘as that

corresponding to this 2.016 MeV observed level.

It would be of interest to ascertain whether the levels
at 1.95 and 2.016 MeV are the one and the same or that the
'1.95 MeV is a doublet of states with the observed 1.958 MeV

state of positive parity (3/27, 5/2+) and the 1.95 MeV (7/27)

7 State R
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1f this triplet (3/2-7/2-5/2) exists, our calculated J=5/2

ate at 3.07 MeV is then likely to correspond to the observed
50 MeV level with J=5/2" or 7/2 . For other calculated states

907

nQ,experimental counterparts - are seen thus far. It would be of

interest to investigate the high spin stategs predicted by our
calculations.

It is interesting that although ﬁhe ground state band is well
Leproducéd by our calculation, the second excited set of states
ith J=3/2, 5/2, 7/2 are too high (~ 800 keV) in energy compared
ité the experlmental spectrum. Similar discrepancies also occurgs)
:for other fp shell nuclei and were a common feature. of the cal-
‘culated shell model spectra of the sd shell nucle124)° These

probably reflect the inadequacies of the chosen effective inter-

action.

2.3  BAND STRUCTURE

The states ¢ ;04) of the final composite spectrum of S04

have been analysed for the possible band structures according

to the procedure illustrated in sec.2 of chapter 2.

For each of the states @?i(%) we have compared the over-
Jlaps B (”’m ) given by eg.(40) with the states 1#MK 7) pro-
‘JSCted from each of the intrinsic states JKK(?) included in
.the Calculation. The state @;i(d) is considered to be belonging

fFO d particular intrinsic state 'JCK(7) if the corresponding
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_ T, 2 T o ] .
intensity lBK % of the state 1yMK(7) is large. The quantity

(1_&Bi\ 2) gives the intensity in the state &’&Qﬁ) of all

v J .
the states orthogonal to 1$MK(?) and thus provides a measure

“'of 'band mixing'.

- , , J . ’ .
If the intensity (BK !2 of the various states projected

“ from a single intrinsic state is consistently large for a sget

J - : ,
of states pﬁa) of the composite spectrum, then that set has-

been regarded as the 'band' of states.

According to this criterion, two bands of states:

(i) the ground state K=3/2 band and (ii) an excited K=1/2 band

of states are likely to exist in the spectrum'of 45Ti. The

45Ti are found to have a complex structure in
e J g2 .
the sense that the intéensities £BK 1 of the states projected

othér states of

from different intrinsic states are almost similar.

We shall now discuss these Lwo bands of states.

¢

2.3.1 The Ground State_ Band

The states with J=3/2 upto 19/2 at energies E; given
in table 7, of the composite spectrum at 5B, are found to have

. J 2 ' .
Consistently large intensities \B 3/2‘ of the states projected

from the prolate HF K=3/2 intrinsic state. These dominant’
intensities are given in table 7. It is seen from table 7 that
the calculatea J=3/2 state at 0.07 MeV is just the state. pro-

Jected from the prolate HF K=3/2 state. In a similar manner,
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Table 7

?Intehsity of the states projected from the prolate HF K:3/2 in-

~trinsic state, in the final ’ground state band' of states in

45 L
Ti, shown in f£ig.5B

11 13 15 17 19

5 X 22 AL

2 2. Z

o
nolw

7
2

o o

2
2

E; 0.07 0.0 0,13 1.34 1.47 2.40 2.64 3.49 4.09
 (MeV)
'F3/2t 1.0 0.92 0.86 0.96 0.86 0,94 0.85 0.86 0.79

the 5:7/2 state calculated at 0.13 MeV haé the 86 percent
ihtensity of the J=7/2 state projected from the prolate K=3/2
intrinsic state. Ih other words, this state has 14 percent
admixture of all the other J=7/2 states orthogonal toO thatv
projected from the prolate HF K=3/2 intrinsic state. Thus

We observe that compared to the states.with J=3/2, 5/2, 9/2
and 13/2 the band mixing in other states of table 7 is some-

- what large (about 15 percent). The average band-mixing in all

these states is about 11 percent.

2.3.2 K=1/2 Excited Band

As already mentioned the states projected from the K=1/2

, o . . . 45 |
eXcited intrinsic state at -8.55 MeV in Ti are almost ortho-
donal to the states projected from the other intrinsic states

Of table 3. These states are thus likely to correspond to the
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cigenstates of the Hamiltonian and ére not expected to be
sltered much from their unperturbed positions (fig.4, col.4,
p;%), if the mixing due to Hamiltonian is weak. As mentioned
~above, we have analysed the states of the composite spectrum
~in terms éf the overlaps of the states projected frdm different
intrinsic states. Of these, we give in table 8 the energies
E_‘of the states ¢ f,l(o{’) for which the intensities t BJ1/2§2
of‘the stgtes projected from the prolate K=1/2 intrinsic

| staté at -8.55 MeV, is large. It i1s seen that the average band
mlxlng in all these states is about 18 percent. The J= 13/2
state at 4.14 MeV has about 62 percent band mixing, if regarded
as a member of this band. It may be noted that there does not
ex1st any other J=13/2 state in the calculated soectrum that
has a large 1nten51+v of the J=13/2 state projected from this
PrOlate K=1/2 intrinsic state. It is in thls sense that the

J=13/2 state at 4.14 MeV is only a weak member of this band.

Table 8
Intensity of the states projected from the prolate K=1/2 ex—
cited intrinsic state in the states of angular momentum J

) . N 45 .
at energies E; in the composite spectrum of Ti.

J 11

1 1L
- 2 2 2
E. (MeV) 9.63 2,97 3.56 4.14 .4.19 5.24  6.55
J ‘2 '
- 1/24

13
2

o
o

0.85 0.86 0.74 0.38 0.79 0.83 0.83
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Experimental information about this band of states in
545Ti ig not available. It would be interesting to undertake

“an investigation of this band of states.

It is seen from table 3 that the structure of this K=1/2
_bana'involves the éxcitation of the odd neutron from the
occupied k=3/2 orbital to the unoccupied k=1/2 orbital. It

is thus the only intrinsic state included in the present cal-
:culation in which the effects of the singlé particle states
state become dominant.the small overiﬁp

7/2
of the states projected from such an intrinsic state, with

other than the £

those projected from other intrinsic states included in the
_calculation is because of the structural differences in the
orbit occupied by the odd nucleon. It is because of this rea-

son that the excited stateé involving the excitation of a

7/2
would result in the existence of excited bands. Similarly
r23,25,26,27) ‘

particle from the f shell to the other fp shell states,

excited bands, occu in other fp shell nucleil

with 2,N €28,

2.4 ELECTROMAGNETIC PROPERTIES

We shall now discuss the electromagnetic properties of

1‘ .>5 .
the low-1ying states of 4'Ti, obtained in the DCM calculation.

3,4,5,8.9)

ﬁEXPerimental data is available only for the lifetimes

- and branching ratios for transitions between the members of
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the ground state band upto J=11/2 at 1. 47 MeV and from the
states at 1.80 and 2.016 MeV, Cornwell and McCullenlS) have
measured the static moments of the J=7/2 yround states of
Oy,

In the calculations of the electric transitions we have
used the effective charges e =1.32e and en=0.89e.vThese
charges were obtained28 in a least scquares fit betweén the

9) B(E2, 2> Q) transitions in

experimental and calculated2
even-even isotopes of Ti, Cr and Fe, For the description of
magnetic properties values of free nucleon g-factors of the

proton and neutron are used. We shall also give some of the

results of B(E2) wvalues bbtained with ep=1.5e and enzO.Se.

We shall first discuss the results of the static moments
and then the transitions between the states of the ground
state band followed by those between the other excited sta-~

tes of i,

26441 Static Moments

In table 9 are given the DCM calculated static electric
quadrupole and magnetic dipole moments of the ground state
. 5
triplet in 45Ti. Also tabulated are the results of the (f7/2)

3)
configuration calculations of Lynch et al and the RPC

results of Malik and Scholz as given by Lynch et al.
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Table 9

' gtatic electric cuadrupole and magnetic dipole moments of

the ground state triplet in ~~Ti

Q (e barn) o /r(n.m.)
J 772 572 3/2 772 572 3,2
CExpt®  40.01510.015 40.095+40.002
5° | -
(£ ) -0 ~0.59
_a
RPC . +0.092 ~0.66

a.Ref.15 b.ep:1.326, en=0.89e c.Ref.3 d., Quoted in ref.3.

The (£ shell model calculation of Lynch et al

7/2)
have been performed using the (£ /2)§T matrix elements as

42. ¢ .
obtalneu from the measuLementq of 28c spectrum by Moinester
et al3O). In this calculation ep~1 .97e and- en~1 87e and

gp#le499n.m.and gn=~mo.39 n.m. have been used.

The RPC model calculations assume deformation @=~0,35
the collective gyromagnetic ratio gR=Z/A and the magnetic
moment of the odd nucleon to be 75 percent of its free

Particle value.

It is seen from table 9 that the quadrupole moment of
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the J0=7/2 ground state in 45Ti as obtained by DCM calcula- .
tion is higher than the experimentailS) value. The RPC
value as well as the (f7/2)5 configuration calculation va-
‘1ué is also higher but smaller than our DCM value . In
.éontrast the value of the magnetic moment as obtained in

DCM calculation is in much better agreement with the experi-

ment than those obtained by Lynch et al or Malik and Scholz.

In spite of the small value of these observed ground

state moments, there is an interesting experimental measure~

1 4
mentl5) for =

Ti according to which the ratio/qT/Q;>O for
. . 5

the ground state. Our DCM results and the (f7/2) shell
model results obey this relation while the RPC result does

not.

2.4.2 Transitions'inwgbnground State Band

2.4.2.1 . B(E2) and B(Ml) Values

In table 10 are given the DCM calculafed B(E2) and
"B(Ml) values for the transitions between the members of'the
ground state band. Experimental data on these transitions
is not availakle. In order to ascertain the effects of the
configuration mixing on B(EZ) and B(Mli values, we have
aiso tabulated in columns, labeélled PHF, the B(E2) and
B(M1) wvalues obtained for the transitions between the sta-

tes projected from the prolate K=3/2 HF intrinsic state
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Table 10

" The calculated B(E2) and B(M1) values for the transitions
from the initial state J, to the final state Jf of the
'grotnd state band in 45Ti. The results obtained by using
full deformed configuration mixed wave functions are lis-
ted uncder the column DCM while those obtained by using |
only the projected Hartree-Fock states are given under the

column, PHEF,

» ' 2
Sy J_ , B(E2) ezfm4 B(M1) (n.m.)
. Lo
PHF® DCME peMP PHF DCM

3/2. 7/2 224 165 124
5/2 3/2 268 223 169 0. 20 0.07
7/2 232 228 174 0.39 0.07

9/2 5/2 161 130 103 ’ .

7/ 2 104 90 74 0.31 0.22

11/2 7/2 190 158 122
9/2 78 65 51 0.40 0.26

13/2 + 9/2 195 187 144
11/2 50 49 43 0.33 0.24

15/2  11/2 200 164 129
13/2 43 33 26 0.47 0.51

17/2 13/2 185 159 121
S 15/2 27 28 25 0.33 0.19

19/2 15/2 179 88 71
: 17/2 26 17 12 0.49 1.17

Qe =1 .37 o =0). 8¢
E ep 1l.32e, cn—o.6)e

b. e =1.5e¢ , e_=0.5¢
P n
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alone. ~he latter B(E2) values are calculated with the effe-
ctive charges ep=1.32e and en:O.89e. Tt is seen that compar-—
ed to B(E2) values the B(M1) values are quite sensitive to

. the slight admixture in the wave functions.

2e4.2.2 (E2/M1) Mixing Ratios

The (E2/M1) mixing ratios calculated by using eq.(49) |
for the transitions between the members of the ground state
band are given in table 11. Experimentally the value of only
the mixing ratio for 0/2%7/2 transition is available. Un-

fortunately different measurements have led to different

Table 11

. . 5
(E2/M1) mixing ratios for ground state band in 4 Ti

(E2/M1)
Ji Jf cals. exptb

5/2 7/2 0.02
3/2  0.02

9/72 7/2 0.23 +0.3440.12
11/2 s/2 0.02
13/2 11/2 0,14
15/2 13/2 0.02
C17/2% 15/2 0.05
19/2% 17/% 0.02

a. Theoretical excitation ener¢y
b. Ref.9 ;
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+0.18
""O 008

values. Sawa et all)have given 6(9/2 ;>7/2) = 0;51
while that by Zuk et a18) ranges between 0:466 to 0.885 and
" that by Iyengar and Rdbertsong) is 0.3440.12. Our calcula-
red values of 0.23 for the (9/2~ 7/2) transition is in close
agreecment with the latter measurements. For other transiti-

ons.the experimental data does not exist.

2.4.2.3 Mean Lifetimes and Branching Ratios

- The mean 1ifetimes Tfm and the branching ratios for the
transitions between the low-lying states of 45'I‘i are given
in fig.6; Effective chardges ep=1.32e and en:0.89e are used.
We have associated our calculated members of the‘ground state
bénd with the high-spin states observed by Sawa et all),
These are indicated by thick lines in the fig.6. The verti-
cal lines in this figure indicate the transitions origina-
ting from a state with a filled circle to the states where
the arrows end. The numbers on top of the states are the

calculated branching intensities while those below are

the corresponding experimental values.

The experimental values of the mean 1life time are

. 5
summarized from the observations of Iyengar et al-), Liynch

)

3 -4 , . ‘
et al ) and Blasi et al - As already mentioned in sec.l, the
observeéd mean lifetime of the 40 keV level is not very cer-
tain. For this level Blasi et al4) have measured‘Tl/2:11.5i

=

1.5 ns while Lynch et alJ)lhave observed Tl/2=17.231;o nse.
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Using the internal conversion coefficient )‘of 0.25 for the
gecay of this 40 keV level, these values correspond to the

' Ladiative mean lifetime of 14.4#1.9 ns and 21.5f1.35 ns

respectively.

The agreement between the theory and the experiment
upto J=11/2 state at 1.47 MeV is good. The discrepancy occurs
for the J=5/2 state at 40 keV. For this state the calculated
1lifetime is shorter than both the experimental values. AlsO
this-state is observedz)to decay dnly to the J=7/2 ground
state, while the calculation predicts 59:41 percent Erandhes
to the J=7/2 ground state and J=3/2 state at 37 keV. However,
‘because of the energy difference of ohly 3 keV between the |
5/2 and 3/2 states, it appears very hard to measure the
5/2"3/2 transition. In this sense, it seems . that the depar-
ture in the measured and calculated branching ratios is not.
Serioqs. For the members of the ground state band no experi-
.mentél data i1s available. The calculatioﬂ predicts a dominant
_Ml decay for the states with Jrl3/2;17/2 and 19/2. 1t WOUla
be interesting to measure the branching intensities for the

3 ' : . . 4b .
decays between these high spin states 1D Ti.

2443 Other States

In this section we shall present the results of our

" B(E2) and B(M1) values for the transitions between the members
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of the K=1/2 band of states and also for the transitions

from these states to the members of the ground state band.

In the iirst half of table 12 are given the calculated
B(E2) and B(M1) wvalues for the intra-band transitions. These
tranSitions are strong and in some casés similar to those
calculated for the ground state band. Because of the strong
‘B(M1) value, these states are likely to have an Ml decay
‘mode. In the second half of table 12 are given the corres-
n'ponding values for the inter-band transitions from some of
the members of the K=l/2 band to those of the ground state
band. All these interband transitions are hindered, except
for the 7/2 (3.56 MeV) -~ 7/2 (gs) transition. Because of the
large energy difference and a B(Ml) value of 0.19, this

state has a fast Ml decay mode.

9)

Iyengar and Robertson have identified a state at
’1-80 MeV, This state has been observed to decay only to

J=3/2 of the ground state triplet with a lifetime of

. +310 14)
46 .
0*120 fs. Jones et al

suggested J=3/2 for this level.

' 2)
and Plauger and Kashyl " have

vThe calculated J=3/2 member of the K=1/2 band occurs
at 2.63 MeV. If this state is associated with the 1.80 MeV
observed level, then as shown in fig.6, this state decays
dominantly (74 percent) to the J=3/2 state at 0.037 MeV. The

Calculated mean lifetime of this state is also in reasonable
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Table 12

Calculated B(E2) and B(M1) values for transitions between

the members of the excited K=1/2 band of states in 45?1
(above the dotted line) and those from the members of this
K=1/2 band to the members of the ground state band (below

the dotted line). For the members of the excited band, cal-
culated energies while for the ground state band experimental

energies are given.

2J, 2J E, E B(E2) B(M1)
i £ - £ 2 4 2
(MeV) . e fm (n.m.)

3 2.97 2.63 280 lell
3 3.56 2.63 136

11 7 4,14 3.56 89

5 1 4.19 2.97 108
3 | 2.63 32 0.003
7 3.56 11 0.60

9 7 5.24 3.56 13 " 0.05
11 4,14 0.03 0.24
5 4,19 177

3 7 2.63 0.0 9
5 0.037 7 0.01
3 0.040 3 0.06

1 5 2.97 0.037 0.01

7 7 3.56 0.0 0.0003 0.19
5 0.037 0.74 0.01
3 04040 0.04

11 9 4.14 1.35 7 0.03
11 1.47 28 0.01
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A

"‘agreement with the experiment. On the basis of the similarity
in the decay modes of the calculated J=3/2 state at 2;63 MeV
and the observed 1.80 MeV state, it appears tempting to
identify the 1.80 MeV observed state as the band hezd of the
K=1/2 band of state. Apart from this J=3/2 state there ié
no experimental information for the other states of this

K=1/2 band.

Among the other states for which the experimental datag)
on decay modes is avallable is the state observed at 2.016
MeV. Probable spins J=(5/2,7/2) have been suggested. Iyengar
and Robertsong) have measured its decay branches 47:53 for
the 2.016 »0.0 and 0.040 MeV transitions respectively. In
the calculated spdctrum at 5B, we have’J:S/Z;and 7/2 states
at 2.72 and 2.60 MeV. We have associated both these calcula~-
ted J=5/2 and 7/2 states in tuin with the 2,016 MeV observed
level and calculated the decay modes at that energy. The
resulting values for lifetimes and branching ratios corras -
ponding to each of these assignments, are given in fig.6.
The calculated J=7/2 state has almost identieal branching
ratios as the observed ones but the lifetime is too short
compared to what is»measured. Ori the other hand, the J=5/2
state at 2.016 MeV decays with 62 and 29 percent branches
to the J=7/2 and 5/2 states of the ground state triplet.

with a mean lifetime of 30 f£s. Thus the 1ifetime of the
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célculated J=5/2 state agrees with the observed value while

the branching ratios do not.

It is clear therefore that both the J=5/2 and 7/2 states

provide an equivalent description of the observed dccay.
modes of the 2.016 MeV level. However, Plauger and Kashylz);
have excited in (p,d) reaction a state at 1,95 MeV with
tentative J=7/2" assignment. Earlier, we have associated

our calculated J=7/2 state at 2.60 MeV with +this stéte.

It is therefore likely that our T=5/2" state at 2.72 MeV

corresponds to the 2.016 MeV level.

It would be interesting to verify these assignments
expérimentally and also to resolve whether 1.95 MeV and
2.016 MeV levels are one and the same or that 1.95 MeV isg

a doublet, as suggested in this investigation.
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CHAPTER 4

o/

- o 470,
tHE NucLEus *7ri

1.. _INTRODUCTION

1.1 Experimental Data

A considerable amount of experimental informationl"14>'

47

régarding the nucleus */Ti has been recently obtained. The

ground state band of states upto J=17/2 and the other high-
spin states of this nucleus have been observed by Sawa et 312)
in {(¢.n) reaction measurements. Rapaport et al3x, Alty et—a14),

5) 6)

Kocher and Haeberli and more recently Chowdhury and SenGupta

performed (d,p) reactions on 407 at about 10 MeV incident

beam energy and identified low-lying low-spin states of 47Ti.

Some of the low-spin states upto about 9 MeV excitation in

47Ti have also been observed by Plauger and Kashy in 48

T4
'.(p;d)‘reaction at 35«75 MeV proton beam energy. A detailed
experimental investigation on the electromagnetic decay pro-
perties, lifetiﬁes, branching ratio and (E2/M1) mixing ratios
of some of the low-lying states of 47Ti have been made by
Veaver et a18) using Doppler-shift-attenuation method. Inter-
esting data about the decay properties of some of these states

)

has also been provided by Fifield et a19 in their study

of the p-decay of Ty by Meyer-Schutzmeister et allO), by
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. 45 3 . .
performing Sc( He,p¥ )reaction. Sawa et alz) have also given
(E2/M1) mixing ratio®s for the transitions between the highQSpin

)

: , 11 : ' ,
states of this nucleus. Rao et al have investigated the
, 47, N _ 48 . 3.
structure of Ti by employing the reactions Ti("He, a ),
47 .. 45 3

Ti(p,p'Y ) and ~Sc( He,p) at 13.0, 6.5 and 12 MeV bombar-

ding energies and deduced sping, parities and transition

strengths of the levels upto about 3.5 MeV excitation energy..

1.2 Previous Calculations
In the full fp shell space, the number of Stateslsg éf
' seven particles with T=3/2 and J=1/2,3/2,5/2,7/2 and 9/2 are
8793, 16464, 22071, 25141 and 25600 respectively. For this
reason complete sheil model calculations héve not been done.

The ( configuration calculations of McCullen, Bayman

7
f7/2)
and Zamick with its extreme truncation of the configuration
space does not adequately describe the structure of this nu-
cleus., The RPC model calculations for this nucleus have been

performed by Malik and Sdholzl7), Weaver et al and recently

8 \
by Haas et al1 ). These calculations, however, are not micro-

scopic.

In the next section we shall describe the microscopic

. 47 __ .
DCM calculations that we performed for the study of Ti.
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2. PRESENT CALCULATIONS

The configuration mixing calculations for 47Ti have
been performed in the basis of states projected from the
Prolate and oblate HF intrinsic sfatesAand frém the deter-
minantal states obtained by various elementary excitations

from these HF states. MWH2 effective interactionlg) is used.

In subsec.2.1 - 2.3 we shall describe the results of

the DCM calculations for the Spectrum of 47Ti. The electro-
magnetic properties of its low-lying states are described in
subsec.2.4. aAn attempt has been made to assign spin—vaiues

to the various observed states, on the basis bf the agreement
with the experiment of the calculated energies and decay
.prOperties ©f these states. In subsec.2.5 we shall present

a simple method of extrapolating results of the band-mixing
calculations to obtain an estimate of the level density upto
an excitation of 6 MeV in 47Ti.,The estimates of level density
have usually been made by a combinatorial calculation in the
'basis of single particle intrinsic states which do not have

a definite angular momentum. Our approach.différs from this
conventional method, in that the estimate of level density

of the states of definite angular momentum is obtained and

is thus an improvement over the usual methods,
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2.1 THE CALCULATION O YHE ENERGY SPECTRUM
2elal., Generation of Intrinsic States
2.1.1.1 Hartree-Fock ‘Intrinsic States

Using MWH2 interaction, prolate and oblate HF solutions
have been obtained for the nucleus 47%1. The single particle
states with‘k\%1/2,3/2 and 5/2 are occupied for the prolate
K=5/2 state. The energy E. and the quadrupole momentlQK of
this state is ~15.54 MeV and 21.12 bz(with b2= ﬁ/mw), For
the oblate HF state with energy -14.46 MeV and quadrupole

- moment -14.11 b2, the state with Ik] =7/2, 5/2 and 3/2 are

.occupied,

.In tables 13 and 14 are given the structural details
of the HF prolate and oblate single particle proton and neu-
tron occupied and a few lowest unoccupied orbitals. The corr-
esponding energies ek(eq.S) and quadrupole moments qk(gq.ll)
of these orbits are also given. The cashed line separates
the information regarding the occupied orbits from that of the
‘nlénoccupied ones. The energy spectrum of some of these orbits
.is sketched in fig.7 where the small difference.‘in the ener-
gieé of the proton~néutron and their time-reversed orbits
" has been ignored in drawing the figure. The structure of these
20)

orbitals indicates a deformation 5'~'Q.15 for the prolate

HF state and ~0.10 for the oblate HF state.
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Table 13

‘Struétural and spectral details of the occupied and a few
lowest unoccupied proton and neutron orbitals of the
PROLATE K=5/2 HF intrinsic states of 4704, (EKz ~15.54 MeV,
Q= 21.12 bz). For other details see caption of table 1

<
k 1y 3 )
beVv  b? 2 2 3 =

i =-1/2 =7.35 4.32 =0.146 -C.350 0.164 0.910
O o e e e e e e e e e e e
g 3/2  =5.44 2,18 -0.173 -0.157 0.972
N -3/2 -5.06 2.19 ~0.173 0.167 0.971
5 5/2 ~3.56 -0.22 ~0.116 0.993
1/2 -=5.54 4,34 0,150 -0.349 -0.176 0,908
-1/2 ~=5.95 4.29 -0.164 ~0.326 0.209 0.907
N 3/2 -2.91 1.91 ~0.119 -0.104 0.987
E -3/2 -3.38 2.13 ~0.156 0.166 0.974
g 5/2  ~1.03 -0.26 0.086 0.996
R e e e e e e e e o o et e e e et e e e e e e e e £
E -5/2 -1.49 -0.25 0.096 0.995
S7/2 0.69 =3.0 1.0

/2" 0.87 2,88 -0.490 0.646 0.417. 0.410
/2" 3.05 0.80 —O.426 ~0.670 0.604 ~0.070
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Table 14
Structural and spectral information of the occupied and
a few lowest unoccupied proton and neutron orbitals of
the OBLATE K=3/2 HF intrinsic state of 47Ti.(EK'—‘ -14.46
 MeV and Q= -14.11 b2). For other details see caption
of table 1.

x ek q]; C.lk C.@.k Cf’-k Czk
MeV b 2 2 2
P
R 1/2 -6.72 -3.0 1e

g ~7/2 -6.47 -3.0 1.0
o 5/2 -4.73 ~0.95 0.209 0.978
o -5/2  -4.42  -1.04 ~0.238 0.971

7/2 -4,67 -3.0 1.0

, -7/2 ~5.12 -3.0 1.0
I; 6/2 ~2.70 -1.0 0.227 0.974
U ~5/2 -2e74 ~0495 ~0.207 0,978
ﬁ 3/2 -1.34 ~0.16 0.280 0.078 0,954
N =3/2 ~1.67  =0.04 0.261 -0.066 0.963
S 1/2 ~1.24 0.45 0,112 04275 0.071 0.952
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As shown in table 13 énd fig.7 for the prolate shape,
the firs£ heutron unoccupied orbital with k=7/2 is at 1.72
MeV from the last occupied k=5/2 orbit. At only 180 keV from
it is the second orbital with k=1/2. The neutron lp~1h exci=-
tations to these unoccupied orbitals are expectea to give
intrinsie states lower in energy than the ones obtained by
excitation to the higher unoccupied orbitals. The first pro-
ton unoccupied orbital with k:3/2 is at about 1.91 MeV. Simi-

lar dinformation regarding the structure of the oblate

intrinsic state is summarized in table 14.

A2.l.1.2 One Particle-One Hole Excited Intrinsic States

We have considered in our calculation intrinsic states
upto 3 MeV excitation relative to the prolate HF state. Eight

intrinsic states obtained by various 1lp-1lh excitations from
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Table 15

Energies and K-values of the prolate and oblate
47 . . .
HF states of Ti and of the intrinsic states ob-

tained by 1lp-1h excitaticns from these HF states.

Shape Hole Particle

k. k K E_(MeV)
1 m K

Prolate (HF STATE) "5/2 -15.54
n 5/2 n 7/2 7/ 2 -14.17

n -3/2 n -5/2 3/2 - =~13,78

n 5/2 n 1/2' 1/2 -13.76

p ~1/2 p -3/2 3/2 ~12,97

Oblate (HF STATE) 3/2 ~14.46
n 3/2 n 1/2 1/2 ~13.91

n -5/2 n -3/2 5/2 - -13,30

n -5/2 n-1/2 1/2 ~13.19

p ~7/2 p -5/2 5/2 -12.25

=, -

the lowest prolate and oblate HF states are ‘found to bé
within the above energy interval.These states are listed above
in table 15 along with their HF states from which they were
obtained. It may be pointed out that the intrinsic state

with K=1/2 at -13.19 MeV is obtained by the 1p-1h excitatidn
from the oblate HF state with the odd neutron in the k= -3/2
orbit. Thus the proton and neutron occupied orbitals in

this K=1/2 intrinsic state are:
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T]-’(_—_W/Z)ZV (+7/2., +5/2, =3/2, ~1/2)°

‘Tn table 15, except for the first two lp-1h excitati-
ons from the prolate shape and first 1lp-1h excitation from
the oblate shape, all other 1lp-1h excitations would corres-
pond'to the 'core' excitations in the language of RPC model
in which all but the last odd particle are incorporated in

the definition of the deformed ‘core'.

It is seen from table 15 that there e<ist three K=1/2
intrinsic states uptd about 3 MeV excitation from the prolate
HF state. The energy spread of these K=1/2 states is only
0.72 MeV. Kocher and HaeberliS) and Chowdhury and SenGupta6
have reported seven J=1/2 states within 6 MeV in the spectrum
of 47Ti. all these J=1/2 states are spread within 4 MeV rela-
tive separation energy. It is clear therefore that the inclu-
sion of only three K=1/2 intrinsic states would not be ade-
quate to describe the low;lying J=1/2 states. In view of
thig, the configuration space of J=i/2 states has been exten-
ded by ipcluding other 1p-1h and also some 2p-2h excited
K=1/2 intrinsic states. In all ten K=1/2 states with an
~energy spread of around 2,6 MeV.have been obtained. The
structure and energies of these K=1/2 intrinsic states are
given in takle 16. For example, the prolate K=1/2 state at

-11.38 MeV is a 2p-2h excited state obtained by exciting a
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proton in k= -1/2 and a neutron in k= -3/2 orbits to the -

orbits with k= -~3/2 and ~5/2 regpectively.

Table 16

Energies of the lowest ten K=1/2 intrinsic states. obtained
by 1lp-1lh and 2p-2h excitations from the lowest prolate and
oblate HF states. These states were used in the calculation

of only the J=1/2 states in 47Ti.

Shape | Hg%e Pa;ﬁicle EK(MeV)
J m

Prolate n 5/2 n 1/2° ~13.76

n -3/2 n-7/2 ~12.61

n 3/2 n-1/2 -11.96

n 5/2 n 1i/2"'! , ~11.56

b -1/2,n =3/2  p =3/2,n =5/2 ~11.38

n -1/2 m=5/2 -11.35

Oblate n 3/2 n 1/2 ~13.91

-5/2 n-1/2 -13.19

n +5/2 n +1/2,n -3/2  -11.91

p -7/2.,n =3/2 p ~-5/2,n =1/2 ~-11.66

Similarly, the configuration space involving the
intrinsic states of table 15 één give only six J=3/2 states.
Vector polarization measuremehts of (d,p) reaction5 have
‘shown the existence of six J;B/Z states within an energy
~ spread of 2.36 MeV in 47Ti. &o obtain a reasonably adequate

description of these low-lying low-spin states, we have also

&
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expanded the configuration space.of the J=3/2 states, by
including five other p~h excited K=1/2 and 3/2 states.

The details df these eleven intrinsic states are given in
table 17. Of these the structure of the oblate K=1/2 intri-
neic state at ~13.19 MeV is already explained abo&e

Table 17

Energies and K-values of the intrinsic states used
for the description of only the J=3/2 states in
47p{. The oblate K=1/2 and 3/2 intrinsic states at
~13,19 and -12.14 MeV respectively, have the odd

neutron in the k= -3/2 orbital.

Shape Hoie Parﬁicle K EK(MeV)
: 5 m |
Prolate n-3/2 n -5/2 3/2 -13.78
n 5/2 n 1/2 1/2' -13.76

p ~1/2 p 3/2 3/2 =12.97

n -3/2 n-7/2 1/2 -12.61

n -3/2, 5/2 n +7/2 3/2 -12.10

n 3/2 n -1/2 1/2 =11.96

Oblate 3/2  -14.46
n 3/2 n 1/2 1/2 -13.91

n -5/2 -1/2 1/2 -13.19

n -5/2 1/2 3/2  =12.14

n 45/2 (2 Y5y w2z 1o
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while that of the oblate K=3/2 intrinsic state at -12.24 MeV

is:
77117/2)2 Y(47/2, +5/2, ~3/2, +1/2>5

It may be noted that the K=1/2 states used here for the
description of the J=3/2 states, have also been included in
the ten states used for obtaining the spectrum of J=1/2

states.

2elela3 Two particle-Two hole Excited Intrinsic States

Such intrinsic states would be expected to be higher
in energy than the 1p-1h excited states. It is likely how-
ever, that some of the 2p-~2h excited states may have an
energy lower than the 1p«1h.intrinsic states discussed-above.
They micht then be important for determining the structure
of the low-lying states of the nucleus. To ehsureAthat we
do not miss these low-lying 2p-~2h excited states, the energies
'of some of the intrinsic states resulting from the 2p-Zh
excitations to the lowest unoccupied HF orbitals have been
computed. The information regarding these states is provided
in takle 18. Of these the 2p-2h excited intrinsic states with
K=1/2 have been included in the calculation of the spectrum
of onlythe J=1/2 states while as those with K=3/2 and 1/2

at -12.10 and -11.91 MeV regpectively have been used for the
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Structural information of some of the low-1lying 2p-2h exci-

ted intrinsic states in 4'7’I‘i.
Shape Hoies Parﬁicles E  (MeV)
i . K K.

Frolate n -3/2,n 5/2 n +7/2 3/2 -12.10
p +1/2 p +3/2 5/2 ~12.04
p -1/2,n 5/2 p =3/2,n 7/2 5/2 —11.62
p -1/2,n =3/2 p -3/2,n -5/2 1/2 -11.38
n +3/2 n 7/2,n -5/2 7/2 -11.10
n +3/2 n +7/2 5/2 -10.78

Oblate n -5/2,n 3/2 n +1/2 5/2 ~12.63
n +5/2 n +1/2,n -3/2 1/2 -11.91
n +5/2 n +1/2 3/2 ~11.83
p -7/2,n 3/2 p =5/2,n 1/2 3/2 -11.70
p -7/2,n =3/2 p -5/2,n -1/2 1/2 ~-11.66
p -7/2,n ~5/2 p =5/2,n =2/2 5/2 ~11.18
D +7/2 p 45/2 3/2  =10.75

spectrum of only the J=3/2 states. For other J states, there

is an adequate number of 1p~1h excited intrinsic states which

are lower than the 2p-2h excited states. Hence the latter

are not included in the calculation of the full spectrum.

Their inclusion would however improve the level density at

hicher excitations.
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2.1.1.4 Isospin Mixing in the Intrinsic States

The intrinsic states listed above in tables 15,16 and
17 have a small admixture of different isospins T. In table
19 we give the amplitudes of the isospin components with

T=3/2 and 5/2, in the intrinsic states of table 15. The

Table 19

The amplitudes of the T=3/2 and 5/2 isospin com-
ponents in the intrinsic states of 47Ti, given

in table 15.

Shape K EK(MeV) T=3/2 =52

Prolate 5/2 -15.,54 0.999 0.025
7/2 -14.17 0.999 0.015
3/2 ~13.78 0.999 0.025
1/2 -13.76 0.999 0.024
3/2 ~12.97 0.999 0.009

Oblate 3/2 ~14.46 1.0 0.0
1/2 -13.91 1.0 0.0
5/2 -13.30 1.0 0.0
1/2 -13.19 1.0 0.0
5/2 -12.25 0.999 0.014

amplitudes of isospin Tﬂ%S/Z are negligibly small and are
hence not given in the table. It is seen from table 19

that T=3/2 is the dominant isospin. The maximum amplitude
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of T=5/2 admixture is only 0.025 for the lowest energy

intrinsic state with K=5/2. It is hoped that this feeble
isospin mixing in these intrinsic state would not alter
the structure of the low-lying states in any significant

manners.

2.1.2 FEnergy. Spectra of the Angular Momentum Projected
States

The states.‘QJﬂK(?7) with definite angular momenta J
have been projected from the ten intrinsic states }{Kf'?),
listed in table 15. The spectra (eqg.21) projec£ed from pro-
late and oblate intrinsic states are given in figs.8 and 9
respectively, and are plotted according to the order of the
appearance of their corresponding intrinsic states at 8A and
9aA. The intensity }aJKK'7){2, given by eqg.16 of a projected
state TyiK(7 ) in the intrinsic state ?CK(7’) is also
given in figs.8 and 9. Except for the states projected from
the lowest prolate intrinsic state all other projected épectra
show a considerable departure from a rotational'sequencef
This is in contrast to the assumptions of the RPC model

"calculations.

2.1.3“ Non-orthogonality of the Projected States

We illustrate here the extent of the non-orthogonality
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of the states 1yiy(°?). For each:of the states with JQZH/Z,
ten projected states are obtained while for J=1/2, 3/2 and
5/2 only three, six and nine states respectively can be pro-

jected from the ten intrinsic states listed in table 15.

In table 20 are listed the overlaps (eq.35) of the
various normalized projected states with J=5/2 obtained from

the intrinsic states with K £5/2 of table 15.

For J=5/2, the overlap of the state projected from the
lowest energy prolate K=5/2 intrinsic state with almost all
other projected states except for those projected ffom the
prolate K=1/2 intrinsic state at -13.76 MeV is large enough
to give rise to nonspurious orthogonal set of statess There-
fore a J=5/2 state projected from any of the excited intrinsic
states would not by itself describe well an gxcited state
of 47Ti nucleus. The éverlap matrices for the other J states

have a similar structure.

The non-orthogonality of the projecﬁed states leads to
a slight overcompleteness of the basis states for J 37/2»
This is seen from the fact that all the eigenvalues of the
ovérlap matrix (table 20) for the J=5/2 state are positive.
Hence all the orthogonalized states are independent. This is
also true for the states with J<« 9/2. For the high spin
states with J=9/2, 13/2 and 17/2 one of the ten eigenvalues

of the corresponding overlap matrix (eg.35) have been found
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to be zero. Thus according to eg.37 for these states on€ of
the states is spurious. Similarly for the states with J=11/2,

15/2 and 19/2 two states have been found to be spurious.

" As a result of this non-orthogonality of the states
q)iK(7 ) the energy spectra gi&en by eqg.(38) of the ortho-
normalized state <P§(V ) would be shifted relative to the
Spectra of the states zP}—{JK("'?) shown in figs.8 and 9. These
enerqgy shifts are different from the shifts produced by the
mixing of various orthogonalized projected states by the’ Hamil-

tonian.,

Of particular interest in table 20 are the values of
the overlaps of the states projected from the prolate K=1/2
intrinsic state at -13.76 MeV with all the other projected
states. These overlaps are quite small for =11 the J-values
(upto 19/2). This indicates the possibility of a well defined
band of states, projected from this K=1/2 state, all of which
may reasonably correspond to the elgenstates of the Hamilto-
nian. Since this K=1/2 state is obtained by exciting a neutron
4£rom the highest occupied k=5/2 orbit to the unoccupied k=1/2"
orbit (see table 15), it is likely that the band of states
Projected from this Kzl/é state would be preferentially observéd
in reactions invelving neutron excitations from the ground

state.



126

2.1.4 Composite Spectrum

7. . .
The composite spectrum of  Ti was obtained by dia-
gonalizing the Hamiltonian (eq.3é) in the basis of the ortho-

. , TS A
normalized projected states V¢M(??>'.

It is expected that the low-1lying states of a nucleus
would be described in terms of the mixing of the states
projected from a few of the low-lying intrinsic stats. To
test this expectation we first carried21'22’23 out the

calculation of the energy spectra with three choices of succ-

essively larger humber of the basis states.

2) The basis states were chosen to be only the states
projected from the five intrinsic states Pg /e P7/2: Pl/2'

and O (~13,91 MeV) listed in table 15.

O3/2 1/2
B) This configuration space was expanded to include
also the states projected from the intrinsic states P3/2

(~=13.78 MeV) , p3/2(~12.97'Mev) and the oblate K=5/2 state

at -12.25 MeV.

C) The calculation was further extended to incorporate
also the states projected from the remaining intrinsic

statds listed in table 15.

The energy spectra resulting from the mixing of the

above, five, eight and ten bands of projected states are
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shown in figs.}OAglOB and 10C regpectively.,

Comparison of these three calculated Spectra show
that the relative cnergy of the states upto about 2.5 MeV
obtained in the first calculation is not altered much by
expanding successively the configuration gpace tc include
various "core" excited 1p-1h states ( calculztion B and C).

47

For comparison we have shown the¢ energy levels of Ti
y 2 5,6) 10}

observed in (a,n) ", (d,p)" : (p/p'? )8) and (%HE:F>Y)
reactions. The calculated spectra upto 2.5 MeV in figs.iOA,
B and C are all gquite similar to the experimental spectrumn
This confirmg the expectation that only a few p-h excited
intrinsic states are needed for a reasonable description

of the low-lying states of the nucleus 47Ti.

Additicnal states appearing ét about 3 MeV in calcula-
tion B and not reproduced in calculation A correspond to
the "core" excited configurations listed in table 15.
Although the spectra shown in A, B and C look similar,
the calculation C containing the largest number of basis
states, improves upon the states beyond 2.5 MeV obtained in
calculation A and B. For example, £he second J=1/2 state
around 3.37 MeV obtained in calculation A and B is pushed
down to around 3 MeV in the last calculation, and corres-

6)

L 5 '
ponds possibly to the J=1/2 state observed™’ at 2.7% M=V,

Also the J=5/2 state at 3.07 MeV obtained in calculation B
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comes down to 2485 MeV in calculation C and thus lines up with
the experimental J=5/2 states observedS)tentatively at 2.85

MeV.

2.2 ~ COMPARISON OF THE CALCULATED AND OBSERVED SPECTRUM

The experimental as well as calculated spectra are
quite complex. It is convenient therefore to consider separa-
tely the set of high-spin states J5-7/2 observed primarily
) 8)

A 5 ‘
by Sawa et al in (a ,n) reaction and by Weaver et al in
(p,p'Y) reaction and the low spin states J<7/2 observed

by Kocher et alS) in (d,p) reaction.

2,2.1 High-spin States

In figure 11A we compare the experimental spectrum
of the high spin states withh the ones obtained above in cal-

culation C.

In the experimental gpectrum the states drawn in long
2
lines are observed by Sawa et al >. Of these, the states
shown in heavy lines are connected by strong transitions.

The ones drawn in thin line decay weakly. The states shown

. 1 . 8
by short lines were observed in (p,p? ) reaction '.

In the calculated spectrum the states drawn in long

lines are ones we think correspond to the states observed by
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In the expevimental spectrum the states drawn

in long iines are observed by Sawa st al {Raf.2} s Those drawn
in short lines bave been taken from ref.fl, Fox other detalls
Bee gubBec.Z.2ele (B) The calculated band of states helonglng
to the prolete Esl/2 intrinsic state are conpared with a few
exparimental states which might belong to this bhand. See Bubr
Bec.2,3,2 for a discussion of these states. '
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Sawa et al2). amongst these the énes drawn in heavy lines are
‘predominantly the states brojected from the K=5/2 ground
state HF band. The states drawn in_thin lin=s do not belong
to this ground'state.band. The states drawn in short lines
are the ones which do not have a counterpart in the spectrum
observed in (<« ,n) reaction and may correspond to those

observed in (p,p'Y ) experiment.

The three main discrepancies between the experimental
and calculated high spin spectra are the following:

i) The states with J=13/2 and 15/2 are significéntly
lower than their experimental counterparts at about 2.75 MeV,
1i) The calculated high-spin states drawn in short lines
with J=15/2, 11/2 and 9/2 at around 3.4 MeV and the states
with J=11/2, 19/2, 13/2 and 11/2 at around 4 MeV do not vet

have e:perimental counterparts.

It might appear tempting to associate the calculated
J=19/2 state at 3.95 MeV with the experimental state at
3.98 MeV., But, because of the observedz) decay (though weak)
of the level at 3.98 MeV to the J=13/2 state at 3.29 MeV,
the J=19/2 assignment to the 3.98 MeV level is ruled out.
Also, it is not likely to correspond to the calculated
J=13/2 state at 4.05 MeV, gsince as will be shown in the next

section, that state belongs to the K=1/2 band, drawn separa-

tely in fig.l1B for clarity. If the experimental state at
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3.98 Me/ were the J=13/2 state af the K=1/2 band, it would
have decayed strongly to the J=9/2 or 11/2 states obtained

at about 3.40 MeV. Such a strong. decay has ﬁoﬁ been observed.
It is therefore likely that the observed state ét‘3.98 reV
may correspond only to one of the J=11/2 states at about

4 MeV,

iii) There are two states with J=7/2 and 9/2 at
about 2.30 MeV in the calculated spectrum. In the experi-
mental spectrum, Weaver et a18) have obtained three states
with a possible spin assignment of J=3/2 to 9/2 and J=7/2
to 11/2. Thus experimentally there is one extra state

around 2.30 MeV compared to the calculated spectrum.

The calculated state with J;W/Z)at 2.56 MeV matches
well with 2.62 MeV state observed in the stripping react-
. 5)
ion .

It is interesting to note that the observed as well as
calculated "ground state band'" of states terminatés at the
J=17/2 state. The calculated J=19/2 state at 3.95 MeV does
not belong to this band. The excited J;19/2 states have
consideralle "band mixing". This will be discussed in next

section.

It would be of interest to identify the high-spin

states above 4 MeV shcwn in fig.10C.
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2e2e2 Low-5Spin States

- .5) . '
Kocher and Haeberli and Chowdhury and Sen GUptaé)
have observed seven J=1/2, six J=3/2, one J=5/2 and two

J=7/2 states in (d,p) reaction.

The basis space of calculation C contains only three
J¥1/2 states and six J=3/2 states projected frbm the K=1/2
and 3/2 intrinsic states. The calculated spectrum of low
spin states in figure 10C is not in cgood agreement with the

experimental one.

In order to obtain a reasonable description of ﬁhe low-~
lying states of a nucleus in a truncated configuration
space, it is clear that the configuration space should at
least contain aifew more states than the number of observed
states in the chosen energy range. From this point of view
the confi guration space chosen in calculation C is adequate
for the description of states with J 25/2 for which ten
states for each J % 5/2 are included in the calculation. For
J=5/2, nine states are obtained. Thus the number of states
in the configuration space is sufficiently greater than the

number of observed low-lying states with J > 5/2.

For the low-spin states with J=1/2 and 3/2 the configu-
ration space of calculation C is @learly too small for the

description of the observed states. The configuration space
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for these states was therefore extended by including addi-
tional 1p-1h and some Z2p-2h excited inﬁrinsic states (see
tables 16 and 17)with K=1/2 and K=3/2. Ten J=1/2 states
were included in the expanded qonfiguration space, whereas

for J=3/2 eleven states were obtained.

The spectrum of the J=1/2 and 3/2 states obtained from
this expanded configuration space is compared in fig.12
with the spectrum observedS) in the (d,p) reaction. For
completeness we have also included the two excited stﬂtes
with J=5/2 and 7/2 observed by Kocher et als). The first
J=7/2 state is reproduced well by the calculation and is
not included in fig.12. The experimental state at 5.01 MeV
is not observed by Kocher et al, but is included in Nuclear

Data Sheetsl) and is also observed recently by Chowdhury

6
and Sen Gupta ).

Excéllent agreement is obtained for the low-spin
spectrum upto 3 MeV excitation. Above 3 MeV the agreemént
between the experimental and calculated spectrum for the
J=1/2 state is quite good. For the J=3/2 state there are

significant deviations above 3 MeV,

The calculation C is adequate for the description
of the states with J25/2 and a comparison of the experimen-
tal and calculated spectra for the J=5/2 and 7/2 states can

be made from fig.l0C. The calculated J=5/2 states occur at
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O, 2440, 2.85 and 4.40 MeV. These compare well with the
experimental states with definite J=5/2 assignment at O,
2.17 and 2.85 MeV, The state at 2.17 MeV was observed by
Fifield et alg) in the g-decay of 47V. The one at 2.85 MeV

was seen in (d,p) reaction5’6>.

The calculated states with J=7/2 occur at 0.27, 2.30,
2.56, 3.32 and 4.30 MeV. The observed states with definite
J=7/2 assignment occur at 0.16, 2.62, and 3.22 MeV. The
first two are observed in the (d,p) reaction5'6). The J=7/2
assignment for the 3.22 MeV state was made by Meyer-Schulz

0)

meister et all on the basis of the pure an=O angular
distribution in (BHe,p) reaction. They have suggested it

to be an antianalog state. In the neighbourhood of calcula-~
ted 2.30 MeV J=7/2 state, there are three experimental
states observed by Weaver et a18) with posgsible épin assi-
gnments of J=7/2. One of Ehese may have J=7/2 énd would
correspond to the calculated state at 2.30 MeV. It would be

of interest to identify the experimental counterpart of

the 4.30 MeV J=7/2 state.

243 BAND STRUCITURE

In the following we have analysed the structure of the
various states of the composite spectrum plotted at 10C in
terms of the states projected from the various intrinsic

states of table 15.
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2é3.1 Ground State Band

The spectrum of states (fig.8, col.2) projected from
the HF prolate K=5/2 intrinsic state at -15.54. MeV is

already in reasonable agreement with the spectrum of ground

state band observed by Sawa et‘alz). In the final spectrum
shown in f£ig.10C, the ground séate cbtained by diégonali-'
zation of the Hamiltonian is depressed by only 170 keV
relative tc the energy éf the J=5/2 state projected from the
K=5/2 HF state. The shiftg in the other members of the
“ground state'band" cue to the mixing of the states by the
Hamiltonian are also similarly small., It ié expected there-
fore that the\”ground state band" obtained in fig.iOC will
still be pf@éominantly the band projected from the K=5/2

HF state.

In table 21, we list the probabilities ‘Bg/2 Tz(eq.(llo_))
for states of the "ground state band" with angular momehta
J=5/2 to 19/2. It is seen that the intensity of the J=5/2
state projected from the K=5/2 HF state is 96 percent. |
Thus the total contribution of the part of the eight other
J=5/2 states orthogbnai to the one projected from the HF
state is only 4 percent. It is ciear.from the table 21 that
the lowest J=19/2 state is not predominantly the J=19/2
state projected from the HF state. Thué the ground state band

extends upto J=17/2 and is predominantly the band projected<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>