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PREFACE 

The present work describes the experimental work performed 

by the author in 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 

1992. 

The experimental 'investigation consists of a study of 

nuclear level structure using the ( 3He,d) and ( 3He,p) reactions . 

For this purpose, 

reactions have been studied at Helium- 3 beam energy of 15 and 18 

MeV respectively, using the Tandem Van-de-Graaff accelerator 

nnd multichannel magnetic spectrographs . The llford 14 typ e 

nuclear emulsion plates of 25µm thickness were used to record 

the tracks of the outgoing particles. A total of 63 levels in 

52cr along with 3 new levels up to Ex~ 8.6 MeV with 20 keV 

energy resolution and a total of 69 l e vels in 64cu along with 

two isobaric analogue states and three new l e vels up to Ex ~ 8.2 

HeV excitations with an overall energy resolution of 36 ke V, 

have b een obs erved. 

A c omparison of the present results with previous works has 

be e n mad e . Angular distributions have be e n measur e d for mos t o f 

the l e vels. 

(iii) 



The data for angular distributions of cross-sections were 

analyzed· in terms of DWBA theory of direct reaction using the 

code DWUCK4 and the L-transfers, the parity, the ·s~ectroscopic 

factors and J-limits were determined for most of the levels . 

Properties of a few low-lying levels in 52cr and 64cu were 

compared with the theoretical predictions based on the shell­

model calculations. 

The confirmation of the existence of analogue states has 

also been achieved through the measurements of the angular 

distributions of the protons populating the 6.821 and 8.188 HeV 

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 is brought 

about by the bombardment with a projectile or gamma-ray. 

Generally, two types of information can be obtained f~om the 
I 

study of nuclear reactions: (1) information about the huclear 

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 . 

model is the compound nucleus model due to Niels Bohr 

One such 

[Bo 36] 

and tha other is the direct interaction modal clue to Butler 

[Bu 50]. 

The nuclear 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 metastable compound nucleus 

is formed; (ii) the compound nucleus subsequently disintegrates 

to yield the reaction products. These two steps are completely· 



independent of each other, i.e. disintegration of the compound 

system is 

depends on 

particle. 

independent of the way in which it was formed. It 

the energy and angular momentum of the incident 

The angular distribution of the outgoing particles is 

symmetric about 90° in the c.m. system. This mechanism is 

particularly valid in the region of low and medium energy. At 

higher energies angular distributions are completely different 

from those . obtained by the compound nuclear model. Thus a 

complementary direct reaction model was first proposed by Butler 

[Bu 50]. According to this model, the nuclear reaction takes 

place in 

Oppenheimer 

a single step. This was first recognized 

and Phillips [Op 35] in analyzing low-energy 

by 

(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 distributions. The 

time required to travel the nuclear dimension by the incident 

particle is about 1 □- 22 sec for direct reaction mechanism, 

whereas it is about much larger for the compound nucleus 

process. The existence of the compound nuclear states of 

relatively long life-time provides an explanation for narrow 

resonances in nuclear cross-section at low energies (the level 

width rand life-time Tare related by fT = fi). 

The direct interaction model for higher than 10 MeV of 

incident energy can well explain the experimental data . So, 

may hope that the results of the present experiment 

2 
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incident energies in the region 15-18'HeV -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 review 

The present work is concerned with the study of the level 

structure of the nuclei 52cr and 64cu. The information on these 

nuclei is given in this section. 

1.2.1 52cr nucleus 

The excited states of 52cr were studied by Hazari tl al. 

[Ma 57) through the 55Hn(p,a) 52cr reaction and inelastic 

scattering of protons. By using a 6.51 HeV proton beam from an 

electrostatic generator and a high resolution magnetic 

spectrograph, they have found six excited states in 52cr. 

The low-lying states of ,52cr were investigated by 

Wilson tl a.l. , [Wi 62) by studying the decay of 52Hn using 

scintillation spectrometers and a double-focusing beta ray 

number of weak transitions. Information on spin and parity of 

3 



various levels and comparison of experimental observations with 

theoretical predictions were made by them . 

A beam of 22 HeV 3 He-ions from the Los Alamos variable 

energy cyclotron was used by Armstrong tl al. [Ar 65] to 

investigate the ( 3He,d) reaction on some nuclei including 51v. 

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 d istr ibu t iams were obtained for the deuterons 

corresponding to these levels. 

Excited states of 52cr were studied by Monahan tl .al. 

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

detector and precise excitation energies of ten levels in 52cr 

were obtained. 

The ( 3He,n) reactions on Ca, Ti, Ni isotopes and 64zn have 

been studied by Evers tl 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=O and some L=2 transfers have been observed. 

Angular distributions of the. ( 3He,d) reaction on 51 v have 

been measured by Pellegrini tl tl. [Pe 73] at 10.48 HeV with a 

counter telescope. Spectroscopic factors and L-values of 52cr 

states up to 7 MeV excitation energy are obtained by comparing 

the data with DWBA theory. Shell-model calculations predicted 

4 



well the lf7;2 spectroscopic strength, but failed in reproducing 

the observed 2p 312 strength. 

Energy spectra and angular distributions of neutrons- from 

the (T,n) reaction on 5 DTi; at bombarding energy of 13 HeV have 

been measured by Bohne tl tl. [Bo 75] with the tiine - of-flight 

facility. The DWBA analysis of angular distributi o ns yielded 2 6 

levels with Jrr=o+ and 27 levels with Jrr=z+ . The transitions of- · 

O+ h states ave been compared with the shell model and paring 

model predictions . 

The - ( 3He,n) reactions on 46 , 48 , 5Dri, at the incident energy 

of 15 HeV have been studied by Alford tl tl. [Al 75] for fp-

region of the residual model. Some of the observed states have 

been identified as analogues of low-lying states in isobaric 

nuclei and are predicted by pairing vibrational model (PVH) . A 

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

mixing occurs between states with different PVH configurations. 

Differential cross-sections and vector analyzing powers have 

been measured by Bieszk tl .a..l. 

induced on 53cr at Ed= 11 HeV. 

[Bi 81] for (d~t) reaction 

Transitions with l=O to 4 ar~ 

observed. The analyzing power measurements for l=l transit1ons 

exhibit a strong systematic dependence on Q-value. A number of 

previous spins and parities assignments are confirmed and two 

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

5 



Nuclear resonance fluorescence experiments with polarized 

bremsstrahlung have been performed by Berg tl .al.. [Be 81] . in 

orde~ to search for magnetic dipole strength in 52cr. Thirteen 

lRvels of excitation energy ranges from 7 . 5 to 11.8 HeV have 

ber::n observed by them. 

Smith tl il. [Sm 83] have investigated two energy levels in 

i: 2 ° Cr which have been excited by resonance fluorescence with 

linearly polarized, mono-energetic gamma rays of 9.14 MeV. The 

azimuLhal and polar asymmetry of the resonance scattered 

radiation have led to unique spin-parity assignments of Jrc=l­

for the levels. 

Muto tl .a.l. [Hu 84] have studied the magnetic dipole 

excitation in 52cr in terms of the shell-model which includes 

configurations with one- and two-particle excitations from lf7;2 

to 2P3;2 and 2p 112 to lfs;2 shell orbits. 

A 26.7 HeV beam of a-particles from the Los Alamos cyclotron 

was used by Armstrong .e...t. .al.. [Ar 67] to study the (a, t) reaction 

Oil 52cr. The triton angular distributions from some low-lying 

states in · the residual nuclei were compared with the 

predications of tl1e DWBA theory and the resulting spectroscopic 

information was also compared with similar information obtained 

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

b 



The (a, t) reaction on 51v was studied by Hatoba tl al. [Hc1;68J 

at an incident alpha energy of 29 HeV using an E- AE 

semiconductor detector telescope . Angular distributions ~ere 

analyzed by the use of zero-range DWBA theory. The l-values and 

spectroscopic factors are deduced from the transitions leading 

to 15 low-lying states of 52cr. The results are compared with 

sen i o r i t y s c heme. and t he sum r u le o f t he j - j coup l in g s I 1 e l 1 -. 

mode 1. 

The excitation 1functions for alpha particles from the . 

55Hn(p,a) 52cr reaction from Ep=S . 8 to 7.0 HeV at Blab=90°, 125° ; 

and 180° have been measured by Hau tl al.. [Ha 85]. , Tht;< o~of-la­

sections are analyzed by the channel cross-section function, th~ 

statistical nuclear theory and the autocorrelation function t o 

determine the number of correlating channels, the average . total 

level width rµ and the ratio fµ/D . 

Very recently, Fujiwara tl .a.l. [Fu 85] have measured the 

inelastic scattering of 65-HeV proton on 52cr for the states up 

to 11 HeV excitation energy. The systematic decrease in 

excitation strength of the first 3- state has been observed , 

Many 1- and possible 1+ states have been identified at Ex=5-l~ 

HeV and 1+ assignments are in agreement with those of previous 

works. 

The elastic and inelastic scattering of 15 HeV polarized 

deuterons from 52cr has been investigated by Baker~~ .a.l.[Ba 74] 

and angular distributions of the cross-section and vector 

7 



analyzing power have been measured . Anomalous behaviour of the 

N=28 nuclei found in the inelastic scattering of polarized 

protons is not present for deuterons and the distorted spin­

orbit term effect is found to be negligible. 

Measurements are reported by Huis Kamp tl .al.. [Hu 56] for 

tile anisotropy 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 6. 

l.?..2 r;; 4 C_u.J!JJ.GL.EJl.S. 

Tile low-lying excited states of 64cu have been the subject 

of s everal investigations over the last few decades. Figueiredo 

.e_t_ tl. [Fi 58] are one of the early investigators. They 

investigated the 63cu(d,p) 64cu reaction at deuteron energies 

between 6 . 00 and 6.55 HeV. Sixty-five levels in 64cu were 

They however did not give any 

information about spin-parity of the states. 

Toi t. tl .al. . [To 61] measured the half-life of the states 

excited by slow neutron capture in various nuclei. The half-

lives of the first and second exciied states in 64c~ were found 

to be ~0.3 nsec. 

B 



The low energy gamma spectra of were studied by 

Skliarevskii tl al. . [Sk 58] using thermal neutrons . They 

observed lines at 155±5, 205±10, and 276±10 keV. 

Vervier [Ve 61] studied the level structure in 64cu through 

circular polarization of gamma-rays following the capture _ of 

polarized neutrons. The high energy part of the neutron capture 

1-ray spectrum in copper [Ba 53] shows a 7.91 MeV line which 1s 

the ground state transition in 64cu as well as 7.63 and 7 . 30 HeV 

'(-rays which are prDbably transition to 0.277 and 0.607 HeV 

states in 64cu [Tr 57, Ba Un]. The capturing state in 64cu may 

be 1- or 2- and the ground state is known to be 1+ . 

Kopecky tl 

investigated the 

neutron capture 

al. [Ko 

level 

65] and Shera and 

structure of 64cu 

6 3cu(n , ,Y ) 64cu reactions . 

Bolotin 

by using 

A number 

[Sh 68] 

thermal 

of new 

transitions are reported. Tentative spin assignments fo r 

excited states below 1 MeV are proposed on the basis of the 

gamma ray decay modes of the levels . The low - lying excited 

states in 64cu are discussed in terms of the 2P3;2, lf5;2 and 

2pl/2 proton-neutron configurations. 

The 62Ni( 3He,p)64cu reaction. was investigated by Young and 

Rap a port [Yo 68). Angular distributions are studied for the 

strongly excited states and L-values are determined for the 

neutron-proton transferred pair; but no Jrr assignment has been 

reported. 

9 



The most remarkable work on the low-lying excited levels in 

64cu is due to Park and Daehnick [Pa 69] who investigated the 

levels of the same nucleus with 12.08 HeV deuteron from the 

66zn(d,a)64cu reaction with an energy ~esolution of about 11-1~ 

keV and via 63cu(d,p)64cu reaction with and energy resolution of 

about 7-8 keV. About 85 levels in 64cu up to · excitation of 3 

HeV energy were identified by them. Angular 

66zn(d,a) 64cu reaction were obtained over the 

distributions 

and 

range 

angular distributions of 63Cu(d,p) 64cu reaction were 

of 

also 

obtained over range 8°S0S5O°; L-values and spectroscopic factors 

were also extracted from a comp a rison with the DWBA 

calculations . 

Lu e..t. tl . [Lu 69] studied the (a,d) reaction with a beam of 

50 HeV alpha-particles on 62Ni . 

Angular distributions and"( - "f correlation of -v- rays emitted 

following the 64Ni(p,n ) 64cu reaction were investigated by many 

authors. Among them, Davidson tl a.l.. [Da 70] have studi e d 

levels up to 927 keV . Unique spin and parity assignments f o r 

several levels were computed by using the theoretical pred i ction 

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 64cu are measr~d up to an excitation energy o? 2757 keV . 

10 



The spins for the several levels in 64Cu have been assigned up 

to an excitation energy of 663 keV from the 64Ni(p,n) 64cu 

reaction by Litherland and fergeson [Li 61] and Wellborn [We 

71). 

Nuclear level structure of 64cu was studied by Black tl al. 

[Bl 72] by the use of ~-ray spectroscopy via 63cu(d,p) 64cu 

reaction at an incident ~euteron beam energy of 6.5 HeV. 

Excitation energies up to 1594 keV were identified. 

Green tl .al. [Gr 76] have measured the gamma-ray angular 

distribution and '°'( - "(angular correlation for the transition 

observed· following the 64Ni(p,n) 64cu reaction and unique spin 

assignments are made for several levels. 

The compound nucleus contributions to the proton spectra 

from 8 HeV to 10 HeV 3He induced (jHe,p) reactions on even-A Ni 

isotopes were obtained by Lee~~ al. [Le 80]. The relative 

cross-sections for 58Ni/6 0Ni/62 Ni in the high excitation region 

are in fair agreement with predictions of statistical theory but 

the absolut~ 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 isotopes do not agree with the 

prediction. These discrepancies between experiment and theory 

are in sharp contrast to the situation in (p,p'), (p,a), (a,p) 

and (a,a') reactions where good agreement was found. The PfOton 

spectra from the ( 3He,p) reactions on nuclei in the A=54-68 mass 

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

11 
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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 final state 

with a dominant ICore+p+n> configuration, whereas (d,p) o r 

( 3He,d) reaction is only used to study the levels of the final 

nuclei which have a dominant !Core+n> or !Core+p> configura t ion. 

The ( 3He,p) and ( 3He,d) reactions are expected to show up ne w 

levels which may be unobserved with other particles. 

The ( 3He,d) reaction should be equivalent to the (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 ( 3 He,p) · reaction is ·equivalent Lo 

(a,d) reaction in the sense that they have the same fin al 

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 ~riplet and a spin 

singlet in the ( 3 He,p) reaction .- So the ( 3 lle,p) react ion 1s 

also one of the most important tools of extracting nuclear 

spectroscopic information on the levels in the complex .odd-odd 

nucleus 64cu. 

reactions are undertaken with the aim of studying the struc ture 

of the low-lying levels of 52cr and 64cu . Angular distributions 

are measured for 63 levels in 52cr and 69 levels in 64cu up Lo 

excitations of 8.6 and 8 . 2 MeV for the respective nuclei. Tiu:: 

data are analyzed in terms of the DWBA theory of direc t 

reaction. Spectroscopic 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 64cu from the ( 3 lle,p) 

reaction. 

13 
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CHAPTER 2 

EXPERIMENTAL PROCEDURR 

2.1 Experimental set up 

Experimental investi~ations of low-lying excited states of 

even - even nuclide 52cr and odd-odd nuclide 64cu are the subject-

matter of the present work. For this purpose, two reactions 

investigations. The 15 HeV doubly ionized 311e-beam from the 

Oxford Tandem Van de Graaff accelerator was used as projectile . 

The isotonically enriched Sly target of thickness lOOµg/cm 2 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 beam. The reactions 

products were magnetically (H =13.26 KG) analyzed in an Oxford 

Multichannel Spectrograph [Br 56] and were recorded in Ilford L4 

type nuclear emulsion plates of 25µm thickness, simultaneously 

over the 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 a ll particles less penetrating than d e ut e ron s . The. total 

beam charge was 5210 µCaul . 

For the second reaction, the 18 MeV doubly ionized and 

monoen ergetic 3He - beam from Tand e m Van de Graaff generator of 

AERE, Harwell, U.K. was used as projectil e on the targe t 

14 



(isotopically enriched to 99% 62 Ni; nominally 100 µg/cm 2 thick). 

The reaction products entered into a high magnetic field ' of 

strength 12.45 KG of a multichannel spectrograph [Br 56 J and 

were recorded in 25 µm thick Ilford 14 emulsions, simultaneously 

over the angles between 5° to 80° at 7.5° interval. The 

emulsion was covered with 40 thou thick polythene ·foil for 

stopping all particles other than protons. The total beam 

charge was 10124 µCoul. 

2.2 Multichannel magnebic spectrograph 

The Multichannel magnetic spectrograph (HHS) has been used 

for the analyses of nuclear reaction products. The description 

of the essential features of HHS is given below for better 

understanding (Fig. 2.1). 

The HHS [Br 56 ., Hi 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 in an iron at angular intervals of 7.5° from a suitable 

starting point, is associated with the magnet . So, a singl~ 

bombardment covers a wide range of angles . Ih each channel, 

there is an arrangement for ~lacing 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 expos~res without breaking the vacuum . 

15 
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The incident ion beam from the Van de Graaff generator is 

allowed to enter the spectrograph through a hole. The · beam is 

collimated by a slit system placed ahead from the central target 

[Hi 62]. The charge of the ion beam is measured by a Faraday 

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 

res~ect to the beam direction. The reaction product em~nating 

from the target is brought 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 less 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 process. 

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 

e mulsion plates. A Vickers binocular microscope can be us e d 

with great comfort, since a long time has to be spent for the 

purpose of searching and scanning. The scanning was performed 



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 i.s 

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 HeV from the Tandem 

Van de Graaff accelerator of Oxford, U.K. (for the 

51 vc 3He,d) 52cr reaction) and of 18 HeV from the Tandem Van de 

Graaff generator of the AERE, Harwell, U.K. (for the 

62Ni( 3 He,p) 64cu reaction) respectively. The plates for exp?sure 

and target nuclei for the bombardment were located at tl1e 

respective positions inside the Multi-channel spetrographs. Tl1e 

total charge of 5210 µc and 10124 µc respectively were collected . 

by Faraday cups situated inside the magnetic fields of flux 

densities 13 . 26 KG and 12.45 KG respectively. In the field 

region, the particles were deflected and were brought to focus 

according to their energies somewhere along 100 cm long emulsion 

plates. The Ilford 14 type nuclear emulsion plates of 25 µm 

thickness were covered with 0 . 25 mm and 40 thou respectively of 

17 



polythene absorber which stopped all particles 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 tram 3.75° to 176.25° 

and 5° to 175° respectively at 7.5° intervals. After 

processing, each plate was marked with eight datum· 1 in es 

perpendicular to the length 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 the 

angles for the stripping reactions: 

Channel Angle Stop-factor ~m..a.i:k. 

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 th~ 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 scanniRg was 

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

9-11 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, 

etc.) which would move from bottom end of the field of view, 

would be observed. Those tracks which were not parallel to (0-

6) line 

graticule, 

and those 

should 

whose entry points were 

not be counted. X-axis was 

not inside the 

turned through 

0 . 25 

this 

mm . and the total number of the tracks 

way, the scanning was performed for 

were counted . In 

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, University of 

Rajshahi, Bangladesh. 
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CIIAP1'ER 3 

EXTRACTION OF DATA 

3.1 Introduction 

The glorious history of nuclear energy levels commenced from 

1930 when Rosenblum [Ro 30] discovered the spectra of alpha 

particles. In the nuclear energy level diagram, the ground 

I 

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 nucle fi J' 

energy levels are most essential for the development of the 

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: 

E b = 931. 14 mb l [1+ 1. 036598 X 

20 
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} ½ 
10-7 x{~ -1 l . .. (3.2a) 



where H is the magnetic field in Kilogauss, mb, z and ,Pare the 

mass, number of .unit charge and the radius of curvature of the 

outgoing particle respectively . The /J is given by 

½ 
+ .... ] . . . (3 . 2b) 

where xis the position of the outgoing particle group in unit 

of 0.5 mm. on the plate . The value of Qin the ith state is 

given by 

Q· l 
mb 

)-Ea (1 - -) 
ms 

where ma is the mass of the incident particle, mb is the mass of 

outgoing particle, m8 is the mass of final nucleus, Ea and Eb 

are the energy of the incident and outgoing particle 

respectively. 

Energy levels of the residual nucleus are obtained from the 

spectra at different angles. For thi~ purpose, each angl e is 

calibrated in energy using the least squares relation 

(3 .2d) 

in which x is the peak-position of the group in the e n ergy 

spectra of the outgoing particle . 

F o r the identification of the exi s ting and the n e w 

th e following criteria we r e used: 

21 
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(i) The excitation energies of levels in residual nucle1J~ 

(ii) 

obtained at different angles are required to be 

consistent to within about 20 keV; 

and the groups due to emitted 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 the full 

width at half maximum 
1(FWHH) or intensity of the peak produced 

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 position of the 

half-maxima of the peaks were recorded carefully. 

3.3 Energy levels in 52cr 

The energy levels in 52cr we;e obtained from the ( 3He,d) 

reaction on 51v. Details of the exposure are shown in Table 3.1 

and the coefficients of the equation (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 

and A2 in equation (3 .2d) for each channel were 

calculated using the Alpha- Micro AHlOOOE computer of tl1e 

University of Rajshahi, Rajshahi, Bangladesh. 



After completing the scanning, the energy spectra of L110 

outgoing deuteron of the 51 v( 3 lle,d) 52cr reaction at tht::: 

scattering angles 3.75°, 11.25°, lU.75°, 26.75°, 33.75°, 41.25", 

56.25°, and 71.25° were obtained. The d~uteron spectrum at 

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

The calculations of excitation energies of different levels 
I" 

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 (FWHH). The results of the [HesenL 

study of the energy levels are compa~ed with those of the 

previous works [Si 84, Pe 73, Fu 85], as shown in Table 3.3. 

Properties of the levels of 52cr are summarized in Table 5. 2 i.r1 

Chapter 5. 
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Table-3.1 

Experimental details for the ( 3He,d) reaction 

Bombarding 
energy 

(HeV) 

15 

Target 
enriched 

Sly 

Hag. field 
(KG) 

13.26 

Table-3 . 2 

Frequency 
(MHz) 

57.16 

Exposure 
( µC) 

5210 

Th e c o efficients of eqn. (3.2b) from Oxford spectrosgraph 
calibration. 

48.D6S5 l.04586x1D-2 l.15948xl0-6 

24 

4 . 04482xl □-ll 4.36034 
xlo- 14 
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'l'ABLE-3.3 

Energy levels in 52c'r 

Gr. No . Excitation energy in 52cr (HeV)· 

a b C d 

00 0.000 0.000 0 . 000 0 .000 

01 1.436 1 . 434 1.430 

02 2.370 2.370 2.360 2.369 

03 2.767 2 . 768 ' 2.770 2 . 768 

04 2.965 2 . 965 3.110 2.965 
\ . 

05 3.113 3.114 3 . 114 

06 3.770 3.772 3 . 780 3 .772 

07 3 . 938 3.946 3.949 

08 4.033 4 . 038 4.040 

09 4 . 565 4.563 4.5~3 

10 4.628 4.627 4.640 Ll. 13::JU 

11 4.701 4 . '706 4.70 2 

12 4 . 737 4.741 4.740 4 .73 tl 

13 4.835 4.837 4.850 4 . 832 

14 5.101 5 . 097 5.120 5.095 

15 5 . 285 5.281 5 . 285 

16 5.435 5.432 5 .425 

17 5.467 5.450 5.450 

18 5.594 5 . 600 5.600 5.569 

19 5.751 5.737 5.770 5.727 

20 5.828 5.830 5.830 5 .8 11 
continued ... 
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TABLE-3.3 continued. 

Gr . No. Excitation 
. 

in 52cr (HeV) energy 

a b .. 0 (I 

21 5.891 5.879 5. 8'/ 3 

•)•) .......... 5.945 5 . 953 5.957 

23 5.992 5.996 5 . 996 

24 6.026 6.026 6 . 020 6.055 

25 6.089 6.106 

26 6.192 6 . 193 6.201 

27 6.232 6.233 6.240 6.243 

28 6.364 6.356 6.370 6.349 

29 6.388 6 . 392 6.382 

30 6.500 6.493 6 . 482 

31 6.625 6.83'7 

32 6.676 6. 678 · . 

33 6.814 6.810 

34 6.894 

35 6.928 6 . 920 6.920 

36 6.933 7.010 7.010 6.993 

37 7 . 079 7 . 070 7 . 070 7 . 080 

38 7.165 7.180 7.180 

39 7.223 7.217 

40 7.273 7.278 

41 7.322 

42 7.359 
continued ... 

2b 



TABLE-3.3 continued. 

Gr.No. Excitation energy in 52cr (HeV) 

a b C d 

43 7 .400 7.400 7 . 408 

44 7.487 7. ,150 7 . ,rn2 

ll!.) 7.536 

46 7.606 7.600 

47 7.686 7.678 

48 7.729 7.730 7.738 

49 7.7B0 
. 

50 7.815 7.823 

51 7.853 7. 848 . 

52 7.905 7.900 7.893 

53 7.967 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 s.,157 

61 8.579 8.569 

62 8.614 8.617 

27 



a. Present work 

b. Summary [Si 84] 

c. From ( 3He,d) reacti.on given by Pellegrini tl .al. [Pe 73] 

d. From (p,p ' ) reaction given by Fujiwara tl . ..a..l.. [Fu 85], 
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3.4 Energy levels in 64cu 

The energy levels in 64cu were obtained from the 62Ni( 3He,p) 

reaction. Details of the e~posure are shown in Table 3 . 4 and 

the coefficients of the equation (3 . 2b) from the calculations of 

the Harwell spectrograph are given in Table 3.5 . 

The energy levels in 64cu are obtained by using sever a l 

levels in 64cu as well as contaminant levels arising from 

( 3 He,p) reaction on 12c and 160 . The contaminant levels used 
I 

for the calibration are shown below; 

Ex =0.0,2.313 , 3 . 948,4.915,5 . 106,5 . 580,5 . 832 & 6 . 444 HeV LAj 83] 

160 (3He,p) 18F reaction: 

Ex= 0.0, 0.937, l".701., 2.101, 1.119, 3.067 and 3.830 HeV [Aj 83] 

The least squares values of A
0

, A1 and A2 1n the egn . 

(3 . 2d) for each channel were calculated separately using the 

Alpha-micro AHlOOOE computer of the University of Rajshahi, 

Rajshahi, Bangladesh. 

The energy spectra of the outgoing protons of the 

62 Ni( 3He,p) 64cu reaction at the scattering angles 5.0°, 12.5°, 

27 . 5°, 35.0°, 42 . 5°, 50.0°, 65.0°, 72.5°, and 80.0° wer e 

obtained. The proton spectrum at 27.5° (lab . ) is shown in Fig .· 

3.2 as an example . 

'l9 



The calculations of excitation energies of different levels 

at different angles were carried out with the help of the same 

computer at the Rajshahi University . 

In the present work, the levels in 64cu have been observed 

up to an excitation energy Ex= 8 . 2 HeV. The energy resolution 

was found to be= 36 keV (FWHH) . The results of the present 

work are compared with those of the previous works [Si 84, Pa 

69, Fi 58], as shown i~ Table 3 . 6 . Properties of the levels of 

64cu are summarized in Table 6.2 in Chapter 6. 



Table-3.4 

Experimental ~etails for the ( 3He,p) reaction 

Bombarding 
energy 

(HeV) 

18 

Target 
enriched 

62N· 
(99%) 

Hag. field 
(KG) 

12.45 

Table-3.5 

Frequency 
(HHz) 

53 

Exposure 
( µC) 

10,124 

The coefficients of egn. (3 . 2b) from Harwell spectrosgraph 
calibration . 

964.64 0.79606 -2.6399 

X 10-5 

31 

-7.8588 

X 10-9 

9.5022 

X 10- 13 
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'l'ABLE-3 . 4 

Energy level s in 64cu 

Gr. No. Exc i tati on e n ergy i n 64cu (He V) 

a b C d 

00 0.00 0 0 . 000 0 . 000 0.000 

01 0 . 160 0 . 159 0 . 158 0. 158 

02 0.278 0.278 2 . 0 7 6 0. 2 '/'7 

03 0.362 0.362 0 . 261 ·o . 360 

04 0 .574 0.575 0.573 0 .574 

05 0. 608 0.609 0 . 606 0.6'07 

06 0 . 663 0.663 0.661 0 . 664 

07 0 . 74 5 0.746 0.742 0 . 743 

08 0.878 0.879 0 . 876 0.877 

09 0.927 0 . 927 0.923 0 _·9 25 

10 1. 243 1.24 1 1 .236 1 . 2 38 

11 1. 299 1 . 298 1. 29,1 1 . 28ti 

12 1. 322 1.320 

13 1 . 359 1 . 354 1. 349 1.352 

14 1. 440 1.438 1. 435 1.4 37 

15 1 .509 1.499 1 . 495 

16 1 .551 1 . 551 1.546 1. 5,17 

17 1 . 6 02 1. 607 1. 607 1.582 

18 1.689 1 . 683 1 . 678 1.682 

19 1 . 74 1 1 . 742 

20 1. 775 1.770 1 . 775 1 . 779 
continued . . . 
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TABLE-3.4 continued . 

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

a b C d 

21 1.853 1. 852 1. 848 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. 02,0 

25 2.092 2 . 092 2.090 ··2. 072 

26 2.146 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 2.316 

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 . 596 2. 58<1 

35 2.679 2.670 2.670 

36 2.718 2.716 2.720 2.722 

37 2.762 2.757 2.760 2.768 

38 2.801 2.800 

39 2.827 2 . 823 2.830 

40 2.875 2 . 876 2.876 

41 2 . 907 2.913 2.934 

42 2.990 2.985 2.975 
continued . .. 
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TABLE-3.4 continued. 

Gr. No. Excitation energy in 64cu (HeV) 

a b C d 

43 3.066 3.055 3 . 088 

44 3.130 3. 127 3 . l 5t1 

45 3.189 3.190 3.192 

46 3.231 3.233 

47 3.265 3.260 

48 3.302 3 . 280 

49 3.397 3 . .t111 

50 3. '-172 3 . <l '/ 5 

51 3.513 3.515 

52 3 . 607 3 . 604 

53 3.686 3 . 687 

54 3.713 3 . 712 

55 3.767 3.763 

56 3.802 3.799 3 . 791 

57 3 . 902 

58 3.973 3.987 

59 4.028 

60 4.137 

61 4.257 

62 4.316 

63 4.425 

continued .. . 
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TABLE-3.4 continued. 

Gr. No . Excitation energy 1n 64cu (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 at . a..l. [Fi 58] 

* means ref.[ Lu 69] 

d 



3.5 Differential Cross-Section 

The differential scattering cross-section for the reaction 

A(a,t)B in the laboratory system is obtained from the following 

relation: 

( dcr/dQ )Lab ...C. D N ( 8) 

The differential cross-section (da/dQ)Lab can be converted 

into the centre of mass system (dcr/dQ)cm through the relation: 

(da/ Q)cm = f(B) (dcr/dQ) Lab .. . (3.4a) 

where f(8) = Cos (IIS-8) (3.4b ) 

and ¢ is the angle in cm. system; f(8) is calculated from the 

kinematics of the reaction. 

It has been shown that the differential scattering cross­

section in mb/sr is given by 

(dcr/dQ)Lab = 0.266 

where, . NA 

s 

Actual counts 

Stopping factor 

(3.4c) 

3b 



A target mass (a.m.u) 

Z charge of a projectile (in e) 

T target thickness 

St target angle= 45°. 

The measured angular distributions for the 51 vc 3He,d) 52cr 

and 62Ni( 3He,p) 64cu reactions are presented in Chapters 5 a11d 6 

respectively. 
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CHAPTER 4 

HATHEHATICAL FORMULATION 

This chapter is devoted to giving an outline of the DWBA 

theory to be used in the subsequent chapters (chapters 5 and B ) 

for the . purpose of analyzing the angular distributions of the 

outgoing protons and deuterons for the c3He,p) and ( 3 He,d ) 

reactions respectively . Extensive works on the DWBA theo1;y h a v e 

been done by many work~rs. Some of the main points relati n & t o 

the present works are worth noting. 

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

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

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

As shown in the figure the projectile 3 H~-represe nt e d by 

a being incident upon the target ' A ' stripped off tw o 

nucleons. As a result the nuclear react i on oc c urs 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 nucleus is th a t of 

( A+2). 

4. 1. 1 The tran:;:;ition nwplitude 

When the incident 3 He-particle and the target nucleus are 

far apart the wave function (w.f.) of the incident system -i is 
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a = b + x 

x = xl+ x2 

b = b1+ b2 

A 

---rbB = 

--raA = 

A·-
r bx + - R B X 

b -- + R . - r 
a b>: X 

·1 

fig.le-.2.-The coordinate system us~d in t.hc (·'1-Je ,p) react:.1011 



an eigenfunction of the Hamiltonian Hi; 

A+3 3 3 A A 
H· = l'. T + l'. l'. V .k + l'. }: V j k + V-l k 

k=l k=j+ 1 J 
l 

j=l j=l k=j+l 

and is of the form 

M t m ¢J MT M 

(4.1) 

Here ¾A is the w.f . describing the relative motion in the 

incident channel, ¢8 and ~A are the internal wave functions of 

the incident and target nuclei and Vi is the optical potential 

of the 3-body system with target A. 

Similarly the wave function of the outgoing channel is, 

illJ HT H 

Using eqns. (4.1) and (4.2) and taking into account that the 

direct reaction theory accepts the optical model as a ' firsL 

but takes a perturbation as an additional approximation 

interaction whii..:11 gives rise to non-elastic proc ess 

transition amplitude Tab may be written as: 

( +) 

¢b ¢B IV I ¢_A flla -XaA 
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Here Vis the perturbation Hamiltonian. The coordinates of all 

constituents of the reaction are described in fig . 4.2. The two 

transferred neutrons x 1 and x 2 form a cluster X. 

4. 1. 2 Calculation of the transition anplitude 

In order to calculate the transition amplitude the followi~g 

specific assumptions for some of the terms in th~ expression 

(4 . 3) are made: 

a) The spatial part of intrinsic functions ¢band -a is assumed 

to be of the Gaussian form for simplicity: 

) = 

(for 3 He) 

= Nb exp ( -0 2 ~ r 2 
• • ) - 1 

i > j 1J 
(fo1· proLon) 

Here x is the c.m. coordinate and'fnlm a harmonic oscillator 

wave function with the number ·n· of radial nodes. The size 

parameters Q and o ~ay be obtained from any electron s ca ttering 

experiment [Co 63, Sc 64]. 

b) The perturbation interaction V may be considered a Gaussian 

form as used by Lin and Yoshida [Li 64] : 

V = U
0 

~ exp ( -(:3 2 r 2 
• • ( W + B pq · + HPQ · - HPT ·)) l.J l.J 1J l.J 

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

wave function with the quantum numbers (Nxlx)­

function is again ~xpanded in terms of the 

oscillator .wave funciton. 

This wave 

harmon-ic 

Using the above assumptions and expanding the nuclear wav~ 

function of the residual nucleus ·e · in terms of the nucl e a r 

states of ' A ' and the extra two nucleons the tra nsition 

amplitude Tab for the ZRA (zero range approxima t i on) 
I can be 

written as [Li 73]: 

... ( 4. 4) 

4 . l. 3 The differential cross-section 

The expression . of the cross- section for the st r ipping 

reaction A(a,b)B can be obtained by putt i ng Tab in t h e equation, 

da µaµb kb 1 
= }: ITabl

2 

dQ (2n:h2)2 ka ( 2J A+ 1) ( 2 S +1) a 
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the final expression for the cross-section thus becomes 

da µaµb · kb < 2J 8+ 1) 
= 

L'.1sJ I (1/f(2L+l)) dQ ( 2rrt'l2 ) 2 ka ( 2J A+ 1) (2Sa+l) 

. .. C4. 5) 

The form factor FisJis defined as follows : -

* 
'3/i:H'iHL (2Av/(A+?),Rx) (aB/x(a+x)) 3cr(;-bx) crl,o . .. (for Z_RA) 

3/4 V (2ft+l)! ! ½ 2rrabvn 4 

where AlsJ(~,ft)=2bU 0 .(-----) (-----) 

2nn! (CD) 2 

( 1-
2C 

82 
( 1+ 

4CD 

a 1 
)) n (- )½ ((2Sa+l)/(2S+l))½ 

2 .{2 

((-1+1.5) (B+H)) 

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 
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parameters and the consideration of finite range in numerical 

calculations are described in the following sub-section. 

4 . 1. 4 Numerical calculations 

Effects of the parameter~ 

The effect of the parameters on the overlap integral, 

dynamical factor and differential cross-section has been 

illustrated by Lin .e..t. a..l. [Li 73] through a study of the 12c 
I 

14
N react1·on. Th f th 1 · d 'b d e summary o e resu t 1s escr1 e 

below. 

a) The overlap integral, Cn is more sensitive to the change of 

force range parameter~ and size parameter~ than both the 

dynamical factor on't'NL and the differential cross-section. 

b) The absolute value of the overlap integral depends strongly 

on the interaction range' and the node of the relative 

motion of the two transferred nucleons. The choice of th8 

interaction range parameter is, therefore, guite important 

at the time of discussing the absolute value of cross­

section. 

c) 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. 
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Finite rangB consideration 

The work of Lin tl al. has also been devoted 

illustrating the di.ff · 1 b h r· · erence 1n resu ts et ween t e · 1n 1 te 

approximation and the zero range approximation calculation. 

in 

range 

a) The difference becomes more prominent as the force range,J, 

is increased. 

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

interaction used i~ the calculation. 

4 . 2 DWBA theory for the ( 3 He,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 ·c· from it. A residual 

nucleus 'b' of the same nucleus as the target but one proton 

less is thus created. On the other hand, the d-partie:le 

combined with picked up proton from the target, forms a 

particle represented by (a+c): 

a+ (b+c) ---> b+ (a+c) 'b' core 

4 . 2 . 1 The transition amplitude 

As 

matrix 

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

element for the pickup process in the distorted wave 

representation reads: 
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... (4.2.1) 

Here 'f (-) is the solution of the Hamiltonian H -
(a+c),b 

+Vab +Vbc and ¢'s denote the internal wave functions. The 

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

the relative motion in the entrance channel with the optical 

model potential ua. 

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 fo.r'f"<-): 

110-) 
(a+c) fllbj21(a+c)> 

We find 

... ( 4.2.2) 

Since the cross-section is proportional to 

(amplitude)2, we can find out the cross-section with respect 

amplitude. 
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The cross-section for . inverse process, . the pick-up 
reaction, is rel t d 

a e to the stripping reaction by the principle 

of detailed balance . 

(da/dQ)d,T = 
pick-up k2 

d 

(2JT +1) (2Jf+l) 

(2Jct+l) (2Ji+l) 
X(do/dQ)T,d 

stripping 

Hence, we can find out the cross-section of the ( 3He,d) 

stripping reaction. 

Now the 
I 

expression (4.2.2) can be further simplified by 

making the following assumptions: 

a) The Born approximation consists in disregarding the non­

elastic part proportional to (Vab + Vbc - u(a+c))(E(+)_H)- 1 , 

which for d+(A+j->A+ 3He reaction means 

Here T stands for 3 He . 

b) In addition to the earlier assumption the V
8

b-ua 

i.e., 11 Vd, A - u;lasticl jfor d+(A+p) -> A+T 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, 
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If Vp,A is replace by U A the above approximations together P, 
oieans the 

... (4.2.4) 

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

the simple matrix element (4.2.3) inst~ad of its earlier ones. 

The most consistent calculation with the simple DWBA matrix 

element should use the 

i) zero range for~ together with 

ii) the measured elastic scattering parameters which . must be 

u;:;ed 

iii) 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 67]. 

4 . 2.2 The finite range corrector factor 

If in a stripping reaction 

a+A -> b+B where u=b+c, B=A+c 

Here a stands for 3He- particle, 'A' for target nucleus, 

for residual nucleus, 52cr, 'b' for outgoing particle, 

d e uteron,d with the transition amplitudes 
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Tri= II dR dx D(x) :x:~-)*(R+x) ¢t(R) 

X( + { ( R+ ~bx) 

ma 

Here, 

J(C - )_> 
f the distorted wave of the c.m. of particle ' b' 

¢c -> the found state wave function of the transferred 

particle; 

x!,.+) 

i 
-> the distorted wave of the c.m. of particle , a . 

D(x) -> the 'overlap' of 'b' with · a· 

If we define 

then the zero-range normalization is given by 

and the finite range correction parameter R is given by 

1 0G(k 2
) 

R2 = 
G(k 2

) o(k 2
) k 2 = 0 

The first order correction factor from th~ local energy 

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

W
0
(r) = {l+A(r)}-l 

= exp(-A(r)) 

4B 

Hulthen form 

Gaussian form 



where 

2 
A( r) = 

for the three light particles of mass m a 1 mb, me. The typical 

value of the range parameter R 3 . , is 0. 77 for ·( He,d) reaction and 

0.80 for ( 3He,p) reaction. 

The non-locality cqrrection factor 

The correction needed for the use of an equivalent local 

potential multiplies the form factor and is of the form 

for each of the projectiles and the bound state functions ~sed 

in this form factor. Here f3i is the non-local parameter and m· l 

are the masses of particles and the Vi are the potentials for 

the particles. In the case of bound state, the factor WNL 

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 · 0 

parameter are 

f3p ;;: 0.85 

f3ct ;;: 0:54 

f3T ;;: 0.20-0.30 
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CHAP'I'ER 5 

THE 51V( 311 e,d)52cr I REAC'fION 

5.1 Introduction 

The level structure f 52c h b h b . o r as een t e su Ject of a 

number of 

reactions. 

experimental studies through varieties of nuclear 

Information thus obiained is summarized by Sin~h [Si 
I 

84]. The 51
V( 3He,d) 52cr reaction was studied by Armstrong and 

Blair [Ar 67] at 22 HeV under an overall energy resolution of · 

100-200 keV (FWHM) and angular distribution were studied for 

levels up to Ex=8.6 HeV. This includes the levels summed over 

approximately 300 keV at Ex= 6.8 -8.7 MeV. A somewhat more 

detailed investigation of this reaction is due to Pellegrini · tl 

al. [Pe 73] carried out at 10.5 HeV and the energy resolution 

was about 

Ex=7.2 MeV. 

(Ex=15 Mev) 

50 keV. Level structure in 52cr was studied up to 

The present work was undertaken at a beam energy 

intermediate between the above two with a much 

improved energy resolution of~ 20 keV. Several new levels are 

identified at Ex~6.8 HeV. Angular distributions are measured in 

most of the cases for single levels up to Ex~ 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. 
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5.2 DWBA Analysis 

· Microscopic DWBA 1 ana yses .of the stripping angular 
distributions were 

carried out using the code DWUCK4 due to 
Kunz. The optical d 1 mo e potential used with DWBA analysis was 
of the form 

V( r) = V (r)-V f(r r ) " ('·' c o , 0 ,a -1 n - 4a1Wo(d/dr)]f(r,r1 ,a1 )+h/mrrc) 2 

Vso(l/r)(d/dr)f(r,rs
0

,as
0

)~ . .1,. (5.2.1) 

where V0 (r) is the 
I 

Coulomb potential from a sphere of uniform 

charge density and radius R =r A1/ 3 
C C ' Vo is the real part and w 

and Wo are the imaginary parts of · central potentials 

respectively; Vso is the spin-orbit dependent potential; ('h/ mr[c) 

is the pion-wave length; f(r) is the Woods-Saxon form such as 

-1 

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

where R = r 0 A1/ 3 is the nuclear radius and a is the surface 

diffuseness parameter. 

To begin with, detailed DWBA analyses were performed for 

the following transitions in the 51v( 3He,d) 52cr reaction -

t =3; Ex= 0 .0 and 2.370 HeV 

and L ~1 - E = 4.701, 5.101 and 7.400 HeV. - , X 

All these have well-known J~ values [Si 84], except the 

7.400 HeV which on the other hand is extremely strong and should 

be of dominant single particle character . Several sets or 

51 



optical-model parameters 
were used. An overall good description 

of the above angular d " 
istributions is given by the parameters 

listed in Table-5.1. 'fh 
. ese are from the global survey by Trost 

ti .al. [Ha 87 ] and Newman ti al. [Ne 67] respectively for the 

entrance and the exit channels. All the angular distributions 
were then analyzed using this combination of potential 

parameters. 

The bound state ~ave function was generated by assuming a 

real Woods-Saxon well with well-matched geometrical parameters 

given by ro = 1.17 fm. and a =0.70 fm. A Thomas-Fermi spin­

orbit term given below .was added to it 

1 d 

45. 2 · r dr 
f(r,r 0 ,a) L . s. 

with ~ = 25 and f(r,r 0 ,a) as the usual Woods-Saxon form facto r . 

The depth of the potential was adjusted so as to give the 

transferred proton an appropriate binding energy Ee= Q( 3He,d) ·+ 

5 . 49 HeV. 

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 Fr~ 0.77 fm. for the ( 3He,d) 

reaction . The non-locality corrections of the form: 
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[ 1- W' /4) (2m/1\') V(r) r~ 
were applied, where the 

values of ~T ~ 0.22 fm.for the llelium-3, 

~d ~ o. 54 
fm. for deuteron were used for the purpose. No non­

locality correction was considered for bound state. 

Al 1 
calculations were carried out wit~ the help of Alpha ~ 

micro computer of the Rajshahi University, Bangladesh . The 

summary of the results on the levels in 52cr has been sh9wn in . 

the Table-5.2 . 

Table - 5.1 

The optical model parameters 

Par- Vo ro a 4Wo rI ar vso rso aso ro ref. 
tic-
le (HeV) (fm) (fm) (Me_V) (fm) (fm) (HeV) (fm) (fm) (fm) 

3 He 93.86 1. 15 0.76 96.36 1. 35 0 . 80 1 . 40 a) 

d 90.60 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 fil al . [Tr 87];b) 

Potential parameters for deuteron from Newman fil al . [Ne 67] 

c) Adjusted to give the transferred proton a binding energy of 

Q( 3He,d) +5.49 HeV. 



5.3 Results and d1.·scu . ss1.on 

5.3.1 'fhe angular distributions 

The angular distr1·but1· ons have been measured for sixty-three 

levels observed up to · · an excitation energy of 8.6 HeV. Thirty-

four levels have been analyzed in terms of the local zero range 

DWBA theory of direct reaction as discussed in Section 5.2. The · 

results are summarizeq in Table 5.2 including the results 

previous works [Si 76] . 

from 

The ~easured 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 ~istributions 

do not have the characteristics of a direct single-step process 

of nuclear reaction. A number of levels in 52cr below 

6.6 HeV excited in various other reactions [Si 76) were not 

observed in the ( 3He,d) reactions [present work]; ref. [Ar 65), 

[Pe 73). These and two NS levels at 6.089 and 6:625 HeV are 

thus unlikely to have an appreciable single-particle structure . 

The level at 2.965 HeV could not be analyzed for very poor data 

and it is. marked NA in the table. 

A few t=3, two t;=O, and a large number of l=l transitions 

are observed in the present work covering an excitation energy 

f b t 8 6 Mev The 1-3 transitions to the low-lying levels 0 a OU • • Y-

up to E = 3.11 HeV were assumed to correspond 
X 
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levels. 
These levels have well established J~-values [Si 76] 

and have a ono-to-one correspondence with the shell-model 

predictions (Pe 73]. 

The angu 1 d · · 
ar istributions for the 7.686 and 8.614 MeV states 

were fitted by l=l+3 (Fig. 5.2) and it is reasonable to assume 

that the 1=3 components correspond to the lfs; 2 shell-model 

state. The lf5;2-lf7;2 separation is then found to be greater 

than 5 HeV. An insignificant portion of the lfs; 2 strengt~ thus 

lies below Ex= 8.6 H~V and so does the 3s½ strength. The l=O 

angular distributions are shown in Fig. 5.3. 

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

reaction [Si 76] including the ( 3He,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 JR values [Si 76], but not observed in the 

previous ( 3He,d) studies [A~ 65,Pe 73], have also been observ~d 

and angular distributions are measured. The 1=1 assignment made 

in the present work is consistent with the Jrr values of all but 

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

doublet. 
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5.3.2 Spectroscopic f t 
ac ors and the distribution 

of single Part· 1 
ice strength 

The relation between thee . 
Xper1mental cross-section and that 

obtained by the use of DWBA code DWUCK4 is 

where the spectroscopic t 
ransition strength is 

where J. 
l and Jf are respectively the angular momenta in the 

initial and final nuclear levels and· j is the angular momeritum 

of the transferre~ proton. The normalization constant N=4 . 42 

was taken relevant to the Gunn-Irving wave function for the 3He 

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 r 0 

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 lf7;2• 2P3/2 and 2pk states 
2 

decrease by approximately 40%, 20%, and 15% by changing tl1e 

values of (r
0

,a) from (1.17 fm, 0.70 fm) to (1.25 fm, 0.65 fm). 

The former geometrical parameters are consitjered in this work 

rather than the more conventional latter for reason of geometry 

matching. The spectroscopic factors are therefore subject to 



the above uncertainties. 

calculations. 
This is of course usual of the DWBA 

A few "t::3, two l=:O, and 
a large number of L=l transitions 

are observed 1· th n e Present k wor cover_ing an excitation energy 
of about 8.6 HeV. 

The distribution of transition strength 

over the components of a ·shell-model 

G· J 

state is shown in Fig. 5.11 
is not included) . Results ~f the sum rule analy~is are 

shown in Table 5.3 . 

The L;:3 transitions to the low-lying levels up to Ex=3.ll 

MeV were assu~ed to correspond to the lf712 levels. These 

levels have well established Jlt values (Si 76] and have a 

ono- to-one correspondence with the shell-model predictions [Pe 

73]. The shell-model calculations were carried out by 

Pellegrini tl .a.l. [Pe 73], with good iso-spin wave functions [Os 

71], and are based on the (lf7;z)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 51v has a unique seniority quantum number~ =1 

and the proton stripping react ions on 5.1 V should populate levels 

in 52cr with ~ =O, Jn=o+ and ~ =2, J1t=z+, 4+, and s+ . The 

transition strengths for these levels as deduced from the 

(3He,d) reaction (present work and refs. [Ar 65] and [Pe 73] and 

the (a,t) reaction [Ha 68] are compared with the shell-model 

73] · F'g 5 13 The GJ· values from the (a,t) theory [Pe 1n 1 • • · 
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reaction are normali2ect to the 
the shell-model prediction for 

ground state transition. 
There is an excellent agreement 

between theory ad 
n experiment for . the o+, z+, and e+ levels . 

The agreement for the two 4+ 
states is qualitative in that the 

theory, in agreement with all measurements, predicts more 
strength in the second 4 + 

level over the first . These strengths_ 
are a measure of the")} =2 components since the (V=4, state 

given by the (lf7;2) 4 scheme is not allowed in the ( 3He,~) and 

(a,t) reactions becaus
1

e of the · · sen1or1ty selection rule ( <1)) =1). 

Angular distributions of some of the l=l tran~itions are shown 

in Fig . 5.4 .. The 2p spectroscopic strength is fragmented ov i::r a 

large number of levels, h · F as s own ir1 • ig . 5 . 11. The spec Lru111 i::; 

much more complicated than that given by the shell-mod e l 

calculations [Pe 73]. The calculations [Pe 73] are again based 

on an inert 48ca-core as for the lf712 transitions as mentioned 

earlier, but with a proton promoted to the 2p3/2 orbit. As an 

&xample three 2+ levels are predicted up to Ex~ 4 Mi::V, 

against five (including a tentative one) observed experimentally 

[Si 76]. 

reactions 

distribution 

Two of these are populated in all the ( 3He,d) 

one with L.=3 and the other with .1.,::1. The spectral 

for L=l transfers (Fig . 5. 11) can be very 

approximately represented by two Gaussians with considerable 

overlap. Therefore in deducing the transition strengths Gj 

( 'f bl 5 2) 1·t was arbitrariiy assumed as in the previous a e . 

works [Ar 65,Pe 73] that the levels in 52cr up to Ex 

7.2 HeV belong to the 2p312 state and those above to the 



shell-model state. 
The summed stre,•gth ~G d • ~ j comes to be 2.19 an 

~ . 81 respectively for th 2 . 
8 

PJ/2 and 2p½ transitions. The formar 
is somewhat smaller tha th · 

n e corresponding shell-model limit of 
3.33 and the latter · 15 within the uncertainty equal to the 
shell-model lim"t f 

l O 1.67. It then appears that the 2p 
strengths juS t not exhausted up to Ex= 8 . 6 HeV and 

are 

some of the transitions beyond Ex -- 7 2 H V . e attributed to 

that 

the 

2p½, may belong to the 2p3/2 state. The spectroscopic factors 

are also given by the
1

shell-model cilculations (Pe 73] for the 

2p3/2 transitions. In view of the complexity of the observed 

2P3;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 simpl& 

rr(lf7;2,2P3;2) 4 are involved. 

In one of the previous ( 3He,d) works [Ar 65] , angu 1 a 1· 

distributions to groups of levels at Ex> 6.8 HeV were summed 

over approximately 300 keV and these were found to have a 

mixture of l=l and L=3 transfers. In the other ( 3He,d) work [Pe 

73] two l=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.=l. The improved resolution of the presE:n t 

.h d. As the L=3 investigation would not explain t e 1screpancy . 

component of the l,;=1+3 mixture for the above transitions were 
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assumed to belong to the lf5;z shell-model state, the ~Gj value 

f~r the lf5;2 state according to Armstrong and Blair [Ar 65] is 

close to the single particle limit . and is only 0.78 and O.~B 

according Lo Pellegrini tl al . [Pe 73] and the peesent wu L"k 

respectively (Table ~ . 3). 
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TABLE - 5.2 
Summary of the 

5 . 1
V( 3J·le,d) 52cr reaction 

Gr. Ex (HeV) JTC 
No. 0(8) l.:. transfer G· - J a b b C a d e a d e 

00 0 . 000 0.000 o+ 0 . 054 3 3 3 0 . 500 0. 50 0. 18 
01 1. 436 1. 434 2+ 0. 100 3 3 3 0.970 0.87 CJ . GB 
02 2.370 2.370 4+ 0.047 3 3 3 0.650 0.57 0.53 

2 . 647 o+ 

03 2.767 2.768 4+ ' 0 . 079 3 3 3 0.820 0 . 91 1 . U2 

04 2 .965 2.965 2+ NA 

05 3.113 3.114 6+ 0. 180 3 3 3 0. 180 2.13 1. 91:i 

3 . 162 2+ 

3.415 (4+) 

3.472 3+ 

3.616 5+ 

3 . 700 ( 2+) 

06 3.770 3.772 2+ 0 . 074 1 1 1 0.054 0 . 11 0 . 09 

07 3.938 3.946 0 . 009 1 0.0092 

3 . 951 ( 1 +) 

4.015 5+ 

08 4.033 4.038 4+ 0.010 1 0.0085 

09 4 . 565 4.563 3- 0 . 016 1 0.0082 

10 4.628 4.627 5+ 0.098 1 1 1 0 . 060 0 .48 0. l '/ 

11 4 . 701 4.706 2+ 0 . 236 1 0.090 

12 4 . '/37 4.741 2+_5+ 0 . 123 1 1 0.062 0.27 

. (continued) . .. 
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TABLE - 5.2 continued. 

Gr . Ex (HeV) JTt 0(8) No. - l-transfer G· 
a b b 

J 
C a d e a d e 

4.751 (8+) 

4.794 o+ 

4.805 < 6+) 

4.816 1,2,3 

13 4.835 4.837 < o+) 0.037 1 1 0.040 0.05 

5.054 

5.070 

1 t1 5 . 10+ 5 . 097 4+ 0.772 1 1 1 0.390 0.38 0. 3'/ 

5.141 2+ 

5 .211 

15 5.285 5.281 (2+,3-) 0 . 602 0 0.0072 

5 . 346 

5 . 396 (7+) 

5.410 (+) 

16 5.435 5.432 ( 2+) 0 .278 1 1 1 0. 130 

17 5.467 5.450 4+ 0.186 1 0 . 140 0. 35 0.34 

5.571 3-

18 5 . 594 5 . 584 0.257 1 1 1 0.120 0 . 18 0.17 

5.600 o+ 

5 .650 o+ 

5 . 664 2+ 

(continu ed) .. . 
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TABLE - 5 . 2 continued 

-= 

Gr. Ex (MeV) Jlt cr( e) l-transf er G· J 
No. 

a b b C a d d e a e 

5 . 724 + 

5.737 (4+) 

19 5 . 751 0 . 088 1 1 1 0.040 0. 13 0 . 05 

5.770 2+_5+ 

5.775 o+ 

5.798 

5.812 

5.818 (3-) 

20 5 . 828 5.830 2+_5+ 0.116 1 1 0.05'1 0.06 

5.853 

5.865 

5.879 < 2+) 

21 5.891 5 . 916 0.210 0 0 . 0052 

5.924 

22 5.945 5.953 0.030 1 1 0.0082 0 . 15 

5 . 961 

23 5.992 5.996 
0.047 1 1 0.026 0.06 

24 6.026 6 . 026 
2+ _ 5+ 0.032 1 

0.048 

6.035 

6.057 ·2+ 

6.06 5 

25 6.089 6 . 106 o+ 0 . 030 NS 
( con tinued) . .. 



TABLE - 5 . 2 continued 

Gr. Ex (HeV) JTI: 
No. 0(8) 1-transf er G· - J 

a b b C a d d e a e 

6 . 145 

6.153 2+ 

6.164 

6.175 2+ 

26 6.192 6 . 193 0.060 1 1 0 . 040 0. 26. 

6 . 205 

6.210 

6.220 

27 6 . 232 6 . 233 2+-5+ 0 . 231 1 1 0. 120 0. 17 

6.252 

6.272 

6.282 

6.293 

6 .. 324 

6 . 356 (3-,4+) 

28 6 . 364 6.372 2+_5+ 0 . 135 1 1 1 0 . 074 0 . 2 1 0. 16 

29 6 . 388 6 . 392 0.128 1 0 . 074 

6.437 

6.462 

30 6.500 6 .490 0.051 1 0 . 020 

6.493 

6.541 (continu ed) . . : 
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TABLE - 5.2 continued 

Ex (HeV) Gr. JTC 
a(S) No. l-transfer G-- J a b b C a d e a d e 

6.568 

6.585 3-

31 6.625 0.091 NS 

32 6 . 676 0.025 1 1 0 . 012 0.09 

6.700 (1-6)-

33 6.814 6.810 2+ 
I 

0.112 1 0 . 031 

34 6.894 0.079 1 0 . 051 

35 6 . 9 28 6.920 2+_5+ 0.280 1 1 0 . 10 0 . 05 

36 6.993 7.010 0.222 1 0 . 085 

7 . 060 3-

37 7.079 7 . 070 0.368 1 1+3 0 . 13 0 . 05+.0.44 

38 7 . 165 7.180 0.205 1 1+3 0 . 085 0 . 04+0 . 34 

39 7.223 0.068 1 0 . 036 

40 7 . 273 0.175 1 0.067 

41 7 . 322 0.221 1 0 . 096 

42 7 . 359 0.130 1 0 . 0 60 

43 7 . 400 7.400 0.623 1 0.30 

7.450 o+,2+ 

44 7.487 0.086 1 0.071 

45 7.536 0.133 1 0.025 

46 7 . 606 7.600 0.271 1 0 . 125 

(continu e d) . . . 
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TABLE - 5.2 continued 

Gr. Ex (HeV) JTt 
cr( 8) l-transfer No. 

G· - J a b b 
C a d e a d 8 47 7.686 ---~- ••4 0.089 1+3 0.016+0 . 25 

48 7 . 729 7.730 3- 0.144 1 0 . 047 
49 7 . 760 

0. 145 1 0.046 
50 7.815 

0.284 1 0.068 
51 7.853 

0 . 212 1 ' 0.073 
52 7.905 7.900 + I 

0.217 1 0 . 086 
53 7.967 0.161 1 0 . 043 
54 8.020 0.387 1 0 . 068 
55 8 . 083 0.187 1 0.047 
56 8.183 8.200 + 0 . 485 1 0 .144 

57 8.234 0.324 1 0.106 

58 8 . 283 0.312 1 0.080 

59 8.371 0.180 1 0.043 

8.400 + 

60 8 . 451 0.226 1 0. 106 

61 8 . 579 0.131 1 0.038 

8 . 600 3-

62 8.614 0 . 145 1+3 0.021+0. 29 

c ontinu e u 



a Present work 

b Summary [ Si 84] 

C c.m. cross section (mb/sr) at 3_75° (lab) 

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

groups of unresolved levels summed over approximately 30□ 

keV with l,=1+3 

e Pellegrini tl al. [Pe 73]. 

f c.m. 3 .75° cross section (mb/sr) at 11.25° (lab); data at 

missing 

NA Poor data; not analyzed. 

NS non-stripping angular distribution. 



'l'able-5 . 3. ·Results of the sum rule ana'lysis for the T< 
no T> is observed. 

---· 
Single par-

~Gj 
ticle state 

a b C 

lf7;2 4.74 4.78 4 . 67 

2P3/2 2.19 2.93 2.40 

2p½ 1. 81 1. 99 

lf5;2 >0.56 3.85 >0.78 

a Present work; 

b Armstrong and Blair [Ar 65] 

C Pellegrini ~~ tl [Pe 73], 2p½ not identified upto 

MeV. 

d Single particle limit, IGj = <proton holes> 

stales ; 

d 

5.00 

3 . 33 

1. 67 

5 . 00 

E ~ 
X 

7.2 

< neutron 

holes>/(N-Z+l), where N and Z are the neutron and proton 

numbers of the target nucleus. 
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5 . 3 . 3 The level 
spectru11 of 52cr 

The observed level 52 spectrum of Cr has been · compared with 
the theoretical spect 

ra calculated by Pellegrini tl al_. [Pe 

Assuming for 51 v, a pure 

levels 
(lf7;2)J=7/2 ,T=5/2 configuration, 

excited in the 5ly(3H e d) t· , reac 1 0n by l f7;2 

73]. 

th e 

and 

2P3/2 transfers, are expected to be 

11 1 
(lf7;2) (2P3;2) configurations. 

simply described in terms of 

With this scheme, they [l:'e 

73] have performed shell -model 1 1 ca cu ations with good iso-spin 

wave functions. Fig. 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 funct i ons using the two-body interaction 

parameters of Lips and HcEllistrf::m [Li 70] . It is evidt:nL Ll1uL 

the position of the predicted second o+ level is in a better 

agreement with the experimental one [Si 76] only when the iso ­

spin was taken correctly into account. Theo+, 2+, 4+, 4+, 2+, 

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

experiment. 

The transition strengths G· J 
for the levels in 52cr with 

(lf7;2) 
4 configuration have been compared with the works of 

several authors . In Fig. 5.13, , A, represents work done by 

Pellegrini tl al_. [Pe 73] using shell-model theory; 'B . 

represents the present work; 'C' represents the work of 

Arms trong and Blain [Ar 65]; , D, represents the WOt:k .cH 
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Pellegrini tl al. [Pe 73] and 'E' represents the work of Masaru 

Hatoba [Ma BB]. It is observed that the transition strength for 

the ground state in 52cr is in excellent agr~ement with those 

works; but for the levels at 1.4.3 and 2.37 MeV, it is higher 

than that of others. For the 2.37 MeV level, the strengl h 

calculated by Pellegrini e..t. al. [Pe 73] using shell-model 

theory, 
· t · for is much smaller than that of others; whereas 1 15 

the 2.77 and 3.11 MeV levels, higher. 
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CHAPTER 6 

6.1 Introduction 

Two-nucleon transfer 
reactions are highly sensitive ta the 

details of the wave 
functions, as many different con-f i.gLwa tions 

the transferred 
nucleon pair can contribute to the 

These reactions are, less s~lective than the s ingl e huc l eon 
trans fer reactions. 

The present work is concerned with a 

the 62Ni(3He .• p)64cu r=~c ·ti· or• 
~~ • at 18 MeV . This reaction 

studied before by Young and Rapaport [Yo 68], but details 

study 

not available. This reaction ' should suppl e ment the information 

level structure o·f 64cu given ·fn;>rn t:ht:~ 66 zn(cl:, d)':;LJ( ;tt on the 

r e action studied by Park and Daehnick [Pa 69] . The d c.,m.1ncHl l 

c.c,nf':iqur-d tions may not be:-? :idc"•nt:.ic:al :i. n the two ,·-eac:t i. c>r1 s. 

Due to the: r·elo:Itivt?ly large an<Jl.llar mom(·?ntum mism.::,tch 

between the entrance and exit channels, the 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 tr~nsfer reaction · allow the 

transfer of only spin triplet in the (d,a) reaction in contr~s t 

to both the spin triplet and a singlet in the ( 3 He,p) reaction. 

In the present study, a total of 69 levels in 64cu have - b een 

obser-ved, cover·ing an excitation energy up 
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distribLttions 
have been measured for all the levels .. 

Tl,e data for thf._3 stri · .ppinq levels t 
,ave been analyzed in 

the D\.>Jl~A theory. The predicted 
differential cross-sections 

been normalized to the 
e:-: per imr::11 ta 1 cross·-5 ect.iCJns u::;;inq tl·ic~ 

expression [Na 71]: 

cre:-:p(El) = N 
(2Jrt·l) 

~ bsr :! I 0 sT I 
2 

( 2j · + 1) LJST J. 

(Ti Tiz To I T.f Tfz >2 X 
crDw(EI) 

( 2,J+1) 

The L_JST refer t t~ o Ile transferred pc:H"tic 1 es and ( T. T. "i" I :L l. Z Cl 

Tf Tfz is an iso-spin Clebsch-Gordan co-efficient. The 

c1ucm ti ty b " · ST~ is essentially a spectroscopic factor for l .i9l,t 

particles, being 1/2 for both the spin state and IDsTl2 is the 

weighting factor which following Nann [Na 71] was taken as 0. /~ 

and 0.30 respectively for S=O and S=l transfers. N is tlie 

n onn21 l :i. z at :i. on constant wt, i ch not correctly given by t:he 

method for· tl'J□-nuc l eon transfer rE.'actions. It is expected th0t 

the relative value of N should nevertheless 

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, 6.8:21 and 

B.188 MeV are summarized in Table 6.l(a) -for potential 

parameter·s H1F'2. 
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E., ( t1eV) ,·, 

o. 000 

6. El2.1 

f:3 • .18B 

-+ 
CJ 'T-. .,' 

·:.,+ T 
- ' > 

TABLE-6.1 (a) 

The normalizc::,tion constant. 

,..__ __ 
Po ten t-i a 1 =====-==--=··-=·-:::::;-··======···::::··-·=·-=·-·c;,:··-=-··· 

The v.=:d ue of NC2 !::i 

-------------·--··· ··--············ 

H.1P2 

H1P2 

H1P2 

. 159 

156 

666 

====~=======-··-·-···-·••-•· 
Then L-transfers d Jrr an -values have been examined f or 46 

levels. Two analogue states have been identified. Pr-opert:i.c-s 

of levels of 64cu have been compared with 

based on shell-model calculations. 

the the pr--edict .icm 

6? DWBA analysis 

The 1 1 oca zero-range DWBA analyses were carried put using 

th& code DWUCK4 due to Kunz. The optical-model po tential use d 

in the DWBA analysis was of the same fonn c:.IS menl.ioncid ir, 

Section 5.2. 

The optical-model potentials we1re of the standard t,.Joods--

S;,1;-:on form for the rea 1 part of 31-ie-part.ic 1 es an d fot· the 

pr·otons; 

.i mc:~ g in ar-y 

whi le a Woods-Sa xon derivative was employed for the 

t Of the 3 ~-ie potentials and both Woods-Sa :-mn par 

WoorJ s--Sc:H:c:m deriva tive w e1re considered fOJr the imcllJindr-y ~k\ J'" t UT 

pob?nt.ia ls . A spin-orbit term of the u sua l Woods-Saxon 

derivative form was added to the proton potential. 
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sets of optical 
model potential 

fr·om 
3

He particles in the DWRA _, 
· analysis, as shown in Tabli:--·6 . .1.. 

The p<:1t.entic\l parameters HJ 
., H2 and H3 ar~ tlie potentic:ds givE~n 

IW Gl1i::~p,,1nJ g_!:;_ n_!._. [Sh Tl] d ·L 
an he par·ameters P:t and P2 c\1r•e ti H2 

pruton-pulenlials 
given by Decc:l11?tti_ E·.• ·t ••l. [E··•e Lt:> J d ~, , c-J 7 r.:\ an · 

Tl IE' DWBI-) calc11l ·•'· 1.· CJ . , 
· · - ·· '·' ' · ris USJ.ng the parameter comb.inat .i.'on l·llP'2 

vi,..1 s frnind l:o fit best: ~he meas1.ir-1?cl angular dist.:r.ibul: ions. · · 

Tl 11::- r-1~ .is no un.i.qur2 choice for the bound·-E,tale wave ·func Linn:, 

in the ca~e of two-nucleon · transfer reaction [Ne 60]. TIH? wave 

function for neutron-proton transferred particles was calculated 

L1y a!::.;sum.ing a (r.ec:.,l) Wo□d!;;-·S;,_n:m, potentic."\l well hav.i.ntJ <Jec1111elt· .i. c: 

pc, r ameters r = 1.2!.'l ·fm and a = 0.65 fin includin<J a Th□rnas-Fy ,·-- 111.i 

c,d .i u !::i t:ed by 

transferred nucleons: 

for singlet spin~ 

and 
for triplet sµin. 

l. ,;11 ·. L!I I 

state binding energy for the n-p 

to be -12.966 MeV. 

in 
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T tHa of the finite 
r· c:1ngt~ :i.1·; tf~r-act. i c.,n cln cl 

ioca l i t.y of the optical model 
potentials can be 

ttie Dl>JBA ca 
1 
cu 

1 
a lions in the local ener-gy c:1ppnn-: irni,d.::i.un u s .inq a 

finib:::• r·ange correction ·factor FR ~: 0.80 I'm and r·,on--lD(:: ;_'1:i U.f!~, 

~ 0.85 fm for proton 
' 

f :i.11 :i. Lt, 

the corJe DWIJC~:A ~ becau~-:;e the trc:1ns f G-l'Tr2cl 1H?u l.:n:,1 ,--pr"D Ltw, 

pair was considered to be str.ippF~d of·f with a Z~:!n.i -1·",,.HHJ f:! I 

Only tl·ie nC>n-1 oc:a 1 cor·r·ec t:i on was .in t l'"Dduc: t i c.I 

t.he n?ac: t.ion. 

calculations were carried out with th8 help o f r, 1 1.,li a. .. ·-

· · t f I~,· ,·:1J·s11al,.i. _, B,c1n~Jl d de i:o l· ·, ,. computer of the Univers i -y o·· 

summ~ry of th~ results on /.I I 
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'l'ABLE-6. 1 

Optical model · 
parameters (depth in MeV and lengths in fm) 

Par.- Nota­
ti- tion V 
cle 

a 

3He Hl 156 . 13 1 20 • .720 29.458 1.257 .806 

+.0543EL - .000644E1 -.0809E1 00 -. 216E1 +.00166EL 

H2 163.88 1.676 .751 32.596 1.293 .7212 

+.0386E1 -.OOOS?BE1 -.123EL -.00252E1 +.00265EL 

H3 179 .74 1.108 .784 32.344 1.299 .7184 

r . 
C 

1.25 

1.25 

1.25 

- .0591EL +.00027E1 -.0154EL -.120EL 003 6 -. 1 lEL +. 00215E1 

V w 

P Pl 58 . 127 1.17 .75 .22E-2.7 12.390 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 .962 1.37 .789 6.04 1.064 .78 1.25 

- . 22E -.05E -.008E 

(In the programme, the ground state binding energy for n-p in 
64cu was taken as 

-12.966 MeV. The bound state parameters for the transferred nor p were 

r
0 

= 1.25 fm and a0 = 0.65 fm). 

The 311e potentials are from [Sh 77] and their proton potentials Pl and P2 are 

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

'!'ABLE- 6.2 
I 
l Summary of the 62Ni(3 He,p)64cu reaction. 

Gr - Ex(MeV) 0 cm(8)(µb/sr) L-transfer JTC 

-No - a b C d a f b ----

oo 0 . 000 0.000 40.37 26 . 00 0 ·1·2 0+(2) 1+ 

01 0 . 160 0 . 159 14 . 18 5.34 2 2+(0) 2+ 

02 0 . 278 0 . 278 6.20 2.67 
z+ 2 2 

0 . 342 weak 1+ 

03 0.362 0.362 16.36 7.82 2 4 3+ 

04 0 . 574 0.574 18.44 6 . 61 . 2 4 4+ 

05 0.608 0 . 608 10.20 4.74 2 2 z+ 

06 0.663 0.663 4 . 60 2.11 2 4 
1+ 

z+ 
0 . 7 3 9 

07 0.745 0 . 746 44 . 99 17.68 2 2+(4) 3+ 

08 0 . 878 0 . 879 4 . 86 3·_ 03 weak weak < o+) 

09 0.927 0.927 106.50 30.25 2 0+ ( 2 ) 1+ 

10 1 .243 1 . 241 16.42 4 . 95 
(0+2) 2+ < 1 +) · 

( 3+, 4 +) 

1 . 288 

11 1.299 1.298 120 . 40 26.16 0 0+2 ( 1 + ) 

12 1.322 1.320 21 . 52 7.77 2 
(0-3) 

13 1.359 1.354 13 . 44 3.83 2 V. weak ( 3+) 

V.weak 

1 . 364 

14 1.440 1 . 438 18.35 7 . 81 2 0+( 2 ) 1+ 

3 

1.462 
(continued) . . . 
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TABLE- 6. 2 continued 

Gr. Ex(MeV) · 0 cm(9)(µb/sr) L-transfer Jl( 

-No- a b C d a f b 

1 . 499 2+(4) 2-(1 - ) 

15 1.509 1. 521 13 . 62 5.44 2 

16 1.551 1. 551 37.29 14.85 2 2 
( 1 + _3+) f) 

5-
1.594 

( 3+ >' 
1.594 

17 1.602 1.607 25.72 7.44 (0+2) 
. ( ·1 +) 0+(2) 

1.616 

18 1.689 1 . 683 196.30 73.70 (0+2) 0+2 
(1-,2-);(1+) 

3 (3-,4-) 

1.701 

1 . 707 
4 

1.737 ( 3+) 

19 1.741 1.742 51 . 71 12.39 

20 1.775 1 . 770 15:82 4.66 
3+, ( 4 +) 

1.780 

21 1.853 1.852 9.52 3.34 2 4 ( 3+) 

22 1. 907 1. 909 47 . 34 11.03 0 (0+2) · < 1 +) 2+ 

23 1.952 1.940 19 . 56 4.59 0 2+(0) ( 1 + _3+) 

4 
( 3+ _ 5+) 

1.979 2+(3+, 1+) 

2.022 

24 2.047 2.053 21 . 33 9.45 2 4+(2) 3+ 

5-

2.072 
continued 
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TABLE- 6.2 continued 

--= 
Gr . Ex(MeV) - cr0 m(8)(µb/sr) L-transfer Jlt 

No . a b C d b a f 

25 2.092 2.092 10 . 26 6.05 2+(0) ( 1 + _3+) 

26 2. 146 2 . 145 4 . 08 1. 94 2 4+(2) ( 3+) 

2 . 226 (3+--4+) 

27 2 . 246 2 . 251 19.99 8.62 2 ( 2) ?f) 

2 . 263 (3-, .4- ) 

2.275 

28 2 . 290 2.301 29.62 12 . 58 2 2 7f) 

2.309 (3+) 

29 2.323 2.322 14 . 29 5.92 (0+2) not seen (4+,s+) 

2.356 2 

30 2.369 2.378 10.40 4 . 77 (7-,5+ ) 

2.386 0+(2) 

31 2.414 2.417 40.32 .7. 62 ( 3+ _5+) 

32 2.455 2.457 21. 02 5 . 42 0 ( 1) ( 1 +, 2+) 

2 . 491 3 (2+--4+ ) 

2.504 

33 2 . 515 2 . 522 28 . 60 7.58 ( 1 +, 2- ); ( 1 +) 

2 . 534 (0+(2)) ( 1 + , 2+ ) ; ( 1 + ) 

2.550 4+(2) ( 3+ _5+) 

2.586 4+(2) (3+--4+) 

2.596 (0+2) ( 1 +) . 

continued 
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TABLE- 8.2 continued 

Gr. Ex(HeV) 0 cm(8)(µb/sr) L-transfer JT[ 
No. a b C d a f b 

34 2.608 2 . 607 31. 00 9.53 ( 1 - -2-) ; ( 3 I· -5 

2.622 
0+2 ( 1 +) 

2.631 (l+);o-~-) 

2.644 

2 . 654 
t 

35 2.679 2.670 22 . 07 9. 17 2 (3+(1)) ( 2-, 1-) 

2.692 ( 1 - -2-) ; ( 3+) 

36 2.718 2.716 14.40 5.98 2 2 

2.720 ( 1--2-) 

37 2 . 762 2 . 757 16.60 5.81 ( 1 -;--2-) ; ( 3+) 

38 2.801 2.8oof) 13.15 4.34 0 not seen 

39 2.827 2 . 023f) 18.64 7.01 

40 2.875 2.87sf) 15 . 72 7 . 02 (2+4) 4 

41 2 . 907 2.913f) 16.71 5.36 (0+2) (0+2) 

42 2.990 2.905f) 20.66 8.65 2+4 

3.050 

43 3.066 3_055f) 9.93 5 . 02 

44 3 . 130 3 . 127 28.19 10.40 2 

45 3.189 3 . 190 23.87 9.41 2 0-

46 3.231 20.16 5.53 2 

47 3.265 9 . 69 -4. 70 

continued .. . 

BO 



TABLR- 6.2 continued 

Gr. Ex(MeV) 0 cm(8)(µb/sr) L-transfer Jlt 
No. a . b 

C d a f b 
48 3.302 11. 02 5.12 2 

. 49 3.397 23.28 10.80 

50 3.472 30.10 11. 33 2 
51 3.513 20.94 6.97 

52 3.607 25 . 76 12.20 

53 3.686 I 

31. 69 10.56 

54 3.713 21.37 10.20 4 

55 3.767 40 . 15 23.23 

56 3.802 3.799 119 . 40 34.72 2 9-

57 3.902 60.35 17.31 

58 3.973 3.987 29.54 12.98 2 

59 4.028 51.77 18.50 2 

60 4.137 45.43 17.35 . 1 

61 4.257N 28.10 15.63 1+3 

62 4.316N 60.36 25.13 

63 4 . 425 42.32 16 . 60 

64 4.571 4.570* 46.03 24.07 

65 6.171N 81. 93 35.50 
6.810 o+ 

66 6.821++ 6.826 483.30 131. 63 0 o+ 

67 7.339 7 . 320* 288.60 89.34 ·2 

68 8.188++ 281. 90 115.50 2 

continued 
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footnotes to table: 

a 

b 

C 

d 

f 

* 
++ 

N 

h 

Present work 

Summary [Si 84] 

HaxiD1um cross-section 

Average over 5° - 80° (c . m.s.) 

From (d,a) reaction given by (Park and Daehnick [Pa 69] 

means ref . [Lu 69] 

means Analogue state 

Not found in literatµre (new) 

Ref . [Br 92]. 
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6.3 Results and discussion~ 

6.3.1 

A 

The angular d. t · -- is ribution~ 

large number of levels in 64cu 
are identified up to Ex ~ 

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

cross-section data 
for the remaining levels could be measured 

over only a narrow angular 
range so that a DWBA comparison was 

not considered meaningful. 

The measured ang 1 ct· t ·b u ar 1s r1 utions are presented in Figs. 
I 

6.1-6.18 and compared with the DWBA curves. 

It i~ noted that the slopes ~f the experimental distributions 

are reasonably well reproduced by the DWBA theory even when there 

is a lack of an oscillatory feature in the angular distributions . 

It is well-known from literature that the shapes of the angular 

distributions are mainly dependent on the orbital 

momentum transfer, whereas the finer details and 

angular 

absolute 

magnitudes of these cross-sections are affected by the spins and 

the configurations. 

DWBA analyses were usually done using a pure configurati6n 

(Figs . 6.1-6 . 12 and 6.14). Only for the ground state and the two 

analogue states (Ex=S . 821 and 8.188 HeV), DWBA calculations were 

done using the spectroscopic amplitudes given by Brown [Br 92] 

based on the shell model calculations (Figs. 6.13 and 6.15-6.18). 
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The maximum 
cross-sections . are listed . in Table 6.2. 

average differential 
cross-section is around 16 µb/sr. 

angular distributions 
are mainly featureless. 

Some 

details. 

of the populated states 64 in Cu is discussed below 

A. The L=D transitions 

The 

The 

in 

Up to Ex~ 8.2 MeV, only two levels namely, Ex= 6 . 810 and 

6.821 HeV, are known to have JK=o+ [Si 84], while a o+ is , 

tentatively assigned to the level Ex=0.878 HeV . Of these, the 

0 . 878 HeV level is extremely weakly excited in the present work 

and the level at 6 : 810 HeV does not appear to have been excited. 

Only the 6.821 MeV level is strongly populated . The latter is 

the ground state analogue of 64 Ni [Si 84]. These features are 

similar to the several.previous studies of the ( 3He,p) reaction 

and are consistent with the. selection rules for a 

transition (i.e . transition to the final states with JK=o+, T < 

are . forbidden). 

The L=O transitions observed in the present work (exccept to 

the ground state analogue) may probably be considered to 
•.• 

correspond to JK=l+. Many of these were in fact excited in the 

66zn(d,a) reaction with 1=0+2 transfers [Pa 69]. Such a mixture 

of L 

work 

transfers was however not found necessary in the 

(Fig. 6 . 1). Similarly, levels in 64cu populated 

84 

present 

in the 



above (d,a) reaction· with 1 _2+
4 . - or even pure 1=4 are usually 

found to · have a 
the present work as 

discussed below. 
One can assoc1·ate these d ifferences in the two 

r~actions to the momentum · 
mismatch in. the (d,a) reaction. 

The 2
· 455 HeV level populated in the (3He,p) reaction with 

L=O transfer (Fig. 6 1) · was found to have a tentative L=l 

transfer in the (d, a) react 1· on [Pa 69]. Th h e present work is t us 

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

suggests further a J=l. 

B . Tlrn_l,-=.2_t..r..a11.s.i..li_o_ru;_ 

A large number of 1=2 transitions are observed in the 
62

Ni(
3
l!e,p) reaction, and in most cases the 1=2 transfer is 

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

Several new assignments of 1=2 transfers are made in the 

present work, 

levels. The 1=2 transitions observed in the present work in many 

of the cases were found to have either L=4 or L=2+4 in the (d , a) 

reaction·; as mentioned above (e.g. Ex= 0 . 362, 0.574, 0.663, 

0.745, 1 853 2 047 d 2 146 MeV) Some of these transitions . , . , an . . 

to levels with known Jrr=3+ (Ex= 0.362, 0.745, 1.853, 2.047 and 

2. 146 HeV) can perhaps be attributed to the momentum mismatch in 

the (d, ) reaction. In some cases, the present 1=2 transfer is 

• • t t t•i· tl1 the Jrc assignments [Pa 69j, namely the levels 1ncons1s ;en .. 

BS 



at 0.574, 2.679, 3.189, 3.802 HeV. 

work to 
The DWBA fits in the present 

6.6-6.8). 
all but the 0. 574 HeV level is reasonably good (Figs. 

The ·L=2 
assignment made in the present work to the latter 

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

propose to contradict the JK=4+ assignment (Si 84). One way to 

account for the disagrement in the remaining three cases would be 

to assume them to be doublets. 

Two levels, namely 0.927 and 1.440 HeV were populated in the 

66
Zn(d,a) reaction [Pa 69] with L=O 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 any 

other L-value (Figs. 6.7 and 6.8). 

C. The L=4 transition 

Only one level, Ex= 3.713 HeV was found to be populated by 

an L=4 transition and a reasonable fit is obtained (Fig . 6. 11). 

The level was not reported earlier [Si 84) . The presenbt work 

thus gives a J~ limit of (3+-s+) . 

D. The 1-1 transjtion 

The level at 4.137 MeV was excited in the ( 3He,p) reaction· 

"b t· reasonably well fitted by an L=l with angular distri u ion 

transfer (Fig. 6.11). 

it. 

The level is new and ~e assign Jrr= □ --2- to 
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E. The 1=0+2 transitiona 

angular distribution to the ground state is well fitted 
6.13 

The 

(figs. 
and 6.14) by the DWBA calculations for the L=0+2 

transition based 
on both a pure configuration as well as the 

These 
spectroscopic amplitudes given by Brown [Br 92]. 

amplitudes are bas d e on a shell-model calculation using a closed 
56N1· . 

core with the extra-core nucleons distributed to the 

2P3/2,l/2 and lf5;2 shells. This is discussed in Section 6.3 . 3. 
I 

The L=0+2 transfer is also consistent with the values observed in 

the (d,a) reaction [Pa 69]. 

F. The 1=1+3 transition 

The 4.257 MeV level has its angular distribnution typical of 

L=1+3 transition (Fig. 6.12). The present work thus suggests 

Jrr=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 9~0 HeV 

Angular distributions were also measured for these levels. 

Attempts were made to fit the distributions to four of the 

levels, namely 1.602, 1.689, 2.323, and 2.907 HeV levels . Of 

these the 1.602, 1.689, and 2 . 907 MeV levels were populated- i11 

the reaction with angular distribution 

characteristics of L=0+(2), 0+2 and (0+2) transfers respectively, 
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while the level at 2 323 M V · e were not observed. The L=0+2 to 
these distributions are 

tentative in the present case (Figs. 
' 

6.3 
and 6. 4). 

Similarly neither a si'ngl Lt f L-. e rans er nor .a mixture of two 

values could reproduce the angular .distributions to the levels at 

2.875 and 2 . 990 MeV. T t en ative fits with L=2+4 are shown ih Fig. 

6.12. The 2 . 875 MeV level was however found to ha,ve L=4 

character • I 

ln the (d,a) . reaction [Pa 69], while the other level 

was not previously reported. No further comments can be made. 

6 . 3 . 2 Isobarjc analogue states 

The criteria used for the identification of the analogue 

states in the experiment were as follows: 

(a) The difference in excitation energy betwee n two levels were 

approximately equal to the energy differ e nce b e tween the 

corresponding levels in the parent nucleus; 

(b) and that the L-values of the levels were consistent with the 

Jn-values of the corresponding parent levels. 

Using the relation of Anderson a.t . tl . [An 65], the Coulomb 

displacement energy for the isobaric pair ( 64Ni- 64Cu) was 

calculated as .6Ec=9. 159 MeV. 

Based on the above criteria the levels at 6 . 821 and 8.188 HeV 

are · identified as the analogus of the ground state and 

the first excited state (Jn;z+) of 64Ni. 
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The angular d" t "b 15 ri ution to the level at 6.821 HeV was 

analyzed in te f 
rms O the DWBA theory using the spectroscopic 

amplitudes of B [B 
rown r 92] 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 a pure configuration and the s~ectroscopic amplitudes of 

Brown [Br 92]. The fits are shown in Figs. 6.15-6 : 18 . 

The ground state an~logue was observed earlier in th~ charge 

exhcnage reactions, as summatized by Singh (Si 84]. This is 

confirmed in the present work and the 8 . 188 HeV level i s 

identified as the analogue of the 1.344 HeV level (i . e. the first 

excited state) of 64 Ni. The ( 3 He,p) cross-section to the 

isobraic analogue states of the isotopic nuclei are expected to 

vary in the same way as the (t,p) cross-sections to the parent 

states except for the factor due to the square of isospin 

Clebsh-Gordan co-efficient. This has been confirmed by Caldwell 

tl .a.l. [Ca 73] and references their in to be approxi111a te ly val id 

for many nuclei. The (t,p) reaction data on Ni - isotopes [Da 71] 

do not quote the absolute corss-sections. It is therefore not 

possible to compare the present work with the (t,p) r eact ion 

data. 

6.3 . 3 The level spectrum 

Shell model calculations for 64cu have been performed in a 

complete 2p
312

- 1f512 -2p½ basi s [Br 92] as mentioned in Section 
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6.3.1. Fig. 6.19 shows a comparison of the observed level 

spectrum of 
64

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

The ground state JIT-value (=1+) of 64cu is reproduced in the 

shell model calculations. 

All the positive parity levels upto Ex~l . 3 HeV except th~ 

0.878 HeV (Jrr= □+) and the 1.243 HeV (Jrr=2+, (1+)) levels are 

reproduced by the shell model theory [Br 92] . 

If it is assumed t~at the 1.288 MeV levels has Jrr=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 right sequence. 

The two analogue states at 6.821 and 8.188 HeV are well 

given by the calculations. 
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CHAPTER 7 

CONCLUSION 

The aim of the present work was to investigate the 
spectroscopic 

through the 

properties of 52cr and 64cu nuclei respectively 

51 3 6 
V( He,d) and 2Ni( 311e,p) reactions . The 

conclusions drawn f ram the results of the inves tigcttions are 

presented in this chapter. 
I 

The 
51

V(
3
He,d) reaction has been studied using 3He-particles 

of energy 15 MeV. A total of 63 levels in 52cr 
> including 

several new levels, up to an excitation energy Ex~ 8.6 HeV, 

have been observed. The present work was done with a much more 

improved energy resolution than the previous ones (Ar 65 , Pe 73] . 

The ( 3He,d) reaction has an advantage over other proton 

stripping reactions like (d,n) and (a,t) and should provided 

information on the levels in final nuclei having dominant 

single-proton configuration. In the present work, the positive 

model configurations, are excited. 

The (3He,d) reaction is well es tablished as a us e ful tool for 

studying analogue states. But in the present case, the 

analogue states are known to lie at ·Ex > 11 HeV . We could not 

study the levels beyond Ex~ 8.6 HeV. The level density starts 
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increasing 
a nd it Was, therefore , not possible to identify the 

levels at still higher excitation. 

Several 

reactions 

levels · th 52 in e nucleus Cr observed in other 

below Ex ~ 6. 6 HeV (summarized by Singh [Si 8t1] ). are 

not populated in th (31J d) e ,e, reaction, while several new levels 

above Ex~ 6.6 HeV are identified. Angular dist~ibutions for 63 

levels are measured in the present work. The data for 34 levels 

are studied in terms of the DWBA theory. The DWBA a~alysis 

immediately gives the L-tran s fers, the parity, the spectroscopic 

factors, and ·J-limits. The single particle st~engths are 

fragmented . A few low lying 1=3 transitions are observe d 

followed by two l.;=3 transitions at high excitation with a clear 

gap of about 5 HeV between the two groups. The latter two are 

assumed to belong to the lf512 shell model state and the others 

to the lf7;2 shell model states. The l;::1 transitions are 

heavily fragmented with no such clear division between the 2P3;2 

and 2pl/2 states . The lf7;2 strength is exhausted and around· 

80% of the total 2p single particle strength is reached. The 

lfs; 2 strength in agreement with Pellegrini at 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 3 He-

particles of energy 18 HeV. A total of 69 levels in 64cu were 

identified. These include the two isobaric analogue states and 
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several new levels up to E 
X 

was found to be :::: 36 kev. 

levels have been measured. 

terms of the DWBA theory; 

limits are obtained. 

The (
3
He,p) reaction 

:::: 8 . 2 HeV. The energy resolution 

Angular distributions for all the 

Of these, 46 levels are analyzed in 

L-transfers, the parity and the J-

is known to populate levels with 

dominant two nucleon correlations . In the present experime nt 

the levels with fp shell-model configurations are excited ·fuostly 
I 

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 from fp 

s~ell model calculations as well as the DWBA calculations using 

a pure configuration . Properties are presented for seve~al o f 

the levels (Table 6 . 2) . In order to get a meaningful comp a ri s on 

with exp e riment , care was take n in choosing the rig ht opti c al­

model parameters. 

The (3He,p) reaction is also a useful tool for studying the 

analogue states. The levels at 6.821 and 8 . 188 HeV have bee n 

identified as the isobaric analogue states of the ground sta t e 

( J rr=2+) of 64 N 1· . (Jn=□+) and the first excited state 
' 

Only the 

former level is adopted as the analogue of the ground state o f 

time. 

[Si 84). The latter identification is made for the first 

The 62Ni(3He,p)64cu reaction was previously studied by 
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Young and Rapaport [Yo 68] and Lee e..t .al . [Le '7~] . Only in the 

former a few strong transitions were studied, but details are 

not given. The present work thus giv~s information on the level 

structure of 64cu based on the ( 3He,p) reaction. 

We hope to have given information on the spectroscopy of the 

nuclei 52cr and 64cu. 
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APPENDIX 



APPENDIX 

A. CALCULATION OF WEIGHTING FACTOR 

[Ref . (Au 66]: N.Auerbach, Nuclear Physics, 1..6. (1966) 331] 

for the 62Ni( 3He,p) 64cu reaction: 

1( a) . 

> g.s. 

> g.s. 

1( b). 

I . 

= 162Ni > core 

0.508x0.391 

(p~) 2 
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2( a). 

2(b) . 

2(c) . 

3( a). 

3( b). 

4( a). 

4( b). 

5 . 

6. 

-0.526x(-0.561) 
(P3;2)2(f5;z)4(p½)2 

-0.526x(-0.429) 
(P3;2)2 (f5;2)6 

-0.183x(-0.429) 
------. (P3;2)2 (f5;2)6 

(P3;z)a 

-0.183x(-0.219) 6 
------ (P1;2) 2 (f5;2) 

(P1;2)2 

0.502x (-0.561) 

0.502x0.391 
------- (p½) 2(P3;2)

4 
(f5;2)

2 

(P3;z)
2 

0.337x0.391 
(P½? 2(P3;2) 4 ------- (p½)

2

(P3;z)
4 

(f5;2)
2 

(f5;2)2 

-0.259x (-0.219) 

(f5;2)2 
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WEIGHTING FACTOR 

(l) for

0.508x(-0.549) + (-0.526)x(-0.429) + 0.502x(-0.561) 

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

(2) for (P3;2)2 

-0.526x(-0.549)+(-0.183)x(-0.429)+0.502x0.391=0.563 �.0.56

(3) for

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