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PREFACE

The present work describes the experimental work performed
by the author 1in candidature for the degree of Doctor of
Philosophy. The work was undertaken at the Physics Laboratory,
Rajshahi University, during the period from July 1986 to June

1982.

The experimental 'investigation consists of a stﬁdy of
nuclear level structure using the (3He,d) and (SHe,p) reactions.
For thi; purpose, the 51V(3He,d)52Cr and 82Ni(3He,p)84Cu
reactions have been studied at Helium-3 beam energy of 15 and 18
MeV respectively, using the Tandem Van-de-Graaff accelerator
and multichannel magnetic»spectrographs. The Tlford L4 type
nuclear emulsion plates of 25pm thickness were used to record
the tracks of the outgoing particles. A total of B3 levels in
52Cr along with 3 new levels up to E, 7 8.8 MeV with 20 keV
energy resolution and a total of B9 levels in B¢y along with
two isobaric analogue states and three new levels up to E, ~ 8.2

MeV excitations with an overall energy resolution of 36 keV,

have been observed.

A comparison of the present results with previous works has

been made. Angular distributions have been measured for most of

the levels.

(iii)



The data for angular distributions of cross-sections were
analyzed - in terms of DWBA theory of direct reaction 'using the
code DHUCké and the L-transfers, the parity, the -spectroscopic
factors and J-limits were determined for most of the levels.
Properties of a fsaw low-lying levels in S2cr and B4Cu were
compared with the theoreﬁical predictions based on the shell-

model calculations.

The confirmation of the existence of analogue states has
also been sachieved through the measurements of the angular
distributions of the protons populating the 6.821 and 8.188 MeV

states in 64Cu.

(iv)
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CHAPTER 1
" REVIEW OF THEORETICAL AND EXPERIMENTAL WORK

1.1 General introduction

A " nuclear . reaction is a process in which a change in the
composition, or energy or both of a target nucleus 15 brought
about by the bombardment with a projectile or gamma-ray.
Generally, two types of information can be obtained from fhe
study of nuclear reaétions: (1) information about the nucleaf
matter, and (2) information about the special properties such as
angular momentum, parity, magnetic moment, etc. of a particular

nuclear state formed by the given reaction.

Since the nucleus is a many-body system, it is very
difficult to draw a complete picture of its properties. Some
simplified models with certain reasonable approximations have
been developed in order to remove the complexity. One such
model 1is the compound nucleus model due to Niels Bohr [Bo 36B]
and the other 18 the direct intaraction model due to Butier

[Bu 50].

The nuclesar reaction takes place in two steps according to
compound nucleus model such as (i) the incident particle is
captured by the target nucleus and a metastabls compound nucleus
is formed; (1i) the compound nucleus subsequently disintegrates

to yield the reaction products. These two steps are completeli



independent of each other, i.e. disintegration of the compound
system 1s independent of the way in which it was Fformed. It
depends on the energy and angular momentum of the incidént
particle. The angular distribution of the outgoing particles is
symmetric about 80°® in the c.m. systemn. This mechanism 1is
particularly valid in the region of low and medium energy. At
higher energies angular distributions are completely different
fro? those = obtained by the compound nuclear model. Thus a
complementary direct reaction model was first proposed by Butler
[Bu 50]1. According Lo this model, the nuclear - reaction takes
placé in a single step. This was first recognized by
Oppenheimer and Phillips [Op 35] in analyzing low-energy (d,p)
reactions. The main characteristic of direct reaction mechanism
is: the appearance of the pronounced maxima at the extreme
forward angles with oscillatory pattern of distribuﬁions. The
time required to travel the nuclear dimension by the incident
particle is about 10722 sec for direct reaction mechanism,
whereas it 1is about much larger for the compound nucleus
process. The existence of the compound nuclear states of
relatively 1long life-time provides an explanation Ffor narrow
resonances in nuclear cross-section at low energies (the level

width ' and life-time T are related by 't = h).

The direct interaction model for higher than 10 MeV of
incident energy can well explain the experimental data. So, we

may hope that the results of the present experiment with



incident energies in the region 15-18°MeV can be explained in

terms of the direct reaction model.

A good deal of information on nuclear structure can be
obtained from the study of one-nucleon or two-nucleon transfer
reactions. In spite of its greater complexity, the two nucleon

transfer reaction is a more useful tool to study levels than the

single nucleon transfer process.

1.2 Literature ngngé

The. present work is concerned with the study of the 1level
structure of the nuclei 520y and ©4Cu. The information on these

nuclei is given in this section.

1.2.1 520y pucleus

The excited states of o020y were studied by Mézari et al.
[Ma 87] through the 55Mn(p,a)520r £eaction and inelastic
scattering of protons. By using a 6.51 MeV proton beam from an
electrostatic generator and a high resolution magnetic

spectrograph, they have found six excited states in S2¢cr.

The 1low-lying states of'520r were investigated by
Wilson gt 8l: [Wi 62] by étudying the decay of 5ZMn using
gscintillation spectrometers and A douﬁle—focusing beta ray
speekromneber, Thres mbrong linem were obzerved along with a

number of weak transitions. Information on spin and parity of



various levels and comparison of experimental observations with
. .

theoretical predictions were made by them.

A bean of 22 MeV SHe-ions from the‘ Los Alamos variable
energy cyclotron was used by Armstrong et al. [Ar 65] to
investigate the (3He,d) reaction on some nuclei including Sly
Energy resolution (100-120 keV) is good enough to resolve levels
up to an excitation of 5 to 6 MeV for the nuclei studied, and

angular distributioens were obtained for the deuterons

corresponding to these levels.

Excited states of 520r were studied by Monahan et al.

.[Mo 68] through a p-Y coincidence measurement with a Ge(Li)

detector and precise excitation energies of ten levsels in '52Cr
were obtained.
The (3He,n) reactions on Ca, Ti, Ni isotopes and 847 have

been studied by Evers et al. [Ev 74] with a time of flight
technique at incident energies of 15, 18, and 21 HeV. Angular
distributions, spin and parity are analyzed by using DWBA model.

Only L=0 and some L=2 transfers have been observed.

Angular distributions of the‘(BHe,d) reaction on 51V have
been measured by Pellegrini et al. [(Pe 73] at 10.48 MeV with a
counter telescope. Spectroscopic féctofs and l-values of S2¢r
states up to 7 MeV excitation energy are obtained by comparing

the data with DWBA theory. Shell-model calculations predicted



well the 1f7/2 spectroscopic strengfh, but failed in reproducing

Lthe observed 293/2 strength.

Energy spectra and angular distributions of neutrons féom
the (T,n) reaction on SOTi; at bombarding energy of 13 MeV have
been measured by Bohne et al. [Bo 7Sj with the time-of-flight
facility. The DWBA analysis of angular distributions yielded 286
levels with J™=0% and 27 levels with J"=2%". The transitions ,of

0" states have been compared with the shell model and paring

model predictions.

The-(3He,n) reactions on 48’48‘50Ti,

at the incident energy
of 15 MeV have been studied by Alford et al. [Al 75] for fp-
region of the residual model. Some of the observed states have
been identified =8as asnalogues of low-lying stakes 1in isobaric
nuclei and are predicted by paliring vibrational model (PVH). A

comparison of the results with (p,t) data suggests that little

mixing occurs between states with different PVM configurations.

Differential cross-sections and vector analyzing powers have
been measured by Bieszk gt al. [Bi B81] for {(d,t) reaction
induced .on °3Cr at Eq = 11 MeV. Transitions with l=0 to 4 are
observed. The analyzing power measurements.for'l;l transitions
exhibit a strong systematic dependence on Q-value. A number of
previous spins and parities assignments are confirmed and tLwo

new definite assignments are made on the basis of their data.



Nuclear resonance fluorescence experiments with polarized
bremsstrahlung have been performed by Berg et al. [Be 81] 1in

52Cr. Thirteén

order Lo search for magnetic dipole strength in
Jevels of excitakion energy ranges from 7.5 to 11.8 MeV have

been observed by them.

Smith et al. [Sm 83] have investigated two energy levels 1in

SZ20y which have been excited by resonance fluorescence with
linearly polarized, mono-energetic gamma rays of 9.14 MeV. The
azimnLlhal and polar asymmetry of the resonance scattered

radiation have led to unique spin-parity assignments of Jr=1"

for the levels.

Muto et al. [Mu 84] have studied the magnetic dipole
excitation in 22Cr in terms of the shell-model which includes
configurﬁtions with one- and two-particle excitations from 157/2
to 2p3/2 and 291/2 to 1f5/2 éhell orbits.

A 26.7 MeV beam of a-particles from the Los Alamos cyclotron
was used by Armstrong ef sl. [Ar 67] to study the (a,t) reaction
on  24Cr. Thé triton angular distributions from séme low-1lying
states in- the residual nuclei were compared with the
rredications of the DWBA theory and the resulting spectroscopic
information was alsoc compared with similar information obtained

by means of the (3He,d) reacktion.



The (a,t) reaction on 51V was studied by Matoba ef ai.[MaBBJ
at an incident alpha energy of 28 MeV using an E- aQkE
semiconductor detector telescope. Angular distributions were
analyzed by the use of zero-range DWBA theory. The Ll-values and
spectroscopic factors are deduced from the transitions leading
to 15 low-lying states of 520r. The results are compared with

seniority scheme and the sum rule of the j-j coupling shell-

model.

The excitation :functions for alpha partlcles f?om the
55Hn(p a)°2Cr reaction from E,=5.8 to 7.0 MeV at 6),,=80°, 125°;
and 180° have been memsmured by Hau ot sl. [Hs 85]. The ocromm-
sectioné are analyzed by the channel cross-section Ffunction, the
statistical nuclear theory and the autocorrelation function to
determine the number of correlating channels, the average total

level width Fu and the ratio Fu/D.

Very recently, Fujiwara gt al. [Fu 85} have measured the
inelastic scattering of B85~MeV proton on 520r for the states up
to 11 HeV excitation energy. The systematic decrease 1in
excitation strength of the first 37 state has been observed.
Many 1~ and possible 17 states have been identifigd at E,=5-1U
MeV and 1t assignments are in agreement with those of previous

works.

The elastic and 1inelastic scattering of 15 HeV polarized
deuterons from °2Cr has been investigated by Baker et al.[Ba 74]

and angular distributions of the c¢ross-section and vector



analyzing power have been measured. Anomalous behaviour of the
N=28 nuclei found in the inelastic scattering of polarized
protons 1s not present for deuterons and the distorted spin-

orbit term elffect is found to be negligible.

Measurements are reported by Huis Kamp et al. [Hu 581 for
Lhe anisuvtropy of the>intensity of the gamma radiation emitted
by 52hn nuclei oriented at low temperature. From the results,
it has been concluded that the spins of the 3 excited states in

52Cr are 2, 4, and B.

1.2.2 %40y NUCLEUS

The low-lying excited states of 84Cu have been the subject
ol several investigations over the last few decades. Figueiredo
el al. [Fi 58] are one of the early investigators. They
investigated the 83Cu(d,p)84Cu reaction at deuteron energies
between 6.00 and 6.55 HeV. Sixty-five levels in 8dcy  were
x 3.8 HeV. They however' did not Eive any

measured upto E

information about spin-parity of the states.

Toit et al. [To 61] measured the half-1life of the states
excited by slow neutron capture in various nuclei. The half~
lives of the first and second excited states in 64cy were found

to be £0.3 nsec.



The low energy gamma spectra of 64Cu were studied by
Skliarevskii et @al. [Sk 58] using thermal neutrons. They

observed lines at 155+5, 20510, and 27610 keV.

Vervier [Ve 61] studiea the level structure in 2%Cu through
circular polarization of gamma-rays following the capture .of
polarized neutrons. Tﬁe high energy part of the neutron éapture

Y-ray spectrum in copper [Ba 53] shows a 7.81 MeV line whiceh is
the ground state transition in 64cy as well as 7.63 and 7.30 MeV
Y-rays which are probably transition to 0.277 and 0;607 MeV
states in 54Cu [Tr 57, Ba Un]. The capturing state in 64Cu. may

be 17 or 27 and the ground state is known to be 1t

Kopecky et al. [Ko 65] and Shera and Bolotin [Sh B8]
investigated the 1lsvel structure of 640u by using thermal
neutron capture 83Cu(n,'Y’)B‘lCu reactions. A number of new
transitions are reported. Tentative spin assignmenfs for
excited states below 1 MeV are proposed on the basis of the
gamma ray decay modes of the levels. The low-lying excited
states 1in B4y are discussed in terms of the 2p3/2, 1f5/2 and

2p1/2 proton-neutron configurations.

The 62Ni(3H8,9)64CU reaction was investigated by Young and
Rapaport [Yo B68]. Angular distributions are studied Ffor the
strongly excited states and L-values are determined for the
neutron-proton transferred pair; but no JT assignment has been

reported.



The most remarkable work on the low-lying excited levels 1in
640y is due to Park and Daehnick [Pa 69].who investigated the
levels of the same nuclens with 12.08 MeV deuteron from the
ESE;Zn(d,a)ES‘lCu reaction with an energy resolution of about 11-1%
keV and via 83Cu(d,p)64Cu reaction with and energy resolution of
about 7-8 keV. About 85 levels in 84Cu up to excitation of 3
MeV energy were identified by them. Angﬁlar distributions of
88Zn(d,a)84Cu reaction were obtained over the range 15°20<890°
and angular distributions of 63Cu(d,p)84Cu reaction we;e also
obtained over range 8°<8%<50°; l-values and spectroscopic factors
were also extracted from a comparison with the DHBA

calculations.

Lu et al. [Lu 69] studied the (a,d) reaction with a beam of

50 MeV alpha-particles on B2y .

Angular distributions and ¥ - T correlation of v-rays emitted
following the 84Ni(p,n )84Cu reaction were investigated by many
authors. Among them, Davidson et al. [Da 70] have studied
levels up to 827 keV. Unigue spin and parity assignments for
several levels were computed by using the theoretical prediction

of the compound nucleus statistical model.

Bass and Stelson [Ba 71] studied the 64Ni(p,n)64Cu reaction
using the neutron time of flight technique and the energy levels

in 84cu are measred up to an excitation energy of 2757 keV.

i¢



The spins for the several levels in 64Cu have been assigned up
to an excitation energy of 863 keV Ffrom the 84Ni(p,n)sq(;‘u

reaction by Litherland and fergeson [Li 81] and Wellborn [He
71].

Nuclear lsesvel structure of 84Cu was studied by Black et al.
(Bl 72] by the use of y-ray spectroscopy via 83Cu(d,p)84Cu
reaction at an incident 'deuteron beam energy of 6.5 MHeV.
Excitation energies up to 1594 keV were identified.

]
Green et al. [Gr 78] have measured the gamma-ray angular

distribution and ¢f - Y angular correlation for the transition
observed: following the 84Ni(p,n)64Cu reaction and unigque spin

assignments are made for several levels.

The compound nucleus contributions to the proton spectra
from 8 MeV to 10 MeV SHe induced (SHe,p) reactions on even-A Ni
isotopes were obtained by Lee gt al. [Le 80]. The relative
cross-sections for 58Ni/SDNi/62Ni in the high execitation rsgion
are in fair agreement with predictions of statistical theory but
the absolute cross-sections in the same region are smaller than
the prediction by a factor of 3 to 8 and the shapes of the
measured spectra for heavier isotépes do not agree with the
prediction. These discrepancies between experiment and theory
are 1in sharp contrast to the situation in (b,p'), (p,a), (a,p)
and (a,a’) reactions where good agreement was found. The proton
spectra from the (3He,p) reactions on nuclei ;n the A=54-68 mass

rénge have a systematic difference in slope . between even-A

v
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targets and odd-A targets; it is similar to the systematic
difference found previously in (p,p’) and (a,p) reactions but

none of these is well explained by theory.

1.3 Approach to the present work

Over the last two decades stripping reactions have been used
for nuclear spectroscopic studies. Among them the (d,p)
reaction is the simplest and widely used. But it Has‘ been
observed that all the final nuclei cannot be reached by a single
n-transfer via (d,p) reaction on available targets. Sometimes
double stripping reaction like (3He;p) is essential for the

purpose.

The (3He,p) reaction is good enough to study the finai state
with a dominant |Core+p+n> configuration, whereas (d,p) or
(3He,d) reaction is only used to study the levels of the final
nuclei which have a dominant lCore+n> or [Core+p> configuration.
The (BHe,p) and (SHe,d) reactions are expected Lo show up new

levels which may be unobserved with other particles.

The (SHe,d) reaction should be equivalent to thé {(d,n)
reaction in the sense that they lead to the same final nucleus;
but in the latter case the neutron being a neutral particle, ' is
very difficult to)detect. So the (3He,d) reaction is one of the

most important tools of extracting spectroscopic information .on

12



levels in 52Cr. Similarly, the (BHe,p)'reaction i1s ‘equivalent to
(a,d) reaction in the sense that they .have the samé final
nucleus. The spin and isospin selection rules .and the
antisymmetrization requirement in the two-nucleon transfer
reactions allow the transfer of only spin triplet np pair in the
(a,d) reaction in contrast to both the spin triplet and a spin
singlet in the (SHe,p) reacticn. So the (3He,p) reaction is
also one of the most important tools of extracting nuclear
spectroscopic information on the levels in the complex .odd-odd

nucleus 84Cu.

The present works on the 51V(3He,d)52Cr‘and 82Ni(SHe,p)64Cu
reactioﬁs are undertaken with the aim of studying the structure
of the low-lying levels of Szér and 84Cu. Angular distributions
are measured for 63 levels in 520r and B9 levels in Bdcy up .Lo
excitations of 8.8 and B.2 MeV for the respective nuclei. The
data are analyzed in terms of the DWBA theory of direct
reaction. Spectrosceopic factors for most of the levels are
derived from a comparison of the experimental and DWBA cross-.
sections. Two analogue states are identified and are confirmed
through the measurement of the angular distributions of protons
populating the 6.821 and 8.188 MeV in B4cy  From the (SHe,p)

reaction.
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CHAPTER 2
RXPERINENTAL PROCEDURE -

2.1 Experimental sekt up

Experimental investigations of low-lying excited states of
even—-even nuclide 52Cr and odd-odd nuclide 640u are the subject-
matter of the present work. For this purpose, two reactions
such as 51V(3He,d)52CT and 62Ni(sHe,p)84Cu are employéd for
investigations, The 15 HeV doubly ionizeq 3He*beam from the
Oxford Tandem Van de Graaff accelerator was used as projectile.
The isotoAically enriched 51y target of thickness 100ug/cm® was
prepared by vacuum evaporation on to a thin carbon backing of
vanadium oxide. The target was oriented at an angle of 45° with
respect to the direction of incident beamn. The reactions
products were magnetically (H=13.26 KG) analyzed in an Oxford
Multichannel Spectrograph [Br 56] and were reco;ded in I1ford L4
type nuclear.emulsion plates of 25pum thickness, simultaneously'
over fhe angles between 3.75° to 71.25° (lab) in steps of 7.5°.
The emulsion was covered with a 0.25 mm polythene foil so as to

stop all particles less penetrating than deuterons. The . total

beam charge was 5210 pCoul.

For the second reaction, the 18 MeV doubly ionized and
monoenergetic 3He-beam from Tandem Van de Graaff generator of

AERE, Harwell, U.K. was used as projectile on 'the target

14



(isotopicﬁlly enriched to 99% 82Ni; nomihally 100 pg/cm® thick).
The reaction products entered into a high magnetic field of
strength 12.45 KG of & multichannel spectrograph [Br 58 ] and
were recorded in 25 um thick Ilford L4 emulsions, simultaneously
over the angles between 5° to 80° at 7.5° interval. The
emuilsion was covered with 40 thou thick polythene Toil for
stopping all particles other than protons. The total beam

charge was 10124 uCoul.

2.2 Multichannel magnetic spectrograph

The Multichannel magnetic spectrograph (MMS) has been used
for the analyses of nuclear reaction products. The description
of the essential features of MMS is given below for better

understanding (Fig. 2.1).

The MMS [Br 58 ., Mi 62] consists of twenty-four broad range
single channel magnetic spectrographs with a common magnetic
circuit. A toroidal iron ring with twenty—four radial air-gaps
cut 1in an iron at angular intervals of 7.5° from a suitable
starting point, is associated with the magnet. So, a single
bombardment covers a wide range of angles. In each channel,

there 1is an arrangement for placing nuclear emulsion plate of

about one hundred centimeter in length. In order to have the
channel configurations, the whole apparatus can be rotated
through 3.75° under vacuum. The plates for detection can be

moved laterally across the focal planes in order to allowing

successive exposures without breaking ths vacuum.

15
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The inbident ion beam from the Van de Graaff generator is
allowed to enter the SpeEtrograéh through a hole. The beam is
collimated by a slit system placed ahead from the central target
{Mi 62]. The charge of the ion beam is measured by a Fargday

cup which is situated just inside the magnetic fringing field.

The target is mounted on a cone placed at the central part
of spectrograph and is also oriented at an angle of 45° - with
respect to the beam direction.‘ The reaction product emanating
from the target 1is grought to focus on the emulsion plates
placed along the hyperbolic focal plane of each magnet;
Suitable polythene absorber is placed on the plate for stopping

all particles 1less penetrating than scattering particles

(deuterons or protons).

When the experiment is over, the plates are taken out of the
spectrograph and are covered with dark lids. Then they are

indexed and developed in the usual processﬁ

2.3 Microscope

The rows of black grains of colloidal silver are called
tracks which should be measured with great precision. A high
resolving power microscope is essential for the analysis of the
emulsion pIAtes. A Vickers binocular microscope can be used
with great comfort, since a long time has to be spent for the

purpose of searching and scanning. The scanning was performed

15



with 15X eye-piece and 20X objective. Sometimes objective with

higher magnification 40X was used for tracks in large numbers.

In order to avoid back lash error, the mechanical stage of
the microscope is mounted on ball bearing spring loaded. It is
achieved by micrometer movements in X- and Y-directions. A
green light arrangement with the help of step down transformer

of 6 volts is provided with it for the sufficient illumination

of the field of view.

2.4 Exposure and scanning of the emulsion plates

The exposure of the emulsion plates had been carried out
with &a doubly ionized Helium-3 beam of 15 MeV from the Tandem
Yan de Graaff accelerator of Oxford, U.K. (for the
51V(3He,d)520r reaction) and of 18 HeV from the Tandem Van de
Graaff generator of the AERE, Harwell, U.K. (for the
62Ni(BHe,p)64Cu reaction) respectively. The plates for expgsufe
and target nuclei for the bombardment were located at the
respective positions inside the Multi-channel spetrographs. The
total charge of 5210 e and 10124 pc respectively were collected.
by Faraday cups situated inside the magnetic fields of flux
densities 13.286 KGQ and 12.45 KG reépectively. In the field
region, thelparticles were deflected and were brought to focus
according to their ensrgies somewhere along 100 cm long emulsion
plates. The 1Ilford L4 type nuclear emulsion platés of 25 um

thickness were covered with 0.25 mm and 40 thou respectively of

17



polythene- absorber whiech stopped =all particleé other than
reaction products. At the end of the exposure, the plates were
removed covering with dark lids and then they were indexed in
the usual process. After processing and drying, the plates were

ready for scanning purposes.

The plates were exposed to 24 angles from 3.75“ to 176.25°
and 5° to 175° respectively at 7.5° intervals. 4 After
processing, each plate was marked with eight Aatum- lines
perpendicular to the fength of it. The indices were labeled by
letters A,B,C,D,E,F,G, and H (excluding G and H for Oxford
exposure). The extreme three forward angles were stopped down

by the following factors in order to cope with high yield in cLhe

angles for the stripping reactions:

Channel Angle Stop-factor Remark
1 3.75° 4 Oxford exposure
2 11.25° 2 "
3 18.75° 1.25
1 5.0¢ 4 Harwell exposure
2 12.5° 2 "
3 20.0° 1.33

Each of these segment-plates was placed on the table of the
Vickers binocular microscope in such a way that one of the datum
lines of the plate fell just at the middle of the large square’

graticule of the eye-piece scale. The datum line was then made

18
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to coincide with the Y-axis of the cross-wire. The scanning was

performed in step of X=0.25 mm. Along Y-axis, a displacement of

89-11 mm. was done by the adjustable screw so that no tracks was

missed. The procedure of the scanning could be well understood

from Fig. 2.2. The circle represents the field of view under

the proper magnification of the microscope. When Y-screw was
turned in the forward direction, a number of tracks (say, P,Q,R,
ete.) which would move from bottom end of the field of view,

would be observed. Those tracks which were not parallel to (0-
8) 1line and those Jhose entry points were not inside the
graticule, should not be counted. X-axis was turned through
0.25 mm. and the total number of the tracks were counted. In

this way, the scanning was performed for the whole of the

plates.

The plates were obtained through the courtesy of Dr. D.L.
Watson [(Wa Un} of the University of Bradford, U.K. The plates

. were scanned at the Nuclear Physics Laboratory, Univepsity of

Rajshahi, Bangladesh.
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CHAPTER 3
EXTRACTION OF DATA

3.1 Introduction

The glorious history of nuclear energy levels commenced Ffrom
1930 when Rosenblum [Ro 30] discovered the spectra o»f alpha
particles. In the nuclear energy level diagram, the ground
state is taken as the lowest energy state depicted by a
horizontal line at the bottom on which the other excited levels

are located.

3.2 Energy levels

A precise measurement and accurate knowledge of the nuciear
energy levels are most essential for the development of> Lhe
nuclear spectroscopy. The study of nuclear spectroscopy means
the mapping of nuclear energy levels and a study of their

properties.

The energy of the outgoing particle in-the A(a,b)B reaction

is given by the expression:

Hzp |2 ) %
]_1

E, = 931.14 my %}+1.038598 x 1077 x(
m
b



where H is the magnetic field in Kilogauss, my,z and /’are the
mass, number of .unit charge and the radius of curvature of the

outgoing particle respectively. The A2 is given by
2 3 4 %
/0= [ g t &31X + axX® + agx” 4+ auxt o+ ..., ] L. (3.2h)

where x is the position of the outgoing particle group in unit
of 0.5 mm. on the plate. The value of @ in the ith state 1is
Eiven by

my, -mb 2 (my Eg my Ey)%

)—Ea (1 - ) - CosB ..{(3.2c)
mp mp np '

Qi:Eb(1+

where Mg is the mass of the inciderrt particle, m, is the mass of
outgoing particle, mg is the mass of final nucleus, Ea and Ey
are the energy of +the 1incident and outgoing particle

respectively.

Energy levels of the residusl nucleus are obtained from the
spectra at different angles. For this purpose, each angle is

calibrated in energy using the least sgquares relation

Eb:AO

+ Ax 4+ Alx® o+ L (3.2d)
in which x 1is the peak-position of the group 1iIn the energy
spectra of the outgoing particle.

For the identification of the existing and the new levels,

the following criteria were used:

A



(i) The excitation energies of levelé in residual nuclens
obtained at different a&angles are required to bé
consistent to within about 20 keV;

(ii) and the groups due to emittea particles at different

angles belonging to the levels have about the same

widths.

Energy resolution is one of the most important properties
of any energy measuring device. It may be defined as theﬁ Full
width at half maximum'(FHHH) or intensity of the peak pfoduced
by a number of particles of identical energy. 'If the resolution
is poor, individual peak will not be resolved and information
will be lost. For the present experiment, the pqsition of the
half-maxima of the peaks were recorded carefully.

3.3 LEnergy levels in 52Cr

The energy levels in S52¢cy were obtained from the (BHe,d)

51V. Details of the exposure are shown in Table 3.1

reaction on
and the coefficients of the eguation (3.2b) from the

calculations of the Oxford spectrographs are given in Table 3.2.

The energy levels in 52Cr were obtained by using several
well established levels in 52Cr. The least squares values of

A Ay, and A, in egquation (3.2d) for each channel were

OJ
calculated using the Alpha-Micro AM1000E computer of Lhe

University of Rajshahi, Rajshahi, Bangladesh.
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After completing the scanning, the energy spectra of (Lhe
ouxtgoing denteron of the 51V(3He,d)52Cr reaction at the
scattering angles 3.75°, 11.25°, 18.75°, 26.75°, 33.75°, 41.25%,
56.25°, and 71.25° were obtained. The deuteron spectrum at

33.75° (lab.) is shown in Fig. 3.1 as an example.

The calculations of excitation energies of different }evels
at different angles were carried out with the help of the same

computer at Rajshahi University.

.

In the present work, the levels in 52Cr have been observed
up to an excitation energy Ex = 8.6 MeV. The energy resolution
was found to be = 20 keV (FWHM). The results of the present
study of the energy levels are compared with those of the
previous works ({[S5i 84, Pe 73, Fu 85)], as shown in Table 3.3.

Properties of the levels of 52Cr are summarized in Table 5.2 in

Chapter 5.



Table—S.l

Experimental details for the (3He,d) reaction

Bombarding Target Mag. field Frequency Exposure
energy enriched (KG) (MHz) {(pC)
(MeV)
15 Sly 13.26 57.16 5210
Table-3.2

The coefficients of eqn.

calibration.

(3.2b) from Oxford spectrosgraph

a,(cn?) aq(cm )

2o ag (cm_l) a4 (cm'z)

49.9655  1.04586x10" 2

1.15948x10"8%  4.p4482x10° 11 4.38034

] x10
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Energy levels in

TABLE-3.3

23

Gr.No. Excitation energy in . °2Cr (MeV)
a b g d
00 .000 0.000 0.000 0.000
01 .438 1.434 1.430
02 370 2.370 2.360 2.369
03 767 2.768° 2.770 2.768
04 . 965 ' 2.965 3.110 2.965
05 113 3.114 3.114
06 .770 3.772 3.780 3772
07 .938 3.948 3.949
08 .033 4.038 4.040
09 .565 4.563 4.563
10 .628 4.627 4.640 4. 630 -
11 .701 4.708 4.702
12 .737 4.741 4.740 4.738
13 .835 4.837 4.850 4.832
14 .101 5.097 5.120 '5.085
15 .285 5.281 5.285
16 .435 5.432 5.425
17 467 5.450 5.450
18 .594 5.600 5.600 5.5B9
19 .751 5.737 5.770 5.7271
20 .828 5.830 5.830 5.811

continued. ..



continued.

TABLE-3.3

Gr.No. Excitation energy = in SZ2¢r (MeV)
a b & d

21 5.891 879 5.673
22 5.945 .953 5.8957
23 5.992 . 998 5.996
24 6.026 026 6.020 6.055
25 6.089 ‘ .108
26 6.192 .193 6.201
27 6.232 .233 6.240 6.243
28 6.364 .356 6.370 6349
29 6.388 .382 6.382
30 6.500 .483 B.482
31 6.625 6.657
32 6.676 6.678
33 6.814 .810
34 6.894
35 6.928 5.920 6.820
36 6.933 .010 7.010 6.993
37 7.0789 .070 7.070 7.080
38 7.165 . 180 7.180
39 7.223 7.217
40 7.273 7.278
41 7.322
42 7.359

2

continued. ..



TABLE-3.3 continued.

Gr.No. Excitation energy in 520y (MeV)

a b c . d
43 7.400 7.400 7.409
44 7.487 7.450 7.482
45 7.536
46 7.606 7.600
47 7.686 ' 7.679
48 7.729 7.730 7.738
49 7.780
50 7.815 7.823
51 7.853 7.848
52 7.905 7.800 7.893
53 7.987 7.967
54 8.020 8.022
55 8.083 8.089
56 8.183 8.181
57 8.234 8.213
58 8.283 8. 281
59 8.373 8.374
60 8.451 8.457
61 §.579 8.569
62 8.614 8.617

H



Present work
Summary [Si 84]
From (°He,d) reaction given by Pellegrini et al. [Pe 73]

From (p,p’) reaction given by Fujiwara ef.. sl. [Fu 85],



3.4 Energy levels in 64Cu

The energy levels in 64Cu were obtained from the 82Ni(BHe,p)
reaction. Details of the exposure are shown in Table 3.4 and
the coefficients of the equation (3.2b) from the calculalions of
the Harwell spectrograph are given in Table 3.5.

The energy 1levels in 84Cu are obtained by using several

levels in 9%cy

as well as contaminant levels arising from
(3He,p) reaction on 12C and 180 . The contaminant leve1$. used

for the calibration are‘shown below;

12C(3He,p)14N reaction:

Ey =0.0,2.313,3.948,4.915,5.108,5.680,5.832 & 6.4494 MeV |[AJ 83}
18O (3He,p) 18F reaction:

E, = 0.0, 0.837, 1.701., 2.101, 1.119, 3.0867 and 3.830 MeV [Aj 83]

The least squares values of A Ay and A, in the egn.

Ol
(3.2d) for each channel were calculated separalely using the
Alpha-micro AM1000E computer of the University of Rajshahi,

Rajshahi, Bangladesh.

The energdy spectra of the outgoing protons of  the
62Ni(3He,p)84Cu reaction at the scattering angles §5.0°, 12.5°,
27.5°, 35.0°, 42.5°, 60.0°, B5.0°, 72.5°, and 80.0°  were
obtained. The proton spectrum at 27.5° (lab.) is shown in Fig.:

3.2 as an example.

29
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The calculations of excitation energies of different levels
at different angles were carried out with the help of the sanme

computer ak the Rajshahi University.

In the present work, the levels in 84cy have been observed
up to an excitation energy Ex ~ B.2 MeV. The energy resolution
was Ffound to be = 38 keV (FWHM). The results of the present
work are compared with those of the previous ﬁorks [S5i 843 Pa
69, Fi 58], as shown in Table 3.6. Properties of the levéls of

84Cu are summarized in Table 6.2 in Chapter 6.

10
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Table-3.4

Experimental details for the (BHe,p) reaction

Bombarding Target Mag. field Frequency Exposure
energy enriched (KG ) (HHz) (uC)
(MeV)
18 62y 12.45 53 10,124
(o8, :
[]
Table-3.5

The coefficients of eqn.
calibration.

(3.2b) from Harwell spectrosgraph

a,(emn?) ' aq(ecm )

as a3 (Cm—.l) a:_[ (\0“‘1-2)

964 .64 0.788086

-2.6399 -7.8588 9.5022
X 107° x 1079 X 10"13

i
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TABLE-3.4

Energy levels in

84CU

Gr. No. Excitation energy in 64Cu (MeV)

b c d
00 0.000 ' 0.000 0.000 0.000
01 0.160 0.159 0.158 0.159
02 0.278 0.278 2.078 0.277
03 0.362 ‘ 0.362 0.281 0. 360
04 0.574 0.575 0.573 0.574
0s 0.608 0.608 0.606 0.607.
08 0.663 0.663 0.661 0.664
07 0.745 0.748 0.742 0.743
08 0.878 0.879 0.878 0.877
09 0.927 0.927 0.923 0.925
10 1.243 1.241 1.236 1.239
11 1.299 1.298 1.294 1.295
12 1.322 1.320
13 1.359 1.354 1.349 1.357
14 1.440 1.438 1.435 1.437
15 1.509 1.499 1.495
18 1.551 1.551 1.546 1.547
17 1.602 1.607 1.807 1.592
18 1.689 1.883 1.678 1.682
19 1.741 1.742
20 1.775 1.770 1.775 1.779

32

continued. . .



TR

Tl Sama S e s e e e B, ittt flk - - :
e e VLT SRRE SIS RLENE SONPPE SRR e o5 B . W ¢ I OO 1

TABLE-3.4 coentinued.

Gr. Ho. Excitation energy in B4y (HeV)
a b c | d

21 1.853 1.852 1.548 1.852
22 1.907 1.908 1.900 1.904
23 1.952 1.940 1.939 1.939
24 2.047 2.053 2.050 2.020
25 2.092 ‘ 2.092 2.090 2.072
26 2.1486 2.145 2.141 2.145
27 2.246 2.251 2.249 2.232
28 2.290 2.301 2.294 2.268
29 2.323 2.322 2.327 2.318
30 2.369 2.378 2.375

31 2.414 2.417

32 2.455 2.457 2.462 2.465
33 2.515 2.522

34 2.608 2.608 2.598 2.584
35 2.679 2.870 2.670

36 2.718 2.718 2.720 2.722
37 2.762 2.757 2.7860 Z.768
38 2.801 2.800

39 2.827 2.823 2.830
40 2.875 2.878 2.878
41 2.907 2.913 2.954
42 2.990 2.985 2.975

continued. ..
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TABLE-3.4 continuea.

Gr. No. Excitation energy in 64y (HeV)
a b. c
64 4.571 - 4.570%
65 6.171
66 6.821 6.826
67 7.339 7.320*
68 8.188 '
a. Present work
b. Summary [Si 84]
¢c. From (d,a) reaction given by Park and Daehnick [Pa 69]
d. From {(d,p) reaction given by Figueiredo QL &l. [Fi 58B]
X means ref.[ Lu B9]
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3.5 Differential Cross-Section

The differential scattering cross-section for the reaction
A(a,b)B in the laboratory system is obtained from the Ffollowing

relation:
( do/dQ)Lab,C. D N(8)

The differential cross-section (do/dQ)y,p can be converted

into the centre of mass system (do/dQ),, through the relation:

!

(do/ Q)cm = f(0) (do/dQ) Lab ... (3.4a)
S5in®6
where F(B8) = ——  Cos (g-08) _ ... {(3.4db) -
. Sin%g

and g 1is the angle in cm. system; f(6) is calculated Ffrom the

kinematics of the reaction.

It has been shown that the differential scattering cross -

secltion in mb/sr is given by

NzA coset
(do/dQ)1,.p = 0.266 ... (3.4c)
Q(ue) T(ug/op®) 2(msr)

Here, N = NuS
where, Np — Actual counts

S —— Stopping factor



A — target mass (a.m-u)

Z — charge of a projectile (in e)
T — tafget thickness
Bt — target angle = 45°,

The measured angular distributions for the 51V(BHe,d)E‘zCr

and 82Ni(3He,p)64Cu reactions are presented in Chapters § and B

respechtively.
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CHAPTER 4
MATHEMATICAL FORHULATION

This chapter is devoted to giving an outline of the DWBA
theory to be used in the subsequent chapters (chapters S5 and 6)
for the purpose of analyzing the angular distributions of the
outgoing protons and deuterons for the (3He,p) and (3He,d)
reactions respectively. Extensive works on tLhe DWBA Lheory have
been done by many workers. Some of the main points relating to

the present works are worth noting.

4.1 DWBA theory for the (3He,p) reaction

Fig.4.1 1illustrates the (3He,p) processes calling in

general A(a,b)B stripping reaction in this chapter.

As shown in the figure the projectile 3Hp—represented by

‘a’ being incident wupon the target “A8° stripped ofF two
nucleons. As a result the nuclear reaction occurs and the
outgoing proton represented by ‘b’ moves away leaving the
residual nucleus 'B” behind. Let us suppose that the target is

of nucleon number A and hence the residual nuéleus is that of

(A+2).
4.1.1 The transzition amplitude

When the incident 3He—partiole and the target nucleus are

far apart the wave function (w.f.) of the incident system ¢; iwm



Fig.4.1.~ Description =i the Ata,B stripping reaction
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an eigenfunction of the Hamiltonian Hy;

} A+3 3 3 A A _
1 = 2 Ty +2 2 V.. + 3 z Vi + Vs
i k ¥ _ k - k

k=1 3=1 k=j+1 ° §=1 k=j+l J !

and is of the form

85 ::gﬁ? (ka' rapl S Mt m 98J M T M

= Kan b5 ¥4 G

Here X%A is the w.f. describing the relative motion in the
incident channel, p, and gp are the internal wave functions of
the 1incident and target nuclei and V; is the optical potential

of the 3-body system with target A.

Similarly the wave function of the outgoing channel is, .

f

g = X7 (ky, *pe? BS M tm BT M T M

Xbp 9 % .. (a2y

Using egns. (4.1) and (4.2) and taking into account that the
direct reaction theory accepts the optical model as a "[Firsl
approximation but takes a perturbation as an additional
interaction whichh gives rise to non-elastic process Lhe

transition amplitude Tab may be written as:

(=> (+)
Tab = | 9T Xop  #p €5 |V] &4 %, Xaa .. (4.3)

19



Here V is the perturbation Hamiltonian. The coordinates of all
constituents of the reaction are described in fig.4.2. The Lwo

transferred neutrons xy and X9 form a cluster X.

4,.1.2 Calculation of the transifion amplitude

In order to calculate the transition amplitude the Following

specific assumptions for some of the terms in the expression

(4.3) are made:

4
a) The spatial part of intrinsic functions g, and g, is assumed
to be of the Gaussian form for simplicity:

Pp ( IysThsTpy ) = Ny exp (-r? 2.§fij )
123

=Yooo ¢ 3. 1) oo0 (4N, Tpy) (for SHe)
By, ( ;5 ) = Nb exp (-62 2 rzij y =1 (for prolon)
i>j
Here X" 1s the c¢.m. coordinate andﬁ/nlm a harmonic oscillator

wave function with the number 'n’ of radial nodes. The size
parameters n and & may be obtained from any electron scattering

experiment [Co 63, Sc 64].

b) The perturbation interaction V may be considered a Gaussian,

form as used by Lin and Yoshida [Li B4]}:

V=Uy, 2 exp (-B* r*;; ( W+ B P+ MP{;- HP];))
Jex

40



¢) Each of the two nucleons is represented by a Woods-Saxon

wave function with the gquantum numbers (lex)' This wave

function ig again expanded in terms of the harmonic

oscillator wave funciton,

Using the above assumptions and expanding the nuclear wave
function of the residual nucleds ‘B” in terms of the nuclear
states of “A° and the extra two nucleons the transition

amplitude Ty,p for thg ZRA (zero range approximation) &can be

written as [Li 73):

1
- -1yHb-Sb

“Mp | SMg> <tpTmppMe|tamy, > B(NLal)(a/2)% ((-1+1.5(B+11))

85180 + (1-0.5(B+H)) 8g,871) (28,+1)% / (25+1)%

— = A _ _ 24 _
JdR dry X$¥ (K, — R, + rpy) ( NLMp ¢ ——, R.)
x“tbhx b B X bx L A+ X
- +) _ 1
lniml (Tpx?) w1 X277 (ky, Ry + —Tbx ) co. (4.4)
4.1.3 " The differential cross-section

The expression. of the cross-section for the stripping
reaction A(a,b)B can be obtained by putting Tab in the equation,
do “a“b kb 1

= - P 'Tabl2
dQ (2wxh?)?2 ko (2Jp4+1) (28,4+1)

i



the final e :
Xpression for the cross-section thus becomes

do _ Hahp ky (2Jg+1)
RS 3 (1/4(2L+1))
a2 (2wtiz ) kg (2J4+1) (25,+1) LsJ | :

dR,dry X( ¥ - T -~
x T bk (kb'_g‘Rx * rpy) FLsg(Rys rpyd X4

arBRy + —rp0)*° ... (4.5)
The form factor FESJis defined as follows:~-

0 L ) .
FLSJ(RX’rbX) = ENQESJ(ﬁ,n) b (—1)m% < LlHL ~m1 ILHL>
I

Mpmy
X _ _ ‘ .
\F ninL (2Av/(A+2),Ry) (aB/x(a+x))30(ry,) o1, ...(For ZRA)
T (2i+1)!! % 2itabvn 3/4 v
where Ajgj(N,fi)=2bU,.( = ) ( ) (1- —
2'n! (CDh)* 2C
B® a y 1
(1+ D) A (— )2 ((25,+1)/(25+1))% —
4CD 2 {2

((-1+1.5) (B+H))
5515T0+(1—0.5 (B+H))6505T1)Bz<thmthTltamta>

Expression (4.5) can be used for the determination of
theoretical curves of differential cross-section in the (3He,p)

reaction analysis. The effect of the choice of different

2



parameters g . . .. ) .
nd the consideration of finite range in numerical

calculations are described in the following sub-section.

4.1.4 Numerical calculations

Effects oFf the parameters

The effect of the parameters on the overlap integral,

dynamical factor and differential cross-section has been
illustrated by Lin et al. [Li 73] through a study of the !%C

;3 14 .
(“He,p) N reaction. The summary of the result is described

below.

a) The overlap integral, Cx 1s more sensitive to the change of
force range parameter B and size parameter q{than both the

dynamical factor anrﬁL and the differential cross-section.

b) The absolute value of the overlap integral depends strongly
on the interaction range:& and the node of the relati&e
motion of the two transferred nucleons. The choice of Lhe
interaction range parameter is, therefore, gquite 1mportant
at the +time of discussing the absolute value of cross-

section.

¢) The dynamical factor shows the most remarkable difference in
the calculations done taking different type of interactions.
This is specially prominent when calculations are done

considering finite range of interactions.

LX]



Einit N

T} L ' '
e Hork of Lin gt gal. has also been devoted in

illust i : .
rating the difference in results between the finite range

approximat i . . .
pp tion and the zero range approximation calculation.

a) The i

di . :
ifference becomes more prominent as the force rangeﬂg

is increased.

b) This difference is not so sensitive to the type of

interaction used iq the calculation.
-4.2 DWBA theory for the (3He,d) reaction

Let us describe the (d,3He) reaction as a pick-up process in

which the deuteron, d-particle represented by “a’ being incident

upon a nucleus (b+c) takes one proton ‘¢’ from it. A residual
nucleus ‘b’ of the same nucleus as the target but one proton
less 1is thus created. On the other hand, the d-particle

combined with picked up proton from the target, forms a 3He,

particle represented by (a+c):

at+ (b+c) ---> b+ (a+c) ; ‘b’ cors

4. 2.1 The transition amplitude

As in the previously described (3He,p) reaction the exact

matrix element for the pickup process in the distorted wave

representation reads:

44



TDW <HJ(‘).

Y _na (+)
(atc) b 2P * Vae “UR| #a8p. K 72 ... (4.2.1)
Here\F(-). is the solutj
(a+c),b olution of the Hamiltonian H = Tp (a+0)
+Vab +Vbc and g°s denote the internal wave fﬁnctions. The

distorted wave Xé+)is a solution of the Schrodinger equation for

the relative motion in the entrance channel with the optical

model potential U2.

4.2.2 Calculation of the transition amplitude

The expression (4.2.1) needs some simplification before it
is calculated. Substituting the formal solution of the Lippman-

Schwinger [Li 50] equation farqy(“):

lqﬁ ) 5= xﬁ') >+(E<_) - H);l (Vo + Vbc"U(a+c))

(B-+C) (atc)

| K
(atc) ppelatc)>
We find
™0 = < gy Bare) X laroh (L (VaptVpe 0200 (84

Vap *+ Vae = U | Bab(bre)Xa'?? 42D

Since the cross—-section is proportional to the

(amplitude)?®, we can find out the cross-section with respect to

amplitude.
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The cros : ‘
sS—- - .
Section for lnverse process, . the pick-up

reaction, is . ‘
related to the Stripping reaction by the principle

of detailed balance.

2
(doyaeydT - KT (@141 (20541 d
pick-u k2 ) X(do/dQ)T -

Hence, we can find out the cross-section of the (SHe,d)

stripping reaction.

Now the expression (4.2.2) can be further simplified by

raking the following assumptions:

a) The Born approximation consists in disregarding the non-
elastic part proportional to (Vap + Vpe - U(a+°))(E(+)—H)_1:

which for d+(A+n ——>A+3He reaction means
T _

Il Vd, At Vp,A B Uelasticl' =0

Here v stands for SHe.

b) In addition to the earlier assumption the Vab~Ua
i.e., || Vd A" Uglasticllfor d+(A+p) —> A+7T system is put
equal to zero. This has the meaning of neglecting the core

excitation in the reaction.

Using the above assumptions, the expression for Tab becomes,

Tap = < ¢a¢(a+c)yg—2a+c)| Vac l¢a¢(b+c)'m%(+)> o (4.2.3)
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If V is re
p,A pPlace by U, a the above approximations together

means the
UT" + (A+p) + yP.A uT,a . (4.2.4)

which mu .
st hold for the optical potentials if one wants to use

the simpl i
mple matrix element (4.2.3) instead of its earlier ones.

The most consistent calculation with the simple DWBA matrix

element should use the

i) zero range fornm together with
11) the measured elastic scattering parameters which.must be

used

1i1) in combinations as close as possible to the criterion

(4.2.4)

As it is difficult to achieve the relation (4.2.4) ‘the
introduction of correction terms together with, the zero range

calculations has been provocated [St B87].

4.2.2 The finite range corrector factor

If in a stripping reaction
a+A —> b+B where az=b+c, B=Atc

51y

»

Here "a’ stands for 3He— particle, “A° for target nucleus,
‘B for residual nucleus, 520r, ‘b” for outgoing particle,

deuteron,d with the transition amplitudes
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Tei = JJ dR dx D(x) X§=M*(Rex) g*(R)

m
2ﬁ+2( R+ u__bx)

Mg

Here,

-) .
fX% —> the distorted wave of the ¢c.m. of particle ‘b’
$c —> the found state wave function of the transferred
particle;

+) N
pal —> the distorted wave of the c.m. of particle ‘a’

1
St

D(x) —> the ‘overlap’ of ‘b’ with ‘a’

where, D(x) —> J
dry, ¢§ Vbe P4

If we define
G (k?). = J elE-X pixy dx

then the zero-range normalization is given by
D0 = G(0),

and the finite range correction parameter R is given by

1 8G (k=)

G(k?®) 8(k?) k2 = 0

The first order correction factor from the local energy

approximation for D(x) which multiplies the form factor is

{1+A(r)}"1 ... Hulthen form

1

Ho(r)

exp(-A(r)) ... Gaussian form
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where

A(r) = o oM |
r) & — )2
5+ x K LER-Vi(rp) + Bg-Vo(ry) = BtV (r,))

a

where E_, ; ) .
ar Ep, Ec' and Va, Vb, V. are the energies and potentials

for the three light particles of mass Mg, My, 0 The typical

value of the range barameter, R is 0.77 for"(3He,d) reaction and

-
0.80 for (3He,p) reaction.

The non-locality correction factor

The correction needed for the use of an equivalent 1local

potential multiplies the form factor and is of the form
Wy (r) = exp ((B3i/8) (Zmi/ﬁz) Vi(r))

for each of the projectiles and the bound state Ffunctions ésed
in this form factor. Here Bj is the non-local parameter and mj
are the masses of particles andvthe V; are the potentials for
the particles. In the case of bound state, the factor Wy
multiplies the bound state function and then the function is re-
normalized to unity. The Vi(r) include any Coulomb potentials

for the projectiles or particles. Typical values of the 8

parameter are

= 0.85

™
ge!
2

Bgq = 0.54
0.20-0.30

(>
—‘1
R’

9
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CHAPTER 5
THR 91v(3He,d)52cr REACTION
9.1 Introduction

The level structure of °%Cr has been the subject of a
number of experimental studies through varieties of nuéleaf
reactions. Inforﬁatioq thus obtained is summarized by Singh [Si
B4]. The 51V(3He,d)52Cr reaction was studied by Armstrohg and
Blair [Ar 67] at 22 MeV under an overall energy resolution of-
100-200 keV (FWHM) and angular distribution were studied for
levels wup to E,=8.6 MeV. This includes the levels summed over
approximately 300 keV at E, = 6.8 -8.7 MeV. A somewhat more
detailed investigation of this reaction is due to Pellegrini gt
al. [Pe 73] carried out at 10.5 MeV and the energy resolution
was about 50 keV. Level structure in 52Cr was studied up to
Ex:7'2 MeV. The present work was undertaken at a beam energy
(Ex:lS Mev) intermediate between the above twe with a wmuch
improved energy resolution of © 20 keV. Several new levels are
identified at EXZS.B MeV. Angular distributions are measured in
most of the cases for single levels up to E, ™ 8.6 MeV including
the new levels. The data are analyzed in terms of the DWBA

theory of stripping reacting and spectroscopic factors are

extracted.



5.2 DWBA Analysig

Microscopi
Plec DWBA analyses of the stripping angular

distributio .
ns were tarried out using the code DWUCK4 due to

Kunz. Th i
€ optical model potential used with DWBA analysis was

of the form

v =V - .
(r) e(r) Vof(r;ro;&)-1[H—4aIHD(d/dr)]f(r,rI,aI)+ﬁ/mnc)2

Vso(1/r)(d/dr) (e, 1y, 0 ,)0. L. e, (5.2.1)

where V.(r) is the Coulomb potential from & sphere of wuniform
charge density and radius RC=rCA1/3, Vo, is the real part and qw
and Wp are the imaginary parts of ~central potentials
respectively; V_ ., is the spin-orbit dependent potential; Cﬁ/mnc)
is the pion-wave length; f(r) is the Woods-Saxon form such as

-1
f{(r) = [ 1+ exp (r-R)/a ]

where R = g A1/3 is the nuclear radius and a is the surface

diffuseness parameter.

To begin with, detailed DWBA analyses were perforwmed for

the following transitions in the 51V(3He,d)52Cr reaction -

L =3; E, = 0.0 and 2.370 HeV

and L =1; E, = 4.701, 5.101 and 7.400 MeV.

All these have well-known J® values [Si 84], except the
7.400 MeV which on the other hand is extremely strong and should

be of dominant single particle character. Several sets of

A



optical-model Pafameters were used

of

An overall good desecription

the abov . .
€ angular distributions is given by the parameters

listed in T -~ y '
able-5.1. rhese are from the global survey by Trost

. [H :
et al. [Ha 87] and Newman et al. [Ne 87] respectively for the

entrance and the exit channels. All the angular distributions

re . .
ne then analyzed using this combination of potential

parameters.

The bound state wave function was generated by assuming a

real Woods-Saxon well with well-matched geometrical parameters
given by rg = 1.17 fm. and a =0.70 fm. A Thomas-Fermi spin;

orbit term given below was added to it

v 1 d

. f(r,rg,a) Lk.s

45.2 r dr

with A = 25 and f(r,ro,a) as the usual Woods-Saxon form factor.
The depth of the potential was adjusted so as to give the
transferred proton an appropriate binding energy Ep = Q(3He,d) +

5.49 MeV.

The effect of the Finite range interaction and 'the non-
locality of the optical-model potentials can be introduced in
the DWBA calculations in the local energy approximation using a
finite range correction factor F. = 0.77 Em. for the (3He,d)

reaction. The non-locality corrections of the form:



[ 1= (B/4) (2m/h) vy ]_%

were applied, :
Rhere the valpeg of By ~ 0.22 fm.for the Helium-3,

B ~ 0.54 :
d fm. for deuteron were used for the purpose. No non-

locality correction wasg considered for bound state.

All  calculations wers carried out with the help of Alpha-

M1Cro computer of the Rajshahi University, Bangladesh. The

summary of the results on the levels in 92Cr has been shown in .

the Table-5.2. '

Table - 5.1

The optical model parameters

i?z: Vo g4 a 4¥p  rl ay  Vgo rgo 850 o ref.
le (MeV) (fm) (fm) (MeV) (fm) (Ffm) (HeV) (fm) (fm) (fm)

SHe 93.86 1.15 0.76 96.36 1.35 0.80 . 1.40 a)
d 80.60 1.17 0.69 46.40 1.34 0.82 6.18 0.70 0.40 1.30 b)

p c) 1.17 0.70 A=25 1.25

a) Potential parameters for 3He from Trost et al. [Tr 87];b)
Potential parameters for deuteron from Newman gt al.[Ne B67)]
c¢) Adjusted to give the transferred proton s binding energy of

Q(3He,d) +5.49 MeV.



5.3 Results apd discussion

5.3.1 The angular distributions

The i i ;
angular distributions have been measured for sixty-three
1 ] |
evels observed up to an excitation energy of 8.6 MeV. Thirty-
four levels have been analyzed in terms of the local zero range
DWBA t}

1eory of direct reaction as discussed in Section 5.2. The-

results are Summarized in Table 5.2 including the results From

previous works [Si 7617.

The measured angular distributions are compared with the
DWBA theory as displayed in Figs. 5.1-5.10. Some of the angular
distributions are marked NS in Table 5.2. These -distributicns
do not have the characteristics of a direct Single—étép process
of nuclear reaction. A number of levels in °%Cr below E, =
6.8 MeV excited in various other reactions [S1 78] were not
observed in the (3He,d) reactions [present work]; ref. [Ar 65],
[(Pe 73]. These and two NS levels at B8.089 and 6:625 MeV are
thus unlikely to have an appreciable single—particlé structure.

The level at 2.9865 MeV could not be analyzed for very poor data

and it is. marked NA in the table.

A few 1=3, two [0, and a large number of l1=1 transitions
are observed in the present work covering an excitation energy

of abont 8.6 MeV. The L=3 transitions to the low-lying levels

up to Ex = 3.11 MeV were assumed to correspond _to the 1f7/2

H



levels. Th '
e ese levels have wel] established J™-values [Si 78]

and have a opno-ta-
N0-to-one correspondence with the shell-model

predictions [Pe 73].

The 15 3 ;
angular distributions for the 7.688 and 8.614 MeV states

f 5 -~ .
were itted by 1=1+3 (Fig. 9.2) and it is reasonable to assume

that the 1=3 components correspond to the 1f5,2 shell-model

state. The 1f5/2‘1f7/2 separation is then found to be greater

than 5 MeV. An insignificant portion of the 1f5/2 strength thus

lies below E, = 8.8 MeV and so does the 3sy strength. The 10

angular distributions are shown in Fig. 5.3.

Several levels at Ex > 6.6 MeV not hitherto observed in any

reaction [Si 76] including the (°%He,d) reaction [Ar 65,Pe 73]

have been observed in the present work and the angular
distributions are measured for them and L-transfer ‘and
spectroscopic information are obtained. A few low-lying levels

with well established J" values [Si 76], but not observed in the
previous (3He,d) studies [Ar B65,Pe 73], have also been observed
and angular distributions are measured. The 1=1 assignment made
in the present work is consistent with the JT values of all but

the 4.565 MeV level (Table 5.2). The latter level could be =&

doublet.
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of singie Particle Strength

obtained by the yse of DWBA code DHUCK4 is
Oexp(8) = NGy opy(8) / (2j+1),

where the spectroscopic transition strength is
Gj = (2Jp+1) C=3 { (2J45+1),

where J; and Jg¢ are respectively the angular momenta in the

initial and final nuclear levels and jJ is the angular momentum
of the transferred proton. The normalization constant N=4.42
was taken relevant to the Gunn-Irving wave function for the ©SHe
particle and the Hulthen wave function for the deuteron . [Ba
66]. The results are summarized in Table 5.2. The dependence

of the spectroscopic factor on the bound state geometries is
known in the literature. For example, an increase in vy’
and/or.'a’ of the bound state well amounts to extending the DWBA
volume integral to a larger radius and thereby to decrease the
spectroscopic factor. In the present work, the spectroscopic
factors for transitions to the 1fg,5, 2p3,p and 2p), states
decrease by approximately 40%, 20%, and 154 by changing the
values of (r,,a) from (1.17 fm, 0.70 fm) to (1.25 fm, 0.65 fm).
The former geometrical parameters are considered in this work
rather than the more conventional latter for reason of geometry

matching The spectroscopic factors are therefore subject to



the above uncertaintiesg

| | This ig of course ususl of Ehe DWBA
calculations. '

and a large number of =1 transitions

are observed ip
the present work covering an excitation

of about 8.8 Mey.

enargy

The distributioen of transition strength G
h .

over the components of a shell-model state is shown in Fig. 5.11

(L=0 1s not included). Results of the sum rule analysis are

“shown in Table 5.3.

The =3 transitions to the low-lying levels up to E_ =3.11

MeV were assumed to correspond to the 1f7/2 levels. These
levels have well established J™ values [S1i 78] and have a
ono-to-one correspondence with the shell-model predictions [Pe
73]. The shell-model <calculations were carried out Ey

Pellegrini et gl. [Pe 73], with gcod iso-spin wave functions [Os

71], and are based on the (1f7/2)4 proton configurations with an

inert 48Ca~core. The positions of the levels are reproduced to
better than 50 keV or so. The spectroscopic factors are also
calculated for the proton stripping reactions on 51V. The

ground state of 91y has a unigue seniority quantum number y =1
and the pfoton stripping reactions on 51V should populate levels
in 92Cy with ¥ =0, J%=0% and v=2, J%=2%, 4%, and &*. The
transition strengths for these levels as deduced from the
(°He,d) reaction (present work and refs. [Ar 85] and [Pe 73] and
the (a,t) reaction [Ma B8] are compargd with the shell-model
theory [Pe 73] in Fig. 5.13. The Gj values from the (a,t)

5
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reaction are pg i

rmalized tg the shell-model prediction Ffor the
ground state ¢ it

ransition. There 1is an excellent agreement

twee i '
between theory anpgd experiment for the 0*, 2t and BT levels.

The agreement for ¥
the two 4 States is qualitative in that the

theory in agre . :
’ gEreement with agal) measurements, predicts more

trengt i ; . X
strength in the second 4* level over the first. These strenglths
are & measure of they =2 components since the (=4, 4%) stabe

given by ?he (1f7/2)4 scheme is not allowed in the (3He,d) and

(a,t) reactions because of the seniority selection rule (ay =1).
Angular distributions of some of the [=1 transitions are shown
in Fig. 5.4. The 2p spectroscopic strength is fragmented over a
large number of levels, as shown in Fig. $.11. The spectrum is
much more complicated than that given by the shell-model
calculations [Pe 73]. The calculations [Pe 73] are again based
on an inert 48Ca-core as for the 1f7/2 transitions as mentioned
earlier, but with a proton promoted to the 2p3/2 orbit. As an
example three 2t levels are predicted up to Ex x 4 MeV, as
against five (including a tentative one) observed experimentally
{si 76]. Two of these are populated 1in all the (3He,d)
reactions — one with 1=3 and the other with l=1. The spectral
distribution for l=1 transfers (Fig. 5.11) can be very
approximately represented by two Gaussians with considerable
overlap. Therefore in deducing the transition strengths Gj
(Table 5.2) it was arbitrarily assumed as in the previous
520,

(3He d) works [Ar 85,Pe 73] that the levels in up to E, =

7.2 MeV belong to the 2p3/2 state and those above to the 2p5



shell-model state. 7Tpe Summed strength 2G5

respectively Ffop thae 295/2 and 2p
‘1

comes to be 2.19 and
1.81

transitions. The former

is somewhat snal
ler thanp the corresponding shell-model limit of

3.33 and the lattep 1s Wwithin the uncertainty

shell—model limit of 1.87

equal to the
It then appears that the 2p

strengths are iu
Just not exhausted up to Ex = 8.6 MeV and that

some of the transitions beyond Ey = 7.2 MeV attributed to the

ZP%, may belong to the 2p3/2 state. The spectroscopic factors

are also given by thetshell—model calculations [Pe 73] for the
2p3/2 transitions. In view of the complexity of the observed
293/2 spectrum, it is not possible to make a comparison of the
measured spectroscopic factor with its prediction from theory.

It is clear that configurations more complex than the simple

n(1f7/2,2p3/2)4 are involved.

In one of the previous (3He,d) works [Ar 65), angular
distributions to groups of levels at E, > 8.8 MeV were summed
over approximately 300 keV and these were found to have a
mixture of l=1 and L=3 transfers. In the other (3He,d) work [Pe
73] two 1=1+3 mixtures were reported. Separate angular
distributions are measured in the present work for all the
levels and all of them were found to have a single L-transfer,
namely L=1. The improved vresolution of the present
not explain the discrepancy. As the L=3

investigation would

component of the 1-1+3 mixture for the above transitions were

M



assumed to belong to the 1f,, shell-model state, the 3G; value

for the 1f5/2 state according to Armstrong and Blair [Ar 65] is
close to the single particle linit and is only 0.78 and 0.56

gccording to Pellegrini et al. [Pe 73) and the present Hovk

respectively (Table 5.3).

&0



TABLE - 5.2

Sum . - |
mary of the °lv(3He,d)%2¢r reaction

gg: Ex (MeV) Jn g(6) \-transfer Gj S
- > b C a d a d e—r
> 000 0.000 0F 0.054 3 3 500 0.50 0.18
. 498 1434 27 0.100 3 3 ).970 0.67 0.68
02 2.370 2.370 47 0.047 3 3 650 0.57 0.53
2.647 ot
03 767 2.788 4t 0.079 3 3 820 0.91 1.U0%
04 .865 2.965 2t NA
05 .113 3.114 6t 0.180 3 3 180 2.13 1.96
3.162 2% |
3.415 (4%)
3.472 3"t
3.616 5%
3.700 (2%)
06 770 3.772 2% 0.074 1 1 054 0.11 0.09
07 .938 3.946 0.009 1 .0082
3.851 (1)
4.015 5%
08 033 4.038 47 0.010 1 .0085
09 565 4.5863 37 0.016 1 .0082
10 628 4.827 5° g.0e8 1 1 080 0.48 0.17
11 701 4.708 27 0.236 1 -080
737 4.741 27-57 0.123 1 062 0.27

bl

,(continued).l.



—_

Gr.

TABLE - 5.2

E, (MeV) — gm

——

No. _—_
a b b

4.751 (8%)
4.784 ot
4.805 (6%)
4.818 1,2,3

13 .835 4.837 (o%)
5.054 '
5.070

14 .101- 5.097 4?
5.141 27
'5.211

15 .285 5.281 (2%,37)
5.348 |
5.396 (7%)
5.410 (1)

18 435 5.432 (2%)

17 487 5.450 4%
5.571 37

18 .594 5.584
5.600 OF
5.850 O
5;864 2t

o(8)

o

.037

L1772

.802

.278

.186

.ad7

b2

continued.

—_—

l-transfer

.040 . 0.05

.390 0.38 0.37

L0072

.130

.140 0.35 0.34

.120 0.18 0.17

(continued). ..



Gr.
No.

18

20

21

22

23

24

25

continued

Ey (MeV) Ju a(8) l-transfer 5.
a b b — J
¢ a d e a d e

5.724 t
5.737 (a4t

A 0.088 1 1 1  0.040 0.13 0.05
5.770 2t-s* :
5.775 o7t
5.798 ‘
5.812
5.818 (37)

5.828 5.830 2*-57 0.116 1 1 o0.054 . 0.0
5.B853
5.885
5.879 (2%)

5.891 5.918 0.210 O 0.0052
5.924

5.945 5.853 0.030 1 1 0.0082 0.15
5.861

5.992 5.9898 0.047 1 1 0.026 0.08

6. 026 6.0286 2t-5t 0.032 -1 0.048
6.035
6.057 2%
6.065

6.089 6.108 O0OF 0.030 NS

{continued). ..



TABLE - 5.2

Gr.
No.

E, (Mev)

a

b

JTE

——

b

26

28

28

30

6.182

6.232

6.364

B8.388

68.500

(o2 R o)

o o O o

o)

@ o o,

.145
.153
. 164
.175
.193
.205
.210
.220
.233
.252
272
.282
.293
.324
. 356
372
.392
.437
.462
.490
.493

.541

2+

2+

2t_5*

(37,4%)

ot _gt

continued

g(8)

c

l-transfer

a

d

e

0.0860

0.231

0.135

0.128

0.051

&4

1

1

0.040 0.26

0.120 0.17°

0.074 0.21 0.186

0.074

0.020

(continued). ..



TABLE - 5.2

continued

g;: E, (HeV) Jr o(B) l-transfer 6 -
> b b ¢ a d e a d e
6.568
6.585 3~
31 -B25 0.091 NS
32 .676 8.025 1 1 012 0.09
6.700 (1-8)"
33 814 6.810 2¥ ' 0.112 1 031
34 .894 0.079 1 .051
35 ;.928 6.920 27-57 0.280 1 1 10 0.05
36 6.993 7.010 0.222 1 .085
7.080 3~
37 .079 7.070 0.368 1 1+3 0.13 0.05+0.44
38 165 7.180 0.205 1 1+3 0.085 0.04+0.34
39 .223 0.068 1 .038
40 . 273 0.175 1 .0B7
41 .322 0.221 1 .098
42 .358 0.130 1 .060
43 400 7.400 0.623 1 .30
7.450 0%, 2%
a4 .487 0.088 1 .071
45 538 0.133 1 .025
46 806 7.600 0.271 1 125

b3

(continued). ..



No —
a b
47  7.B86
48  7.729 7 .73p
49  7.780
50 ° 7.815
51 7.853
52 7.805 7.300
53  7.987
54  8.020
55  8.083
56 8.183 8.200
57 8.234
58  8.283
59  8.371
| .400
80 8.451
61 8.579
.600
62 8.614

o O o

.089
-144
-145
.284
:212
.217
.161
.387
.187
.485
.324
.312
. 180

.226
.131

. 145

continued

l-transfer

G

8

1+3

1+3

d

e

8 ) d

.DlB+U.23«
.047
.048
.068
.073

.088

. 144
. 108
.080

.043

. 108

.038

.021+0.28

continued



NA

NS

c.m.

Present work

Sumnary [ 8i 84 )

c.m. Cross section (mb/sr) at 3.75° (lab)

Armstrong and Blair [Ar 65], data analyzed for several

groups of unresolved levels summed over approximately 300

keV with 1=1+3
Pellegrini ef al. [Pe 73].

cross section (mb/sr) at 11.25° (lab); data at_.3-75°

. - t
missing

Poor data; not analyzed.

non—-stripping angular distribution.

b7



rable-5.3. R _
I'ab esults of the Sum rule analysis for the T,

states,

no Ty is observed .
=~
single par- s
ticle state - sz

a b c d

19,2 4.74 4.78 4.67 5.00
2p3/2 2.18 2.93 2.40 3.33
2py, 1.81 1.99 1.67
15,2 >0.56 3.85 >0.78 5.00
a Present work;

b Armstrong and Blair [Ar 65]

c Pellegrini

et al [Pe 73], 29% not identified upto E,~ 7.2

MeV.
d Single particle 1limit, EGj = <proton holes> - < neutron
holes>/(N-2+1), where N and 7 are the neutron and proton

numbers of the target nucleus.

&8



5 3.3 The ;evel Spectrum of 52Cr

The observ
| ed level spectrum of 920y pgg been’ compared with
the theoretij
lcal spectrg calculated by Pellegrini et al. [Pe 73]
Assuming for 51V, -

a
2, bure (1f7/2)J:7/2,T=5/2 configuration, the
r

levels i 1

excited in the 51V(3He,d) reaction by 1f7/2 and
2p3/2 transfers,
(1f7/2)11

73]

a .
Te expected to be Simply described in terms of
. 1 . .
(293/2) configurations. With this scheme, they [Pe

h ‘
ave performed shell-model calculations with good iso-spin

wave functions. Fié- 5.12 shows the results of these

calculations spectrum (a) with iso-spin treated correctly, has
been obtained using effective two-body interactions parameters
of Osnes [Os 71]. The spectrum (b) has been calculated without
good iso-spin wave functions using the two-body interaction
parameters of Lips and McEllistrem [Li 70). It is evident that
the position of the predicted second 0% level is in a better
agreement with the experimental one [Si 76] only when the iso-
spin was taken correctly into account. The 0%, 2%, 4%, 4%, 2%,

6+, and 2% levels (present) show good agreement with theory and

experiment.

The transition strengths Gj for the levels 1in 52Cr with

(1f7/2)4 configuration have been compared with the works of

seversal authors. In Fig. 5.13, "A° represents work done by
Pellegrini eb al. [Pe 73] using shell-model theory; ‘B
represents the present work; ’'C° represents the work  of

Armstrong and Blain [Ar 85]; D’ represents the work .of

9
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ini ‘B -
pellegr el al. [Pe 73] and "B’ represerits the work of Masaru
Matoba [Ma B8). It is observed that the transition strength for

3 52 ! -
the ground state in ®“Cr is in excellent agreement with those

works; but for the levels at 1.43 and 2.37 MeV, it is higher
than that of 'others. For the 2.37 MeV 1level, the strength

calculated by Pellegrini et al. ([Pe 73] using shell-model
theory, is much smaller than that of others; whereas it 1s for

the 2.77 and 3.11 MeV levels, higher.
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CHAFPTIER 6

THE B2N3i((3He.,p>P4Cu REACTION



CHAPTER &

THE ©2y; (3
Ni(“He,p)®*cy reacTiOn

6.1 Introduction

Two-rnucleon t
r -1 ]
ansfer reactions are highly sensitive to the

details of the wav -
& functions, as many different configurations

of the transferre ;
d nucleon Palr can contribute to the RUrOCEss .

These reactions '
5 are - : .
re less selective than the single Pucleon

transfer reacti 3 - '
ans actions, The present work is concerned with a sbudy

, e 62 T 64 -
of the Ni("He,p)®°"Cu reaction at 18 MeV. This reaction was

studied before by Young and Rapaport [Yo &83, but details are
not available. This reaction should supplement the information
on  the level structure of ®%cu given from the 662n(dya)&qUu

reaction studied by Farlk and Daehnick [Fa &49]. The deminant

configurations may not be idenbical in the two reacltions.

Due to the relatively large angular momentum mismateh
.between the entrance and exit channels, the (d,x) reaction
favours the transfer of the larger angular momenta. Also  the
spin  and iso-spin selection rules and the anti-symmetrization
requirement in the two nucleon transfer reaction  allow the
transfer of only spin triplet in the (dyat) reaction in coantrast

to both the spin triplet and a singlet in the (“He,p) reaction.

In the present stuay, a total of &9 levels in 4L have. been

: e bt - ~E.2 MeV.
observed, covering an excitation energy up to E, V8.2 MeV

i



_ r I _

ﬁ“guiat letrlbutans have been measuéed for all the levels.
he cdata for PR .

The D;P; thr the Stripping levels have been analyred in terms of

the Dwk %DFY- The Predicted differential cross-seclions have

bren nornalized to the Eiperimental cross-sections wsing bhe

prpression [Ma 717;:

. (20 5+1)
aexp(a) =N bt D 2
. S -
(2] j_+1) LJST T ST l
. 2 “bw‘a)
Ti Tiz To | T¢ Toz 07 X e
:‘Jl‘l)

The LJST refer to the transferred particles and (Ty Tiz Ta |
Tg Tgr ) is an iso—spinl Clebsch-Bordan co-efficient. The
quantity bgp? is essentially a spectroscopic factor for  light
particles, being 1/2 for both the spin state and ]DSTI2 is  the
welghting factor which following NMann [Na 71]1 was taken as Ol
and ©0.30 respectively for S=0 and §=1 transfers. N o1s  the
normalization constant which is not correctly given by the DS
method for two-nucleon transfer reactions. It is expected Lthat
the relative value of N should nevertheless be fairly
independent of the transition, provided the nuclear  structure

information has been properly included in the DWBA calculations.

Results on the values of N for three levels at 0.0, 6.821 and

B.188 MeV are summarized 1in Table - é&.1(a) for potential

parameters H1FZ2.
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TABLE-6.1 (a)

The i '
nDrmallzatlon Constant.

E, (MeV) e e
otential The value of NCZS
0. 000 .
. HiF2 L 159

&L821 ot T.

DTy  HiF2 156
8,188 ot

£ 51 o H1iF2 L&

Then L-t o Fe n
ransfers and J ~values have been erxamined for 48

levels. Two analogue states have heen identified. Froperties

£ b
of the levels of 4y have been compared with the prediction

based on'shell—model calculations.

6.2 DUWBA analvsis

The local zero-range DWEA analyses were carried out using
the code DWUCK4 due to Kunz. The optical-model potential used
in the DWEBA analysis was of the same form as mentioned in

<A

Bection 3.2.
The optical-model potentials were of the standard Woods-
Saxon form for the real part of “Me—particles and for the

protons; while a wWoode—-5anon derivative was employed for the
imaginary hart of the “He potentials and both Woods-Saxon and
Woonds~Saxnon derivaltive were considered for the imaginary partbt ar

proton potentials. A spin-orbit term of the usual Woods-Saxon

derivative farm was added to the proton potential.



Three SG.?t‘_') of c)p.‘.,ic__‘l :
- e MoOcles b ey o
del potential parameters were sl

4 analy

Sis, as shown in Table-b.1.

The potenltial Parameters iy

Mz 13 are th i
12 and H3 are the potentials given
hy Shepard gl a1,

------ Sh 77 1.
71 and the parameters Pl and F2 are Lhe

robton—potentic ;
" } raie glven by Becehetti et al. [Fe é%al And Mene

gl al. [Me 71] respectively,

The DWEA caleulatio. .
alculations using the parameter combination HLIFE

was found Lo fit bhest I - .
o b hest the measured angular distributions.

There is r 14 ¢ A4
15 no unique choice for the bound-state wave functions

in the case of two-nuclean transfer reaction [Ne &07. The wave
function for neutron—prntbn transferred particles was calculated
by assuming a (real) Woods-Saxon potential well having geomelric
pafameters r = 1.28 fm and a = 6.65 fm including a Thomas-Ferni
spin-orbil term of strength A=25. The potential well depths are
adjusted by the DWEA programme so as  to reproduce the
appropriate  separation energy given as follows for each of  the

Lrans ferred nucleons:
t LER (final) — Eg (initial) -E,] MeaV for singlet spin,
and % LER (final) -Eg (initial) —-E,-2.23] MeV for triplet spin.

. fere y— i G e
The ground state binding energy far the n—p in Cu was

Lalien Ty be —12.9b46 MeV.

1L



IEE effect nf the fimite range inté"actimn and  the ol
locality of the Optical Mmode] potentials Ean be  introduced i
the-DWBQ calculations in the local Energy approximation using &
finite range correction factor Fr # 0.80 fn and  non—-localiliess
Bp 2 0.83 fm for proton,

- : - 1
0.2-0.5 fm for “He.

By # 0.54 fa for devteron, and B, *

But for the (&HEpP) reaction, the finitle

~ange interacti - ey )
rand 10N correction was not effective in DWEA PG ARINE

using the code DWUCK4, berause the transferred neaberon—proLon

pair was considered to be stripped off with a zero—range
interaction. Only the non-local correction was inbroduced i

Lhe reacltion.

All calculations were carried out with the help of  Alpha-
micro  computer of the University of Rajshabid, Bangladesin. Elres

iy

summary aof the resultbs on the levels in S have beon showe L

Table bl

7



TABLE-6.1

Optical p '
odel parameters (depth in MeV and lengths in fm)

par- Nota-
ti- tion V r a
cle © "D L a8 e’
3
He H1 166.13 1.20 .
720 29.458 1.257 .B06 1.25
+.0543E -
L -O00B44E;, -.0B0SE;, -.0021BE; +.00166E,
H2 163.88 1.876 .751 , 32.598 1.293 L7212 1.25
+. DSBBEL -. 000578EL -. 123EL -. DDZSZEL +. DUZBSEL
H3 179.74 1.108 .784 32.344 1.298 .7184 1.25
—.DSQLEL +.DOOZ7EL —.0154EL —.120EL -.003161Ey +.00215Ey,
v To 8o " ¥p ry 8 V5o Tsg 3s0  Te
P P1 58.127 1.17 .75 .22E-2.7 12.3%0 1.32 .544 6.2 1.01 .75 1.30
-.32E or zero ~.25E"
whichever
is greater.
P2 54.145 1.16 .75 .12-.09E 4.%82 1.37 .789 6£.04 1.084 .78 1.25
-.22E -.0D5E -.008E

(In the programme, the groun

~12.866 MeV.

d state binding energy for n-p in

64Cu was taken

The bound state parameters for the transferred n or p were

ry = 1.25 fm and a5 = 0.65 fm).

The SHe potentials are from [Sh

respectively from [Be 69] and [Me 71].

76
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Gr.

No.

00
01

02

03

04

05

08B

07
08
09

10

11

12

13

14

TABLE- 6.2

S
nmmary of the GZNi(B He,p)84Cu reaction.

E, (HeV) " Oep(8)(ub/sr) L tronater = ——
AL S s
0.000 0.000 40.37 28.00 0+2 0+(¢2) 1+
0.160 0.158  14.18 5.34 2 2+(0) 2°
0.278 0.278 6.20 2.67 2 2 ot
0.342 ] weak 1t
0.362 0.382 16.36 7.82 2 4 g+
0.574 0.574 ~ 18.44 6.61 . 2. 4 4%
0. 08 0.608 10.20 4.74 2 2 2t
0.663 0.663 4.80 2.11 2 4 1t
0.738 2t
0.745 0.7486 44.99 17.68 2 or(a) 37
g.878 0.873 4.88 3.03 weak weak (o
0.027 0.827 108.50 30.25 2 or(2) 17
1.243 1.241 16.42 4.95 (0+2) 21ty
1.288 (3*,4")
1.299 1.288 120.40 26.1B 0 0+2 (1"
L 322 1.320 01.52  1.77 2 (0-3)
1.358 1.354 13.44 3.83 2 v weak (3%
1.3é4 V.weak
1.440 1.438 18.35 7.81 2 o+(2) 17
1.462 3

T

(continued)...



Gr .

No.

15

16

17

18

19

20
21

22

23

24

TABLE- 8.2

continued -

bL]

E (HeV) T8 ub/sr) — ig,#”,ﬂ_ﬂ_
AL S R
Hoass 2r(4)  27(17)
509  1.521 13.82 5.44 2
551 1.551 37.28 14.85 2 2 (1t—3"E?
1.594 ' -
1.594 . (3*y
.02 1.807 25.72  7.44  (0+2) 0+(2) - (1%
.B16
683 1.883 196.30 73.70  (0+Z) 0+2 (17,2731
.701 3 (37,47
.707
L7137 4
.741 1.742 51.71 12.38 (3%
775  1.770 15.82 4 .86
1.780 3t, (4™
853 1.852 9.52 3.34 2 4 (3t
.907 1.909  47.34 11.08 0 (0+2) (12t
.852 1.940 18.58 4.59 0 2+(0) (1t-3")
1.879 4 (3t-5")
2.022 2t(3*,1")
047 2.053 21.33 9.45 2 a+¢2y 3
2.072 5T

continued



Gr.

No.

25

26

27

28

29

30

31

32

33

TABLE- 6.2

continued

79

Ex(teV) Oen(9)(ub/sr) L—transfer JT

a b _h“;f“_‘__h-_“ a £ b

.092 .092  10.28 8.05 2+(0)  (17=3%)

148 .145 4.08 1.94 2 ar(2)  (3%)
.226 (3t_a*)y

.248 .251  19.99 8.62 2 (2) 7f)
.263 , (37,47)
.275

.290 .301 29.82 12.58 2 2 28D
.309 (3%

.323 .322 14.29 5.92 (0+2) not seen (4%,6%)
.356 2 '

.369 378 10.40  4.77 (77,5

.386 0+(2)

414 .417  40.32 7.62 - (3t-s5t)

.455 .457  21.02 5.42 0 (1) (1*t,2%)
.491 3 (2"—4™)
.504

.515 .522  28.80 7.58 (1t,27y;
.534 (0+(2)) (1%,2%);(1h)
550 4+(2)  (3"-5%)
.586 4+(2)  (3Ta™)
598 CEINS

continued



Gr. E (HeV)
No. & b
34 2.808 2.807
2.822
2.631
2.6844
2.654
35 2.879  2.870
| 2.692
38 2.718 2.716
| 2.720
37 2.782  2.757
38 2.801 2.s800f?
33 2.827 2.s23f)
40 2.875 2.876f)
41 2.807 2.9130)
42 2.990 2.985f)
3.050
43 3.066 3.055f)
44 3.130 3.127
45 3.189  3.1890
46  3.231
47  3.285

TABLE- 8.2

continued

Tem(8)(ub/sr) L—transfer Jr
_——::‘"“‘_—:;—* a - £ b
31.00 9.53 (17=27); (3%
0+2 (1*)
(1*);0747)
;

22.07 9.17 2 (3+(1)) (27,17)
(17=27);(3%)

14.40 5.98 2 2
(17-27)

16.80 5.81 (17=27);(3%)

13.15 4.34 0 not seen '

18.64 7.01

15.72 7.02 (2+4) 4

16.71 5.36 (0+2)  (0+2)

20.66 8.65 2+4

9.93 5.02

28.19  10.40 2

23.87 9.41 2 8~

20.16  5.53 2

9.69 4.70

continued. ..



Gr. E (MeV)
o, & b
48 .302
.49 . 387
50 ~ 3.472
51 .513
52 .607
53 . 6886
54 .713
55 7187
56 .802  3.799
57 .902
58 .973  3.987
59 .028
60 .137
81 2570
B2 318N
63 .425
B4 571 4.570%
B5 171N

6.810
66 .821%* 5.828
67 .33 7.320%
68 .188**

Tom{®)(ub/sr)
IS
11.02 5.12
23.28 10,80
30.10 11.33
20.94 6.97
25.78 12.20
31.89  10.56
21.37 10.20
40.15 23.23
119.40 34.72
60.35 17.31
29.54 12.98
91.77 18.50
45.43 17.35.
28.10 15.83
60.386 25.13
42 .32 18.60
46 .03 24 .07
81.93 35.50
483.30 131.63
288.80 89.34
281.90 115.50

TABLE- 6.2

continued

L-transfer Jv
& £ b
2
2
4
2 9~
2
2
1
1+3
0+
0 ot
2
2

Bl

continued



Footnotes to table:
a Present work

b Summary [Si 84]

c Maximum cross—section
d Average over 35° - 80° (c.m.s.)
f

From (d;a ) reaction given by (Park and Daehnick [Pa 68]
¥ means ref. [Lu 69)]

++ means Analogue state

N Not found in literature (new)

h Ref. [Br 82].
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6.3 Resulhaeand_diseussigna
.3.1 Ihﬁ—mauuwm

A large number of levels jn

6 : -
iCu are identified up to E, =

MeV. T
8.2 he DWBA analyses were carried out for 46 levels. The

Cross- sectlon da
ta for the remalnlng levels could be measured

over only a nar
oW angular range so that a DHBA comparison was

not considered nmeaningful,

The measured angular distributions are presented in Figs.

6.1~ 6 18 and compared with the DWBA curves.

It is noted that the slopes of the experimental distributions
are reasonably well reproduced by the DWBA theory even when ﬁhere
is a leck of an oscillatory feature in the angular distribuations.
It 1is well-known from literature that the shapes of the angular
distributions are mainly dependent on the orbital angular
momentum transfer, whereas the finer details and absolute
nagnitudes of these cross-sections are affected by the spins and

the configurations.

DWBA analyses were usually done using a pure configuration
(Figs. 6.1-6.12 and 6.14). Only for the ground state and the two
analogue states (E,=6.821 and 8.188 HeV), DHWBA calculations were
done using the spectroscbpic amplitudes given by Brown (Br 82]

based on the shell model caleculations (Figs. 6.13 and 6.15-6.18).

5



The maximy ' . :
l  Cross-sections are listed in Table 6.2. The

average diff :
erential cross-section is around 16 ub/sr. The

angular distributions are mainly featureless.

Some of the populated states in B4Cy is discussed below in

details.

A. The L=0 transitions

. i

Up to Ey, = 8.2 MeV, only two levels namely, E, = 6.810 and
6.821 MeV, are known to have J®=0% [Si 84], while a OV is
tentatively assigned to the level E,=0.878 MeV. Of these, the
0.878 HeV level is extremely weakly excited in the present work
and the level at 6.810 MeV does not appear to have been excited.
Only the 6.821 MeV level is strongly populated. The latter is
the ground state analogue of 64Ni [Si B4]. These features are
similar to the several previous studies of the (3He,p) reaction
and are consistent with the, selecﬁion rules for a 0*-07

transition (i.e. transition to the final states with J"™=0%, T,

are forbidden).

The L=0 transitions observed in the present work (exccept to
the ground state analogus) may probably be considered to
correspond to JW=1%. Many of these were in fact excited in the .
88Zn(d,a) reaction with L=0+2 transfers [Pa 68]. Such a mixture
of 1, transfers was however not found necessary in the present

B4y

work (Fig. B6.1). Similarly, levels in populated in the

B4



o d,a : . ,
above  ( ) reaction With L=2+4 or even pure L=4 are usually

found to- have g

Pure L=2 transfer in the present work as

iscussed below. » . : -
dis One can 85sociate these differences in the two

reactions to the momentum mismatch in the (d,a)’reaction-
he 2.455 MeV level populated in the (3He,p) reaction with

L=0 transfer (Fig,. €.1) was found to have a tentative L:1.

transfer in the (d,a) reaction [Pa 689]. The present work is thus

consistent with the positive parity of the level [Si 84] and

suggesls further a J=1.

B. The.L=2 transitions

A large number of L=2 transitions are observed in the
30 . I
G“t-i_L(B]{e,p) reaction, and in most cases the L=2 transfer is

consistent with the J%-values or limits quoted by Singh [Si 84].

Several new assignments of L=2 transfers are made in the
present work, thus giving JT-limits (1+—3+) to some of the
levels. Tﬁe L=2 transitions observed in the present work in man;
of the cases were found tolhave either L=4 ?r L=2+4 in the (d,a)
reaction, as mentioned above (e.g. E, = 0.362, 0.574, 0.663,
0.745, 1.853, 2.047, and 2.146 MeV). Some of these transitions
to  levels with known J%=3% (E, = 0.362, 0.745, 1.853, 2.047 and
2.146 MeV) can petrhaps be atfributed to the momentum mismatch in

the (d, ) reaction. In some cases, the present L=2 transfer |is

inconsiskent with the JT assignments [Pa 69], namely the levels



at 0.574, 2.679, 3 1 | '
189, 3.802 MeV. The DuBa fits in the present

work Lo 11
a but the 0.574 Mey level is reasonably

good (Figs.
6.6-6.8).

The L=2 assi .
Signment made in the present work to the latter

level is . . ,
only tentative (Fig. 6.8) and we do not therefore

propose to Contrﬁdict the J“:4+ &Ssignment [Sl 84] One way to

ccount i .
a for the disagrement in the remaining three cases would be

to assume them to be doublets.

‘
Two 1evels,‘name1y 0.827 and 1.440 MeV were populated in the
BBZn(d,a) reaction [Pa 69] with L=0 transition having a small
contribution from L=2. In the present case, angular distributions
of these two levels on the other hand are well reproduced by a

pure L=2 transfer and there is no necessity of a mixture of anvy

other L-value (Figs. 8.7 and 6.8).

Only one level, Ex = 3.718 ﬂeV was found to be populated by .-
an L=4 transition and a reasonable fit is obtained (Fig. 8:11).
The 1level was not reported earlier [Si 84]. The presenbt work

thus gives a JT limit of (3+—5+).

D. The L=1 transition
The level at 4.137 MeV was excited in the (3He,p) reaction’

with angular distribution reasonably well fitted by an L=1

transfer (Fig. 6.11). The level is new and we assign JT=0"-2" to

it.

86



c’(8)[mb/sr)

Josu

i

. 2.455 Mev

NN

18532 May

NS

[.307 Mev

! l . I UEUD B
Q %) I Ly (L]

(deq)

S¢in
6 1'., Measured ongular disiributions compared to DWDA
< L]



o’{8)({mb/sr)

S el

2. 801 MeV

10

162 | I | | | | | |

C 20 40 60 80

1;'1'5;'.6,2. Measured angular distribution: compared to DWBA



g~ (@){mb / sr}

10
A\
\
\ -
\ //
\“/
2 ' \‘
l —
© 1 ! \\ |
P'\ / ! ’
. ! ; !
\ ) 3 ’
. N ! i
\ b
\ Vo
. \ ’
\ A !
3 \ L=0,20% \
‘ 602 Mev L=2,80% ‘.

K
A 1 —_

L=0,10%

L=2, 90%

ol L | .

0 20

Fig. 6,3, Measnred

anqular, distributions

40 60 80

] {deg}

cm
compared to NDWRA



o’{a)mb/sr)

I~ .
. L-°+2

| 1
20 - 40. 60 80

(o]
ecm(deo)

s
_ﬂlg. 6, 4 . Measured angular distributions compared to OwB A



P e e

_/¢/“["\ 0.362 Moy
. ”
\‘ Loy

Io—-z _
N
b
/Q"\‘\f? 51 Mav
¢ o
AN -
-2 j
ic

7
16° %‘“‘\

a' {8} imb /sr)

193
-

,:_)f./_J%

0.27H Mav

o~

L2

l X {
80

! o}

I‘ig‘ 6. 5 - Megsur=d ang.. *

4Q
(i tdeg)
dlelcibutions comparsd to DWHAA,



'62“\¢\
. Loz

i3

2.290 Mav

2fe ¢ oo

.,

|0'; ‘? | .
X b
\+_—+\ 0.663 Mav \\/'/ ‘¢
\1,\ +
S
7

o’1e{my /sr)

N v

e N

10 ~
¢

by
E/M\ 2,679 MoV

X '
G2 ..‘?.-. ' I

3,

I(;! : /—-\% -
7 \ 0.374 eV ‘//{
\ .

10 1
o} 20 40 60
B m (deg)

Flg . 6. 6. Measured ongular distribdtions comporad 1o OWBA .



o’ta)tmyu/sr)

h-;_."_s___“w e
. L2
/1)»———¢‘\L440 Mev
TS ¢ .
»_.{
i \J’.
| N :
" 1322 Mev
o[ \ ' \
z
0.745 Mev
Q
Q .
10°]” \ ]
q/
. .
3.109 Mey +
160 - ? #
IL’ \
» 2.047 Mev + ?
162 : ¢ (:)
t
1073 L 55 ' 0 % o0
B pnldey)

.].’."ig 6a7 o Meosured angular dlstributions ceompared to DWBA .
L



6!

o{eMmb /sr)

/\ \\h

0.927 Mev

1 ) f i} 1 : 5.

20 40
em(am

C 8 Measured anguiar disiributions compared 10 DWBA .
o

0

Fig.t.



E. =Ut
The an i i ;
Bular distribution tg the ground state is well fitted

i . B.1
(Figs 3 and B.14) by the DWBA calculations for the L=0+2

transition
based on both a pure configuration as well as tLhe

spectroscopic  amplitudes given by Brown [Br  92]. These

amplitudes

95BN i

are based on a shell-model calculation using a closed

core with the extra-core nucleons distributed to the

293/2,1/2 and 1f5/2 shells. This is discussed in Section , 6.3.5.

— - ‘ N
The L=0+2 transfer is also consistent with the values observed in

“the (d,a) reaction [Pa 897,

F. The L=1+43 transition

The 4.257 MeV level has its angular distribnution typical of
L=1+3 transition (Fig. 8.12). The present work thus sugéests
Jt=2" to the level. The level was not observed in any previous

studies.

G. Angular distribution to levels at E, = 1.602,

1.689, 2.323, 2.875, 2.907, and 2.950 HeV

Angular distributions were also measured for these levels.

Attempts were made to fit the distributions to four of the
levels, namely 1.602, 1.888, 2.325, and 2.907 HeV levels. 0f
these the 1.602, 1.889, and 2.907 MeV levels were populated. in
the BSZn(d,a)84CU reaction with angular ‘ distribution

characteristics of L=0+4(2), 0+2 and (0+2) transfers respectively,

7
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Simil i .
arly neither a single L transfer nor .a mixture of two L-
values could reproduce the angular distributions to the levels at

2.875 and 2.990 MeV. Tentative fits with L=2+4 are shown in Fig.

6.12. The 2.875 MeV 1level was however found to have L=4
. !
character in the (d,a).reaction [Pa 69], while the other level

was not previously reported. No further comments can be made.
6.3.2 Isobaric analogue states

The criteria used for the identification of  the analogue
states in the experiment were as follows:

(a) The difference in excitation energy between two levels were
approximately egqual to the energy difference between the
corresponding levels in the parent nucleus;

(b) and that the L-values of the levels were consistent with the
J-values of the corresponding parent levels.

Using the relation of Anderson et al. [An 65], the Coulomb
displacement energy for the isobaric pair (64Ni—64Cu3 was
calculated as AE =9.158 HeV.

Based on the above criteria the levels at 6.821 and 8.188 MeV
are identified as the analogus of the ground state (JT=0%) and

the first excited state (Jn52+) of 84Ni.
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T h . . .
€ angular distributiop to the level at 6.821 MeV was

nalyzed 1
a y N terms of the DWBA theory using the spectroscopic

litude
amp s of Brown [Br 82] and separately with the weighting

factors of Auerbach (Appendix A). But the angular distribution to

the 8.188 level was analyzed in terms of the DWBA model using

both & pure configuration and the spectroscopic amplitudes of

Brown [Br 82]. The fits are shown in Figs. 6.15-6.18.

The ground state analogue was observed earlier in the charge
exhcnage reactions, as summarized by Singh [Si 84]. This 1is
confirmed in the present work and the 8.188 MeV level is
identified as the analogue of the 1.344 MeV level (i.e. the First
excited state) of B4yj. The (BHe,p) c£055*section to tLhe
isobraic analogue states of the isotopic nuclei are expected to
vary 1in the same way as the (t,p) cross-sections to the pérent
states except for the factor due to the sguare of isospin
Clebsh-Gordan co-efficient. This has been confirmed by Caldwell
et al. [Ca.73] and references theirin to be approximately wvalid
for many nuclei. The (t,p) reaction data on Ni-isotopes [Da 71]
do not guote the absolute corss-sections. It is therefore not

possible to compare the present work with the (t,p) reaction

data.

65.3.3 The level spectrum

Shell model calculations for 84Cu have been performed in a

complete 2P3/2—1f5/2—29% basis [Br 92)] as mentioned 1in Section

8
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6.3.1. Fig. 6.19 shows a comparison of the observed level

64 .
spectrum of Cu with the calculations due to Brown [Br 92].

The ground state J"-value (=1*) of B4Cu is reproduced in the
shell model calculations.

All the positive parity levels upto E,“1.3 MeV except the
0.878 MeV (J™=0%) and the 1.243 MeV (J%=2%, (1*)) levels are
reproduced by the shell model theory [Br 82].

If it is assumed that the 1.288 MeV levels has J™=4%,  and/or
3+, then the calculated position is lowered by about 600 keV.
The other levels are reproduced to within reasonable limits
although the levels do not appear always in the fight sequence.

The two analogue states at 6.821 and 8.188 HeV are well

given by the calculations.
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CHAPTER 7

CONCLUSTON

The aim
of the present work was to investigate the

spectroscopic properties of S2¢y and 84Cu  nuclei respectively

51y, 3.
through the V(“He,d) and 62Ni(3He,p) reactions. The

conclusior . .
1s drawn from the results of the investigations are

presented in this chapter.
{

The 51V(3He,d) reaction has been studied using 3He~pa¥ticles
of energy 15 MeV. A total of 83 levels in 52Cr, including
several new levels, up to an-excitation energy E, = 8.6 HMeV,
have béen observed. The present work was done with a much more

improved energy resolution than the previous ones [Ar 85,Pe 737.

The (3He,d) reaction has an'advantage over other proton
stripping reactions 1like (d,n) and (a,t)_and should provided
information on the levels in final nuclei having dominant
single-proton configuration. 1In the present work, the positive
parity levels in 92Cr with (1f;,0™ and (1f7,9)" 1(2p3,5) shell-

model configurations, are excited.

The (3He,d) reaction is well established as a useful tocl for
studying analogué states. But in the present case, the
analogue states are known to lie at E, > 11 MeV. We could not

study the levels beyond E, = 8.6 MeV. The level density starts

N



increasing and j .
1t was, therefore, not possible to identify the

levels at still higher excitation.

Sev i
eral levels in the nucleus °22Cr observed in other

reactions - o~
below E, » 6.6 MeV (summarized by Singh [Si 841) are

not populated in the (SHe,d) reaction, while several new 1levels
ébove E, = 6.8 MeV are identified. Angular distributions for 53
levels are measured in the present work. The data For 34 levels
are studied in termslof the DWBA theory. The DWBA amalysis
immediately gives the l~transfers, the parity, the spectroscopic
factors, and J-limits. The single particle strengths are
fragmented. A few low lying 1=3 transitions are observed
followed by two 1-3 transitions at high excitation with a clear
" gap of about 5 MeV between the two groups. The iatter two are
assumed to belong to the 1f5/2 shell model state and the others
to the 1f7/2 shell model states.- The 1l=1 transitions are
heavily fragmentéd with no such clear division between the 2p3/2
and 291/2 states. The 1f7/2 strength is exhausted and around
80% of the total 2p single particle strength is reached. The
1f5/2 strength in agreement with Pellegrini ef al. [Pe 73], but
in disagreement with Armstrong and Blair [Ar 65], just begins to

appear within the excitation energy covered in the present work.

The (3He,p) reaction on 62Ni has been studied using SHe-
particles of energy 18 MeV. A total of 88 levels in Bdcy, were

identified. These include the two isobaric analogue states and



~

several new leve] o T : ' ‘
Sup to E, ~ 8.2 HeV. The energdy resolution

was found to be = 38 key

Angular distributions for all the

els hav 7
lev e been measured. Qf these, 46 levels are analyzed in

f
terms O the DWBA theory; L-transfers, the parity and the J-

limits are obtained.

3 .
The (“He,p) reaction is known to populate levels with

dominant two nucleon correlations. In the present experiment
the levels with fp shel}—model configurations are excited -mostly
with positive-parity states. A reasonably good account of the
shape of the measured angular distributions are given by the
DWBA method using two-nucleon spectroscopic amplitudes frﬁm fp
shell model calculations as well as the DHBA-calculations using
a pure configuration. Properties are presented fdr several of
the levels (Table 6.2). In order to get a meaningfui compar ison

with experiment, care was taken in choosing the right optical-

model parameters.

The (3He,p) reaction is also a useful tool for studying the
analogue states. The levels at 6.821 and B8.188 MeV have been
identified as the isobaric analogue states of the ground state
(J®=p%) and the first excited state (JT™=2%) of By Only the
former level is adopted as the analogue of the gfound state of
B4y; [Si 84]. The latter identification is made for the first

time. The 52Ni(®He,p)P4Cu reaction was previously studied by

93



young and Rapaport [Yo 88) and Lee ef al. [Le 73]. Only in the

former & few strong transitions were studied, but details are

not given. The present work thus gives information on the level

structure of 84Cu based on the (BHe,p) reaction.

We hope to have given information on the spectroscopy of the

nuclei 52Cr and 64Cu.

&
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APPENDIX

A. CALCULATION OF WRIGHTING FACTOR

[Ref.[Au 66]: N.Auerbach, Nuclear Physics, 76 (1866) 331]

for the 52Ni(%He,p) B4Cu reaction:

J sace W B4cup (v P 3He, 6281 K 3ueb2ni
.

1B >y . = 1B2N3 > ope (0.508 (pg )* (£5,2)* - 0.528(p3/2)’
+(f5,9)% - 0.183(£5,2)% + 0.502(pg,2)* (f5/2)°

(py)? + 0.337 (py)* (P3/p)* - 0.259 (f5/2)4(9%)2}.

2 6
(£5,2)% (py)® - 0.429(p3/2)" -0.219(py)? (£55,2)

+ 0.339 (py)" (Pgy)? (£5/2)71

0.508x (-0.548) 4 4
. (£
1(a) (p3/2) 5/2 (£5,2)"

0.508x0.391 4 o
4 5.3 ———— ()7 (P3/2) (£5,2)
1(b). (pgy2)” ¢ 5/2° - (o) %
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2(a) .

2(b).

2(c).

3(a).

3(b).

4(a).

4(b).

(p3/2)° (f5/i4

<P3/2)2 (f5/24

(93/2)2 (f5/24

(P3/2)2

-0.526x(-0.581)

(P;é)z

-0.526x(-0.429)

-0.526x(-0.549)

(93/2)4(f5/2)4

(P3,2)%(£5,2)% (py)?

»(93/2)2 (f5/2)8

: (f5,/2)"
5 -0.183x(-0.429)
(f5/é .(93/2)2 (f5/2)8
. (p3/27°
5 -0.183x(-0.219)
(f5/2 (p1/2)* (£5,2)°
(p1,2)°
' 0.502x (-0.561) ‘ 4
(93/2)2(f5/2)z(9¥)2 (p3y2)* (f5,207 (Py)*
(fg/2)%
0.502x0.391 4
(p3/2)%(£5/2)7 (Py)" (py)*(pgs2)" (f5/2)7
: (p3/2)°
0.337x0.391 4 .
(P%?z(P3/2)4 (P%)Z(P3/2) (f5/2)

(f5/2)z

-0.259x (-0.219)

(£5,2)0% (py)*

(f5/2)2
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(1)

(2)

(3)

WEIGHTING FACTOR

for (fg,9)*
0.508x(-0.549) + (-0.526)x(-0.429) + 0.502x(-0.581)

+ 0.337x0.391 + (-0.259)x(0.219) = -0.146 =~ ~-0.15

for (p3/2)*

-0.526x(~0.548)+(-0.183)x(-0.429)+0.502x0.391=0.563 ~ 0.58

for (py)*

0.508x0.391+(~-0.526)x(-0.561)+(-0.183)x(~-0.219)=0.533~ 0.53.
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