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INTRO DUCTION

There have been many theoretical and experimental investi-
gationson the 1f7/2 shell nuclei. The experimental work on ithese
nucleii-iT and the theureticol 1nvestigationslj'30 shhed much light
on the structure and properties of these nuclei. Shell model app-
roachh is well suited for these nuclei because there are three

U 48

cloged shell nuclei viz. Ca, Ca and 5bNi in this area of the

nucl ear chart. The description of a systen of interacting parti-
cles in terms of a system of independent particles moving in an
average central field is called Shell Model and systems of a few
particles in addition to & closed shell core can very well be
described in this model by introducing & residual interaction
between the extra core particles. O0f the three closed shell nuclei
the nucleus of 4808 is known to be a better closed shell core,

41,49

Seth et.al,31 concluded from 40'450n (dHe,d) S¢ reactions

that the stripping to 1(13/2-1 states in °Ca is 8 times small ex
than it is in Oca, Experimental data on 4aca (u,p)490a and
48¢a (p,d)470a reactions also indicate negligible amounq of the
core excitations in 480a32'34. Therefore, the N = 28 isotones from
4980 to 56N1 are undexr better control in truncated shell model
calculations than the other nuclei in this region, In the case of
the nucleus of O2Cr, which is in the middle of the shell, it is

believed that deformations set in, Lips et.al. attribute the small

29

di screpancies in their calculating for 520r to the possible

deformations. lowever ihe calculations based on quadrapole gefo-



ruotions for even isotopes o4 i tanium“” incicote that it may not
be tithe case for 507i. iiecent calc.alationss6 showed many neighbous
ing nuclei but not 5?'Cr possibly éme to closed neutron shell,

could be regarded as a mixture of prolate and oblate in their
shapes and of ryotational and vibrational motions in their enexrgy
levels, In the present work "-gr is considered under shell model
with effective interactions.

The calculations using pure (1f7/2)n configurationsfor the
protons above 480& core have repreduced the ground state energies
satisfactorilyig‘zo. Such pure configuration calculations do not
predict enough energy levels with any cholce of residual interac-
tion since the space is small, In such calculations the excited
levels are not well reproduced. The M1 transition operator is
an odd tensor single-body operator, Matrix elements of odd tensor
operators vanish between any two states of jn configuration with
different seniorities and also the matrix elements, diagonal in
seniority, are independent of the number of particles since pairs
coupled to J = 0 do not contribute, This means that within a jn
confipuration of identical nucleons no i1 transitions occur in
the usual longwave approximation for the accompanying el ecctromag~
netic radiation. Even the E2 transitions are forbidden between
the states of the same seniority for szcr nucleus since this nu-
clens is in the widdle of the shell and E2 transition operator is
an even rank tensorST. ERperinmentally the E2 transitions from

the 6%( y = 2) sgate to the 47( W = 2) state is found to be abon

half of the transition to the 47( ¥ - 4) statel® 13 1 g



¥ * gtates were pure states there would be no E2 transition

Jd = 1
from the 67( ¥ = 2) state to one of the J = 4% states. i1
transitions are actually observed in “ly ana "fdnlj. A streight.

forward eyidence against pure configuration description comes
from the stripping teactionsL whiclhh show lp = 1 trausitions to
sone lowlying states. indicating cleerly that the transfered nu-
cleon, with a non-zero strength, is in a2 p-state. The ground
state of 2y is, ecssentially 8 y= 1 Jg ™ =7/2" state. Addition
of a proton in f?/ﬂ orbit will give a state with 3 = + %
only. Seniority 1is always & non negative integer. Thus the
state ¥ = 2 J 4" should be the only state to be exbited in

these transfer recactions if there were no mixing of seniorities.

In fact that both the J " = 4% (with y =2 and 4) are excited

indicate that the two 4% states contain ¥ = 2 components and
seniority mixing, Any two body interaction in a jn configuration
with j = 7/2 is diagonal in the seniority scheme, This implies
that if the states were pure then the states with di fferent senio-
rity do not wix in a j" configuration for J = 7/2, as long as
the interactions are of one and two-body typ937. These observa-
tiong provide an exccllent ground in favour of configuration
mixing and seniority mixing,

In doing mixed configuration calculaiions for these nucl el,
the valance protons are to be excited from the i1 ,., subshell to

J e

2p3/29 1f5/2 and sz/ﬂ Levels because core excitations are negli-

gible, Shell model calculations in which more than one particl e

is raised, are very large. Larlier calculations24"26 in whicey



only one proton 1is raised to 2p3/2 and 1f;/? levels have given
good results, and the pure configuration components wexre found

to be dominant for the lowest states of each angular momen tum,

in most cases. The single particle energies ol 1i7/2, 2p3/2,
1f5/2 and 2p1/2 protons above 480& core are obtained as weighted
averages, weighted by the spectroscopic factors, over a set of
states obtained in single p:gﬁon transfer reactions., They are
obtainod to be 9.62, 6.08, 4,93, 3.58 oV respectively>~ 10 ang

the powlying levels below say 4 LeV of excitation are not expected
to contain much contribution from configurations higher than those
considered. It has also been found that small variations of the
single particle energices do not have wuch effect on the energy
1ev0152¢,za . In the calculation on X = 28 isotones the energy
of the 1f7/2 pro ton was found to be 9,72 [.eV nad that a swall va-
riation in energy levels due to variation of eaelrgy of 2p3/2

proton could very well be siwmulated by slight chainges in the inte~

raction beiwecn 1I7/2and 2p3/2 protons. These mixed econfiguration

caleulations could very well predict both the ground state ener-
gies as well as the excited state energies. These calculations
could also account for the spectroscopic factors and electromag-
netic transition rates with an effective charge derived by I. Talmi.

However, the M1 rates and nixing ratiom show discrepancies.

There is one theoretical objection to the mixed configu-
ration studies mentioned above. With any newtron excess core,
the states in which only protons are excited to higher orbi tg

do not have good isospin38’39 and they can not represent {iye



nucleus unlike the other nuclei40’47. It wmay be noted that the
44 45

calculations reported by Nomura et. al. and Cochavi et.al.

take the deformations in to consideration. The calcul&tions with

a fixed and simple effective charge ¢ = 1.6e¢ repssduced B(E2)

)
24,25 . :
transition rates” ®~° und guaurupole mouments satlsfactorllyzg.

Nucl ear thieory attempts to derive observed properties from

interactions. This is a many body problem. Dupirical evidence

suggests4° that to a good approximation, each nucleon in a nucleus
moves independently in an ayerage potential well due to all other

pucleons. This independent particle model provides a basis of

states in an infinite dimensional iilbext space in which the resi-

dual interaction, the remaining part of the interaction after takin,

gingle particle potential, is to be diagonalized to get energy

states and other properties. In shell model calculations such as

those described above only a truncated space is chosen. The resi-
dual interpction Dbetweeil particles of independent particle nodel
gets renormalized die o sucn truncatioan. Thus the effective inte-
raction depends upon the choice of truncation. One choses the

trunctation suitable to 1he chosen states of a nucleus oy nuclei

and their properties io be obtained. It means that the interac-

tion to be used in shell model calculations gets modified due

to Pauli principle and other many body effects. This renormalized
or effective interaction is to he diagonalized in the model space
of finite size to getl energies whieh would be the saue as thoge

obtained by diagonalizing the actual reshdual interaction ip the

original couplete Hilbert space.



The nucl eon-nucleon interaction in non-relativistic app-
roximation may be represented by a potential. Such a version of
NN interaction could explain peattering data up to 300 LeV while
the cnergies of nucleons in a nucleus in collision are of the
order of 160 MeV only., This potential picture for NN interactior
is quite satisfactorily used in shell wodel situdies for lowlying
states. The matrix elemcnts of such an interaction between shell

model states are primary input date in pBuclear structure calcula-
tions.

Assuming only two-body interaction, the wany body problcm
requires solution of ( 2T, -3 |¥ ' where T is keinetic
energy operator, E is the total energy, eigen value,and -~y is
the many body wavefunction, Introducing auxiliary one-body poten-
tial, also called shkell model potential Ui, we get

Tt 3% = | o 5u) 4 (%%, <o)y _iweeeso (1)
The condition on Ui is simply that the Schrodinger equation
(Tv+Uu ) - § should have simple and analytic solutions, and
that 11 should be fairly weak compared to HO so that it may be
treated as a perturbation. If m;yhj@3u.. dGre soiutions of one
particle Hamil tonian, subsets of then define configuration de-
noted hy [ nl ., The nany body functions are Slater determinants

qW}ﬂ » we write TK:-Q?Cng..land determine Q1n1by diagonalising
the full liamiltonian (note that H,is alieady diognal). Phis ig
a problem of infinite dimensional space,s The single particle

notential ontained self counsistandly ia ilariree-~Fock theory 1g

uenglly non-local and non-sphevical. Iamionic oscellator aNIT0



vimation is quite satisfactory. .oweveyr the single particle
alerries obtained in this manner do not contain interaction of
extracore particles with the core and therefore one usually takes

experiuental energies in standard shell wmodel calculations witih

inert core.

After cliosing the confipuration space to be wsed, the
problem is to choose or derive a suitable interaction foir diago-
nalizoation in the truncated spacve to get correct energies and
properties, To achieve this consider
Hiw = (B -vo) v (f-Ho; 2 0o B q

T: Q[:m} k&, = E\“)J ‘il.“-s
... afy\} (E- E["l)

<‘¥im} \H'Wﬂ>

“ - -
&< le.} | w, “P[»._\) M)

waie ¥ § @ \2)
Now if we write\ YJ)TP‘Hv) y Projection on the truncated space we
have —yd - 2 Gy @E“]. The interaction for the model

[~lcd
have by recuireuent these functions as eigenfunctions correspond-

space will

ing to truceenergies.

e 'Y\(’.Qd HL"*A: G wd ’ VA— P y’ O-U-u‘( Hd = Ho + H:-.
and  we ga.* CAl vy WD = aw (E-EBuw) = <CD“\H,°‘A1Jd> e 03)
Now we widle Hiwv - u, wd ¢+ n, @y | Q= 4- P

Yy = '2 O*hha> B E:QWx\¢%>‘ <¢“‘!2:12’ s s H W
ngd (E~ &) E- Yo

40 4.4 :
Ond Thengra <V MSW? ) =l lHv) - (np“\{ﬁlwh, W Hu‘?&)
E-Ho
d
o N H\['1,+ 2. H.Jﬂ

E-Ho



-

b S —‘"’\0 U-"Q& '

¢ca vy vt iwed)
=i b V4, 4;\
-&-\'-L“lH'Lﬂ '\"}H|‘4’>
¢ N L- Ho ?
= (.k“‘ R, *(l > % i <-¢ul Hy k‘bi)‘g‘b"l Hy Y >

.l?f& Lt Ho
Now since the right hand side containg v we can again use {3}

and write

Chlwt gd> st lmwd> ¥ 3 IO TR YD
nu - Qﬁ& E£-1Ho
7 ',l..... (5)
or <b A ud b = (bl viduy + 5 (Al WK Q/E-Ho) Cel Wl o

This equation together with

(E—EJ)C&& = Z‘ <¢’J-1H|&l‘bﬂ>au

p=ia 49-51
torm & set of coupled equations to be salved .

since we know that the Howil tonian is scalar, J and T
are good quantuu numbers and similarly parity 1s also a good quane
tum nuwber, these equations may be thought to be good in a JTP

sub-gpace., The price paid in reducing the problem of diagonali-
zation to a finite dimensional problem is that the effective inter-
action becomes state dependent, and tire proeblemg of self condistancy
also arise. A further reduction is aciiieved in standard shell
model calculations by core separation in which core particles are
assumed to be in the lowest configuration and valance particles

are allowed to occupy & certain manageable number of valance orbits.
In this case the total cnergies are expressed with respect to the

energy ol the chosed shell core. The hoandling of infiaite sum on

the right hand side of equation (5) is done by uging cluster ex-

. 5 02=05
pansion techmniqyuces .



The expression fovr cilective interaction is obtained in the

fori of an infinite series, eqs (8). The series uust converge
because tlic cesidual interacoion in siell wodel caleulrtions is
weak, Thc ellergy depenueinee, core separaiion, cliorce of (., choic
of sinzle porticle posentiael, cholce of siugle parwicle wave-
Tanctions for wodel space levels as well as outside the modcel
space, seli-coisictancy probleuns, anda irnd core in R interaction
are the mony probles i eveluating tue cficciive interaciiong.
Differens tecluil¢unes arc uscd in evaluating then, lewritting the
infinite series so tiat pariticl suuuiations are possible is one of
them. HReaction matrix of Brucliner, cxpansion of ;?If as a serics
in 1i-wody, 2-body, 3-body .... ete. terms, corec polarization
diagrams of different orders are of this kind. Other techuniques

often used are expanding out a certain part of the energy denomi-
nator and writting the interaction as a suw of two terms. Refere-
1 a0 p 57,00

nce spectrum netilod 4, and separation method to evaluate the

reaction matrix and folded diagram expansion of effcective interac-

tion (energy independeri series) are of this nature.

In all e caleulations only fiiret Zey toims of the effec-
tive s interaction secries are evaluated to study the relaotive
iuportance of tite methods, of differcat partial swamations of
the series, and approximations. There is no clearcut way to de-
cide which metliod leads to fast convergence of the series except
that we can get some clwuse regarding uscful way to get the effeci-
ive interaction, lucledr uaticr, closed sheld nuclei and op it
shell nuelei are separately talen to study different aspecis,

Effective interactions obiained for closed shell nuclei are often



Detail ed account 1s given 1n

- -
review articles by Barrett et.al."9 and Kuobo.

Qi fferent for open shell nuclei.

Apart frowm the microscopic theories, there is no unigue

way to obtain an effective interaction for use in standard siell

model calculotions. By-pascing all the diificulties,standard

shiell model situndies assuiie & suitable effcctive interaction and
a uwodel space sor ithe valaiice nucleons, wifects of truncation
annd net.uods suaily euployed in S cclceulatiolns vo obiain cliect-

. . i ¢ g ; , 8]
ive interaction are studied by Larreit et.al. :

for the mass A
A = 18~20 region,

There are scveral ways of deteruiunigit the effcective intexr-
action. The two=-body matiix elements of ceflfective residual inter-
action may be trecated as adjustible parameters vwithout any explicit
reference to the kind of interaction®®, sueh an empirical intor-
action is expected to contain the effects of all the neglected

configurations. The renormalization due to truncation depends up-

on the nerlected configurations and the interaction determined in

this way neced not reseuble the free hAucleon interaction, Lmpiri-

cal interactions have been determined for different regions.

Determination of them involve large SM calculations, The amount

of work and number of parameters increase rapidly with increase

in the size of the model space. In addition to empirical effective
2426

two~bhody interaction calculations there have been several cal-

culations using 1) experimental two nucleon encrgiecs of neavest

two particle systems, ii) phenomenclogical interactions that ype-

: . . U3 —_—
semble frce nucleon interaction ~, 1ii) zero range surface intey

actions such as surface del ta interactionb&’bb, and Pairine plu
> 2 & &3



shell nuclei. Detniled acecount is given in

di fferent forl open

i

. S Vi)
review articles by Barrett et.al.

= \
and Luo p

Apart {rowu the nicro scopic theories, there 1s no unigae

;ay to obtain an effcctive juteraction for use in standard siell

wodel caloulations., DBy-passing all the dil‘Iic:.tlties'standard

shell model studies assuue 2 suitable effective interaction and

a wodel space lor tlie valaice uucleolls, sifects of truncation

and mnetiods dasuaily euployed in . calculations w0 obitain cifect-

A

= ‘ 8.
jive interaction arc studied by Larrett et.al. for thic nass A

= 18-20 region,

e —
There are sceveral ways of deteruinign the effcctive inter-

action. The two-body matrix elewents of eilective residual inter-

action may be trecated as adjustible parameters yithout any explicit

. : . b2 —_—— .
reference to the kind of interaction ~. Such a1 empirical inter-

netion is xpected to contain the effects ol all the neglected

configurations. The renormalization due to tiuncation depends up-

on the neglected configutations and the interaciion deteruined in
this way need not resemble the free Aucleon interaction. Empiri-
cal interactions have been detemmined for different regions.
Determination of them involve large SM calculations, The amount

of work and number of parameters incrcase rapidly with increase

in the size of the model space. In addition to empirical effective
two~body interaction calculationsz‘L“zﬁ there have been several cal-
culations using i) experimental two nucleon encrgies of neavest
two particle systems, ii) phenomenological interactions that ye.

) . : 03 ¢ T
semble frece nucleoh interaction ~, 1iii) zero range surface o s

; . . ; Vd=bU
2 I o + ~ -
actions such as surface delta interaction y and Palrinp plus
= e ]



-

surface tensor intersetion ', iv) the interaction that depends

upon classically defined angle betwean the angular moumentuwm vactors
of the two interacting particles .S and  v) the redblistic intei-
actions obtainea in reaction matrix formzlism ~. Yhere is yet

ano tiier method in wiaich the matrix elements of interactions in

the realative coordinates are treated as Ifree adjustible parame-
406,51,63

ters "',

Experincital cucrg.es of two particle (or equivalent)

.

Y |
o b ¢

ceuls may be uscd to deduce the mofriX elements of v, o dor
. 12 3 » . .
exnmple os nring Sc as (117/2) confli ;uzratioin the efiective

interactio. matiix elcmenis arce obitaind as follows.,

42

) ; ; ; 4
Sc 1is asysuvem ol a proton and ancution above Oca core,

ilte total energzy contains energy of 4003 in g.oound state, rest
nnss energies of proton and neutronit, interactions of proton oud
and neutron with the core, and {finally the pn interaction, This
ig expresscd by
E(%s 37) = E(*% 4ad ) + (px Pt et ) v (v x" od) +pam
+ V}'t\PV"\

sinilarly g (9o ) = g (%% guu) +bn X VG gk ) =

E("Yse)= E (%, -3.\4\ * (P x “°ca W\*’P

"t. EL““SC jr} -E (U\Ca) _ L(“'S() +EL“°CAL 'a“d) - VJ—T(-PV')
pxpressed interus ol totel binding energies, this bhecomes

Be (Y% g, 71) + BE(Y%a 3“4) — Re (“‘gc 7)) -te(Mew ) = \/JT(pn)



This procedure may be used to obtain tuhe particle-hole

matrix elements of interaction also. Particle-hole conjug-

3

ation is obtained by S.P. Pandya ° and Goldstein and Talmi® *

38
who obtained energy levels of c! from the experimental

spectrum of 401{

=]

schifferp” plotted the relative matrix elements defined
by Rpoi i) s Eauipdlil Teaei g Tegavee | against
classical angle 5. : ZA A A0 B TR R TR DS PR B jioh BAEDy Ham’
and

found that they lie on & swooth curve of inverted bell shape.

This suggests that there is a possibility of a universal

effective interaction,
In the case 0f phenomenological interaction with central

and non central parts the veﬁ is assumed to have an explicit
form, with short range radialddependence, exchange terms and

resembling the NN interaction, One writes

Vey, = Ve [ e B ww Py ~MR Py | {4
where V , W, B, H, M are parameters and £(r) is radial shape
such as Gausian, exp(-rz/w-l-z), with rxrange parameter f Pt
and P _ are isospin and spin exchange operators. The radial
shape be chosen to be different for different parts. The
parameters are varied to get best fit to experimental energies.
Usually the number of parameters in this case is less than the

empirical interaction method,

One may choose a delta function radial dependence. The



delta interaction is one of a successful interactions, The
matrix elements of Schiffers interaction resemble those of delta

function interaction, The surface delta interaction of

Moszkowski is successful probably because in a sense it is a

density dependent interaction. It does not act where the

dengity of particles is constant but acts where the density

i.e. at the surface of the nucleus. More recent delta

type interactions of Vautherin, Brink and Skyrme75 and Moszkowskzb

varies,
are successful in obtaining ground state properties of doubly
closed shell nuclei. Sharp and Zam1077 however point out

that these interactions are not as successful for open shell

nuclei. They show that these interactions do not have enough

pairing force to push the ground state, ot s 0f two particle
systems sufficiently down. The interaction between valance
nucleons via virtual core excitation is a long range force.
Addition of long range interaction such as in pairing plus
quadrupole interaciéion is known to improve tue overall agree-
ment with experiment indicating the importancee of long range
parts in effective interactiion. Some of these interactions
are described in tie following chapters and the results of

calculations usging them are presented,

.The purpose of the present study is to investigate the
usefulness of different effectiveiinteraction models currently
in vogue for the nuclei of 4980, 50Ti, siv, 520r, 53Mn,

°4pe and °%Co., In view of the recent experimental results

and aforesaid considerations the calculations are first done



by fixing the single particle energies. The energy of

1f7/2 proton is later determined to give better binding

energies of the nuclei 4QSc, 50T1 s and OLV in the
first three chapters. The single particle wavefunctions
are chosen to be harmonic oscellator functions because they

are good approximations to more realistic Woods-Saxon wave-

functionsTB. The model space used contains 117/2n and
o] . s A .

1 1/2 3p3/2 configurations and in some cases excltations

to et ¢ are also considered. The residual inter-
11775 Ms/2

action is assumed to be of two-body kind only. 1In a recent
calculation by Kirson and EisenateinTg in which three-body
interactions are considered in addition to the usual two-body
interaction, it was found that the three-body interaction are
quite small for the N = 28 isotones. Therefore, in the
present investigation the three-body interactions are neglected
and the two-body interactions are determined to fit the energy

levels of 50‘I‘i and 51V, spectroscopic factors for 51V

51V (d, 3He) 50Ti reactions and the B(E2) transition rates

in 51V. The interactions determined in this way and the

. ; g 80
2 b
p3/2 1f7/2 interaction detemined by Horie et., al, are

used to simulate isospin corrections and to obtain explicit
dependence of the interaction on the number of valance particles.
The resulting interaction is used t0 determine the energy

levels of the nuclei from 520r to 5500. These calculationg

are presented in 5 chapters. Chapter I containg the calculatiop

with surface interactions that contains zero range and long range



parts and Chapter II contains the calculations with empirxical
interactions in relative states. Phenomenological interaction
that acts when the centre of mass of the interacting particles
is at the effective nuclear surface is treated in Chapter III.
This interaction contains stort range parts with Gausian radial
dependence. Similar calculations including 1f$7é 1r5/2
configuration in addition are presenied in Chapter IV. This
chapter also contains calculations for the three two particle

. 5 5
systems, *2Ca, °OTi and "°Ni where the two identical

nucleons occupy all Pauli allowed states in f-p shell, It is

cugstomary to determine effective interaction from two-partikcle
systems because there is a possibility that the interaction
parameters may depend on the number of particles. In a recent
calculation with surface delta interaction85 the strength is
found to decrease linearly with the number of particles.

However in the present work this n~dependence is assumed to

come about only due to isospin considerations, Al so excitation
energies of lowest states 0of two particle systiems 5O’I‘i, 42Ca
and SSNi are similar., It is felt that, though the spectira

of 4203 and 58Ni are known to show core excitation features
they are neglected in the present calculation hoping complete
f-p shell calculations might be able to reproduce the spectra.
This is an assumption in the present work like in earlier

works #9081 sgmitlarly the nucleus °%Fe is known to exhibit

some deformation feaiures usually obtained by core excltationg,

These are also neglected in the present caleulation like ip



5,8 . .
earlier calculations 2y:20,,20/85 The heavier isotones

(2] [ 24
of 480a, SZ¢r through 5000 are treated in Chapter V
) 50 % I
with some of the interactions determined for LT and Ve

In this chapter isospin is also considered. This chapter is

followed by overall concluding remarks. Additional relevant

material is given in the following Appendices A through F.



CHAPTER - T

SURFACE INTSRACTION WITH ZERQO RaNGE PARTS

Nucleus regarded as a system of interacting fermi-
one contains too many particles for exact treatment. It
suffers from over abundance of degrees of freedom. Therefore,
Maclear shell model considers a limited number of active
nucleons interacting in a sgpace spanned by a limited number
of orbitals. The single particle wave functions and energies
are input parameters of such a model., The single particle
potential obtained in a self consistant derivation such as
Hartree -~ Fock theory is non local and therefore shell model
assumes simple locall avproximation to it. Harmonic oscellator
wavefunctions are chosen because it is a satisfactory aporo-
ximation and because of mathematical convenience. The resi-
dual interaction may be parameterized., This residual inter-
action may be chosen to contain long ranje parts and short
range parts. One argument infavor of %ﬁg%% range interaction
is that the range of nuclear force is smaller than the sigze
of the nucleus. The short range interaction such as delta

force is then a valid approximation and it contains only the

strength as a parameter,

One of the basic assumptions of shell model is that
closed shell core does not contribute to the proverties of

the nucleus. When the core term is removed one considers



a dinzonal ei'ective single body term that includes renor-
nalizations due to core separation rather in an adhock way.
In the abscence 0f residual interaction, the particles move
frocly in common single psarticle potential. This is the
situation at the centre of the nucleus where the density is
Tairly uniform, while the pnarticles at the surface where the
density falls off to zero experience the residual interaction.
2:0szkouski et alGé considered simnle delta type interaction
at the surface and asswied that the radial integrals are

the sare at the nuclear suriface. Shell model calculations
treating the effective intaraction matrix elenents as free
paraneters exhibhit a comon “cature that they are repulsive
on the average. In view of this observation pairingz plus
suriace tensor interaction has heen introducedQ?. These
suriace interactions have been successfully employed in

several calculatcionse

The delta force may be wyritten as

6(\?‘, Y'-,_, A 5(”,-’1;) SCJL!:.)

A

The natrix elements of this interaction between two pariicle

wave “unctions in LS coupling scheme are
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These matrix elements may be used to zet the matrix =lements

for jj-coupling wavefunctions. Since the reduced matrix

elenents in the above e:mrecsion vanisi vhen ¢ +4, + L

(or «,+4¢-L ) 15 0dd and since the antisyrmmetry of the wave

Tanetions imply e b, +L+> ( or Lot~ L+ ) is even,

ve 5ev that the interaction acts only in states with zero
total spin. The transformation from LS coupling to jj-coup-

ling contains only one term with 8 = 0. Finally we getﬁﬂ,

Caydy IML SN -v )\ G333 M)

f4+4
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ve can write &(& -v)x S(A-RY = CA-RYE (A

o SULL)

for the surface delta interaction. The radial integral for

this interaction will be sinmple ‘L . w\R ‘1'@))
\ 1

The matrix elenents of tensor force are more comp-

licated. They can be obtained by tensor expansion of the

Operator. The tensor interaction is writien as

S\, V(A ) = BSVF‘L)Csz M)

“
4‘\L

-~ ‘3(3.- 213} VICT!



Jhien can he expanded as
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and a sinmilar expression for (s, -n)(%.n)~1 (5.5.),

The third term with 4, A, Dbecomes after simplification
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The case with V(4,)= 8 (a-g) 84 -R) ML/RE 1s much

simpler with only one term having K=o.
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This expression is perticulrrly suited for LS coupling wave

funetions., However for ucse with jj-coupling wavefunctions g
ciianze of coupling transforaation may be used for wave
functions or the tensor products of the above experession.
In the case of surface tensor interaction wetoke

Via,) = 8(a.-R) § (A -R) AL ZR®

the radial function becomz2s exactly the same as the

|,‘ £, 0
30 vinal

one ior surface delta interaction. Complete expression Tor

CI
[

{ 3

ji=~coupling matrix elements are given by D. Banerjee ot

wiich iz used in the present work,



“nere is a difficuliy with the delta interaction
since the matrix elements vanish unlass ¢+, +L and <, ¢k »L

a8z

Lo

boti even. 3inilarly the tensor interaction acts only
in spin triplet states. Since the matrix elements of the
. ; . . by 2
- ey 2 . - . - : Fal

angor interaction vanish between 1f, /5™ and e /o 2Pg/o
wavelinetions it can not mix the two confizurations. Addi-
tional interaction of the type

I= g O Lo i | o3 R) & /o s

sk g, b e St SUA.-RY/R
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nay ve used to compensate for the deficiency. The matrix
eloments of ( q.¢. ) may be casily obtained either by eva-
luating first in L3 coupling and transforming to jj=-coupling

scneme or may e directly cvaluated using the expressions
I W l&\ T ' .
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The radial integral for this interaction is also the sane
as the one for surface delta interaction. The matrix elenents
of SDI, 37I and ( %@ ) at the surface are evaluatad and
are given apart from radial integrals in Appendix B. PFinally

the interaction used is
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The Pairing interaction P is of the usual kind civen Ly

; Yo
CHhadIml Pl e = E‘il J‘:-] \I-'.J."-j“ 530
The eflective llamiltonian for the valance nuclzons
contains simple diagonal one body part and a two bedy part.
‘he natrix elements of the one body part are simply = <Ny
wnere v; 1s the number of particlas in the orbit j and

", = n the total number of particles is valance orbvits.

—

The sincle particle enerzy of the 2n3/2 proton for the

r
48 - - 1) LB 5
lsotongs of Ca may ne taken to be 3.5 lev with resnect to

that of 1fp /9 proton. %“he binding energy of 1f- /o proton

- 4 » - 4] 9. T .IO » > v .
tallen to be positive is 9.02 lieV~" while it is obtained at
- 0 24,0
9,72 152V in earliar calenlations « The energy of 1f7/P

proton is usually varisd to it the binding enargies while
the energies of 2p3/gy Li;/0 and 2pg /o Protons may be fixed

with respect to that if 1i‘7/0 proton.

The cholce of the model space wave functions is
explained in the introduction. Since isotonic spin is
mazinum for identical particle configurations it is dropoed.
The basis functions of the space are ™43 ), 1" 3) i1
The 'smiltonian is scalar in space spin variables and thero-

fore diaronal in J. The Hamiltonilan matrix for each allowed

o



value of ¢ is set up. Tor example in the case of J = 3/°
o1 lf the space contains V330 L, VTGN Y D Fhz 0,2
functions where J = li;/o and j' = 2Py ne The mofrix

elauents of one and two vody operators betyeen n-body

vave functions are writcen in terms o matrix elements

between one and two vody uavelunctions using s tandard method.
These are given in Abvendix D. The matrix elements of
IIaniltonian contain the paraneters of the intaraction, the
strengtihs, and thne single particle energies. The eigen values
denend upon the parameters and they are to be compared

with the experimental total energies minus the jround state
enarcy ol 48Ca nucleus. The values of the parameters are

0 Dbe wvaried to reproduce the chosen ensrgy levels satis~
fnetorily. ‘There are four lowest levels of 5Qri and Tive
lovwest levels of Sl well determined experimentally. The
paraneters are varied to minimise the root mean square
devintion for these enerzy levels. The procedure followed
in fitting is given in ADpendix F. The wavefunetions are
used to caleculate the speciroscopic factors for the pick

Ul Yemethions “LWC B 5 S ¥ P 291 q, o) Vg

5 ) O
OTi ( 3He d) ulV and 4950 ( T d) Cmi and the electric

v Dilas 50_,
guadrupole transitionrates in Vv and = 11. These pro-

perties are explained in Appendix B. The spectiroscopic
factors for single particle transfers are usually chosen
Decauge these reactions single out and excite simple degrecs

of {reedom associated with the single particle states,



existance of which is the back bone of shell model, leaving

all other degrees of fraedom unaflfected. Spectroscopic
factors are squares of overlap integrals between initial

and final states and the electromagnetic transition rates are
squares oi matrix elements of transition operators. These
quantities are sensitive to the choice of model space and Iorn

test of the wavefunciionse.

2

In view of the results of earlier calculations the
energy of 1fp /o proton is first fixed at ©.72 MeV in the present
calculation. This value affects essentially the total enerzies
of ground states while the excitation energies depend upon the
dif erence between the unperturbed energies of configurations
and the residual interaction. The energy of 1f7/q proton is
later determined to give bpest Binding energies. The radial
interrals are assumed to De same at the nuclear s urface and
are abhsorbed in the strenglh parameters. The results are given
under the caption calculation I, in the tables IA to IG, in
wiich the results are compared with The calculations using
surface delta interaction;é and surface tensor interaction86

and experiment. The energy levels are taken from Nuclear level

(7
(W]

Scheme A=45 through A = 257 ', E2 transition rates are talen
< o s L l ! Rro -t 88 ) ) *
from Afonin et al™ and B.A. 3TOwn et al™~. The spectroscopic

3 3, .
éL 5 17 : 7 £ '
Cuec ot al , Newman et al and O'Drian et al » The strengths
of difsrent interactions are presented in table IA and the
jj=-coupling matrix elements of interaction are given in

table I. The ground state energies and the excitation anar i

L



Yo Y4 Vsnr Vst Ve
Caly I - 1,410 ~1.3560 0,850 0,097 0.0556
CB].. II - 0080* -10 349 1. 286 - -
Cal., 1V 2,5 0,0427 =0.1127 00,1230 - &
Table I~B Matrix elements of the interaction in MeV in
jj-coupling scheme between antisymmetric watve functions.
Poslitive matrix elemenis represent attraction and
negetive matrix elenents represent repulsion.
d cal 1 Cal.Ii Cal.IlX Cal IV BPmpirical
0 2,343 24295 2,331 20309 2,290
2 0,503 0,323 0.631 0.240 0,465
4 "'00121 "'00276 “00055 —0.320 -00420
6 -0 .890 0,901 ~0.,904 =0 , 860 =0,815
2  ~0.558 ~0,845  0:680 1,013  0.655
4 =0 * 218 =() o 329 0 0;265 0.395 0:.!400
2 _1.112 1,123 1,623 . 1.334 2879
3 ~0 131 -0,426 -0,084 =0 , 648 =0 8735
4 =0.,442 -0,453 -0 ,529 =549 -0, 100
5 =1+400 -1, 349 =1,840 =1,584 =2, 200
. . .
where j = 117/2 and j = 2p3/2. The empirical

matrix elements t are those determined by K, Lips et.al,




Table I-C Energy levels of 30Ti, 51V gnd 49Sc in MeV. The
binding enevgies are taken to be positive. The
results of SDI and PSTI are taken from R,Saayaman et.al.,
and D.Banerjee etval., while experimental energies
are taken from Nuclear Level Schemes A = 45 through
A =25T ... 1973, and the ground state binding ener-
gies cre teken from Binding Energy Tables 19645 Only
the lowest states for each angular momemtum are fitted
in the search . The binding energies of ground states
are flttod as explained in the text,

Nucleus J Cal.,I Cal.II Cal.iII Cal,IV SDI PSTIY EXpr.
49

Se (Z.8.)7/2 9,670 9,724 9,048 9,718 a2
%0ui(gos.) 0 21,683 21,743 21.628 21,746 21.79
2 1,736 1,729 1,528  1.700 2,09 Ao
4,835 4.915 4,381 4,845 5,35 4,323
4 2,451 2,542 2.368 2,588 2.69 2,677
6.208 6,277 6,367 6,399 5.07 4,804
6 3.283 3,196 3,236 3,170 2,91 3.201
51V(g.s.) 7/2 29.938 29,881 29,958 29,865 1985

3/2 0,746 0,814 0.528 0,835 1,36 0.51 0,929
2,977 2.882 3,195 3,083 2,96 3,19 2,409
4,216 4,409 4,149 4,704 4,67 4,11 3.215
5/2 0.697 0,585 0,445 0,518 1,03 0.63 0.320
4,188 4,419 3.951 4,621 4,13 4,00 3,082
5,031 5.1467 5,183 5.871 4,91 4,46
T/2 44452 4,408 4,256 4,457 4,48 4,09
5,437 5,476 5,785 5.902 4,95 4,94
9/2 1.647 1,764 1,558 1,814 1,83 1,52 1,813
4,072 3,976 3,538 3.861 4,10 4,27
5,834 6,053 6.141 6,524
11/2 1,922 1,886 1,856  1.866 1,72 1,63 1,609
5,404 5,583 5.481 5,773
6,559 6,502 T.155 6,93%
15/2 3,072 2,981 3,143 2,915 2.24 2,84 2,699
7.834 T.544 8,704 17,934

Roh’l ° S [ 2




fable I-D

Stripping reactions:

apectroscopic factors for si
reactions.

zle proten transfer
Experimental values contain square of
tite Clebschi—-Gordon Coefiicient for isospin coupling
and are taken from Ref.

Final State Transfer Cal.l Cal ,IJI Cal,.III Cal.lV Expr.
S0q4 0 /2 2.0 2,0 2,0 2.0
2 7/ 2 1,933 1.850 1,878 1,764
3/2 0,034 0,075 0,061 0,118
4 /2 1.994 1,984 1,992 1,978
3/2 0.003 0,008 0.004 0,011
6 /2 2.0 2.0 2.0 2.0
2, 7/2 0.067 0.150 0,122 0,236
3/2 0,966 0,925 0,939 90,882
51, 17/2 7/2 0.748 0,745 0,747 0,743 0,75
3/2 3/2 0,001 0,002 0,001 0,004 0.012
(3/2), 3/2 0,975 00963 0.920 0,941 0,45
Pickup reactions:

Final Sgate 1Iransfer Cal.1  Cal.Il Cal.III Cal.,IV  Expr.
3e 1/2 7/2 200 2.0 2.0 2,0 1.93
50 e s

Td, 0 /2 0:748 0.745 0,747 0,743 0,74
2 7/2 04391 09359 0.373 0,332 0.37
3/2 0.002 0,004 0,003 0,005
4 7/2 0344 0.736 09742 0,732 0:75
6 7/2 1,080 1.076 1,079 1.074 1. 14
2 1/2 0,010 0.019 0,036 0,077
a/2 02001 0.001 0,001 0,001
4 1/2 0,002 0,005 0,004 0,009




or louest states, which arc taken for the least saguares

"itting and other states obtained are given in table I-C.

The spectroscopic factors and 3(E2) rates are given in table I-D
- ;. 00, 5 ;. X

and I-3. Tne order of levels in Ti1 and ¥ are culte good

even tihrouzh they are off by about 0.20 ileV. The B(®2) ra‘es

shoy na:idmum discerepancy but the spectroscopic factors are only

a lititle smaller than the emperlmental results. The spectroscovnic

factors calculated for ’“V( d, “He) Ti reaction involve the
' » 51 .
sround state wave function of V which contains small contri-

butions irom different excited configurations and essentially
: 519 2R
only one component of the wave functions of QTl. Also the
) 50 e 3— 61 . " e nd Oy
reaction ¥ Ti (“ie,d ) Y involves The ground state of ”Crl

.\ 0 —
which is a pure ( fr /o™ J = = 0 state the present model. The

. . ') o " 1"
3(B2 ) rates calculated involve different states of V all
of which contain different anounts of contributions from e:zcitad

configurations., Signs of the components of wavefunctions |,"(31¥'3)

depend upon the signs of the matrix elements of interaction
(it lv l;h'): vhich are responsible for mixing the wavefunctions

The energies depend upon the numerical values of these matrix

elenents but insensitive to their signs. Compared to the
rairix elements empirically determined, these are of opposite

sicn. A change in the sign of these matrix elements therefore

chances the B(E2) rates in sly quite drastically while caleulated
speciroscopic factors are affected less leaving the energies

l_1naltol’edo Tﬁis discrepancy With the sign Of the non diaﬁonf}.]_

natrix elements of surface delta interaction is essentially



Table I-E The B(E2) values in units of
effective charge used is

1.6 e.

o2, 10~

50

4
+ Cm .

The calculated

The

values are compared with the experimental values

taken from Ref.

D. Banerjee

50
Nucleus Ti.

and the calculations of

et,al.,and R. Saayaman et.al.

Transgition Cal.l Cal,.II Cal,.III Cal,.lV DB RS Expr.
2 — 8 0.426 0.369 0.603 0,616 0.92 0,66
4 —— 2 0,443 0,399 0,592 0.611 0.82 0,60
6 —— 4 0,207 0,191 0.272 0,202 0.36 0,34
Nucleus SIV.
Transi tion cal.l Cal.JI Cal.III Cal,.IV DB RS Expr,
7/2 —3/2.0.167 0.146 0,285  0.202 0,31 0.27
5/2 0.675 0,529 1.142 1,147 0.74 0.92
9/2 0,221 0,189 0.343 0,379 0,11 0,22
11/2 0.814 0,777 0.900  0.892 0,34 0.90
8 oo 1,76 1,85 149 1049
3/2 —17/2 0.334 0,292 0,569 0,583 0,63 0,72
5/2 0,899 0,705 1,522 1,528 1,95 1,454
9/8 0,177 0,151 0,274 0303 .40 0.27
11/2 0,542 0,518 0,600 0,595 0.8 0,78

3t



iue to The assumption that the radial integrals are equal atv

tne gnrace. On the other hand further iteration leads to

reduction in the strengths of pairing and tensor parts of the
interagction. This situation can be understood from the fact

that the delta interaction has some pairing paroperty and the
recuired property that the interaction snould be repulsive on

tne average for the ii'z> states can be obtained from the (n )

part of the interaction. These matrix elements are given in
Appendix B. It is not pocsible to improve the situation without

allowing some of the strenstiis to be negative which is cuite

unphysical. The least squares fitting calculations are done
by removing the pairing and tensor parts of the interaction.

Phis results in an increase in the delta interaction strength
and a reduction in the central interaction in § = O states.

The results of this calculation II are given in tables. There
is slisht improvement in the energies in the present calculation

while the spectroscopic factors and B(E2) rates decrease

further auay from the experimental results. The 3(82) rates are

- . 25
caleculated with an effective charge egee = 1l.Ge and a change

in thig value would not help much.

Next possible candidate for modification is the assum-

BN

ption that radial integrals are equal at the nuclear surface.

As suggested alrecady a change in the sign of the mixing matrix

elements of the interaction can de obtained by relaxing this

condition. A closer examination of the radial integrals

reveals that it does. At least for fp shell orbits the rngig]

integrals are not equal at the surface. The radial Interrals

3L



for a zero range interaction that acts throu~hout the nucleus

and these for the one that acts at the eriec.ive surface are

R (

Oucd J ﬁ,‘litxl R.\L‘,.(u fay A g gt N —
Apart from a cormon factor the latter integrals become, for

n snell harmonic oscellator functions

4
F1 =F ( 1f, 1f, 1f, 1f ) = 0.2357 x~

Fo = F ( 1f, 1f, 1T, 2p ) = 0.5345( 2.5- x°) x°

-7 ( 1f, 2p, 1f, 2p ) = (2.5 - x9)°

€a
|

and o]

gnere x = R/p , p=(T/lw )L and R is the effective radius
of the nucleus. The radius of 4803 nucleus is about 4.5 fn.
"Jith value of derived by I. TalmiLQ we get that x is around
2.4, This makes F2 negative and cnange the sign ol the mairix
elements that bring adbouc itne configuration mixing. The
values of Fl, P2 and F3 for x = 2.4 are 9.478, -10.03 and

10.€2 respectively and for = = 2.5 they are 11.160, -12.527

and 14,063 respectively.

Caleculations are repeated by treating the effective
radius as a free parameter. In calculation ITITI all the ive
components of interaction are included and the results are
gziven in tables. The Hamiltonian matrices and wavefunctions
are civen in tables I-F and I-G. The B(Z2) rates improved
very much in this caleulation. The value of the parameter 3

is obtained at 2.5, close to the required value. The sveji-



. + 850« = " .
tation energy of the lousst 27 state of Ti is obtained at

<

1,53 eV with only a linited efZect on t he other lowest

tai or DQEi. Towever the energies of lowest levels of Sly

wALCS

18]
3
¢t

are vn~dly affected in the present calewlation. Turther vori-
atlon o. parameters could only reduce pairing and tensor paris
i1 gilowe dnproving the results very mueh. Calenlationszxa

ropoated fourth time with only central and delta parts ol the

intoractions In this calenlation 1V again the value o % i5
obntainad at 2.5. The 3(82) rates improved a little. The
enersy levels and spectroscopic factors are atv least as zood

as in the other calculations. IExcept in the calculation III,
P - T ol : -
the energy levels of i and V are quite similar. 1In cal-
culation IV the excitation cnergies ore off by a maximu: of
. i -~ - i Gln
0,15 iieV in 50?1. The lowest 3/2 and 5/2 states in Ly

are much bebter in this caleuwlation. The levels ( 9/2 )1 and

(11/2->l S1y Slv are reveirsed in all these calculavions. This
can be understood by comparing the matrix elements of the
Preszent interaction with those determined empirieaglly, Striking
difrerences are that the non diagonal matrix eclement (i‘lvl)f)h
is nueh larger in the present calculation which is essentially
due to SDI. 1In the caleulation III in which this is better,

the oF state of 9901 ana 5/2 state of 2LV are closer %o the
, 51

+ 5 6 -
experinent but the 4% state of 71 and 3/2 state of V are

spoiled very much. The same interaction is responsible for
larger repulsion in the state Ji' J = 4  which requires nowea

. - .{‘ te 4 ] > 1 1., L
mixing to pull ( 4); state fairly up. The resulting (2')1
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and (4"’)1 states are off by 0.15 keV from the experimental

level s. Compared to the calculations in which all the 10
matrix elemenks as free parameters, the present ceglculation
with only a few parameters provides a good description of those
two nuclei. The results in tables I-C and 1I-D are compared
with those of PSTI and of SDI, both are surface interactions,
and experimental results. Banerjee et., al. did not calculate
the energy levels of 50'l'i. The present interaction is . »
certainly much better then pure SDI or PSTI evident from the

( 3/27 ), and ( 5/27 ), states of °Ly,  The ( 9/2 ), and
(11/2)1 are reported in reversed order in SDI and PSTI. The
energy levels of 51V are a little more separated in the
present calculation compared to SDI and PSTI calculations.
Sagyaman et. al. did not calculate the spectroscopic factors,

The spectroscopic facltors reported by Banerjee et, al. and the

results of the present calculation are equally comparable to

the experiment., Banerjee et. al. reported B(E2) rates for
abgorption and Saaymuman et. al. reported for emission,
Therefore B(E2) rates are calculated for both transitions
to make the comparison easier, These values are obtained

in the present work much closer to the experiment than those
of SpI , FSTI calculations. This may be due to the number

of parameters. But in general the results are comparable

. : 2 ,
to those of empirieal interaction . calculations, The

(11/2)1 and (9/2)1 are reversed in all the four calculations

presented here like in PSTI calculations, In empirical ineraction



Table I-F

Hamil tonian matrices.

Since the matrices are symme-

tric and some of the components do not mix, due to
angular momentum coupling rules, only the relevant

components axe givei.
is the number of particles,

z;tion.

CALCULATION I1:

S0Ti
J = 2 9,903
J 4 G.279
51V
d = 1.9 14,139
Jd = 2.5 144124
J = 3.3 15.012
J = 4,95 13,360
J & 569 13.045
J = T.5 11,904
SALCULATION II:
50T
J = 2 9,723
Jd =4 9,124
91V
d = 1.5 13,656
J = 29 13,755
Jd = 3.5 14,772
d = 4.5 12,992
J = §&5 12,786
J = Tub 11.822

=0 ,558

~0.218

~-0,000
0.550
-0,255
~0.,028
0,098

0,098

«075845
=) ¢ 329

= ,000
0,832
=0, 316
-0.042
0,148
0,149

7.012

5,458

0.684

el

0.62
-0,133
0,231
~0,451
14197

7,023
5,447

1,036
0942
=0.201
04350
-0,681

7,270

A constant n* 5,02, where n

should be addcd to all
the diagonal elements, which is done after diagonali-

12,022
10,275
9.604
9,301

8,486

11877
9.991
93364

972
825349

0.195
0,455
~0,031
0,419

~0 4136

012295
07689

10.985
10,770
10.578
10,871

9,578

10,788
105309

-0 047
0“0“-.6 35
=00 207

10. 406
10.668

9.321



CALCULATION III:

S0 T4
J
J

S1v

LT " P -

il

1.5
2.9
3.5
4,5
5.5

Ta5

10,031

9 +345

14,3706
14,356
15,091
134517
13,169

11,968

CALCULATION IV:

50 Ti

it

i

3.640
9,080

13,501
13,635
14,761
12,913
12,756
11.888

0.680

0.265

0.000
~0.669
0.310
0,034
-0.119

-0+120

1.013
0,395

0,001
=0,997
0,402
0.050
-0, 178

=0, 178

7.523

54381

-0 ,833
-0,758
0.162
-0,282
0.549

6.412

T.,234

3.351

-1e.241
~1,129
0,241
-0 ,420
0,817

b,882

11,845
10,273
95 347
9,106

T.979

11.645
9.674
8.949

3,584

7,932

0,396
0.927
-0.,064
0,854

=0.278

11,249

11.134
10,863
11,482

0,701

10.601
10.111
10 . 300
16,793

9,167



Table

I-G

CALCULATION 1I:

S0T1
J=0

J =2

J=4

31V

J= 4.0

J= T.5

Energy
0.0
1,736
1,835
2451
64298

3,233

Energy

0.746
2,977
4,216
0,697
4,188
5,031
0.0

4,452
3,437
1,647
4,072

A 5+834

1.922
549 4
0.:559
J,072
T.834

1.0
0.983
-C.183
0,998
~0 057

1.0

0,979
-0 .049
=0,199

0,970
-0 0239

0,044

0988
~0,028

0,048

0,996
={} 090
-0 ,020
0.992
-0 430

=0 »0 10
0.5999

0,021

0,183
0.983
0.057

0,998

0.C18
0.988

-0, 156

4

0.204
0,149
0,968
0,153
0.458
0,876
~0,047
0,039
0,998

0,168
0,850
0,480
-0.030
=0 999
0,038
0,003
e 240
-+ 6O
0,035
Qiallid
0.993

Wavefunctions of all states pregsented in Table I-C.

0.092
0.965
010,245
-0 128
-0 4985
0¢118
0.021
0999



IX1:

CALCULATION
5071 Energy
J =0 0.0

2 1.729
3,915

4 2.542
6277

6 3.196
51V Energy

J=1.,5 0,814

2,882
4,409
J=2.5 0,585
4,419
5+167
J=3+3 0.0
4,408
5476
J=4.5 15764
3,976
6.053
J=5.,5 1,886
5,583
6,502
J=7.5 2,981

7,544

1.0

0.961
~0.2706

0,996
~0.,089

1v0

0.950
-0,098
-0,298

0.937
=0 , 349

0,020

0,997
=041

0.073

05989
=0 143
0,036

0,981
=0, 192
=0 002

0,999
=0,033

0,276
0,961
0.089

0,996

+0,098
0,982

=0,187

0.311
0.165
0,936
0.227
0.565

-0,793
~0 070

0.061

¢.996

0,266
0,748
04609
-0.045
~0.997
0,057
0,013
0.823
-01s9 46
0,040
04194
0,980

0.149
01,935
0.321
=0 ,:188
= ,962
0,198
0.033
0,999



CALCULATION III:

50T1i
Jd=0

2

51V

J=1.5

J=2.5

J =305

J=ded

Jd=T.5

Energy
0.0
1,528
4,381

2,368

1.0
0.969
=0.246

0,998

6,367 -00.066

3,238

Energy
0.528
3.195
4,149
0.445
3.951
5.183
0.000
4,250
5.7856
1,558
3.538
6,141
1.856
5,481
76155
3+143

8.704

1.000

0,970
0,091
0,228
0,955
0,290
-~0.063
0,998
0.036
=0,055
0,991
0.0 136
0,021
0,988
0,156
0,012
0,999

0,022

0.246
0.969
0.066

0.998

~0.024
0.959

0,282

-0,244
0,268
0,932

~-0.179
0.393

=0,902
0,053
0.035

0,998

-0 236
0.873
0,427
0,038
-0,999
0.033
-0.010
0,226
=0 ,974
-0.,028
0.009

0.995

=0, 137
0,965
0,225
049154
=0,983
0,103
=0,022

0.999



CALCULATION _
00 i1 Energy
J =C 0.0
J =2 1.700

4,845
J =4 2.588
6.399

J =6 3. 170
51V Energy
J=1.5 0,835

3,083
4,704
J=2,5 0,518
4,621

J=3.5

J=4,5

J=795

1V:

1.0

0,939
~0,343

0.995
-0.104

1.0

0,932
0.139
0.334
0,917
0,399

5,871 -0.023

0.0

4,457

0,996

0,0481

5,902 -0,081

1.814
3.861
6524
1.6066
5,771
6,937
2,915
72934

0.980
0,195
0.040
0,976
0,220
0,000
0,999

0,036

0.343
0.939
0,404
0,995

-0 .060
0,970

-0 ,356
0.199
0.913

-0, 259

0,548

0,795

0.078
0.061

0.995

-0.305
0,735
0.606
0.053

=0.9907

. 0.05%

-0.027
0,329

=0,944

=0,047
0.204
0.978

=0 4197
0.924
0328
0,215
~0,954
0.210
=0 ,0306

€.999



calculations the space chosen is the same as the one in the
bresent calculations but the interaction has morz freedom, having
ten parameters. The calenlations of SDI and PSTI ars -with in
much larger spaces. The 3DI caleulations are done in comdlete
fp shell and the P3TI calculations are done with gll Pauli
alloved configurations of the form (1f5,5)% (15, )"t (204,
n, + no = 35 ( 1/ 0) " (l‘i‘5/9)l and (1i'7/q)L (1£5/5) .  Thi

inpliss tnat these two levels need more parameters in the

w

(

inceraction.

. 50, . 51
The lowest levels of both Ti and V are more close
to the experiment than in the earlier calculations with surface
interactions. The 3(82) rates are calculated with egpp = 1.5e

m o

a5 in the earlier calculations. liore suitablz efTective charze
is also ecaleulated in all the calculations. This is even
less than 1.6 for the calculations with effective radius and
rorc than l.6e for the others, The strength of the 3SDI part
in the ppresent calculation is 0.85 in calculation I and 1.29
=

in calculation IT, where as it is 0.55 ifor "'Ti and 0.52 for
51V in 3DI calculations of ZJacyaman et al. The wavefunctions

(Al

in present calculations are similar in general %o those of

parlier calculations.

The one useful resullt in the present calculations is
that the relaxation of the assumption regarding the radial

intafrals improves the situation very much. Tha value of x

obtainnd at 2.5 1s very close to its experimental counter pay:



It is seen that at least Tor the surface delta interaction

this modification is necassary to make the mixing matrix
elements to have corract sign conpared to those of empirical
interaction. It is also seen that this sign is is important to
inprove tine properties of nuclear states, perticularly the 3(Z2)
Satis factory 3(Z2) rates obtained by Saayaman et al
w ith 3DI could be the result of the cnddce of the model space.
It a mnears that instead of assuming a well defined affective
radins where the inte raction ants, the interaction may be
alloued to act in anextended region near the surface possibly

would izprove the results without drastic cuanges in the odel.
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CHAPTER -~ II

EMPIRICAL INTERACTION IN RELATIVE COORDINATES

Characterisation of effective interaction is an
important feature in shell model. One pooular method is
to dispense with explicit potential picture and to treat
the interaction matrix elements that enter the shell model
calculations as free parameters62. The effective interaction
matrix elements of this kind have been determined for many
nuclear regions and they give a remarkally good fit to experi-
mental energy levels. Such an empirical interaction is supposed
to contain core effects. The advantage in this method is that
it provides information about the usefulness of the model
space of wavefunctions. To be more specific it tells whether
a chosen model space can give raise to the dbBserved levels
and dynamic properties at all with any effective interaction.
This can be understood because having chosen a model space,
the interaction that can be determined suitable for the space
can utmost have as mich freedom as the two body interaction
matrix elements needed, It may be noted that Cohen et 3189
emphasised that the effective interaction determined this way
can not gaurentee that the wavefunctions obtained in such a
calculation would give raise to the dynamic properties

satigfactorily. If the model space is not apropriately chosen

then the effective interaction and wavefunctions in such g



determinetion may bear very little similarity to the physically
correct effective interactions and wavefunctions. On the other-
hand renormalisation of the residual interaction due to
neglacted configurations may not be a simple local interaction

and it may not be possible to apnroximate it to a perticular
potential, Thus the two body matrix elements of the effective
interaction which give raise to the observed structure and
dynamical properties of the nuclear states are more important
thén a nerticular form of the effective interaction., Such

matrix elements of effective interaction form a guideline to
understand the usefulness of methods and aporoximations used

in obtaining the effective interaction from the $ree nucleon
interaction in microscopic theories, For example, the
importance of including GSplh in reaction matrix is under-

gtood from the observation the matrix elements so obtained
resemble those determined empirically. In the case of identicel
nucleons in 1f7/2 orbit there are four metrix elements of the

interaction. If one of the particles is raised to 293/2 orbit
only then there will be ten matrix elements and if the raised
particle is allowed to be in one of 2p3/2, 1f5/2 and 2p1/2
orbits the number raises to 30, These are <32J|V|j2J) (four),
¢GOT|V| 337> (six) and <Jj'T|V|ii'> (twenty) where 3=1t,
and 3,1 = 2p3/2, lf5/2 or 291/2. This number increasés
further if more particles are raised or if T = O matrix

elements are needed, It becomes more and more difficult to



treat these matrix elements as free parameters in shell
model calculations with large model space. The usual
vhenomenological votentials, which are simple and local
denend upon only the relative coprdinates of the interact-

ing particles. All the details of the interaction are cont-

ained in the matrix clements of the form,

Inopy = <nESIT|VInte’sjr>
where (nf ) designate the wavefunction in relative coordinaes.
The transformation from this system of coordinates to the jj-
coupling system involves only geometry while all the physical
nature of the interaction is contained in these matrix elements,
In calculations with realistic potentials the radial integrals
in relative coordinates are derived first and the reaction

matrix elements are further improved to include core excita-
tion effects72. The matrix elements of the effective inter~
action determined in relative soordinates for use in shell
model calculations may be directly compared to those obiained
from realigtic potentials., Empirical determination of these
matrix elements in relative and centre of mass gystem is of
great value, The number of such matrix elements does not
incresase with the size of the model space if the valance
particles remain the same fp shell. This is a real advantage

since there are only 16 T = 0 and 16 T = 1 relative states

for fp shellk nuclei where as there are 30 T = 1 states in

bl



jj - coupling system,

The two body matrix elements of the interaction in(jj -
coupling scheme can be expressed in terms of those in relative
and centre-of-mass system. It can be radily shovm that the
Hamiltonian for two particles in common harmonic oscellator
potential will remain to have the same form in relastive and
centre-of-mass system and that the wavefunctions are products
of harmonic oscellator functions in relative and centre-of-mass
coordinates. We define T = (fl = f2)/V2 and R = (i’1 + 52)/V2,
since the nucleons have practically the same mass, so that
p = (§, - D,)/V2 and P = (py + P,)/V2. The Hamiltonian is

2 2 v 2 2 2 2 2
given by H = (pl + P, + I+ rz)/2 = (p +P 4+ 1 4 R )/2& H*

and the angular momentum is given by L = (£, i(, )= (£ %P +F,%5,)

-

_(fxo+RxP) =+ =1L'. The Hamiltonian in the new
system can be seen to be exactly in the same form as the one
in the old system. Therefore the solutions in the new system
are also products of harmonic oscellator functions in r and R.
The trensformation requires Brody-Moshinsky bracketsgo. The
matrix elements between antisymmetric two pérticle Wave—
functions in jj-coupling are expressed in terms of the matrix
elements in relative and centre-of-mass system as follows

A 16 Jqn 2‘,32JT|V[n 34JT>

= ([148y, 5 8, 10 Liby o 8 7 y /2 .

] 2 3114 [ "'l
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LAY nte TTYLYA In‘:). n, ,A>
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A+N | N
Sy e Oz (1) [1_(_1)5+S+TJ 72 % A j/‘\'j]l/z(-l)l’+e’ 843

(L ¢ A) L " N
R : f(n{’,S(j)JT\V[n'é- S(3)IT>
ls 7 3§ (s 7 3

where the symbols have their usual meaning. The 6-J symbols

and the 9-J symbols enter this exoression because of recouvling
of angular momenta. The quantities <né3NL;\|n15.n2 @J\}

enter because of transformation from IS coupling wavefunctions

to the wavefunctions in the relative and centre-of-mass coor-
dinate system (RCM), These are known as Brody-Moshinsky
brackets are simply brackets. This expression is a result of
successive application of transformations, first from jj-
coupling to LS-coupling, then to the RCM system and finally

a chanze of coupling transformation to couple the realtive
orbital angular momentum to the total spin of the two particles.
S+T

- / )
The factor| 1 - (-l)’ ] in the expression ensures anti-

symmetrizationgl, since the effect of a transposition (1,2)

on the ket in the RCM system, |né S(j)NL,JT> is to miltiply

¢ <
the relative coordinate part by (~1), spin part by (_1)1+J

14T

and isospin part by (-1) s, the exchange integral is obtaineg



by multinlying the direct integral by the factor equal to (
(-1)1*8+T. The quantum numbers n, { designate relative states
and N,L designate the wavefunction in centre-of-mass coordi-
nates. Due to the energy consideration and since the freque-
ncy of oscellator remains the same for the new wavefunctions,
the brackets vanish if 2n; + £+ 2n, + A A 2n + £+ 2N + L.

If only central interactions are assumed then for a single
major shell such as fp shell, the matrix elements are diagonal

in n,{ and independent of NL. The matrix elements are

I, gp = <nlSENTIVInL8( N

[lrg, ()] % v(r)ar

and contain all the information about the interaction, There
are only 16 T = 1 matrix elements for the fp-shell orbits.
These are the Ing 's such that 2n+¢ < 6, It is a tremendous
simplification to treat Ind 's as free parameters, Since the
jj-coupling matrix elements are simply linear combinations

of Inz's with the coefficients depending on goemetry only,

the coefficients can be evaluated once for all, Some of these
coefficients are tabulated in Appendix C. Simple cenerali-

zations such as inclusion of non-central parts or dependence

of interaction on centre-of-mass may be done.

Calculations are done in two steps assuming pure central
interaction by treating the matrix elements of the interactiaon

+ — 4 L
in relative coordinates, Inﬁ S as free parameters., Pure cCentral



intgz>»retion 1z zocunmed to .aute vhe intavaction simple with

aiall nunber of poranctecrs. In Calculation - I only inter-

ial
aption in Yal~tiva raoond 5 = otetes in congidgred vwhile 2l
AEH » Intarraavionsy Sre alien to ba worv.,.  Imtorretion in

el stivte A-stabes is ~l=g dxpluded in Caleculaotion < TI1.

“option in Wichor amsuler monentun statcs are neclected

besq-re fo lovlying ctaten they may no* eontribnts mich.

™n hoth %r:- caleulations the method of enlerl~tion ia the
same 25 deseribed in chapter I, i.c. econstiuetion of Homil-
tonisns in torma of tvo hody matrix elementa of tha intaw-
action in jj~-counlin-, which ore in turn cxnresced as linear
conbinations of interaction m-irix clemcnts in relsotive
vhose narometors are vorled to Tit experinental dgta
of 28 i aanSLV miglsi, he gnersyy of liy /o DTOTON, €,

1 deternined to improve the binding eerdlisw of the

graund stetoyg of thege muelgl, By treabins the Iyz 3 as

kb

Treennranevsrs the excilation energies of lowlying states

s 57 : : _ ; .
of 'OTl and V ore fitted ond apectrogeonic factora for
ginzle proton trengfer reactions ond the reduced cleeiric

s y e
guadzooels trmgivion rebtes in V e celpnlatsad,
o remults of thege calcilations show sbriking
ninilarities. The motrix clements of the interaction in
hoth calculations have the nro2erty that the interaction

in |Zy /. Ps ~d2 states is repulsive on the averase. The
/ e foz



Table II-A Empirical interaction matrix elements, I in
relative states, in MeV. Suffixes n and 1
are radial and orbifal angular momentum guantum
nunbers of the relative states in harmonic osce-

llator representation. The interaction is assumed
to be purely central and acts in relative 8-, p=-,
and d- states only.

n 1 Cal., 1 ) Cal. 11
0 0 26,012 24,836
1 0 34.823 46,700
3 0 - 7,239 -28,700
3 0 -41,154 ~37.605
0 1 ~ 8,611 ~ 8,030
1 1 -12,483 ~11,132
2 1 37.698 62,193
0 2 “ - 7,500
1 2 - - 2,040

2 2 = -16,020




Table I1-B Matrix elaucnis of interaction in jj-coupling
representation between antisymmetric states,
Positive sign indicates attraction and negative
sign indicates repulsion,

J cal. I Cal .1l Lipa et.al.

0 2,2910 2,3163 26290

2 0.5425 0.5018 0,465

4 =0,3916 ~0.4269 -0,420

6 -0,8032 ~0,8365 -0,815
0,5711 0%6142 0.655

4 0,.,1980 0.3867 0,400

- 2,6978 26717 2.675

3 «=0,8303 =0,87T15 ~0,875

4 00,0578 =0, 1299 =0 . 100

5 =2,3946 =2s 2012 -2+ 200

" . i 8
WHERE d= 1t ,, and J° = Zg 5. The last

column contains eupirical matrix el cments
of Lips et.al. Who treated the jj-coupling

matrix elements as free parameters.



value of 3 (27+1) <jj'FIVv]|ji'd>/ £(2T+1) is about -0.57

in both the calculations. This quantity for the empirical
interaction calculations of Lips et al is -0.558 . The non-
diagonal elements in the l0-parameter calculation are slightly
larger indicatinz more configur=tion mixing, than in the
other calculation. The parameters of the interaction and

the jj=coupling matrix elements are given in Tables II-A and

II-B respectively.

The groundstate binding energies and excitation energies
of 70pi and °1v are given in Table TI-C. The calculated values
in both cases are similar to each other and are close to the
experimental values. In both cases the excitation energies
of the lowest 2%,4% and 6% states in 2Cpy are very close to
the experiment, The (2{) and (4{) states are within 20 eV
white the 6% states is within 10C KeV from the experiment,

The excited 2% states are however below the experiment by
about 1 MeV and the excited 4% states are above the experiment
by about the same amount. The lowest 3/2 state in 51V is
about 150 KeV above the experimental result ~nd the 5/2 state
ig about 50 KeV above the experimental result in caleculation I
while they are much improved in calculation II, in which they
are brought within 15 KeV and 40 KeV respectively from the
experimental result s. The lowest 9/2 and 11/2 states in

calculation I are reversed compared to the experiment, while

in the calculation IT they are brought in correct order. This



lable 1I-~C Eanergy levels in LieV., Yhe binding energies are taken
to be positive. .esults of Lips ect.al. (Model A) are
given for colpparison.
;incleus J Gals X Cal. II Lips(a) EXpr
W (g.5.) 7/2  9.705 9,712 9,72 9,62
500i (g.s.) O 21.700 21.741  21.%30 21.79
) 1,539 1.574 14564 1:854
3.303 3..985 3.389 44823
4 2,670 2.697 2.660 2, 675
5,746 5.992 4,804
6 3.094 3.458 3,105 3.204
S1¢ (g.s.) 17/2 29.910  20.885 20,902 2485
/2 1.09% 0.942 0,903 0.929
2.855 2,606 2.730 2.409
3.308 3,725 3.736 36215
5/2 0,371 0. 357 0,249 0,320
3.088 3.144 3. 186 3.082
6362 64339
/2 3,066 3,285 34237
6,017 5.930
9/2 1,722 1,876 1. 829 1.813
2,189 2. 107 2,125
T, 350 7,281
11/2 1,770 1.773 1747 1,609
+,725 5.002
7.930 T+735
15/2 2,923 2,971 2,912 2.699

9,154 8,869



is essentially because of the kind of confisur-tion mixing

in ecalecul=ztion I due to the non-diagonal elements., These

two states are obtained in the correct order only in the
10-narameter calculation but not even in th: seven parameter
calculation indicatineg th=t the effective interaction for

these two states or at least one of them may be more compli-
cated than the effective interaction for the other states.

In calculations with surface interactions presented in chapter I
also these states are reversed. It could alsc be due to the
small space chosen in these calculations or the kind of inter-
actions employed. The energies in calculation IT are much

closer to the experimental results. The results in calculation

I are also fairly good. The ground state bindinz energies

which depend linearly on the single particle energy of 1f7/2

proton are obtained within 50 KeV for the 51V and within

100 KeV for the 5OTi nucleiy The value of €,,, is also very
close to the value obtained in earlier calculations. 0On the
whole the energies obtained in these calculations are very
close to the experimznt like in the calculations of Lips et al
excent the (11/2)land (9/2)1 states obtained in the present
calculstions. The higher excited states of each angular
momentum obtained in the present calculations are about as
good as the results of Lips et al. It may be possible to

improve the results with a larger space of wavefunction,

The wavefunctions obtained in both calculation are alsg



quite similar. These are given in Table II-G. The lowest

states of 50Ti and 51V in calcul=tion T have sli~htly large

pure confipuration components than in the calculation II as a
result of smeller configuration mixing, but the lowest 9/2

state obtained however differs much. All these states contain
above 90 / of the pure configuration component except the

lowest 9/2 state, which contains about equal amounts of
contribution from the pure |j3J> and [j:(6)j'J> states. These
are 0.66 in celculation I and 0.62 in calculation II and the
[jg(G)j'J> contribution is slightly more in both the calculations.
The (9/2)2 state has more pure configuration component than
(9/2)1 state like in the empirical interaction calculations

of Lips et al. The spectrosconic factors in both caleculations
are fairly close to the experimental values. The B{(E2) rates
in 51V and 5OTi are also close to the experiment., The
spectrosconic factors are given in Table II-D and the B(E2)
rates are given in Table II-E, The spectroscopic factors for
the stripping reaction to 51V are much better in the oresent
calculation compared to the calculations of chapter I, and

are clogse to the results of Lips et al. This is quite striking

in the case of transfer of a 3/2 proton to the second 3/2
£ 2y

state o The B(E2) rates are calculated with an effective

charge equal to 1.6 e and are close to the experiment in both

5OT1 and 51V However an effective Charge equal to 1,5 e may

be a more suitable choice as indicated by the present calculation



Table I1I-D Spectiroscopic factors Ior gingle proton transferx
reactions. The results of the present work are
coupared with experiment (see Table I-D) and
those of Lips et.al. (Model A).

Stripping reactions

Final state  TPansfer Cal.l cal  II Lips(A) Expr.

50 g 00 1/2 2, - 2,

2 T/ 2 1,762 1,734 1,702
3/2 0,119 0.133 0.149
4 /2 1.956 1,972 1.970
3/2 0.022 0.014 0,015
6 /2 2o 24 Dy
2, T/2 0.238 0.206 0,293
o1y 7/ 2 /2 0.748 0,747 0,746 0.75
3/2 3/2 0,603 0,001 0,001 0.612
3/2, 3/2 Oevob 0,041 Cab62 0.45
Pickk up reactions
Pingl Stibe S Cal.t Gal.Ll S BT,
1.0 v
" ae o/ [V e bl - il
W 0 o 2 0,748 04747 Ut 1b 0.74d
“/"" 09&.24:3 0&352 Joe \,1.3
o, R4 00001 0.()0‘« i TR (B9
1 (4 0.7469 0,721 ke atdis 0.75
‘) "./".‘ 1.080 13076 _L.l"i.u 1914
3 (1 0,009 0,062 JeUT !
) L/ 0,001 04001 Ueu 1
! a 0,008 0,010
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I1I-L

MNMuecleus

Transi tion

2.

s cpmmra——_
———— - i

Niicleus

Transition

/2
7/2
/2
7/2

Tt —
e
P

|11

effecctive charze used in

effeciive ciicrge is also

w0

" e ; ' = 1
The B(E2) values in units of e“10 cu . The

1.6 e wiaile moire suitable
siven . lTue calculated

values arc coumpared with expceriment and those of

Lips et.al. (liodel A).

o4
uO s
g &

31y

372
5/2
9/2

11/2

7/2
7/2
7/2
/2

Cal.1

0.010
0.593
0,271

Cal.l

0,288
1,154
0.697
0.924

1.4862

0.576
1,538
0,557

0,010

Cal+IX

0,618
0 0'6 16
0.299

Cal.II

0,292
1,137
0,732
0,854

1,007

0.583
1,519
0,586
0,570

LXpY.
0.66
0 .00
0.3‘1

Lips et.2l., Expr.

()
0,220 0.27
0,996 ¢.92
0,323 0.22
0,952 0.080

0.72
1.54
G.27
C.78



: 2 .=9 4
fable II-L The B(i2) valucs in units of e 10 0 o . The

effective charze used in 1,6 e while nore suitable
effective clhiarge is also given., The calculated
values arc compared with exocriment and tuose of

Lips eteal. (liodel A).

Mueleus 30 i
fPransi tion Cal.1 Gal.I1 LXpT.
& 0.271 0,299 Q.34
Nucleus 01\"
Transition Cal.l Cal .II Lips et.,al. Expr.
(.f‘h)
T/ 3/2 0.388 0.292 0.220 0,27
7/2 S p—— 5/2 10 154 1.137 00996 0!92
7/2 Pl 9/2 0.697 0,732 0.323 0.22
7/2 i 11/2 0.924 0,854 0.952 0.90
3/2 —— 7/2 0.576 0,583 072
5/2 —— /2 1:538 1.516 1.54
9/2 —— /2 0.557 0.586 0.27
11/2 s 7/2 00616 09570 0078



Table

I1-F

CALCULATION X

O

Jd = 2
= 4

Sy

Jd = 195
= 240
= 3.5
= 4.5
= Do0
= TeD

13,5206
14,232
14,881
12.909
13.055

11,971

CALCULATION II

Ca
i

i1

it

f+

4

g.,902

8,973

13.416
144118
14,820
12,803
12,945

11,870

0.071

0,198

-G ,028
0,561
0,242
0.011
-0,085

—0 0090

Q.614

0,387

0.170
~0,612
0,392
0,137
=0, 200

-0,175

£8.598

5,958

-0 .664

0,156
Oed4d

D5eT43

8,572

5.770

11,757
9.817
9.048
8,112

(4
[}

AR
20

11.784

Hamil tonian matrices as in Chapt. I.

0,246
1711
-0 .662
1,657

-C,950

0.4067
1.744
-0,432
1,654
-0,T7T4

12,147
10.817
11,676
12,405

9.637

11.976

10 , 460

11.489
12.291
9,742



Table II1-G

U}bLU\JLJ..‘ ‘LU‘.; 1

0y, Zhergy
=0 0.0

3+ 303

F = 2.670

5] ¢ T40

Jd = 6 3.064

OLV mergy

Jd = 1,5 1.090

= 2. 885

2+ 8308

Jd = 2.0 <371

3.088

6,302

J = 3.5 0.0

3.00606

5,017

J = 4.5 1,722
2,189

J - 5.5 10770
= Tia'D 2.923

1.0
0.939
-0,345
0,998
~0.065
1.0

wavefunetions as 1i

Q.o
04345
0,039
U.0006
0,996
0,0

-0.058
0.5907
-0 . 800

te

=0.379
0.728
0.071

-0.205
.0.561
-0.802
0,037
0.234
0,972

-0, 2055
0,760
0,007
0,041
-0.972
0,232

-0 . 233
0,226
=0 ,9406

-0,039

0,304
0,952

“03714:
0.621
0,323
04149
=0 .940
0:30¢6
-0 .014
0,999



CALCULATION II

50

TL Energy

0.0

1.574
34385
25697
9.992

= 34153

nergy

0,942
2,606
3.725
0,357
3e 144
64339
0.0

3,285
5»92 30
1.876
2. 137

=3+5

51535 10773

- 7.5 2.971

1.0
0.931
=0.364
0.993
~-0.118
1.0

0,392
0.292
0.349
0,931
04365
-0.004
0,998
-0,013
-0,060
0,619
G705
0,036
0,980
0,197
0,004
0,999
C.297

0,361
0.931
0,118
0.993

-0,029
0.8012

-0 .454
0.523
0,722

-0,232
0.585
-0.,778
0.067
0,163
C.,084

-0.,282
0,725
0,629

-C.002

-0.986
0,106

-0,239

QD0
L R ]

-0.943

0.275
0.960

-0,749
0.575
0.331
0,188

-Je941

_0.,281
~0,207
06.999



Tike in the calculations IJII and IV of chapter I, the B(E2)

rate involving the 3/2 state is much better than Tthe result

of Lips et al while that involving 9/2 state is worse, The
reduced metrix element for the electric quadrupole transition,
B(E2), for the transition 7/2 - 5/2 is about 20°9, larger

than the experiment ( and 15 %, larger when calculated with

are effective charge 1.5 e) and the onefor the transition

7/2 - 11/2 is less in the second calculation by about 11 %,

than the experiment (about 12 7, less when calculated with
effective charge 1.5 e). The largest discrepnancy is with

the B(E2) rate for the transition 7/2 to 9/2 which is about
three times the experimental result. It should be noted that
the (9/2)1 and (11/2), states are the two states which are

not very close to the experiment and that these two states

are reversed in calculation I. The reduced transition rates
are squares of matrix eclements of one body overators. As

a result the choice of the model space afiects the calculded
values very much, However it appears from the present results
ard earlier results 25 that the model space including configu-
rations in which only one proton is raised to 2p3/2 orbit

may be just enousgh to describe most of the lowlying states

of 50Ti and Slv satisfactorily.

The results show that the interaction is mostly in

relative s- and p~ states. As pointed out earlier the proce-~



dure outlined can be extended ‘o include interaction in other
relative states, non central narts such as tensor interaction,
or dependence on the centre-g-mass coordinates. However this
involves 2 large number of parameters and may be employed

for a limit2d number of states such as the (9/2) and (11/2)

states of SlV. It appears th=t these states recuire special

attention.

Tinally it may be noted that some of the parameters,
Ine's,the radial integrals in relative states, are negetive
indicating that the interaction may be repulsive in those
states, It is impossible to get the jj-coupling matrix
elements of the interaction havin the same features as those
of empirical interaction Lips et al, for example the repulsion
on the average, without making some of the parameters negetive,
More specifically, the <f7/2 p?)/2 J =5 |v| f7/2 03 /5 J - 5
matrix element 2an e made negetive only if some of the Inb's

£= 1 are negetive. In this connection it should be bommn in

mind that the interaction and the model space chosen are

very simple,

€3



CHAPTER - TIT

SHORT RANGE INTERACTION AT THE SUREACE

Empirical interaction in relative states and surface
interaction with zero range componenis have been presented
in the nreceeding chapters. It has been pointed out that
the parameters of the inveraction are a few and that the
calculations are much eagisr, they do not increase with the
size of the model space, when confined to the fp shell, if
the matrix elements of the interaction in relative states
are treated as parameters. The empirical interaction in
relative states is chosen becauze the usual interactions
depend upon the relative distance of the two interacting
particles. It has also been pointed out that generalisations
to the simple kind that has been considered are possible,
Some kind of generalisation may be needed to get correct
excitation energies for the lowest 9/2 and 11/2 states of
le. Inclusion of non centrsl parts and dependence on the
cenire of mass are the pogsibilities one can think of, but

csuch generalisations make the number of parameters increase
drastically, In the case of surface interaction with zem -
ranze components, presented in chapter I, it has been found
that the assumption of pure surface delta interaction is a

little too narrow since it acts only in a limited number of

states., It has been found that the lowest 2% state of 5OTi



is obtzined at about 150 %eV too high and that the lowest

9/2 and 11/2 states are reversed. The zero rance of the
interaction is an anproximation to the small range of the
interaction because of the observation that this rance is

smaller than the sige oI the nucleus, It has also been

pointed out that the usual assumption on the radial integrals
should be relaxed inorder to get better wavefunctions. The
range of the interaction may have significant effect on the
energy levels and wavefunctions. It is known that the effective
interaction is imovortant at the nuclear surface and that t he
density dependence may be important. The usual phenomenclogical
interactions with central and non central ﬁarts with short

range radial shane and exchange terms have been used. The
number of parameters in such calculations do not seem to be
adquate to get good results., These considerations make it

a natural modification to make the residual interaction =ct
when the centre of mass of ths two interacting particles is

in a small region near the $urface, The denendence on relative
distance may be chosen to have short range like Gaussian type
with central, spin-orbit and tensor parts in usuwal manner.

The region in which the density falls off €@ zero from maximum,
surface region, is small and since a short rance, non-zero
range, is takeng, the delta type devendence on the centre of
mass coordinate can be assumed, Tensor interaction is known

to be important from the considerations of the deuteron. Since



the nucleons h-ve snin 1/2 and therefore can not possess
moments of any kind hi~her that of dinofes, the non central
interaction that can be thouzht of is of the kind dipofedepote
interactinn, This is the tensor interaction, obtained by
taking a scalar product of a second degree tensor of spins,

L
[ o x o1 ] and a second degree tensor constructed from

snace coordinates. We have therefore V,(12) :\}q.fg’.gr.rivjw
This may also be written in the usual fashion Sip = 3(m. VAT ¥)- 6 R
The simple scalar force VO(12) = fo(r) + (0-n) f£(r) may

also be written as vy, ;oga\L(|_.7cq)/q ] + V¥, {-hL\&?J}Ji\ QJ
separating the spin singlet and spin triplet parts. The
central force is known to be dominant in nuclear force. <The
vector force Vl(12) = (Dﬁ%f}]uh F‘>* fl(r) is not useful

since we want parity conserving interaction and the expectation
value of this interaction in any configuration vanishes. The
vector interaction that conserves parity is the spin-orbit
interaction, Unlike the other interactions so far discussed

this interaction denends unon derivatives, This momentum

dependent interaction is written as V1(12)=:((°7+¢1) . E’)

where £ = -n ) x(p-5) /2 is the relative angular

momentum operator, This is the simplest intersction that
depends upon velocities, Such interactions are known to be
important from scattering experiments, The interaction

considered in the present work is

i -G 3417 4 _, s
V * [VO 'J‘p“() 4 + VI —fll;‘) ‘.'_‘_ ""V-r ';T\'a,l 3‘1*' \/és {-{\S-i},(.SJ bkf& \'



In this interaction VO and "1 are the strengths of the

central part in spin singlet and sopin triplet states, V.

and VLS are those of the tensor ané spin orbit parts. The
factor 6(R—Ref) assures that the interaction acts at the
effective nuclear surface, spherical, with effective radius
equal to Ref' These quantities \.fo,".'l,‘.’_j,,V‘;I3 and Ref are
parameters of the interaction. The radial dependence may

be choser to be Gaussian such as f(r) = exp (—Br2) where

r:frl - r2»T2 and R = (ry+r,)/¥2. TDue to the dependence

on the centre-of-mass, the matrix elements of the interaction
in jj-counling when expanded interms of the matrix elements

in RCM system will contain terms with (F'L') £ (NL). The use
harmonic oscellator wavefunctions. Thics makes the transformation
to the RCM system simple., The wave function in the new system
are products of oscellator functions in relative coordinates
and in centre-of-mass coordinates with the same frequency.
The transformation from jj-coupling wave function to those

in relative and centre-of-mass system is

C (L Ly :l’l 7
; ; '}1 -‘\' < 3 3 — ;
|303.3M D> = Z [35,A5]) Lo Vo 3 2KMANLA LW ™0 A %
NOD D
-

LRl NN ST MDD

Since we have spin-orbit interaction and tensor interaction

we couple £ and S and write
. -
|m1NLm:jM>TZDUjlW“JL%AﬁN)\ﬂ\MhNLTM>

7he matrix elements of the interaction in the new

system are <nS(Jj)VLIM|V|n'£'S(j)N'L'T>, Due to the factor



6(R—Ref) these matrix elemcnts will have a factor
<NL[|5(R«Ref)]|N'L'> where (N,L) characterise oscellator

function in centre-of-mass coordinates. Te have

NL| |8 (R=Ry )| [H'L'> = &y 0 o JRyp (R} 8(B-Ryg) Ryop((R)AR

The oscellator functions RWL(R) are given by

5 3 . 1
) L-N+2 ('LN)L'P ly (aL4 1N+ o z {2,
R« = 1 e
NL ( = 3 : \
/o @] N J
X K
L’\" ~IK* " . i';LQ\\v l}‘ 2
R € T Nl = (27R*)

(s ax k)L

where =+ = Mw/2h. With these radial functions the matrix

elements of 6(R—R°f) are given by

. = - ' v,
Qi+ i (i in4t) b vake2n'Ss ) L N_'N’! IR gl
L . . -
\= ¥

T (N+LY L N+ L) "

-

i "2 .ZK.
Vo) (2Y) (IO

] (=)t pd (2 Lr 24D

K! 1k’ .
0 (2Y0) (LK) ! E J

(N=K') ! K/ (2L + 240!

DK
\7'3;
jL"‘

where yO = ’|27Ref — -V.Z'V (l —_— l)ef

The matrix elements <n ¢ Sj||V||n'€Sj> for different parts
Q0
of the interaction are well known- ’91. Some useful infor-

mation is given in Aopendix-C.

The parameters in the calculation are the parameters

of the interaction and the single particle energies., The



single particle energies are first fixed and the € 14, is
determined later as explained in earlier chapters, The para-
meters of the interactisn are the effective radius and strengths

and ranges of various parts of the interaction., The ranges

are usually chosen to be equal for all the vnarts. However
the tensor range is known to be larger than that of central
part and the spin orbit range is smaller. GSince the harmonic

oscellator functions are chosen for the single narticle wave-

2
functions, they are pronortional to e~V where 1= [rl—rz\/f2

and for Gaussian radial shape of the interaction we write

2
f(r) = e T, In an earlier calculation for the Nickel isotopes

the values of ¢ =(B/») chosen are 2, 4, 1 respectively for
central, cpin orbit and tensor parts. The value of Y, corres—

B4 nucieus (about 4.8 fm)

ponding to the experimental radius of
2

and the oscellator constant obtained by I.Talmi2 is about
5.4 . It is very difficult to wvary Y and 3 continuously

like the other parameters., Therefore these two parameters

may be fixed while the other vparameters, viz. the strengths
may be varied to obtain a best fit to the lowying excited
energy states of 5OTi and 51V nuclei, Calculation method

is the same as given in earlier chaptereg,

Calculations are done in two steps, The matrix
elements in jj-coupling representation of different parts
of the interaction are calculated for various choices of

¥s and %. These matrix elements are used to evaluate the



Hamiltonian matrices for all the different angular momentum
values of “OTi and V. If H_, Hy, Hy and H _ are the
Hamiltonians for any given J, obtained from the central (soin
singlet and trinl~t) parts, tensor and spin-orbit varts of
the two body interaction, then the total Hamiltonian matrix
is simply given by H = H' + V H 4V H +V H +V (H. . where
HJS is the diagonal single particle term. The parameters

of this effective Hammiltonian are the strengihs Ver,Vm and

Vi; which are varied in search program for the best fit. As
pointed out earlier an attempt is made to mix the two kinds
of the interaction used in earlier chapters. Empirical
interaction is assumed to be central and only in relative
s-states, in addition to the short range interaction, %o

make the interaction as simple as possible., This kind of

5 but their interaction

mixing has been done by Lawson et al6
is not a surface interaction. They introduced these parameters
in order to improve the results obtained with out them. This
makes the number of pvarameters equal to eight, four strengths

and four additional interaction parameters. Calculations are

done for different combinations of ¥, and Eo,

The results are given in the following Tables III-A
through III-G, A total of six calculations are done, Calcul-
ation I is with the value of y, equal to 3.2 and with equal

ranges while Calculation II is with ¥y = 3.2 and unequal ranges,
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Similarly the calculations III 2nd IV are with Y, = Bl

and caleculations ¥ and VI are with T, = o 18

The results show that the calculations with unequal

ranges has a tendeney to lower 4{ and raise 2% states in

60Ti as compared to the calculations with ecqual ranges,

Similarly the (3/2), is lowered (except when Yo = 3.6) and

(5/2).i is raised. The order of the levels (9/2), and (11/2)l

is brought to correct position by lowering (11/2)1 and rais-

ing (9/2).

Changes in the excitation energies of the lowest

states with change in the cffective radius parameter may

be seen from the following table.

State Equal range Expr. Unequal range
3.2 3.4 3.6 3.2 3.4 3.6
50p; 2 1,505 1.466 1,568 1.554 1.687 1.477 1.590
4 2.714 2,614 2,705 2,677 2.620 2,586 2.574
6  3.361 3.233 3.285 3.201 3,077 3.212 3.105
5ly 1.5 0,946 0.835 0.813 0.929 0,937 0.673 0.856
2.5 0.245 0.244 0,349 0.320 0.240 0.249 0.454
4.5 1.83% 1.785 1.739 1.813. 1.900 1.835 1.8%6
5.5 1.696 1.809 1.879 1.609 1.781 1.774 1.782




The table shows that while 2% and 4% states are lower
at y, = 3.4 ( 2 kind of minima) the 6 state is hircher at
¥, = 3.4, This trend is seen both for equal range as well
as uneocual range calculations. TFor the 4% state the equal
range seems to be favourable while for the ot state the
unequal renge is favourable. The lowest states of SIV do
not show this simple behaviour but unecual ranges with Vs
somewhere between 3.4 and 3.€ may be favourable, perticularly
to get the 9/2 and 11/2 states close to the experiment.
Another important result in the present calculations is that
the 3/2 and 5/2 levels in 51v are much comovressed compared to

the results of calculations of chapter I and are comparable to

the experiment. In ISOTJ', the 2% levels are much closer to each

other than in experiment, while the 2ﬁ levels obtained in
chapter I are quite comnarable to the exveriment. The 45 levels
obtzined in present calculations is much better than that of

chapter I, though still it is off by about 1 MeV compared to

experiment,

In 211 these calculations the I,  and 1, are negetive
and indicate that the central interaction with short range is
a little large in these calculations. It may be noted that
130 does not contribute to the jj-counling matrix elements
except for the <320|V|j20> and further due to the factor

P
e~ term, the coefficient is quite small, Therefore the value

of IﬁG obtained is very large in all the 8ix calculations.



Unlike the calculations of Lawson et al, the strengths of

VO,Vl,VT and V£S obtained in the present calculations are all

physically acceptable.
Spectroscopic factors for the stripping reactions from
0py +o 51v seem to improve for the (3/2)2 state as effective
radius is incressed but slightly spoiled as ranges are changed.
on the otherhand the spectroscopic factors for the pickun
reactions are only little changed and mostly a sli~ht improve-
ment is observed as ¥, is increased or ranges made uneaual.,
The B(E2) rates are calculated with effective charge equal to
1.6 e, They seem to improve and more closer to the experi-
ment, except for the G/2 - 7/2 transition, as the effective
radius is increased or the rancges made unequal. 1In gener=l
the gpectroscopic factors and B(E2) »ates are fairly good.
It may be that the values of the ranges intermediate between
the two sets may improve the results further. It may be noted
that the lowest 9/2 and 11/2 states are still not very

satisfactory from the excitation energies or B(E2) rates.

In an effective interaction calculation with phenomenolo-
gical interaction such as the kind considered in these
calculations, the values of the narameters obtained do not
have direct resemblance to the parameters of the nucleon-
nucleon interaction in freespace, A straight forward physical

interpretation can not be given. As an effective interaction
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is the renormaliced one due to truncation of model space and
due to neglect of many body parts of the effective interaction.

The matrix elements of the effective interaction in jj-counling
are more important. The mixing matrix elements obtained in

all the six calculations are positive automatically, probably

due to the denendence on the centre-of-mass. A perticular

for of the effective interaction can be theuszht of as an inter-
mediate step to understand the structure and nroverties of

nuclear states, just like 2 useful model. It appears that

the effective interaction could be gimulated fairly well by

an interaction which depends upon the centre-of-mass of the
interacting particles. The calculations presented hesre

clearly indicate that, for the shell model calculations, an
effective interaction acting near the effective nuclear surface
can reproduce the observed propervies very well, The interaction
chosen contains short range parts as well as empirical inter-
sction in relative states. Though this later interaction

acts only in s-states the excitation energies and the properties
caleculated are fairly close to the experimental resulis. In

an earlier calculation with similar interaction that acts

throughout the nucleus the values of some of the strengths

obtained are unphysical92 Infact they obtained 2z repulsive

spin orbit term where as in the present calculation both the

tensor and spin orbit terms are atiractive.

The values of the parameters given in table III-A show



that when the ranges are tzken ecual the central interaction

in both snin singlet and triplet states are less strons compared
to the case in which the ranges are taken unequal. The values
of Ign and Ii” decrease numerically =2nd also the temsor part,
while the spin orbit part increases numerically. The parameters
change very much with a change in A The values of the
strengths of the first four parts as well as the I, 's are
numerically large essentially due to the factor expey;) comming
from the centre-of-mass dependence, It appears that simple
deltz type dependence on the centre-oi-mass coordinate may

be replaced by a function which vanishes outside the region

of the surface and takes either a constant or a Ganssian shape

in the region for better results,

The ground state energies and the excitation energies
show small variation in these calculations. The lowest states
in 50Ti are less sensitive to a chenge in ranges at Yy = =9
The lowest excited states in Slv on the other hand seem to be

more sensitive to the choice of y_ . The (9/2)._L and (11/2)1
states in 51V are reversed in calculations with ecuz2l ranges
while they are brought to right position in the other calcula-
tion. The spectroscopic factors and reduced B2 transition rates
do not vary much. The results of these calculations together
with those presented in chapter I indicate that the effective

residual interaction should be made to depend upon the centre

of mass of interacting particles in shell model calculationg



and that it acts in a larger region near the surface rather
than at a perticular effective radius., Finally the present

calculations show more satisfactory trend of excitation

energies than the surface interaction calculations of chapter

I. Compared to those calculztions the lowest excited states
of 5OTi and -1V in the present calculations are fairly better.
Tn the chapter I they are obtained a 1little too high, for

example 2{ and (3/2), states. This satisfactory trend in the

nresent calculation could be due to the large number of varameters

compared to those of chapter I,



Table IIi-I

CALCULATION 1

50?1

Jd =2 10.072
= $.024
51V

J=1.5 10.044
22O 14 abU
=3.5 14,7406
=445 12,816
=040 12,028
=740 11.475

CALCULATION I1I

=<

Onpj
J =2 O.T47
=4 9,031
va

=2.5 13.899
W 5 14.6542
=445 1249007
=5.5 12.539

0,598
0,054

~Ced71
~0.5382

J0.101
-0.CT708
-0.012
-0.038

0.733
0. 300

C.036
~0.7T25
0.394
.0.091
-0,175
=0 edbo

8,043
6.0 14

ct

~0.51
-Q0.628
0.200
-0.320
0.3806

6,263

-1

°

e}
=
921

C
o«

el

~3,007
-0,337
0.110
=0, 207
G .40

$.00

11.832
9,913
0,454
8,192
7,798

11.043
5.544
9,239

N

o
e 2'.)6:

T.897

0.211
1,691
-0.690
1.644
-0,968

0,046
- 1.630
~0,841
1.640
-1.075

Hamil tonian malrices as in cavlier chapters.

12.002
10. 257
11.395
11,345
9.354

11.811
10.290
11.470
11.5006

9.687



Wl aad S dud s~

20.0006
9.074

13.753
14,328
{4,848
12,977
12,988
11.721

CALCULAYICN IV

20

J =2

> W NN =
®
(#1011}

]

o

I
(&)1
-
't SR 51 G 4}

il
~3

9,968
9.,007

13,6560
14,174
14,3804
12,925
12,933
11.736

-0,010
-U,5061
0,253
G.022
~0.,094
=0,G90

0.650
0,403

0,473
~0,647
0.410
0,341
-0, 208

-0,182

Ued32

5,906

-0 .685
-0.033
0.143
-0 .241
0.454

B,250

(91}
»

o
04]

m
[ 3

(1
0o

-1.015
—0,763
0,030
-0 ,196
0.622
6.051

11.020
10.012
9.3u3
3200
T.730

0.413
1.941
~G . 599
1.857
-0 ,957

0.431
_ 148469
-0.541
_1.784
-0.892

124242
10 .435

11,680
11,844
9,495

12.117
10 .571
11.641
12,040
9.580



CALCULATION V

e

Jd =2 10.003
=1 9,190
o 1\,

y (- 13.993
'—.‘2.5 14:94.‘25
=345 15. 276
—:4..0 130318
—_-5.1.) 130 291
=TeD 12.210

CALCULATTO:! VI

Wi

s ) g9.,3888
=4 9.0906

n)iv

J:ios 13"597

=2+0 144158

B 14,951

=45 13.070

=55 13,078

I 12,056

0.740
0,342

0.0u2
-0,731
0.378
0,075
~0.,163
-0, 154

0.600
0.381

0,170
=0.597
0.385
0,137
-0.107
-0,172

5.843
6.008

-J,984
-0, 339
C,132
-0,281
0.032
04277

8.589
5.782

-0 ,950
~0,707
C.021
=0, 177
0,580
U,102

12+ 152
10.068
9,278
8,314
T2T10

11,763
9,885
% ,003
8.219
7004

0.529
2,139
-0 ,569
2.050u
-1.,002

0.515
_1.560
-0 4442
~1.761
-0, 810

12,467
10.779
i2.121
12.561
9832

11,984
10,653
11,634
124268

9,094



Table I1I-G mveiunctions as i earlicer ciiapters.

Cl’wuv-.--J.v_-' I
9Oy SLETE
s =4 2.714 0 <999 G.025
DeT2U -0,028 0.999
oy Znergy
3 =48 0940 SPRVES I ~0a1d3 -0.,201
2,750 C.oC1 o0l Gt T
65072 (Jo() v"i‘ —UQUOT O.SUH
J :L,.s 002-5 O.’.,:)S -0.?.‘-01 —\.).2(_:0
S+ 301 0396 QO 0,038 0.7T0Y
G, S04 -0,0u2 -0 . T4:2 0.070
=345 0.0 0,007 0.021  _U.0T4
Se 10U 0.0065 Q. 309 -0 .949
5.543 -0, 0435 U951 U.007T
=440 1.853 0.939 =0,120
2,01 Qusie = » 012
C.010 ~-( .S a0
0.115 0,426
0,029 0,900

=T .8 3.293 0.999
0.00%7
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CALCULATT O

Ca
Il
e

01y

d = 0.0
J :7-5

mergy

1.687
1,011

¢t
-
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0o
<

.
<t
=]
D

oergy
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S4G 12

34549

Lo
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0
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)

(91 S
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C 939

|
=
.

L d

>

S v
C

o O
€2
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o G

0.574
-0 ,784

C.007
0.317
0.940

0.729
G b2k
0.017
~0,349
0.316
0,370
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-0 .07T6

Q.422
0,003
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~0.05
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DU e
FiL
g = 2
e = W&
aiv
Jd = 149
J = 2:9
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J = 4.5
J — 505
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CALCUL.LYICH IV

B ..
i Dlergy
J = 2 1-‘.!:77
S.421
Jd =4 2.386
94307
5 1. T
X mergy
J = 1.8 0.673
2.066
3,000
F = P.5 0. 249
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6.479
J = 3.5 O'O
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5:810
J = 48 1,888
2.101
J = Bab 1,774
J = 7.5 35091

0.894
6,298
0,334
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.04330

-0.C00
0,997
-0,013
~0,.C70
0.593
Ooéég
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0,204
-0.C05
0,999
0.052

0.356
0.935

0.124
0,992

-G .016
0,67

-0, 0642

-0 ,448
0.569
0,690

-0.245
0.596
=0.%G5

0.072
0,202
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~0.290
0.707
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-0,003
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0,203
"0-133
Oe342
-0 .930
-C,0063
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-0, 430
0.38206
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0.152
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0,355

—00032
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CALCILATICH V

Ti mergy
Jn= 2 1,560
544443
F e b 2300
5,560
Siv onergy
247406
3.T5H06
Jd = 2D 0.349
4 P05 13,
T:06T

J = 3.5 0.0
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2,201
J = 55 1. 87C
J — 7.5 3'0(38
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-0 ,4386
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-0. 1006

0.438
0.599
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~C.0637

~-0.453
Q.561
¢.0938
-0, 279
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~0.763

0,060
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04879

0.690
0.0647
0.050
C.156
-0,254
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I
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(o4 S V34

o
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~C.073
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CALCULAYTON VI

Ti -nergy
d = 8 1eDU0 V.951 0 .3064
34359 -G o 3064 G901
d = 4 24574 0,994 0.113
5.974 -0, 113 0.894
JlV 2. CEEY
P, o 1.5 O.Bib 0.911 "0.024 —0'411
2.T006 0.280 0,769 0.D73
3+ 808 Q0.302 -0 639 Qea b EI %
J = 2.5 G.454  0.931 -0.233  ~0.282
3. 169 030606 0.580 O.128
00006 -0.003 -0 TTO 0,031
~ 3.5 0.0 0.998 0.665  =0.,002
_ 4.5 1,836 C.878 ~0,130  -0.458
2. 116 0,477 0.324 0.817
= DaB 1.732 C.9G3 -0 ,059 0.476
¢.001 0.900 C.313
) 2.915 C.9909 -3 ,029

U,C29 04999



CHAPTER -~ IV

EXTENDED 8P/ACE MODEL

The model space of configuraticns chosen in earlier

chapters contains simple 2p3,q admitures only., That is the

n-1

space contains (1f7/2)n ana (1f7,4 2p3/2) configurations. An

extension of the space may be done from erergy considerations

and the nroperties of the states underconsideration. For

n-?2 2
example, the unperturbed energy of the (1f7/2 203/2) would be

around 7 MeV above that of (1f ) since the energy of 2p. ,.
1/2 512

oroton is 3.5 MeV above that of the 1f,,, proton. The energy

i 1*a¥ at of .
of 1f5/2 proton is 4.7 abtove th o 1f7/2 proton and

F. 5 /2 could h2 morc useful than

(lf77§ Z""/2) for lowlying states of ’°Ti and v, higher

configurations may be assumed to contribute negligible amount

therefore addition of lf._/2

to such states. Another consideration for the choice of model

space depends unon the properties. For example the reduced

matrix element (j||f(L)||j') vanishes and does not contribute
to the property under consideration unless |j - j!'| < T, Only
B{(E2) rates are the properties considered in this work and
therefore pqy /5 orbit will not coniribute to this property. The
diagonal reduced matrix elements of E2 operator between 1f7/2 2p3/
and 1f /, orbits are, apart from a common factor, 6.94, 4.50,

5.89 and are of the same order of magnitude., Inclusion of i S
/i



could affect the B(E2) rates very much. TLips an’ Me Ellistrem
sidered th figuration (12, )(Lf27L 2o.,.) ~nd (1ER7)
consicere e coniiguratlio 7/2 7/2 €Dz ot 7/2
1f. ,~) and found that the results were satisfactory. They
took the same interaction determined in the small space cal-
culz tions and introduced surface delta interaction, with
modificatiocn, for thet part of the interaction in which 1f- /-
participates. The single proton energy of 1f-,, pvroton

L was found to be satisfactory.

detarmined by Trskine et al
Compared to their small spmace calculntions the wave functions
sbtained in the larger space calculations are such that the
1f5/2 admixtures are built at the exnense of nure configuration
comnonents and that the nureconfiguration commonents are still
dominant for the lowest states of each angular momentum. For
the (5/2)2 state in 51v and other odd isotones the 1f5/2
admixtures are large the discrepancies between the theory and
experimsnt are largest. This can be understood from that “:e
interaction remains same for the 2p3/2 admixtures and the
ins2raction, MSDI, used for 1f.,, admistures is quite smsll,

2y L

e soecific, the MSDI matrix elements (f T
To be mor geci y m n < 7/2f5/2lvlw7/2f5/2>J

' 1 i
and <f7/2f5/2[V,f7/2p3/2>J are all zero for odd values of J.
The trangition rates and the branching ratios improved for oL,
with the inclusion of 1f5/,2 admixtures, TIn general a larger
space can be exosacted to describe the gystem and the effective

interaction better and it is useful to study how the interaction



gets modified with a change of the model space. The aresent

chanter is devoved to the study of these changes in the effec-

tive interaction}

For the two nuclei 6OTi and 51V the snace chosen contains
n-1 n—1 : 5 .
(1f7/2),(1f7/2 293/2) and (lf7/2 1f5/2) configurations. Hisgher
configurations are assumed not to contridbute for the lowlying
states of these nuclei. The single particle enersies “aps
“r’A

and ey, are fixed at 3.5 MeV and 4,7 HMeV resvectively

above that of the 1f7/2 nroion. Three model interactisns are

chosen for the present study. They are i) empirical interaction
in relative s- and p- states (calcoulatisn I), ii) surface
interaction with zero range and long range parts, without the
effective radius parameter (caleulation -1I) and +the surface

interaction aththe effective radius parameter ¥ = 2.5

(calculation ITI), Similar to the situation encountered in
small space calculations (CHAPTER - I) the surface interaction
in which 211 the five parts are included results in unphysical
streagths. In perticular the pairing part becomes negetive
even though the binding energies and excitation enersies are
obtain=d well, This implies that the pairing nature of the
delta interaction is gquite enough, a conclusion drawn from
the calculations of chapter I. The radial integrals in the
calculation IT are assumed to be equal at the surface and the

pairing part is removed while for the caleculation III, the



assumption is relaxed and the effective radius narameter is
fixed at X = 2.5, a result taken from the calculations of

chanter I. In calculation IIT the tensor part is also eliminated
because of satisfactory results in chapter I so that comvarison
may be possible with these calculations. In the case of empi-
rical interaction in relative states only s- and p- state

interaction ie eonsidered because the results obtained these

are guite satisfactory.

The results are presented in the following tables.
The values of parameters obtained in least squares search are
gziven in table IV-A and table IV-B contains the two particle
matrix elements of the determined effective interaction between
antisymmetric states in jj-couvling. The excitation energies
of 5OTi and Slv and the binding energies of ground states,
taken to be positive, with respect to that of the 480a ground
state are given in table IV-C. The spectroscopic factors and
reduced electric gquadrupole transition rates are given in
table IV-D and IV-IE while the Hamiltonian matrices and wavefun-

ctions of 5OTi and 51V are respectively oresented in table IV-F

The energy levels, presented in table IV-C, for the
empirical interaction are quite satisfactory. The lowest states
of 2Opi are a little low compared to the experiment by about

50 KeV. These states are little more separated than experiment



and similar calculations of chapter IT. The 6{ state however

is much better in the vresent calculations. The excited states

of S]V on the otherhand are quite well reproduced. The lowest
states are much closer to experiment than those of (calculation I)
chapter II. In perticular the(9/2)l is pushed up and (11/2)1
pushed down and are brought in correct order and are quite

close to the experiment, The (3/2)1 and (5/2)1 states are also
mich better in the present calcul-tion, The binding energies

of ground states are well reproduced in the oresent calculation.

The single particle energy of 1f7/2 proton, 4ch state, is
obtained at 9.73 MeV, a little more than the results of earlier

caleul-tions. The wavefunctionsof lowest states of 2% of 20p1

and 3/2 and 9/2 of Ly in present calculations’contain more
pureconfiguration components compared to those obtained in
The situation is reversed in the case of lowest

Ori. Tn a1l

chapter I1.
states of 7/2, 11/2 and 15/2 of "V and 4% of °

those cases where pure configuration components are inereased,

the components of |j2(Jl)j'J> decreased drastically for large

J1 and the component of smaller J1 changed only little. 1In

other cases the Pz /5 admixtures do not change much, These changes
are more pronounced for the (9/2); state whose pure configuration
component changes from 0.56 to 0.954, a change brought at the
expense of the component of |1f$/2(6)2ps/2 J = 9/2> essentially.

Py 2
The components ]1f7/2(2)2p3/2 J = 5/2>, |1f7/2(4)293/2 J =9/2>

snd llf$/2(6)2p3,2 J = 11/2> do not change much, The matrix



elements of the interaction in jj—-coupling show reoulsion

on the average for the | f7/2 P3 /o J> states but the

,2-9y d = 4 is obtained negevive. This is

<

A5 NS | «-
:-v Pry ! Y l ‘ ’e l),-. /
ity < ¥ & < o

a situation very undesirable in the present calculations,
This is reflected in the properties of the wavefunctions such
as t he spectroscopic factors and B(E2) rates. The spectros-
copic factors for transfer of a 1f7/2 proton are spoiled
compared to the results of chapter II, The B(E>) rates are
calculated with an effective charge equal to 1.5 e. They may
improve with larger effective charge. The two body matrix
elements in jj-coupling are compared with those of reaction
matrix calculation with 3p 1h inclusion, calculated from
Hamada-Johnston potential by Xuo and Brown72. Except a few
matrix elements the present interaction is comparable to the

KB interaction. The experimental results given for comparison

in tables IV-D and IV-E are same as those given in earlier
chapters.

Tn the case of surface interaction calculationsg
(calculations ITI and I11) the excitation energies obtained

are about the same kind as those of chapter I for SIV o

1little worse for 5OTi. They tend more towards the vesults

of R. Saayaman et al with surface delta interaction, Except
51

the 27 state of *Or1 ang (5/2) state of 7'V, the excitation

energies in calculation IT are a little better than the results



of calculations in chapter I without effective radius parameter.
The excitation energies obtained in calecul=tion IIT with the
surface interaction with the effective radius varameter X=2.5,
also show the same trend commared to gimilar calculations of
chapter I, While the two (9/2)1 and (11/2‘!1 states of 1V are
in reversz order in calculation II, they are brought in correct
order in calculation TII. The levels of ° Ti are more separated
in the nresent calculations and are comparable to those of SDI
calculationsg with complete fp shell configurations., The single
particle energy of 1f7/2 proton is obtained at 9.68 MeV in

cal. ITI better than that of other calculations but the binding

energies of ground states of 5OTi and 51V are off by about

The pure configuration components of lowest states
51V in present calculatisns are

100 KeV.

of 2013 as well as those of
less than those of calculations of chapter I. 1In the present

calculations with inclusion of lf5/2 orbit, the higher angular
mementum states are improved, With the inclusion of 1f5/2
excitations the 115/2 admixtures are built at the exnense of
pure configuration components for all the lowest states while
2p3/2 admixtures also increased in some cases., This is a
result unlike the results of Lips et al, This is because the
interaction in the present calculations is completely deter~
mined for the larger space while in empirical interaction
calculations of Lips et al the interaction is determined sepa-

rately for the 1f5/2 admixtures, The matrix elements



<3°|V|33'>;, J = 2 and 4 are not chanzed in their calculations
while they are increased slightly in the vresent calculations
compared to those of chanter I, The wavefunctions of 1f5/2
admixtures for higher states of 51V are built at the expense
of both (1f7/2)n and (lfg;é 2p3/2) components, In several
cases the largest comvonent among |1f$}2 (J1)2p3/2J> states

shifted from one to the other with the inclusion of 1f5/2
admixtures. The B(E2) rates obtained in the present calcula-
tions are much better than their counter parts obtained in
chapter I, perticularly those involving (9/2)1 state. But,
the B(E2) rates involving (11/2), state are a little spoiled
in the nresent calculation. The spectroscopic factors for
transfer of a gingle 1f7/2 proton decreased with the inclusion

of 1f5/2 admixtures. In most cases these are better reoroduced

in calculations of chanter I, The spectroscovic factors for

strioning reactions involving transfer of a 2p3/2 or 1:€5/2
proton are increased in the »resent model. They are much
larger than the experiment for the (3/2)2 and (5/2)2 state

51

Of V.

Compared to its counter part in chapter I, the tensor
part of calculation II is stronger and the SDI part is weaker
in the present calculations (calculation II). The central
part in spin singlet states becomes repulsive in ealculation

IT. 1In calculation III, however, the interaction in spin



singlet states as well as SDI are about halved. In both
calculations the spin triplet interaction (central) charged
little., This decreased a little where thexre is tensor part

while it increased in the other slightly.

A closer examination of changes in excitation energies

of 5OTi and ”1V reveals that the lowest states tend towards
the results of calculations with SDI, with the inclusion of
1f5/2 admixtures, The SEDUT calculations of R, Saayaman et al
are done in complete fp shell considering all Pauli =2l1lowed
states of the configurations (fn); and are closer to exveri-
ment. The excited levels of each aneular momeatum are more
separated than those of experiment, A more interesting result
is that the matrix elements obtained in calculstion IIT
regemble those of Kuo and Brown obtained using reaction matrix
formalism. The Kuo and Brown matrix elements of effective
interaction include 3p 1lh core excitations and the matrix
elements obtained in calculation III with only 3 parameters
for the surface interaction are very similar to them., In
general the present interaction is much stronger specially
those involving 2p3/2 or 1f5/2. Except <j2|V|j2%_and
<jj'|V|jj'§u1 = 4 which are very weak compared to others in

KB interaction, the matrix elements of the present interaction

and of K3 interaction have same sign,

It appears that the excitation energies are not



Table I1IVeA Parameters of the effective interactions obtained

in fitting, Calculation I ig with effective inter-

action in relative s~ and p~ states, while calcu-

lation II and calculation III are surface interactions

of the kind presented in ChApter I,

Calculation I: Empirical interaction

I, I, Lo I3 o1 111

4.8842  5.0542 18,1484 ~77.350 =4.,6367 =1,6147

surface interaction

X Y vy Vsor

Calculation II - =0,0847 =1,1627 0.6168
Caloulation III 2.5 0,02053 =0.,12652 0,06733

121

66,5494

VSTI

0.7280



Table IV-B

C BN RN B DO &

Qo Wty W R WO

Cal. 1

243466
0.8069
-0,4139
-142723
00,2371
~0,3209

0.4964
=0, 5809
-0 ,95136
-1,9405

00,5655
0,7259
141425

=0,5217
-0,3840
-1,1314
-0 .4434
-1,7388

1.0599

0.0372
-0,2995
0.6176
0.0000

Cal, II

2,3365
0.3115
-0,3265
~-1.,0036

-0 ,8633
=) o 3360

1.,0549
~0,5158
-0, 5267
-1,4216

0,5168
0.63587
0.6728

-1.6481
-1,3645
=1.3245
=0.,7014
=0,7421

0.6008

-0,1733
043603
0.,0597
0:3813

~ -~

Cal, 111

2,5313
0,1410
-0, 4578
=1+0023

1.1805
0.4595

1.3501
-0,8929
-0,6635
=1,7791

0.7605
1.,0057
1.,0033

-1,4119
-1.,0392
-1.4119
«0,3518
-1:4119
1,0456
05783
0.0000

0.4844
0.0000

ity

Matrix elements of interaction in jj-coupling.

KB,

2,068
0,755
0.036
=0, 287

0,609
0,336

0.918
«0,086
0,083
=0 +379

0.127
0.450
0.705

-0,134
-0.121
-04122
-0,1432
=U o 200

0.852

0.1044
0,107
0,182
-0 ,031



Table IV=C

Nucl eus Jd

45 7/2

50T1 (g.s.)o
2
4
6

51V (goS;)3f5

10‘5

245

345

44,5

Cal.

9.,7314

21,8094

1.474
5363
T¢485
2,638
6,088
7885

3,158
6,448

29,8373

0,963
34469
4,191
64792
7701

0.311
3,116
4,698
54421
6,074
7.491
44255
4,832
5793
7.831
8,039

1.766

Cal,ll

89,7315

21,7995

1,732
5,029
80442
24551

6,384
T.827

3.200
6576

29,8438

0.846
3,892
44485
T.202
8.151

0,606
3,961
4,674
5.494
6,491
7,889
4,526
54561
5.863
TieiT55
941206

1.711

Cal .JIIX

0.6841

21,8990

1,759
6.164
B 19
2,703
64647
T.918

3,197
6.522

29,7770

1,036
3,108
8,144
74791
84349

0,624
3.474
54210
6,208
6,602
8ie161

4,626
9,437
6430
8,285
8,960

1.841

Energy levels in MeV, as in earlier chapters,

Expx.

9,62

21,79

1.554
4,323

2,677
4.804

36201

29 .85

0,929
24409
3¢215

0,320
3,082

1.813



4,601
50282
64573
8,191
Bs4T7

1,699
Do 2606
b.574
T.351
8,458

3,037
8,102
8,987

44124
5.684
6,057
74556
8,822

1.825
5,677
6,233
6.694
8,471

2,802
64995
8,025

$.915
50960
T.123
84261
84973

1.705
5+45€
6,585
T.492
8,574

2,574
Te7138
8.479

1,609



Table IV=D

Stripping reactions

Spectroscopic factors for single particle

transfer reactions,

Final state J transfer Cal.l

50Ti 0
2

Sy /2
3/2
5/2

(3/2),

(5/2),

1/2
/2
3/2
5/2
7/2
3/2
5/2
7/2
5/2

1/2
3/2

5/2

7/2
3/2
5/2

7/2
3/2
5/2
3/2
5/2

2,000
1,976
0,003
0,009

1,953
0,004
0.020

1,720
0,140

0,006
0,997
0,004

0.001
0,837
04163

0,715
0.032
0,023
0,859
0.551

Cal Il

2,000

1,835
0.076
0,007

1,954
02007
0,016
1,917
0.aéd

0.154
0,923
0.001

0,011
0,988
0,006

0,738
0,002
0.001
0.951
04,615

Cal ,JII1I

%000

1.649
04156
0,020
1,872
0.019
0:045
1,797
Q.101

035331
0.830
0,005

0,076
0@885
0,077

0.729
0,006
0001
0,929
0,713

EXp Y

0.75
0,012

045
024



Pickup reactions

Final state J

49

50

Sc

Ti

7/2

trangfer Cal.,I

/2

7/2
7/2
3/2
5/2
7/2
3/2
5/2
7/2
5/2
7/2
3/2
5/2
7/2
3/2
5/2

2,000

0,715

0,398
0.002
0,027

0.687
0,006
0.008

0.764
0,003

0.002
0,001
0,001

0,001
0.002
0,001

Cal.Il

24000

0.738

0.356
0,005
0,002

0,712
0.002
0,003

0,999
0.003

0,020
0,001
0.,001

0.003
0,001
0,001

Cal  JII

2,000

0,729

0.301
0,006
0,003

0.661
0.003
0,006

0.888
0,007

0,099
0,001
0.001

0,034
0,001
0,001

Expr.

1,93

0.74

0,37

i.24



Table I1IV=E

50,1,1

Pransition
2 — 0
4 — 2
6 —— 4

Sy

7/2 = 3/2
5/3
9/2

11/2

3/2 — 1/2
5/2

9/2
11/2

B(E2) rates as in earlier chapters.

Cal.l

0.5231
0.5250
0,.,2028

0,1150
0..8385
0.1785
0.6220

052300
1, 1178
0i51400
0.4146

Cal,.Il

0.3542
0,4093
0.2062

0.1462
0.5321
0.1580
0.,6618

0.2922
0.7095
0.,1264
0.4411

Cal.III

0.8789
0.6056
0.3112

0,3000
1. 1717
00,3216
0.,6102

0,6003
256622
00,2573
0.,4068

Expr.

0.66
0.60
0.34

0,27
0.92
0.22
0.90

0.72
1.54
0.27
0.78
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Hamil tonians and wavefunctions of siv,

00,0455

0,0889

Table IV—~G
Calculation I. J = 1.5
3 By v s B % o
3 ;20050 A @ e
13.6430  —0.4668  0.3264 " 0.2058  =0,3358
- 0,4668 11,2246 -0,9938 10,0811 ~0,4991
0.3264 -0, 1938 10,5912 -0.0302 0,4323
. 0.2058 10,0811 -0,0302 7.7604 0.3531
- 0,3358 ~0,4991 0.4323 0.3531 7.3810
13,7806 11,2737 10 5525 759509 7.0424
0 09770 0 o 19 55 "'0 .0 449 0 .'00 24 0 007 23
- 00,1801 10,9268 0.3054 .0.0449 0,1155
0374068  =0.,2747 049474  -0,0622  -0.,1100
. 0.,0288 .0.,0187 0,0062 0.8845 =0 ,4652
- 0.,0284 -Q. 1645 0,0865 0.4601 0,8677
J = 26
2 2 .

43 TR PP TR & OF LU i C AL R I
14,2506 _0;1954 = =0,13727  .0.295577 10,6504~  0.2959""
- 0;11954 9.5135 003771 -000662 -0 0020 0.:344
- 0,1372 10,3771 9,6212 0.4075 =0 +2827 0.1933

0.,2955 ~0.0662 044075 10,8822 1.3608 10,6497
0.6504 =0 ,0020 0;r2827 1,3608 .9.4049 =0,4107
0.2959 0.1344 0.,1933 066497 =0 44107 7.6759
14,4319  11.6276 10,0455 9.8217  B.5693 72524
0,9726 ~0,2054 «0,0849 -0 40130 ~0.0864 =0,0607

- 0,0415 0.0223  =0.5450 048129  ~0,1867  ~0.0709
- 0,0261 00,1408 -0,75671 -0, 3954 044988 10,0328
051500 0,8615 -0,0210 =0 1380 -0 ¢ 3570 ~0:4:2073
0711642 074329 10,3092 0.3822 036339 0,3769
~0./1626  =0.1323  =0,4316 048717



J
. 14,5075
- 00,2065
. 0.,3887
- 00,6581
- 0,5705
- 0,5477

14.7431

. 0.,9966
- 0,0392
. 0,0780
- 0,1649
- 0.,0878
- 0,0604

J3

. 12,5987
-~ 072834
- 0,2882
- 041711
1,1157
0.5302

12.9768
0,9539
- 0,0507
- 0,1014
- 0,1359
- 0,2351
0.0593

3

3% 2);
-0,2065
.9,2075
wl) 4238
0.1118
.0.2180
-0, 2880

10. 4879
0.1859
.0.1137
-0,1973
0,9313
001772
-0,1223

RO L
-052834
84,1066
04063
.0,1098
~0,2231
0,4528

10,1418

0.2352
0.0672
00,2822
0.8182
03,3932
0,1911

J

= 3.5

SR OFL
0,3887"
-0 ,4238
.9.5869
-0, 2820
0.,4026
0.0859

9.9118

0.0257
10,5313
=0.7876
=0,2019
-0,2278
-0,0641

J = 4.5

i%e)3
-0, 2882
0.4063
9.,4390
0.2558
051053
-(,0621
9., 4609
-0 0299
~0¢2692
=0 ,9 100
00,2428
0.1968
0.,0308

2, ..
3(2) g
~0,6581"~

0.1118
-0, 2820
10, 3370
0.8758
-0,3242

8,9502

-0.0139
0.8260
0:5559
0,0032
0.0252

-0,0887

3%(2) 40
~051711"
0+:1098
052558
99,2331
1.4909
0.6174
8.1700

~0,0321
00,9056
=0.,2807
_0.0507
=0, 1675
0.2637

FROVFIE

~0,3705""
-0, 2180

0.4026
0.8758
11417
041005

6.9120
0,1030
0.1427
«0,1240
=0 20945
0.6549
0.7183

i%a) g
-:1157"
-0,2231
041053
1+:4909
7,6182
0.,1051

6.55]5
0.1633
0.2173
~0,0083
-0,4428
0.8470
~0,1119

i%(e)

=0.5477""
-0, 2860

0.,0859

~=0,3242

0.1005
6:9279

6.7035

0,0122
0.0243
0.1017
.0.2364
~0,6925
0.6734

RGP
0,5302"

.0.8528

-0.,0621
0.6174
0.1051
6.5617

6.2564

=0.0788
-0,2307
0.0568
~0.2335
0.0766
0.,9365



J3

12,5231
_0,2161
-0,0875
1,0623
151744

13,0436
0.9475
0,0398

~0.0403
0.2647
0.1702

10,8687
0.,1451
-1,9075

14,7059

0.,9158
0,0045

J = bab

R FE
0.2161
7.4379

~0'e4329

0,3223

~0.4953

94768

-0,1885
0,2723
-0,5988
00,6916
~0,2313

J

i%e)3"
0.1451
5,8748
0.2660

666409

043722
043665
048527

——
9

D
J (6)3*
-0,0875
~0,4329
68,4957
~0.5697
04,3981
8,1693
0,;1688
042315
-0,6765
-0,1136

TeS

. 2

J(e)j"!
-1,9073"
0,2660

73591
5,7557
061510
~0,9304
0,£3340

i%a)i

-~m

1,0623
.0.3223
=0+5697
_9.1322
=0.0419

T+3924
00,0546
00,8508
00,4175

-0,0617
-0,3082

RO
1,1745
~0.4953
033981
-0,0419
647809

5.2841
~0,1877
.0,3832
~0 ,0887

0.0221
0.,8998



Calculation II.

13.5307
0.0000
1,0573

. 0.1888

w 0.3025
13,9037

0,9461
0.,0435
0.3152
0,0492
- 0.,0343

13,6232
08501
0.,9625
0,0000
0.3455
0.,2389

14,1433
papsse
042344
0.2671

- 0.,0226

0.,0587

0.,0445

d =

i%0) 3"
0,0000
11,7669
0. 3009
00,1970
0.3384

=0 1029
0.97561
0.1731
0.0587
0.,0722

J

i%2) 3"
o.BSOi
9:,:8272
0.7041
0,.,1608
0.1489
0.,1527

10,7878
~0/ii16T4
0:2284
10,3434
=0, 8806
=0,1315
=0,0191

1.5
2 . .2
3325t i%23 A
1.0573 0.1888  =0.3025
0,3009 0,1970 0.3381
10.6312 0.4021 0..0550
0.4021 745983 0,1058
0.0550 041058 6.6449
10,2647  =735478 625987
“0.,3032  =0.0045 0.0478
“0.2041  «0,0447  =0.0605
0.9247  ~0.1245  ~0.0118
0.1036 0.9868  «0,0974
0,0234 0.0929 0.9922
2,5
2 2
P U () FELE €5 F L
0.9625 0,0000  0.3455
0.7041  =0,1608 0 41489
10,0979 0,2761 0.0120
00'2761 1005822 003517
0.0120 0.3517 8.2989
0.2958 0.,2219 -0,2026
10 0750 9.,2555 8.2581
_043149 00,0165 =0 0519
(05417 -0.7692  =0,0883
=0,6373 0.6277 10,0639
w0 4349 06,0551 -0.1281
-0.,0644  =0.0952 0.9683
-0,0895 0:0450 -0:1772

3% 950
0,2389
041527
02958
.0.2219
=0 ,2026
649511

6.8607

-0,0271
~0,0363
-0,0810
«-0,0818
0.1687
0,9779



j3

14,6502

-0 « 39 40
-0,2058
-0,2358
=0,4033
-0,4952

14.7493

10,9922
-0.,0738
=-0,0474
-0 ,0409
-0,0549
-0 ,0560

12,8153

-0,0423
0.3578
.0,0937
~0,8176
0.,4972

0.,9733
=0::0040
0.1540
.0,0038
-0, 1536
0,0730

Jd

i%(2)j"
-0.3946
.9.2008
~0,0482
0.,0608
0.1347
00,1937

10.2236
-0 .,0434
0.0b676
~0,9937
00,0710

=0 .p081
~-0,0481

J
3383
«0.,0423

8,7651
10,6488

-0,1574
0.,3990

-0, 18564
10,6249

wl o 1477
0.3313
10,9211
-0+ 1399
«0,0202
0.0093

3,5

T
J“(4) 3
~0.2058
-0,0482
10,2116
~0,0781

0.0670
0+2481

9,1879

0.0874
00,9816
0.,0607
0,1402
0.0619
0,0405

= 449

1% 6) 5
0723578
0.6488
104143

-0,1733

-0 ,2765
0412267
9.,06657

=0,0129
-0 ,0743
-0,1249
-0,9511
=0,2625
-0,0713

2, .
i (2)j
-0,2358
$0.,0608
«0,0781
8.8798
0:i2224
-0:1211
8,8858

10,0351
=0,1514
0.0610
0.,9796
.0,1017
=0,0454

3% 2) 41

- -

0.,0937

-0.,15€4
~0,1733
8.9654
0.4271
0.,2158

8.6922
=0, 1036
«0,8921

0,3129
.041023
=0’ 2820

0.0745

R CVELL

-0.4033"
041341
0.0670
0.2224
7.0458
0.0063

66,9945

.0.,0450
~0,0488
«0,0203
~0.1114
_0.,9913
-0.0122

334y

~0,8176"

.043990
-0,2765
0.4271
.T+8779
=0 .00 27

7149 30

0.,1218
-0 ,2879
0.1047
-0,2484
0.9086
00633

3%(e) 40
~0,4952
0,1937
0.2481
-031211
0,0063
55957

S5.5429

.0,0523
~0,0488
=0 ,0506
0.0388
0.0107
0,9953

2
J(e)yre
0,4972"
~071854
02267
10,2158

~0.0027
5.9043

048276

~0.0713
0.0773
-0,0592
~0,,0593
=0,0443

0,9899



ja

12,5854
.0.,1512
~0,6966
0.5314
0.9902

12,9240

0.9674
_0.0498
-0, 1670
0.1110
0.1462

J3

11,5512
10,1520
-0,2734

11,9472

00,9550
0.0029
=0 2967

J
3% 4)
0.1512
8.1508
~0.2110

0.1933
0,2383

9,0728

-0,1119
10,0985
-0,9202
=0 ,3539
-0,0755

J
i%6) 4

0,1520
7.0217
0,4416

7.7544

0,2488
00,5373
0.,8059

= 545

RCIL
-0.6966
-0,2110
9,0600
0,1644
0.1427

8,5162

~0,1520
0.4747
w0.,2443
.0,8293
=0 ,0647

= 7.5

3%e) e
~1.2734
0.4416

7.8530
6.7243

_0e1617
0s5124

3% 4y 0

~ -

0.5314
0.1933
0.1644
8.5459
-0,0698

8.0554

~0.,0151
-0,8633
=0,2328
.0.4087
~041822

i%e) gt

0.9902
0.,2383
0,1427
-0.,0698
6.5050

6.2788

-0,1679
=0,1307
-0.,1068
0.0880
0.9672



Calculation III.

d3

13,1115
-0 ,0000
-1,4457
.042720
-0, 4790

13,7888

10,9105
-0.,0763
0453997

0:0539
-0 ,0504

J3

13,2879
~1.,1624
-1,3162
0,0002
0.5276
0.3387

14.2009
0.8953
=0 2850
-043317
~0,0315
0.0662
0.,0431

J & 1.5

. 2
3%(0) 3 i“(2)j
~0.0000 -4, 4457
11,5663 074461
04461  10.3806
-0 .2694 =0,2892
1.7168 9.6803
0.1548 0.3737
0.9643 . =0,2301
0.1741 0.8963
~0.0620  =0,0395
-0, 1099 -0:0508

J = 2.5

2
2250 i
_1,1624  -1.3162
9.2666 1,0822
1,0822 9.6785
0.2200 04,3775
01377  =0,0164
-0.2089  =0,0022
11,3503 946144
0.1236  =0,4085
041369  =0,5595
0.19061  ~0.6521
039189 01312879
02681  =0.0693
00,1067 0.8839

3%(2) 30

-~

10,2720
=0,2694
~0 42892
6.9193
00,2675

7.0333

0,0227
00,0953
0.0817
0,8440
0,5209

3%0) 3

[adlal

0.0002
0.,2200
0,3775
10,9138
0:8505
0.6459

8,6172

-0,0774
0.4096
=0,4683
-0is:1006
.0,6681
-0 , 3878

2
J (4)3:1
~0.4790
~0.4624
~0,0752

02675

637171

654755

0.,0831

0.0484

0.0023
-0ﬂ5285

0 .18435

Jz(g)Jcc
0.5276
0.1377

=0,0164
0.8505

.8.3682

-0,5897
8,2229

~0.0686
~0,6463
(044547
~0ie1177
.05369
-0 42623

3% a3
0.3387
-0, 2089
~0,0022
0.6459
-0,5897
T¢1484

6;6511

-03:0751
.0.,0389
=0,0164
-0,2187
0.4292
0.8724



J3

14,6281
0,5388
0,2815

-0, 3472
~0,6159
-0,7383

14,8247

0,9862
0.,0869
0.,0535
-0,0591
=G .0785
~0.,0855

J3

12,5076
_0,0583
-0 ,4893
.0l¢ 1626
-1,2246
0.7657

.0.9433
-0,0346
-0,2225
=0,0216
-0,2247

0,0925

J

i%2)3
0.5388
.8,5178
~0 .09 25
0.2582
—0,1843
~0,2649

40,1990
-0 o0 286
-0.,0312
0.952a
0.i2336
10,1783
~01:0855

J

1% 95
0,0585
8,0786
1.0000
0.,2152
0.,0929
0.2534

10,9101
0.2292
0.3434
0+8645
0.2317
0.0900
0+ 1428

345

i%(4) 40
0.2815
~0.0925
10.6614
0,1069
_0esd744
-0.3392

B.3874

-0,0392
~0,3281
.0.2380
~{},9040
~0,1084

0.0922

= 405

3%6) 3"
~0.4893
1.0000
10,4855
0.2370
0/4:3781
0,3286

9.i2652
-0,0312

0.0279
10,2912
-0.8586
-0.3971
-0,1365

3%2) 0
-0.3472
0.2582
0.1069
9./2418
_0.5379
~0.3132

8,3953

.0.1197
-0.9338
~0isi1167
0,.2883
051224
0.0476

33(2) 400
0::1626
0.2152
032370
8,7534
1,0732
016094

7.7023

. 0.,0645
-0,9350
043371
0,0566
0.0638
-0,0281

i34y g
-0.6159
-0.1843
m0, 4744
0.5379
647554
0.0468

6.5393

00,0732
041018
Os11%1
~0,1747
0.9633
01097

i ez
-1,2246"
0,09 29
nQ, 832841
1.0732
.7,3369
~0,0360

6.6633

0,2145
~0,0475
-0,0278
~0,3834

0.8698
~0,2174

3%(6) 01
=0,7383"
-0 ,2649
=0,3392
-0,.3132
0.,0488

6.0056

38645

0.0732
00,0694
0.0840
.0.1067
~0,0952
0.,9811

a9
3%(6) 31+
0.7657
0.2534
0.3286
10,6094
=0,0360
6.1150

5.8522

=0,0796
-0,0610
-0,0627
-0 2419
041520
0.9510



j3

12,3677
-062067
00,9525
0.,7762
1.4855

13,1198

.0.9300
-0,0538
0.2344
0.1421
0,.2389

.3
J

11,4686
-0,2078
-1,9141

12,3111
.0,9154
~0,0461
~043998

J

[ ]
J°(4) 3
~0.2067
T.4526
-0,3391
10,3158
=04} 3259

9.,3678

0.0731
042479
-0 +5096
0.7954
~04 2020

1%e)3"

~0,2078

643743
0+2086

7.0870

0.4021
0.1472
00,9037

= 0495

i%(6) 3
_0.9525
-0,3391
_8,T277
=0,2248
0.6582

8..2399

0.2798
_0,0425
-0.79 16
-0,5413

0.,0181

Te5
NOFE

-1,9141

0.2086
7.908&8

643455
00,0172

~( 29880

0+1533

o
J°(4)jre

0.7762

0.3158
-0.,2248
.8,9852

-0,2710
753326

0.0548
0.9551
-0.2014
-0,.1941
=0 ,0806

i%6) o
_1.4855"
-0, 3259
.0.6582
-0,.27 10
66,7779

6.2511

~-0,2201
.0.1470
-0, 1351
041282
0.9462



drastically affeated bY increase in the size of the model

Space. The discrepancies in the calculateq €nergies are

about the same when comnared - o smaller Space calculations.
In the case of empirical interaction in relative states it
is not possible to gzet botn binding energies and the Proverty

that jj-coupling matrix elements of the interaction be

i on the averz2-e without makinz 591me of the '
repulsive B i Inz -

negetive. This is 'reaiza oF the corfri

cients of transfor-
7/2 0. ,/Z;'IV'.?'T /,; ro I
and 4 for all s-,p-~ and d- states,

mation for the m-irix elementg <f

This has hv}f}n
out earlier in connection with small nnane Cﬁ]cnlntinns,
results could not charge much inspite of inclusion of f

5/2
admixtures. TIn the cace of surface interaction also it jo

The

more or less the same. An attempt to determine the strensthg

of surface interaction to fit the €mpirical matriy elementg

of Tips et al results in one of SDT, STI and Pairing being
epulsive. The surface interaction determined however
r .

reproduces the energy levels and properties Very well with

only a few parsmeters. In summary the large soace calcula-

tions improve the energy levels of “ly satisfactorily, The
B(E2) rates and S~values are much affecteg by inclusion of

1f, ,, admixtures for the surface interactiop with effective
na;éfs, The results tend towards thpoge of SnT calculationg

i thin complete fo shell model space,
W1l 2

30 far simple models have been considered fop the



nuclei "t and 51V. NDifferent interactions have been usged

for these nuclei with the model space containing only the
1owest configuration and those obtained by raising one
narticle to 2p3/2 and 1f5/2 orbits. However the orbits

Ve, PP ts Ll and 2py /- belong to the same degenerate

single oscellator shell. Their single particle energies differ
becauge of their interactions with the core and nossibly other

renormalizationS. Therefore for any n-particle system one

would like %o consider all the Pauli allowed states in fp shell,

n
1 .
s % in fp shell and calculation is not possible with the

This is a very big problem for

n
available computers.
j1J > where Jyi' = lf7/2f2P3/2,1f5/2 and 2pl/2 and

There are 50 two particle states of the

kind |JJ
they are€
|12, /5 2P3/2 7 =234
=3 4
|29/, 20172 97 >
02
205 70 203/2 77
-1 2
1295 /2 1572 >4
=12
|205/2 2P1/2 77
IS =024
115572 1%5/2 ,
=23
[1f5/2 2p1/2 12
=0

J >

2p
2p 1/
| 1/2 / Total 30



Therefore the dimensions N& 0of thege Spaces ape

T = “33,8,5,6,2,2 respectively for the aneyla-
J = 0,1,2,3,4,5 and 6.

1

mementa
The total number of +wn body M &g -
elements required are z “J('ﬁ+1)/? = 94,

I'he sizes of the
Spaces for allowed angular momenta of n

—particle gystems
increase rapidly even for maximim isospin States with n, Mgre_
over to determine the two body part of the Cffective interg-
ction one considers two bparticle systems because the 3-body

and n-body n > 3 parts of the effective interaction 4o not
operate for two particle systems. Therpe are three closeq shell
auclel in fp shell region and many two particle or equivalent
nuclel. Shell model caleulations for nuclei 1iye R T
possible because of the dimensionality mentioned above, 1,
determine effective interaction far BQPi there are not many

Inclusion of 4aCa and 58Ni for
which T = 1 matrix elements of the Interaction are needeg

provides a few more states for use in Tittine, witp the

assumption that the nuclear shell moge] effective interaction

is charge independent. The lowlying specirs of these nuclei

0.
are not too far different from that of ° Tis In the case of
58Ni the dimensionality of the spaces Will be, since 1f

7/2
neutron shell is closed, QJ = 742,5,2,2 for J = 0,1,2,3 ang 4

ctively. Therefore calculationg Can be done,
respe ==

Putting
three nearly two particle systems togetherp for the detep
re

ination of the effective interaction jg compalible with 4pe
min



belief that a universal effective May exist., 1In what follows
results of calculations in which effective interactions are
determined to fit the lowlying state of SOTE, 42n1 - 58Ni
nuclei.

Experimental and theoretical investigations on BOTi
have already been cited, The ground state of 480a 1s a good
closed shell core and therefore 50Ti can safely be describeg
as a two proton system above inert 480a core. The €xverimentsl
energies are taken from Nuclear Level Schemes...87 and the
single particle energies are taken from the work of Erskine
et allo for this nucleus, In a recent SexXperiment, two neutron

transfer, J.G. Pronko et a193 1t was foung that the States of

soTi near 4 MeV excitation contain considersgble amount of

neutron excitation from the 7/ veutron shell, qpe lowest

ever simple two proton states

states of this nucleus are how
o)

48

above "Ca. Ti are considered for fitting,

These states of >

There are many experimental ang theoretical investi-
zations on 42 This is a two neutron System above 4QEa

core which contains egqual number of neutrons ang orotong

Ca,

filling up to and including 2s 1d shell. The energy levels

of this nucleus are given by PM Endt ang Van depr Leun94. The
spectrum of this nucleus contains many lowlying ot and 2%
states which are thought of as due tg possible core excitationg

and deformations. A sequence of levelg g+ o+ 4% ang e+ woulg



be obtained in shell mod = ;
model (f7/2) configuration, The confi-

gurations f &)
7/2 93 /27 f7/2 Py /2 and f7/2 f5/2 contribute ‘o

the spectrum at higher energy. Pairing vibrational states

start at about 6 MeV excitation, In a reaction like

41 424 2
Ca th 5t
a(dp)  “Ca the (f7/2) states and (f7/2 Pz /5 P1/p f5/2)2

states are excited. W Tow 35 s
a CW Towsley et al?” find that, since E2

operator do€s not connect f and d orbitg, in order to get E2

properties one hag to resort to large space and instead
ad co-

existance model gives useful results. In this model the stat
ates

o ~=-umed to be mixtures of (fp)g shell model states and some

complex states, presumably deformed, The authors calculated

ctions from the E2 matrix elements. They obtained the

wavefun
complex states as follows.
0g 0.0 MeV 0.52
og 1.836 -0.85
2{ 1.52% _0.76
25 2.423 0.65
4 exifol 0.44
43 34250 -0.90
67 54191 -
65 5,790 ~0.89
fhey 2lso snowed that 0%, 27, 43 and 6% belong to a rotational
band. On the otherhand the 22 also contains sufficienlly the
state contribution. MC Grory et a196’97, D, BaeEies

compleXx

81 ,onsider simple shell model wavefunctions. The e
o X nergy

et al

ey



levels and spectroscopic factors obtained by D, Banerjee et
al guite satisfactory. In the following the nueleus of 420&
is considered as a system of two neutrons in fp shell above
40Ca inert core and the single particle energies are taken

as 6|57/2‘ = 8456 MeV, L'..F’/‘-: 6.29 Mev’ ‘lh“ - 2.86 MeV ang
sy, = 4.23 MeV respectively as done by D, Banerfes Bt o1
and the lowest states are considered for fitting,

8
In the case of > Ni nucleus the experimental energies

are taken from Nuclear Level Schemes ...~ ', There are several

theoretical calculations on this nucleus., The single particle

energies are taken as &, =10.257 MeV <45, = 9,477 ¥ev

and &, = 9,177 MeV like every one does 46. The binding
energy of 2p3/2 neutron is taken from the Binding Energy tables,

58 .
1964, The nucleus of Ni is considered from shell model by

ho6
several authors though the - Ni is well known to he a deformed

and not simple doubly cloced core, Poor results 0f B2 rates

are usually attributed to this asveect, §.p. Pandya and B.p

Singh46 consider this nucleus to consist of two neutrons in
f5 shell and state dependence of effective charge to reproduce

®2 transgition rates. They consider that the nezlect of core

excitations results in such a complex effective charges. In

the present calculatlons however simple (£p)° configurations

agsumed for the two neutrons aboves the 56N1 core in order to

obtain an effective interaction suitable for all the three

4 -
-
&

5OTi and "Ca, No attemst is made 1o calculate

nuclei 58Ni



the E2 rates.

Calculation- -
empirical interaction in relative g- AMd p~ states and the
o ther with surface interac+ij

ion of the kingd taken in Chanter T,
Lhe single pariizle energies used are given in table IV-H, the

parameters of interactions obtaineg are given in table IV-1,

while the energy levels and wavefunctions are giv

N in tahlcs
IV-J »n1 IV- respectively. For comparison exoerimen<al
results ' and theoretical resultsS531,46 are also eiven
in table IV-J.

In the nresent calculations all the In

2'S of €mpirical
interaction are obtained positive.

The repubsion on the
average nronerty does not seen

Yo hold zood for this complete
shell calculation.

Compared to the calculationg With smaller
space, 2p3/2 admixtures and lf5/2 admixtures the P

arameterg
in the present calculation are quite different,

They are small
and are all positive. In a similar caleculation For 25

di alone
and taking all the thirteen excited states forp least squares

fitting, 3.P. Pandya and B,P, Singh obtained g negetive

Value
for Iy - The interaction determined by tnen pushesd the

a2 .
and 63 of 20p; ana *%a for below

the experiment though -8
levels are well reproduced,

In the present calculation the
+
lowes?t ot 4% 6% states of

"o are with in 10 wey from the
exneriment and those of 4203 are with in 50

KeV for 4% ang g+



while the 2% is about 70 XeV above the experiment. It hag
already been mensioned that the 2% states of 42Ca contain
more of complex states than the 4% ang g% states. The worst
disasreement is with the 2? state of 58Ni which is obtaineg
at 0.95 MeV while the experimental value isg at 1.454 eV, The
iowest 2% and 3% states of 58Ni are pushed down by about 0.5

MeV while the lowest 17 is by about 0.7 Mev. The lowest 4%

is obtained at about 0.2 MeV. The states obtained in this

calculation are in general pushed down and compressed in the

EO -
case of the ~Ni nucleus, while the states of 3OT1 and 4aCa

are more spread than the experiment.

93 ;
According to OLE Hansen, the 0" near 6 MevV contains
o 2 Z ey 2 3
'f/2 By fas f5/2 md the other (fp)” states lie above the
multiparticle multihole and deformed states around 3.2 Mev
55 4%3&. MC Grory et al9U conclude from their caleulations

42,
that the 0" state of ""Ca at 1.84 MeV and the 2% state ot 2,47

MeV are not simple shell modela states, There are geveral 2+

and 4% states below 6 MeV, The present results, a 0% state at
6.14 MeV and oY states at 4.59 MeV and 6,23 Mev in the empirical

interaction calculation are in agreement with their observations

According to JG Pronko et 3193 the 07 level at 3.37 MeV in 50Ti

and ot state at 4,31 MeV are composed of one and two neutron

excitations from the f7/2 orbit. A new 0% state gt 7.19 MeV

. 99
excitation has been recently found” -, Therefore the states

obtained in the present calculation, g at at 8.53 MeV and a pF



at 5.96 1MeV coulqd be compared with rha

"7"'_1--"\'";..:‘.-? 3T o e &

Fei9 and 5.70 MeV resnectively . hdleats that o

are simple 2 proton states of the kind YN S Lde e
The surface interaction caleulationg 2156 1=38 15 o
=& 901 P o ; " » [ 42 5R
or less same i of spectry 1o the nueloes 5 £, e 4 Jﬂ,i.
58.

In the case of

Hi the lower states oy rven

angulgr momentum

are more close to the €Xperimental stateg thidd

In the other

calculation, though, the odg angular momentyn ot

2tes gre g
little more excited than the €Xperiment, 71p the 2546 of

50Ti and "“Ca the results ecan be comoared win thoge of »

Saayaman et al and D, Banerjee et a7, The statesg obtainegd in

the present calculation are quite similar to those of R. Shays.,

man et al. In fact the 2{ state obt

v

2ined in the present caleyl-
ation is more closer to the €Xperiment, TIn the Case of 42ba

also the present results sre Comparable to those of PSTT

calculations of T, Banerjee et al, The lowest p* 4+

cstates obtagined in the present Calculations are a little better

than those of PSTI calculations, probably becaysge the number of

parameters in the present calculation is five against tWo of
the PSTI, which is a part of the interaction Considereqd here,

The binding energy of the ground state also is quite close to

The PSTT part of the present

the experiment and their result,

interaction. According to D. Banerjee ot 43 the two o* states



- "“~ . a4t 1,52 and 2.42 MeV contain deformed components

and their unperturbed shell model state should be around 1.99

MeV. The present result is 1.74 MeV g little closer to their

result. The scond 2% obtained in these calculations, like in

PSTI calculations is at 3.87 MeV representing the two ot states

at 3.39 and 3.55 MeV. In these calculations it appears that it
is possible to get an interaction equally suitable for all the
two particle systems near the closed shell nuclei %%la, and

56Ni Vore information about the structure of the levels of
the=e nuclei would be very much helpful to get a reasonably

good in‘teraC'tion for the fp shell.



n the calculations

mable LV-li single particle energies used 1
in MeV.

foxr the three two-particle sgstems,

1£7/2 2P3/2 /0 2P 4/

50T1 6 ’04 20}50 1&._:35 0,00 ( Se 58)
4244 5 o 50 3.43 0.00 1.37 (2.864)
58N1 - 1,08 0,30 0,00 ‘9-177)
Table 1V-l parameters of interactions determined.
/

Empirical jnteraction in relative s~ and p- states.

caloulation 2

T
1, 110 Y20 %30 o1 L4 S
5,5769 1.4007 8,4995 1#0951 0,0356 4.1919 3,2325
cal ulation 11 - surface interaction conteining SDI
c
and STI
\ A\
v, vy VI ST P
-1.0009 0.4437 0.,0188 0.0011



Table IV Energy levels of the two~particle systems in Mev

Experimental values and theoretical valuesg are

given for comparxison,

Nucl eus J
interac~ interac-
tion tion
cl.l Cal.II
S0y (g.8.)0 22.80 22,02
8,530 8,447
2 1.560 1,842
5.957 5.016
6,2649 8,192
4 2,670 2538
6.418 6.130
7.728 T.618
6 3(187 3.144
6. 847 6,509
420& (g,s,)o 20 430 19.612
6,136 5871
2 1.588 14,742
4,588 3.873
63228 6&712

Empirical Surface Irvin

2.09
5.35

2,69
6,07

3,20

D.B.

19,65
9437

1.92
39'83
6.00

B.P.S.

Contd,

Expr,

21.79
3.87
1,56
4.31
5.70
2,68
4.80

3. 20

19‘835
1.84
5.85

1,52
2,42
3,39
3.65
4.75
4,86
5.20
6,27



581

4 2,695
5.030
6 3,235

(g.5.,)0 22.982
1.574

3.465

1 2,226
2,599

2 0,951
2,113
2,629
3,032
3,960

3,962

4 2,276
3.918

2,643
4,812

3306

22,865
30323
5.069

4,143
4,445

1.293
3,284
3,864
4,090
4,618

3569
4,983

2,778
4,405

250
4.56
2,82

3.36

2,675
3,950

2,898
3.?278

1,489
2,692
2.922
3+355
3.821

2,967
3.975

2.291
3,665

2.75
4,45
5,01
6,10

3.19

2,943
3.531

2,902
3.593

1. 454
2.775
3,038
3.263
3,898

36420
3.774

24459
3.620



Table IV-K Wavefunctions of siates obtained in the calculations.

Calculation -~ 1 Empirical interaction in relative siates.

Nucleus 9074
J Energy 7 33 55 11

0 0,00 0,995 05,069 0,048 0.049

1
8,53 ~0,087 0,801 0.589 0,067

02
77 73 75 33 se - s s
5 1,56 0,978 0,033 -04187 0.023 0.004 0.065 0,040 0.012
1
. 5.96 0.075 04803 04562 0.141 =007 0.084 0,068 0,031
2
o .27 0.169 03585 0,780 0.075 0.017 0.014 0.032 07007
3
71 73 75 71 45 -
4 2,67 0.996 0.025 =0.072 0.045 8088 ~0.508
41 6 42 ~0.018 0,927 0.272 0,228 0.117 0.042
4
: 1 73 0.072 0,209 0,948 0.058 0,049 0.037
4, T
77 75
6 3,19 04986 0.168
1 | ) -
6. 6,85 0168 0,986
2
2ca
Nucleus ca
77 33 55 11
0.0 0.992 0."102 019*043 00_.068
0 .
’ 0,981 0,140 0,077

6,14 ~0¢ 112
°2 . Contd,



7 73 75 33 35 31 55
51
2 1.59 .
1 0.980 0.055 -9, 156 0.043 0,005 0,100 -0,03
i . = e i °
2, 4.59 -6.057 0,377 o0.083 0.153 -0.,018 ¢ 097 o
i . . 00035
23 6423 0,036 =0,-189 0.489 ; o0zt
0.829 0.033 0,465 0.079 0,038
77 73 75 T1 35 55
41 2,70 0.994 0,087 -0,060 0.069 0,039 -o 002
4, 5.03 -0.061 0,952 0.102 0,265 0,094 ¢ 025
77 75
61 3.24 0,991 0,138

Nucleus 98y

33 55 11
01 0,00 0,646 0,753 0,126
0,  1.57 =0.760 0,657 =0,081
03 3047 =0, 144 ~0,042 0,989

35 31
11 2023 1000 0000
1, 2,60 0,00 1.00

33 35 31 55 51
21 0.95 0,855 0:';"}129 00,387 07,300 074115
22 2,11 70‘497 -0.258 0,777 0,247 -03“:'146
2, 2,63 -0,004 ~0,802 0321 0.097 =p,305
2. 3.96 0,049 ~0:349 ~0,114 0.880 0,93

Contq,



35 61
31 3.03 0,978 0.214
32 3.96 -0.214 0,978

35 55
41 2.28 0,994 0,114
42 3.92 «#0,114 0.994

Calculation = II Surface interaction

Nucleus 99p4

J Energy 177 33 55 11

01 0,00 0.951 04182 04+233 0,088

0 8,45 -0,250 0,919 0.221 0,210

2

77 73 75 33 35 31 - -

2, 1.84 0.934 -0,268 0.132 0,064 —0;058 ¢

) «074 0.1134 -{) 088

2 5.02 0,314 0.915 0,053 -0.094 0.122 —0,093

2

23

=0%044 o, 168
8, 19 _0.:128 06121 0,975 0,072 ~(0,007 0.053 0.096 ={) 014
.

77 73 75 71 35 55

4, 2,54 0.963 ~0.099 04210 —0.083 -0;066 0,08¢

4 6, 13 O.;178 0.876 "0’0 184 0.365 00179 =)

D 2045

43 7.'62 —0,‘194 00387 0.926 -0,078& -O|01076 0

+105
7 75

6, 3.14 0,960 0.280
6,51 ~0,280 0,960

Contaq,



Nucl eus 4203

77 33 55 11
01 0.00 0.932 0.271 0,207 0,126
5,87 =0,312 0,922 0.062 0.222
71 73 75 33 35 31 55 51
2, 1.74 0.852 0.444 0.116 0,118 -0,078 0,125 0,117 =0.121
22 3.87 0.496 0.838 0,001 =0,112 00093 =0%107 =0 ,000 0.137
23 6,71 -0.081 0.225 0.042 0,849 ~0,011 0.467 0,024 ~0,018
77 73 75 11 35 65
4 2064 00952 “’Oa 170 00184 -00134 -0.082 00075
1
4 4,81 0.235 00873 -0.048 0,399 0.147 =0 .0 16
2
77 75
p |
Nucl eus 58N1.
83 55 11
0.00 0,830 0,429 0,356
1 -
0 332 T 458 0889 -0,001
2 0,163 0,935

35 . 31
1 4,14 0,998 =00 56
11 4,45 0QV 56 0,998
2
33 35 31 55 51
2 1429 0.685 ~0,170 0637 0.191 =02240
. 3,28 0.422 0,633 0,026 0,376 0,528
2 ' | L0744 0,038 0.113

2 0+292
,86 0,590 ¢ .
. 0@463 =0 51186 0,864 0,026

2
3
%4 _:’zz 0.008 ~0+520 04074 04271 0,806

25
g5 - o1
3 3,57 00957 =0+ 290
o1 4,98 0,290 0.957
2 35 55

4, 2,78 0,98

4,41 00151 0,989



and energy levels, A study or these choiceg explain

of the features of the residual 1nteraction. A thirg choice

in shell model calculations ig the get of nucl ej

who ge elergy
level s and properties are to be explained. This chapter

is devoted to the study of the isotones of 4803 from 50T1

through 56Ni with some of the interactiong determineq ip

earlier chapters.

pifferent interactions are determineq jn the Preceeding

. 5 .
chapters to fit lowlying levelg of Or_m and 5:|v Fags

different choices of model space, The isotopic Spin hag

been neglected in these calculationg sinee Such correctiong

are small 1f the number of valance bParticleg jg Small, Tpe

calculations are 10 be done with correet Wavefunctions whyop

have a definite isospin.,  Exact treatment °f isospin involvyeg

more complications and neglect of ig0spin intloduceg Changgeg

in the effective residual interactjion, Thisg effect oqpn be



seen to depend upon the number of valance particles.
Consider the isospin of a neutron to be given by
= % and that of a proton t0o he t = %, t = -,
Z

z
The isospin of the ground state of 40

t =1

Ca iB T = TZ = 0,‘

The isospin of a state with n neutrons in 1f7/2 orbit

40 .
(n ¢ 8) above the Ca is simply 7T = Tz =n/2, Even if

gsome of the neutrons are raised to a higher oxrbit such as 2p3/2

the isospin remains to be the saume. The situation is

rent 1f the doubly closed shell core has excess neutrons,

di ffe
such as 4SCa. The isospin of a state of n protons in
48 ‘
1fi/2 orbit aboue Ca core is given by T = T, = 2j+1-n)/2,
j = 7/2 If a proton is raised to 2p3/2 orbit then the

state does not have a definite isospin but is a mixiure of

=(2j+1.-n)/2=‘1‘z and T..-..T):T( +1.TZ=T<°

T =T
These are repvesented dlagramatically as follows.
40 d
Ca groun Io® -0
state % z
p n
40""“03 (v ") /. T = TZ = n/2
Isotzlsleﬂ (r l‘§7/-’-‘)“ % Tszg( 2j+1_n)/2
of ca
* Tz=(2j+1_n)/2

("""‘/x—')(“fvj T

a mixture of T =T<& 'I'>
T, =(2j+1-n)/2



This situation will be the same if the exci ted proton

is in any one of the higher orbits and can be obtained by

coupling wave functions of ( n - 1 ) protons in ( 1{7/2 )
orbit with that of a proton in a higher obbit, The case in
which more protons are raised also can be obtained in the same
Way . Therefore, strictly speaking, these two configurations
should not be mixed essentially because of neutron excess

Only that component of the excited configuration which

core.

has the correct isospin T = T<, should be mixed with the

lowest configuration wave function,

5 :
Consider the case of 1? which has n = 3 protons

- 48Ca ground state. The case of higher isotones differ

only in n, the number of protons, and therefore in the numeri-
cal values of the Clebsch Gordon coefficients for isospin coupl-~

ing. The angular momentum has a definite value in the following.
- 2)j+1-n =P _ &/2

(T?Tz)=(T<OTz)T(—--2———-_. Z

vt [0, 5,) VT 4 (1, )]

T>= T<+1

i («+ 2¥ - (2, 1) W (T, 1]




It is the former ome to be mixed witn ‘;%?1 And f{
Ry o DO !‘d er

to do this we will heed neutron bparticle hole intoraotion
3

Instead, it iS possible to derive a i
odification in th
e effect-

ive interaction due to neglect of isospin in the wavefuncti
ctiong

asffollows.
Gonsgider T
ons 4 (T\, T )
and T
Tz=T>- : G T\

Tate can e used to olemludte D/l fron (g, o W
: ( Py e

get finally ¥y =( T, T ) = /T35 id - -
A+l I ~X+2 b

In this way we are able to eliminate neutron hole from ¢h
&

wavefunction. Now the nucleagy Hamil ton ean is to be diag
0na-

lized between the wavefunctiong (Jn) . »7/%%

The total wavefunction can he written -
n 3 . )
‘\r = 8 ’J JI> + b [_ J
HJ1 Ji Yq\- (Jl)

where J1 is the angular momentum of tp, (n-1) protonsg in

t in °
the 1f;,, orbi Vo

57



The matrix elements of the nuclear Hamil tonean to

be evaluated are

AN RN 7 I CC I T
11) . .?‘.9/»’“} | H ‘ V T(-"~ = \(Jn) \ H\ ¥ T<>
| ol W

1i1) % Jf"'r\

while the matrix elements of the first kind remain

as before, we have

oy, B> R DT

tonean is independent of charge

Sin
n .
we geb ((J)l | ..W/I%
Thus the consideratlion of isospin has modified the matrix

N 7

/W/J S to\k__t._\(i )\ B 7 ///ﬁ

element <3
o+l

Those natrix elements are linear combinations of the two~

body matriX eleme

and therefore ihe new factor J_?J; could be absorbed in

trix elements.

nts of the interaction, (.‘i J|vi|] j' 3>

the in teracC tion ma

inally the natrix elements < Yy | H|¥r D might

i by re-wri ting the wave-function vy, as follows.

NI
A
Y,

A"
Tid

F

pe evaluate

Yr <




The operator PT< =(1-1 T+4/( o +2 ) ) thus projects
out VYr, from fﬁi;] ’ Therefore

" - d+2 -.n"‘ -.. 3
< -}r\lH"W‘R) & /0{+!) (PT< rJ,v] IH|PT< UZJ/J,\

4 .‘_f:— . v e Y0 p: / = __l_. ... 7, oa '
a1 (< N oaﬂ\%(l-ilT_nt;i,])}
gxpansion of these matrix elements in texrms of the

two body matrix elements of the interaction can be done anqd

we can see that the isospin consideration ig equivalent to

replacing (Jj j'9 v | 33° J;> by

%‘j (ipdy Tloligip T2 - ;l;,\JnJ,:Il«}lJnii: B
In a calculation for a nucleus if the isospin ig
neglected the results obtained are to be interpreted to
contain the isospin effects in the interaction matrix elements,
ue to the Iactor(&+a/ g+1) we see that the isospin corrections
depend upon the number 0f valance protons, On the otherhang
in a calculation for several isotones together the above

expressions may be used with the wavefunctions free of 1sosping,

The proton-neutron interaction is another i1nput parameter in

guch calculations.
gince the piroton-proton interaction has been dodug.

required proton—neutron interaction taken from H, Horie

and K. 0gawa to obtain energy levels of the isotones of 480&.

They calculated the proton neutron interaction for the N . 29



isotones with 8Ga inert core,

b}" llmitlng the protons to
ifi/2 orbit and allowing

the last Neutron in any of the
gpa/g s A1

5/2 zpl/2 orbits ang took the €Xperimentg]

energy levels of the N . a3 isotones for the

pProton proton
interaction. The pn interaction must cont

ain Roncentra]
forces because the spin

orbit Splitting be tween

p3/° heutrons changes as wWe go from 48c3 to o6

BOrted
t0. The pn interaction thyg obtaineq contains g33 central
and non~central interactiong and is Suppésed to &€ive raige

to the changes mentioned earlier, Addi tional Neutron,

seells %0 break downm seniority Scheme
indicated by large contribution frop the higher

their calculations,

sp components
in the ground states obtained in their calculation

S According

12/2
2 Mev execitation in the N _ 29
isotones. It should be noteq that the Reutron ip these

to these calculations the nentron excitationg from

orbit are important above

calculations is allowed in P3/a » f5,, ang

and therefore the pn interaction determineg

containsg effects
of neglecting other configurations where ag jp the pregent

calculations only pn interaction between 11/2 Proton gng

does noq; contgin

andg p1/3 Aeuiron exeitg-
tiong, However 1t is not expecteq to change the interaction

neutron are needed, which naturally
Ps/2

the effects of neglecting I&/z

very much and therefore the pn interaction °f Horie angd

Ogawa is used in the present calculations.



Present calculations are done with three of the

interactions determined in earlier chapters which reproduce

50 . 5
energy levels of i ana °ly very well, These are

calculation IV of Chapter I with surface interaction

containing zero range parts, the empirical interaction in
relative s- , p- , d- states ( Chapter II )scaleulation VI
of Chapter III with short range interaction at the surface
and the phenomenological interaction that acts at the surface

With yO = 3.2 and F1 = 1.0 ’ Without Bpin-orbit and tensor

parts , ( Chapter III ).
the parameters are fur ther varied to get better exoi tation

In the case of the last interaction

ergies for 5014 nucleus. These parameters are given

en

below and the corresponding TEMES in jj-coupling follow,
e

Parameters of the phenomenological 1nteraction

1 I

v Vi Ioo I 10 20 30

144

0.5307
=0 44823
-0.8438

S A O

[\

0.60419
0.3101

IS

2+5539
~1., 2186

0.6425
-1.7585

TARARERZ

QJ

LA '+ B Y



Calculations are done for the four in

teractiong with
and without isospin considerations.

The results are Pre-
sented in Tables V-A ang V-B,

Tabl e V-A Containg the

en ergy
Ti through 56y

levels of the nuclei from 50

Ite Saayaman et. al, and K Lips et,al, are galgo

tal pure
configuration components, of both the seni

Oritieg ip the cage
of °%r J -2 ana 4, are given,

The binding energies of all the nucl ei Caleulated are
quite satlsfactory owing particularly to The fixagq single
E1f7/2 proton energy equal to 9,72 MeV, The effecqt of
including the isotopic spin in a1} nuclei ig o Seperate the
levels more compared %o the calculationg without lsotpic spin

considerations. This i1s essentially dque to the change byg

ught
by the proton neutron interaction in the Matrix elementg
Vit P > This prote
< f7/2 P3/2 | VI /2 *3/2 ) J Proton neutyon
interaction is fﬂlrly attractiveg ThiS eonSideration of
+ . 0
- n [
isospin improves the 27 states i Tl where tue 21 is

obtained high otherwise and the changeg jpn 4t

states ig
51 2
small, For “°V the (3/2),

State is further.Pushed down
t iS im roved by the sam .
and the (5/2), state P € effect in o131

; der of (9
the calculations. The orde ( /2)1 and (1;/3)1 states

is spoiled since the (9/2), 15 pushed dowm more than the

(11/2) In general the changes obtaineq jn 4, levels oy
19
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other nuclel 2
re al
SO same. The high sgpin st
states in
general

are much less af
affected by the isospin consid
wavefunctions o
are less affected in all th -
e states, ob
) tained

- the order of 1
evels and the strengths
except for
the

i Ca"'iul:

9
( /2)1 and (11/2)1 states of
5

sty
whi
ch changes the order

and those of 31\111.

The energy 1
gy levels obtained are quite sati
igsfactor
Y.

The lowest ctates obtained for each angul
ar momentum 3i
in

50, 9
Ti j'v aye muc
except the (9/2) and
. (11/2)1 states in °ly
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h better
than the resulis of SD I
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ation s,
- 52
\41) states of ¢r , (1.5) (
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in
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and 2 states of Fe, .
° The higher states how

not much better compared the SD I results ever are
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e nuclei °2 5

Cr, 31\

in

g levels 18 quite

Jow-1lyin
e calcul

ated levels are couparbdble to th

ose of

SDI ca

1cu1at10n8 in many casesSes In general t
> he resul
ts
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with the gurface

at the surface wi thout the ten
sor and s
pin

thos
e calculated with short rang
e inter-
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action compo
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the interaction is a 10 parameter interaction. As mentioned

earlier the interactions chosen in the present calculation
have 1less number of parameters and have less freedom. Even
in the case of the empirical interaction in relative states
the interaction is asswmed to be purely central and is also
limited than that of empirical interaction in jj coupling

states. Inspite of these aspecis of the interaction, the

resul ts obtained indicate that the surface interaction with

explicit reference to the effective radius can give satis-

factory results.
54
The case of 83y and Fe 1is different, The density

of levels at low energies is high in these nuclei. The

specira of these nuclei are lmown to exhibit core excitation
features particularly the one and two neutron excitations,

48 .
Even though the gZeSe of Ca, {core) is known to have only

4% excitation components the neutron excitations are import-

ant in these nuclei because of the number of protons and

56, .
pecausge they are near Ni nucleus. In the coriolis coupl-~

ing model calculations of Scholz and Malik deformations appear

e important in these nuclei. But in the shell model

to b
5 52
1V and Cr and the SD I calculations

calculations for the

of R, Saayaman et.al. do not support the deformations at least

foy these two nuclel. In the case of 54Fe, however, two

and neutron excitations seem to be important.

ljowest states in many cases contain large pure

The
5]
In 1V, (9/2)1 state the pure

configuration component.

configuration ig only 38% in relative state empirical inter



action calculations like in the calculations of Lips et. al

The same case is with the (9/2)1 state of 5ﬂur. In the

52 +
case of Cr the two 2" gtates and the two 4+ states

contain sdunixtures from the two seniorities, The existence
= 3 transition strength in stripping reactions ang

of 1
P
branching of E2 transition from GI state to the two 4t

states indicates that these states are not pure states, The
seniority mixing comes through the other excited configurations,

The lowest 2t state is knowm to contgain large o= 2

component and the lowest 4t state contains large y = 4

component. The ratio of the = 2 components in the two

states is 0.63, In the present calculation the 2; state
v = 2 component in all the calculations,

contgins large

The second 2% gtate obtained in cupiriecal interactiion

calculations and the short range surface interaction wi thout

tensor and spin oxbit part it is the third 2% gtate which

has large P = 4 component. The second 2+ in these
3 ,
cases contain large | j° (8.5) j' 2 component, qne 4+

gstates obikined in these calculations also are different,
The empirical interaction in relative states ang the short

range interaction at the surface ( without tensor ang spin

- ; +
orbit part ) lead to large ¥ = 4 component in 41 state

but not otherse The ratio of the ~_- 2 component in

these calculations are, in the oxder,

77, 14 18 186 72 66 7 (
—3) Sa’' 76°' 18’ 24 3 74
20 24 31



in the calculations hewhere it is less than
1" , 1% 1
much 1 i ’ °
ess than the ratio of experimental 023 In %
s he

nents are not given whilei
n the empirical
interaction

factors for gtripping reacti
ons is (0.259/0.9
. +989) In
’ the

present calculation isospin co
nsideration h
as decreasin
g

effect on this ratio.

1t shoulad be noted that in
the present c
alculations

the interaction contains fewer number of paramet
ers and acts

at the nucl eal surface and cont i
ains explicit de

ective ratio. This interaction determined to f
o fit

the eff
a0
of ®
s Ti and 1V in only a small

the lowlying gtate
configuration gpace works well for the higher isot
= gsotones of
t £

4803 excep
to be jmportant.

o» the states for which neutron excitatio
ns

are knownl
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CONCLUSIONS

Standard shell mogel studies start with an effective
Hamil tonian, In the present work the diagona) one bogy
part is chosen from experiment while the interactjion paxrt
is chosen in one of several ways, The single Particle wave-
functions are chosen usually to be harmoni ¢ Oscillator Waveo~
functions out of convenience, This harmonje O8cillator basi g
is found to be satisfactory in many casesvy Wi {h the chojce
of the model space and effeotive residual interaction shell
model studies attempt to explain the connection between

obsgerved properties such as energy levels ang electromagnetie

transition rates.
There are two basic methods of choosing the effective

residual interaction in standard shell model calculations;

phenomenological interaction with variable Parameters to be
determined in a least squares fit and emwpirical interaction
e

thod in which two body matrix elements gre treated ag
me
In the present work both methods aye empl oyeq,

parameters,
ch studies effects of choice of model Space on interaction
In su

if any, when several nuclei are chosen
dd effects, i

isotones or igotopes are of some importance, Propertieg
such as

he model interaction play a basic role. It jg well known
of the W

_ . cts at the nuclear surface
i qual interaction a )
that the residu
S work short range and zero Tange surface
In the

ical interaction in relative states are
and anpirlca
interactions

i d surface tengop i
1ta interaction an T intep.
surface de
s'budi ed,



the assumption that the radi
adial integrals
are equal at th
e

gurface. It is shown in Chapter I that correct di
radial
integrals atffect the B(E2) rates in 1y, Also th
. at since
for d i
el ta interaction one has (EJ + 2/BJ) = (J+1)2/(J+2)2
configuration (large j) th i
e excitation energi
gies would

for 52
pe proportional %0 o(ot) , 1.0(2%) , 1.15(4%) and 1.20(6+)}05
This means only too strong a peiring force effect with the
inclusion of ST, which does not have non diagonal matrix
el emenis, configuration mixing do not seem to be adeguate.
ai tional central interact

rals leads to very satisfactory effective radi
USe

& ad ion at the surface and correct
radial integ
ever the (2%) 4
and (5/2), states in o1y
be essentially due to zero range of the inter-

aQ
gtate in i and, as a consequence, the

How
(3/2) 4

This seems to

A possible i
ite region near the surface, 1s suggested not
oting

are still a little too high,

mprOVement, to make the particles int
er=

actione

act in & fin

the nucl eaX surface 18 not very sharxp.

a

The calculation
in relative states.
e over the usual empirical interaction i

n

It 1s explained that this

g gtatess From the resulis obtained it appe
ars

jon in relative 8=
the nuclei of 50 S
T4 and °%. Non-

jj eouplit
and p.states nay be

interact

that the

su fﬁ.ci ent

al interacti

e it makes the calculations imuensel
y large wit
h

ce]’.ltr

simply becaﬁu
ably gligh

t 1mprovemellt in resultis,

pIOp



The question of short range of the effective in

teraction
at the surface is taken in Chapter III.

Calculationg with
two choices each of the relative ranges and effective radiug

are presented. It appears that equal Yange for the central

spin-orbit and tensor parts has the tendency to reverse the

; . 5
(9/2)i and (11/2)1 states in °ly, The resultsg suggest

that the centre of mass of interacting Particles fixegq at the

experimental radius can reproduce the ellergy levelg of bo th

.
°Ori ana "W satisfactorily with a smaly fonfi gura tion

space as chosen.

Effects of the choice of the size of configuration space

are studied in Chapter IV, The excitation energies jn 90

T-

better with increase in the size of the model space,

for the

In
' the (9/2), and (11/2)  states in 51,

particular 1 1 are
obtained in coriect order with both empiriecgl interaction and
gurface interaction with zero range parts with correct radial
integrals with thc eiffective radius parameter at 2.5, mpe
(&/2)1 and (5/2)1 states are still not very satisfagtory
with the zero range interaction, Calculationsg for two
particle systems in fp shell by taking all Pauli allowed

: ion are also done in ] '
states into considerati a in this chapter,

It
appears that & single interaction may very weli account for
; 50 . 42 58 .
the excitations energies of Ti ca and Ni nucleti,

Core excitation effects are usually considered to be important

42 58
in low-lying levels of Ca and Ni but all the three
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The empirical interaction para
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In the last chapter the higher isotones of 48
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treated. In this chapter need IoXx using correct i
- ' sospin
wavefunctions 18 explained and isospin corrections
are derived

and used. The energy levels are not £i
tted in the
se calcul-

50
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° calculations with SDI and empirical interacti
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actors for transfer reactions and

The spectroscopic z
riec quadrupole transition rates presented h
ere

reduced elect
o satisfactorye: The present work assertains th
e
48

are quit
he small model space for the isotones of
Ca

gulness 0f

use
ca
interaction in jj-coupling states can provide a good descrip ti
ption
an attempt 1s made to study the effects of

of these nuclel.

j,n‘l’-eraCtion
el space and choice of set of nuclei in th
e

g in shell model calculations, effectj
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190 it hag
veen pointed out that all the Usually elployeq effective i
Interactionsg give similar Tits to the exporimental data,,
By studying the

the effects of choice of model Space,
e
two kinds, empirical central interacti
of
gtates are chosen,

discusseds It is found that theyprovi ge S8imilap
are 5

Spectya,

: values of the Parameterg With the c
s in the va

The change
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not very significant;

del space are

of the mo
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nfined to fp
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use in all calculationsg
beca
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t calculations the interactions determined for the
e presei ' .
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OTi » which are not of much

the nuclei 420& and
complicated spectrum in structure can be equally well

described by the sane effective interactions, It may

be noted that these findings are qualitatively in agree-
ment with the work of Knupfer et al,

Shell model calculations are bulky, Owing to non-
availability of several quantities, all the required
q uantities are recalculated in the present work, They
include coefficients of pfractional parentage, Brody

Mo shinsky brackets 4 E2 trangition matrices, quantitieg

in Racah Algebra. Calculations would be impossible

without an electronic computor,
needed for every calculation are written and checked by

A1l the programs

ducing earlier work publisbed in #tandard joumals

repro
before using for the present calculations,

g contain relavent material to make the presen -

The following

Appendice

ation complete.
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The surface interactions used in Chapter I are
surface delta interaction and surface tensor interactions.
The matrix elements are calculated using the methods given
by I. Talwi and A de. Shal:i.t;37 The matrix elements for the

gurface delta interaction are given by S.A. Moszkowski et. al,
and R. Ariieu and those for tensor interaction are given by

I, Talwmi and D. Danerjee et, al.

surface delta interaction : —4T ¢ §{0,)
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. \..LJ'..H')'*—<J1 -2 O L3 %D .‘6 (40947 v

where h
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The pairing interaction in jj-coupling 1s defi
1ned by

Ldis 3"

) S T Bi0o
The tensor interaction

512 may be evaluateg by the

tensor expansion method explained in Appendix - p Thisg |
* S las

beell doinle by’ IO T&lmi. D. BanerJee et. al. has ﬂ'iVen the

formula for computing the matrix elements of surface tensgy

interaction as given helow,
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where

The patrix el ements of these interactions f
0> the

excep® for the radial int
given

The radial integrals for the I
P

sihell

tablce

gL, 18) = 02897 x*

0.5345 (2.5 - x°2) x°

F2 =B ( 11
Fg = B (1 » ap o 1£y P ) . (el = x2)2
r’here X = R/ . (b / Mw )*
in the following table the orbit numbers i, 5 g, 2



Conplete fp shall matrix elements of some interacti
ions

Je dg 9 1 G0, SD1 STI q
12
1 0 100 Ly .2("‘ 5 5
1.3851 2,000  0.5714  8.0000
4 1.0  -0.4694 0,4675 0.2086 _
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2 2 - - -1.3997 - _
4 - - ~0,5448 - _
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4 - e ~0,6447 s _
g § _ & 2.6284 - 5.6568
2 - Ll -005714 - -
4 - - -~0,7310 - -
3 0 in ~1,8795 33,4641 -0 ,6598 6,9282
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2 B _ - -1.0690 - -
i 0 - - 2,0000 - 4.0000
2 2 1.0 e 2867 2.0571 0.4571 -
3 1.0 _0.7143 — 0-254:0 -
4 1.0 0.0476 0.6349  =0.0169 -
5 1.0 1.0000 - -0 ,55580 -
_ ~0.8557 0.3429 o
g 5 _ 0.655
s _ - 0.,4949 =
- “'ﬂ'o a 574:3 0 o 5686 =
4 = -
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APPENDIX ~ ¢

BRODY~bOSHINSKY BRACKETS AND INTERAC TION

The interaction between two particles depends up
on the

To evaluate wmatrix elements of such a
n

distance between them,
Jj-coupling wavefunctions they are to Dhe

interaction between
wiritten interms of the interaction mairix el :
ements in the r :
centre of mass coordinate system (RCM). If the common cent 1
1ra

potential is haimonic oscillator kind then the transformation
The harmonic oscillator potential has ithe Property

is simple.
L " eat (et v R )
Ci1

It turns out that

r = | f
system are also products of

wlhere
RCLL

tihe wavefunctions in the
f relative coordinates aid centre

harmonic oscillator fuinctions o
vith the conditlion 2n1 + ]_i " 2n2 N 12=2N+

of mass coordinates
The transformation from jj-coupling wavefunctions

carried out by repeated use of the

to ihose ol R system &1C
couplin: transforua tions.

clasive 0l
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s12e brackets used in the calculations are
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in e text are calculated usiing tie equations o~
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02

r )

A%}

[

MR O N o

(Y

Lo

2 =1

\w]

SR8

N

S JCillL, oY wilell

0.22361
0.01022
~0,50161
-0.51022

0.0

Oe24T21
0, 20000

.0

2 - - ——

cova it

[N R & I @)

<2

B W O

= O O o o

)

=

+$2

O O 4 g g

R

Pt

03

[<h)

= O

O

$on

[ =Y

Lol ST I & T

Y

i o OQ;—LCO}_\

PO o © N o

< ooo@

s 11
0.0
0.9
0.0
0.59161

-0.22361

0.0

4 (34

"O . 7‘400

0.44721

J.C
Q.04140
-0, 20983
0.0
-y e cdU4d
vl
0,.3a041
0.20v90

_ i % 2
(s Flied

0.0
G . 400600



Q
L]
S O
(o o3
5
Ny
J o~
S I
2
L e
hSe | wd
12 s
Ll .
e
U
wy{ 3
~
L |

o 1P

e | ol

»u‘

o oy
o) iTp)
!l.‘ |I.-\ A
<) )
S MW 2 o
° - S
<A [ P
Vil o) oy
i) ~ =
2 Fa%) 5
? J >
o 9 I~
wH > 1S | 3 3
(3 P = A Z
2 9 _v 55 e
= Y o s .
™ N .| o
2 X 6 IR
) y

C.0

b

i

4]

e |

-0, 1930605

0.0

<

Al

D

<i

~( « 50000

D

W

H

Hp)

i

0.55902

o O
S o
(S0
S O
(S B T
O O
B ]
oo
» [
) o3
=i
=
i
R e\
QDO
L I

-0.55802

D



i1

C O o

<

B a0

MR RO o o o o)

v O

(5]

o]

A

L&)

L2 O

W

L

CSCeocwoes .y 0

=\

L e O ©
[

OCOHF.

W PO s 2

o

-

o

| SN

Oscillator wiell

_— ¥
= O

__ﬁ
0.25961
-0 .27580
= o 24054
.0
-0.20804
-U. 25000
0.34004
- e 30041

0.27386

'l
"::O

24

0, ouadd
-4 29001
0 .030G0
0.05000
0.330x1

B
vy

i\
<o

A = 4

0.37051
~0 . 16034
-0,20702

0.250006

G G645

A ¢

~0,0645
0,2070
-(.8708

LA T 2

i1

R T T = T P

B O O ©

=M O 0 0 0o o

J=—2

W C oo C o o

W

ORI

U2 G B\ T

=

<o

A

= o O

C)OQ.L—\#—-‘-

O C © o

QOOOOOO

1l
1

tl

=N

. C[\)Oj.-\-m!-«to

N po ¢o

>~ Ot

L R N - Y

0.25254

~U.23931

U.40089
-0.51962
0.400€E9
-0.29631

0.35087
-0.23586
G.0
0.25568
-0.39037
-0, 25000
0.,13634



‘he wransforuaiion Irom jj—-coupling T
1 ArZ Lo 5 324 syste:-
sives 1n clapters 14 and I:a. The traunsformation o
U
relative states Lay be wilttell as

( ' ! . f | ¥ . -
Ci3

TR 014.

" "’f\jt__f\.‘ fis

g not depend upon (Hn coordinatecs , l.e.

i+ v doe
'L gt W Cuolad wad Le
sedd 8 -
l'l' |
vid
44 | .l
: | ;‘ , . . E
: i 1‘)
'lullq‘!,blun H v\
3 g1 pure cu‘tltl ii
k'%) 1
i ! ' u17
I |
' LT LS |
03 i =splil Jnscracuun. '
kb) "UJ J, i1 Lo 1 |
I r | \ IL U1b



(¢) For spin-orbit interaction:

c1iv
(a) For tensor intexraction:
L2V
Loddn 2 4 &
c21
Ogne then uses
i 35 W 3| \ | *
- :"‘J?_f(_'“{ Y {L” \(-,h\)
cz2

i7e can also calculate the natrix elements of luls
ty that they vanish in spinh singlet

sctioi 10 tieg the proper

inter
statese We have
%
\ \ I .‘ vu»-J | 023
where 4 L Ny _
i |
ana L 1S yelative orbi tal angulal gpomen tum and S is the
rticles. ghe integration can i BEE ofl

total spin of the TW0 pa

cet the natrix

ol el e vs of w1l yhey are given by Doy

out to
Pt & L .:i,.".l.: R0 i()j__()"":
- . ,
L J + 1 ) J a4
;"--‘4 = .--"——"‘----‘-—"‘—--—-------. e -— -
[AY L} v \' ) —_—
1 1 L iU + JJ. O G /ﬂ-—"’d 3 +.’1 ..‘-—-’-
J + ) ""4. 1 {:‘; : 1>
. oS 0
J ¢ 44
— ’_',,'." - \:.:."..\ v;‘“,’
’ " o '.'.. -
o= [ s w + 1
rt *-,’
,_--,._..-,....-,.._.
’-_"'.-—'--“"’_'—’4 ....... -



evaiu&te,_

Cae
wilere . =

tae lalui ingegral for Gaussian radial dependence ()
)

=exP(
aie

ca7

salui integrals for other usual radiat depeidence 5y

€ given
Gy s.ushinsiy.

/e cair also write

¢ €as

where I(nl) = I{nlwi 5,y ) of equation €16 whey Liue

interaction is assuued to be purely central and diagonaj in nj,

This is done in Chapter II by assuming I, as parameterg
without explicit refexreunce to the shape of the interaction.

The required F (nl ) are calculated and tabulated beloy,
The allowed combinations of (nl ) are only 16 for the g

kell and are -
S (vo) , (120}, (20) , (30) ; (o01) , (11) , (21) ; |
(vz) , (12), (22) s (08) , (13) ; (04) , (14) ;

(05) : and (06)



e 00N %0 020

e n Bl 4

| 3 .H
. o ~e sinla) .. anTC e N -,
SROTD0 LGOS0 60 RO coar 00 AL % _ ;
J ~ e N o
GReT - 2 e O Rl 1 D20 N0 Nn* N )
> - - e ®r -
Ans ANt r= TP OD 0*n ETONQ* 0= 2anCnN®a P LOEOT0 6
4 o= prvac A
n\\) 1..”.- N\mb“ﬂﬂ s 1
_o_,_ yore e N aen )_o ) Jo ™ .Uﬁ/m\m..\..o.:_ .)
ad o 'V -
- - .- \ 0
O NanLe N Nn*Q G0 Oy LD B EH
P T e -,
PAfBEca SLITTYO 03 g'n TioantB Leer 0t 3
G - % - r, e ~|._0 n [
ONGNG N SOSTT 0 %0 % bl 0°0 SUNR SR
- - s so - . Gy e N -
FLORGt ) PIGRT 0 ATy RaFTeca 6eTTOCH STTAOC T
~ N " o - L nNe " i
ANNDa N Oong 0 [ Bl %D A0 { ) S
i o — oy srar—r— K o gl OB
VAR S LIS h2h ¢
.- l\.MJH * Nem e Ny .o .J_ ...vo_J “H).\..,)lr.. L (&Y
ol B R R el 1 L U e~ R Y oo N SUET % W %
(A | A‘..l S N M o o ~ & a— -~ e I - l_“-.l _q'.. o 7)\4_.1 L] ~ .lf-/. - =
¥l wfLET Vo P
P v i v
AERTEY  RATLT N Nt e f*n 6% o <
TAENF O wewaleq 30 U I ERERAR Y T
(g R Rl AT T 2 M N ant N -~ oA -
W (a2 i ] L e T SEMCRP LN JRPL v, ~ " -~ - - = =
ol PR e Y _ e =T 20 0 % LAG®
\ 'l - - -
2,€ 3 B /EES oba Rana
e W 3 f e e =), et gy B Dl R o P =S NP B 3
¥ a* 0 [ e R sl & u > :
= VN 0] Ny [ o DS . ) PR I ~ANOT - ot > - - ~ .
o VR AT D 24 ol AR & SIRISH A o
[ -
N L L r i/ = . - —
JLT 3o G
. | -t i - .. \ -,.D — ot e s
I | o SUEVENNNE 2.V LR
YQrAaTe R e @i o g A :
LCO~ 2 \ e } __m..vo_,_ 1 ,4-. - . s
i p o o7y . T o - — e e .
. wwm-uun oo. | _- . .I .1.. B i I o ﬂdaﬂgll ~ OJ ~ oJOol "
VRIYTEE ¥ s ey ' TO° NNt ey :MC,,.IJO .O 28 A <
324 G \ o K= =\ ~ . -
' G L8000 Q)
SN = i Ry Tt
; e E y >—L.” 12 uN)l ..M-.r\d.l.)
= e i\ ( ] N p e
. i R - &~ ’ B N
SEY g ot F~817 Y (A8 ANF= <+
> . s : . ” 5 o T
4T = S o=y N\ e - ~ - ——
_ g N & Nl



PP IRE Y v
-l\ “-\A‘JL PP

==X -y

e o e e i

1he caleulations in Nuc]l ear

shell mo ge) i

ol -'-‘-~1-4--'.A-J"...' (),

‘lclm;'c.
<L Gukigan dlig u'hluatlon
I 3( 29) properties
SUel as B(22) rates, the lawil tonj g, COMEns g,
i éollal on
5 , ) e
YOUy pazirt and 170 Lu gy il ieqe Wi, e
P oo e L‘_lculabl Ol]s ill
-+ iequise evaluation of natrix el er) - -
] en t.s/opmauoz‘s Det,oq,
s . . KA, P N i r,’}l e ~ Lgive
o KBody waveriunetionsg, <he waveiune tlons g7 ; )
N U.e.lltlcq_l
vicles w-eu i ine Dresent worlk are of site fd g “n‘( j>
T , PR 3 > and span the 0o del Spluy, Wiere

" . r womenta and < aud Ky are aquj tiong -
are anuler uomal 1 quan gy, NUWsh gy
suei . ceni1ori wy ol ecoipleiely enci Sl Vavefunc tion

2. S of

uitgi s Sitas
F ™y ARED are consiructeq Dy
Ceuis L '

' n o= 1) purtiels siiies
1 At ¢ 1 i

.
e

G
'{;es ! -n

YT
C‘:J'Ll'l)l_j‘_-‘.

i single
o cveiitie wlons to antisyunetric an ! “’““"-Uzod (
daules e ytvednd ' 1 o 1)

. i 0IlS antisyuuue‘i;riz;ztion €A o 3ypm
~ticle wavelidlC  iOils, 10rmaj ;

"'zatl.‘)“.
iements ol scalar two body interacion i e
| | | 4
h:.atrix elcrk )
3 vecil sucll states apa 4 .
. 551 opeciator betwecil s & i “Olow’ L
Lirancl v1.0i 7 i i | )
4 #lie puirpose 01 Yecord,
ioxr b

leidva 61011, ’
- lar two pody intteraction
geald
(i.) 9

5 | S LT

. Y‘ 5 0 - ' n

J h | i

<J o l*v ‘ [.'\-2(“’5‘.)_,1,(34).),{.) dj]
n-t | 2 3

s 3 ¢ ry
- v 5y ) TR T I e gy
It (’l) S V1
Es

1
= n



Ry e wiki 2 iy
WA R R B

\ / o ]
-1 '
&N

foy <) F l .J“Vl(ti;" 3.’\"(1‘\ )" A "
1 l . JB 7](_‘ %4\.1‘)531'}3‘."‘» Jt] »

Sx B3l sy
._;f&s J |~m\j=3/>

]1)~1;"'l
C4) (T“\(?’l*
(' "Ski 3 e TR
12

o = ' 3 \ﬁo‘.v\,’“-\(d::’",)i":jv> -

¢ g (&30
n-n 3 eFP L3, 5, )-crral 3,) a0y

, A %
ZLTJE g %_?”JJ{<J3,IWIJ’T>

-t P i
I(J JQJ.\T“\};.L

-+ 0',/."-' C’L.A.' .T.l‘,

\ )
[ & k™

L™y Y >
D3

(D) JPensut oneé hody Opeveols
pekart theoren states

ul,'“er -
K i T-M g K 3 (K)
¢ gl 1,5 LR (2% )an T
' D
| . odl a 32 jeorrent ot tire riohi nand side is the
2l (W4 e L A
1met il 2T gl 1L, |
. - ai ctl RIPCLL L pion cOlltillned in the tensor p( ')
List :L'(.‘,',J L5 6 PN
& ..o body tensor OPEX
o A 15 = SHOES perator of
ueed pa 613X ol cmen B8 between n-body wave-
’ the 1'4_:(411 (6 "
desree _ ey
2 S incel'm of thost between one body
punc ti0M2 are &l
funouiansa ) gD 7 y Cine nJ)E‘JI ]
. l:' ‘1 - -
(J“;{j“f’:\¥(;." J'YT""J"‘K i‘j J -T‘l%
. ) Py K



slnlJ,J’_']'(.ﬂs"ny) i

fm
o T

RN AL N TR R
N et T S
L3 5 3
o
w-! . ; imY -
( ] {d, )v).l 3 N 2 4 (1t I ¢! J‘a>) 3\ -
'_’,‘ "'. 11"‘ \ ‘ J J,l "
' o Dot (‘ 5
' ; T3 -t o
S)' v L 1y i
; 'M-~ 'F_I)

r3'3” (<)
}(4 W4 wy'D

3 + K A i ’ 74
' N L. L j- j j ij, 3 J‘
D7

+

pleCeedJn‘" Appenaix evaluation of natrix

1 the
olgilonts &I pivate jlere soue WOXe sophisticated tecimiques
mpleteness wlid ch are useful perticularly when
A very well Lnown

fo T of the interacuon ig not lLnowite
- - siuple jocal two body interacti
£0 expand the s on
nI’OCGduj'e is
4 k ( ' 4 y 1 3
oi Lezendr® polynomials of tekl:,) where i, 1s angle

in terms
ad,ﬂs vectors.

petweel the two T
e 5 19 (re A y Fx & ( eas tuin?
VLI'FI’Yd) S &Y K .
’/ —
whel© (A Ax) | o
Lh-” j (Iy,- e 1) P,(Cca',ai“) A ( conanyy N
qai tion theoT el of spherical harmonics
U siné th
i te
also wrl . )
we cab ‘ % K 2 C\\(&h;)
- ’)" “F {h‘ Az) k Dio



where O @ y = Jun

\(n IQ(JI\

T
{2 K1)

Di1

The matrix el emenis may be evaluated very easily and the

radisl integrals may be treated as parameters.
in more geueral case when the interaction depends
upon spin coordinates also W€ can write
( th kYA _(&’K’)k
: 21 T (2
Y, = 29 - a( (T )
o D12

(s K4 is an j_rredHCi“l" tengor of degree v built

clisorx of degree S
of space coordinates,

where
jyreducible 1] of spin corrdinates

out of an
ree Kk

o tensor of deg

and ail irretiuci bl :
(s FIN PN ) '\’ !
) = L z X U : 548

()
=slC) _ 1 and Z" = 0 while the

5 i

e a

the tensors Z« I
() con d the space coordinates only must

(] whicl

teinnsot .
.' ~ t o
be plOpOl"LlOll...l |
1enonss of such al jnteraction can be
: .1;1- (3 H
L [ uld
agell b 1103 s
i ounl.uwr renesmt tic
] | - 1 1
+i tten in J |
o r 37 MY - 2. {& F
| 3 §y ATy »
y, J —JN‘\ Vis \ i |
{ )~ - A 3.’)(&,_!( rpid Y w
3 v +3 05 4
- (-4)
hetrc f;. '
J. »
(an) R oo R day da
. , ) \?M,“{&. DR, oo R & da
’ f R i:(”“) K""‘x £ :
t = n
t - : -

I



W.ua ¢y on

1ven Value op

I

take Valueg - _ )

reduC}e(z o
bie rbove

- e g : .Il‘.i :
CADI'cssion dIe
Y, f "‘. £ -;'

‘ti,_)‘_ ]
Lo o2

2[4 3]

() (k)
CU R R ADYGARY LYy
217
Note that, due to the PIOpertieg o Y=y
¢ WIIX elewents vaiish unless ( 1

;—lif.

15 cven itnrties Cestriciling the Nunber iy,
COtpUfaq,
3 --  depeag CoSei bl g .- o1
s 01l 2 i
T R tae shape oif tie interaction S Clprain .
and oz 01 vuae tlebt tCLore thef/‘ e
: o U £ £ ¥
Ve evalua ted separately, ‘e quantities £ Qwever. 2¢h oy
-4_..| (1 (l
: i1t 1 - 13 TP as
. ! : £ tie Interaction for “ifferont &
Upon tie shepe of th tateg as

el Y
. different cross terius. Une ecan 1Hpose SOBe pagt...
t&d fors 2 =
ol them and itreat theu as parameters ito fig the e:q;erima,,tal
4 [ 4

aa ta.

it o1 be convenient ¢, coup]
times 1t may e
Sone

1 gpace parts separately, periicularly yep bhe LS-OOupling
e . assuppg to
am’lying
ransformation. In suech Case ye "

used or witen the interactiop i
+4 0ils are 2
wvavefune t10i

This can be done by
.113;0
ar forces 0i

con tain scal

4 i t ay Wl,it
chanze of coupling e



WV U “\\ . }' \" (,"/‘ ( (3 o »'KF'I
Tohaew’d San * 1 *)
D1&
Foi exzuple the scalar forces are
Ve 00 k '{c(h" ar (J;"TL)'F(M
D19
Loaty YV 443 1 210 ¢ Ic
\:I((-'\ = ([0.16 -))f(«\
220
no e (il s0¥ furcas sre
. () N cg)
vz (t".“’:—] '[_"*i‘]
i D21
o o.anz € ol cotl; y11i0e 'tl'alleOrm“"iion n(’Cl}.Qd 1S
! ckfl )
"ﬂ M S
(e 2 ) [zl“, w \J un] }
E"'o“’ ' '
S K }‘-
6{ L" ). A%
Ded

\t

Z[_A.A*L] Lf, tTj
(%) xh (\‘}

(4) _
(A
Iy x"JU?)J ,(LU(uxU(z)

6 foxrce as

an xanple for the tensor

Uon:idcr Lue
e ,.sioll )
5 zrt g{ﬁ,ﬁ‘:) P, (es o)
(2 5.y = @l e D23
,.’l
i 2kt J(A,-A-J ol -
s0 th"t UF()"A"\ ufl A
) R A“‘
K lf_t_'_‘ J/J‘-‘ /\’“I(' Q“‘Q‘ wy (a el
and F - an
D2b
, 2 R



and therefore the 5 force invol
ves only one parxanm
eter which

nenally absorbed 1in the sirength.

The most general form of scalar, charge indepen +
= den

local two dbo dy interaction which does not depend upon vel
elocities

can be written as
—) oy " ,‘. S
Vis. = Ve 12 -+ Vﬁc(n ¥ ?r‘ V' ol - Po Pt V!"-fcL rid
Y - o Y -
- ([:c‘ -1 ‘r)\)\(-/“ | ?7 (L’\‘f}] .f\_vz—.(/il

Eah p e M o
+([}f,«-ﬂ -“.[rtr'_{‘“) V, A P:([_a;;r;] Jrxid )\/C()u
D26

Feisenberg and Majorana forces

frou which wignel partl et
can be obt'lihe'.l as spec:i.al casehs charze dependence may be
a by @ factor @ + D ( © T



APPENDIX - E

ELECTRIC QUDRUPOLE TRANSITIONS AMD

mul tipole mixing ratio is the ratio of reduced matrix
elements of different mul tipoles contributing to a gawma transi--
1 defined nucleaxr states, is a valuable source

tion Dbetween wel
The nmultipole tramsition

about nuclear states.,
in 2 nuclear wmodel provide useful infor-

The transition probability

of information

probabilities predicted
pation about the validity of the model.
iven by perturbation theory for tle quan tum mechanical trcatument
S TE The transition probability per unit time

Lot A B IR

18
gnc € (et R el

TCL) - &
n L1

c -:tliL+DKl]1

ition rate and L, ihe degree of

y = he reduced trals
where B(L] *° ¢
. ‘ - -hital + intrinsic ) angul
e e total ( oxbl A
, A ra(_'f_]_a't:l.ongls ul
pul tipole i
mhis formmla is valid in the

) P L 1 ; +4 .

sum Vi seooliponyiilc roadia 2ot
Cll v - : | | |
wave 1einstl of the radiation is lOng

RIS
tac

tiie radiatiile

1 wave approximatjun,
b systen YR = Yw 7R

101
she size of
cound 11 standard books on quantun

o {ion may be
platt and Weiskopf, Roy

£ deriv
field thedi¥s

ji "J ‘-‘,‘o‘, (-n
(lil 5] AR T 2=
'y L].(Je 3 G! t
ILIIC 8 ] C

i piven VY

A S



Blal o % o B e ( = L :
\2 el L / S &l My( % 3 Fewoa YLM"JL)‘{X" ‘31 M|>\2

E2
Fos a sysweit of point clharges we et
Blel L) = : V< Mel te T, a” Y G\ S My >\
s ;
. L 2
sl (a4 e A YD W T
237 4t ' E3

tue wavefwictionns of nuclear states in the mixed configuration

i i Z ~ . 0y, s
siiell model may ve wirilitenl as anPJ - gy wE ot

- .\ P, X

¢ RV E4

i - ¥ X, No)

wiiere fN O R T
L5

ents between n-particle wave functions

The recuced Lia viix clem

vainated neing tae fognulae given in Apprendix - D, The
arec e a S1Rg

ginsle parti cle matrix el ciieilts are
(= ;o

noaty W God )

L .J_}-#.‘L [L:“J{ ' Ej'l. : {{_H(-\)l'.'l'i‘\}l

- < A >(") ._.—-—-——L-'—n""__h S L

(f.‘ 1y L) W A4 §

o ©0 0O €+ 6,

6
- A
- by A {lo

where <’i- ) - J‘RM_E‘, n -

J_(2a+1) (2b+1)-o-..o

and [abc R



tae Case gy el o g ¢ quadrupole tr

st op L

Y . 2 r~
ol Y | ‘h "1\ ’3 = (:{F/\,‘.‘\/‘)(‘/:“)
v L 2 : il . j )
4 F RPN {-2> 2 J(”*')(hrlﬂu)(ﬂfw\
oo
The valye “! 3 hag YRR 0D LU e Uy I. Talm;, Lecor iy, Ty
IR ' T Ty
Lie na tiices caleulaiteg betwean hagig Stateg loj- the
traiisitions from ground sy, V=B ) oy 4 PiTtLolos (g,
2/0 5/ 9/ "o .
to the states dp = 82, g/2, V& and g4/ are given j, the
tabl es,

The single particle transfer Teactiong are simp] g
direct reactions in wiich single PATILOLe siatuy aTe exei goq
I'e

d tirerefore they provide valuab] e ini’ormation aboyg Singl e
an le

icle structure of nuclear states, They are
particle
tudies, For such reactions the
‘0or shell model ®
Useful for s

ss section and the reduceq Width coy g
. cIo e
ential rEx

asure of the probability thay the el eon g in the
: me
wiich 1s a

lens will find thewselves in ap arra.ugement
ini tial nuc ; — .
initi inal state of the resul ting nycj eus, m
. the 1ina
ino to " s
i ctroscopic factor and depends upop 4
spe <
1s called 9l involved and therefore proyjgeg . Useruy p
. i1
states 1i

of nucleal nt and predictions frop 4 nuey e
- ible
¢ exper

& mogey
S — L}')£12~in‘ ¥ ) e -300 14 g
{01 coiyj ; cifierential eross-go tiong Loy pick up
sured oo &
fhe 11eas L H - ~. D
.LZI(‘ g iJJVG—Ly T and, =
ions are respoc da |
L1 0i e
1..030”

ey - :)jllé‘
“ad svILi.



dcr AT

Aol K.; 3. )

)r'-.C"gg"\?ilol‘O N is norualiseiion factor, C is Clebsch
= SCil—

jcient TFor isospin couvling and i 7
2 = S is tue SDGCtl‘Oscopic

0O '.\.\,—IZ CO C L

A Ts snectroscopic fecwor i oy ;
i T S i CuOl S 1ls givell by’ &'C“r P“’“‘ «'}‘\..._“

s = A [ TeiyT -

LACEHOT

'T"\D(LQ-\ l)il L i

viicire A 15 tuc Jliisber 01 nucleons in tihe target oxr fiual nueleu
i 5

5 : & SEenmAge 3 5 i & - ; T . )
woic evei X jarcer atlu Sk ie the angulaxr mouenti of the trans-

: ; e = i » nucl coil transfer. o .
Tered nucleon i Jue oveitap integral,
I ’ 3 i N b)" .
T A ) :(;\J\m-njx.’ b B3 o
' ¢ averdad jptegrals depends upon ihe Lodel wave
il e S : ‘e SRS S s sa i S -
sns dn $he Hixed cenfiguration siell

‘-"_‘l-:lkc L3

1 118 P L o)
funie vions. M1e W

. L (S ]
l . UA-’LI> 4+ 2 bg‘;r,\x (4,3.)43> i
'\V<A 3) AL o
r ‘
by MmO R g
) - Qa l J { k1g

/
A4 (A T4

be cnlculcted aleer couj:ling a

: ek i 0
spap oY : pa Ve &
oy tue O Mo oLt to uot (4 = 1) persiele Duneiion,
e il e e pay B i a5 e A-sinrrud gke roveill.etiane as
R T :
B T | .
PRI - l.i“'u.m)’”
2epe( 57 e T 300
y:a 2 7y |2 (4TI VT D
o\‘/CAJ " ZL CFP('T' r o
+3 ban 7 , "
R RL 3>
( \jﬁ (7
. ) s a’ / / ‘} -3 >
) 2 83 ) Ji ©14d
(a4 34 b/ Ny a (4, )
9 s Foasiseria § ait e
ARG St pue 2 f e L8l et guii. T
l-'L‘ -
gy = L. pel venishes wiluus ;
‘U.u‘,‘ ;’l;‘ll 4 L P =iof O
wiere Ji a i BYET
- L oA U
i C ¢

i eail



©

(T ey

< fiasd

I3 J'J'J% z %

CAVAl sl e 1y

itael eol,

sitple and e ave

Jy')

a Loy :
p .
+ ) CEs: 1 4 1
- e o
- By ¢ - 4 -

VLTl STRNE v GONELNMAT Liuis | i

J j; J“f (A'()

‘ -
/ =0 6, '
U 24
'___ e l””' l_-j-t'
PN T ST S L S0 Al fned s L2 P L : o
| ML .2 'J.'Z.-‘.'f” g st
Jlmi ' - <4 o th
\ ih S La I O CRoel Jigie o ' e
ud Uil g or e
od s 0 G0 ViRdEES da Le dug ol 9"’3;0"-“L‘.91'(10" ‘ " til
i1 COC'_‘(‘,\_"J Ui n
-, Ve T i pp3e 4oy l"l .
GHE LivilL IS wetmedl pulle edildlsuiviiivig (J“ > g
/

Cite sipply ecual o oilc.
Gorliag . 1ol A

sz wsed in Gue
o0 L'y B

oy AT / L
 oral SR LA R

Vave 1 L8 I GE GEC

; o 011w
aie Iodird Lo wWC Wi
= ’ yioJ | (_,;1';1’?41
O tueriaild Gite o't g
s slues
wuQ ‘." P C'i:r. -’-’f"l ‘la.l V I- e

« { .l)..
codenles el values OF

v -ed coniipurati®mns and ior

Tite provien copgg

.j'

text arve nod pus

‘u 29 l‘: A%

i pdd oL !
g wure (I eonig .., o

results contain jg;.

e
Co L
¢%s wmay safely De cop,,

'.-'L;-‘"L'L“JIC' L.'o_n <y "Jl(l

P £ BT

Sveld '
011,

()j'i'u ves

eq yui a



E2 TRANSITION MATRIX

J1_2 J = {0

b ¢
-4,90990 «2,12131 0,85041
0.0 0,0 00
0.0 0.0 0.0

=5.57985 =0,82992 0.73564
-1051955 "1.27774 *5094618

Ji = 8 Jf = 4
-5%33762 0.0 0,30816
-5,92451 0.0 2.28034

~3.85887

- 190961 0.0



s Ji = 345 Jf - 195
-4,06573 0,0 -0.09748  2,79157 4.0
=5.19615 0.0 =6, 21059 0.0 0.0

2:53561 0,0 -1,16023 -4.9730 .0

0.0 0.0 0.0 000 Ooo

0.0 0.0 6,0 0.0 0.0
Jf = 205

8.40939 0.0 ~0wti0403  -1,39980 0,9
0.0 0.0 0.0 0.0 0.0
-2.71068 0.0 ~7.41427 -3.54488 .9
-2,84282 0.0 0.24270 2,78842 9,9
0.0 0.0 0.0 0,0 0.0

J‘ ] ‘|5

~2.13257 6.68218 (.0

4,46037 0.0
000 Ooo 000 0.0 000
O O 000 0.0 0.0 0.0
001529 0.0 3421063  2,00391 0,0
”:0'32552 0,0 0.0 1,66213 0,0
JI = D¢5
714 0.0 "6070761 3003605 0,0
g
=501 0,0 0.0 0.0 0.0
0.0 Do 0.0 0.0 oo
et o 7.59775 =3.81630 0,0
0,40451 U0 1T ataer 000
0,0 *

3, 26420



J;.U' J\J.».‘,{l t g

uid

M8 HAjoir prop Cil in iy

=4 Wode] Cal cyg
Lilp lar,_;o nNuiiver .. all o

Aélong
7ed gtat... .

a ealoulati,_‘;i 1 wia
SHEST severen, restricied moger Space ¢, aLloun g, “aleula iy 0,
is quite large, tileiudes Caleula yion OF bt yye 4 el Cligi g g or
r'ecuireq Operators between ALl the p 518 uices ang °°11St1'uc1';ion
fefonalization S Ha t1iceg | ALl gl T
U+ livelesy. in tue .01101;'1113 G ey ey Y CkaleBey S0 o, Lilp
lietizod euisloved in the Present o 118 £ oy is i vetr,
Dasically ithe sliell mogel Cormu . tjuy . Cail be o -"GSented
LS s
; i g in tie follo:;*ing plge,
# 5 S & T1an given 1
by tiie blocl: urag
T 4l Ll tations o1 the CoLpu{ar Oy} 4y es
Lew of the limi
In view
' " S i L £ B separgiely Cxecujeq, Thie bagj_s Sfiates
> 3 - O { PP 1 =
cacu nlocl . 4.
¥ Ties 11 r"j‘“‘,{ coe.‘f.}.]CJC}le L
arec consitruciea Yy uglilg

diag Wl 041 g Paien tage
jor § = 7/2 , since the Hodel space i the
) . ICY RN | -

1 gvenieis eV lav

al read

; 3 4:09 % Zelleral g siiel -
lation does not contain g : #l sy
' alcu < > il :
Yesent € . y i b only thoee
‘ 3/2 ; 118/2 ; 2p1/2 ) bu't ¥ e
. smrm A w 21')‘.'.4 “ 3
( =

of Simpl e ting
$ETLE . 0 2p3/s oy 115/ 2
sarticle raised vo o
) .l c.oone parva : i onc-ang tvo—ho ¢ :
1i madeu , ; t1o11 01 onc- ¥o-boay o eratarg
7 y A1 CC'MC eVLll thel p
vd bt f 20Ty - periolmed as e_,plalned in o wiles APPQlltllCes
R S 15
. ; vaie . i
betiwween pas:s 8 Since i, Pary:

tly the strengths orf intey
» OS5
tions are

J he ifamil tonian,
onstructing the
d arec used 1i1 C e
an
. o . ~ riOes -
e e ding interaction mat
o

e ®Valuategq ane
id
i;:; (3().1‘1?‘2:313
1eilt S,
componei

260



R b
i 1
SV ok L3
a il 1K 3y X R
L= Ly ) [y el 51 oy
: : ponsusuchlion o
2 | ;e o J | v i ¢ e
oY =iie hraisl TR ol, L ormly
i ’ .
Wil g Lit ces & suleulnntion of
e 2 G batr lEsT {rosi tzoh rotes
ouv e et £l
J___,_,_,_,-—f—-/‘[‘ l
o1t vece Wl
! o
vi 1 lﬂxf_ H X Lhibl Wion
e ORISR T & & & It wrey 45
ot jut s Bloed valte rates

] L ;1 s.



stored. The total interaciion in the Hamiltonian 1s siunpl
S Siuply
a linecar combination of thenm. Using the single nparticle
conetribution, the iiawil tonian is di i
: . agondlised and ti i
ue cipgen
values are coumpared to the required experimentdl resul ts 1
is. TYhe
effective radius paraueter and any 0 ther
1el’ parameter <
of the int
CYw—
action other than the strength are d i
ealt with se
parately by
repeating the complete process of function minimi
g X Intmizasion o
oY eacl

set of values ¢f such paraneters.

There are sevéral Tunction minimization teclmicu
-GUCS. 1

tue calculations preseiied in tue text thne Oak 14 qp
= ~€ and Ow{I
- Ol‘d

11 1 7y O V 11 ’ 5 f s
whaich depends upon first order ‘aylor expansion or
i3

reticol quantities ig ecliployed.

nethod
lleo-

) L. ... ) De tue vclues i
Het 1§ (p_; y i ) be Ghe alues of N paraneters,

F (=4 3 s Ty By weyiy B REE the n  quantliles ealeuy
“iued
and Lo be compaicd with the espevinen.al cuantities ., -~
A
e wae fwicgion %0 e pnininised 18
- P e )7'.
cr s 2 (- e
e e is a suitable weight function, and is taken ag(y,, «aye
afs” ).

ceries expansions rive

NTR I < (28 /ap e BN

Now Taylor
QIZIDINE

& : 1A /o

(3 F/,(-,I)‘ 3PJ >¢.°‘ 1 2, ¥ ( 2%x / dP(\’pc( ‘”’JS?L Fd
Taylor expansion and ap
for small changes in the

F2

w0

2 5 (4T —4a ) @a C 282 0p0) pe -

4 second order proxima“uion to a

quadratie surface T (P) we get



_ L (e
FAvy - ARy 430% /55, ), &) ﬁ2¥ﬂsr)pabﬁ &p;

‘. L #]

-

vhere P = P+ (&p)

If F (P) is wininum at P ye get,

Ccerrapiye, + n (@ Zopiaps),, 35 ] = o

N Fé6
' < ~ €x ~
< 2 4 ('F’)(PL)"“Q‘;\ _)w-;t(a‘*/é‘h\pv
P
..A e -
+2 T ow, ( N,\/LJP' )P"( 3*,\/3)” \),,' dp: 20
FS
How after performing the summation over We can rewri to
these equations as a matrix equation
[adle]=]c] -
where pp X . -
C; T A 2 e F9
‘I' [ o ' E ‘r. j‘ 'I. BT 4‘ ' {a F
10
anad 3 [ 14

This equation may be easily solved for the best (3 D), lowe
1ies the advantagce of approximating the I ( I' } to & ‘i“ﬂdr;.ti
‘tic

surface and approximations used in Taylor expansions foyx f)k (P)

Since approximate gquadratiec X surface is considereg in

the neigibourhood it 18 worthwhile to take a smaller (&p P

0 :
then given by [L}. Considermax ( D/ P ) =& The

diTferential coeificionts | ' /4/ are obiained as follows in

actual compulation, . .

2=
.
=
-~
~
\
o
-
S
c-

[ 1y Y b s ba



i.

3.

10.

11.

21

224
23,
24,

REFERINCES

J. of Nucl. Phys. 6, 160 ( 1968)

0.F, Afonin et al, Sov.
Blair, PhYB- Rev. 140' B1226 (1965)

D.D. Armstrong and A.G.
A.,W. Barrows et al, Nucl. Phys. A107, 153 (1968)

cujec et al, Fhys.
Nucl. Phys. A110 , 366 { 1968)

Rev. Ci ,1409, (1970)

B. Rev. 179, 1060 (1969)
E. Newman et al,
pilistrem et 2l, Phys.
t al, Nucl. Phys.
Nuel. Phys. 4100, 280 ( 1967)

M.T. Mec
B.J e Obrien €

A104, 609 (1967)

Phys. A102, 433 (1967)

o et al, PDYSe Rev., 142, 633 (1966)
Nucl. Phys. A149 , 562 (1970)

125, 1657 (1962)

J <R Erskin

PDYS. RevVe.
Rev. A146, 791 (1966)

Physe.
cs, 875 (1972)

physe ReVe
rini et al, PBYS® Rev. C8, 1547 (1973)

Can. J of Phys. 51, 1840 (1973)
Nucle PRHYSe A243, 202 (1975)

sohult
Rev. 108, 1369 (1957)

lebse
" al’ Phys.
v. of Nucl., Science 10, 353

. 134 B515 (1964)

p, Phys. Letts T, 137 (1963)

ochiOs
B Frenc

ginnocii® and / 8
Talmi, Phys. ReVo -ﬁ_, 792 (1962)

e
. — 1=

o4p, 260 (1967)
—



1'; . Ll S i 9:

25.
26. E., Osness, Proceedings of Topical
; . Conference on the Struct
& : f o
1 /2 Nuclel, Bditrice compositori, Bologna 074 ure
]
27 K. Lips, PbLYS: Revs G4 1482 (1971)
28. A.de shalit, selected Topics in Nuclear Theory, edited b
y
F. Janauch, (IAEA Viennd 1963), pe 209
29, I. qalmi, PLYSe Lett. 258, 313 (1967)
30,  Francol prut, Cane J° of Phys. 51, 2086 (1973)
34, Seth et al BAFS 15, 1673 (4970)
Thi S reference has beed cited Y Reds Ri ‘ .
cei in his opening talk
"
' hy 1f7/2 puclel s 4 the Topical Conference on 1f,
Nuclels paduds 1971- /2
45,  B.Casty €8 pny. nov. 438 3199 (1999
33, ToW conlon €% a1, Phy: RV 144, 940 (1966)
34. To' 5116!111'0 et a+ Nuc:l" gh}rSO -———Azzo’ 461( 1974)
hy.Reve c8, 1391 9
35, He pabel &8¢ p. Habss PV 4 (1973)
, Puys A248, 451 (1975
36 H. puther ot al? Nucl ysy 2= )
. 1 Nucleal shell
, A 16 Shﬂlit and I T&lmin e Theory ',
Te ° york and London, 1963,
. o Presss eV
Academ: ¢ P -
g o8 TEEES yucle Phys. 413, 391 ( 1970)
_ psnes?®
38. nyss AEE 353 (1970)
g, 0snes®’ S
e ; mopical conf. ©O
39. e .Prooeedlngs of TOP n the structure
0. I.’.OA‘ Ri ’ dj_'trice Gompositoril;l Bologna, Ital
¢ Nuclei; . ttauch et 7
2, Ma auch e al
of 1%7/2 rables! J e B Nucl. Phys.
g B
41, pind )
969 g4 (1968
67» (4 ette 24 pid ( )
g PSS
gach?
GOF‘ Be

42,



43.
14,
45,
46.
47 .

48,

49.

50 .

51.

52,

53

o4.

55.

56.
S5T.
58,
99 o
60,

61.

C.F. Bertsch et al, Phys. Lett, 23 , 342 (19686)

T, Nomura et al, Pbys. Rev. Lett. 25B, 1345 (1970)

S. Cochavi et al, Phys. Rev. C2, 2241 (1970)

S.P. Pandya and B.PY. Singh, Pramang 3, 61 (1974)

M. Marinov et al, Phys. Rev. Lett. 25, 1033 ( 1970)

M.G. Mayer and J.H. Jensen, 'Elementary Theory of Nuel gg
Shell Structure', John Wiley and 8ons, 1955,

B.Il. Brandow, Proceedings of Intemational Schoo) orx Plleies
Enrico Fermi, Course No. 36, 528 (1966) ’
MJU. McFarlane, Proceedings of International School or

Physics, Enrico Fermi, Course No. 40, 457 (1969)
S.P. Pandya, Lectures delivered at IIt Kanpuralhdia

Tech. Report No. 15/69 (1968)
B.U. Brandow, Proc. Intl, School of Phys., Enrico Ferug
y

Course 36, 496 (1966)
B.H. Brandow, Rev. Mod. Phys. 39, V71 (1967)

M. Baranger, Proc. Intl. School of FPhys., BEnrico Formg

Course No. 40, 511 (1969)
Kailash Kumar, Perturbation Theory and the Nucleay Man

body problem, North Holland Publishing Coumpany, Amsterdam .
H. Lethe et al Phys. Rev. 129 225 (1963) Toe
S.A. Moszkowski et al, Ann, Phys. 11, 65 (1960)

L, Satpathy et al, Nucl., Phys. A184, 285 (1972)

B.l., Barrett and M.W. Kirson, Adv., in Nucl, Phys. 6, 219 (1
T7.T+S. Kuo, Ann, Rev., Nucl. Science Vol. 24, 101 (1974) 973)

B,R. Barrett et al, Ann. of Phys., 90, 321 (1974)



79

80 .

81.
82,

; A
Talmi,Rev.Mod. Phys., 34, 704 (1962)

S. Coh
ohen et al, Phys. Rev. » 160, 903 (19 )
IM. Green v 3 X
and S.A., Moszkowsky, Phys., Rev
*s» 139 ,B790 (?
bo)

ite Arvieu et. al, Ph
. » Yy8. Rev, , 145
L%0 , 830 (19b5)

P"'l'QMO

D. BaIle f ]
rjee and dJ. R]chert, Lett. to NuOVO Cim
ento

3, 37 (1972).

J.P. Schiffer, Annals of Phys. 66

N. Anantaraman ei al,
bM.A. Moinester et al Phys. Rev. 179 » 984 (19
69)

A. Molinari etal , Nuel, Phys. A239
LSOV

» 798 (19734)
Phys. Lett., B37 , 229 (1974)

45 (1975)

Te Te Se Kuo and G.E., Brown, Nucl. Phys., A{i14 24
S=S= 0 A (1948)

Se.P. Pandya, Phys. Rev. 84 , 91 (1956)

S. Goldstein and I.
D. Vautherin and D.M. Brink, Phys. Rev, C5

S.A. Moszkowski, Phys. Rev,
RoW. Sharp and L. Zamic, Nucl. Phys,
G.F. Bertsch, ' Pratitioners Shell Model ',
Norih Holland I;uhe comp . 4

M.W. Kirson and I. Eisenstein, Phys. Lett., 47B ,

315 (1973)
H, Horie and K. Ogawas

46

De.

Fermi,

439 (1971)

course NO [

R, Avirew, proc. Intl

40

el

Talmi, Phys. Rev
. e 102 s 589 (

=2_» 626(197,)
g2, 402 (1970)
4208, 130 (197g)

1972

Prog. Theoretical Physies,

A236, 67 (1974)

Banerjee Nucl. Physe
gchool of Phygs, Earico

620 (1969)



83. l. Talmi, Phys, Rev, 89 , 1065 (1953)

84, D. Banerjee et al, Phys. Rev, C7 , 2437 (1973)

35, R, Saayaman et al , J, Phys. G, 2. (1976)

86. D, Banerjee et al , Proceedings of Nuclear Phyg,
and Solid State Phys. Symposium, India, 1974

Nuclear Level Schewmes A = 45 through A - 257

87,
from Nuclear Data Sheets, 1973. Edited by Nuclear
Data Group

88, B.A. Brown et al , Phys. Rev. C9 , 1033 (1974)

89, S. Cohen et al,Phys. Lett. 21 , 308 (1966)

90, T.A. Brody and M. Moshinsky, Tables of Transfermation
Brackets, Gordon and Breach Science Publi shers, 1987

91. M. Moshinsky, llarmonie¢ Ogcellator in Modemn Physiog,
Gordon and Breach Science Publishers, 1969

92, S, Cchen et al , Methods of Gomputational PhYSics,
Vol. 6 , Academic Press , 1966

93. Je+Gese Pronko et al , Phys. Rev, 10 , 1345, (1974)

94, P.M. Endi and Van der Leun, Nucl, Phyg, A214 , 1 { 1973)

95, CoWo Towsley et al , Nucl. Phys,, A204 , 574 (1973)

96, Mc Grory et al , Phys. Rev. , €2, 48¢ (1970)

97, Mc Grory et al , Phys. Rev. , C8 , 493 (1973)

98, (Ole Hansen Nuecl, Phys, , A243 , 100 (1973)
1

99. Y. Eisen et al , Phys, Iev. , €13 , 699 (1974)

100. We Iﬁlupfer et al 9 Phy5¢ Rev, 3 14 y 2254 (1975)

101, J.R, Meriweather et al , Phys. Rev. , 146 , 804 (1966)



" Structure of 1f . B
1 7/ 2 Buel ei %

102 Mc Lemaire et al,

Proceedings of International Conference —
* o - '

Edi trice Compositoxi , Bologma, Italy, 1971

105, Nueclear Data V.4 , 1970

S. Pittel Phys. Lett., , 33B , 158 (1970)

104,
105. J.P, Eiliolt , Proc, of Intl, School of Physics,

" Enrico Fermi " , Vol, 36 , 138 (196¢)
106» P, Federman Phys. Lett., 20 , 174 (1966)
107. P. Dederman et al , Phys. Rev, 186 , 1106 (1969)
108. J.C. Hiebert et al , Phys. Lett., 45 , 160 (1965)
109. S. Shlomo, Nucl. Phys., A184 , 545 (1972)

77 , 1 (1966)

110. Bayman et al , Nucl, Phys. ,
M. Daranger and K. Daires Nucl. Phys., 79 , 403 (196¢)

111.
Mc Farlane and J.B. French, Rev. Mod. Phys.,

112, Molle

32 , 567 (1960)
t jekhods of Compulational Phys,,

vol. 6 , Academic Press, 1966

113,
rink Rev. Mod. Phys. , Vol 39 ,

114. Hod o Rose and Debie B
306 (1967)

Nuclear Data Tables

A9 , 147 (1971)

115,



