DEVELOPMENT OF NUCLEAR SHELL MODEL
AND ITS APPLICATION TO STUDY THE
CLUSTER STRUCTURE OF LIGHT NUCLEI

THESIS

Scuhmitted for Partial Fulfillment cf the
Reguirements for M., S¢ Degree

in Physics

by
NOUR EL-DIN NABAWI MORGAN

B. Sc. IGIR

To Tne
Faculty of Science. Ain Stems Urniversity

Cuiro - A, K. £,

1983

Central Library - Ain Shams University



KNOWLEDGEMENTS

Al

wLe

e author

a

Deparsmen:

ystes

—_7
=

4

¥
'
)

'

3

v
s

~ "
S -

ST,

.
i

()

ty

Iversi

Central Library - Ain Shams Un



m
/‘- -
.
ST

::L% 1 :éf %
-— = [ i
,f:EE = 5::_'::

L ‘\ |

Central Library - Ain Shams University



CONTENTS

DPage
SUMMARY i
INTRODUCTION iv
CHAPTER 1 REVIEW ON MULTI-CENTER MODELS ..... R |

1.1 Double-Center 0Oscillator Model .i.eeeaceneses L

1.2 Three—and Four-Center Mcdel in a Tine ...... 8

CEAPTER 2 ANALYTICAL SOLUTIONS OF TwWO-, THREE-
AND FOUR-CENTER MODEL IN &2 LINE ....... 11
2.1 The Model ...... Ceraseen et ete et 11
2.2 Solution of Eigenvalue Problem ............. i3
2.2.1 Eigenvalue equation for the twe~
center H.O. potential .............. i6
2.2,2 Eigenvalue eguaticon for the three-
center H.0. potential .....ivevaiannn i8
2.2.3 Eigenvalue eguation fcr the Iocur-
center H.O. potential ... ... .. ... . 2C
2.3 Volure Ionservation ...... b e e e 23
TIAPTIR O3 FOUR-CENTEZR OSCIILATDOR POTENTIZL
IN & PLAaNT ot ittt s te e st it s aaaa s eaasan 2h
3.1 THE GOOMEEIY 4 et e i se t e aaats s e s ems e assnns 25
3.2 Numerical Scoliution of Tcocur-Center Model
1n 8 PIENE .ttt ittt tnmenanannan e e, 27
3,2.1 Thoice OFf DESLIS L ivveiveievnnanavanes 27
3.2.2 Mathematical representatiol . ... 3D
3.2.3 Calculation of the matrix elements . 33

Central Library - Ain Shams University



L

Analytical Solution o

i Tull Symmetrical
Four-Center Oscillat

rs in a Plare .....
3.3.% Sciution of Schrodinger eguaticn
3.3.2 Relation metwsen

and determination of
EigenvValles .. i it e it e e e

LTe CONSerVAatiion it v ec ron cntannneas

Y LEVELS FRCOM THE
L IN A PLENE (..ii.aen

Central Library - Ain Shams University

"~

=

o

I

LA

(9]

w1

(82

=

[9%] O

.

i



T

SUMMARY

An extension of the nuclear one-, two-, three- and
four-center shell model in a line to four-center shell
model (FCSM) in a plane is presented, Such extension is
flexible in the study of the nuclear structure of light
nuclei and also the nuclear fission into four fragments.
The first part of the present study includes in some

detall the analytical sclutions for the eigenvalue

problems of the previous two-, three- and four-center
harmonic oscillatcr models in a line. The seccond par:t,

whigh is the extension of the previcous work, gives the
solution c¢f the sigenvalue problem for the fcur center
narmonic cosciliators not in a line but in a plane both
and arnalytically. As a first step, the

- -
.5 and :t--terms and fcr

of velume ccnservation which imposes the constancy cCf
eguipotential surface coinciding with the nuclear surface

during the defcrmaticn.

The basic results cculd be summarized as follows:
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(4) The single particle ener schemes showed that
S P

the lowest single cparticle levels arg at large deforna-

'

tion already completely degenerate with energies

corresponding +c the harmonic oscillator states ©If the

al

Zragment nuclei. In the higher states these nucleil sTill
feel the neighbourhood cf the brother fragments and

P

herefore show spiitting of the level at the fermi

3l

11y

= Pird s s 4= - S 5 = & =17
ZC2. 1018 L3 AntTelpristeg 11 TeIls ©If &Ll

+he core

n

nr

nucleons moving already in the shell nmodel potential of

fermi surface are responsikle for the interacticn ci the

frasments in the Zinal stages ci the separztion proosss.
(3} & rough estimation ¢f the binding ensrcies Icr

“ne Iour-cluster of ’, s, ¥r, 32 and Tkt zs
a functicn of Zefcrmation wWas Cotalined by 23Zing the
single parc-lcls an to the fermi level, Zach
ornding energy cuzve was fcund To have & miniTmom o2t o2
relative small deformaticn znd z constant viloe =T
geraration largysr than that corzespunds w2 four touch-

linear relaticnshir with ciie mass nurber L which czculd be

considered as a goasistabilicy curve Ior all rnuclei form-

}-s
18]
Ve
1

symmetrical scherical fcur-cluster.
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INTRODUCTION

The shell model explains important features of
nuclear structure. Therefore, many authOrs have tried
to use it also in the discussion of nuclear fission into
potential [1,2,3]. However, for nuclear fission and
related phencmena it is intuitively evident that the use

of two or more centers of force is a more appropriats

and powerful tocl to describe the rezlistic situation

[§]

instead of using one-center pctential, e.g. the Nilsscn

[}

m

model [4). The Nilsson model beccmes invalid for larg

N

ne

rt

deformation in the sense that it does not contain
proper asymptotic behaviour reguired in the fissiocn

crocess. in particular, the collsactive sotential, which

from the Nilsson model and added into a wel
drop parrier. It should be nozed that the liguld cron
potential als
because of the increasing of the surface enercy fcr need
ellipsoids. This guestion leads to the development cf a
asymptctically correct shell mocdel which 1is based on tre

double-center potential model [7-13! since the surface

Central Library - Ain Shams University
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of the two center shapes model does not go to infinity
for large deformation in contradiction to the case of
one-center model. Holzer, Mosel, and Greiner [7] have

shown the importance of the two center single particle

.ctential as a starting point for all microscooical

)

fission calculations. The previocusly developed two-
center potential for symmetric fission [7] has been
extended to break up into unegual fragments by Maruhn

and Creiner [12]. They generalized the medel develioped

L]

in [7] to asymmetric shapes with a smocih joining cf the
fragments allowing a variable height of the potential

barrier between the Iragments. A more realistic szell

model potential which allcws also for continucus states

is the cut-cif two-center potential was propcsed Ty Cngd
ard Scneid [13] Trhese authors have calculated the
bound s+ates cf the two-center oscillatcocr with firnite
deoth.

7. fuircrer dasirable generaiizaticn of <he model
will be +he inclusicn of sharzes containing mors than

tWO Centers, tnus allowilng an examinaticn of multicaie
fission. Thus, an extension 2f the nuclear two-Canter
oscillater to three- and four-center potentials in a
line was investicated by Bergrman and Scheeler [14].
The generalization of the shell mcdel based on the nar-

monic oscillator potential to a system rade up of three

clusters with sgin orbit ferm and i--correction was
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proposed by Degheidy [15]. The centers of the three
clusters may be in arbitrary geometrical configuration
in a plane and the clusters may be of different masses.
This model extended the work of Diel et al [16] by
investigating the behaviour of shell correction for a
ternary break up. The results showed that the three
center shell model developed by Degheidy [153} is a
flexible tool in the study of ternary fission and also

in the structure of iight nuclei.

The present work, the four-center shell model in
a plane, is an extension to the previous work. For
mathematical convernience we treat, as a first step, the
- .
z=independent condition. Furthermore, we restrict our-
selves to symme:iric fission with soherical fragments.
The absolute wvalues cf the oscillatcr frsguencies u are
cbhtaired via the condition of surface voclume conservation

which imposed that zhe eguipotential surface which

during the Zefcrmation. The single particle snercles oI
i .- . = s S LN
the four-center shell model for some 1igh<t nuclel T ©,
32 13 64 X . .
s, Kr, Ge) and cne heavy nuCleus are obtained

numerically. It is convenient to calculzte the single
particle energies for one light nucless analytically.

By adding the single particle energies up to the fermi-
level, a rough estimation of the binding energy depending

on the defcrmation parameter (a) can be obtained. This
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will be shown for o, 5, Kr, Ge and ® b, The

remeining problsm is the generalization of this nodel

The present 4hesis cornctains mainly four chapters.

The first chapter rerresernis a review on the pravious

multi-center model., The second chapter descrikbes in
scme detail =he metheds cf <he two-, thrse- and Zour-
centery CsScillator poTentlial zrranged inm oz lire cnain
configuratzcon). The third crnapter deals with zhe fcur-
center cscillazor arranged in a tlane and the me:tnod

SONMTEINS Toe rss . T3 I 2 _CUATILCn AngQG Ql3CUssilC.
T = Y -_T = e P R Iy o eemome Sm i —_——— T s
eTal s I EIles CZ_JoaLE=ZT LT LTS ZLIEN LT TE =TUTEILa X,
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CHAPTER (1)

REVIEW ON MULTI-CENTER MODELS

1.1 Double~Center Oscillator Model

The Nilsson nodel [4] becomes invalid for large de-
formation in the sense that it does not ccntain the
proper asymptotic behavicur required in fission procsass:
instead of allowing the formation of two separate frag-
ments, the Nilsson model approaches asymptotically only
long, stretched, cigar like shapes ("needle ellipsoids")
for the eguipotential surface as shown in Fig. (1). The

resulting increase in the single particle zero-plint

energy gives rise to the general trend ¢f incresasing the

and CGreiner nave shown in their work [7] the importance
cf the two center single particle potential as a starting

peint for all micresce

3 - o~ mem T mae T - - T .
ical fissiocn calculaticns. They

ite]

nave chosen in particular oscillator potentials, sinc
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they can be handled mathematically and are also under-

lying the conventional shell model.

2

They started

Hamiltonian which is a direct generalization of

Nilsson model o two center potential and has the

following form in cylindrical coorcdinates:

-
Vi,

- —_-
H=1T+ vV{:,z) + V(zl,zz)
5 - - - - -+ .
;JE:ZL-*EZ(Z—ZI) +CL1.S+D£1,
Z; Vi, 005 5
L il izez 3%+Ci,.s5+Di-,
2: 2z 2 z2 z
-+
e {, and i1, ars the angular momentum Ooperator
1 2 =
ect tc the two centers z. and z., respectively

1

with

-~
[

he

;- -

WLe 2

el a

Central Library - Ain Shams University

STW3 The zecrmetrical shaoes wWhish
Scible-canter In diffsrsnt cases. Tonev

as a first ster, Tnly ths ;-i:ie;eriE“t
amlltonlan and restricted Themselives O
syrmetric case l.e R T T T P
1 shapes corresponding tc these cases for
of serparation o whe two centers are

3}, From the Iigure and =he Hamiltonian



