
STUDIES OF SOME ( He,a) AND (t,p) REACTIONS

A T H E S I S  S U B M IT T E D  

BY

Ha m I DA Ba n u

FOR TH E  DEGREE OF DOCTOR OF P H ILO S O P H Y  

OF TH E  U N I V E R S I T Y  O F ' d ACCA^ DACCA

,Y,?r§ity.Librarv

305

JULY 1982 DACCA



A B S T R A C T

The present work discusses the ( r,d ) reaction 
on ^^Fe and ^^Sc and the (t,p) reaction on ^^Co and

The level properties of ^^Co and ^^Ti were studied
respectively from the ( x,d ) reaction at = 18 MeV

45and Sc( T,d ) reaction at = 16 MeV. These experiments 
were carried out using the Tandem accelerator and multichannel 
magnetic spectrograph of the Nuclear Physics Laboratory, 
Oxford. The energy levels on Co and Ti are measured upto 

= 7.8 MeV and 9.89 MeV respectively with an energy resolu­
tion of̂ '̂ 22 keV (FV7HM) in both the cases. The angular distri­
butions are measured for most of the levels and are analyzed 
in terms of the DWBA theory of direct stripping reaction.
The DWBA calculations were carried by Prof.H.M.Sen Gupta with 
the IBM 360/195 computer of Rutherford High Energy Laboratory. 
More transfer for both ^" Ĉo and '^ T̂i have been made than 
in previous ones. Special care was taken for the measurement 
of the absolute cross sections ; this was particularly 
important in view of the rather large systematic differences 
in the spectroscopic factors given by previous ( x,d ) studies. 
The spectroscopic strengths have been obtained for 2p, If,5/2
and lfy/2 transition in the case of ^^Fe( r,d )^^Co reaction 
The summed 2p T^ strength in the present work is fairly in

agreement with the shell model limit and the lf-7/2 '̂ < strength
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is appreciably smaller than the expected one. The
spectroscopic strengths in the case of ^^Sc( x,d )^^Ti
reaction were calculated for 2p and If. The T^ component

4 5of the total If strength for the S c ( T,d ) reaction 
comes to be 6.3 as against the single particle limit 10.5 
for lf^^2+lf5/2 shells. For 2p transitions the observed 
strength is found to be 3.7 being fairly close to the 
expected T^ component of the total strength of
4.5.

59 102The experiments on Co(t,p) and Ru(t,p) were
performed at = 15 MeV with Tandem accelerator and multi­
channel magnetic spectrograph of the University of
Pennsylvania, Philadelphia. The energy levels in ^^Co and 
104 Ru are obtained upto E = 5.23 and 5.08 MeV with energyX

resolution (FWHM)'^'IS keV and^ 20 keV respectively. The 
relative values of the angular distribution have been measured 
for most of the transitions (target thickness being not known) 
and are fitted by DWBA calculations. The DWBA calculations 
were performed with the IBM 370/115 Computer of the Bangladesh 
University of Engineering and Technology, Dacca and L-values 
were obtained. These gave the limits/values for ®^Co and 

The level scheme of ^^Co in the present work is 
studied upto E = 5.23 MeV as against E = 3 . 9 7  MeV by Hudson^ X
6t al.(Hu 71). The present s udy also gives evidences for
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the existence of the high spin states predicted by 
theoretical calculations in a region not studied before.
The spectroscopic information of the level structure of
104 ^ •Ru is studied for the first time by the (t/P) reaction.

57 61The level properties of Co and Co have been 
compared with the theoretical calculations based on the 
shell model and unified model for ^^Co and by unified model 
for ^^Co.

The low lying level spectra of ^^Ti are satisfac­
torily explained by MBZ theory.
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CHAPTER

INTRODUCTION

A nuclear reaction is a complicated process and 
different models have been put forward to describe these 
different processes based on evidences of experimental 
results. The functions associated with the theories depend 
upon observed nuclear properties. The information on 
nuclear properties usually is obtained in the form of cross 
section, shape of angular distribution, relative intensities 
etc. The success of these models therefore depends on the 
way these quantities are measured and correspond to the 
observed ones.

Direct reaction is one of such processes to consider 
as a source of information about nuclear structure. It is a 
single step process in which few internal degrees of freedom 
are involved. Plane wave method was at the beginning used 
to describe the nuclear process, which neglects the effect 
due to absorption, refraction, diffraction, polarization 
and Coulomb repulsion (important for heavier element). This 
theory overestimates the magnitude of peak cross section and 
underestimates the elastic scattering cross section and 
fails to predict absolute cross section.

The DWBA theory takes account of all these effects
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by assuming a correct nature of potential, the optical 
potential. This potential generates the distorted waves in 
place of plane waves in the initial and final channels for 
elastic scattering in them. This distortion considerably 
influences both the shapes and magnitude of differential 
cross sections.

The DWBA theory is uSed both for single and multi- 
bucleon transfer processes. The essence of the DWBA theory 
of single particle transfer is that the reaction amplitude 
can be factored into spectroscopic and kinematic part. The 
spectroscopic part carries the structure information and the 
kinematic part is essentially independent of the properties 
of nuclear states.

For two-nucleon transfer reactions such factoriza­
tion is not in general possible. Several configurations are 
responsible in a given transition and each configuration is 
characterized by a radial wave function representing the c.m. 
motion of the pair of particles (for the S state). The 
reaction amplitude consists of a coherent sum of terms, each 
composed of factors containing details of nuclear structure 
information and probability transition amplitude for trans­
ferring a structureless nuclide into the orbital state N,L 
in a structureless nucleus.

The shapes of the angular distribution of direct
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reaction are similar in the both single and two-nucleon 
transfers. Only difference is that in the single-particle 
transfer reaction angular momentum is carried by a single 
particle and the intensity of reaction is proportional to 
the probability that the nucleon has the angular momentum 
transferred in the nuclear state. For two-nucleon transfer, 
on the other hand, the angular momentum is carried by a 
pair of nucleons and many different configurations of the 
two nucleons are involved in the angular momentum transfer.
So coherence can lead to a very strong transition to the 
level for which it is constructed. The reaction is highly 
selective favouring in stripping reaction those states that 
have a large percentage based on the target in its ground 
state. The structure factor contains information regarding 
the relative contribution of different radial functions, 
correlation due to angular momentum coupling, residual 
interaction, and configuration mixing. So two-nucleon 
transfer reaction like (t,p) provides a means of studying 
the nuclear functions in detail not accessible to a single­
nucleon transfer reaction. The (t,p) reactions are also use­
ful for an investigation of the levels of neutron-rich nuclei 
and deal with the levels of more complicated nature. Studies 
of single-proton transfer reactions have been found to be 
useful in obtaining information regarding the ground state 
wave function of target nuclei and single particle/hole proton 
state in the final nuclei ; in the case of an odd-odd final
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nucleus such reactions also provide information regarding 
the residual n-p interaction. The (x,d) reaction has an 
obvious advantage over other single proton stripping 
reactions like (ct,t) and (d,n) from experimental point of 
view.

In analysing the reaction mechanism it is assumed 
that projectile consists of two structureless lumps of 
nuclear matter bound together, one of which is stripped off 
as a unit and captured by the nucleus and the other emerges.

The reactions studied in the present work are (T,d)
reaction on ^®Fe and ^^Sc at 18 MeV and 16 MeV respectively

59 102and (t,p) reaction of Co and Ru at 15 MeV.
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CHAPTER 2

. 5,

EXPERIMENTAL PROCEDURE

2.1. Multichannel Magnetic Spectrograph

The present experiments were performed at two different 
places, one at the University of Oxford and the other at the 
University of Pennsylvania. The multichannel magnetic 
spectrograph used in those places are of type described by 
Middelton and Hinds (Mi 62). This spectrograph is actually 
twenty four instruments in one large vacuum enclosure having 
common magnetic circuit, each spectrograph recording a broad 
range of spectrum of particles emitted at a given angle with 
respect to the incident beam. The range of angles is 3.75° to
176.25° in steps of 7.5°. The exciting coils are wound on the
iron segments between the gaps. By changing current in the 
exciting coils the magnetic field can be adjusted according to 
the requirement of a particular exposure. To minimize the 
effects of stray fields, the coils have been placed so as to 
achieve balance between reluctance and the magnetomotive force 
throughout the magnetic circuit. The target is kept at the 
centre of the toroid. The incident beam from the accelerator 
enters the magnet through a hole bored at one of the iron 
segments. The beam enters the chamber through energy defining
slit of rectangular shape. It then passes through the

Dhaka University Institutional Repository
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electrostatic quadrupole lens. Before hitting the target, 
the beam is passed through two sets of slits which are 
adjusted so as not to intercept any part of the main beam. 
After passing through the target the beam is collected by 
a Faraday cup at the opposite end of the target, just inside 
the magnet fringing field. Reaction products enamating 
from the target are restricted to a divergence of a few 
degrees measured in the vertical plane, by a series of apper- 
tures placed close to the entrances of the various magnet 
gaps. In the field region (inside the toroid) the particles 
are deflected through a mean angle of 90° and brought to focus 
according to their energy somewhere along the plates mounted 
in rigid holders above each gap. The entire enclosure is kept 
cold by cooling arrangement. After the exposure, the plates 
are developed.

2.2. Emulsion Plate

Photographic emulsion plate consists of photosensitive 
layer of silver bromide dispersed on gelatine coated on glass 
backings. The nature of ionizing particle can be deduced 
from the appearance of its track which depends upon the number 
of ionization caused per unit length. The chance that silver

halide grain is made developable depends on the number of 
ionization it receives.
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Two types of emulsion plate were used for the purpose 
of recording the data in the present experiments. The plates 
used in Oxford for (i,d) reactions were Ilford L4 and in 
Pennsylvania for ( t,p ) reactions were Ilford K-minus. 
Emulsion thickness for both plates was 25 ym. The Oxford 
plates were of dimension 18"X2". Two such plates together 
were placed end to end in a particular angle (i.e. channel) 
at the time of exposure. For the purpose of scanning as well 
as for ready determination of the position of a group with 
respect to the nearest index line, six index marks on the 
combined plate were used from A to F ; relative distances 
between two adjacent index marks are 15 cm. Active regions 
which the reaction products occupied are 10 mm at both edges.

The Pennsylvania plates were of size 21"X1.5". Again 
two such plates placed end to end were used for a particular 
loading in the experiments. Thus photographically active 
lengtii is 42". Each plate was marked with four black index 
lines. Eight such marks all on the combined plate were given
a letter from A to H.

All scannings were done with reference to these marks 
whose relative distances from one another remains fixed. 
Active regions occupy the space from 5 mm to 9.5 mm at both
edges. Tables show position of index lines. These index
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lines are then converted into scans. There are four scans 
per nun.

Table 2.1
Index position of Oxford experimental plate

Index A B C D E F

(Scan) 600 1200 1800 2400 3000 3600
(cm) 15 30 45 60 75 90

Table 2.2
Index position of Pennsylvania experimental plate

Index A B C D E F G H

(Scan) 533 
(cm) 12.500

1033
25.825

1565.8 
39.145

2099.1
52.478

2632.5
65.813

3165.5
79.138

3699.4
92.485

4231.4
105.785

2.3. Target preparation
56,Four targets were used in the present experiments. Fe

45 59and Sc were used in the University of Oxford and Co and
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Ru were used in the University of Pennsylvania.

The ^^Fe target was prepared by vacuum deposition of
r £■

^^2^3 (isotopically enriched to 99.5% of Fe) onto thin 
carbon backing.

45Target Sc (natural Sc) was prepared by evaporation 
technique from Scandium metal onto a thin carbon backing. 
The target was continuously monitored during the experiment 
against any deterioration.

59 102The targets 'Co and Ru were both prepared by 
evaporation technique.

102

2.4. Scanning Procedure

For the analysis of the plates, a Vickers binocular 
microscopes with an overall magnification of X400 was used 
in the present work. The mechanical stage over which the 
plates were placed was mounted on ball bearing spring.

At first one of the plates was placed on the microscope 
stage with emulsion side up and approximate position of swatch 
was set properly so that the Y control was moved until limits 
of group were determined in the Y directions. Now the X 
control of the stage was moved until the index mark from 
which the scan was to be started, was just at the middle of
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the large graticule of the eye-piece and was made to coincide 
with the Y-axis of the cross wire.

In scanning, the X control was to be moved so that the 
plate was scanned from high energy side to the low energy 
side. In a typical scan all tracks in a particular swatch 
were to be counted at intervals of 0.25 mm. All tracks which 
fell between the vertical lines of the graticule were to be 
counted i.e. when the point of entry of a certain track was 
inside the graticule for that strip. Those tracks whose tails 
were inside the square graticule and had points of entry outside 
the graticule were not counted for that specific strip.

2.5 Experiments on different targets

2.5.1 Oxford Plates

^^Fe(i,d) reaction
The ^He beam of energy 18 MeV was used to induce the

reaction ^^Fe(x,d). The reaction products after momentum ana-
tlysis in a magnetic spectrograph were detected in Ilford L4 

nuclear emulsion placed at the focal plane of the spectrograph. 
The deuteron spectra were taken from 11.25° to 78.75° in steps 
of 7.5°. The exposure time was 18 hr. The reaction products 
were momentum analysed in a magnetic field of strength 12.79 
K-gauss.
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Sc(T,d) reaction
45 3Sc(T,d) reaction was performed using 16 MeV He

ions and a magnetic field of strength 13.57 K-gauss for 24
hours. Deuterons were recorded from 11.25° to 4 8.75° in
intervals of 7.5° on Ilford L4 plates.

To reduce the yields of deuterons at 11.25° and 18.75° 
the slits in the exit were narrowed down. So yields at 
these angles for both the reactions were corrected by multi­
plying with appropriate slit factors (2 for 11.25° and 1.33 
for 18.7 5°) with respect to the rest of the angles.

45

2.5.2 Pennsylvania Plates

A triton beam of energy 15 MeV from University of
Pennsylvania Tandem accelerator was used for the (t,p)

59 102reactions on Co and Ru.

Protons from the reactions coming out at different 
angles were allov/ed to pass through the magnetic field to 
suffer magnetic deflection. As a result the protons at 
each angle were divided into groups according to their momenta 
and the groups ultimately reached the emulsion plates forming 
different radii of curvature on their paths. Ilford K minus 
plates were placed in the focal plane of the magnetic spectro­
graph. The spectra were taken in 7.5° steps from 3.75° to
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86.25° on 12 sets of plates. Both the reactions ^^Co(t,p) 
102and Ru(t,p) were recorded on the same plate, the former 

on the strip one (or lower edge) and the latter on the strip 
two (or upper edge).

2.6 Energy Calibration

Energy levels of the final nuclei for all the reactions
were obtained from the spectra at four angles, namely 11.2 5°,
18.75°, 2 6.25° and 33.7 5°. For this purpose each channel (i.e.
angle) was calibrated internally in energy using the least

2squares fit of the parabolic equation Y = a^ + â  ̂ x + a2X for 
several well established and accurately known levels. Here x 
represents the peak position of the group in terms of scan 
number (arbitrarily) divided by 1000 and Y the energy of the 
group (in MeV). The levels used for calibration and the least 
squares values of a^, a^ and for each channel for all the 
reactions are given in the respective chapters. The criteria 
used for the identification of the levels were that the 
excitation energies of the levels in residual nucleus obtained 
at different angles were consistent to within 10 keV and that 
the groups due to emitted particles at different angles belong­
ing to the same levels had similar widths.
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2.7 Target Thickness

To measure the target thickness the formula used is

NScatt
t =

Lab L 1
2.1

N = Avogadro number
n . 1

NScatt

= Total number of particles in the incident 
beam.

= Number of counts in a given group at a 
laboratory angle 0^

A ^ = Solid angle

<?Lab^®L^ = Scattering cross section

Target Beam Energy
(MeV)

Field
strength
K-gauss

Exposure
current
yc

Effective 
thickness 
of the 
target 2 
ygm / cm

^ S e 6 4.7 0.0504 90

^^Sc deuteron 3 5.04 0.92 53

Yields of the elastic groups for target ^^Fe at an angle 26.25°
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and 33.75° were obtained from a short exposure of 6 MeV ^He^^
45particles ; for Sc target yield of 3 MeV deuteron elastically 

scattered at 26.25° from the same target was similarly used. 
These yields were then normalized to the Rutherfold scattering 
for respective target at respective angles to get the target 
thickness (equation 2 .1).

2.8 Absolute Cross Section

The differential cross section a(0_) for a reaction inLi
the lab system is proportional to number of particles N(0t.)
scattered at an angle 0-. The cross section ci(0,) in the labJ-i Li

system is converted to c.m. value 0 (0) through the relation 
cr(0) = f (0ĵ )cJ (0ĵ ) . The <̂ (6^) is known from equation (2.1) of 
section (2.7) and

Sin^0
f (0 ) = --- __ii_cos(0- e J

^ Sin^0 ^

Sin(9-0 ) m,m„ 1
where ------- =- = — •—  ----;--;---  2 8 1

Sin 0. ^0^3 , .Jj J. + ■
^Lab "'o

mo = mass of the target nucleus
mi = mass of the incident particle
m 2 = mass of the emitted particle
m 3 = mass of the residual nucleus
Q = Q-value of the reaction
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59When target thickness is not known as in the case of Co(t,p) 
102and Ru(t,p) reaction, the relative cross section, were 

obtained from the relation

a ( e ) = f ( ) 2 .8.2

i

Dhaka University Institutional Repository
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CHAPTER

DWBA Analysis

3.1 Introduction

The direct nuclear reaction processes in the fifties 
were treated by plane wave approximation in which i) Coulomb 
force, and ii) nuclear interaction were ignored. Although 
this theory was successful in some respect for light nuclei, 
it failed to predict the absolute cross section and to give 
correct amount of relative cross section and their dependence 
on energy and Q-value. The elastic scattering is also assumed 
to be small.

The DWBA theory has been developed to give a more accurate 
and realistic description of reaction process. It is assumed 
that interaction responsible for the reaction is a single-step 
process in which the relative motion of the pair of nuclei 
before and after collision is described by distorted waves in 
place of plane waves. These waves are generated by a complex 
potential called optical potential by which the nucleons are 
scattered by nuclei. This theory has provided a means to 
describe nuclear reactions through parameters which have funda­
mental relationship with the properties of the many body problem.
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These parameters are found to vary considerably with energy 
and to certain extent on mass nu»nber.

3.2 DWBA Theory

In the description of a nuclear reaction a + A b + B 
Hamiltonian used for it is

H = + K + V 3.2.1a

where H is the internal Hamiltonian, K the K.E of their rela-a

tive motion and V the interaction potential. In the course of 
above reaction the projectile is assumed as made up of emitted 
particle b and another particle x which is captured by the 
target forming the final nucleus B. The particle b escapes 
with momentum

kb = ki + ik^ 3.2.2

where fik^ is the initial momentum of the incident particle a 
and fikĵ  ii> the momentum of b relative to center of mass motion 
of a (internal momentum). The particle x about to be 
captured approaches with momentum fik (Fig. 3.1),

S = ’‘a - ''b 3.2.3
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F{&, 3.1; Conservation of momentum of the reaction A(a,b)B,
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X is assumed to be captured at the surface of the nucleus, 
A and B is formed in the ground state of excited state. 
If it is captured with quantized angular momentum the
impact parameter R (the nuclear radius) is related with.

kR~/;L(£+l) 3.2.4

The energy with which x enters the target A is E

+ "a > 3-2-S

— »■ binding energy of a 

E — >• initial energy of acL

Eĵ  —  ̂energy associated with b

Both the initial and final wave functions will be eigen­
function of Hamiltonian H.

The method following to compute the transition T̂ ĵ  (Sa 64) is 
the method of distorted waves. The transition amplitude for 
the reaction A(a,b)B is given by

^ a b  = < b B | v | a A >

3.2.6
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 ̂is the Jacobian of the transformation to the relative 
coordinates r^ , r̂  ̂ (Fig. 3.2). The quantity <bB|v|aA> is 
the form factor for the reaction and must contain the delta 
function for the coordinates r and r, .

Si t)

The function  ̂ is time reversal scattering wave 
function for the potential U and is related to the out­
going wave as

r) = (-k, r) 3.2.7

When the particles a and b have spin, the functions \p- 
become matrices in spin space \p ' where m is the Z-Itl /
component of spin. Terms m' m allow the possibility of
spin flip during the elastic scattering.

For L.s coupling, the expansion of distorted waves 
into partial waves may be written as

'^ni'^m ^  ^ <LsMm I JM+m><LsM+m-m' ,m ' I JM+m>
JLM

3.2.8
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FIGi 3,2. Co-ordinate system for the reaction A(a,b)B,
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(f)ĵ indicate the direction kĵ  with respect to the 
coordinate axes.

The partial waves are the solutions of Schrodinger 
equation

( 1^2 + k^- (U+U^+U^) ]*i,j(k,r)= 0

3.2.9

The radial wave functions  ̂ are required to vanish atLiu
rĵ  = 0 and for large r, where U + may be neglected and 
also satisfy the boundary condition

H (k,r) - nf (k,r)
ip (k,r) = [ ------------ --------] exp(ia_) 3 .2.10LJ 2i L

where the reflection coefficient for the £ th partial
wave and Hj^(k,r) in terms of the regular and irregular radial 
Coulomb functions is

(k,r) = + iF^ 3.2.11

The is the Coulomb phase shift. The are computed by
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matching \p to the Coulomb functions and F_ at last twoiJ 1j Li Li
integration points and the over all normalization constants.

The form factor <b B | v | a  A> contains the nuclear structure 
information and is expanded into a series of multipoles, each 
of which corresponds to the transfer to the target nucleus of a
definite angular momentum j composed of an orbital part and
a spin part s. If the particles a and b have spin s and3.

Sĵ  and the target and residual nuclear spins are and J^,

, — ~ f a “ ^ '  A “ 2 “ £ 3.2.12

This multipole series may be written with Clebsch-Gordan coeffi­
cient corresponding to the vector coupling, the nuclear matrix 
elements of the form factor becomes

x< £s; "'fab' ~  ̂ 3.2.13

where m = M„ + m. - M . - m .  3.2.14o D A a
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The multipole operator depends on various nuclear
quantum numbers. The function G may be defined by inverted

iform of expansion of (3.2.13). The factor i is included to
ensure convenient time reversal properties G„ . can be trans-^ x,S] ,m
formed under rotation of the coordinate system like the spherical 

in̂harmonic . The parity change of G in the nuclear transition
iis given by (-1) in the zero range approximation.

^£sj m expressed as a product of two factors

*^£sj,m ^fb' fa^ ^£sj ^£sj,m(^b' ^a^ 3.2.15

f^gj is the form factor and is the spectroscopic co­
efficient which includes fractional parentage coefficients for 
the initial or final nuclear states and interaction strength.

The transition amplitude reduces to a sum over multipole 
contributions

X<£s; m,m^- m, |j,m-m, + m^> <s,s, -m, s,m -m,c i i J  D a a D a D  a . D

3.2,16
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£mHere the reduced amplitude is defined by

3.2.17

The unpolarized differential cross section for a reaction 
A(a,b)B is defined in terms of sum over final spin pro­
jections and average over initial projections

“a "b k, . ^
0 (6) = -------  ^  (2J + l ) ^ ( 2 s , + l ) ^  E |t_. I

’'a * ®
'"a'”b

3.2.18

In terms of reduced amplitude

y^y, k 2J„+1 .
a(0)= ---- ^  ^  ------  E |a^ .rE|3g™

(27Th2)2 (2J^ + 1) (2s +1) Jlsj mr\ Si

3.2.19
The sum over £,s,j is incoherent.

If only one value each of s and Z are allowed

2J +1 |a. .|2

Si
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3.3 Zero range approximation

0 mThe reduced amplitude 6_• is of the form of six dimen-
sional integration over the space of both vectors r and r, .~ a o
The numerical evaluation of such a six dimensional integral
is quite difficult. The above difficulty is removed on the
assumption that- the form factor is of very small range perhaps
because V has a short range or perhaps because the internal wave
functions have a small range. The zero range approximation is
therefore introduced. It has the physical meaning that the
particle b is emitted at the same point at which particle a

M
is absobed so that r, = rj—  r where M and M are the massesjD jyi— Si A d

—  J D  -----------

of nuclei A and B. The form factor can be written as

-(zero)
£sj,m ^a^ " '̂ ^̂ b ■ m T  ^a^ ,ra m 7 ^a'^a^^ ®

3.3.1

The reduced amplitude becomes in the zero range approximation
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may be written as
A

(2t+l)i i X j  = r ♦<-'* ( V ^ £ )  (r)vf

3.2.2

which is easier to evaluate.

The distorted waves are inserted into above equation 
in the form of the partial wave expansion and then the angular

ĵjTiintegration of it are done analytically. Then B^j can be 
written in a more compact form as

I m  ^  j. /2-l~+T <L » ; 0 0 | l  0>S] a b b  b a
Si D

X < L, £; -m,m|L^ 0> Y~^ (0, 0) 3.2.3.b a

where 0 is the scattering angle, the angle between and

The Clebsch Gordan coefficient <Lĵ  £; 00|l ^0> vanishes 
unless (1 + L + L, ) is an even number. As a result parity ofci D
reaction is given uniquely in terms of multipole index £ and 
has the value (-1)^.
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3.4 Two-nucleon transfer

The angular distribution for a two-nucleon transfer 
reaction is characterized by the transferred angular momentum 
in much the same way as for a single-nucleon transfer reaction, 
Many different configurations from the two individual nucleons 
may contribute coherently for the total orbital angular momen­
tum L carried by the two nucleons. In general thus the cross 
section for a two-nucleon transfer cannot be factorized into a 
part containing kinematic information and other nuclear struc­
ture information like a single-nucleon transfer reaction.

The differential cross section ( Gl 65 ) is found to be 
incoherent sum over L,S,J and T given by

an 2J^+1 (2wft^)^LSJTM st'^^nlsjt ®NL

3.4.1

where = <T^ '̂ 2 Clebsch Gordan coeffi­
cient for the isospins where the transferred pair carries T T .z

2The quantity b^^ arise from the spin-isospin overlap of 
particles a and a-2. The several radial states characterized 
by N, contribute coherently to the cross section. In this
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expression all nuclear structure information is contained 
in which is in turn sum over the many configuration.

3.5 Optical potential

The optical model potential used to generate the dis­
torted waves is phenomological in origin. To it is added 
Coulomb potential, usually assumed of a uniform charge distribu­
tion for protons. The optical model potential contains a 
central term of the Woods-Saxon type, a spin orbit term of 
opposite sign to that of the well known spin-orbit term of 
atomic spectra, usually of Thomas type. The optical model 
potential includes in addition an imaginary potential (Surface 
and / or Volume absorption) which takes into account of the 
absorption of the particles from the incident beam. All these 
potentials are characterized by a well depth and the geometrical

r

(the radius and diffuseness) parameters. The values of these 
parameters are given in respective chapters.

The optical potential is assumed energy dependent and 
local i.e.

V (r',r) = V(r) 6 (r'-r) in the limit the non locality
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a phenoinological parameter b —^ 0 .

In the reaction amplitude calculation, the contribu­
tions from nuclear interior are also considered.
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CHAPTER 4

REACTION ^^Fe(T,d)

4.1 Introduction

The level structure of ^^Co has been the subject 
of a number of experimental investigations through several

c p CO C *7nuclear reaction processes like Ni(d,x), Ni(t,a), Fe(p,n), 
^^Fe(a,p), ^^Fe(p,Y)/ ^%i(p,a), ^^Fe(d,n), ^^Fe(x,d) and
B-decay studies from ^^Ni as has been summarized by Auble 
(Au 77). The subject of the present investigation is to study 
the single proton states in ^^Co by means of the (T,d) reaction 
on ^^Fe ; such information is a desirable supplement to the 
existing data.

Several theoretical calculations have been made in order 
to understand the structure of ^^Co based on the shell model 
and unified model. The unified model gives good description of 
the levels upto E = 2.5 MeV, the shell model results have in 
general not been that successful.

The ^^Ni (d,T) reaction was studied by Cujec et. al.(Cu 62) 
at 15 MeV and Mairle ^  a^.(Ma 69) at 52 MeV ; values and 
spectroscopic factors were measured from DWBA calculation for 
transitions to several low-lying levels in 57co.
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Blair ^  (Bl 66) studied the (t,a) reaction on
5 8Ni at = 15 MeV covering an> excitation energy of 3.259 MeV
and measured £ -transfer from DW calculation. They also P
measured transition strengths.

The ^^Fe(p,n) reaction was studied by Cookson ^  al.
(Co 67) at 13 MeV. The analogue of target ground state was 
seen and the Coulomb displacement energy was obtained.

54Bouchard et a]̂ . (Bo 68) investigated the Fe(a,p) 
reaction at 11 MeV covering the levels upto an excitation 
of 4.08 MeV.

The properties of a few low lying levels of ^^Co upto 
E 'V 3.2 MeV have been studied through 6-decay (At 68, Li 67, 
Ga 69),

The level structure of ^^Co has also been studied by 
(P,y ) reaction on ^^Fe (O'B 70, Le 71, Sa 75). O'Brien et al. 
identified analog of the ground state of ^^Fe and Saleh ^  al. 
(Sa 75) found analog states corresponding to low-lying levels of 
^^Fe. Leslie et a_l. (Le 71) observed several new levels and 
J’’’-assignments were made to some of them.

The ^^Ni(p,a) reaction was investigated by Coop et al.
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(Co 69) at 10 MeV and Mateja ^  (Ma 76) at 'v-13-16 MeV
upto an excitation energies 3.271 and 4.971 with resolution 
20-30 keV and 10-14 keV. Mateja et observed several
levels within this region. Coop ^  made assignment
for first few levels.

The ^^Fe(d,n) reaction has been recently studied by 
Adam ^  aJL. (Ad 76) upto an excitation energy of 4.8 MeV. They 
measured £p-values and spectroscopic factors from DWBA calcu­
lation which are in disagreement with those of Blair et al.
(El 66). Earlier (d,n) reactions as quoted in Adam et al.
(Ad 76) were concerned with a few low-lying levels. The ^^Fe(T,d) 
reaction was previously studied by Rosner and Holbrow (Ro 67) at 
E =16.5 MeV and later by Hardie et al. (Ha 72) at E =22 MeVt -----  T
covering levels upto E '^7.982 MeV and 7.265 MeV respectively.
The orbital angular momentum transfers in the two experiments, 
with a few exceptions are in general agreement to each other ; 
but there is a systematically large variation in the spectrosco­
pic factors between two measurements, some times by a factor of 3 
or more, even for. strong transitions. Different conclusions were 
consequently drawn in the two works. A more recent (x,d) inves­
tigation due to Baghdadi (Ba 75) at E^= 6 MeV was concerned only 
with the lowest 2p transitions, two of which carry the major 
parts of the 9^/2 ^1/2 particle-strengths. The
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spectroscopic factors were found to be closer to those by 
Rosner and Holbrow (Ro 67) than to Hardie et al. (Ha 72).
The spectroscopic factors by Adam (Ad 76) are close to those 
given by Rosner and Holbrow for some levels and close to 
Hardie ^  al.(Ha 72) for some others.

The present work was therefore undertaken to reexamine 
the level properties of ^^Co through the ^^Fe(T,d) reaction 
at E^= 18 MeV and special care taken for the measurement of 
the absolute cross section.

4.2 Experimental Procedure

The plates were exposed with the products of the
^^Fe(T,d) reaction and were scanned at the Nuclear Physics
Laboratory, University of Dacca. A typical spectrum at 18.75°
is shown in fig. 4.1. Peaks of the levels have been shown
with numbers which refer to the numbering of table 4.4.
Contaminant groups resulting from different reactions like {x,d)

12 16and (T,p) on impurities C and O present in the target are 
also lebeled using the corresponding level energy in residual 
nuclei. The energy resolution (FWHM) was ^̂ >22 keV. Several 
levels have been identified upto E 7 ,8 MeV and the angular 
distributions are measured for most of them. Because of
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- X _____OO o

c0•H-POta
Q)
u

o>
cOo

0) •>1fM +J
VO •Hin (0

c
0) 0)

X3 'O
+J

04e p
0 0
u u

«H CP

tr
c CP•H •H
m 43

•H
M M-4
(0 0

(0 c
c 0
0 •H
M O'
0) 0)
+)
3
(1) 0)t3 J3

+J
M-i
0 tr

c
£ •H
p

0
■p x:
o (0(U
a 0
CO in

p '
>1 •Cn 00

1—I
<u
c -p(U (0
0)
Xi4J
mo
4J
(d(i4

•=r
e>

Dhaka University Institutional Repository



33

uncertainty in the spectrograph calibration at the high
field used (B %12.8K-gauss) an internal calibration was
performed by using some well established levels, namely,
gs, 1,501, 2.134, 2.878, 3.177, 3.459, 4.001, 5.228,
5.532 MeV. These levels are shown underlined in table
4.4. The method followed for the calibration is the least
squares fit mentioned in Chapter 2 (Section 2.6). The values
of constants a^, a^, a.2 for each channel are listed in table
4.1. The target thickness was measured and found to be 

- 290lJgm.cm . The uncertainty in the absolute value of the 
(T,d) reaction cross section (resulting mainly from the errors 
in the target thickness, scanning and background subtraction) 
is less than 15%.

4.3 DWBA Analysis

The optical model potential used has the form :

r-r 1 1V (r) = V^^(r) - V(l+exp ---2---- )  ̂ _ w(l+exp --- 2---- ) "1
a

• Ir - r  1/3
+ 4i Wd (1+exp ---2---- )-l + O  i (i+exp ^1^2----

a j 4 5.2 3
-4.3.1

The symbols carry their usual meaning. The Coulomb 
potential V^(r) is taken as due to a uniformly charged sphere
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Table 4.1

Constants of least squares fit for

(T,d) reaction

Channel ^o ^1 ^2

2 11.182 -36.386 18.926

3 11.171 -36.897 19.854

4 11.055 -36.584 19.192

5 11.151 -38.044 21.934
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of radius with r_ = 1.25 fm.

The optical model potential (table 4.2) was of the standard 
vVoods-Saxon form for the ^He - potential and the real part 
of the deuteron potential, while Woods-Saxon derivative was 
used for the imaginary part of the deuteron potential. The 
bound state potential well was taken as the (real) Woods- 
Saxon form with the geometrical parameters given by

= 1.25 fm and a = 0.65 fm including a Thomas-Fermi spin 
orbital term with X = 25 and Woods-Saxon form factor. The 
strength of the potential was adjusted so as to give the 
transferred proton binding energy E_ = Q(^He,d) + 5.49 MeV.

The DWBA cross sections in local zero range approxi­
mation were computed using the code due to Kunz. The 
calculations were carried out by Professor H. M. Sen Gupta 
with the IBM 360/195 Computer of Rutherford High Energy 
Laboratory.

To start with, the DWBA analysis were carried out for 
four strong transitions leading to the g.s. and the 1,376, 
1.501 and 2.134 MeV levels having =7/2~, 3/2~, l/2~ and 
5/2 respectively. The transition strengths are summarized 
in table 4.3. Of the different combinations of ^He and
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deuteron potential parameters, the set xA-dA gives the 
best fit to the data and also satisfies the condition

V « V,+V 4.3.2T d p

for the real depths. All the DWBA calculations used in 
the present work were performed with this set.

2The spectroscopic transition strengths (2J^+1)C S/(2J^+1) 
were obtained by normalizing the computed cross section aj^^(0)
to the measured value through the relation

2J +1 CT (0)
a„ (0) = N --- ---- C^S -2̂ ^̂ --- 4.3.3

2J.+1 2j+l
1

as suggested in the DWUCK code, where and are respect­
ively the angular momentum of the initial and final nuclear 
levels and j is the angular momentum of the transferred proton.

4.4 Results and Discussion

The results of the present work are summarized in table
4.4. The energy levels in column 3 are from the compilation
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by Auble (Au 77) iipto E 4.3 MeV ; beyond this, the levels
are taken from the compilation by Hardie (Ha 72). Information
given by the previous (r,d) and (d,n) studies (Ro 67, Ha 72,
Ad 76) is also included in the table for a comparison. The

2transition strengths (2J^+1)C S in the present as well as in 
the previous (x,d) works were extracted for the normalization 
constant N=4.42, relevant to the Gunn-Irving wave function 
for ^He and Hulthen for deuteron (Pe 63).

For Q ( T , d )  values more negative than -5.5 MeV, corres­
ponding to the breakup of ^He particles, the DWBA cross 
sections, hence the transition stregths, are not reliable.
Such strengths as shown in parenthesis in table 4.4 are extracted 
from the extrapolation of the DWBA cross sections to that 
excitation. The spin-parities in column 13 are from all 
previous measurements as considered to be the best assignments 
by the present work.

The (x,d) reaction excites both normal (T^) and 
analogue (T^) states and the summed transition strengths 
according to the shell model Gj(=E(2J^+1)C^S/(2J^+1)) related 
to the shell vacancies as given by

Gj= <neutron holes> /(N-Z+1), T^ state 4.4.1
= <proton holes> - <neutron holes>/(N-Z+1), T^ state
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where N and Z are the neutron and proton numbers of the 
target nucleus. The results of the sum rule analysis are 
summarized in table 4.5 ; also included are those from 
previous (t,d) and (d,n) measurements (Ro 67, Ha 72, Ad 76) 
as well as the theoretical limits given by the single­
particle shell model. Typical examples of the DWBA fits to 
the measured angular distributions are shown in figs.
4.'2- 4.5. The single-particle strengths are fragmented 
over levels as displayed in fig . 4.6.

The results are discussed below.

4.4.1.The Angular distribution and Transition Strength
4.4.1.1. The £ = 1 transitions.

The ,2p transition strengths are distributed over a large 
number of levels (fig 4.6). The spectroscopic factor for £ =1 
transitions, level by level, found in the present work lies 
between that given by Rosner and Holbrow (Ro 67) and Hardie 
et (Ha 72). The higher value of Z(2J^+1)C^S for the 2p 
states given by the present work than that by Rosner and Holbrow 
is due to the fact that more £=1 transitions are observed 
by us than by them. The measured 2p, T̂ , strength in the 
present work is 4.53, being almost identical to the expected 
single-particle value of 5.20 within the limits of uncertainty. 
The value obtained by Adam et al. (Ad 76), from the (d,n)
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F i g .  ^ . 2 . ,  Measured angular distributions fitted with 5 = 1 DWBA curves
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reaction is about 50% of the expected strength. Splitting

of the observed strength into P 2 / 2  ^1/2

difficult, since of all the £=1 transitions, the J-values
are known for only a few low-lying levels (table 4.4) and
further the angular distribution data do not display a
J-dependence. The transition strengths of the remaining
levels were calculated for both 3/2 and 1/2 states. The
known J^=3/2~ levels, namely 1.376, 1.758 and 2.878 MeV,
together carry about 50 % of the expected T^ strength (table
4.5). The levels at 7.271 and 7.655 MeV are considered to
be analogues, as discussed in section 4.4.2. The summed
transition strength for the remaining levels assumed as 1/2
levels is 2.80 as against the single particle limit of 1.60.
The J^-value of the 3.355, 3.459 and 4.067 MeV levels has been
found to be 3/2 by Esat et al̂ . (Es 74) in the ^^Fe(p,y)

2reaction. With this assignment, the E(2J^+1)C S value for the 
2P3/2 and 2p^^2 states becomes 2.49 and 2.22 respectively, 
still far from the single particle limits. A different choice 
of the T and d potentials increases the values by %20% (table 
4.3), the P 2 / 2  strength thus comes closer to the expected value’ 
than above, but at the same time the differs further
from the shell model value. Summing up, the observed ^Piy2>'^< 
strength is higher than that predicued and the ^P2/2''^< ii^s^sured 
value is less than the sum rule limit. It is thus possible that

Dhaka University Institutional Repository
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some of the assumed ^Piy2 really belong to the 2p ^ ^ 2

state. It is also possible that the 2p^^2 P^^oton orbit is
not completely vacant as assumed in shell model ; the observed
lf^^2 i'̂ < strength however does not support the latter sugges­
tion. Further comments should await a determination of the 
J-values of at least the strong 2,̂ = 1 transitions.

The angular distribution leading to the 3.355 MeV level 
is characterized by the £=1 transition (Fig.4.2) in agreement 
with previous (T,d) and (d,n) reactions, but in disagreement

C pwith the ^=3 assignment in the Ni(t,a) reaction by Blair and
Armstrong,(B1 66). The transition to the 4.677 MeV level has 
contradictory 2,p-assignments in proton stripping reactions 
(table 4.4); in agreement with Hardie et al.(Ha 72) the present 
work favours assignment made to the levels at 4.067, 4.293
and 4.537 MeV in one or the other (r,d) reaction (table 4.4).

4.4.1.2 The £=3 transitions

The measured angular distributions are shown in fig. 4.3. 
The J-values of the ground state (g.s.) and the lowest three 
levels (E =2.134, 2.314 and 3.177 MeV) belonging to the ^=3 
transitions are known (table 4.4). The g.s. and 2.314 MeV Ipvel 
together exhaust the '̂ < strength (table 4.5). The 7.434
MeV level is presumably a 5/2~, T^ level as discussed later
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F i g , ^,3. Measured angular distributions fitted with £ = 3 DWBA 
curves.
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(section 4.4.2). The remaining transitions together carry 
about 40% of the strength. The selection of para­
meter sets (table 4.4) increases the £-7^2 sti^ength by 30-38%
and the ^5^2 strength by 25-30% and thus do not much improve 
the situation. More J^=5/2 levels thus remain to be identi­
fied. Because of the large centrifugal barrier of S-=3 tran­
sitions as compared to the 1=1 transitions for example, the 
spreading will be less for £=3 than that for £=1 transitions; 
such levels are therefore unlikely to lie above E 'v.y.s MeV, 
the excitation energy covered in the present experiment. The 
If, T_, transition strength is probably overestimated by Rosner 
and Holbrow(Ro 67) ; the entire f7/2 ' strength according to
them is contained in the g .s.transition. The spectroscopic
factor in the present case is smaller than that given by 
Adam et (Ad 76) . The present values for the lf-7^2 levels
are twice as strong as those obtained by Hardie ejt (Ha 72)
while for the levels the present values are somewhat
lower than theirs.

4.4.1.3 The £=0,2 and 4 transitions

Three £=0 transitions are observed in the present work
(E =2.985, 4.938 and 5.228 MeV) and the angular distributions
are shown in fig. 4.4. The 2.985 MeV level is strongly 

5 8excited in the Ni(t,a) reaction (B1 66) and is probably a 2s
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F i g , 4.(1, Measured angular distributions fitted with £ 
DV/BA curves.
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hole state. The other two transitions are assumed to belong 
to the 3s state. A discussion on the £=0 transitions is made 
in section 4.5.

Three £=2 transitions are identified in this experiment
two of which lie around E =7.8 MeV and are likely to belong to
the 2d^^2 particle state. The other level (E^=3.862 MeV) is
assumed to be a 1^3/2 state and is probably identical with
the 3.906 MeV level excited with an £=2 character in the 
5 8Ni(t,a) reaction (B1 66). No £=2 transition was observed 
by Hardie ^  (Ha 72) in the ^^Fe(x,d) reaction. The one
tentatively assigned in the ^®Fe(T,d) reaction as H=2 by Rosner 
and Holbrow (Ro 67) at E '̂ -4.68 MeV and later confirmed by

X.

Adam ^  (Ad 76) in the ^^Fe(d,n) reaction in a tentative 
£p=l according to Hardie ^  ^l. (Ha 72) and the present work.

Two £=4 transitions are observed in the present experiment 
at E =3.727 MeV and the doublet at 4.59 MeV. The former is a 
tentative £=0 transition and the later a mixture of £=2 and 4 
in the ^^Fe(d,n) reaction (Ok 68). Both the angular distribu­
tions are well fitted by the £=4 DWBA curve (fig.4.5).

4.4.1.4 Nonstripping Levels

Several nonstripping levels are observed in the present 
work (designated n.s. in table 4.4), the angular distributions
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F i g .  4 . 5 ,  Measured angular distributions fitted with 
H=2 and 4 DV7BA curves.
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to some of which are shown in fig. 4.7. The cross sections 
rise at forward angles, but the distributions are not given 

by the direct reaction mechanism. The nonstripping levels 
are usually weakly excited and the cross sections for many of 
them are an order of magnitude smaller than the average cross 
sections for the stripping levels. They cannot be described 
in terms of a single proton coupled to a ^^Fe-core and some 
of them arise from a collective mode of excitation.

It is interesting to note that the levels with high spin
values are either not at all excited in the (i,d) reaction
(levels at 1.224, 1,689 MeV and the mu] tiplets at 2.5 MeV,
for example) or have angular distributions not characteristic
of a direct process (levels at 1.898, 3.681 MeV for example).
Some of the hole states (E^=5.91 MeV) excited in the
58Ni(t,a) reaction have nonstripping angular distributions.

4.4.2 Isobaric analogue states

The ^^(T,d) reaction can excite both the normal (T^) and 
analogue (T^) states in ^^Co. The T^ states were discussed 
above. Because of the rather large isotopic spin of ^^Fe, not 
enough strengths are available to the analogue states to stand 
distinctively over the neighbouring T^ states. It has been 
suggested by Hardie et al. (Ha 72) from a compilation of the
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F i g , ^i7. some of the measured angular distributions displaying 
a non-stripping character.
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available information from the (T,d) and (p,Y) reactions that 
there is a confusion over the positive identification of the 
analogue states. In agreement with Rosner and Holbrow (Ro 67) 
the levels at 7.271, 7.434 and 7.665 MeV were identified in this 
work as the analogues of the g.s.+ 14 (unresolved), 136 and 366 
keV levels in ^^Fe. The relative level spacings and the iL^-values 
are consistent with the relative level spacings and the J-values 
of the parent levels. In view of the non-reliability of the DWBA 
cross sections for (x,d) reaction at this excitation, as stated 
earlier, we refrain ourselves from a comparison with the corres­
ponding spectroscopic factors in the ^^Fe(d,p) reaction. The 
Coulomb displacement energy for the isobaric pair of nuclei 
^^Fe - ^^Co comes to be 8.89 MeV for the g.s. analogue.

4.5 The Level Spectrum of ^^Co

Several attempts have been made to calculate the ]evel 
spectrum of ^^Co based on the shell model (Ve 66, Me 67, Ga 69,
Ho 73), as well as on the unified model (Sa 68, Co 71, St 71,
Go 72). The observed level spectrum is compared with the 
predictions of the more important theories in fig. 4.8.

The shell model calculation by Vervier (Ve 66) assumes 
48as inert Ca core with a proton hole in the ^2 and

the two extra core neutrons only in the Sp^^^ orbit ; the
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agreement with experiment was poor. The above calculation 
was then repeated by McGrory (Me 67) by increasing the model 
space so as to include also the 2p^^2 ^^5/2 neutron
configurations. The residual interaction was taken to give 
a reasonable agreement with other isotonic nuclei. The 
agreement with experiment, although somewhat improved, is 
still unsatisfactory. Several well-known levels are not 
predicted, in particular there are no calculated J^=l/2 and 
3/2 levels below E ~ 2.5 MeV, whereas such levels have beenX
observed below ~1.5 MeV.

An extended shell model calculation due to Gatrousis
40et al.(Ga 69) is based on an inert Ca core and includes the 

neutron configurations lf^^2 • ^^5/2 ' ^^3/2 ^^1/2
further allows the excitation of protons from the If^^2 shell 

to the 2p^^2 / ^Pi/2 ^^5/2 spacings of the
single-particle orbits are treated as free parameters and the 
residual two-body interaction was taken as that given by a iree 
two-nucleon Hamada-Johnston potential. Many more levels are 
predicted than those by Vervier (Ve 66) and McGrory (Me 67).
A comparision with the experimental level scheme is made in 
fig. 4.8. Except for the 1.76 MeV level (J^=3/2~) all the 
observed levels below E 2 MeV are reproduced in this calcu- 
lation, although the sequence and the spacings of the levels
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are not exact. Some of the high spin states predicted by 
Gatrousis (Ga 69), namely the J^=13/2~ level at -1.7 MeV 
and J^=ll/2 level at 2.1 and 2.7 MeV, appear to be strong 
candidates for some of the high spin states (E =2.486 MeV, 
j’̂ =ll/2"; =2.523 MeV, J 13/2; E^ =2.555 MeV, J>̂  11/2)

X  X

observed later by Pietzyk ^  a^. (Pi 73) in the ^^Fe(p,n) 
reaction. Two J^=9/2 levels predicted by this model at 
-1.8 and -2.5 MeV have, however, not been observed in any 
experiment.

A more recent shell model calculation by Horie and 
Ogawa (Ho 73) assumes an inert ^^Ca core with a proton hole 
in the lf^ ^ 2  shell and the extra-core neutron in the 2p and 
lf^^2 orbits. Agreement with the observed level scheme is 
poor (fig. 4.8). Fewer levels are predicted than observed 
and the 1/2 , 3/2 levels around E =1.5 MeV are not produced.X
The predicted 3/2̂  ̂ and 1/2^ levels are respectively 1.1 MeV 
and 2.1 MeV higher than observed. The spectroscopic factors 
for the J^=7/2 , T^ levels populated in single-proton stripping 
reaction on ^^Fe are also calculated by Horie and Ogawa and 
almost the entire single-particle strength is predicted to be 
contained in the g.s.transition (table 4.6).

Attempts have also been made to obtain the level of 
spectrum of ^^Co on the weak as well as the intermediate
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coupling versions of the unified model. The low-lying 
levels of an odd mass nucleus is given in terms of a single 
particle (or hole) coupled to an excited even core. The
levels of ^^Co are thus given by the weak coupling of the

+ S 8lf^^2 proton hole to the lowest 2 vibrational state of Ni
and a quintet of negative parity levels with spin 3/2, 5/2,
7/2, y/2 and 11/2 will be obtained with the centred at

+ 58'̂ -1.45 MeV (the energy of the lowest 2 state in Ni) . Such 
levels may be identified with the observed levels at E =1.758, 
1.919, 1.898, 1,224 and 1.689 MeV respectively by Covello and 
Manfredi (Co 71). The collective nature of the levels is 
supported by their much larger B(E2) strengths than the single 
particle estimates (Co 69, Da 71) and the weak excitation in 
the (T,d) and (d,n) reactions. The 1.90 MeV level has a non­
stripping angular distribution (fig. 4.8) and the 1.22, 1.69 and 
1.92 MeV levels are hardly visible above background. Only the 
1.76 MeV level is not weak and the angular distribution leading 
to this level is of stripping character (fig. 4.2), which 
probably arises from a mixing with the single particle level 
of the same J-value. The limitation of the weak coupling model 
is obvious. The observed splitting (:;0.7 MeV) of the core
multiplet is also about 0.2 MeV higher than the energy of the

+ 58lowest 2 state in Ni, impl
different numbers of phonons.

-f- 58lowest 2 state in Ni, implying a mixture of states with
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The intermediate coupling model as used by Satpathy 
and Gujrathi (Sa 68) considers upto three phonon states of 
the core and in addition to the  ̂ proton orbit
mentioned above, the and (2s) proton configura­
tions were also considered. The strength of the coupling 
was treated as an adjustable parameter. The quintet mentioned 
above, in particular the doublet nature of the 5/2~ and 7/2~ 
levels' and of the 11/2 and 3/2 levels, except for a reversal 
in spin in the later case, is well reproduced (fig.4.8). The 
J^=ll/2~ level at E ^2.5 MeV predicted in this model may corres- 
pond to one of the high spin .1 jvels observed in the ^^Fe(p,n) 
reaction (Pi 73) mentioned earlier. This model fails to 
reproduce the J^=3/2 and 1/2 levels at E s;1.5 MeV and the 
agreement with experiment is not satisfactory beyond E «2.5 MeV.

It is however, possible that some of the observed levels 
might be accounted for within the framework of the intermediate 
coupling model by including additional proton configuration 
like 2p and If^^2 * This is done by Gomez (Go 72) and spacings 
between the excited proton configurations were taken from 
experiment and also from the binding energies. The collective 
parameters were taken from experimental data. Agreement with 
the experimental level scheme is considerably improved (fig.4.8) 
The ordering of the low-lying levels is however not correct.
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The spectroscopic factors for the single-proton stripping 
reactions leading to ^^Co are calculated by Gomez for some 
of the strong transitions and the results are summarized 
in table 4.6. Excepting the g.s. the agreement with the 
measured values given by (x,d) and (d,n) reactions is far 
from satisfactory. The levels at 2.7 31 and 2.804 MeV predicted 
to carry reasonable single-particle strengths (table 4.6) are 
not at all excited in any proton stripping reaction.

In the above weak and intermediate coupling models the 
core excitation is assumed to follow a pure harmonic vibration. 
The intermediate coupling model used by Stewart ^  a]̂ . (St 71) 
considers the phonon states built on an anharmonic vibration.
The pairing effects are not ignored and the quasi-particle 
effects have further been introduced. Quite a significant 
improvement in the level spectriam is thereby achieved (Fig.4.8); 
all the level upto E -2.3 MeV are reasonably well reproduced.

The abov^ discussions refer to the negative-parity 
levels. The positive-parity level are calculated only by 
Satpathy and Gujrathi (Sa 68) and two 1/2”̂ levels (E =3.011 
and 5. 338 MeV) and four 3/2'*' levels (E =3.352, 4.685, 5.448 
and 6.416 MeV) are predicted, arising from the 2s and ld^y2 
proton-hole states, respectively. The observed J^=l/2’̂ level 
at E =2.99 MeV is clearly the lowest 1/2^ level given by
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Satpathy and Gujrathi. The difficulty arises with the other
2Si/2 level. In a previous ^^Fe(x,d) experiment Hardie et al.
(Ha 72) observed an ■̂p=0 transition to a level close in energy
to this predicted level. Two such levels are identified in
the present work with an 5. p= 0 stripping angular distribution
(fig. 4.4) fairly close to the level under discussion, and the
small cross sections are consistent with their identification
as 2s hole states. The 1/2^ level, however, is not observed 

58in the Ni(t,a) reaction (B1 66), although the spectroscopic
factor for this level is calculated to be about half that for
the 1/2^ level (Sa 68). This identification of the predicted
1/2^ level thus remains undecided. Five £ =2 transitionsI P
(including two doubtful ones) were observed by Blair and Armstrong

5 8(Bl 66) in the Ni(t,a) reaction, some of which may correspond 
to some of the 3/2^ levels given by the calculation of Satpathy 
and Gujrathi.

In the semimicroscopic model for three nucleon transfer, 
the transfer of dineutron was taken into account by Smit et al. 
(Sm 79) by making full use of the collective nature of this 
transfer and the structure amplitude is factored into two 
neutron and a proton amplitude. The splitting of multiplets 
is reproduced by choosing the quadrupole interaction strength. 
The levels above '̂-2 MeV is assumed ?»s due to particle-hole

Dhaka University Institutional Repository



C6

configurations.

The levels at 1.12 MeV (J^=9/2“), 1,39 MeV (J^=3/2“), 
1.60 MeV (J^=7/2“) , 1.75 MeV (J^=5/2“) , 3.13 MeV (J^=l/2'^) , 
and 3.88 MeV (J^=3/2^) of the present ^^Fe(^He,d) reaction 
are well reproduced by this model. The levels at 1.32 MeV 
(J^=ll/2 ) and 2.98 MeV (J^=7/2 ) of (p,a) reaction by 
Smit et (Sm 79) are well accounted for by this model.
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CHAPTER 5

REACTION '*^Sc(T,d)

5.1 Introduction 

46The Ti nucleus is assumed as protons and neutrons in 
excess of 20 belonging to pure configurations. The
theoretical work is carried out on the assumption that these 
lf^^2 nucleons outside the core are in interaction and the 
nuclear spectra are due entirely of states of pure configuration 
by this residual nucleon-nucleon interaction.

46The energy levels in Ti have been measured from a variety
of nuclear reactions and compiled by Lederer and Shirley (Le 78)
and Auble (Au 78). The excitation energies determined from a

45previous Sc(T,d) reaction (Br 68) are systematically larger
than those of the complications and also those given by a recent
high resolution gamma ray study (Dr 78) following the (a,n)

43reaction on Ca. It was therefore thought worthwhile to rede-
46termine the energy levels in Ti so as to make a meaningful 

comparison with the adopted levels (Le 78,Au 78) as well as with 
those levels observed in gamma ray studies (Dr 78,De 73,Fo 76).

Yntema (Yn 62) studied (d,t) reaction on ^^Ti at 21.4 
MeV and identified a few levels up to E = 5.84 MeV.X

Dhaka University Institutional Repository



. 68

Kashy et (Ka 64) studied the ^^Ti(p,d) reaction
at 17 MeV. They measured transfer and transition strengths 
from DWBA calculation.

46 *In the study of the Ti(p,p) reaction (Mo 66, Pe 68,
Le 68, Ga 71) the level structure of ^^Ti have been investigated 
upto E^^4.316 MeV and J^assignments of the low-lying levels 
have been made.

Maher ^  (Ma 67) studied the (0^^, N^^) reaction on
4 5several nuclei including Sc and observed a few levels upto 

E^=5.187 MeV.
X

47 3The T i ( He,a) reaction was studied by Broman and Pullen 
(Br 68) at 15 MeV covering an excitation of 10.943 MeV.

4 6Properties of the levels of Ti have been investigated 
by Priest et (Pr 69) through the ^^Sc(a,t) reaction cover­
ing an excitation energy upto E MeV and the spectro-

X,

scopic factors were extracted.

Faraggi al. (Fa 71) investigated the '^^Ca (0^^,C^^) 
reaction and identified a few levels upto E =7.26 MeV.

Rapaport et (Ra 73) and Kong et al.(Ko 72) studied
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the properties of through (p,t) reaction. Rapaport et al̂ .
measured transition strengths and J^-assignments were obtained 
from both the studies.

The present work is concerned with the (x,d) reaction
45on Sc at E^=16 MeV. This reaction was previously studied

by Broman and Pullen (Br 68) at E^=15 MeV, Barnard and Jones
(Ba 68) at E,̂  = 38 MeV and Ohmura ejt al. (Oh 68) at E^ = 24 MeV
covering angular distribution measurements respectively upto
E ĵ '̂ 7.6, 3.9 and 5.6 MeV. The experiment of Broman and Pullen
was later extended by Broman and Larsson (Br 71) to include
excitation beyond 7.6 MeV using the same set of nuclear plates. 
There are several discrepancies in the assignment of orbital

angular momentum transfer in the different measurements (see 
table 5.3); more serious is the systematically large difference 
in the spectroscopic factors, varying by a factor of 2 even for 
strong transitions, given by Broman and Pullen on the one hand 
and Barnard and Jones, and Ohmura et ^ . o n  the other, eventhough 
the error in the absolute cross sections is quoted as 
less than 40% in the different measurements. In the ^^Sc(a,t) 
reaction studied by Priest and Vincent, the relative spectro­
scopic strengths were extracted, while another proton stripping 
reaction (^^O, ^^N) by Maher et al. was naturally concerned 
more with reaction mechanism itself than with the spectroscopic
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factors, eventhough absolute cross section was measured.
The present work was therefore undertaken with an energy 
resolution better than in previous experiments and special 
care was taken in measuring the absolute cross section 
values. Properties of most of the levels upto E '̂ ■9.9 MeV 
are given.

5.2 Experimental Procedure

The plates exposed with products of '̂’sc(T,d) reaction 
were scanned at the Nuclear Physics Laboratory, University of 
Dacca, Dacca. A typical spectrum at 26.25° is shown in 
fig. 5.1. Each peak is labeled with a number which corres­
ponds to the level numbering of table 5.3. Contaminant groups 
are labeled using the corresponding level energy in the 
residual nuclei. Because of the uncertainty in the spectro­
graph calibration at the high magnetic field used in the present 
experiment (B^>13.57 K-gauss) , an internal calibration was made
using least squares parabolic fits to several well known levels

46in Ti namely (2.011, 3.298, 3.936, 4.526 and 5.554), and
12 13g ro u n d  s t a t e  o f  t h e  C ( T , d )  r e a c t i o n .  The l a t e r  p r o v i d e d  

a u s e f u l  c a l i b r a t i o n  p o i n t  i n  a r e g i o n  o f  t h e  p l a t e s  w h e re  

d e n s i t y  o f  t h e  l e v e l s  i s  h i g h .

Above levels are shown underlined in table 5.3. The
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values of a^, a^, for each channel in two regions are given
in table 5.1. The overall energy resolution (FWHM) was found
to be -22 keV. Levels upto E ~ 9.9 MeV have been identified
and angular distributions have been measured for most of the
levels. The effective target thickness was found to be 

- 253 ygm.cm . The total uncertainty in the absolute value of 
the (x,d) cross section, resulting mainly from the target 
thickness, scanning and background subtraction, is less than 
15%.

5.3 DWBA Analysis

The angular distribution data were analyzed in terms of 
the DWBA theory of direct stripping reaction in the local zero 
range approximation. The calculations were carried out by 
Professor H.M.Sen Gupta at Oxford using the code DWUCK due to 
Kunz with the IBM 360/195 Computer of Rutherford High Energy 
Laboratory.

The optical model potential used was of the same form as 
that in chapter 4.(Equ 4.3.1). The optical model potential was 
of the standard Woods-Saxon form for the ^He-potential and real 
part of the deuteron potential. The bound state wave function 
was generated by using the real potential of the form

V f(r,r^,a) +45-72 f dr ^ ^o'

-1wher'-' f(r,r ,a} = (1+exp ----- ) is the form factor and A= 25,
O 3
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Table 5.1

Constants of least squares fit for
45Sc(t ,d) reaction

Region Channel ^o ^1 ^2

2 12.777 -42.179 23.409

3 12.851 -43.859 27.250
1

4 12.649 -42.837 24.515

5 12.638 -43.690 26.186

2 11.146 -17.348 -71.548

3 11.321 -21.286 -56.930
2 4 11.051 -17.579 -76.860

X 5 11.082 -19.156 -70.900
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The strength of the potential was adjusted, with r^=1.25 fm, 
a=0.65 and Coulomb radius parameter r^=1.3 fm, so as to give 
the correct binding energy of the transferred proton.

The potential parameters used in tlie DWBA calculations
are shown in table 5.2. ref.(Oh 68, Ba 66, Ch 74). This
combination approximately satisfies the condition 4.3.1 as
given in chapter 4 (sect.4.3). The spectroscopic transition

2strengths (2J^+1)C S/2J^+1) were obtained by normalising the 
computed cross section ^^e measured value
through the relation 4.3.2. in chapter 4 (sect.4.3). The 
normalization constant N=4.42 was obtained from the ref.(Ba 66)

5.4 RerJits and Discussions

A large numbers of levels, including a few analogues, 
have been observed up to E:̂  9.9 MeV. The angular distributions 
have been measured for all the groups and transition strengths 
extracted for many of them. The results are summarised in 
table 5.3.

Typical examples of the DWBA fits to the measured 
angular distributions are shown in figs. 5.2r5.7. The levels 
for which the cross sections at the first two forward angles 
are missing, either due to the presence of a contaminant or

Dhaka University Institutional Repository
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to an emulsion disturbance, are excluded from the DWBA 
analysis ; these are marked n.a. in table 5.3. A few 
levels do not have angular distributions cliaracteristics 
of a direct stripping process. Such levels are denoted 
by n.s. in table. Also included in the table for a comparison 
are the results from previous (r,d) reactions Oii "^^Sc(Br 68,
Ba 68, Oh 68).. The transition strengths in all these studies 
as well as in the present work are extracted using the same 
normalization constant (N=4.42) and should therefore be 
directly comparable (Columns 9-12).

5.4.1 The angular distribution and transition strengths
5.4.1.1 The £=1 and 3 transitions

The If and 2p single particle strength are heavily 
fragmented and the 2p strength is more or less evenly distri­
buted over the entire range of excitation energy studied, 
while a good amount of the If shell model strength is carried 
by a few low lying levels (table 5.3, fig.5.8). A number of 
angular distributions required a mixture of £=1 and 3 transfers 
signifying a high degree of mixing of the If and 2p shell 
model configurations. Such a mixture was considered during 
the DWBA analysis, only when the quality of a fit was thereby 
improved significantly and the £=3 components had an appreciable

Dhaka University Institutional Repository
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© c m .  (cleg)
Fi g , 5,2. Measured angular distributions fitted with Z = 1 

curves.
DWBA
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F i g , 5.3. Measured angular distributions fitted wiLL 
£ = 3 DWBA curves.
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contribution. A few examples are given in fig. 5.4, where 
fits from individual Ji-value are also shown in some cases.

The transition strengths in table 5.3 were deduced 
by assuming that all £=1 and 3 transitions populate respect­
ively the 2p^^2 ^^7/2 model states. The summed
transition strengths so obtained are shown in table 5.4 for 
comparison with the shell model values. The T^ component 
of the total If strength thus becomes 6.3, as against the 
single-particle limit 10.5 for If^^2+ ^^5/2 shells. It is 
possible that some of the i=3 transitions actually correspond 
to the If^^2 shell rather than the assumed If^^2 shell, for 
which the spectroscopic strength increases by 60% as found 
by the DWBA calculations and the summed strength comes closer 
to the shell model value. For 2p transitions the observed 
strength is 3.7, being fairly close to the expected T^ component 
of the total strength of 4.5. The possibility of
excitation of 2pj^̂ 2 orbital cannot be totally ruled out/ in 
which case the strength increases by about 20% and the summed 
2p strength becomes further close to the expected limit. It 
could then be assumed that most of the T^ component of the If
and 2p shell model strengths have been reached within the exci-

f

tation (E '̂jIO MeV) covered in the present work.X

Broman and Pullen (Hr 68) calculated the If and 2p
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F i g . 5.^. Measured angular distributions fitted with £=1+3 DWBA
« «.

curves: solid line, £=1+3; broken line, £=1; dotted line, 1= 3 .
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strength assuming If-7^2 ^^3/2 obtained 11.3
and 4.9 closer to the single-particle limits. A similar 
increase in their results of spectroscopic strength would 

also be expected if 2p^^2 ^^5/2
considered in the £=1 and 3 transitions and in that case the 
agreement of the observed values with single-particle limit 
may not be that good.

5.4.1.2 The £=0 and 2 transitions

A few angular distributions were fitted with £=0 and
2 transfers (figs.5 . 5,5.6) . The transitions to the negative

-2 -2parity states are a result of the ^^^7/2^ ^^^3/2^
45(lf^^2) configurations in Sc, i.e. the negative parity states

arise from the (2s^^2  ̂ ^ ^^^7/2  ̂ two-proton configurations in
46Ti. The negative parity states thus have the characteristics 
of a deformed rotational band and based on the energy spacings, 
the characteristic cascade and ciossover transitions and an 
enhanced E2 transition, the levels at E = 3.059, 3.442, 3.853,X
4.663, 5.198 and 6.150 MeV with respective 3 , 4 , (5~),
(6 ), (7 ) and (8 ) have been identified in the "^^Ca(a,nY) 
reaction (Dr 78) as the members of a rotational band. It is 
therefore possible that the negative parity levels populated 
in the (T,d) reaction have a contribution from a non-single
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F i g .  5,5, Measured angular distributions fitted with 
1 = 0  DWBA curves.

Dhaka University Institutional Repository



FiGi 5 16, Measured angular distribution fitted with
1=2 DWBA curves.
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step process. In fact the measured angular distributions 
for £=0 transitions (fig. 5.5) do not follow the detailed 
shape of the single-step DWBA curve and thus in view of the 
limited data in the present experiment the contribution from 
a multi-step process cannot be ruled out. The £=0 transfers 
may be considered in view of the negative parity of the two 
levels.

The levels at 3.0 59 and 3.4 4 MeV have contradictory
45£p-assignment in previous S c ( T , d )  experiments (table 5.3).

Tlie present experiment in agreement with Broman and Pullen (Br 68)
assigns I =2 to both these levels. This I -value is consistentP P
with the negative parity of these levels clearly given by the 
life-time measurements in the ^^Ca(a,ny) and ^^S(^^0,2py) 
reactions (Dr 78,De 73). These levels as mentioned above are 
the lowest two members of the negative parity hand in ^^Ti. No 
other member of the band is populated in the (x,d) reaction.

5.4.2 Isobaric Analogue States
46A few l(3w-lying levels is Sc are fairly strongly

45excited in (d,p) reaction on Sc and it would be expected that 
the corresponding analogues in ^^Ti lie above E ~9 MeV. On

the basis of relative level spacings and the consistency 
between the £p-transfer in (r,d) reaction and £^-transfer
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in (d,p) reaction, four levels, namely 9.176, 9.426, 9.474
and 9.572 MeV, have been identified as analogues. The
results are summarized in table 5.5 for a comparison with

45the levels in the Sc(d,p) reaction (Ra 66, Ro 81). There
is a reasonable resemblance between the transition strength
given by the present (x,d) work and the (d,p) work of ref.
(Ro 81). It may be mentioned that level at 9.250 MeV was
previously identified as the analogue of the first excited level

46of Sc (Ra 66, Ro 81). The level in the present experiment 
is populated with angular distribution typical of transfer
(fig. 5.2) rather than expected from the corresponding
(d,p) reaction. Eventhough the background in the region of the 
plate where the group lies is relatively high, repeated scans 
yielded a consistent set of cross section data, never differing 
by more than 10% among different scannings. It is surprising 
then that the analogue of a very strong group, found in a 
previous (x,d) work (Br 71), is missing in the present experi­
ment. There is no evidence of an £ =1+3 mixture in this angularP
distributions as found in many other distributions (fig. 5.7 
and table 5.3).

5.5 Level Spectrum of ^^Ti

The level spectrum of "^̂ Ti has been calculated by several 
authors (Oh 68, Pr 69, Ku 78) on the basis of the McCullen-
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F i g . 5.71 Measured angular distribution for analogue
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Bayitian-Zamick (MBZ) model (Me 64) . The spectroscopic
45strengths relevant to the transitions in the Sc(x,d)

^^Ti reactions have also been calculated (Oh 68, Pr 69) within 
the framework of the model.

40The MBZ model starts with a closed Ca-core and the 
states are built on the pure (lf^^2)” configurations. Further­
more the two-body residual interaction is assumed to be inde­
pendent of the number of particles in the £-7^2 °^t>it. The 
different calculations differ from one another only in the 
details of the interaction.

46The levels in Ti up to E =5 MeV which are excited inX
the present investigation with ^p=3 character (table 5.3) are 
shown in solid lines in fig. 5.9 for a comparison with the 
predictions of the MBZ model (Pr 69, Ku 78); also included by 
dotted lines are the other positive parity levels that are

7Tknown to exist in this excitation region. The J -values of 
the most of the low-lying levels in ^^Ti are established on a 
firm basis (see a discussion by Dracoulis ^  Dr 78) , but
a definite correspondence between theory and experiment can be 
made to only a few of them. A comparison of the transition 
strengths for such levels given by theory (Pr 69) and all (r,d) 
experiments (present work and refs. Br 68, Ba 68, Oh 68) is 
made in fig. 5.10. It is observed that the strengths given by
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the present experiment are in excellent agreement with the 
MBZ theory (fig. 5.10) for all but the first excited level 
(2^j); the strength for the latter group given by the present 
work is much smaller than that predicted. The strength given 
by Broman and Pullen (Br 68) on the other hand agrees with 
theory only for this 2^^ level. Several low-lying 2^ states 
are observed in the {r,d) experiments, only three of which 
are given by the MBZ model (figs. 5.9 and 5.10). It is, 
however, interesting to note that the summed strength 1.13 
measured in the present experiment for all the 2^ states up to 
E ~4 MeV, namely groups 1, 3, 5, 10 and 11, (group 9 is exclu- 
ded for not having an £=3 component) is indeed in excellent 
agreement with the summed strength 1.16 given by the theory 
(Pr 69) for the 2''’̂ ,  ̂ and 2^^ states and one may be tempted
to account for the difference in strenght between theory and 
experiment for the 2^^ state in terms of this fragmentation.

A 4^ level at E = 3.90 MeV is predicted (Pr 69) to be 
strongly populated in the (x,d) reaction (predicted strength 
= 1.01), but no single level is found in the experiment that 
may be a possible candidate for this. Whether or not the 
predicted strength is distributed over several of the levels 
with undetermined J^-values excited with £^=1+3 character 
(table 5.3) is difficult to say. Another 4^ sLcite at 3.22 MeV
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is predicted to have a small strength.

A detailed comparison with the (x,d) experiment thus
shows the inadequacy of the MBZ model; a satisfactory descrip-

46tion of only a few low-lying levels in Ti is given by the 
simple (lf^^2)^ configuration. Further indications of the 
existence of more complicated configuration come from the 
excitation of low-lying negative parity states and several 
states excited with £=1 character in the (r,d) reaction and
also from the existence of two low-lying 0^ states (Le 78,Au 78)
other than the ground state. An augmented basis of 6 particles 
and 8p-2h configurations employed later by skouras (So 75) is a 
step in that direction. Since it is extremely difficult to 
perform such a shell model calculation on the full (fp)^ basis, 
a deformed scheme was adopted. Other than reproducing the 0^2 
state the improvement is however not significant.

A passing mention may be made here on the band structure
of ^^Ti. From gamma ray studies following (r,n) reaction on 
43Ca, a ground state band has been proposed (Dr 78) comprising 
of the levels at E =  0, 0.889, 2.010, 3.299, 4.897 and 6.244 MeV
with respective J^=0^, 2'*', 4'*’, 6'*’, (8"̂ ), and (lO'*')
values. This is slightly different from the band suggested by 
Fortuna et (Fo 76) from the "^ Ĉa (^^C,a2py) reaction, namely
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levels at E = 0, 0.889, 2.010, 3.299, 4.643, 6.244 and 
6.519 MeV with respective J = 0^, 2^, 4^, 6^, (8^), (10^)
and (11^, 12^) values. The difference is probably due to 
the uncertainty in the spin assignments to higher members 
of the proposed band. Only the lowest four members of the 
band (and not the high spin levels) are populated in the 
( T , d )  reaction. The E2 transition strengths were derived 
by Dracoulis et (Dr 78) from the lifetime measurements 
and it is interesting to note that the enhancements of these 
transitions are approximately given by the MBZ model (Ku 78), 
as well by the more detailed calculations by Skouras (So 75).

A second positive parity band with the 2.613 keV level 
(J^=0"^) has also been tentatively proposed by Dracoulis et al ♦
(Dr 78). The excitation energies of the levels at E = 2.613, 
2.962, 3.827, 4.416, 5.280 and 6.027 MeV, with j’̂=0"^, 2"̂ , (4), 
(5~), (6) and (7) respectively, are remarkably linear against
J(J+1) and it is thus possible that some of the levels (obviously 
all these cannot be members of the even-J band) really belong 
to the same band. Only one member, namely the one at E =2.962 
MeV is populated in the (x,d) reaction and only weakly so.
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CHAPTER 6

REACTION ^^Co(t,p)

6.1 Introduction

The ^^Co nucleus may be described by an £-7^2 Photon 
hole and 6 neutrons distributed in the orbitals
beyond Z=N=28 closed shell. Theoretical studies have been 
attempted to describe the ^^Co states with models based on
excited core concept in which an £-7^2 Photon hole is coupled

6 2to the ground state or to the excited states of the Ni core,

Experimental information on the level structure of ^^Co 
has been derived using a variety of reactions. The B-decay 
studies (St 66, Gu 67, Gr 67) show very few levels and their 
energy levels are all consistent, from their studies the 
spin-parity assignments upto E = 1.995 MeV were made.

Spectrometer studies of levels of ^^Co on the decay 
of ^^Fe were performed by Bron et (Br 75) . Spin-parity 
assignments upto E = 3.365 MeV were made by assuming the 
ground state spin as 3/2~.

The properties of low-lying levels of ^^Co were studied 
by Coop et (Co 69,70) through (p,a) and (p,ay) reactions.

^« «Ml*n
/L
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Mateja et a.1 . (Ma 76) later studied the Ni(p,a) reaction 
at Ep= 13-16 MeV using magnetic spectrograph covering levels 
upto E = 3.937 MeV.

6 2The Ni(t,a) reactions were studied by Blair ^  al.
(B1 66) and Hudson ^  al. (Hu 71) and properties of several 
levels are given.

The level properties of ^^Co were studied by Hudson 
et al.(Hu 71) through the ^^Co(t,p) reaction at E^= 12 MeV 
covering levels upto 3.965 MeV with an energy resultion of 
-20 keV. Discrepencies are observed in parity assignment of 
some levels studied by Hudson et aJL. in (t,p) reaction and by 
Blair ^  al. (Bl 66) in (t,a) reaction. Mateja et (Ma 7G) 
observed all the levels excited by different reactions includ­
ing (t,p) upto E = 3.965 MeV in addition to several new levels.

59The present (t,p) reaction on Co at 15 MeV was studied with 
a slightly better resolution to re-examine the level proper­
ties of the ^^Co and also to extend to as high an excitation 
energy as possible.

6.2 Experimental Procedure
59The plates exposed with the Co(t,p) reaction were 

scanned at the Nuclear Physics Laboratory, University of Dacca,

64
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Dacca. Scannings have been done for all the plates. But 
the spectra were lousy at high excitation, so that no 
significant results were obtained above 5.23 MeV. A typical 
spectrum at 11.25° is shown in the fig. 6.1. The numbers 
adjacent to the peaks refer to the level numbering of the 
table 6.3. Contaminant groups resulting from (t,p) reactions 
from different impurities like ^^0 and ^®Fe in the
target are labeled using the corresponding level energy in 
the residual nuclei. Energy calibrations were performed at 
four angles using least squares fit with known energy levels 
namely 1.027, 1.619, 2.231, 2.343, 2.639, 2.864 and 3.104 MeV 
taken from Nu^-iear Data sheet (Au 75). The procedure has 
been mentioned in Chapter 2 (Section 2.6), these levels are 
shown underlined in the table 6.3. The values of a^, â  ̂ and 
a2 for each channel are shown in table 6.1. The overall energy 
resolution (FWHM) was found to be 18 keV. Levels upto 
E^~5.23 MeV have been identified and angular distributions 
have been measured for most of the transitions.

The relative cross sections were measured for each level 
with method as described in Chapter 2 (Section 2.8).

6.3 DWBA Analysis

The Distorted Wave Born approximation (DWBA) calculations
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Table 6.1

Constants of least squares fit for
^^Co (t,p) reaction

Channel ^o ^1 ^2

2 13.516 -33.953 5.976

3 14.120 -37.565 10.858

4 14.107 -38.111 12.191

5 14.089 -38.559 11.816
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were made for the Co(t,p) reaction with the code DWUCK 
of Kunz by the present author with the help of Professor
H.M.Sen Gupta using the IBM 370/115 Computer of Bangladesh 
University of Engineering and Technology, Dacca.

The optical model potential used was of the same form
as that in Chapter 4, but without the spin-orbit term.
Triton potential and the real part of the proton potential
were of the standard Woods-Saxon form, while the imaginary
part of the proton potential was the Woods-Saxon derivative.
All calculations were performed with local potential using a
zero range approximation without any lower cut off. The real
depth of the bound state was adjusted to give the correct
binding energy. Because of non availability of triton elastic
scattering data around E^= 15 MeV for the mass of Co nuclei,

6 2parameters determined from Ni (Ha 67) for set A and 
59Ni (FI 69) for set B, were used for the entrance channel.
Triton potential parameters of set A were chosen from the
survey of Hafele et (Ha 67) and for set B 1.16 fm
family) from the survey of Flynn ^  al.(Fl 69) ; this was also

59used by Nann et al. (Na 78) in Ni(t,p) reaction. Proton
potential parameters, set A, are taken from individual data
sets of Makofske et (Ma 72) and for set B the global

59potential of Perey (Pe 65) ; this was also used in the Ni(t,p)

59
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reaction by Nann et a^. (Na 7 8) with slightly increasing the 
real well depth. The optical model parameters are listed 
in table 6.2.

For the DWBA analysis the configurations used were of 
different L-transfers as follows :

L=0 :
<“ 5 / 2

L=2 : ( 2 P i / 2 “ 5/ 2 '

L=3 : ( 3 S i / 2 “ 5 / 2 >

L=4 : (3Si/2 ig,/2)

For each L-transfer the DWBA calculations were made 
with different J—values 7/2, 5/2 and 3/2. For each L-transfer 
calculations were carried out for excitation energies E = 0, 
1.5, 3.0 and 4.5 MeV. DW calculation for ground state was also 
done by reducing the strength of the optical model parameters 
for set A A to 10% to see the effect of the parameter 
variation (fig.6.2).

Angular momentum transfers were measured with DWBA 
calculation of set A A for all states. But set B B was 
attempted for those states which were not fitted with set 
A A and/or had disagreement with the assignments of previous 
(t,p) reaction of Hudson et al. (Hu 71).
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F i g . 6.2. Effects of potential parameters and configuration
on DWBA calculations.
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6.4 Energy Levels of

A sununary of the levels observed in ^^Co with the 
(t,p) reaction is given in table 6.3. The second and third 
columns of this table identify the excitation of the levels 
by means of present and previous (t,p) experiments (Hu 71).
For convenience in comparison of individual states the 
excitation energies from both (t,p) and (p,a) data (Ma 76) 
and those from recent compilation are presented in a separate 
table 6.4. The energy values are correct upto three decimal 
places except where shown otherwise.

59The levels populated in previous Co(t,p) reaction
(Hu 71) upto E = 2.765 MeV are all observed in the present
study and the energy values are also consistent with theirs.
Within this excitation energy there are four states at 1.89,
1.96, 2.01 and 2.48 MeV excited in present work, but not
found in the previous (t,p) reaction by Hudson et These

64levels were identified in the Ni(p,a) reaction (Co 69,70 ,
Ma 76). Hudson ^  (Hu 71) observed two levels at 1.903 and 
1.971 MeV in the (t,a) studies. The levels at 2.012 and 
2.484 MeV are excited in the 3 - decay (Br 75). The level at
2.94 MeV observed in present (t,p) work is excited in (p,a) 
reaction (Co 69, Ma 75). This is also observed in the 
6 - decay(Br 75), but was not found in the previous (t,p)
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Table 6.3

Summary of the results of ^^Co

Level EX (MeV) L - transfer
Cross 
Section 
(arb.units)

a) b) a) b) a)^ c)

gs 0 0 0 0 5293 7/2"
1 1.026 1.026 2 2 269 3/2“
2 1.20 1.213 2 2 65 3/275/2"
3 1.286 1.286 2 2 224  ̂ 7/2"
4 1.622 1.620 0 or 2 0 150 7/2"
5 1.666 1,66 2 2 847 > 7/2"

6 1.89 n.a 52
7 1.96 n .a 26.71 3/2"
8 2.01 2+4 24.9 3/275/2"
9 2,231 2.239 2 2 148.3

10 2;303 2.313 2+4 2+4 89 3/275/2"
11 2.343 2.348 0+2 0+2 315 7/2"
12 2.37 2.386 4 4 83 d/2")
13 2.429 2.436 2+4 2+4 84
14 2.48 n. s 75 3/2,5/2
15 2.564 2.568 2 2 431 3/2-^^b/
16 2.639 2.639 2 2 604
17 2.71 2.728 2 2 100
18 2.74 2.765 2 2 95 3/6",5/6

»-e)
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Cross
Section

Level E (MeV)X L - transfer (arb.units)

a) b) a) b) a)'̂ c)

19 2.857 2.882 2+4 2 52 5/2"^^ ,2/2"*^^

20 2.94 2 58 3/2",5/2"
21 2.984 2.975 2+4 2 150

■- 3.017 2 •
22 0.064 2+4 44
23 3.109 2+4 ' 230
24 3.16 3.151 4 (2+4) 147 d/2")
25 3.22 3.220 0+2 (0+2) 103
26 3.331 2+4 194
27 3.388 3.394 2+4 (2+4, 3) 381
28 3.446 3.450 2+4 0+2 356 (7/2")

29 3.501 3.515 2+4 0+2 239

30 3.570 3.578 2+4 2+4 212 (3/2+)‘̂ l3/2"-ll/2 
(3/2'^, 5/2'^)^^

31 3.618 n . s 58
32 3.651 3.653 '2+4 2+4 321
33 3.68 (2+4) 103
34 3.72 3.713 0 4 123 7/2"
35 3.766 3.746 2+4 2+4 152 (7/2")
36 3.857 3.870 3 (2+4) 230 (3/2, 5/2)"^
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Table 6.3 fContinued 1

Level (MeV) L - transfer
Cross 
Section 
(arb.units)

a) b) a) b) a)"*" c)

37 3.93
3.965

n.s
2+4

113

38 4.010 2+4 318
39 4.09 0 141 7/2"
40 4.13 n . s 115
41 4.21 2+4 111
42 4.26 0 205 l/2~

43 4.31 (0+4) 262 (7/2
44 4.40 n.s 247
45 4.44 n. s 142
46 4.53 2+4 143
47 4.57 (2) 300
48 4. 67 n.s 110
49 4.73 2+4 119
50 4.80 n. s 181
51 4.84 ' 0 452 7/2“
52 4.92 2+4 147
53 5.04 0+4 192 7/2"
54 5.08 2+4 304
55 5.13 2+4 400
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Table 6.3 (Continued)

Level E (MeV) L - transfer
Cross
Section
(arb-units)

a) b) a) b) a)t c)

56 5.18 n.s 214
57 5.23 n.s 191

n.s - non stripping angular distribution, 

n.a - data not analyzed.

a) Present work

b) The ^^Co(t,p) reaction at E^= 12 MeV, Hudson 
^  al.(Hu 71)

c) Previous experiments, summarized by the present 
author, consistent with present L-assignment (Br 75, 
Co 70, B1 66, Ĵ a 76) .

d) The (t,a) reaction of Blair ^  (Bl 66) .

e) Present work

a) Peak cross section

f) The (p,a) reaction of Mateja et al.(Ma 76)

g) B-decay by Bron et al.(Br 75)
«

The estimated errors in energies in present work are + 15 keV.
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reaction by Hudson e_t (PIu 71) .

The levels at 3.109, 3.618 and 3.68 MeV found in the 
present work were not observed in the previous (t,p) study, 
but were identified in (p,a) reaction by Mateja ̂  al.(Ma 76). 
The present (t,p) experiment populates the states at 3.064 and 
3.331 MeV which are not observed in any previous work.

The level at 3.93 MeV (the present study) is possibly 
an unresolved doublet of 3.924 and 3.937 in (p,a) of Mateja 
et al.(Ma 76). In the present (t,p) reaction some unresolved 
levels are observed such as 2.564, 2.71, 3.22, 3.388, 3.570 and 
3.766 MeV resolved into 2.559 and 2.572, 2.707 and 2.727,
3.204 and 3.240, 3.384 and 3.397, 3.565 and 3.575, 3.758 and 
3.775 MeV in the (p,a) reaction of Mateja ejb (Table 6.4)

6.5 Angular momentum transfer and spin-parity assignment

Angular momentum transfers of states were determined 
from a comparison of the measured angular distribution with  ̂

that given by the DWBA calculations (listed in the fifth 
column of table 6.3). The solid lines in fig. 6.2 represent 
the theoretical cross sections normalized to the experimental 
angular distributions. The L-transfer of states due to 
different mixtures is obtained by taking a sum of theoretical
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Energy levels of

E (MeV)

Level a) b) C) d)

gs
1 1.026 1.027 1.026 1.028
2 1.20 1.205 1.213 1.206

1.272
3 1.286 1.286 1.286 1.286

1.325 1.323
4 1.622 1.619 1.620 1.619

1.646 1.646
5 1.666 1.664 1.66 1.665
6 1.89 1.889 1.889
7 1.96 1.953 1.953
8 2.01 2. 012 2,014
9 2.231 2.231 2.239 2.232

2.258
10 2.303 2.303 2.313 2.304
11 2.343 2.343 2.348 2,346
12 2.37 2.386 2.386 2.374
13 2.429 2.432 2.436 2.432
14 2.48 2.484 2,484

2.558
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Table 6.4 (continued)

E (MeV)
X

Level a) b ) c) d )

15

16 

17

2.564

2.639

2.71

2.568

2.639

2.568

2.639

2.728

2.559
2.572
2.642
2.707
2.727

18

19

2.74

2.857

2.754

2.864

2.765

2.882

2.757
2.780
2.867

20 2.94 2.920 2.922

21 2.984 2.875 2.975 2.980

22
23

24

3.064
3.109

3.16

3.104

3.017

3.151

2.998

3.102
3.126
3.152
3.176
3.190
3.204

25 3.22 3.220
3.239 3.240
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Table 6.4 (continued)

E (MeV)X

Level a) b) c) d)

26 3.331
3.349
3.357

- 3.365 3.364

27 3.388 3.394 3.384
3.397
3.410
3.428

28 3.446 3.450 3.445
■- 3.471

3.485
29 3.501 3.515 3.493

3.514
- 3.536

30 3.570 3.578 3.565
3.575
3.600

31 3.618 3.609
32
33

3.651
3.68

3.653 3.654
3.692

34 3.72 3.713 3.700
3.728
3.753
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Table 6.4 (continued)

E (MeV)

Level a) b) c) d)

35 3.766 3.746 3.758
3.775
3.806
3.815
3.827

36 3.857 3.870 3.871
3.890
3.906
3.916
3.924

37 3.93

3.965
3.937

38 4.010
39 4.09
40 4.13
41 4.21
42 4.26
43 4.31
44 4.40
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Table 6.4 (continued)

E (MeV)

Level a) b) c) d)

45 4.44
46 4.53
47 4.57
48 4.67
49 4.73
50 4.80
51 4.84
52 4.92
53 5.04
54 5.08
55 5.13
56 5.18
57 5.23

a) Present work
b) Summarised by Auble (Au 75)

59c) The Co(t,p) reaction by Hudson ^  al̂ . (Hu 71)
64d) The Ni(p,a) reaction by Mateja et al.(Ma 76)
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angular distributions of two L-transfers in a proportion 
that gives the best fit to the measured values. The experi­
mental angular distribution is then fitted by this sum which 
is represented by the solid lines and the components are 
represented by the broken lines.

The results of the calculations show that shapes of 
the angular distributions are essentially independent of the 
configurations assumed and of different J-values for an L - 
transfer.

The distorted wave calculation also does not show any 
significant dependence on the variation of optical model 
parameter. For the odd A nuclei the selection rules govern­
ing the (t,p) reaction (S=0) are

These selection rules allow more than one L-value for a 
given transition. A definite spin assignments is not usually 
possible from the above selection rules. Only parity and 
limits on the possible spin of a state are given. Spin and 
parity assignments of the levels have been made for those 
cases where angular momentum for same levels have been 
measured in (t,p) reactions and (t,a) or 3-decay, since in
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(t,a) or 3-decay only one J- value is allowed in the tran-
59sition. The ground state spin of Co is 7/2 , so a state 

excited by L = 0 transfer in ^^Co has J^= 7/2 . The states 
with mixed L-transfers are produced when the two neutrons 
coupled to the ^ 2  hole will mix with proton states
of the same spin. Therefore the expected J^- value would 
be in the limit 3/2~- ll/2~ for L = 2 + 4 and 7/2~ for 

L = 0 + 2 transitions.

6.5.1 L = 0 transfer

The angular distributions for six states including 
ground state are fitted with L = 0 transfer (fig. 6.3). The 
spin of these states is therefore 7/2 . Two sets of potential 
parameters were used to fit the ground state angular distri­
bution. A better fit is suggested by the set BB specially for 
the forward angles. The level at 1.622 MeV is characterized 
by both L = 0 and 2 transfers (fig. 6.3) as against only L = 0 
found by Hudson et al.(Hu 71). An attempt was also made to 
fit the angular distribution of this level with potential para­
meter of set BB for L = 0 and 2. No improvement is observed. 
Blair _et (B1 66) from (t,a) reaction and Bron et (Br 75) 
in the B-decay assign J^= 7/2 for this state ; either of

TTL = 0 and L = 2 transition is consistent with this J - value.
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The present study shows an L = 0 transfer for th*-* state at 
3.72 MeV as against an L = 4 transition given by previous 
(t,p) reaction (Hu 71). Both L = 0 and L = 4 transfers are 
shown in the fig. 6.3. The parameter set BB also gives an 
L = 0 transfer. Unfortunately the data point at the forward- 
most angle is missing. This could perhaps help distinguishing 
between L = 0 and L = 2 assignments.

The angu.lar distribution for the remaining three levels 
(E =4.09, 4.26 and 4.84 MeV) are all fitted quite well with 
an L=0 transfer. Though the data at the fiist forward angles 
are missing, the 4.09 MeV level shows the characteristics of 
an L = 0 transfer.

6.5.2 L = 2 transfer

The angular distributions for eleven states are observed 
to have characteristic of an L = 2 transfer shown in fig. 6.4, 
the limits for an L = 2 transfer are 3/2 - 11/2 .

Of these states the ones at 1.026, 1.20, 1.286, 1.666, 
2.231, 2.564, 2.639, 2.71 and 2.74 MeV are well fitted by 
L = 2 DWBA curves. Hudson et al.(Hu 71) also identified these 
levels as L = 2 transfer in (t,p) reaction. Blair et al̂ . (Bl 66) 
in (t,a) reaction assigned J^= 3/2 for the level at 1.027 MeV.
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Bron et al.(Br 75) assigned J^= 3/2~ for 1.027, 3/2 , 5/2 
for 1.205 and 3/2", 5/2" for 2.754 MeV levels. The absence 
of 3-feeding to the level at 1.28 6 MeV gives the probable

7/2~. Smit et (Sm 79) and Mateja ^  (Ma 76) assign­
ed high spin value to this level. Coop et al.(Co 69,70) 
identified the J^-values of the 1.027 and 1.206 MeV levels as 
3/2“ and 3/2~, 5/2~ in (p,a) reaction. Tlie present L-assign- 
ments are consistent with these J^-values. Blair et (Bl 66) 
predicted J^= 1/2^ and 3/2^ for the 2.247 and 2.575 MeV levels 
and Coop et al. (Co 69) in (p,a) reaction assigned J^= 1/2'*’ for 
the 2.230 and 3/2"'’ for 2.563 MeV level. If 2.231 and 2.564 MeV 
level in the present (t,p) reaction may correspond to the 2.247 
and 2.575 MeV of Blair et al. The present L-transfers of these 
two levels disagree with theirs (Co 69, Bl 66). The (t,p) 
angular distribution leading to the level at 2.71 MeV is charac­
terized by an L = 2 transfer (present work and Hu 71). Mateja 
et al. (Ma 76) observed two levels at 2.707 and 2.727 MeV in 
place of 2.71 MeV. The spin of the level at 2.727 MeV is 
believed to be 1/2 - 5/2 (Ma 76).

Hudson et al. observed the level at 1.66 MeV through an 
L = 2 transfer and made the tentative assignments as (5/2 ). 
Bron et al.(Br 75) observed the level at 1.645 MeV with 
J''̂ = (3/2~) , 5/2~. But Mateja et al. (Ma 76) identified three 
levels at 1.619, 1.646 and 1.665 MeV. They also predicted
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that the last one might be a high spin state J^^7/2 . Among 
these levels, the first two were observed by Bron et al.
(Br 75) in g-decay. Smit et al.(Sm 78) predicted the level 
at 1. 656 with as high as .11/2 . The level at 1.666 MeV 
in the present study is very strongly populated and the L- 
assignment is consistent with the predicted J^-value.

The angular distribution of the level at 2.94 MeV has 
been satisfactorily reproduced through an L = 2 transfer.
Bron et al. (Br 75) predicted J = 3/2, 5/2 of the level at
2.94 MeV from 6-decay. The of the level would thus be 3/2 , 
5/2~. The 4.57 MeV level is populated by an L = 2 transition 
and is poorly fitted by DWBA calculation. The 2.94 and 4.57 
MeV levels have not been observed by Hudson et in the
(t,p) reaction.

6.5.3 L = 3 transfer

Only one level at 3.857 MeV is excited with angular 
distribution characterized by an L = 3 transfer (fig. 6.5) ; 
Hudson et (Hu 71) however made a tentative L = 2+4
transfer in (t,p) reaction. Mateja ^  al. (Ma 76) tentatively 
assigned = 3/2"^, 5/2"^ and Blair ^  a]̂ . (Bl 66) through 
®^Ni(t,a) reaction assigned = 3/2^ to this level. The J^- 
limits from the present work are 1/2^ - 13/2^, being consistent
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with their assignments.

6.5.4 L = 4 transfer

Two states at 2.37 and 3.16 MeV exhibit the character­
istics of an L = 4 transfer (fig. 6.5). In the previous 
(t,p) reaction studied by Hudson et (Hu 71) the state 2.37 
MeV state was excited by L = 4 transition^ while the other 
state is observed with tentative L = 2 + 4 character. The 
DWBA analysis is tried with the set BB which again requires 
an L = 4 transition.

6.5.5 L  = 0 + 2 transfer

Levels at 3.043 and 3.22 MeV are found to be populated 
by L  = 0 + 2 transitions and the angular distributions are 
well fitted by the DWBA calculation (fig. 6.6). This L = 0+2 
assignment is consisten with the (t,p) work of Hudson et al. 
(Hu 71). The J^-value of these states is 7/2 . The level at 
3.22 MeV with L = 0 + 2 may correspond to the state at 3.215 
MeV with = (3/2)"^ observed by Blair (Bl 66) in (t,a)
reaction. Bron et al.(Br 76) observed two levels at 3.204 and 
3.239 MeV assignd J^= 3/2“ , 5/2“ and J = 3/2, 5/2 to both the 
levels. The present L-assignment then contradicts the parity 
assignment made by Blair e^ al.
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F i g , 6 . 5 ^  Experimental angular distributions fitted to 
L = 3 and 4 DWBA curves.
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6.5.6 L = 0 + 4 transfer

Two states at 4.31 and 5.04 MeV populated in the 
present (t,p) reaction through L = 0 + 4 transitions, have 
not been found in any previous works (fig. 6.6). The angular 
distribution of the level 4.31 MeV is well fitted, while the 
fit to the 5.04 MeV level is poor. These states are assigned 
to have = 7/2 .

6.5.7 L = 2 + 4 transfer

The angular distributions of a large number of levels 
are fitted by mixed L = 2 + 4 transfers (figs. 6.7, 6.8). Six 
of these levels, namely at 2.303, 2.429, 3.388, 3.570, 3.651 
and 3.766 MeV, are in agreement with previous (t,p) results 
(Hu 71, fig. 6.7). Because of the consistency in L-transfer 
the 3.766 MeV level in the present study may be compared with 
the level 3.746 MeV of Hudson et a]̂ . For the level at 3.388 
MeV Hudson et assigned an ambiguous L = 2 + 4 or 3 transfer
whereas in the present work an L = 2 + 4 gives a good fit to 
the measured angular distribution (fig. 6.7). An L = 3 distri­
bution with both the parameter sets AA and BB gives a poor fit 
to the data. The L-transfer values for the levels at 2.857, 
2.984, 3.446 and 3.501 MeV made in the two (t,p) works (present 
work and Hudson et al.) are not in agreement with each other.
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F i g . 6.6, Experlnental angular distribution fitted with L=0+2
L=0+4 DWBA curves.
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Bron ^  (Br 75) assigned J = 3/2, 5/2 to the level
at 2.01 MeV from 6-decay. Coop ^  al. (Co 70) also suggest
the same J-value. The present L-assignment for the level 
gives j^= 3/2~, 5/2~. Bron et (Br 75) observed the levels 
at 2.303 and 2.857 MeV with j'̂  = 3/2", 5/2" and 5/2" respect­
ively. The state at 2.857 and 3.466 MeV excited through 
L = 2 + 4 characteristics in the present study may be considered 
the same level as the 2.8 93 and 3.470 MeV found in (t,a) 
reaction (Bl 66) with = 7/2 and (7/2 ) . Blair ^  (Bl 66)
also observed the level at 3.776 MeV with = (7/2 ). Mateja
et al.(Ma 76) observed two levels at 3.758 and 3.775 MeV and
tentatively assigned the J^-value of (3/2 , 3/2 ) to the 3.758 
MeV. The L = 2 + 4 transfer to the levels at 2.303, 2.857,
3.466 and 3.776 MeV are consistent with J-assignments made 
earlier (Bl 66, Br 75, Ma 76).

6 2In the study of the Ni(t,a) reaction (Bl 66), the 
state at 3.578 MeV was observed with = 3/2'*’; corresponding 
to this the observed level at 3.570 MeV in the present (t,p) 
reaction is excited through an L = 2 + 4 transition with J^— 
limits 3/2" - 11/2". The present work is then in disagreement 
with their work.
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6.5.8 Non-stripping level

There are eleven states (fig. 6.9) that show feature­
less angular distribution and are not given by a single-step 
process. Spin-parity assignments of the level 2.48 MeV made 
in different studies are given in table 6.3.

6.6 Structure of ^^Co

Several theoretical works have been done to study the
level properties of the odd - mass Co-isotopes and these have
been fcur.d tc be z-~~zzzf-l i~ c::plzining the low-lying levels.

57 59Earlier studies were limited only to Co and Co isotopes 
because of lack of availability of properties of excited states 
of ^^Co.

The level properties of ^^Co are tried to explain on the 
basis of theoretical work of Satpathy and Gujrati (Sa 68), 
Stewart et (St 71) , Gomez (Go 72) and Smit ^  (Sm 79) as 
described in Chapter 4 (Section 4.5) (fig.6.10).

The theoretical levels calculated by Stevrart et al. (St 71) 
and Gomez (Go 72) are similar in structure upto 2.3 MeV but the 
predicted level spacings are different. The first excited state
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= 9/2 predicted by Satpathy et is raised in these
two models and becomes approximately degenerate with the 
11/2 Jevel as a lower member. The sequance of the levels is 
much better given in the calculations by Stewart et al.(St 71) 
than those found in the work of Satpathy. Theoretical levels 
calculated by the three models (Sa 68, St 71, Go 72) are found 
to be in agreement with few experimental levels upto 2.5 MeV.

The level at 1.272 and 1.287 MeV were observed by 
Hudson et (Hu 71) in (t,a) reaction as a doublet. These 
two are expected to have high spin values. Bron et al.(Br 75) 
observed the 1.287 MeV level without direct B-feeiding. So 
expected spin would be >1/2. Mateja et (Ma 76) observed a 
triplet at 1.619, 1.646 and 1.665 in place of a doublet. The 
1.665 MeV level is populated very strongly which is consistent 
with the high spin assignment. Mateja ̂  did not observe 
the 1.27 2 MeV state in their study of the ^^Ni(p,a) reaction. 
Smit et £l.(Sm 78) predicted that 1.28 and 1.65 MeV levels 
were of high spin state. The level at 1.666 MeV is also 
observed as one of the strongly excited states in the present 
study with L = 2 transfer.

The 1.287 and 1.665 MeV may therefore be compared with 
the theoretically predicted spin state 9/2 , ll/2~ the position
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of the 1.665 MeV state is higher than the predicted one.

The level at 1.027 MeV with = 3/2 is explained 
well by Satpathy e^ (Sa 68) and Stewart et a^. (St 71).
The levels at 2.247 MeV (J^= 1/2'^), 3.573 MeV (J^= 3/2'̂ ) and 
2.575 MeV (J^= 3/2"'') observed by Blair et (B1 66) in (t,a) 
reaction are well accounted for by Satpathy et (Sa 68).
The levels at 1.62 3 MeV J^= 7/2" and 1.65 MeV J^= 3/2", 5/2" 
identified by Coop et (Co 69,70) in (p,a) and in 6-decay 
study by Bron ^  (Br 75) may be compared with the doublet 
of spin states 7/2", 5/2 predicted by Satpathy et (Sa 68) . 
The observed levels at 1.325 MeV (J^=l/2"), 2.015 MeV (j^=3/2", 
5/2"), 2.37 MeV (J^=(l/2)~), 2.343 MeV (j'^=7/2") and 2.484 MeV 
(J =3/2, 5/2) are well accounted for by the calculations of 
Stewart et al.(St 71). The level at 3.343 MeV is excited in 
both (t,p) reactions (the present work and Hudson et a]̂ . (Hu 71)) 
through L = 0 + 2 and may be compared with the calculated level 
at 3.368 MeV (J^=7/2~) by Satpathy et al.(Sa 68). The observed 
levels at 1.20 MeV (J^=3/2", 5/2"), 1.65 MeV (J^=3/2", 5/2"),

7T *1.623 MeV (J =7/2 ) are also well reproduced in the model of 
Stewart et al.(St 71).

Smit e± (Sm 79) successfully calculated the level 
structure of ^^Co using semimicroscopic model. They have
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predicted that satisfactory description of three transfer 
reaction can be obtained by extending the work of this model 
in thiij mass region. The hole states at 2.22 MeV (J^=l/2^) 
and 3.56 MeV (J^=3/2^) may be compared to the 2.247 MeV 
(J =̂l/2'*') and 3.573 MeV (J^=3/2'*’) levels observed by Blair 
et al.(Bl 66) in (t,a) reaction.

Hudson ^  al.(Hu 71) tried to explain the general
features of the levels of ^^Co produced via (t,p) reaction by

59assuming a simple model. They described the Co nucleus by
an f-7y-2 Photon hole and four neutrons outside Z = N = 28 shell

59closure. When two neutrons transfer to Co nuclei through 
(t,p) reaction, the ^^Co states can be reached by coupling the 
f^^2 proton hole to two transferred neutrons generating states 
with = o"*̂, 2**̂ and 4'*'.

Hudson et a]̂ . observed transitions below 2.24 MeV as 
pure L = 2 transitions followed by two L = 2 + 4 transfers ; 
several L = 2 transitions were afterwards observed upto 3.02 
MeV. Thereafter only L = 2 + 4 transfers are found. They 
interpreted the result as follows : There are several
neutron configurations that can be coupled to spin 2'*’. But

^^3/2 ' ^1/2^ ^^1/2 ' ^5/2^ would exhibit pure L = 2
character, when coupled to the f^^2 Photon hole. The
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^^3/2 ' ^5/2^ ^^5/2 ' ^5/2^ configurations can be
coupled to both 2^ and 4^ spin. Thus mixed transitions 
are possible. Among these L = 2 + 4 and L = 4 transitions 
occur.

The same sequence is also observed in the present 
(t,p) study.
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CHAPTER 7

REACTION ^^^Ru(t,p)

7.1 Introduction 

104The Ru is an even-even nucleus and exhibits
vibrational levels in low excitation energy. The information

104on the levels of Ru is rather meagre. This nucleus has 
been studied only through the Coulomb excitation and 6 - decay,

The Coulomb excitation studies have identified the 362 keV 
level (Te 56, St 58) and 893 keV level (St 61). Later McGowan 
et al.(Me 68) reported another level at 983 keV.

104The level scheme of Ru was studied by Zander et al . 
(Za 66), Pinston et £l.(Pi 70), Tivin et al.(Ti 75 and 
Summerer et al. (Su 78a) through decay of Tc. The middle 
two measurements report levels upto 3.77 MeV and later 
upto 4.268 MeV. Pinston et (Pi 70) made J^- assignments 
to several levels, some tentatively on basis of ground state 
^^^Tc as 2~. Summerer et al.(Su 78b) deduced J^- values of 
some low-lying levels upto 2.4 81 MeV by Y-Y correlation 
measurements.

The (t,p) reaction was therefore undertaken in an attempt
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to provide spectroscopic information on to examine
whether the levels excited in 3- decay may be populated in 
(t,p) reaction and also to extend the excitation above 
4.268 MeV.

The theoretical calculation of the level structure 
of this nucleus is also rather -inadequate and is calculated 
upto 1.8 MeV. The present experimental information may then 
guide to a future theoretical study.

7.2 Experimental Procedure

1U4The emulsion plates exposed to the Ru (t,p) reaction
were scanned at the Nuclear Physics Laboratory, University of
Dacca, Dacca. Although the entire length of the plates were
scanned, the excitation energy could not be measured above
E ~5.08 MeV due to lousy spectra at high excitation energy.

104The proton groups corresponding to the ground state of Ru 
could not be scanned at the first four angles because of 
emulsion disturbance. A typical spectrum at 11.25° is shown 
in fig. 7.1. The numbers adjacent to the peaks refer to the 
level numbering of table 7.3. Different contaminant groups are 
labeled with corresponding level energy in the residual nuclei. 
Energy calibrations were done using the least squares method
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at four angles using several known levels namely the levels at 
0.352, 0.994, 1.981, 2.487 and 2.866 Mev (Sa 76) as discussed 
in Chapter 2, Section 2.6. These levels are shown underlined 
in table 7.3. The constants of the least squares fit are given 
in table 7.1. The overall resolution (FWHM) is -20 keV. A 
total of 72 levels are identified upto E ~5.08 MeV and angular 
distributions were measured for these levels. The relative 
cross sections were measured for each level as described in 
Chapter 2, Section 2.8.

7.3 DWBA Analysis

102The DWBA analysis were performed for the Ru(t,p) 
reaction with the code DWUCK of Kunz using the IBM 370/115 
Computer at the Bangladesh University of Engineisring and 
Technology, Dacca. The present author was helped by Professor
H.M. Sen Gupta in these calculations.

The optical model potential was of the same form as in
59Co(t,p) reaction (Chapter 6). Triton elastic scattering data 
are not available around E^=15 MeV for Ru nuclei. Triton poten­
tial for set A was from elastic triton scattering from ^^^Sn at 
20 MeV (Ha 67) and set B from interpolation of neighbouring 
nuclei (Fl 69). The set C was actually refitted (De 75) with 
the requirement that the real radius and diffussivity parameters
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Table 7.1

Constants of least squares fit for

(t,p) reaction

Channel ^o ^1 ^2

2 14.006 -37.938 15.171

3 14.212 -39.082 16.377

4 13.915 -37.877 15.264

5 12.990 -33.557 9.055
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t V

and remain close to the corresponding values for the 
proton parameters. The real well depth for tritons is approxi­
mately three times the proton real well depth so that the well
matching condition be satisfied.

Proton potential for set A was taken from elastic scat­
tering of proton on ^°®Pd at 13 MeV (Ro 66) and set B was from
the global potential given by Becchetti and Greenlees (Be 69).

The potential parameters for set AA were earlier used 
in (d,t) reaction on ^®^Pd at E^= 17 MeV (Di 69) and sets BE 
and CB were used in the analysis of the ^^^Rh(p,t) reaction by 
Del Vecchio (De 75). Real depth of bound state is adjusted to 
reproduce the binding energy. The potential parameters are given 
in table 7.2.

The bound state configurations were constructed on the 
basis of the simple shell model. The transferred neutrons are 

expected to be captured into 2d^^2 ' ^^^3/2 ' ^®l/2 ' ^^7/2 
lhii/2 levels. The configurations used for set AA in the DWBA 
calculations for different L-transfers are as follows :
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L . 0 : (2d5^2

L = 1 ; (2^/2 2f7/2),

L = 2 ; (1^7/2 2d3/2), (;

^^^7/2 lg7/2)

L = 3 : (2d5/2 ^*^11/2^ '

L = 4 : (lg7/2 2Si/2),

'1/2- 7/2'

For each L-transfer the DWBA calculations were made with 
excitation energy E = 0, 2 and 4 MeV.X

For sets BB and CB only the configurations (fig. 7.2) that 
are underlined above were used. DWBA calculations with the set 
AA were found to fit most of angular distribution, while some 
of the distributions not fitted by the set AA are well account­
ed for by sets BB and CB. The calculated angular distributions 
using the three sets are represented by solid line for set AA, 
dots for set BB and, dot and dash for set CB in the fig. 7.3.

1047 . 4 Energy Levels of____ Ru

The results of the reaction ^^^Ru(t,p) are summarized in
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Fig. 7.2. DWBA curves with different configurations using
parameter set AA.
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F i g .  7 . 3 .  DWBA curves With different potential parameters.
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table 7.3. This table also includes for a comparison the
104excitation energy of the Ru compiled by Samuelson et.al.

(Sa 76). The energy values in the present work are significant 
to three decimal places except where shown otherwise.

Most of the adopted levels upto E ~3.776 MeV (Sa 76) 
are identified in the present experiment. The levels at 1.504,
1.88, 1.979, 2.295, 2.487, 3.495 MeV found in the present 
study are in excellent agreement with previous 6-decay studies 
(Pi 70, Ti 75, Su 78a). The first two g-decay experiments 
excite the levels at 2.55, 3.716 and 3.780 MeV of present study. 
The present (t,p) reaction populates states at 2.088, 2.17, 
2.610, 3.016, 3.522 and 3.557 MeV whxch are identified in the 
6-decay study by Tivin et al.(Ti 75), whereas Summerer ^  al.
(Su 78a) observed 2.088 and 2.610 MeV levels. The level at 
3.463 MeV was found by Tivin et al.(Ti 75) and Zander et al.
(Za 66) in the 6-decay studies. The levels at 1.34, 2.387, 
2.425, 3.36, 3.410, 3.61, 3.645, 3.68, 3.86 and 4.278 MeV 
excited in the present study, are not listed in the Nuclear
Data Sheet (Sa 76). Among these, the 1.34, 3.36 and 3.645 MeV
levels are observed by Pins ton et a3̂ . (Pi 70) and rest are
identified by Summerer et al.(Su 78a) in 6-decay experiments.

In the present study fifteen new levels within E ~3.778X
MeV and twenty-seven levels above this are identified.
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Summary of the results of ^®'*Ru

Level
E (MeV)X
a)

Cross Section L- 
arb.units trans.

b) a) a) a) c)

gs
1

2

3

4
5

6
7

0.353

0.896
0.991

1.34
1.504

1.81
1.88

8 1.979

2.088

10 2.17

0.358
0.889
0.893
0.988
1.242
1.355'
1.502
1.515
1.685

1.874
1.899*
1.933
1.971
1.933*
2.035
2.087
2.094*
2.175

450

144
1881

85
134

89
22

220

161

2

(3)

(1)

1

(3)
4

2^
(3“)

d ’)
1"

(3 )

3(2)1 3‘̂‘̂

(3,4)-",3‘̂

3 3" (1,2)"^,3"*^

+ -d (2,3)-,3

(1,2)
n.a
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Table 7.3 (continued)

Level
E (MeV) Cross Section L- 

arb.units trans.
rTT

a) b) a) a) a) c)

11
12

13

14
15
16

17

18
19
20 

21

22
23

2.20

2.24
2.269 

2.295 2.289
2.329^ 

2.387 2.394^
2.425 2.430^
2.454

2.482 
2.487 2.490

2.524 
2.55 2.547
2.610 2.616 
2 . 6 6  

2.704

n . a

2.775
2.801

e , f

2.759'

2.823 e,f

24 2.866

53

99

56

251

308

60
150
69
88

102
133

204

(4) (4'̂ )

n. s 
n. s 
1

n .  a

(4) (4'")

(2.3)'^,3(4)‘̂
(2.3)^,2'^^ 

(1,2,3) 
3(1)

(2,3)- 3"
4,3 4,3 (2,3)

(1,2)

(2,3)

2.886
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Level

Table 7.3 (continued)

_ ,,, Cross Section L-E (MeV) . •  ̂ JX  arb.units trans.
b ) a ) a ) a) c)

25 2.904 100 n.s
26 2.945 342 1 l'
27 3.016 3.016 265 2 2"̂
28 3.054 75 3 3"

3.075^
29 3.107 88 (2) (2'̂ )
30 3.144 155 3 3"
31 3.208 3.221 133 2 2"̂
32 3.293 161 (4) (4"̂ )

3.334^
3.355

33 3.36 3.369®'^ 51 4 4"̂
34 3.410 3.414^ 176 2

3.443
35 3.463 3.462 108 1 l'
36 3.495 3.501 69 n.s

3.508
37 3.522 3.513 37 n.a
38 3.557  ̂ 559 153 2 2"̂

3.583
3,584^
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Level
E 1

X [MeV) Cross Section 
arb.units

a)

L-
trans.

a) b) a) a) c)

39 3.61 3.618 135 2 2-̂
40 3.645 3.635® 87 3 3" (1,2)-
41 3.68 3.677^ 90 n.a
42 3.716 3.712 114 (3) (3~) (1,2)-
43 3.780 3.776 109 (3) (3") (1,2,3)"
44 3.822 83 3 3"
45 3.86 3.875^ 79 n . s
46 3.899 122 (3) (3')
47 3.941 78 2,4 2,4
48 3.98 70 4 4 +
49 4.037 70 n. s
50 4.063 4 4 +
51 4.111 108 2 2^
52 4.148 73 n . s
53 4.193 91 2 2+
54 4.230 81 n. s
55 4.278 109 n. s
56 4.35 81 n. s
57 4.38 > 75 n. s
58 4.404 187 1 1“
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Table 7.3 (continued)

Level
E (MeV)X

Cross Section 
arb.units

L-
trans.

a) b) a) a) a) c)

59 4.478 107 2 2-̂
60 4.533 108 2 2-̂
61 4.584 117 n. s
62 4.62 82 n . s
63 4.65 99 4 4+
64 4.69 107 3 3"
65 4.73 86 4 4 +
66 4.79 116 3 3"
67 4.83 201 2 2-̂
68 4.88 84 (3) (3")
69 4.93 108 3 3"
70 4.99 132 3 3~
71 5.02 207 1 1"
72 5.08 70 n.s

a) Present work
b) Nuclear Data Sheet (Sa 76)
c) B-decay study by Pinston et (Pi 70)
d) 6-decay study by Suinmerer et (Su 78b)
e) B-decay study (Pi 70) not included in the N.D.S.(Sa 76)
f) B-decay study (Su 78a)

The estimated errors in energies in present work are + 15 keV.
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7.5 Angular momentmn transfer and spin parity assignment

104The angular momentum transfers of the levels of Ru 
are obtained by comparing the DWBA calculations with the 
measured distributions as listed in table 7.3. The best fits 
are shown in the figs. 7.4-7.7. For even-even target nuclei 
the spin parity of the ground state is = o'*’ ,  the residual 
states in (t,p) reactions thus have angular momentum.

= L and parity H, = (-1)^

The assignment is made for the levels whose angular 
distributions are well fitted by the DWBA calculations.

7.5.1 L = 1 transfer

Seven levels at 1.34, 1.504, 2.454, 2.945, 3.463, 4.404 
and 5.02 MeV are obtained with L = 1 transfer (fig. 7.4) i.e. 
with J^= 1~. The angular distribution of the level at 1.34 MeV 
is poorly fitted by the DWBA calculations for all the three 
sets of optical model parameters. The level at 1.504 MeV obser­
ved with J^= 1~ in the present study (fig. 7.4) is in disagree­
ment with the previous assignment of J^=(3,4)'*’ made by Pins ton 

et al.(Pi 70) in the 3 - decay study.
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F i g , 7,^, Experimental angular distributions fitted with
L=1 DWBA curves.
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7.5.2 L = 2 transfer

Several levels are observed with L = 2 transition 
(fig. 7.5) as shown in table 7.3. The J -  assignment for 
these level is 2^. The levels at 0.353 and 0.896 MeV show

TTthe characteristic feature of L = 2 transfer and the J — assign­
ment of the level 0.353 MeV is in agreement with previous 
B-decay study (Pi 70) and Coulomb excitation (Me 68). The 
level at 0.896 MeV with = 2^ is an unresolved doublet of 
0.882, J^= 2^ MeV observed in 6-decay (Pi 70). The angular 
distribution of the level at 3.016 MeV is fitted partially by 
potential parameters of sets AA and CB. The angular distribu­
tions of the levels at 3.107, 4.111, 4,193, 4.78 and 4.533 MeV 
are reproduced through L = 2 transfer with set CB, with a poor 
fit to the level at 3.107 MeV.

7.5.3 L = 3 transfer

L = 3 transitions (fig. 7.6) are observed for several 
levels which give J^= 3 as shown in table 7.3. The angular 
distributions of the levels at 0.991, 1.81 and 2.801 Mev are 
poorly fitted by L = 3 DWBA curves ; only general trends are 
observed. The tentative J -  assignment of 3" for 0.991 MeV in 
the present experiment is not in agreement with the J^= 0^ 
assignment made in the B - decay (Pi 70) and Coulomb excitation
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Fig. 7.5. Experimental angular distribution fitted with
L=2 DWBA curves
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F i g ,7.6. Experimental angular distributions fitted with
L=3 DWBA curves.
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(Me 68) studies. The levels at 1.97y, 2.295 and 3.61 MeV 
were observed by Pinston ̂  (Pi 70) in 6- decay work 
with J^= (1,2)'*', (2,3)^ and (1,2) i respectively. SUmmerer 
et al.(Su 78b) observed the.levels at 1.979 and 2.285 MeV 
with J^= 3 and 2^. The J — assignment for the level at 1.979 
MeV in the present study is in agreement with Siimmerer et 
al.(Su 78b) and disagreement with that by Pinston et al.
The level 2.295 MeV in the present work is observed with

= 3 . Its value is not in agreement with the values 
of Pinston et al. and Siimmerer ^  Attempts were made to
fit the angular distributions for the levels at 2.866, 3.054,
3.7 66, 3.899 and 4.69 MeV are with set CB. Among these the 
levels at 3.716 and 3.899 MeV are fitted poorly. The level 
at 3.716 was observed by Pinston ^  with = (1,2) i. On 
the otherhand the present value is (3~). We tried to fit the 
angular distributions for the levels at 3.144, 3.780, 3.822 
and 4.88 MeV with potential parameter set BB (fig. 7.6). 
Pinston et (Pi 70) identified the 3.780 MeV level as

= (1,2,3)~. In the. present study the level is assigned a 
= 3” which is in agreement with one of the value of 

Pinston et al.

7.5.4 L = 4 transfer

Nine levels are identified as L = 4 transitions (fig. 7.7)
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F i g . 7 , 7 ,  Experimental angular distributions fitted with
L=4 DWBA curves.

Dhaka University Institutional Repository



140.

i.e. with J^= 4^. The level at 1.8b MeV is reproduced
satisfactorily through L = 4 transition with set BB. Pinston
et al. (Pi 70) assigned of the level at 3.36 MeV as
(1,2)- . The present work on the otherhand assigns J^= 4"'’ to 
this level.

7.5.5 Ambiguous Level

The angular distribution of the level at 2.487 MeV is 
fitted by DWBA calculation with set AA through L = 4 and with 
set BB through L = 3 transfers (fig. 7.8). This level is 
observed with = (2,3)- in the B - decay (Pi 70). Suitunerer 
et (Su 78b) observed level at 2.282 MeV and assigned it
with = 3~. The level at 3.941 MeV is fairly given by both
L = 2 and 4 transfers with set AA.

7.5.6 Non-stripping level

There are several levels showing no characteristics of 
a definite L-transfer. These states may perhaps be considered 
as being populated by a non-single step process or a compound 
reaction process.

1 047.6 Structure of Ru

Observing certain regularities in the low-lying levels
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F i g , 7.9. some of the measured angular distributions displaying
a non-stripping character.
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of even-even medium weight nuclei frorn Coulomb excitation 
Schraff et aJ. (Sch 55) suggested vibrational model based 
on Bohr-Mottelson weak to moderate coupling theory. In this 
model they calculated first and second excited states due 
to core excitation at above the ground state. The
2fio) is a degenerate triplet of character O"*̂, 2^, 4"̂  of one 
phonon. The triplet states are at roughly twice the energy 
of the first 2^ state.

There are some other models (Wi 58, Ra 59, Da 58) that
were considered to explain the near harmonic spectra observed
in the Coulomb excitation. With these models only a few low-

104lying levels of Ru can be explained.

104To describe the collective nature of spectra in Ru, 
Summerer et al.(Su 78b) assumed the interacting Boson approxi­
mation (IBA)(Ar 76) and triaxial rotor (Da 68) with 3-vibration 
in the vibrational model and also used generalized model (Gn 71) 
according to the calculation of Sedlmayer ^  al.(Se 76). In 
IBA model the level structure was calculated without a detailed 
knowledge of nuclear motion. The vibrational and rotational 
limits are obtained by solving analytically.

Besides the limiting cases of vibrator and rotator many
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types of plausible nuclei were considered by Gneuss and
Greiner (Gr 71) in generalized collective model, from the
extreme cases of spherical vibrator and of the strongly 
deformed rotator. Each nucleus is assumed to have collective 
potential energy surface as function of collective coordi­
nates to represent the nuclear structure.

In the present study the first and second 2'*’ states
’ observed at 0.353 and 0.896 MeV are predicted by all the 
models (Ar 76, Da 68, Su 78b, Se 76). The 4"̂  state at 0.889 
MeV observed in 3- decay and Coulomb excitation studies, if 
excited in the present study is not resolved from the level 
at 0.896 MeV. In present work a level is observed at 0.991 
MeV with = (3 ), but because of this J-value the level may 
not be the same as the one predicted by theory at 0.998 MeV 
with = 0^. The level at 1.80 and 2.088 MeV with = 4'*̂ and 
2^ respectively observed in the present study are explained 
by the model of Summerer et al.(Su 78b) and Sedlmayer et al .
(Se 76). The predicted positions of these two levels are found 
to be lower than those observed. , The levels at 1.242 MeV 
(J^= 3"̂ ) is well accounted for by the model of Summerer et al.
(Su 78b) and of Sedlmayer et (Se 76). The agreement between 
theory and experiment is roughly the same for each of the models 
discussed (Da 68, Se 76, Ar 76, Su 78b). Summerer et al. (Su 78b)
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stresses the need to consider two quasi-particle configura­
tions into the theoretical model to describe the states above 
the two-phonon triplet.

The other vibrational levels are excited in present 
(t,p) reaction with J^= 3~ at 1.81, 1.971, 2.295 MeV etc. and 
J^= 1~ at 1.34, 1.504, 2.454, 2.945 MeV etc. The present 
(t,p) work may be considered to be helpful for a further 
theoretical study, including levels at high excitation.
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CHAPTER 8

Conclusion

The present work is concerned with the studies of 
(^He,d) reactions on ^^Fe and ^^Sc, and (t,p) reactions 
on ^^Co and ^^^Ru. The angular distributions have been 
measured for most of the levels of ^^Co and ^®Ti covering 
an excitation -7.8 and ~9.9 MeV from (^He,d) reactions and 
^^Co and ^^^Ru upto an excitation ~5.23 MeV and ~5.08 MeV 
from (t,p) reactions.

The level properties were tried to explain on the 
basis of theoretical calculations as far as possible.

The absolute cross section for the (^He,d) reactions 
have been measured fairly accurately. More assignments of 
orbital angular momentum transfers have been made in the 
present experiment than previous ones, particularly for 
levels at higher excitation. The 5, = 1 and 3 strengths are 
distributed over the entire range of excitation studied.
The spectroscopic strengths have been obtained for them 
level by level.
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The spectroscopic strength for 2p and lf^/2 transitions 
for the case of ^^Co lies between that given in the previous 
two measurements (Ro 67, Ha 72), while that for the 
levels given by present work, is the smallest of all (^He,d) 
and (d,n) values. The summed 2p, T^ strengths obtained in 
present study and Rosner and Hollrow (Ro 67) are fairly consis­
tent with the shell model limit, whilst those given by Hardie 
et al.(Ha 72) and Adam ^  al.(Ad 76) are much smaller than the 
expected value. The splitting of the measured 2p, T^ strength 
into P3/2 ^1/2 is difficult ; the summed
strengths for these components are far from respective single 
particle limits. The T^ transition strength given by
Hardie et (Ha 72) is only 50% of the expected value, while 
that given by the present and the remaining experiments are in 
reasonable agreement with the sum rule limit. The measured 
lfgy2' strengths in the present case and those by Hardie 
et al. are appreciably smaller than the expected value, while 
those given by Rosner and Hollrow (Ro 67) and Adam ^  (Ad 76) 
are in satisfactory agreement with the shell model value. A 
choice of a different optical model parameter combinations 
somewhat increases the present 1^5/2 value, but the change is 
not sufficient to bring the measured value close to the theore­
tical limit. It would be interesting to calculate the transition 
strengths on the pairing theory, which gives a more realistic
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picture of the nuclear structure than the simple shell model.

45 3 46A similar sum rule analysis for the Sc( He,d) Ti
reaction is made assuming only the ^^7/2 model
states for £ = 1 and 3 transitions respectively. The splitting 
of 2p, strength into 2p^̂ 2̂ 2^^^^ componei ts and If,
strengths into and If■7^2 components are difficult. The
T^ components of the total If and 2p strength are obtained as 
6.3 and 3.7 as against the respective single particle limits
10.5 and 4.5. The spectroscopic strengths for 1=3 and S,=l 
transition increase by about 60% and 20% as found by DWBA cal­
culation when the contribution from fgy2 ^1/2 strengths are
considered and the sum strengths come closer to shell model 
values for £=3 and further closer for £=1 transition. On the 
other hand Broman and Pullen (Hr 68) obtained the values that 
are closer to the expected ones assuming all the relevant 

strength as belonging to the If-7^2 ^^3/2 model states.
If one considers the excitation of the P^^2 ^5/2
£=1 and 3 transition a similar increase in the measured spect­
roscopic strengths would be observed in their results also and 
in that case the agreement of the observed values with the single 
particle limit may not be that good. The positions of only a 
few low-lying positive parity levels are given by MBZ model. For 
such levels the transition strengths given by the present
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experiment, except for the 0.899 MeV level, are in close 
agreement with the MBZ model.

Three analogue states.for ^^Co in agreement with Rosner
46Holbrow (Ro 67), and four for Ti have been identified in the

present work ; the relative spacings and the values are
consistent with the relative spacings and the J^values of the
corresponding parent levels. The Coulomb displacement energy

57 57for the isobaric pair of nuclei Fe - Co comes to be 8.89 
MeV for the ground state analogue and 7.63 MeV for the isobaric 
pair nuclei ^^Sc - ^^Ti.

Few new levels in ®^Co and several in ^^^Ru have been
identified which are not included in the compilation upto 3.365
MeV and 3.776 MeV respectively. Most of the levels in ^^Co
covering Ejj upto 3.74 MeV observed in previous works are
excited in the present (t,p) reaction and above Ex=3.976 MeV

59all levels are new. Hudson ^  (Hu 71) studied the Co(t,p)
reaction upto 3.976 MeV. Except a few levels most of the
levels are populated in the present (t,p) reaction and the
excitation energies are in excellent agreement with them. The 
102Ru(t, p) reaction populates most of the levels upto 
Ex=3.776 MeV observed previously in 6-decay studies and above 
this no previous study was made. Several new levels are
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observed in the (t,p) reaction that have not been
identified in the 6-decay studies (Pi 70, Ti 75).

In the study of the present Co(t,p) and Ru(t,p) 
reaction the absolute cross sections were not measured and 
the relative values of angular distributions are obtained.
The angular distributions are fitted well by the DWBA calcu­
lations. The J^— values/limits are assigned for most of the 
levels in ^^Co and ^®^Ru upto E = 5.23 and 5.08 MeV respectively. 
The L-assignments in ^^Co(t,p) reactions in the present study 
are in agreement with most of L-values measured by Hudson et al. 
(Hu 71) in (t,p) reaction. Some definite assignments are 
made for levels having L=0 transfer. Some of the proposed spin
limits and parity assignments are found to be consistent with

6 2the previously measured values from Ni(t,a) reaction (Bl 66,
Hu 71), 3-decay study (Bo 75) and (p,aY) reaction (co 70), as 
well as the compilation by Mateja et (Ma 76) upto an excita­
tion cf 3.95 MeV. The present study also gives evidence for 
the existence of missing high spin states predicted by theore­
tical calculations.

The only previous information on the J^-values of Ru
levels is obtained tentatively from 6-decay study by Pinston 
et (Pi 70) upto E = 3.776 MeV and Summerer et al. (Su 78b)
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upto 2.48 MeV. Some of the spin and parity assignments from 
the present work are consistent with their observed values 
(Pi 70, Su 78b). The present J^-values for two levels are 
consistent with those in the compilation by Samuelson ^  al . 
(Sa 76).

There have been several calculations to obtain the level
scheme, level properties and electromagnetic transition rates

57 61of Co based on shell model and unified model and of Co
with unified model. The unified model calculations by Stewart
et (St 71) satisfactorily reproduce all the observed levels
for both the nuclei (^^Co and ^^Co) upto E = 2 . 3  MeV ; the
predicted level density above E -2.3 MeV is less than that
observed. The unified model, however, does not calculate the
spectroscopic factors relevant to the proton stripping reactions.
This seems important in view of the fairly accurate cross
sections obtained in the present work. The shell model transition
strength calculated by Gomez (Go 72) is not satisfactory except
for the ground state.

46The level structure of Ti has been investigated based
on a model of nucleon-nucleon interaction in the (lf^^2) shell, 

40outside the Ca core and no shell above If-7/2 included.
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The simple model may thus be considered to give a 
reasonable account of only some of the low-lying positive 
parity levels in "^^Ti. At higher excitation the observed 
level density exceeds that given by the theory and the occur­
rence of negative parity states and a few 0^ and 2^ states 
at low excitation certainly calls for an extension of the 
model space so as to include more complicated configurations. 
One such attempt is the calculations using an augmented basis 
of 6 particles and 8p-2h configurations, but in a deformed 
basis rather than difficult full (fp)^, by Skouras. An 
additional 0^ states is thereby accounted for.

The theoretical work based on vibrational model, on 
104level scheme of Ru is so limited that only a few levels 

are explained.
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A bstract: T he ’ "fefT , d )” C o reaction  has been studied a t E, = 18M eV  using the T andem  Van d e G ra a f f  
accelerato r and  the m ultichannel m agnetic spectrograph  oCthe N uclear Physics L abora to ry , O xford, 
A ngular d istribu tions have been m easured fo r m ost o f  the levels up to  £ ,  *  7.8 MeV and are 
analysed in term s o f  the DW BA theory o f direct reactions. T he /p values and  the transition  strengths 
com pared  w ith available theories.

N U C L E A R  R E A C T IO N  ’ ‘'Fe(T, d ), £ =  18 M eV ; m e asu red  a{E^.O).
levels, /, J. n. C ^S . Enriched target.

’C o  deduced

1. Introduction

T h e level stru c tu re  o f  ^’'C o  has been th e  sub ject o f  a n u m b er o f  experim en tal 
investiga tions th ro u g h  several nuclear reaction  processes such as *'‘Fe(a, p), ®*’F e(p . y), 
^‘’F e(d , n), ^‘'F e ( i ,  d), * ''Fe(p, n), **Ni(t, ot), “̂ "NiCa, p) an d  ’ *N i(d, t ), and  /i-decay 
stud ies from  ^’’N i, as has been sum m arized  recently  by A uble ') .  T he object o f  the 
p resen t investigation  is to  study  the sing le-partic le  p ro to n  sta tes in ” C o  by m eans 
o f  the ( t , d) reaction  on ' ‘’F e ; such in fo rm atio n  is a desirab le  supp lem ent to  the 
existing  d a ta .

T h e  ’ *’Fe(T, d) reaction  w as previously stud ied  by R osner an d  H olbrow  at 
E, =  16.5 M eV and  la ter by H ard ie  el at. a t £ ,  =  22 M eV. T he o rb ita l an g u lar 
m o m en tu m  transfe rs in the tw o experim ents, w ith a few exceptions, are in general in 
ag reem ent w ith each o th e r; b u t there is a system atically  large v a ria tio n  in the sp e c tro ­
scopic fac to rs betw een the tw o m easurem ents, som etim es by a fac to r o f  3 o r m ore, 
even for s trong  transitions. D ifferent conclusions w ere consequen tly  d raw n  in the 
tw o w orks. A m ore recent ( t , d) investigation  due to  B aghdadi et a/. *) a t =  6  MeV 
was concerned  only  w ith the lowest three 2p tran sitio n s, tw o o f  w hich carry  the 
m ajo r p a rt o f  the p^ and  p^ single-partic le streng ths. T he spectroscop ic  fac to rs w ere
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'C o 107

found  to  be c loser to  those  by R osner an d  H olb row  -) th an  to  those by H ard ic  et 
III. ^). T h e  **^Fe(d, n) reaction  has been recently  s tud ied  by A dam  et al. ' )  covering  
an  exc ita tion  energy o f  4.8 M eV ; the spectro scop ic  fac to rs a re  close to  th o se  given 
by R o sn er and  H o lb row  for som e levels an d  close to  those  given by H ard ie  ct al. 
fo r som e o thers. E arlie r (d, n ) re a c t io n s '^ '')  as q u o ted  in ref. ’) w ere concerned  
w ith  a few low -lying levels. T he p resen t w ork  w as th e re fo re  u n d erta k en  to  reexam ine 
th e  level p ro p ertie s  o f  ” C o  th ro u g h  the  ‘'^F e lr, d) rea c tio n  a t  £ ,  =  18 M eV  and  
special care  w as taken  fo r the m easu rem en t o f  the  ab so lu te  cross section .

2. Experimental procedure

T h e experim ent was carried  ou t w ith  a beam  o f  ^H e partic les o b ta in ed  from  the 
T andem  V an de G ra a ff  acce lera to r o f  th e  U niversity  o f  O xford . T h e  ta rg e t w as 
p rep a red  by vacuum  deposition  o f  F c 203 (iso topically  en riched  to  99.5 %  o f  "'’Fe) 
o n to  a th in  ca rb o n  backing. T he reac tio n  p ro d u c ts , a fte r  m o m en tu m  analysis in a 
m agnetic  sp ec tro g rap h , were detected  in 25 n m  th ick  Ilford  L4 nuclea r em ulsion  
placed at th e  focal p lane o f  the spec trog raph . T he spectra  w ere taken  from  11.25° 
to  78.75° in steps o f  7.5°.

T h e  p lates w ere scanned a l D acca an d  a typical spectrum  a t 18.75° is show n in 
fig. 1. T he energy reso lu tion  (FW FIM ) w as % 22 keV. M any levels have been id en ti­
fied up  to  ^  7.8 M eV and the  an g u la r d is trib u tio n s  have been m easured  fo r m ost
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o f  them . B ecause o f  the  un certa in ty  in the sp ec tro g rap h  ca lib ra tio n  at the  high field 
used (B  % 12.8 kG ), an  in te rnal c a lib ra tio n  w as perfo rm ed  by using som e o f  the 
w ell-established levels in ’ ^Co. Such levels are show n in italics in tab le  3.

T o  m easu re  the ta rg e t th ickness a  subsid iary  sh o rt exposu re  o f  0,0504 //C  w as taken  
a t a m agnetic  field o f streng th  «  4.7 kG  on the elastic sca tte rin g  o f 6 M eV  'H e ^  
p articles from  the sam e target. T h e  yields o f  the  elastic g ro u p  at 26.25° an d  33.75° 
w ere norm alized  to  the R u th e rfo rd  cross section  an d  the  effective ^‘’Fe ta rg e t th ic k ­
ness w as found  to  be 93 ng  ■ cm "^ . T h e  to ta l un certa in ty  in the  ab so lu te  value o f  the  
( t , d) reaction  cross section  (resu lting  m ain ly  from  the  e rro rs  in the  ta rge t th ickness, 
scann ing  an d  b ack g ro u n d  su b trac tio n ) is less th an  15 %.

108 H B A N U p / u/.

3. DWBA analysis

T h e D W B A  cross sections in th e  local zero  range ap p ro x im a tio n  w ere co m p u ted  
using the  code D W U C K  due to  K unz. T h e  ca lcu la tio n s w ere ca rried  o u t by one o f  
the a u th o rs  (H .M .S.G .) using the  IBM  360/195 co m p u te r  o f the R u therfo rd  H igh 
E nergy L ab o ra to ry . T he op tical m odel p o ten tia l w as o f  the  s ta n d a rd  W oods-S axon  
form  fo r the  ^He p o ten tia l an d  the  real p a r t o f  th e  d eu te ro n  po ten tia l, w hile the 
W oods-S axon  derivative w as used fo r the  im ag inary  p a rt o f  th e  d eu te ro n  po ten tia l. 
T he op tical m odel param ete rs  a re  listed in  tab le  I.

T he b o u n d -s ta te  p o ten tia l well w as taken  as the real W oods-S axon  form  w ith  
the geom etrical param ete rs  given by =  1.25 fm an d  a =  0.65 fm , includ ing  a 
T h o m as-F erm i sp in -o rb it term  given by

0 :2  7 ^

w ith  X -  25; /( r , r̂ ,, a) is the W oods-S axon  form  fac to r. T he s treng th  o f  the  p o ten tia l 
w as a d ju s te d 'o  as to  give the tran sfe rred  p ro to n  a b ind ing  energy =  Q(x, d) +  5.49 
M eV.

T o  sta rt w ith, the D W B A  analysis w ere ca rried  o u t fo r fou r strong  tran s itio n s  
leading to  the g.s. an d  the  1.376, 1.501 and  2.134 M eV levels hav ing  J "  ~
an d  f ,  respectively. T he tran sitio n  s treng th s a re  sum m arized  in tab le  2. O f  the  
d ifferen t co m b in a tio n s o f  ^He and  d eu te ro n  po ten tia l p aram ete rs , the set lA -d A  
gives the  best fit to  the d a ta  an d  also  satisfies the co n d itio n  K, 5; f I  p for the 
real dep ths. All the D W B A  ca lcu la tions used in the presen t w ork w ere perfo rm ed  
w ith  th is set.

4. Results and discussion

T h e results o f  the  presen t w ork  are  sum m arized  in tab le  3. T he energy levels in 
co lum n  3 are from  the com p ila tio n  by A uble ')  up  to  E , x  4.3 M eV ; beyond  th is 
the levels are taken  from  the co m p ila tio n  by H ard ie  et al. ^). In fo rm a tio n  given by
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Tablk 1 
O ptical m odel param eters

F’artic le  N o ta tion  

A
'  B

d A
B

1.19.0 1.08 0,80 12.3
165.0 1.43 0,613 30.3

94.8 1,12 0.79
90.0  1 15 0 81

‘ ) 1.25 0,65

r,

(fm)
«i

(fm)
K o

(M eV)
^,0,
(fm) (fm) (fm)

Ref.

1.743
1.50

0.721
0 7 1 8.0 1.43 0,613

1.4
1.4

8.9)

“ ’)

1.32
1.34

0.74
0.68

6.6 0 .90 1,16 1.3
1.15

" )
‘^)

>1 =  25 1.3

Form  fac to r: lo r r-po ten tial, W oods-Saxon for bo th  the real and im aginary p a rts ; for d -po ten tia l, 
W oods-Saxon tV r the real part and W oods-Saxon derivative for the im aginary part,

“) ad justed  to reproduce the binding energy.

th e  prev ious (r, d) an d  (d, n) stud ies is also  included  in the tab le  fo r a co m ­
parison . T he tran sitio n  streng th s (2J(+  1)C^S' in th e  p resen t as well as in the prev ious 
( t , d) w orks w ere ex tracted  for the n o rm aliza tio n  co n s tan t N  =  4.42, relevant to  the 
G u n n -lrv in g  w ave function  for ^H e an d  Hulthfen fo r the d eu te ro n  F o r  Q (r, d) 
values m ore  negative th an  -  5.5 M eV , co rresp o n d in g  to  th e  b rea k u p  o f  ^He particles, 
the  D W B A  cross sections, hence the tran s itio n  streng ths, a re  n o t reliable. Such 
s treng ths  as show n in paren thesis  in tab le  3 a re  ex tracted  from  the ex trap o la tio n  o f  
the D W B A  cross sections to  th a t exc ita tion . T h e  sp in -parities in co lum n  13 are from  
all p rev ious m easurem ents as considered  to  be the best assignm ents by th e  presen t 
au th o rs .

Typical exam ples o f  th e  D W B A  fits to  the  m easured  an g u la r d is trib u tio n s are 
show n in figs. 2 -4 . T he single-particle s treng th s are fragm ented  over levels as d is­
played  in fig. 5 an d  the results o f  the  sum  ru le analysis a re  sum m arized  in tab le  4 ; 
also  included are those from  previous ( t ,  d ) an d  (d, n) m easu rem en ts as well
as the  theore tical lim its gives by the sing le-partic le  shell m odel.

T h e  resu lts a re  d iscussed below.

TABt F 2

T ra n s it io n  s tre n g th s  fo r d iffe ren t c o m b in a tio n s  o f  p o te n tia l p a ra m e te rs

tx c i ta t io n
(M eV)

{2J, + \ ) C \ S  

Tb- ^ a

g.s.
1,376 
1.501 
2 1.14

I f , , .

2P.;2
I f , ,

1 50 
1,29 
0,49 
0,98

1,93
1,50
0.58
1,25

2.07
1,59
0,61
1.21
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T a h i.i 3

Sum m ary o f  the level properties o f  ” Co

10

2 . m
2.985
3.112

.< I ,'7

248 6
2.524
2.560
2.611
2.723
2.731
2 743 
2.804 
2.879 
2.9X1 
3.108

3 121 
3 165 
3.177 
3 184 
3.246

1.87 I I I I 0.21 O i l  0.39 
0.0260.13 0 0

0.32 1 1 I 0.028, 0.019
0.035

0,42 3 3 3 3 0.31 0.55 0.84

0.14

0.09,
0.09

0.84

3.522
3.540
3.553
3.622
3.665

G ro u p
Excitation (M eV) /p transter { 2 J i+ \)C ^ S J '

■)
(m b/sr)*)

')  ') ') ') ') ■*) ') ') ■)

0 0
1.224

0 0.80 3 3 3 3 1.50 0,89 1,80 1.90 2
r

‘)

1 1.376 1.378 12.75 1 1 1 1 1.29 0.52 1,80 1.07 i •)
2 I SO! 1.505 

1 689
5.70 1 1 1 1 0.49 0,35 0.72 0.45 r

l i  - 2
‘ )

3
4

1.758
1.898

1.757
1.897
1.919

2.34
0.056

1 1
n,s.

I 1 0.23 0.13 0,30 0.20 r
7 -I
I

•)

5 2.134 2.133 1.05 3 3 3 3 0.98 1.20 2,00 1.18 ! •)
6 2.314 2.311 0,25 3 3 3 3 0,35 0,20 0,70 0.35 7 - 2 ‘)V- fe ¥ 

V r r r.r
r . i  r 
j j

r . r

")‘)“)

11 3.267 3.262 0,64 3 3 3 1 0.46, 
0,71

0.65,
0,44

1.62 0,94,
0.55

i ' .  r *)

12 3.355 3.357 3.56 1 1 1 1  0,30, 0,16 0.56 0.30, r . i ' ')
0,39 0,27

3.394
3,431

13 3.45V 3 461 2.84 1 1 1 1  0.26, 
0.35

0,14 0,38 0,25,
0.23

\ - i ')

14 3.681 3,672 0.091 n.s. r
3 681

15 3.727 3.720 0.069 4 ■ (0) 0.16 0.02 ( D  r
3.8.34

16 3.862 3 854 0,18 2 0..30 ( j)
3.909 ( r >

17 3.923 3.918 0.38 1 1 0.033. 0.04, 1 . r  ')
0.045 0.04

3.991 ( I )
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T abli; 3 (continued)

” Co 111

Excitation (M eV) /p transfer (2 7 ,+  D C S j "
roup

*)
(m b /s r)‘ )

*) ‘) ") ') ‘) ■■■) ") ') 1')

18 4.(K)l 3.999 0.51 ( l ) ( l )  1 0.045, 0.029 0.05, r , r  ‘ 1
0.062 0.05

4.037
19 4.067 4.058 0.19 1 (1) 0.019, 0.009 ( j )5  . r

0.024
4.111

20 4.194 4.187 0.38 1 1 1 0.034, 0.024 0.06, i ' , r  ‘ )
0.044 0.04

4.217
4.238

21 4.253 4,251 0.32 3 3 3 3 0.20, 0.26 0.70 0.56, r . r  ‘ )
0.31 0,4!

4.272
4.284

22 4.293 4.297 0.59 1 (1) 0.053, 0.020 0.08, r ■ r  ')
0.071 0.07

4.308
4.379 1 0.03, 1 . r

0.02
4.399

23 4.455 4,454 0.080 n.s. 1 + 3 0.03,
0.23

24 4.517 4,500 0.082 n.s.
25 4.537 4,525 0.54 1 (1) 0.050, ( j  . i  )

0.064
26 4 590 , 4,595 1.53 4 4 2 + 4 2.60 4.8 0.09, ?

4,615 1.93
27 4.677 4.685 2.60 ( l ) ( l ) ( 2 )  2 0.26, 0.15 1.08, (4 A  )

0.33 0.30
28 4.737 4.730 0.14 n.s.
29 4.806 4 800 0.32 n.s. 3 0.28, r . r

0.23
30 4.886 0.20 n.s.
31 4.938 0.30 0 0 031 r
32 4.985 4,981 0,25 n.s.
33 5.138 0.16 n.s.
34 5.167 0.14 n.s.
35 a. 228 5,223 0.34 0 0 0.035 0.027 I"
36 5 296 0.14 n.s.
3,7 5.387 5,370 0.77 1 0.074, i . i

0.086
38 5.447 5.425 0.35 1 ■ ■ 0.038, 4 . r

0.041
39 5 532 » 5 528 0.12 n.s.
40 5.570 5,559 0.73 1 0.086, r . r

0.098
41 5 A I5 5,621 3.70 1 1 (1) 0.39, . i  ')

0.44
42 5.664 5.653 0.076 n.s.
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T a b lk  3 (continued)

G ro u p
E xcitation  (M eV ) o (0)

‘)
(m b/sr)*)

/p transfer 

•) ') ") ')
(2 y ,+  l)C  .V

C) d)

J"

') •)
43 5.699 5.693 0.14 n.s.
44 5,747 5,743 0.23 1 0.045,

0.050
i - . r

45 5.806 5.799 0.55 n.s.
46 5.914 5.91 0.14 n.s. r
47 5.992 5.976 0.39 n.s. V
48 6.024 6.013 0.75 n.s.
49 6.098 6.093 0.33 n.s.
50 6.159 6.153 0.41 1 (0.052,

0.056)
r . r

51 6.187 6.184 0.45 n.s.
52 6.278 6.268 0.52 1 (0.068,

0.074)
i - . r

53 6.348 6.344 1.62 (0,14,
0,15)

i . i -

54 6.391 0.41 1 (0,050,
0.052)

r . r

55 6.472 0.20 n.s.
56 6.504 6.492 0.49 n.a. (3) ( r . D
57 6.540 0.28 n.s.
58 6.589 6.594 0.12 n.a.
59 6.712 6.699 0.50 n.a.
60 6,750 6.739 0.46 n.a.
61 6.785 6.768 0.17 n.a.
62 6,846 6.848 0.11 n s.
63 6,890 6.885 0 34 (1) (1) (0.063,

0.059)
( i  , D

64 7,032 7.020 0.30 (1) (1) (0065 ,
0.060)

( r - D

65 7,066 0.16 n.s.
66 7,115 7.115 0.41 n.s. (1) a . D
67 7,150 7.162 0,46 1 (0.073,

0.073)
i % r

68 7,187 0,57 1 (0.084,
0076)

r . r

69 7.271 7.265

7.281

2,86 1 1 1 (0.34,
0,31)

(0,12) j . i  “)

70 7,322 7.324 0,35 n.s.
71 7,370 7.367 0.32 n.s.
72 743 4 7.432 1.17 3 2, 3 3 (0,52,

0,75)
(0.80) r . r

73 7,473 7.480 0.56 n,a.
74 7,531 7.528 0.42 n,s.
75 7.559 0.38 n.s.

7.610
7.626
7.6.M
7.648
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T able  3 (c o n tin u e d )

” Co 113

G ro u p
E xcitation  (M eV) /p transfer (2 y ,-H )C " S r

•) '“)
(m b/sr)*) .) C) d) .)

■)
C) dj

) ') •)

76 7.665 7.656 0.87 1 1 (0.14, (0.04) r . r  *)
0.11)

7.662
77 7.708 0.27 n.s.
78 7.809 7.799 0.48 2 (0.047) r
79 7.839 0.60 2 (0.072) r

n.s. -  non-stripp ing  angu lar distribution , 
n.a. -  d a ta  not analysed.
“) Present work
'’) Sum m arized by A uble ')  up to  £ ,  =  4.308 MeV, beyond which the  levels are  from  the ’ ‘ F e(t, d) 

w ork o f  H ardie  ei al. ^).
')  T he ( T ,  d) reaction at E, = 22 MeV (H ard ie  el al. ’ ).
'*) T he ( t , d) work o f  R osner and H olbrow  at E, =  16.5 MeV.
•) T he (d, n) reaction by A dam  ei al. ’ ).
')  Previous experim ents, sum m arized by the present au thors,
‘ ) T he J '  values arc consistent with the assignm ent in colum n 13.

T able  4

Results o f  the sum  rule analysis for p ro to n  slates in ” C o

Single­
particle

1(2/,-(-DC'S- E.U (M eV)

sta te  *) theory b)
') '*) ') ‘ ) -) ')

If7,2 2,00 1,85 1.80 1.09 2,25 0.44 0.0 0.42 0.36
2P3/2 3.60 1,73 '), 2.49 •) 2.10 1.06 2.00 1.61 1.43 1.19 2.11
1^5/2 4,80 1.95 5.86 2.66 4.32 2.78 2,87 2.83 3.28
2p,,2 1,60 2.80 '), 2.22 •) 2.05 0,65 0.69 4.44 2.63 2.39 2,44

*) D ata for o th er states being incom plete are not included 
'’) Present w ork.
‘) The *'’Fe(T, d) reaction (R osner and H olbrow  ')).
'*) T he ’ ‘’F e(r, d) reaction (H ard ie  e t al. ’ )).
')  T he *'’Fe(d, n) reaction (A dam  el al. *)).
')  A ssum ing J "  -  \ '  for the levels 3.357, 3459 and 4.067 MeV, as discussed in the text.
')  A ssum ing 7 “ =  for the levels 3.357, 3.459 and 4.067 MeV, as discussed in the text

4.1. T H E  A N G U L A R  D IS T R IB U T IO N S  A N D  T R A N S IT IO N  S T R E N G T H S

4.1.1. The I =  /  transitions. T he 2p tran s itio n  s tren g th s  a re  d is trib u ted  over a large 
num ber o f  levels (fig. 5). T h e  spectroscop ic fac to r for /  =  I transitions, level by level, 
found  in the presen t w ork lies betw een th a t given by R o sn er an d  H o lb row  an d  
H ard ie  et at. ^). T he h igher value o f  ^ (2 7 f- |-  l)C ^ 5  fo r the  2p sta tes given by the 
presen t w ork  than  th a t by R osner an d  H olbrow  is due to  the fact th a t m ore  /  =  1
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’̂Co 115

Fig. 4, M easured an g u lw  d istribu tions fitted with / =  0, 2 and 4 DW BA curves.

tran sitio n s a re  observed  by us th an  by them . T he m easured  2p, r <  s tren g th  in the 
p resen t w ork is 4.53, being alm ost iden tical to  the expected  sing le-partic le  value o f  
5.20 w ith in  the lim its o f  u n cen ain ty . T h e  value o b ta in ed  by A dam  et at. *) from  the 
(d, n) reaction  is a b o u t 5 0 %  o f  th e  expected  streng th . S p litting  o f  the  observed  
s treng th  in to  p^ and  p^ co m p o n en ts  is d ifilcu it, since o f  all the / =  1 tran s itio n s , the 
./-values a re  know n fo r only a few low -lying levels (tab le  3) an d  fu rth e r the  an g u la r 
d is tr ib u tio n  d a ta  d o  n o t d isplay  a J -d ep e n d en c e . T he tran s itio n  s tren g th s o f  the 
rem ain ing  levels w ere calcu la ted  for b o th  an d  states. T he know n  f '  =  
levels, nam ely 1.376, 1.758 and  2.878 M eV , to g e th er carry  a b o u t 50 % o f  the  expected  
7'< streng th  (tab le 4). T he levels a t 7.271 an d  7.655 M eV are  considered  to  be a n a ­
logues, as d iscussed in subsect. 4.1.4. T h e  sum m ed tran s itio n  streng th  for the  re­
m ain ing  levels assum ed as  ̂~ levels is 2.80 as against the sing le-partic le  lim it o f  1.60. 
The 7" value of the 3.355, 3.459 and  4.067 M eV levels has been found  to  be by 
t:sa t vt al. '^ )  in the ’ *’Fe(p, /)  reaction . W ith  th is assignm ent, the ^ ( 2 y f | - 1)C ^5 
values for the 2p^ an d  2 p j sta tes becom e 2.49 an d  2.22, respectively, still far from  the 
sing le-partic lc  lim its. A d ifferen t cho ice  of the  H  an d  d -p o ten tia ls  increases the  values 
by % 20 "o (tab ic  2 ); the p^ streng th  th u s com es closer to  th e  expected  values than  
above, but a t the sam e tim e the p j value difTers fu rth e r from  the shell-m odel value. 
S um m ing up, the observed  s treng th  is h igher th an  th a t p red ic ted  an d  the
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Fig 5. T he spcctrai d istribu tions o f single-pariiclc s treng ths: the centro ids o f  the different 7 ',  sta tes
a re  a lso  sh o w n . >

2 p j, 7’< m easured  value is less th a n  the  sum  ru le lim it. It is thus possib le tha t som e 
o f  the  assum ed 2 p j levels really belong  to  the 2p^ sta te . It is also  possib le th a t the  2p^ 
p ro to n  o rb it is no t com pletely  vacan t as assum ed  in the  shell m o d e l; th e  observed  
If',, s treng th  how ever does n o t su p p o rt the la tte r  suggestion . F u rth e r  com m en ts 
shou ld  aw ait a de term in a tio n  o f  the y-vaiues o f  a t least the  s tro n g  =  1 tran sitio n s.

T h e  an g u la r d is trib u tio n  lead ing  to  the 3.355 M eV  level is characterized  by the 
/  =  1 tran sitio n  (fig. 2 )  in agreem ent w ith  p rev ious ( t , d) and  (d, n) reactions, bu t in 
d isag reem ent w ith the / =  3 assignm ent in the '" N i( t ,  a) reaction  (B lair and  
A rm stro n g  '■*). T he transition  to  the 4.677 M eV level has co n trad ic to ry  /,, assign­
m en ts in p ro to n  stripp ing  reactions (tab le  3); in ag reem ent w ith  H ard ie  et al. the 
p resen t w ork favours =  I over =  2. T h e  present experim ent confirm s the  te n ta ­
tive / =  1 assignm ent.m ade to  the levels a t 4.067, 4.293 and  4.537 M eV in o n e  o r  the  
o th e r  ( t , d) reaction  (tab le  3).

4.1.2. The I =  J  tran.sition.'i. T he m easured  an g u la r d is trib u tio n s a re  show n in 
fig. 3. T h e  ./-values o f  the g round  s ta te  (g.s.) and  the low est th ree  levels (£', =  2.1.34, 
2.314 an d  3.177 M eV) belonging to  the  / =  3 tran sitio n s a re  know n (tab le  3). T he 
g.s. an d  2.314 M eV level toge ther exhaust the I f , ,  streng th  (tab le  4). T he 7.434 
M eV  level is p resum ably  a level as d iscussed la ter (subsect. 4.1.4). T he
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rem ain ing  tran s itio n s  to g e th er ca rry  a b o u t 40 % o f  the  I s treng th . T h e  selection
o f  o th e r  p a ra m e te r  sets (tab le  3) increases the  f^ s tren g th  by 30-38  % an d  the  f j 
s treng th  by 25 -30  %  an d  th u s  d o  n o t m uch  im prove  th e  s itu a tio n . M o re  f '  = ^~  
levels th u s rem ain  to  be identified . B ecause o f  the  large cen trifugal b a rr ie r  o f  th e  / =  3 
tran s itio n s  as co m p ared  to  the  /  =  I tran s itio n s  fo r exam ple , the  sp read ing  will be 
less fo r / =  3 th an  th a t fo r  / =  1 tran sitio n s. Such levels a re  th e re fo re  unlikely  to  lie 
above £ ,  «  7.8 M eV , the  exc ita tion  energy covered  in th e  p resen t experim en t. T he 
If, r <  tran s itio n  streng th  is p ro b ab ly  overestim ated  by R o sn e r an d  H o lb ro w  ^); the 
en tire  f , ,  s tren g th  acco rd ing  to  them  is co n ta in ed  in th e  g.s. tran s itio n . T he 
spectroscop ic  fac to r in the  p resen t case is sm aller th a n  th a t given by A dam  e t al. *). 
T h e  p resen t values for the If^ levels a re  tw ice as s tro n g  as th o se  o b ta in ed  by H ard ie  
et al. ^), w hile fo r th e  If^ levels the presen t values a re  som ew hat low er th an  theirs.

4.1.3. The I = 0 ,2  and  4 transitions. T h ree  / =  0 tran s itio n s  a re  observed  in the 
p resen t w ork  (£ ,  =  2.985, 4.938 an d  5.228 M eV) an d  th e  an g u la r  d is trib u tio n s  a re  
show n in fig. 4. T he 2.985 M eV  level is s trong ly  excited in th e  ®*Ni(t, a) reac tion  “*) 
an d  is p ro b ab ly  a 2s ho le sta te . T he o th e r  tw o tran s itio n s  a re  assum ed  to  belong  to  
the 3s state . A d iscussion on  the /  =  0 tran s itio n s  is m ade  in subsect. 4.3.

T h ree  / =  2 tran s itio n s  a re  identified  in th is experim en t, tw o o f  w hich lie a ro u n d  
£ ,  =  7.8 M eV an d  are likely to  belong  to  the 2d^ p artic le  sta te . T he o th e r  level 
(£ ,  =  3.862 M eV ) is assum ed to  be a Id^ ho le s ta te  and  is p ro b ab ly  identical w ith 
the 3.906 M eV  level excited w ith  an  / =  2 ch a rac te r  in the  *®Ni(t, a) reac tion  '*). 
N o  /  =  2 tran sitio n  w as observed  by H ard ie  et al. ^) in th e  *®Fe(T, d) reaction . T he 
one ten tatively  assigned in th e  *‘’F e ( i, d) reac tion  as /p =  2 by R o sn e r an d  H o lb row  
a t E, sfc 4.68 M eV  an d  la ter confirm ed by A dam  e t al. ’ ) in th e  “ F e(d , n) reac tion  
in a ten ta tive  1̂  =  1 accord ing  to  H ard ie  et al. ’) an d  the  p resen t w ork.

Tw o I =  4 tran s itio n s  are observed in the p resen t experim en t a t £ ,  =  3.727 M eV 
an d  the d o u b le t a l 4.59 M eV. T h e  fo rm er is a ten ta tiv e  1 — 0 tran s itio n  an d  the la ter 
a m ix tu re  o f  / =  2 an d  4 in th e  ^*Fe(d, n ) reac tion  *'). B oth the an g u la r  d is trib u tio n s 
a re  well fitted by the / =  4 D W B A  curve (fig. 4).

4.1.4. Isoharic analogue sta tes. T he *®Fe(T, d) reaction  can  excite b o th  the norm al 
( r ^ )  an d  an a logue  ( r ^ )  sta tes in ^ ''C o. T he s ta tes w ere discussed above. Because 
o f  the  ra th e r  large iso top ic sp in  o f  *®Fe, n o t enough  s treng ths a re  ava ilab le  to  the 
ana logue sta tes for them  to  s tan d  o u t d istinctively  from  the neig h b o u rin g  states.
It has been suggested  by H ard ie  et al. from  a co m p ila tio n  o f  the  ava ilab le  in fo r­
m ation  from  the  ( t , d) an d  (p, y) reac tions th a t th e re  is confusion  over the  positive 
iden tifica tion  o f  the ana logue sta tes. In ag reem en t w ith  R o sn er an d  H o lb ro w  ^) the 
levels a l 7.271, 7,434 an d  7.665 M eV  w ere identified in th is w ork  as the analogues o f  
the g.s. +  14 (unreso lved), 136 an d  366 keV levels in ” Fe. T h e  relative level spacings 
an d  the  1̂  values a re  consisten t w ith the  relative level spacings an d  the  /-v a lu es  o f  
the p aren t levels. In view o f  the non-re liab ility  o f  the  D W B A  cross sections fo r the 
( t , d) reaction  at th is exc ita tion , as sta ted  earlier, we refra in  from  a co m p ariso n  w ith 
the co rrespond ing  spectroscopic fac to rs in th e  ’ ‘’Fe(d, p) reaction . T h e  C o u lo m b
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disp lacem ent energy fo r the isobaric  p a ir  o f  nuclei ' ’ Fe-^^C o com es to  be S.89 M eV 
fo r the  g.s. analogue.

4 2. NON-STRIPPING LEVELS

Several non -strip p in g  levels a re  observed  in the p resen t w ork  (designated  n.s. in 
tab le  3), the angu lar d is trib u tio n s  to  som e o f  w hich are  show n in fig. 6 . T h e  cross 
sections rise a t fo rw ard  angles, bu t the  d is trib u tio n s  a re  n o t given by the d irec t re ­
ac tio n  m echanism . T h e  no n -strip p in g  levels a re  usually  w eakly excited an d  the cross 
sections fo r m any o f  them  are  an  o rd e r  o f  m ag n itu d e  sm aller th an  the average cross 
sections fo r the strippm g  levels. T hey  c a n n o t be described  in te rm s o f  a single p ro to n  
coup led  to  a **Fe co re and  som e o f  them  arise from  a co llective m ode o f  exc ita tion .

oc.m (deg)
Fig. 6. Some ol the m easured angular d istribu tions displaying a non-stripp ing  character.

It is in teresting  to  no te  th a t the  levels w ith high spin values a re  e ith er n o t a t all 
excited in the ( t , d) reaction  (levels at 1.224 and  1.689 M eV an d  the m u ltip le ts  at 
% 2.5 M eV, fo r exam ple) o r have an g u la r d is trib u tio n s n o t charac teris tic  o f  a d irect 
p rocess (levels a t 1.898 and  3.681 M eV  for exam ple). S om e o f  the Id^ hole sta tes 
( £ ,  =  5.91 and  5.99 M eV) excited in the ’ *N i(t, a) reac tion  have no n -strip p in g  
an g u la r d istribu tions.

4.3. T H E  LEVEL S P E C T R U M  O F  ” C o

Several a ttem p ts  have been m ade to  ca lcu la te  the level spectrum  o f  ” C o  based on 
the shell m odel as well as on  the unified m odel ‘^"^^). T h e  observed  level
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spec trum  is co m p ared  w ith  the  p red ic tions o f  the m o re  im p o rta n t theo ries in fig. 7 ,
T h e  shell-m odel ca lcu la tio n  by V ervier '^ )  assum es an  ine rt “*®Ca co re  w ith a 

p ro to n  hole in th e  I f ,  o rb it an d  the tw o ex tra -c o re  n eu tro n s  on ly  in the 2p^ o rb it;  
ag reem en t w ith  experim en t w as poo r. T h e  ab o v e  ca lcu la tio n  w as then  repeated  by 
M c G ro ry  '* ) by increasing  th e  m odel space  so  as to  include a lso  the  2p^ an d  I f j  
n e u tro n  con figurations. T he residual in te rac tio n  w as taken  to  give reaso n ab le  ag ree ­
m ent w ith o th e r  iso ton ic  nuclei. T he agreem en t w ith  experim en t, a lth o u g h  som ew hat 
im proved , is still unsa tisfac to ry . Several w ell-know n levels a re  n o t p red ic ted , in 
p a rticu la r  th e re  a re  no  ca lcu lated  J" =  an d  levels below  *  2.5 M eV, 
w hereas such levels have been observed below  ^  1.5 M eV.

A n ex tended  shell-m odel ca lcu la tion  du e  to  G a tro u s is  ct at. *'') is based on an  inert
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P resen t expt. C
t  ig 7. The ex p e r im e n ta l  level sp ec t ru m  o f  ' ’ C o  c o m p u r e d  w i th  iheo re i ic a l  ca lcu la t ions .  T h e  levels n o t  
o b s e rv ed  in th e  p rcsen l  e xper im en t  a r e  s h o w n  by b ro k e n  lines. A :  Ref , ' “ ). B: Ref. C :  R e f  ' ' ')

D : R e f .  ” ). E Ref,
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'‘“C a  co re  an d  includes the neu tron  co n figu ra tions I f j ,  I f j ,  2p j an d  2 p, and  fu rth e r 
allow s the exc ita tion  o f  p ro to n s from  the IT  shell to the 2p^, 2 p j and  Ifj o rb its . T he 
spacings o f  the single-particle o rb its  a re  trea ted  as free pa ram ete rs  and  the  residual 
tw o-body  in te rac tion  was taken  as tha t given by a free tw o-nucleon  H am ad a- 
Jo h n sto n  po ten tia l. M any  m ore levels a re  pred ic ted  th a n  those  by V ervier ’ *) an d  
M cG ro ry  A  com parison  w ith the experim ental level schem e is m ade in fig. 7 . 
E xcept fo r the 1.76 M eV  level ( f '  =  ^ ~ )  all the observed  levels below  E , ar 2 M eV  
arc  rep roduced  in th is ca lcu la tion , a lthough  the sequence an d  the  spacings o f  the 
levels a re  no t exact. S om e o f  the  high spin sta tes p red ic ted  by G a tro u sis  el a!. *’ ), 
nam ely  t h e 7^ =  level at % 1.7 M eV and th e y ” =  -U-" level a t % 2.1 an d  % 2.7 
M eV, ap p e ar to  be s tro n g  cand ida tes  for som e o f  the high spin sta tes ( £  =  2 486 
M eV, =  V : a ;  =  2.523 M eV, y  ^  =  2.555 M eV , y ^  V )o b serv ed  la te r
by Pietrzyk et al.  ̂’) m the  ” Fe(p, n) reaction . Tw o r  =  f  “ levels p red ic ted  by this 
m odel at ^  1.8 and  ^  2.5 McV have, how ever, not been ob.served in any experim ent

A m ore recent shell-m odel ca lcu la tion  by H orie and  O gaw a '«) assum es an inert
( a co re  w ith a p ro to n  hole in the  11'̂  shell and  the ex tra -co re  n eu tro n s  in the  2p 

and  Ifj o rb its . A greem ent w ith the observed  level schem e is p o o r  (fig. 7). Few er 
levels are p red ic ted  than  observed and  the \  ̂ levels a ro u n d  £ ,  =  1.5 M eV are
not rep roduced . T he pred ic ted  and  J,- levels are, respectively, % l . j  M eV an d  
% 2.1 M eV higher than  observed. T he spectroscop ic  fac to rs  fo r the r  =  \  '  
levels pop u la ted  in the sing le-p ro ton  stripp ing  reaction  on ’ '"Fe a re  also  calcu la ted  
by H orie and  O gaw a and  alm ost the en tire  sing le-partic le  streng th  is p red ic ted  to  be 
co n ta in ed  in the g.s. tran sition  (tab le  5 ).

A ttem pts have also  been m ade to  o b ta in  the level o f  spectrum  o f  *’C o  on the  w eak 
as well as the in te rm ed ia te  coup ling  versions o f  the unified m odel. T he low -lying 
levels o f  an odd  m ass nucleus is given in term s o f  a sm gle partic le  (o r hole) coupled  
to  an excited even core. T he levels o f  ' ’C o  are  thus given by the  w eak coup ling  o f  the 
If , p ro to n  hole to  the lowest 2  ̂ v ib ra tiona l sta te  o f  “'^N i an d  a q u in te t o f  negative- 
parity  levels w ith spin \  an d  Y  will be o b ta in ed  w ith  the  cen tro id  a t 1 45
M eV (the  energy o f  the lowest 2^ sta te  in *«Ni). Such levels m ay be identified w ith 
the observed levels at £ ,  =  1.758, 1.919, 1.898, 1.224 an d  1,689 M eV , respectively 
(C ovello  and  M anfred i The collective n a tu re  o f  the  levels is su p p o rted  by their 
m uch larger B(\L2) streng th s than  the sing le-partic le  estim ates and  the  weak 
exc ita tion  in the (r, d) an d  (d, n) reactions. T he 1.90 MeV level has a non -stripp ing  
an g u lar d is trib u tio n  (fig. 7) and  the 1.22, 1.69 an d  1.92 M eV  levels a re  hard ly  visible 
above backg round . O nly  the 1.76 M cV level is not weak an d  the an g u la r d is trib u tio n  
leading to  this level is o f  stripp ing  ch a rac te r  (fig, 2 ), w hich p robab ly  ari,ses from  a 
m ixing w iih the single-particle level o f  the sam e y-value. T he lim ita tion  o f  the weak 
coup ling  m odel is obvious. T he observed  sp litting  (;^ 0.7 M eV) o f  the core m ultip le t 
show s that the hole v ib ration  coupling m ay not be weak . T he cen tro id  of the m ultip le t 
IS a lso  ab o u t 0.2 M eV higher than the  energy o f  the low est 2^ s ta te  in '«N i, im plying 
a m ix tu re  ol sta tes w ith dilTerent num bers o f  phonons.

1-0 H. B A N l c/,,/
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T a b i.l 5

M easured transition  strengths from  (t, d) and  (d. n) reaction  co inpared  w ith theory

(MeV)
g.s.
1.376 
1.501 
1.75« 
1.898 
I 920 
2.134 
2.314 
2.61 I 
2.731 
2.S04 
2.87«

J ' I") 11")
1.50 0.89
1.29 0.52

i

0.49
0.23

0.98
0.35

0.21

0.35
0.13

1.20
0.20

0.11

1.80
1.80
0 7 2
0.30

2.00
0 ,70

0 .39

1.90 1.84 5.20 1.41 1.41
1.71 
0 64 
0.35

1,07 1.11
0.45
0.20

1.18
0.35

0.14

0.40
0.16

1.42

0.17

1.68
0.76

1.90 1.60
0.75
0.86
0 .44
0 .04
3,23
0 .95
0 .04
0.29
0.47

0 .96
1.09
0.450.11
3.58
0.56
0.03
0.20
0,43

1.98

0.00

0.00

0.48 0 .43  0 .32

") Pre.sent work.
'’) T he '" F e i r ,  d) reaction (H ard ie  e t at. ^)).
')  T he ■‘‘"F e(r. d) reaction (R osner and  H olbrow  ■*)).
■') T he ' ' ’Fe(T, d ) reaction (B aghdadi e! ul. *)).
■■) The ' ’’Fe(d, n) reaction  (A dam  ei at. ’ )).
')  T h e^* F e(d , n) reaction (Couch
*) T he *'’Fe(d. n) reaction (O korokov t '/ii/. *)».
•') Shell-m odel theory (G om ez ^^)); I and II deno te  two different p aram eter values.
') Shell-m odel theory (H orie  and  O gaw a '*)).

T he in te rm ed ia te  coup ling  m odel as used by S a tp a th y  an d  G u jra th i considers 
up  to  th ree p h o n o n  sta tes o f  the  co re  an d  in ad d itio n  to  the ( I f j ) " '  p ro to n  o rb it 
m en tioned  above, t h e ( l d j ) "  ‘ an d  (2s )“ ‘ p ro to n  co n fig u ra tio n s w ere also  considered . 
T h e  streng th  o f  the co u p h n g  w as trea ted  as an  ad ju stab le  param ete r. T he q u in te t 
m en tioned  above, in p a rticu la r  the d o u b le t n a tu re  o f  the  I ~ an d  levels an d  o f  the  
V and  j levels, exccpt for a reversal in spin in the la tte r  case, is well rep roduced  
(fig. 7). T he , r  =  y  level a t £ ,  s: 2.5 M eV pred ic ted  in th is  m odel m ay co rre ­
spo n d  to  one o f  the high spin levels observed  in the '^F e (p , n) reac tion  - ’) m en tioned  
earlier. T his m odel fails to  rep roduce  t h e . r  =  ? an d  i levels a t £ ,  5̂; 1.5 M eV and 
the agreem ent w ith experiinen t is not sa tisfac to ry  beyond £ ,  a: 2.5 M eV.

It is, how ever, possib le tha t som e o f  the observed  levels m ight be acco u n ted  for 
w ith in  the fram ew ork  o f  the in te rm ed ia te  coup ling  m odel by includ ing  ad d itio n a l 
p ro to n  co n figu ra tion  like 2p and  If j. This is d o n e  by G o m ez an d  the  spacings 
betw een the excited p ro to n  co n fig u ra tio n s w ere taken  from  experim en t an d  also  
from  the b ind ing  energies. T he collective p a ra m e te rs  w ere taken  from  experim en tal 
d a ta , Agre.ement w itn the experim ental level schem e is considerab ly  im proved  (fig. 7). 
T he o rd erin g  o f  the  low -lying levels is how ever no t co rrec t. T he spectroscop ic  fac to rs 
fo r the  s ing le-p ro ton  stripp ing  reactions leading to  *''Co are  also  ca lcu la ted  by G om ez 
fo r som e o f  the stro n g  tran sitio n s an d  the resu lts a re  sum m arized  in tab le  5. Excep-
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ting  the  g.s. the ag reem ent w ith the m easu red  vahies given by ( t , d) and  (d, n )  reactions 
is fa r from  sa tisfac to ry   ̂ T he levels 2.731 an d  2.804 M eV  pred ic ted  to  ca rry  rea so n ­
ab le  sing le-partic le  streng th s (tab le  5) a re  no t a t all excited in any  p ro to n  strip p in g  
reaction .

In tne at>ove w eak an d  in term ed ia te  coup ling  m odels the co re  cxcita tion  is assum ed  
to  follow  a pure  harm o n ic  v ib ra tion . T h e  in te rm ed ia te  coup ling  m odel used by 
S tew art e l u l / ' )  considers the p h onon  sta les bu ilt on  an  an h a rm o n ic  v ib ra tion . T he 
pairing  effects a re  n o t ignored  and  the qu as i-p a rtic le  effects have fu rth er been m tro - 
duced . Q u ite  a sign ifican t im provem en t in the level spectrum  is thereby achieved 
(fig. 7); all the levels u p  to  £ ,  a; 2.3 MeV are  reasonab ly  well rep roduced .

T h e  above d iscussions refer to  the negative-parity  levels. T h e  positive-parity  levels 
a re  ca lcu la ted  on ly  by S atpa thy  and  G u jra th i “ ')  an d  tw o levels (E , =  3 .011 and 
5.338 M eV) and four levels (£ \ =  3.352.4.685, 5.448 and  6.416 M eV) are  predicted , 
arising  from  the 2s and  Id^ p ro to n -h o le  sta tes, respectively. T h e  observed J  =  
level a t £ ,  =  2.99 M eV  is clearly  the  lowest level given by S a tp a th y  an d  G u jra th i 
T h e  d ifficu lty  arises w ith  the o th e r  2sj level. In a prev ious '^ F e ( t ,  d ) experim ent H ar- 
d ie  L't al. ) observed  an  /p =  0 tran sitio n  to  a level close in energy to  this p redicted  
level. T w o such levels a re  identified  in the p resen t w ork  w ith  a /p =  0 s tripp ing  angu lar 
d is trib u tio n  (fig. 4) fairly  close to  the level under d iscussion , and  the sm all cross 
sections arc  consisten t w ith  the ir iden tifica tion  as 2s ho le  sta tes. T h e  [  ̂ level, how ever 
is n o t observed  in the *®Ni(t, a) reac tion  a lthough  th e  spectroscop ic  fac to r for this 
level is ca icu la ted  to  be a b o u t h a lf  th a t fo r the level (S a tp a th y  and  G u jra th i >'')). '  
T he iden tification  o f  the pred ic ted  level thus rem ains undecided. F ive / ,  =  2 
tran sitio n s (includ ing  tw o d oub tfu l ones) w ere observed  by Blair an d  A rm strong  '■’)
in the ***Ni(t, a) reaction , som e o f  w hich m ay co rresp o n d  to  som e o f  the 
given by the ca lcu la tion  o f S atpa thy  and  G u jra th i.

•3 -i levels

5. Conclusion

A ngu lar d is trib u tio n s have been m easured  in the presen t experim ent for m ost o f  
the levels in ^^Co up to  E , % 7.8 M eV from  the ^^F e(t, d ) reaction . A fairly accurate  
m easu rem en t of the  abso lu te  cross section has been ca rried  ou t. T he spectroscopic 
streng th  ob ta in ed  in the present w ork, level by level, for the 2p and  If,, transitions 
lies betw een th a t given in the prev ious tw o m easurem ents^-^), while that for the 
I f ,  levels given by fhe present w ork, is the sm allest o f  all ( t , d) an d  (d, n) values. 
M ore a.ssignm ents o f  o rb ita l an g u la r m om en tum  transfe r have been m ade in the 
pre.sent experim en t than  in previous p ro to n  strip p in g  stud ies (tab le  3). T he sum m ed 
2p. 7 ^ stren g th  ob ta ined  by us and  R osner and  H o lb row  ") is fairly consistent with the 
shell-m odel lim it, whilst tha t given by H ard ie  c, al. ’ ) and  A dam  et al.^) is m uch sm al­
ler th an  the expected  value. T he sp litting  o f  th e  m easured  2p, s treng th  in to  p^ and

’ The large g.s. iransilion  strength obtained by Ol^orokov ,v «/. <•) is disturbing.
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co m p o n en ts  is d ifficu lt; the  sum m ed stren g th s  fo r these c o m p o n en ts  a re  far 
from  the respective sing le-partic le  lim its. T h e  I f , ,  tran s itio n  s tren g th  given by 
H ard ie  et a l } )  is on ly  a b o u t 50%  o f  the expected  value, w hile th a t given by the 
p rese n t an d  the  rem ain ing  experim en ts a re  in rea so n ab le  ag reem en t w ith  the  sum  
ru le  lim it. T h e  m easured  I f j ,  T< stren g th s  in the  p resen t case a n d  those  by H ard ie  

, el al. are  ap p rec iab ly  sm aller th a n  th e  expected  value, w hile those  given by R o sn e r
(' an d  H o lb ro w ^ ) an d  A dam  W al. ’ ) a re  in sa tisfac to ry  ag reem ent w ith  the  shell-m odel

value. A  choice o f  a d iffe ren t op tica l m odel p a ra m e te r  co m b in a tio n s  som ew hat in- 
 ̂ creases the  p resen t 1 f  j value, b u t the  change  is n o t sufficien t to  b rin g  th e  m easured  

value  close to  the theore tical lim it. It w ou ld  be in te resting  to  ca lcu la te  the  tran sitio n  
s tren g th s on  th e  pairing  th eo ry , w hich gives a  m o re  realistic p ic tu re  o f  the  nuclea r 
s tru c tu re  th a n  the sim ple shell m odel.

In ag reem en t w ith  R o sn er an d  H o lb row ^) th ree  an a lo g u e  s ta tes have been iden­
tified in th e  p resen t w o rk ; the  rela tive spacihgs an d  th e  1̂  values a re  consisten t w ith 
the  rela tive spacings an d  th e  J ” values o f  the  p a re n t levels in *^Fe.

T h ere  have been several ca lcu la tio n s to  o b ta in  the  level schem e, level p ropertie s 
an d  e lec trom agnetic  tran s itio n  rates o f  *’ C o  based  on  the shell m odel an d  unified 
m odel. T h e  unified m odel ca lcu la tions by S tew art et a l } ^ )  sa tisfac to rily  rep roduce  
all the  observed  levels up  to  £ ,  =  2.3 M e V ; the pred ic ted  level density  above £ ,  % 2.3 
M eV  is less th an  th a t observed . T he unified  m odel, how ever, does n o t ca lcu la te  the 
spectro scop ic  fac to rs relevant to  th e  p ro to n  stripp ing  reactions. T his seem s 
im p o rta n t in view o f the fairly accu ra te  cross sections o b ta in ed  in th e  p resen t w ork. 
T h e  tran sitio n  s treng th  ca lcu la ted  by G o m ez on  the shell m odel is n o t satisfactory  
except for the  g.s.

T he a u th o rs  wish to  th a n k  D r. D. R o a f  fo r inva luab le  advice in ru n n in g  the m ag ­
netic sp ec tro g rap h  and  processing  the  p la tes  an d  P ro fesso r K . W . A llen  fo r his in ­
terest in the w ork . They are th an k fu l to  P ro fessor P. D. K unz  for th e  D W B A  code 
D W U C K  and  Dr. D. S inclair for advice on  th eca lcu la tio n s . T h e  a u th o rs  w ould  like to  
thank  M rs. M o m taz  Begum  fo r help  w ith som e scanning. O ne o f  th e  a u th o rs  (H .M .
S.G.) acknow ledges financial su p p o rt from  the Royal Society, L on d o n  w hile do ing  
the experim en t at O xford .
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A bstract: T he level structu re o f  ^*'Ti has been studied  th rough  lhi“ '* 'Sc(r, d) reaction a t E, =  16 MeV 
using the Van de (iraalT  accelerator and  m ulti-channel m agfieiic spectrograph o f the N uclear Physics 
L abora to ry , O xford. A ngular d istribu tions o f  deu terons are  m easured  up to E, ~  9.9 MeV and 
abso lu te  cross sections are m easured. The d a ta  are  analysed in term s o f the LZR O W B A  theory 
o f  the direct stripp ing  reaction. O rbital angu lar m om entum  transfers and  spectroscopic strengths 
are  ob tained .

N U C L E A R  R E A C T IO N  '*Sc(^He, d), E  =  16 M eV ; m easured 0). ‘“ 'T i deduced 
levels, L. it, C ^ S  N atural target

L Introduction

S tudies o f  sing le-p ro ton  transfe r reactions have been found  to  be useful in o b ta in in g  
in fo rm atio n  on th e  g ro u n d -sta te  w ave function  o f  ta rge t nuclei and  sing le-partic le/ 
hole sta tes in the final nuclei. In the case o f  an  o d d -o d d  final nucleus such reactions 
a lso  provit : infoi n ia tiun  regard ing  the  residual n -p  in te rac tio n . T he ( t , d) reaction  
has an  o b u o u s  ad v an tag e  over o th e r  s ing le-p ro ton  s tr ip p in g  reactions from  the 
p o in t o f  experim en tal m easurem ents. T he p resen t w ork  is concerned  w ith  the  ( t ,  d) 
reaction  o n  '^^Sc a t £ ,  =  16 M eV. T his reac tio n  w as prev iously  stud ied  by B rom an 
a n d  P ullen  ')  a t £ ,  =  15 M eV, B arnard  a n d  Jones a t  Ej =  38 M eV  a n d  O h m u ra  
et al. a t £, = 24 M eV , covering  an g u la r  d is trib u tio n  m easu rem en ts respectively 
up  to  £ ,  ~  7.6, 3.9 an d  5.6 M eV . T he experim en t o f  B rom an  an d  P ullen  *) was 
la te r ex tended  by B rom an  and  L arsson  ‘*) to  include ex c ita tio n  beyond  7.6 M eV 
using th e  sam e set o f  nuclea r p lates. T here  a re  a few d iscrepancies in the  assignm ents 
o f  the  o rb ita l an g u la r  m om en tum  tran sfe r  in th e  d iffe ren t m easurem ents (see tab le  2); 
m o re  serious is the system atically  large d ifference in th** spectroscop ic  fac to rs , varying

'  N ow  at the D epartm ent o f  Physics, U niversity o f  B irm ingham , B irm ingham .

II
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12 H. Banu c l cil. l . i r c l  x lrm  lure

by a fac to r o f  a b o u t tw o, even fo r s trong  tran s itio n s , given by B rom an  a n d  Pullen ')  
o n  the  o n e  h an d  an d  B arnard  an d  Jones an d  O h in u ra  el al. on  the o th e r, even 
th o u g h  the  uncerta in ty  in ab so lu te  cross section  is q u o te d  as less th a n  40 %  in the 
d iffe ren t m easurem ents. In the  ‘**Sc(a, t) reac tio n  stud ied  by P riest an d  V incen t *), 
the rela tive spectroscop ic  s treng th s w ere ex trac ted , w hile a n o th e r  p ro to n  strip p in g  
reac tio n  ('*’0 ,  ‘ ^N) by M ah er was n a tu ra lly  concerned  m ore w ith the reac tio n
m echanism  itself th a n  w ith the spectroscop ic  fac to rs  a lth o u g h  ab so lu te  cross sections 
w ere m easured .

T h e  p resen t w ork  w as th e re fo re  u n d e rta k en  w ith  an  energy reso lu tion  b e tte r  th an  
in prev ious experim en ts an d  special care w as tak en  in m easuring  the  ab so lu te  cross- 
section  values. P roperties o f  m ost o f  Uie levels in ‘‘^Ti up  to  £» ~  9.9 M eV  are  given.

2. Experimental procedure

T h e experim en t w as carried  o u t w ith  a beam  o f  16 M eV  ^H e particles from  the  
T an d em  V an de G ra a ff  acce le ra to r o f  the N u c lea r Physics L a b o ra to ry , U niversity  
o f  O xford . T h e  ta rge t w as n a tu ra l scand ium  d eposited  by vacuum  ev a p o ra tio n  o n to  
a  th in  c a rb o n  backing . T h e  ta rg e t w as co n tin u o u sly  m o n ito red  d u rin g  the  experim en t
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Fig. 1. Part o f  the energy spectrum  o f  deu terons arising  from  the “’ScfT, d) reaction  a t 26.25“ show ing
the region o f high density.
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against any  d e te rio ra tio n . T h e  reaction  p ro d u c ts  w ere m agnetically  analysed in a 
m u ltichannel m agnetic  spectrog raph  under an  app lied  field o f  streng th  ^  13.57 kG  
a n d  w ere recorded  in 25 //m  thic^ Ilford  L4 em ulsion  p la tes sim iillaneously  from
11.25° to  48.75° in steps o f  7.5°. T he to ta l beam  charge w as 1885.6 /iC . Each plate 
was m arked  w ith six eq u id is tan t index lines, designated  by A, B, C, etc. im m ediately  
a fte r a run . T his is for convenience o f  scann ing , as well as fo r ready  d e te rm in a tio n  
o f  the position  o f  a g ro u p  w ith respect to  the nearest index line.

T he pla tes were scanned a t FDacca an d  the energy spectrum  w as o b ta in ed  a t each 
angle. A typical spectrum  is show n in fig. 1. T he energy levels in '“ ’Ti w ere o b ta in ed  
as discussed in subsect. 4.1. T he energy reso lu tion  (F W H M ) w as ~  22 keV.

A m ong  o th e r  qu an titie s , m easurem ents o f  solid angle an d  ta rge t th ickness are  
necessary for estab lish ing  the abso lu te  cross-section  scale. T h e  solid angles were 
m easured  b o th  geom etrically  and  using an  a -so u rce ^  D irect ca lcu la tions a t the 
m agnetic  deflection  o f  a t the position  D +  64 scans w ere m ade from  the w id th / 
heigh t o f th e  particle-defin ing  slits an d  path  length from  the  cen tre  o f  the sp ec trog raph  
to  the v e rtic le o r  ho rizon ta l slits. Solid angle relative to  the value a t the \n  position  was 
de term ined  by placing a thin (10 keV) am ericium  a-sou rce  (0.5 m m  x 2 m m ) a t the 
ta rg e t position  an d  exposnig  fo r equal tim es a t six values o f  the  m agnetic  field so 
as to  cover the  scans on the en tire  nuclear plat-’s, an d  an  ab so lu te  value w as then  o b ­
ta ined  by m easuring  the yield o f  the a ’s per so lid  angle from  the am eric ium  source in a 
solid sta te  co u n te r w ith a p inhole a p e rtu re  in fron t. T he tw o m e th o d s gave solid 
angles in ag reem ent to  w ith in  5 D epend ing  on  the position , the solid angle varies 
by up  to  ~  20 a ro u n d  the  m ean value o f  0.24 m sr a t the  p osition  D -i-64. 1 hose 
a t the position  o f  in terest w ere ob ta in ed  by in te rp o la tio n .

T o  m easure the ta rge t th ickness, a subsid iary  sh o rt exposure  o f  0.92 //C  w as taken  
on  the elastic scattering  o f  3 M eV  d eu tero n s from  the sam e ta rg e t as used in the m ain  
experim ent at a m agnetic  field o f streng th  ~  5.48 kG  an d  the  yield o f  the elastic 
g ro u p  a t 26.25° was norm alized  to  the R u th e rfo rd  cross section  a t th a t angle. I ’he 
solid  angle at the  p articu la r position  o f th e  elastically  sca tte red  d eu te ro n  g ro u p  being 
know n, the effective target thickness w as thus found  to  be 53 /ig • cm T he to ta l 
uncerta in ty  in the ab so lu te  value o f  the  ( t , d) cross section , resu lting  m ainly  from  
erro rs  in the target thickness, scanning an d  b ack g ro u n d  su b trac tio n , was estim ated  
to  be less th an  15

H  tiu n u  c l al. L evel \ in «  lure  1

3. DWBA analysis

, 1 he an g u la r d is trib u tio n  d a ta  were ana lysed  in te rm s o f  the  D W B A  theory  o f  
d irec t s tr ip p in g  reaction  in the local zero -range ap p ro x im atio n . T h e  ca lcu la tions 
w ere ca rried  o u t by one o f th e  a u th o rs  ( H .M  .S .G .) a t O xfo rd  using the code D W D C'K  
due to  K unz w ith the IBM  360; 195 co m p u te r  o f  the R u th e rfo rd  H igh I-nergy L abora-

'  We arc gralcful to t>. t). R o a f for these measurement.s.
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to ry . T he op lical-m odel po ten tia l was ot the s ta n d a rd  W oods-S axon  form  lo r the 
^H e p o ten tia l an d  the real p a rt o f  th e  d eu tero n  po ten tia l, w hile a  W oods-S axon  
deriva tive  was used for the  im ag inary  p art o f  the d eu te ro n  p o ten tia l. T he bound- 
s ta te  wave function  was generated  by using the real po ten tia l o f  th e  form

V o . / ^45.2 /• d r

w here / ( r ,  f )  is the W oods-S axon  form  fac to r an d  /  =  25. T he stren g th  o f  the 
po ten tia l was ad ju sted , w ith /•„ =  1,25 fm, a — 0.65 fm and  C o u lo m b  rad ius 
p a ra m ete r i\ =  1..̂  fm, so as to  give the correct b ind ing  energy o f  the transfe rred  
p ro ton ,

Taiu.i I 

O p tica l -n io d c l  p a ra m e te r s

Particle
(MeV) (I'm)

a
(I'm) (M eV) (M cV)

r\
(I'm)

I'l
(I'm) (M eV) (I'm) (Im ) d m )

n t e 1 .W.O 1,08 0,80 I2..1 1,743 0.721 1.4 ■'■■')

d 94.x 1.12 0.79 61.2 I..'i2 0.74 6.6 0,90 1.16 I..1 “)

P 1.25 0.65 =  25 1.3

■') A d ju s led  10  r e p ro d u c e  the  b in d in g  energy.

T he po ten tia l param eters used in the D W B A  calcu la tion  are  show n in tab le  1 
[refs. T his com b in atio n  ap p rox im ate ly  satisfies the co n d itio n  y ,  ~  +

fo r the real dep ths. T he spectroscop ic  tran s itio n  s treng ths (2 7 ,-h 1 )<r'".S7(2yi +
1) were ob ta ined  by norm alising  the com p u ted  cross section to  the m easured
value th rough  the rela tion

as suggested in the  D W U C K  code, w here J, an d  J( a re  respectively the an g u la r  m o ­
m entum  of the initial and  final nuclear levels an d  /  is the an g u la r m o m en tum  o f  the 
transfe rred  p ro ton . A n o rm aliza tion  co n s tan t M =  4.42 was used re levan t to  the 
G u n n -lrv in g  w ave function  for 'H e  an d  the H ullhen  w ave function  for (he d eu ­
teron

Dhaka University Institutional Repository



4. Results and discussion

4.1. T IIH  KNERCiY LFV C l.S IN “ '’Ti

T h e energy levels in have been m easured  from  a varie ty  o f  nuclear reactions 
an d  com piled  by L ederer an d  S h ir le y ‘')  an d  A uble T he exc ita tion  energies 
d e term in ed  from  a previous '*’Sc(t, d) reac tio n  ')  a re  system atically  larger than  
those  o f  the  com pila tions and  also  those given by a recent high reso lu tion  y-ray 
s tudy  " )  follow ing the (a, n) reaction  on  ^ 'C a . it w as the re fo re  though t w orthw ile 
to  rede term ine  the energy levels in ‘**’Ti so as to  m ake a m eaningfu l com parison  
w ith  th e  a d o p ted  levels ‘°), as well as w ith  those  levels observed in v-rav stud ies 
[refs.

Because o f  the uncerta in ty  in the sp ec tro g rap h  ca lib ra tio n  a t the high m agnetic

//. Hanu c t <// L c iv t  \/ru< inrc \ 5

Pig. 2. M easured angular d istribu tions fitted with I =  I DW BA cu
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field used in the present experim ent (B  ~  13.57 kG ), an  in te rna l ca lib ra tio n  was 
m ade  using least squares parabo lic  I1ts to  several w ell-know n levels in -*'’Ti (show n 
underlined  in tab le  2) an d  th e  g round  s ta te  o f  the d ) ' ’ N reaction . T he la tte r 
p rov ided  a useful ca lib ra tio n  po in t in a region o f  the p lates w here the density  o f  the 
levels is high. T he criteria  used for the iden tifica tion  o f  the  levels w ere th a t the ex c ita ­
tion  energies o f  levels in '̂ ‘’Ti ob ta in ed  a t d iffe ren t angles w ere consisten t to  w ith in  
10 keV an d  th a t the d eu tero n  g roups a t d ifferen t angles belonging  to  the sam e levels 
h ad  sim ilar w idths.

II. tianu i't al. lATclsinH turf |i)

4.2. T H F  A N C illl.A R  D IS T R IB U T IO N S  A N D  T R A N S IT IO N  S T R E N C .T tlS

A large num ber ol levels, including a few analogues, have been observed  up  to  
£■, ~  9.9 M eV. T he an g u la r d is trib u tio n s have been m easured  for all the g roups

Fig. .■!. M easured angular d istribu tions fitted with /  =  } DW BA (
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I ig. 4 M easured angu lar d istributions ru led  with / =  I f ?  DW BA curves: solid line, / =  I broken
line, / =  I ; d o tted  line, / 3.

an d  tran s itio n  streng ths ex trac ted  fo r m any  o f  them . T h e  results a re  sum m arized  
in tab le  2 .

T ypical exam ples o f  the D W B A  fits to  the  m easured  an g u la r d is trib u tio n s  a re  
show n in figs. 2-7. T he levels for w hich th e  cross sections at the  first tw o fo rw ard  
angles a re  m issing, e ither du e  to  the presence o f  a co n tam in an t o r  to  a n  em ulsion  
d is tu rb an ce , a re  excluded from  th e  D W B A  an a ly sis ; these a re  m ark ed  n .a . in tab le  2. 
A few levels d o  no t have an g u la r  d is tr ib u tio n  characteristics o f  a d irect s tr ip p in g  
process. Such levels a re  deno ted  by n.s. in the table. A lso  included in the tab le  fo r
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I'ig. 5 M ea s u re d  a n g u la r  d i s t r ib u t io n s  f i t ted  w i th  / =  0 D W B A  curves.

co m p ariso n  are  the resu lts from  p rev ious ( t , d) reactions o n  “ ‘’Sc [refs. T he
tran s itio n  s treng ths in all these stud ies as well as in 'th e  p resen t w ork  are  ex tracted  
using the sam e n o rm aliza tion  co n s tan t {N  — 4.42) an d  shou ld  th e re fo re  be d irectly  
co m p arab le  (co lum ns 9 -12).

T h e  ( t , d) reaction  cxcites bo th  no rm al ( / ’<) an d  an a lo g u e  ( T ^ )  sta tes an d  the 
sum m ed tran sitio n  streng th s accord ing  to  the sim ple shell m odel G j ( -  (27, + I) 
C ^ 5 /(2 7 |+  1)) a re  re la ted  to  the shell vacancies as given by

j  (n e u tro n  h o l e s > / ( N - Z + 1), T> sta te
[< p ro to n  holes>-<neutron h o le s > / ( /V - Z + 1), state .

w here N  an d  Z  are  the n eu tro n  an d  p ro to n  num bers o f  th e  ta rg e t nucleus.
4.2.1. The I -  I a n d 3 transitions. T he 1 f  an d  2p sing le-partic le  s tren g th s  a rc  heavily 

fragm ented  an d  the 2p  streng th  is m ore  o r  less evenly d is trib u ted  ov er the en tire  
range  o f  exc ita tion  energy stud ied , w hile a large p ro p o rtio n  o f  th e  I f  shell-m odel 
streng th  is ca rried  by a few low -lying levels (tab le  2). A n u m b er o f  an g u la r d is tr ib u ­
tions requ ired  a m ix tu re  o f  / =  1 an d  3 transfers, signifying a high degree o f  m ixing
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Fig. 6. M easured angular d isiribution  fitted wi .h Fig 7 
I =  2 DW BA curves.

M ea su re d  a n g u la r  d i '^ 'r ib u tio n  fo r a n a ­
logue s ta te s .

o f  the 1 f  an d  2p shell-m odel con figu rations. Such a m ix tu re  w as considered  d u rin g  the 
D W B A  analysis only  w hen the q uality  o f  a fit w as thereby  im proved  significantly  
a n d  th e  / =  3 com ponen t h ad  an  ap p rec iab le  c o n trib u tio n . A  few exam ples a re  given 
in fig. 4 w here fits from  ind iv idual /-values a re  also  show n in som e cases.

T he tran s itio n  streng th s in tab le  2 w ere deduced  by assum ing  th a t all /  =  I an d  
3 tran sitio n s po p u la te  respectively th e  2 p j an d  If. shell-m odel states. T h e  sum m ed 
tran sitio n  streng th s so ob ta ined  a re  show n in tab le  3 fo r a  com parison  w ith  the  shell- 
m odel values. T he T< com p o n en t o f  the to ta l I f  s treng th  thus com es to  be 6.3, as 
aga inst the single-particle lim it 10.5 fo r I f , +  11\ shells. Likewise the observed  sircng lh  
for 2p  tran sitio n s is 3.7 being fairly  close to  the exf)ccted 7'< c o m p w n e n to f  the to ta l 
2p^ -l-2pj streng th  o f  4.5. It cou ld  then  be assum ed th a t m ost o f  the co m p o n en t

\
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Tabi.i: y

23

Results o f  the sum -rule analysis for the p ro to n  T< sta les in ‘‘"Ti

Single-particle sta te
X (2 J , + i)C's/(2 y,+ i)

shell-m odel limit •) ")

If7,2
lf5,2

6.3 11.3

2P3 2 
2pi 2 is 3.7 4.9

The streng ths are deduced by assum ing th a t all /p =  I and  3 transitions belong to the 2p3,,2 and I f , 2 

shell respectively; the possibility o f  excitation o f  lf s ,^ a n d  2p, 2 shells increases the strengths.
“) Present work.

R e f ').

I A lll .l 4

Sum m ary o f  the results on  the  isobaric analogue states in '‘'’Ti

■*’Sc(t, d)-“’Ti “) ■‘ 'S c(d . p)-">Sc

I/-.;.
(M eV)

(M eV) (M eV) /p (2 7 r-l-l)C ^5 (M eV)

L (2y , - n ) c ’s
J '

‘ ) ") ‘ ) ■')

9.176 0 3 2.24 0 3 3 4.64 2.88 4* 7.591
9 »26 o.2,‘;o 3 2..32 0.22X 3 3 4.96 2.86 3'- 7 613
9.474 0.298 1 0.6« 0.279 (1) 1 + 3 (0.80) 0.44 ') 5* 7.610
9.572 0.396 3 2.24 0.444 3 3 2.48 1.60 2* 7.643

“) Present work.
*’) Excitation in '"“ ’Sc” ob tained  with the 9.176 MeV level as the g round-s ta te  analogue. 
')  R e f 
■*) Ref.
')  The strengths o f  t h e /„ =  I com ponent.

o f  the I f  an d  2p shell-m odel streng ths has  been reached  w ith in  the  exc ita tion  ~~ 
10 M eV) covered in the  p resen t w ork .

A few low -lying levels in ‘‘‘’Sc are  fairly  s trong ly  excited in the  (d, p) reaction  on 
■*̂ Sc an d  it w ould  be exjK-cted that the co rrcsix )nd ing  an a lo g u es in I'i lie above 
E j ~  9 M eV. O n  the basis o f  relative level, spacings a n d  th e  consistency  betw een the 
/p tran sfe r in th e  ( t , d) reac tion  an d  /„ tran sfe r  in the  (d, p) reac tion , fo u r levels, nam ely 
9.176, 9.426, 9.474 an d  9.572 M eV, have been iden tified  as ana logues. T he results 
a re  sum m arized  in tab le  4 for a com p ariso n  w ith the  levels in the  '^*Sc(d, p) reaction  
[refs. T here  is a reasonab le  resem blance betw een the  tran s itio n  streng th
given by the presen t ( t , d) w ork and  the  (d, p) w ork o f  ref. ' *). It m ay be m en tioned  
th a t the level a t 9.205 M eV was prev iously  identified  as  th e  an a lo g u e  o f  the  first

V
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excited level of'*‘’Sc [ r e f . T h e  level in the p resen t experim en t is p o p u la ted  w ith an  
an g u la r  d is trib u tio n  typical o f  an  /p =  I tran sfe r (fig. 2), ra th e r  th a n  /^ =  3 as 
expected  from  the co rresp o n d in g  (d, p) reaction . Even th o u g h  the  b ack g ro u n d  in the 
reg ion  o f  the  p la te  w here th e  g ro u p  lies is relatively high, repeated  scans y ielded a 
consisten t set o f  cross-section  d a ta , never d iffering  by m ore th a n  10 %  fo r d iffe ren t 
scans. It is su rp rising  then  th a t the  an a lo g u e  o f  a very strong  g ro u p , found  in  a 
prev ious ( t , d) w ork '*), is m issing in the  p resen t experim ent. T here  is no  ev idence o f  
a n  /p =  1 + 3  m ix ture in th is  an g u la r d is trib u tio n  as found  in m any  o th e r  d is trib u tio n s  
(fig. 7 an d  tab le  2).

4.2.2. The 1 = 0 and 2 transitions. A few levels w ere observed  w ith  an g u la r  d is­
tr ib u tio n s  characteristics o f  /  =  0 an d  2 tran sfe rs  (figs. 5 an d  6). T he tran s itio n s  
to  the negative-parity  sta tes a re  a resu lt o f  the (2s j ) “ ^ ( l f ,)  an d  ( l d j ) " ^ ( l f , )  con figu ­
ra tions in ■*^Sc, i.e. the nega tive-parity  sta tes ari.se from  th e  (2s j ) “ ' ( I f j )  an d  ( I d j ) "  ‘ 
( I f j )  tw o -p ro to n  co n figu ra tions in ‘‘‘’Ti^. T h e  negative-parity  sta tes th u s have the 
characteristics o f  a defo rm ed  ro ta tio n a l band  a n d  based  on  the  energy spacings, the 
ch arac teris tic  cascade an d  cro ssover tran s itio n s  a n d  an  enhanced  E2 tran s itio n , 
the  levels a t E , =  3.059, 3.442, 3.853, 4.663, 5.198 an d  6.150 M eV  w ith  respective 
S ' =  3 “ , 4 " ,  ( 5 “ ), (6 ‘ ), (7~ ) an d  (8 " )  have been identified  in the ‘*^Ca(a, ny) reac­
tio n  “ ) as the m em bers o f  a ro ta tio n a l band . It is therefo re  possib le th a t the negative- 
p arity  levels p o p u la ted  in  the ( t , d) reac tio n  have a  co n trib u tio n  from  a non-sing le­
s tep  process. In fact the m easu red  an g u la r  d is trib u tio n s  for / =  0 tran s itio n s  (fig. 5) 
do  n o t follow  the detailed  shape o f  th e  single-step D W B A  curve an d  th u s  in view o f  
th e  lim ited  d a ta  in the  p resen t experim en t th e  co n trib u tio n  from  a m ulti-step  process 
c a n n o t be ru led  ou t.

T he levels a t 3.059 an d  3.44 M eV  have a co n tra d ic to ry  assignm ent in p rev ious 
‘̂ ’S c(t, d) experim ents (tab le  2). T he p resen t experim en t in ag reem en t w ith  B rom an  
a n d  Pullen ‘ ) assigns /p =  2 to  b o th  these levels. T his /p value is consisten t w ith  th e  
negative p arity  o f  these levels clearly  given by the lifetim e m easu rem en ts in th e  '^^Ca 
(a, n)’) an d  ^ ^ S ( '^ 0 , 2py) reac tions '*■ *^). T hese levels as m en tioned  above are  the 
low est tw o m em bers o f  th e  nega tive-parity  band  in ‘‘*Ti. N o o th e r  m em ber o f  the 
band  is popu la ted  in the ( t , d) reaction .

4.3. LEV EL S P E C T R U M  O F  •‘^Ti

T h e level spectrum  o f '^ ‘’Ti has lieen ca lcu la ted  by several a u th o rs  “ ’) on  the 
basis o f  the M cC ullen-B aym an-Z am ick  (M B Z ) m odel '^ ) . T h e  spectroscop ic  
s treng ths  relevant to  the  /p =  3 tran s itio n s  in the  ‘**Sc(x, d )“®Ti reac tio n  have also  
been ca lcu lated  •’ ■*) w ith in  the  fram ew ork  o f  the  m odel.

T h e  M B Z  m odel s ta rts  w ith a  closed ‘̂ ‘’C a  co re  an d  th e  sta tes a re  bu ilt o n  the  pure 
( If j)"  con figu rations. F u rth e rm o re  the  tw o-body  residual in te rac tio n  is assum ed

’ The au th o ts  are  grateful to  the referee fo r poin ting  it out.

24 H . B anu  e l al. / Lei e l  s tru c tu re

V
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to  be independen t o f  the nu m b er o f  particles in th e  f  ̂ o rb it. T he d iffe ren t ca lcu la tions 
d iffe r from  one a n o th e r  on ly  in the deta ils o f  th e  in te raction .

T he levels in ‘*'’Ti up  to  £ ,  =  5 M eV w hich are  excited in the  presen t investigation  
w ith  /p =  3 ch a rac te r (tab le  2) a re  show n by solid  lines in fig. 8 fo r  a com parison  
w ith the p red ic tions o f  the M B Z m odel also  included by d o tte d  lines a re  the

s:

QL

1*3-
1*3-1*3“

3
1*3-

1 -

]*T1‘
3-

3-
1*3"

-4  1*3-

1*3-

- 0  
J  ip

-12)

- a

RW. B
Fig, X. Experim ental level spcclrum  o f  '“ ’Ti com pared with theory (only positive-parity  levels shown). 
P. W .; Present w ork [levels with /p =  3 character a re  show n by solid hnes and  o th e r posilive-parity  levels 

are show n by broken lines; the y-values are from  refs. (A) r e f  '*), (B) r e f  ’ ), (C) ref. ""j.

o th e r  fX)sitive-parity levels th a t a re  know n to  exist in th is exc ita tion  region. T h e  y ” 
values o f  m ost o f  the low -lying levels in ‘̂ ‘’Ti a re  es tab lished  on  a firm  basis [see a 
d iscussion  by D racou lis  et al. “ )], bu t a defin ite  co rrespondence  betw een theory  
a n d  experim en t can  be m ade fo r on ly  a  few o f  them . A  co m p ariso n  o f  the tran sitio n  
streng th s fo r such levels given by theory  ’ ) an d  all ( t ,  d) experim en ts [p re sen t w ork 
and  refs. ' "  ^)] is m ade in fig. 9. It is observed  th a t the s tren g th s  given by the present 
experim ent a rc  in excellent agreem ent w ith th e  M B Z  theo ry  (fig. 9) for all but the 
first excited level (2 / ) :  the streng th  for the la tte r  g ro u p  given by the  presen t w ork 
is m uch sm aller th a n  th a t p redicted . T he streng th  given by B rom an  an d  Pullen ')  
on  the  o th e r  h an d  agrees w ith  theory  only  fo r th is 2,^ level. Several low -lying 2^
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Fig. 9. M easured spectroscopic sircngths com pared with theory. (A ) M BZ theory ’ ), (B) present w ork.
(C )rd '. ' ) , ( D ) r e r . -). (U) ref.

sla tes a re  o bserved  in the ( t , d) experim en ts, only th ree o f  w hich a re  given by the M BZ 
m odel (figs. 8 an d  9). It is, how ever, in teresting  to  no te  th a t the  sum m ed streng th  
1.13 m easured in the present experim en t for all the 2*  sta tes up  to  ~  4 M eV, 
nam ely  g roups 1, 3, 5, 10 and  11 (g ro u p  9 is excluded fo r no t having an  / =  3 co m ­
ponen t) is indeed in excellent ag reem ent w ith the sum m ed streng th  1.16 given by 
given by the theory  *) fo r the 2 , ,̂ 22 an d  23 sta tes an d  o n e  m ay be tem pted  to  accoun t 
fo r the  difference in streng th  betw een theory  an d  experim en t fo r the  2 ,̂  s ta te  in te rm s 
o f  th is fragm en ta tion .

A  4^  level a t =  3.90 M eV is p red ic ted  ’ ) to  be strong ly  pop u la ted  in the ( t , d) 
reaction   ̂ (p red ic ted  streng th  =  1.01), bu t no  single level is found  in  the  experim en t 
th a t m ay be a possib le cand ida te . W h ether o r  no t the pred ic ted  strength  is d is trib u ted  
over several o f  the  levels w ith undeterm ined  J "  values excited w ith  /p =  1 +  3 c h a r­
ac te r (tab le  2 ) is d ifficu lt to  say.

A detailed  co m p ariso n  w ith the  ( t , d) experim en t th u s show s the inadequacy  o f  
the  M B Z m o d e l; a sa tisfac to ry  descrip tion  o f  only a few low -lying levels in ‘̂ ‘’Ti is 
given by the sim ple (1 f,)" con figu ration . F u rth e r  ind ications o f  the existence o f  m ore 
com plicated  co n figu ra tions com e from  the exc ita tion  o f  low -lying negative-parity  
sta tes an d  several sta tes excited w ith  / =  1 ch a rac te r in the ( t , d) reac tion  an d  also  
from  the existence o f  tw o low -lying 0  ̂ s ta tes o th e r  th a n  the g ro u n d  state . A n

’ A nother 4 '  sta te  at 3.22 MeV is predicted to have a small strength
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augm en ted  basis o f  6 particles an d  8p-2h co n fig u ra tio n s em ployed  la te r by S k o u ras  
[re f. '* )]  is a  step  in th a t d irec tion . Since it is extrem ely  difTicult to  perform  such a 
shell-m odel ca lcu la tion  on  the  full (fp)" basis, a defo rm ed  schem e w as ad o p ted . 
O th e r  th a n  rep roducing  the O2 sta te the im provem ent is how ever no t significant.

A passing m en tio n  m ay be m ade here on  th e  band  s tru c tu re  o f '* '’Ti. F rom  y-ray 
stud ies follow ing the (a, n) reaction  on '*’C a, a g ro u n d -s ta te  b an d  has been p roposed  
[re f. " ) ]  com prising  o f  the levels a t £ ,  =  0, 0.889, 2.010, 3.299, 4.897 an d  6.244 
M eV  w ith respective 7" =  0 ^ ,  2 \ 4 \ (6 ^), (8 ^) an d  (1 0 ^) values. This is slightly 
d iffe ren t from  the band  suggested by F o rtu n a  et al. ' )̂ from  the “° C a ( ‘^C, a2py) 
reac tio n , nam ely  levels a t =  0, 0.889, 2.010, 3.299, 4.643, 6.244 an d  6.519 M eV 
w ith  respective 7 " =  0+ , 2 \  4 \  6 ^ 8  ^ ), (1 0 ^) an d  (1 1 M  2 ^ ) values. T he d ifference 
is p ro b ab ly  due to  the uncerta in ty  in the  spin assignm ents to  h igher m em bers o f  the 
p ro p o sed  band . O nly  the low est four m em bers o f  the b and  (and  no t the h igh-spin 
levels) a re  pop u la ted  in the  ( t , d) reaction . T he E2 tran sitio n  s treng th s were derived 
by D racou lis  ct at. " )  from  the lifetim e m easu rem en ts an d  it is in teresting  to  no te 
th a t the  enhancem en ts o f  these tran sitio n s a re  ap p ro x im ate ly  given by the M B Z  
m odel as well as by the m ore  detailed  ca lcu la tions o f  S kou ras  '*).

A  second positive-parity  band  w ith the 2.613 keV  level (7" =  0 ^ )  has also  been 
ten ta tively  p roposed  by D racou lis  et al. “ ). T h e  excita tion  energies o f  the levels at 
£•, =  2.613, 2.962, 3.827, 4.416, 5.280 an d  6.027 M eV , w ith y" =  0 " ,  2 ^  (4), ( S ') ,  
(6 ) an d  (7) respectively, are rem arkab ly  linear aga in st J(J+  1) an d  it is th u s possible 
th a t som e o f  the levels (obviously  all o f  these ca n n o t be m em bers o f  the even-7 
ban d ) really  belong  to  the sam e band . O nly  one m em ber, nam ely  the one a t  =  
2.962 M eV, is p o p u la ted  in the ( t ,  d ) reac tion , an d  on ly  w eakly so.

H. B im u c la l  • L c re t striK iure  27

5. Conclusion

A n g u la r d is trib u tio n s o f  deu terons arising  from  the ‘̂ *Sc(t, d ) reac tion  have .been 
m easured  fo r all the levels up  to  ~  9.9 M eV , an d  m ost o f  them  w ere analysed  in 
te rm s o f  the D W B A  theory  o f  the stripp ing  reaction . M ore assignm ents o f  o rb ita l 
an g u la r  m om entum  tran sfe r have been m ade  in the  p resen t w ork  th a n  previous ones, 
pa rticu la rly  fo r levels a t  high excita tion . T h e  / =  1 an d  3 streng th s a re  d is trib u ted  
over th e  en tire  range o f  exc ita tion  and  a sum  ru le analysis gives the com ponen ts  
o f  th e  respective 2p an d  I f  to ta l spectroscop ic  streng th  w hich w ith in  e r ro rs  are 
fairly  close to  the single-particle lim its, in p a rticu la r  for the  2p shells.

T h e  positions o f  on ly  a few low -lying postive-parity  levels a re  given by th e  M B Z  
m odel. F o r such levels the tran sitio n  s treng ths  given by the p resen t experim ent, except 
fo r th e  0.89 M eV level, are  in close ag reem ent w ith the  M B Z  m odel. T he sim ple 
m odel m ay thus be considered  to  give a reaso n ab le  acco u n t o f  on ly  som e o f  the low- 
lying positive-parity  levels in “̂ ^Ti. A t h igher exc ita tion  the observed  level density  
exceeds th a t given by the theory  and th e  occu rrence o f  negative-parity  sta tes an d  a
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few O'̂  a n d  2*  sta tes a t low  excita tion  certa in ly  calls for an  ex tension  o f  the m odel 
space so as to  include m ore com plicated  con fig u ra tio n s. O ne such a ttem p t is the 
ca lcu la tion  by S kouras  using an  augm ented  basis o f  6 partic les an d  8p-2h co n fig u ra ­
tions, bu t in a defo rm ed  basis ra th e r  than  the d ifficu lt full (fp )'’. A n ad d itio n a l 
s ta te  is thereby  accoun ted  for. W hether o r  n o t it a lso  acco u n ts  fo r the  d)
tran s itio n s  s tren g th s rem ains to  be seen. T h e  p resen t experim en t p rovides accu ra te  
c ross-section  d a ta  for such a fu tu re  calcu lation .

T he a u th o rs  wish to  th a n k  D r. D. R o a f fo r advice in ru n n in g  the  m u ltichannel 
m agnetic  sp ec tro g rap h  a t O xford . T hey are th an k fu l to  P ro fesso r P. D. K unz  fo r the 
code D W U C K , and  P ro f e s ^ r  G . C. M o rriso n , P ro fessor K. W . A llen  an d  D r. 
J. B. A. E ngland  fo r the ir in terest in the w ork. O ne o f  the  a u th o rs  (H .M .S .G .)  
app rec ia tes  su p p o rt from  the Royal Socicty, L ondon .
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