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SYNOPSIS 

Nuclear reactions provide an efficient tool for the 

study of the structure of nuclei. The study of the nuclear 

reaction can throw light upon two important aspects : 

i) the nuclear spectroscopy and ii) the reaction mechanism. 

This thesis deals mainly with the studies on the spectro

scopy of some light nuclei with A ~4l via one- and t.wo

nuc1eon transfer reactions induced by 23-MeV deuterons. 

The experiments have been carried out at the cyclotron of 

Argonne National Laboratory, USA. The 6O-in. scattering 

chamber has been used along with (dE!dX)-E counter 

arrangement for identifying the outgoing particles like 

tritons, 3He-particles and a-particles. The experimental 

angular distributions corresponding to the observed 

transitions have been compared with the results of DWBA 

analysis performed using the code DWUCK and by including 

finite-range and non-locality corrections. The orbital 

angular momentum transfer, and the spectroscopic factors 

have been extracted for all the observed levels. 

The 35,37Cl (d,t)34,36CI reactions on enriched 

chlorine isotopes have been carried out at 23.35 MeV 

incident deuteron energy. Totally six transitions in 

case of 35CI (d,t)34CI and ten transitions in the case of 

37 C 1 (d, t) 36Cl reactions have been studied. The spec tro

scop~c factors deduced in the present study agree well 

with the results of other single neutron pickup reaction 



studies. The level energies in 34Cl and 36Cl nuclei, and 

the spectroscopic factors have been compared with the 

predictions from a full sd-shell-model calculation. 

In a study of the 39,4~(d,3He)38,40Ar reactions 

at 22.8 MeV, eight levels in 38Ar and ten levels in 

40Ar have aeen identified. For 38Ar the results ~ompare 

weE with the previous (d,3He) studies at Ed = 28.9 MeV 

and Ed = 34.5 MeV. The predictions from the full sd

shell-model and the core-excitation-model calculations 

have been compared with the experimental results. The 

experimental information on the 40Ar levels have been 

compared with the predictions of the d3/ 2-f7/ 2-P3/2-

model calculations. 

In a study of the 4OCa(d,a)3~ reaction at 22.8 

MeV, totally twenty levels in 3~ have been identified up to 

an excitation energy of 10.26 MeV. Two new levels, one 

at 9.88 MeV and another at 10.26 MeV have been observed. 

The angular distributions measured in an angular range of 

110 to l6~0 for ten transitions have been compared 

with DWBA calculations performed using the spectroscopic 

amplitudes deduced from the full sd-shell-model calculation 

of Wildenthal and Chung. The present study indicatesth~t 

the 7.32-MeV level has a large component of the 

( ) -l( )-1 " t" 5 1/ 2 P sl/2 n conf1gura 10n and hence expected to 

have In = 1+. The newly identified level at 9.88 MeV 

2 i di ti I n 1+ 2+ ..,+. exhibits L = angular distribution n ca ng = , or ~ 



Six levels of lOB, below an excitation energy of 

5.1B MeV, could be studied from an analysis of l2C(d,a) 

reaction data. The data have been analy.ed with the 

standard DWBA form~lism by uSing the (lp-shell-model) 

two-nucleon spectroscopic amplitudes of Cohen ~nd Kurnth. 

Thus ~ systematic study of the deuteron induced 

sincJle-· "nct two-nucleon trClnsfer re'lctions discus3ed "bove 

have 

lOB , 
led to valuable information on the structure of 

34,36Cl • 38,40Ar and 3~ nuclei. 
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CHAPTER I 

INlRODUCTI(lIl 

One of the main objectives of studies in nuclear 

physics concerns the elucidation of the structure of the 

nuclei. To understand the nuclear structure, it is essential 

to have a complete idea of the :forces acting between the 

nucleons in the nucleus. Using the presently available 

information on nucleon-nucleon interaction, attempts have 

been made to deduce the 'realistic interactions' or 

'effective interations' which are then used in the nuclear

shell-model calculations. The calculated wave functions of 

the nvclear levels can be used to predict the detailed 

propertiee of nuclei. Por example, the calculated electro

magnetic transition rates can be compared with experimental 

values. Similarly, the predicted spectroscopic factors can 

be compared with the values deduced from direct reaction 

experiments; these studies provide a direct method to study 

the overlap between the initial and the final nuclear levels. 

A study of direct nuclear reactions, in general, 

can throw light upon two important aapQets, viz., (i) the 

rection mechanism and (ii) the nuclear spectroscopy. The 

exact method of approaching these two aspects, must obviously 

involve, solving the many-body Schrodinqer ,equation for a 

nucleus. The nuclear reaction studies may involve the 

application of general conservation principles such as 
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cIDnservation of energy, momentum and angular momentum. 

T~e studies may also require some type of semi-empirical 

amalysis based on a systematic study of m,ny individual 

cases. The nuclear spectroscop1c information that is obtained 

by the study of nuclear reactions include the properties of 

t~e nuclear states such as their excitation energy (Ex)' 

amgular momentum (J), parity (n), isospin (T), and the 

spectroscopic factors. It is through these spectroscopic 

factors (square of spectroscopic amplitudes) that the overlap 

of the wave functions of initial and final nuclear states 

~ter into the nuclear reaction theory. These wave functions 

are described appropriately by the models of the nucleus. 

1.1. NUCLEAR MODELS 

In the study of nuclear theory, one has to cope up 

with two major problems. In the first place the nucleus is 

'" many-body system; it is knoWn that even classical three-

oody problem has not been exactly solved. Secondly the 

knowledge about the nucleon-nucleon interaction is incomplete. 

Even if these difficulties could be overcome, it would be 

necessary to look for some simplified description of the 

nuclei in terms of a sufficiently small number of parameters 

to permit ready assimilation by the human mind. At the same 

time, the parameters should be sufficient to give a fairly 

complete picture of the most important features of a 

particular nucleus. The accumulation of knowledge from the 

experimental investigations and generalisation of the 

2 



experimental facts have given rise to theoretical concepts 

of a purely phenomenological character. Different models of 

the nucleus are therefore brought in. Each model is required 

to closely represent atleast a chosen set of features of the 

nuclear system and to provide a framework for the analysis 

and correlation of the data. The independent-particle model 

(th8 shell model) and the collective model have been 

developed on the basis. of .different sets of assumptions 

pertaining to the microscopic description of the nucleus. 

1.1.1. The Nuclear Shell Model 

The nuclear forces become repulsive at large relative 

momenta (or small distances) and hence nuclear matter density 

is essentially A-independent. On the other hand, the 

attractive part of the nuclear interaction (at relatively low 

momenta) and the Pauli principle give rise to nearly 

independent-particle motion of the nucleons in the nuclear 

matter. From the standpoint of anyone nucleon and to a 

first approximation, the forces exerted on it by all the 

nucleons in the nucleus can ·be represente~ by a potential 

well. This potential involves the spatial, spin and isospin 

coordinates of the particles. The regular appearance of the 

islands of isomerism near magic numbers (number of protons 

or neutrons being 2, 8, 20, 28, 50, 82 or 126) finds its 

natural explanation within the framework of the shell 

model. It is a particular feature of the ordering of the 
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levels in the shell. model that sets of orbits are grouped 

together leading to the phenomena of shell structure and 

later it has been realised that the strong spin-orbit 

interaction reproduces the exact magic numbers (Mayer and 

Jensen, 1965). Experimentally it is found that the structure 

of the nuclei near magic numbers (for example, one particle 

less or 0ne particle more than the magic number) is relatively 

simple as compared to the one away from the shell closure. 

This is expected to be due to the residual interactions 

which arise from ±he inter-nucleon interaction for the extra

core particles. In the absence of the inter-nucleon inter

actions in a shell, many states will be degenerate. However, 

the degeneracy will be lifted by the residual interaction. 

Further, if there is more than one nucle~r configuration 

having the same In and T and if their energies are close 

to each other, then there may be finite probability for the 

extra nucleon to be in all such pure single-particle 

configurations. Thus the actual nuclear st.tes will be states 

of mixed configuration. An extensive application of the 

nuclear shell, model to nuclear spectroscopy is dealt with in 

a recent book by Brussard and Glaudemans (1977). The 

shell model is discussed in some detail in chapter II. 

For magic nuclei (such as 160, 4OCa ) and for some 

nuclei near magic numbers (especially for one o-r two particles 

or holes), the low-lying level properties cannot be accounted 

for by the conventional shell, model mentioned above. In 

4 



5 

such cases, the core-excitation involving the configurations 

of the type with n-particle and m-holes (deShalit and Walecka, 

1961) may be necessary. These particle-hole states are eigen 

states of the single-particle part of the shell-model 

Hamiltonian and the calculations can then be carried out 

wi thin ':;he scope of the nuclear shell model. In some cases 

it is found that these core-excitation-model calculations 

are succes&ful in explaining properties of the nuclei (see 

e.g., the core-excitation model calculations for 38Ar by 

Gray et al, 1970). , --

1.1.2. The Nuclear Collective Model 

It has been observed that, as one goes further away 

from closed shell it becomes very difficult to explain the 

nuclear level properties within the scope of the simple 

shell model. The nuclear shell model especially fails to 

account for the large electric quadrupole moments and the 

electromagnetic decay properties of a number of nuclei. 

Interestingly enough, it is found that these nuclei show some new 

very simple and systematic features. Odd nuclei in this 

region are characterised by exceptionally large positive 

electric quadrupole moments and the electric quadrupole 

transition to the first excited state with In = 2+ is 

strongly enhanced. Such large effects can arise only fram 

the coordinated motion of many nucleons. The first attempt 

to develop a theo'ry for explaining the large quadrupole 



mo~ents was made by Rainwater (1950). The central idea was 

that non-spherical equilibrium shape might be thought of 

6 

as arising due to the opposing tendencies of the outer nucleons 

to polarize the nucleon core and of the core to resist thi$ 

po1arization to mcntain spherical shape. This idea was • 
extended by Bohr and Mott@l son (1953). Two different 

appro3ches to the collective nature of nucleus have been 

considered. In the approached developed by Nilsson (1955) 

and commonly referred to as the Nilsson model, the particles 

are assumed to be moving in a deformed potential. This is 

essentially an extended shell-model. The Nilsson model 

was originally developed for axially symmetric nuclei; 

late'r it has been extended to the non-axial case by Newton 

(1960) • 

In t~ another approach, the nucleus is treated as 

a deformable drop of liquid. Accordingly nuclei are classi

fied into two catagories viz., ,1) spherical and 

ii) permanently deformed. ' 

Phonon Excitation 1n Spherical Nuclei: The excitation of 

spherical nuclei is assumed to consist of (small-amplitude) 

surface vibrations of the harmonic type about equlibrium 

spherical shape. This introduces the concept of phonon 

exci tation. 

The tota,l Hamiltonian for surface oscillation of 

nuclear liquid drop, can be written as, 



••• (1-1) 

Where BA are inertial parameters and c~ depend on nuclear 

surface tension, charge and the radius. are 

generali~ed coordinates. The energy eigenvalues for this 

H3~Lltonian is essentially the same as that for a harmonic 

oscillator. For example, for" = 2 (quadrupole oscillation), 

the energy eigenvalues are given by, 

~ = (N +~) fluJ. • •• (1-2) 

wi th N = 0, 1, 2,.. • Where u) is the frequency parameter 

given by (C2/B2)t. Thus the ground state of a spherical 

nucleus is a state with no phonons, while the first excited 

,state (with spin-parity 2+) has only one phonon and is five

fold degenerate. The wave functions for these vibrational 

levels are simply the harmonic oscillator wave functions 

with as the variables. . 

The nuclear properties of some odd-odd nuclei can 
, 

be explained within the scope of the particle-vibration 

coupling model. For such cases the Hamiltonian can be 

wri tten as, 

••• (1-3) 

Where HS is defined in equation (1-1), Hp is the 

interaction energy among the extra-core particles, and 
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Hint is the interaction between the extra-core particles 

and the vibrating core. The details of the particle-vibration 

coupling model are reviewed in the recent book by Bohr and 

Motte 1 son (1975). 

~~~tional Levels of Deformed Nuclei: In the case of the 

perManently deformed even-even nuclei, the low-lying energy 

levels ~re assumed to be due to rotations. The characteristic 

feature of the rotational spectra is their very simple J 

dependence viz., 

••• (1-4) 

for the ground st~te rotational band. Here 1 is the moment 

of inertia of the rotor. The second term in equation (1-4) 

is merely a correction factor. The wave functions for such 

rotational levels of nuclei are essentially the D-matrices. 

In some nnclei one can expect such rotational bands with the 

vibrational levels as band heads. 

1.2. TYPES OF NUCLEAR REACTIONS 

The nuclear re~ctions can be classified as 

(i) compound nucle~r reaction and (ii) direct reaction. In 

the former, the incident particle is cap~ured to form the 

so-called 'compound nuc~eusl (in a highly excited state) 

Nherein the nuclear-state becomes increasingly complex. But 

after a certain relaxation 1\ime, a statistical equilibrium 



will be reached. Then the compound nucleus spontaniously 

decays into all energitically possible outgoing reaction 

channels. The compound nuclear reactions are characterised 

by a) the very marked fluctuations in the excitation 

function, and b) the symmetric angular distribution about 

e c .m. 900
• The c~ntribution to the total reaction cross 

9 

S8,; ':ion 'tue to the compound nuclear reaction can be evaluated 

by \.Ising the Hauser-Feshbach theory (Hauser and Feshbach, 

1952). Since the nuclear energy-level density increases very 

rapidly with excitation energy, the number of channels into 

which the compound nucleus can decay also increases. Thus 

compOund nuclear cross-section tends to falloff quite rapidly 

with increasing energy. Above 10 to 15 MeV energy incident 

patticles (having A: 1-4), the contribution due to compound 

nucleus formation is small. 

At higher energies of the incident particle, the 

interaction takes place within the time of transit of the 

particle in the nucleus. Although the nuclei have relatively 

sharp surfaces, there is a region in which a transition is 

made between a condition of no interaction and one in which 

a strong interaction occurs. In this surface region, there 

is an a'ppreciable probability that a projectile can interact 

inelastically with, say, just one target nucleon (or some 

simple mode of nuclear motion such as a shape oscillation) 

and the residual particle escapes. These reactions are called 

as direct reactions. Only particles which penetrate deeper 



and suffer subsequent collisions within the nucleus form a 

,compound system. The direct reactions can therefore be 

thought of as 'doorways' through which the compound nucleus 

formation is initiated. 

This pict~e of direct reaction leads us to their 

importance as sources of information on nuclear structure. 

10 

Here one has a simple single-step process. The reaction 

amp1itudes must depend on the overlap of the initial and final 

states; the cOmPlicated intermediate configurations of the 

compound nucleus do not intervene. Consequently, the direct 

reaction cross-section tells us directly about the relation 

between the two nuclear states. For example, in a neutron 

pickup (p,d) reaction, one learns as to how much the residual 

nuc1eus looks like the target nucleus plus a neutron hole in 

a shell-model orbit. (the particle-hole conjugation is 
c ( 

discussed in detail by Bohr and Mottieson, 1969). The 

spectroscopic factor is a measure of this probability; such 

information is obviously vital for testing the predictions 

of the nuclear shell-model. 

A good theory of direct reactions which reproduces 

the shape and the maqnitude of the differential cross section 

obtained from experiments is needed. The early plane-wave 

theory of direct reactions (Butler, 1951) was remarkably 

successful as a tool for identifying orbital angular momentum 

transfer from measured angular distribution for light nuclei. 

But the predicted magnitude of cross section was larger 
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by an order of magnitude. 

Experimental data on the heavier nuciei clearly show-

ed that the distortion by the Coulomb field is important. 

In elastic scattering experiments, it has been found that 

when the energy of the incident particle is higher than the 

Coulomb ~arrier, the angular distribution is dominated by 

diffraction like pattern. It is realized that this 

effect is due to the finite size of ~he nucleus and due to 

the nuclear matter being partially transparent. This is 

effectively done by introducing a complex potential of the 

form VCr) + iW(r) , called the 'Optical-Model' (OM) 

potentinl, in the one-body Schrodinger equation. This sort 

of potential can explain not only the elastic scattering 

process but also the scattering phenomina in general 

(see for example, Hodgson, 1971 and 1963). From the 

formulation of the model it is clear that it cannot qive 
, 

any microscopic details of the nucleus but it gives only the 

gross properties of the nucleus which are responsible for 

the scattering. 

For direct reaction studies it has been realised 

that the plane-wave theory is never a good approximation 

and therefore one must take into account the distortion 

due to the Coulomb field and the nuclear optical-model 

potential. Commonly these two put together are called as 

OM potential. 



The distorted wave method takes into account the 

scattering and absorbtion of the incident and outgoing 

particles by assuming distorted waves instead of plane waves" 

The distorted waves are generated by using phenomenological 

OM potentials. A detailed description of the distorted-

wave theory and the distorted-wave-Born-approximation (DWBA) 

method of direct reaction analysis, with an emphasis on 

single- and two-nucleon transfer reactions, is presented in 

chapter III. 

There may b~ seveT~l ~aths by w~ich the re~ctions 

may proceed to a given final state and the interference 

between these contributions become important. On~ has to 

then take into account the 'coupled reaction chann"ls' 

If the transfer is still treared to first-order in the 

interaction, the calculation is called as coupled chAnn~l 

Born approxima,tion (CCBA). In a number of cases, w'12re 

DWBA fit is ~ot satisfactorY,the CCBA has be~n a~le to 

reproduce the experimental cross section • 

1.3. STUDY OF LEVELS IN lOa, 34,36cl , 38,40Ar , AN~ 3~ 

AND THE SCOPE OF THE PRESENT STUDY 

During the last two decades there has been a great 

deal of interest in the study of the structure of lp-, sd

and fp-shell nuclei both experiment~lly and theoritically 

(in particular from shell model point of view). The dir2~+ 
{ 

one.-and two-nucleon tcansfer reactions provide valu?b:e 

12 



information on the properties of the low-lying levels of 

the residual nuclei and thus enable us to varify the model 

wave functions. Another feature of these transfer reactions 

arises from the particular type of renction used in studying 

the nuclei. A state in the residual nucleus can be excited 

differently in different types of reactions. The cross 

section further depends on the energy of the projectile and 

the Q-value of the reaction. If there is good angular 

momentum matching, the angular dis~ribution will be strongly 

structured and will be distinctly dependent on the orbital 

angular momentum transfer of the particles or the cluster of 

particles. For reactions with a l~rge negative (or positive) 

Q-value, the angular momentum carried by the incident and the 
• outgoing particles may be very ,much different, leading to an 

angular momentum mismatch for that transition. Hence the 

transition amplitude and the cross section are very much 

reduced. 

In view of these advantaqes of one- and two-nucleon 

transfer reactions, a study of the structure of 34,36CI via 

35,37Cl (d,t) reactions, of 38,40Ar via 39,4~(d,3He) 

reactions, of 3~ via 4OCa (d,a) reaction, and of lOa via 

12c(d,a) reac,tion at Ed ~ 23 MeV has been made in this 

thesis. Though the single-nucleon pickup spectroscopic 

strengths for the various levels in 34,36CI and 38Ar are 

available in literature from other similar single-nucleon 

transfer reactions (see e.g., collectio"*by Endt and Van der 

13 



Leun, 1978; Endt, 1977), the study on 40Ar levels via 

4IK(d,3He) reaction has been made for the first time here. 

In the case of our study of the 3~ via the (d,a) 

reaction some new levels have been identified. DWBA calcula-

tions have been performed for both one- and two-nucleon 

transfer reactions. The results have been compared with 

the previous experimental studies and with the shell-model 

predictions for these nuclei. A discussion of the structure 

of the nuclei is presented in the appropriate chapters. 
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CHAPTER II 

THE NUCLEAR SHELL MODEL 

A brief introduction to the nuclear shell model was 

given in section 1.1. Prominent features of the shell model 

and some details which are essential in the eluoidation of 

nuclear structure via nuclear reaction studies are outlined 

here. Excellent books on the development of the shell model 

and its detailed application to nuclear spectroscopy are 

available (Brussaard and Glaudemans, 1977; deShalit and 

Feshbach, 1974; Bohr and Mottelson> 1969; 

Talmi, 1963). 

2.1 INDEPENDENT-PARTICLE MOTION 

deShali t and 

The basic assumption of the nuclear shell model is 

that, to a first approximation, each nucleon moves 

independently in a potential which represents the average 

interaction with the other nucleons in the nucleus. The 

Hamiltonian for a nucleus containing A nucleons consists 

of two terms viz., the kinetic energy term T{i) and the 

two-particle interaction term W{i,j). Then the Schrodinger 

equation reads as, 

H~il,2, .• ,A) 
• 

A 
+ ?_-: N (i; j)] ~ (1, 2, •• ,A) 

J >~=l 

= E ~(1.2, ••• A) ..• (2-1) 

15 



where to .. ::> •••• A) is the totally antisymrretric wave function 

of the nllcleus. In princi::Jle one can introduce any single-

particle potential U(r) that leads to a complete set of 

proper single-p'lrticle eigen functions ~ a (r) and wri te the 

Hami1tonian H in the equation (2-1) as. 

A 
H = .;-'., [T(i) 

t;:;l 
+ u(i)] + 

= + ... (2-2) 

The H(o) term defines the independent particle motion and 

H( 1) represents the 'residual interaction' reflecting the 

fact that ,th~ partjcles do not move completely independently. 

If the r<?sidual interaction is negligible, the true 

functions 2(1.2 •.•• A) can be represented bv an independent

particle Slater determinant. But. in'general. these 

residual interactions cannot be neglected. 

2.2 SINGLE-P/\RTICLE STATES 

In the previous section. it is assumed that the 

interaction between the ith particle and the remaining 

(A-l) pClrticles in the nucleus can be approximated by the 

potential U(r). The short range of the nucleon-nucleon 

force suggests that U(r) should approxim'ltely resemble the 

nuclear density distribution. Numerical results of 

Hartree-Fock calculations ~ndicate that the harmonic, 
oscillator (HO) potential. 
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U{r} = t M 2 :2 
- h) r • · •• {2-3} 

is a good ~pproxlmation to the self-consistent potential. 

Hern ~ denotes th~ mass of the nucleon and p , the angular 

fr"·quency. The e1g8n function of the p"rticle in the HO 

potential. j.s characterised by three quantum numbers viz .• 

the principal quantum number (n), orbital quantum number (j) 

and the quantum number correspond.in1 to the projection of 

orbital angular momentum (m,). and has the form 

= Rnl{r} Y IJn,t(9.q». • .• (2-4) 

RnL(r). the radial wave function essenti~lly consists of 

confluent hvpergeometric series and Y 1m(9.q>} is the 
J. 

spherical harmonic. The energy eigen value corresponding 

to the eigen state .pn/m
A
. (r) is given by 

· .• (2-5) 

where 

N = 2(n - l} + L • •• (2-6) 

t= O,1.2 •••.• etc. A schematic diagram 

of the allowed single-particle energies is shown in Fig. 

2-l{a}. In Fig. 2-l(b} are shown the energy eigen values 

obtained by using a realistic Woods-Saxon (WS) potential 

defined by. 

U( r} = 
• 

-U [l+exp(r,-R/a)]-l. a ... (2-7) 
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Here U 
0 

is the depth of the potenti"l and R = ro A
l / 3 is 

the radius of the potential. The value of the radius 

parameter ro i s ,~~ 1. 2 fm and the diffuseness parameter 

2 is ,'," 0.7 fm. 11/5 potential requires the use of numerical 

methods for solving the? Schrodinger equation. A comparison 

of the?se two types of potentials (Brussaard, and Glaudemans, 

1977; Bohr and Mott~~on 1969) reveals that the shapes of , 
the two potentials are similar for bound particles. There

fdrey almost all shell-model calculations are made using 

the HO potential (which can be solved exactly). It can 

however be noticed that the number of particles at shell-

closure for either of these potentials agrees only for the 

magic numbers 2, 8 and 20 even though the levels from WS 

potential are less degenerate. The higher magic numbers 

viz., 28, SO, 82, 126 are not reproduced. However, the 

addition of a one-body sPin-oibit interaction of the form 

ULs = - 2a(t."5) to the central potential does generate the 

observed shell closing. The effect of spln-orbit interaction 

on the central (HO and WS) potentials is ShOWD in Fig. 2-l(c). 

N j = 2j + 1 is the number of identical particles that can 

occupy each state. 

The theoretical justlfication f')r the spin-

flIr'll t, potential is not completely satisfactory. Using 

the basic nucleon-nucleon potential, the effective spin-

orbit interaction has been shown (Harnyok,1975) to be 

of the form, 
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= k 1 d P( r) 
r dr .•. (2-8) 

where k is il constilnt and l) (r) is the nuc lear den si ty , 
distribution. If the nuclear interaction has zero-range, 

?(r) .muld be identical with the potential shape. This 

spin-orbit coupling splits each level into a doublet and 

th8 sign of k is such as to lower the level wi th j = 1 +t 
relative to the one with j = L -to 

Thus a nucleon moving in a single-particle 

potential 

••. (2-9) 

is characterised by the radi~l quantum number n, the 

orbital quantum number L, the totill quantum number 

j (=I±t) and the projection quantum number m~= mj • vC(r) 

in equation (2-9) is the Coulomb potential of a uniform 

charge distribution. The single-particle ~ave function 

~n' 'mC~) takes the form, 

m 
where '( t s is the spinor. 

The introduction of the spin-orbit inter1ction into 

the shell model of the nucleus could not only reproduce the 
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magic numbers (indic~ted by rectangles in Fig. 2-1) but also 

predict a l~rge number of obs2rved phenomena on odd-nuclei 

(Mayer and Jensen 19~5). The interpretation of the nuclear 

levels is particularly simple for low-lying configurations 

consisting of a single nucleon (or a hole) in an otherwise 

fille6 shell of neutrons and protons (Bohr and MotteLson 

:t96'1) • 

2.3. PERTUR.8ATION THEORY FOR NUCLEAR LEVELS 

In order to c~lculate the various properties of 

nuclear ground-states and excited states,one must have 

available the wave functions of these state~ The wave 

functions can be obtained by solving the many body 

5chrodinger equation (2-1). It has been shown (see equation 

2-2) that 

two terms 

l1!Iotion H(o) 

interaction. 

the total H~miltonian can be written as sum of 

first term containing independent particle 

and second term H(l) containing the residual 

One usually employes either the harmonic 

osci11ator potentials or the Woods-Saxon potentials for the 

single-particle central potential U(r). The basis of the 

single-particle states ~a(r) is determined by the single

particle Schrodinger equation 

••• (2-11) 

Here e a represents the singla-particle energy with 'a' 

label1ing the single-pflrticle stilte inUrn.:; • Any product of 

iiI(o) .l ... .l .... 
, a = 'Pa(r(l» ••• 'i'a

A 
(rCA)) satisfies the equation 
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= E(o)T(o) 
a 2. a ••• (2-12) 

where H(o) is the unperturbed Hamiltonian. The unperturbed 

energy is 

E(O) 
A ,--', ea • = 2.. .... a l=l 1 

••• (2-13) 

The wave function (~) of equation (2-12) is not totally 

antisymmetric. For the description of the nuclear states, 

however, the wave function should be totally anti symmetric. 

Therefore a Slater determinant (which is only an anti

symmetric wave function for A-particles) is not enough and 

a more complicated linear combination of the functions 

Ta(?(l), ••• ,r(A)) is required to satisfy the above conditions. 

Let such a wave function be denoted by t r C~( 1) , ••• ,r(A)) , 

where r indicates all quantum numbers includ;ng total 

spin J lind isospin T • The true wave function 

and the energyE r being the solution of the equation (2-1), 

can now be found when the residual interaction given by 

is treated as a perturbation. By first ordered 

pertijrbation the 0ry (Brussaard ,md Glaudemans, 1977) it is 

evident that 

= ••• (2-14) 

This shows that for the calculation of first order change 
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in 2ner0Y needs zeroth order wave functions. It c~n be 

shown that, when there are n-particles in shell f and 

m particbs in "nother shell ~ (wher2 y and" are two shells 

outside" core), the binding energy is given by the 

2XprG ssion 

Ebj_(corA +rn+"m) E Eb ( ) - '\ = C + cor2 + ne l + meA 

••• (2-15) 

where EC is the Coulomb energy and 

Eb(core) = '(9oo(core) I Hcore Fpoo(core)"> 

• " (2-16) 

is the binding energy of the particles in the core. Further 

e f and e" in equ"tion (2-15) are single particle energies 

"nd E~ 1) ((n, ,m) ha s the form 

"'-. (1) 
LeflEr' (rA) 

[' 

where the two-body ~atrix elements are defined by 

••• (2-17) 

... (2-18) 
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wi th 

A A 
V(l,2) [ Z W(l,j) 

j~3 
- U(l)] + [~W(2,j)- U(2)] 

J~3 

~ 

+ W(l,2). ••• (2-19) 

The c~2fficients c r ' are purely geometrical in nature. It 

is to be noted that the above expression is meaninqful only 

when it is assumed th"t the! sti'lte I f I-.m)-r is described 

uniquely by one un~erturbed Wi'lve function. 

2.4. STI\TES OF lv,IXED CONFIGURATION 

It is evident from the equation (2-14) that energy 

of the 'Jure state ,~) is given by E ~ E(o) + E(l). The 

contribution to E(o) comes from the Hamiltonian H(o) which 

describes the independent particle motion. E(l) is derived 

from r2sidual interations H(l). Suppose there Are g-sti'ltes 

(~~o))i with i ~ 1,2, ••• ,g (h,aving the same J And T) "nd 

with energies ',E. ~ E~o) + E~l) being very close. Then one 
.1 1 1 

cannot neglect that, due to the residu"l inter"ction, the 

nucleons may scatter from one st"te to the other. Thus 

the actual st'lte must be given by an admixture of these 

sti'ltes. Then the mi'lny-particle wave function takes the 

form, 

It. ~ ,p p:::;; 1,2, •.• ,g. ••• (2-20) 
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The l~bel T denotin1' J and T is supressed. This 

feAture to form ~ line.r combin.tion of different b.sis 

st.tes which describas'a particul~r st~te (true state) is 

referred to -s 'conriqurAtion mixing'. 

The normalisation condition on p is given by 

~ 1. with p ~ 1.2 •••• ,g. ••• (2-21) 

The squaro of a. 
1p 

may be int~rpreted as the 

prob,abi Ii ty that the nucleus is in the st~te described by 
(0) 
i Tho many-particle energy ~igen-values are obt'ined 

by sc:>lving 

E ' ~ '" . , 
pi J. P .... · ••• (2-22) 

The energy matrix element is constructed from the matrix 

elament Hji defined by 

Hji ~ < ~~o) I HI ~io)-:-: 

~ E (0) < 
i u ji +, ~3'o), H(l)j 

The unperturbed Hamiltonian H(ol, leadinq to the single

p.rticlo enorgies, only contributas to the diagonal matrix 

element as indicated a~ove. 

The diagonalisation of the matrix Hji leads to 

the required .eigenvalues (ener1ie~) and eigenvectors 
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(mixed configuration waV0 function) of the Ha~i)tonian. 

It is difftcult to Sny 'apriori' as to how many 
" (0) 

configur,tions 9i should be token into account. Often, 

9io) with energy Ei lyin~ rAther 

close together. The di~ension of the configuration space 

increases very rapidly "~I th the number of (sub) shells that 

on~ wishes to take into account exoltcitlv (BrussAard and 

Glaudemans. 1977). Therefore some 'ad hoc' truncAtion 

procedure must b·." employed. 

2.5. THE EFFECTIVE INTERACTION 

One can setup rt system of basis wav"" f'lnctions and 

Subsequently determine the energies "nd wave functions as 

mentioned in the section 2-4. Di"gonalization in A comolete 

configuration space involves matrices of infinite size. In 

order to make computation feasible one hAS to truncate the 

configuration space. Therefore in " model calculation one 

h's to work with "pproxim'lte W"lve functions and consequently 

the residual interaction should be repl'1ced by an .. effective 

(residUAL) interAction" • 

The matrix element of a given interaetion between 

the? many-particle states c"n be exoressed tn terms of 

two-body mAtrlx elements Accordinq to the equ'ltion (2-17). 

If the p'lrticles are identic"l i.e., either protons or 

neutrons, the Pauli exclusion princi':>le requires th"t ,. 
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m~ny-nuclzon W~V8 function be antisymmetrtc in ,11 coordin3t2s. 

In the isospin form~ltsm the qoner,lized ?auli exclusion 

principle req'lires th~t the W8.ve function should r2verse 

its sign u::lon odd ::lermut-,tion of .~ll coordinates (i.e., 

space, spin and isos~in) of any two nucleons. 

L€'t ;~f( raPb) re:)resent im 'lntisyrnmetric wave 

function of a two-body system with one particle in orbit 

(l , a and another orbit Pb coupled to total soin J 

isos~in T. If the two oarticles are in the same orbit, 

the gener~lized Pauli exclusion principle allows only 

those combinations of J and T which s~tisfy -J + T = odd; 

on the other hand if the particles are in different orbitals, 

two-p~rticle wave function c"n always bw anttsymrretrized 

for anv combin,tion of J "nd T. The exoectation vnlue of 

the eff~cttve two-body interaction is given accordIng to 

the equation (2-1··) by, 

.•• (2-24) 

The value of the m.trix element depends on the effective 

interaction V(I,2), the single-particle wave functions 

I fa~; and ! Pb"'> and the total soin "nd isospin of the 

two-particle system. 

Essentially thr~e different methods have been 

suggested to evaluate the effective interaction: 



~) Empiric"l Appro3ch 

Here ono ~ssumes th.t ~ nucleus can be described by 

FIn ~nert core FInd mAny FIctive nucleons. The level scheme 

is dotermined by eqU'ltion (2-15). Then one expresses the 

m,"ny--;:prt'ccl? m~trix elemcmt of the restd,pl interAction in 

tAnms 0 f th" two-\:ody m~trix elem?nts which ere treFlted AS 

p~ramct2rs. These p~rRm~ters can then be determined from 

" compririson "lith eX:Jeriment",l d"tA in several nuclei. 

(Th~s method m.Flkes sensu only if one 3ssum,es thFlt the two

body mFltrtx elements of the eff~ctiye interFlction do not 

chln1e in the m3SS region considered). The optimum vAlues 

of the two-body m;,trix e12ments Cnn be obteined from a 

leFlst-squFlres fit to the experimental d"ta. 

The number of pArFlm2ters will increase very fest 

with the d'mension of the truncFlted configuation sry"ce. 

\ limit,tion of this method is thFlt the calcul.ted 

anergies are insensitive to the sian of some of the off

diFlgonal m"trix elements. Due to the sign Flmbiguities, 

however, the WFlye functions thus obt"ined m"y be" only 

modorately good for a c.lcul"ltion of the ph"se-de~endent 

properties such FlS the cross-section for " reAction 

involving the trFlnsfer 0"' two nucleons. 

b' Realistic Interaetion 

The nuclear potentials derived from a description of 
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free nucleon-nucleon scattering are referred to as realistic 

interactions. With", parametrised form of the nucleon

nucleon interact'on, one Can fix the parameters so as to 

re~ro~uce i) the phase shifts observed in free nucleon

nucl~cn scattering experiments and, ii) some properties of 

the deut~r~n such as its binding energy. The parametrisation 

can be such that only the lower partial waves viz., S-, P

and D·waves are taken into account or such that the phase 

shifts of all partial waves are described. 

Unfortunately, direct use of the realistic interac

tion in the shell-model calculation leads to a poor 

agreement between theoretical predicti,ms and experimentally 

measured quantities. This is exoected because, for a 

model calculation in truncated model space, one needs 

effective operators. In principle, for a given configura

tion space, the effective interaction can be constructed 

with. the help of the perturb"tion theory. But this is 

very much complicated because of the problem of convergence 

of the perturbation expansions. In saits of these 

difficulties, m2thods have been developed to deduce 

effective interactions from the realistic interactions. 

One of such widely used effective interacti.ons has been 

obtained by Kuo and Brown (1966) using the Hamada-Johnston 

nucleon-nucleon interaction potential. This has the form, 

••• (2-25) 
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where c, T, LS ~nd LL denote respectively central, tenso~ 

s:>in-orbi t ,'nd quadratic spin-orbi t terms; the symbols 

Vc ' VT, otc., include the radial dependence. 

A d2t~iled discussion of the realistic effective 

interections used in tho shell-model calculations is given 

in the review article by Kuo (1974) and in the book by 

Brussaard and Glaudemans (1977). 

c) Schematic Interactions 

To correlate mnny observed nuclear properties some 

simple schematic two-body interactions have been usC?d in 

truncated model-s:>ace. Some of these are discussed 

below. 

Exchange Potential: The nucleon-nucleon scattering 

experiments have revealed th~t the nucleon-nucleon interac

tion has a certain exchange character i.e., the interaction 

depends on spin and isospin of nucleons and the ~arity of 

the states involved. The interaction in its Simplest form 

can be written as, 

= 
.•. (2-26) 

Here W, B, Hand M are the coefficients corresponding to 

various exchan0e characters (e.g., W: Wigner-space exchange, 

B: Bartlett-spin eXChange, H: Heisenberg-space and isospin 

exchan~e and M: Majorana sein ~nd isosein exchange). 
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The rildi~l functi')n f(r) is essenti"lly i'I function of the 

inter-nucleon distance ~nd hAS the form of either an 

ex)onenti~l- or ~ G~ussi~n- or ~ Yukawa potenti~l. The 

pAr3rreters ar~ deterrrined by fitting various eX0erimentai 

results. , VV, :3, H rind M ,qre tr,Slated as paramet€?rs. 

effectiv~ inter?ction used in the shall-model calculations 

is the surfClce delta intenction (501). For the 501 sorre 

very crude assumptions are m'lde about the naturt:? of the 

effective interAct;')n (Arviu and Moszkowski, 1966). The 

assumptions are that a) the inte~actions takes place only 

at the nuclear surfClce, b) the two-body force is i'I delt~ 

forca, and c) the probability'of finding a particle at the 

nuclear surf'lce is independent of the shell-model orbit 

in ""hich the particle mov(>s. None of these assumptions 

can be justified exactly. The sup~ort for this interaction 
• 

is its success in reproducing a lot of experiment"l d"ta. 

Takinq the first two assumptions one can write down an 

explicit expression for the SOl between two particles 

I and 2 as, 

VSOI (l,2) = - 41lAT .6Cr (l)-r{2» &(r(l)- Ro)' 

••• (2-27) 

Where i(l) and ~(2) are the position vectors of the 

inter,cting particles, Ro is the nuclear radius, and AT' 
is the strength pArameter. 
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Mo~ified Surf~ce Delta Interaction: In order to overcome 

sorme system8tic descripances betwe:?n the experimental "nd 

th~ SDI predictions of the level energies and the spacing 

of T = 0 and T = 1 centroids of energy levels, and 

ad hoc -"ddi tion of two J-independent terms have been made. 

The-se terms can be looked upon as " linear combi.nation of 

theo HGiseni)erg and Wigner terms. Then the modified 

surface delta inter'lction (MSDI) potential between particles 

1 a.nd 2 is given by (Bruss"ard "nd Glaudemans, 1977), 

JASDI (1,2) = VSDI (l,2) + B' (,;(1) ·-,;(2» + C'. 

••• (2-28) 

B' ~nd C' are parameters which are const~nts in coordinate 

spalCe. Therefore th",y contribute only to the diagonal 

two-body matrix elements. The expectation value of isospin 

dependent term in the abov~ equation is 2T(T+l) 3. 

Therefore the contribution due to the additional term is 

given by 

-3B + C for T = 0 
(S' (. (1).1: (2» + C"'. = i 

/ '-
B + C for T = i 

\ 
••• (2-29) 

where Band C denote the product of 8' ;!nd C' with the 

radial integral. The values of all these parameters are de 

determined from fits to the experimental datil in various 

mass regions. 
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A comparison of the v,rious types of two-body 

matrix elemonts of effective interactions diicussed above 

is shown in Figs 2-~(a)'md 2-2(b). The Fig. 2-2(a) 

compares the emperical1y dGduC0d matrix elements with 

those obtainr,d from the MSDI. The emperical matrix elements 

were obt?ined from a fit to 35 experimental energies 

in A = 8 - 16 nuclei (Cohen and Kurath, 1965) and assumtng 

the ~articles to be moving only in lP3/2 and lPl/~ shells. 

In Fig. 2-2b, the two-body matrix elements in fp-shell 

calculated from NSDI 'Ire compared wi th thos2 obt.ained by 

Kuo and Brown (1966) using the realistic Ham~da-Johnston 

interaction. In both the cases the agre"ment with NSDI 

is strik~ngly good. 

2.6; EXAMPLES OF SHELL-MODEL Cf\LCUL\ nONS 

Many shell-model calculationQare available in 
. ~ 1 

litrature following the methods described section 2.5. 

The first calculGtioQ in IP3/2-1PI/2 model-space (Cohen 

and Kurath, 1965) assumed an emperical approach, to get 

the matrix elements of effective interaction. A comparison 

of experimental (Ajzenberg-Selove, 1974) and predicted 

energy le~l.s, for lOB is made in Fig. 2':::,3. Good agreement 

is obbined for the posi ti vc- pari ty levels below 6-McV 

excitation. The experimentally observed negative-parity 

levels however c~nnot be explained within the scope of 

this model s~"ce. In 1964, Glaudemans ~ 21 have performed 
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~ shell-model c~lcul~tion tre~ting 28S1 ~nd 4OC~ ~s 

closed cores and permittin0 all configur1tions in the 

2s 1/ 2 -ld3/ 2 orbits. The matrix elements of the effective 

interaction h~ve been tre~ted as p~rameters. Recently, 

shell-model calcul~tions have be~n mada in the com~lete 

sd-shell m~del sp~ce by Wildenthal et al (1971) using the 

Kuo-Brown inter~ction ~nd 11so the MSDI, and more recently 

by Wildenth"ll and Chung (priv·.t,? cQmp'unication) "'nd 

Wildenthill (1981) using the "Ch,mg-Wi Identhal ~article 

Hamiltonian" for A = 17-24. nuclei and using the 

"Chul'lg-Wildenthal hole Hilmil toni an " for A = 32-39. A 

comparisol'l of i) the experimental levels ii) the predictions 

by the Chung-Wildenth"'l hole Hamiltonian and iii) the 

predictiol'ls by Glaudemans ~ al (1964) in the more restricted 

2s1/2-Jd3/2 model sp'ce for 3~ is shown in Fig. 2-4. 

Very recently a model calcul~tion in the 2sl/2-ld3/2-lf7/2-

2 P3/ 2 space has been performed by Hasper (1979) to explain 

the level properties for nuclei with A = 36-39. The 

properties of the low-lying levels of the Ar isotopes with 

A = 39-42, have been predicted by " Shell-model calculation 

in the (ld3/2)~2 (lf7 / 2 2P3/2)~ space by Gloeckner ~ 21 

(1973); here the matrix elements of the residual two-body 

inter"ctions h~ve been determined by the emperical approach. 

Several shell-model calculations in the fp-shell region 

are also available ( McGrory and Raman. 1979 

comprehensi~e review of shell-model calcu11tions for nucloi 

VI'~th 50,A<150 is given in the book on structure of 
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m9d~um m~ss nuclei by (1979) • 

Using shell-model w~ve functions one c~n eV31u~te 

v~rious me~sur~b12 qu~ntities like level energies, spectro-

sco;pic foctors ~nd o12ctrom'lgnetic tr~nsi tion proba~ili ties. 

In vim', ot th'2 emph.')sis in this thesis on a study of nucle~r 

strluctU:L2 via single-- and two-nucleon tr:1nsfer re,1ctions, 

the ev~lu.tio~ of spectr0scopic fectors deserve special 

~ttention ~nd h.ve therefore been dealt with in the next 

tlNO sections. 

2.7. SINGLE-NUCLEON SPECTROSCOPIC FACTOR 

Consider a single-nucleon pickup reection of the 

type 

with A = B + x and b = a + x where x is either proton 

or neutron. The cross section ior the re~ction of this 

type cen be written as the ~roduct of two terms (Satchler 

1964). The first p,rt contains spectroscopic inform.tion 
, 

and the second part contains details. of the reaction 

mech'lnisms. (The deti'lils of the rei'lcticm mech.nism will 

be discussed in the chapter III.). The spectroscopic 

information is contained in the spectroscopic factor 

(S-f"'lctor) . The single-nucleon S-f."lctor for pickup of " 

nuc1eon from the shell P cont~ining n-active p~rticles is 

given by (Macf"rle>ne and French. 1960) '. 

34 



= n[ 1(9)] 2 • • •• (2-30) 

r(p) is essentiellv rtn overl~~ integr81. For 9ctive 

particles in one orbit: ' we h~ve 

••. (2-31) 

The right hand side of the ~bove equation contAins the 

coefficient ~f fr9cttonal p~rentAge (c.f.p.) outlined in 

the Appendix-~. For active nucleons in two orbits and with 

the pickup from orbi t .>,., we rr.qy wri te 

(t. 
.~ ~f = = 

and 

r(f) = V (mJ(m+n)) <.Am~l\ ;.,m-l y) U(ayf i " ;ff(3)6a;a;" 

•.. (2-32) 

For pickup from 0rbit p, Clnd with 

.~ 
/.-.-

~. = ~ = 
(~~0 

. ~ r. !f 
ff 

~ 

the overlilp integral is given by, 
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• .. (2-33) 

On similar lines the S-fRctors for pickup reactions of 

p~rttcles fr~m stAtes d2scribed by ~ configurAticn with 

three active orbits can be written down (MacfArlAne And 

French, 1960). 

The S-f1ctors for single-nucleon pickup from 

shells h~s been c~lculated by GIAudemans 

n 1!l (1964). Wild2nth~1'et al (U7l) have calculated the 

S-factors for sd-shell nuclei. A c~mp3rison between 

theory and experimentAl informAticn About the S-factors 

can provide an ess~ntial test of the wave functicns. 

When, for a giv'20 J. -value trflnsfer, two j _ values 

arc allowed (because j = ~ ±t), one determines theoreticAlly 

the S-f~ctors corres~onding to each of them. In most cases, 

however, 0nly the sum of the two S-fActors can be compared 

with the ex~erimental data. When polarised beam and/or 

the target are used, one can experimentally distinguish 

the two spectroscopic factors for j = l±t by measuring 

the vector analysing power. 

Using the prooerties of th~ c.f.p. (discussed in 

!\ppendix-A), the expression for the sum rules (MacfClrl"me 

i'lnd French,. 1<)60) Cnn be obtained for transfer re~ctL>ns. 

It t~kes the form, 

36 



~---

~?~ SP,u. m = n 
Tf 

." (2-34) 

\Nher.? the sUmrrr3ti0n over t-f includes s::>in ~nd is}spin, 

as well RS other labels, for ex~m~le, seniority and reduced 

isos)in. The number n gives the number of particles 

in tho initial state n 
T.' 

1 

It can also be shown that the particles in the 

other active shells are not affected. These sum rules 

will be v0ry useful in puttinl an upper limit on the 

experimentally measured S-factors. The sum rules for 

single-nucleon pickup and stripping reactions are listed 
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in table 2-1 (i .. acfarlans and Schiffer, 1974; Puttaswamy, 1973). 

2.8. n'lO-NUCLEON SPECTROSCO?IC AN,?LITUDES 

In this section a discussion of the importance of 

shell-model calculations in direct two-nucleon transfer 

reaction of the type, 

A + a - B + b, 

with A = B + 2 and b = a + 2 has been made. It will 

be shown (in·Cha"ter III) that, unEke i.., th(~ case of 

single-nucleon transfe!' reaction, the nuclear structure part 

cannot be separated from the kinematics part in the reaction 

cross section (Glendenning, 1963, 1965, 1978). Here, each 

term containing the kinematical and mechanism parts 'vill be 



w~i1hted by s~ectrosco~ic ~~plttudes defined by an overl~p 

of inlti~l and fin~l states of the reaction. These amplItudes 

are qi ven by , 

, 
$'(fA;f) 

..• (2-35) 

wh.ere F refers to [nllil][n2 2 j 2J and other quantum 

nu~bers of the transferred pair of particles. The bra 

function for n-2 particles represents a configuration of 

(n-2) nucleons distributed over one or more sing1e-Clartic1e 

orbits. This qroup is coupled to the transferred anti-

symmetric two-particles group (fA) [ to a total spin and 

isospin [n. Similarly. the ket function for n particles 

represents the configuration of n particles distributed over 

one or more single-particle orbits. 

The angular momentum and isospin considerations in 

equation (2-35) gives some special selection rules for two-

nucleon transfer reactions on even-even target nuclei 

(details of this aspect are discussed in section 3.1.2.) 

Now let us consider a nucleus which can be regarded 

as consisting of a core with the remaining particles moving 
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in three ~ctive orbits fl' Y2"nd Y3' ">nd Mving 

occu)ation number n l , n2 and n3 reso(?ctively. Then by 

the not"tion us.cd in h.acfarlCln2 "nd French (1960), one 

can writ~ thG wove function for the initial state as 

(Towner and Hcrdv 1969), 

~---- .. --
/ 

If the two nucleons ara picked up from the outer-

most shell P3 then the wave function f can ba written 

as, 

The overlao of initi~l and final states then takes the 

form, 
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..• (2-36) 

where the antisymmetrised wave function in the m~trix 

element has been written as a product of wave functions in 

which the three shells are separately antisymmetrised. 

Now ex~anding the ket in terms of the double parentage 

coefficient (d.p.c., for example see Appendix-A), we get, 

''-.., 
/, 

••• (2-37) 
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Substituting (2-37) in (2-36) the spectroscopic ~mplitude 

talkes thG form, 

,d- (,,2. r ) 
"if \ 3' 

.• , (2-38) 

SEmil~rly for the c~ses whGrein 

i) both pClrtic10s are pickGd up from the P2- shell , 

ii) both particles are pickGd up from the PI-shell, 

iiil one from the P2 qnd ~nother from the f 3-shell , 

iv) one from thG PI ~nd the other from f 3-shell , 

v) one from the f 1 and thG other from f2-shell 

are involved, h;Jve been discussed in det<lil by TownGr and 

H~.:rdy (1969) (seG also Bruss<lard and Glaudemans, 1977, 

Puttaswamy, 1979). Sirnil<lr expressions hold good for 

s t:rip)ing reactions. 

<lnd 

These expressions Cqn be generalized for a realistic 

cFlse wherein mixed configur<'ltions are invol""d. The w~ve 

functions for initial nnd fin",l nucle<'lr states can b8 

written as per equ<'ltion (2-20) <'lS, 

.1nd 

where p and q are the? basic sets (d~scribed in section 

'2.4) FInd the expansion coefficients c.qn be> determined "'s 

mentioned e"rli,on. Then the s:Jectroscopic <'lm[)1itlld2S is 
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given by, 

.•• (2-39) 

11-
Wh2re ? ~q is s'J2ctrosco:oic amplitude for ;Jure. she ll-model 

configurAtion and is simil~r to equation (2-38). (This 

essentiAlly contAins d.p.c., normAlized Rac~h coefficients 

And tho Wigner 9-j symbols). 

A number of shell-model cAlcul~tions on two-nucleon 

spectroscooic amplitudes are available in litrature. See 

for example, Cohen And Kurath (1970), Wildenthal and Chung 

(unpublished) ",nd very recently by Gl,udemnns .!ll ,,1 (quoted 

in N'lnn 0t 21, 1981). 

It can be seen from equ'ltion (2-39) that the two-

nucleon spectroscopic Amplitudes are very sensitive to the 

sign and the values of the coefficients "p And bq , which 

arc determined by shell-model calculations. Also A 

consistent procedure should be "d()pted in determining 
1 

~ 2(y,F). The two-nucleon transfer re·1ctions thus c'n be 

used '5 an efficient tool to verify the shell-model 

predictions provided the mechanism of the reaction is 

fairly well understood. 

The S-f'lctors and the two-nucleon spectroscopic 

amplitudes deduced fr()m the shell-model cAlcul~tions hove 

been used to intern ret 'lnd to elucidate the nuclear structure 

of many nuclei in the later chapters. 
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Table 2-1. Sum Rules in Single-Nucleon=Transfer Re,actions 

STRIP?INS : 

PICKUP : 

Notation : 

(Neutron holes) . 
J 

(Protan holes) j 

(All gS 

(Ilrotons)j 

(N eu trans) j == ·~S 
~-- ' 

(Nucleons}j 

J, T are spin and isospin of the target 

res~ectively, J f , Tf are the s9in and 

isos~in of the final nuclear level. 

S+, S_ refers to the values of S-factor 

for Tf = Tzt respectively and g =(2Jf +l)/ 

(2J+l) • 

----------------------------------------------------------
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Fig. 2.1. Single-particle energy-level diagrarr for 
HQ and WS potentials, and the effect of 
spin-orbit potential. 
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Fig. ?2. Comparison of values of two-body matrix elements. 
(a) For 1~-she11 configlJr8tion space MSDI (with AI-
2.64 MeV, Ao- 1. 15 ~'eV, B_ 1. 40 MeV and C_ -0.19 ~',eV) 
is com~ared with those obtained em~iricAlly (Cohen 
and Kurath. 1965). (b) For If2p shell configuration 
space the MSDI calc'Jlation (Al=n.6 /,j,eV, B=0.2 /,j,eV and 
C=O) are corr;>ared with matrix elements obtained from 
a realistic Hamada-Johnston ;cootent!"l (Lowson et al 
1966). The n j values are s;Jecified by e.g.,~ for 
P3/2. 1 for 01/2; 3331 denotes \331 V 131). 
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CHAPTER III 

DWBA THEORY FOR 51 'lGLE·· AND TWO-'lUCLEON TRANSFER REACTION 

The importance of nuclear models in the nuclear 

strucbue studies has been considered in the previous 

chapto~. I~ order to understand as to how the level properties 

of the nucle'ls can be deduced by the direct reaction studies, 

a quantitative description of the direct-reaction theory is 

given here. 

Direct re~ctions assume that a transition from the 

incident channel to the reaction channel takes place in one 

step. The formalism successfully used is the distorted 

wave Born approximation (DW8A). In the DWBA theory of 

nuclear reaction it is assumed that a perturbation gives 

rise to non-elastic processes. This additional interaction 

affects some sim?le internal degrees of freedom of one of 

the two nuclei involved in the collision. Most widely used 

type of internal degree of freedom is that, one nucleus is 

regarded as consisting of two nuclides held together in a 

bound state by their mutual attraction. The other nucleus 

is then allowed to interact directly with one of these two 

to produce an inelastic scattering or a rearrangement 

collision. This interaction is regarded as a perturbation 

added to the optical-model potential which acts between 

the centre of mass of the two interactin~ nuclei. The 

detailed quantum mechanical theory of DWBA formalism for 
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single- and two-nucleon transfer re~ctions and their 

a~plic~tions in the ~nalvsis of various re~ctions is avail

able in several references p'lol i.shed in recent yeClrs 

(Glendenning, 1978; Hodgson, 1971; Austern, 1970; Jackson, 

1~70; Towner and Hardy, 1969; Tobocman, 1961). 

3.1. DW8A TRANSITIOIJ AN.PLITUDES AND CROSS SECTIONS 

A direct n1lclea.rr<?action can be represented <'lS, 

a + A --~~ B+b, 

where a and A represent the projectile and the tClrget 

nuclei respectively and, Band b the residual nucleus 

and the out··going light particle respectively. The channels 

a + A and b + B are called as entr~nce and exit channels 

res;:>ectively. The direct reacti.ons are normally devided 

into stripping and pickup re~ctions. In a strip;:>ing reaction 

the projectile is strioped off x nucleons so that the 

target nucleus A h~s x nucleons ildd to it thus forming 

the residual nucleus B (=A + x). In a pickuo reaction 

the x nucleons are pickedup by the projectile from the 

target causing the transition B ~ A. 

The trilnsition amplitude for a direct reaction is 

derived from basic quantum mechanical considerations (see 

for eXilmple, Glendenning, 1978 and 1963). This has the 

form, 
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•.. (3-1) 

Where t~+} is the exact WAve function for the entrance 

ch~nnel a. ~ is" function of the internal coordinates of 
l~ 

the ~articles involved in the exit channel B. The 

function yH '~ describes the relntive motion of the pairs 

bAnd B. Vp is the interacti.on between two nuclei in the 

channel fl and the U~ is the corresponding optical 

potential. The exact expression for :1 fla given in equation 

(3-1) can not be solved because it involves the exact 

sCAttering solution to the many-body problem Physically 

useful results are obtRined by developing approximate 

mGthods for the comput'lUon of y. In Born ap')roximation 

one ~ssumes thAt the function CRn be replaced by the 

product of ~a and )(.~+) (ka'~a)' where the ~a is the 

function of the internAl coordin;)tes and ~(t describes the 

relative motion of the particles a and ~. Thus the 

equation takes the form, 

= ... (3-2) 

The distorted waves XB and ~a are essentially obtained 

from SolVAble optical-model problem in the channels a and fl. 

Thus the DWBA theory assumes that the final channel fl is 

reached directly from the entrance channel ~. 
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The above form of the DWBA amplitude is referred to 

as ";Jost" form of the ex~ct transi ti.on a",pli tude. A 

sLmiliu am;olitude rr,ay be derived from the ":orior" form of 

the eXAct am:olitude. This differes from equation (3-2) only 

ir'll thClt (Vj3 - V~) is replaced by (Va - Va). However it 

caon be shewn that the two forms of DW amp~i tudes are 

e~ual on the energy shell (Austern, 1970). Therefore one is 

free to use any form of the DW transition amplitude. 

The explicit form for Pa and Pfl are 

fa 
~A(A) <ba(r) '" = X a 
J.. A ' s 

" 
~B Ct:, r x) ~b (or) 

.•• (3-3) 

Pp , mb 
= Xs 

B b 

Here A refers to the nucleon coordinates. X denotes the 

s~in wave function. ~ indici'ltes the radial wave function. 

J refers to the angular momentum and ~,is the corresponding 

projection quantum number. 

The interaction potential V~ - Ufl ci'ln be written 

as, 

••• ( 3-4) 

It is customarily argued that Vb,A - Ub,B" O. Then the 

equation (3-2) becomes 
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<J = !3a 
iV(_)-I«-'" ~") 'r.; "'"\ Idl ~ "y(+) (- - )d-

J ;1 t-) kfl ,r(3 <- !B'f' b Vb, X I aLAI ,'t;r. ko:' ro: r rr 
, 

••. (3-5) 

where ~nd are the relative 

coordinat"s. J refers to the JacobI"n of trClnsformation of 

COO rd i P.::) ~ e s • 

In this thesis, mainly two types of reActions have 

been considered, viz., single-nucleon (x is either prot()Jl 

or n<:lutron) !'Ind tW:J-nucl0on (e.g., x is a n-·p pair) transfer 

r8action. Depending on the type of the re">ction. trn. 

situ">tion slightly diFfers. In ary c"se the wave function 

of the restd ,al nucleus can loe expanded in t"rms of the 

eigen states of th'? target nucl, .... " Le., an anti.symmetrised 

(A+x)-nucleon wave function for th'? residual nucleus is 

expanded in terms of the st~tes for t~e first A nucleons 

in the t~rget (see Appendix A). 

In the next two sub-sections the single- and two

nucleon transfer reactions are sepor~tely discussed. 

3.1.1. Single-Nucleon Transfer Reacti 1ns 

The application of the general results to p~rtic'llil.r 

cil.seS often involves additionAL rtssumotions. Therefore, 

the OW formalism is developed here with reference to "> 

p">rticular Bx">mple of a stri?~in~ reaction viz., (d,p) 

reaction and then it is outlined as to how this is modified 
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for (d.t) and (d,3~e) reactions. 

The an~ular momentum conservation for single-nucleon 

transf2r reaction suggests thet, 

~ 

s = 
... ~ ) = j -s · •. (3-6) 

and in addition, the parities are connected by 

• •• (3-7) 

where j,~, and t are the total angular momentum, spin 

and orbital anqul.r momentum of the transferred perticle. 

n refers to the parity of :nuclear state. Considerinq the 

fractional parentage exoansion of the residual nuclear wave 

function. we may write, 

= C. ~"(S,A') A [2J (A) 
A'lj ..t.J A' 

J.. - MS 
fn!j (rn)] J

S 

• •• (3-8) 

where A is an antisyrr,metrisation ooerator. The f3' s are 

generalized coefficients of fractional parenta~e and their 

values depend on the detailed structure of nuclear wave 

functions. The square brack~t denotes the vector COUPling. 

The ~ . denotes a soin-orbit f'Jnetion for a shell-model 'I' n tj 
state (see e.g., equation f2-7». The square of the 

amplitudes ~~j are called soeetroseopie factor S(j' 

Substituting these results into equation (3.,.5) the DW 
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tr~nsitton amplitude t~kes the form, 

..• ( 3-9) 

where 

••. (3-10) 

Then the cross section f':Jr. the ,case wherG unpolarized be~m 

and targets are involved, is obt~ined by summing over all 

,magnetic quantum numbers, ,)nd it takes the form, 

dcr 
dn = siB: 12 Jj 

••• (3-11) 

Where are reduced wasses. This expression 

exhibits a division into twa factors viz., a factor Slj 

called the spectroscopic factor which de~ends only on 

properties of the nuclear levels wherein the transition 

has taken place, and a factor IB/2 which contains all of 

kinematical dependence through the wave function of the 

relative motion and their overl~p with each other. In 

addition it contains the wave function of the neutron. 
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To calcul~te the cross section (3-11), it rem~ins to 

evaluate B~t: A direct Gv"lu~tion is more difficult since 

a six-fold integrAti0n is involved. However in many c~ses 

the zero-r"lnge ap)roximation is employed to simolyfy the 

evaluation. In this A~~roximation 

••• (3-12) 

There are several ways of estimating the values of Do' 

With the zero-range approximation the coordin~tes are, 

and 

so thkt B becomes, 

(
0 )_l ( )-t f'~(-)'lf("'" A~) 
l. 2t+l Do ~p kp'A+l r 

, 

.,. (3-13) 

• o. (3-14) 

The formalism can be extended t, the othe~ single-nucleon 

stripJing reactions induced by tritons, ~e or a-~"rticles. 
Then the B( will be modified due to the wave func1;ion of 

the incident and exit ;)articles, which will be independent 

of the transition involved~ The re~ction cross section 

(3-11) will differ hv a normalization constant N'. 

The expression for the pickup reacti~ns can be 

obtained by uSing the princiPle of detailed balaQce. For 

calculational cDnvenince the equ~ti~n (3-11) with zero-

range approximation will be factorized into a reduced 
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crelss secti')n C5 1 . sJ and a factor S 1.j 'lS, 

= N E: S .C5 j U 1])s 
••• (3-15) 

where N de~ends on the overla~ of the wave function of the 

light ~articles. Hence the value of N is different for 

different types of reactions and can be obtained either 

empirically or theoretically (Hodgson 1971). Recently, 

aV"ilable v"lues for (d, t) and (d, ~e) reClctions have 

been listed in a table B-1 in Appendix B. 

So f"r, the isospin of the interacting particles 

have not been taken into "ccount. In the isosPin formalism, 

equation (3-11) includes an extra factor C2 = <TAM-m+mITBM)2 

where TA = t(N-Z), MA=TA, m=t and TBis the isospin of the 

residual nuclear state. The values of C2 are listed in 

tClble 3-1. Thus the expression that is to be compared with 

the experimental differential cross section is, 

= N t: C2S(~j) ~~j(e) 
1j 

••• (3-16) 

The C5 ASj(e) will be calculated by using standard DWBA 

codes (discussed further in Appendix B). The quantity 

C2S(lj) is called as the spectroscoDic strength. 

The central aim of the single-nucleon transfer 

reactions is to determine the. spectroscoPic f"ctor C
2

S( )J) 

"nd thereby me'lsure the overlap between the initial state 
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~nd the final st~te ~lus one nucleon (or one hole). 

In 0r~ctice. the spectr~sco~ic strength C2S(Lj) 

f~r ~ transiti~n is determined by c~mp~ring the experimentAl

ly m,,~s'~red deride, with the theoreti_cAlly determined 

er /j(O)O'N' They naturCllly tend to be quite sensitive to the 

choico of the radial wave function in the single-particle 

form fActor. A 10 % chonge in the raaius of the single

particle potential may change the spectroscopic factor by a 

factor of two, without changing the shape of the angular 

distribution appreciably (Macfarlane ~nd Schiffer 1974). 

Therefore the best proc2dure is to use ~ cosistent average 

set of par~meters which h~ve been -':;eot"d ~gilinst ~ number of 

nuclei in the same vicinity including some closed Slt-ol.l 

nuclei where the same (Lj) orbit is involved. The spectro

scopic factors can also be tested against the sum rules 

given in table 2-1 (Chapter II), which puts the unper limits 

to the measured spectrosco~ic strenqths. An uncertainty of 

20 ,.;. should be rlS·g~rd2d as im;)lici t in all spectr'lsco:)ic 

factors, and this uncertainty is still larger for weilklSr 

trilnsitions (~acfarlane and Schiffer 1974) 

3.1.2. Two-NlIcleon Transfer Reacti:ms 

B1sically the O'NBA theary of two-nuclean transfer 

renctions is very similar to that for the single-nucleon 

transf.,·£ r8~ctions. The farmalism is more involved because 

of the difficulty in describing the group of transferred 
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particlE's. The> ;ongul'lr momentum c·::>u;oling is much more 

cDm;:olicc>ted. In Pi'lrticular, this hils an addition",l 

selectivity th.t depends upon the degree to which the 

tr"nsferred nucleons ~re correl.ted in the nucleus. Such 

correl.tions con be imposed by the angular momentum coupling 

as well ~s' by the inter-nucleon forces. 

Here the DWBA form'llism of two-nucleon tr'lnsfer 

re~ction with reference to (a,d) reactton is develo;oed. 

Thl? DWBA transition am)litude for (a,d) reilction t1kes the 

forrn (Glendenning 1963) 

:J = W rX'~-)1<ckd,Rd) <~B(A+X)~dCrd)<dCOd) Ivl~A (A) 
i 

rt. ~ 0'" -.:1 '- (+) - - - - ...::. -
ra(ra)X.(ax,ad)/ Ya (ka,Ra)drddrldr2dA 

••• (3-17) 

x refers to the strioped oarticle and d refers to the out--going ;oarticle. ra st"nds for the intern'll coordinate of 

a-~~r~icle Rnd the cente>r-of-mass coordinate of the out-

going deuteron is given by, 

For the wave function of the nucleus B an 

exp~nsion analogous to equation (3-8) is introduced viZ., 
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~:B 
~J (A+x) 

8 

where 

= 

= L::~ FyLSJ FyLSJ 

MA • _ 
G5

J 
(A) - " .~ 

lilA' IvJ 

•.• (3-18) 

... (3-19) 

Here S refers to the spin of the tr~nsferred p~ir of 

p~rtic1es and y roLers t::> th<? quantum numbers (nplpjp, 

nn.njn) for strip~ed p~rtic1cs p ~nd n. Land S raf~r 

to the orbi tal ~ngu18r m'Jrrcntum quantum number and spin of 

the p-n pair, raspectively. 

For a-particles, the space wave function corres'Jonds 

to the relative. s:state of m::>tion among all the parttc1es 

Clnd hence is symmetric. The s;oi.n w"ve functi.on must 

therefore be antisymw,etric with respect to the interch"nge 

of the ~rotons ~r neutrons. That is, 

a - -X (j , (jd) o x = 

.•• (3-20) 

where S' is summed over 0 and 1. Using the orthogonality 

properties ::>f the wave functi::>ns, the final ex?ression f::Jr 

the DW transiti~n am~litude becorres, 
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<"1 l+\-l 
.:J = . t( - ) d fC "> ~ yr-i yLlJ 

V2L+l S; •.• (3-21) 

where fC is a statisticsl fact0r with 

t « ~ 
a! (A+2)! )+ f = 2) ! A: 

and ••. (3-22) 

C = <Til'T
A 

TMTI TSMTS ') 

The value ~f C is unity f0r (a,d) reaction because only 

T = 0 states are excited. The spin 0verla~ in equation 

(3-17) requires that S = 1, i.e., only the triplet part 

~f the wave function f~r the stripped nucleons c~n be 

excited. The B~ is given by, 

L -t( -y(-) ~ ~ .J.. - ,hML .... - ~ 
i (2L+l) , [I'd (kd ,Rd)'t'd(rd )'I'yL (rx,Rx)] 

V x, d[X~ +) (~a' Ra) <fla ('fa)] dr xd~xdRdd~ d 

••• (3-23) 
Then the cross section is given by, 

dO' 
dJ\. = 1 

4' SMJ 2 
y • 

•• • (3-24) 

From the equati,n (3-24) it can be noticed that the different 

L~ J and M contribute incoherently. Sut the sum 0n y 
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intr0duces ~ coherent effect thus incre~sing the sensitivity 

of the differential cr~ss secti~n tn th~ sign ~f th0 spectro-

sco:Jic arr)lttudGs. Thus the tW'J-nuclC?0n tr"nsfer reacticms 

can 82 usC?d as an efficient t,ol t'J check the shell-model 

The cross section for the (d,a) re"ctlln can be 

obtained by using ?rinci~le of det.lled balance and can be 

written "5, 

[~~l (d,a) = u 
Y2 

mdma ka 

(2nh2) 2 kd 
BMJ .2 y. • 

••• (3-25) 

Assuming zer'J-ran,2 interaction between the incoming particle 

and the center-of-mass p~sition 'Jf the transferred nucleons, 

l~~l t = exp 
•.• (3-26) 

Here III is the normalizati·:m constant which depends on the 

overlap of the deuteron "nd a-particle wave fllncticms and 

on the strength of the interaction pltential. Therefore 

N should' be inde~endent of the s~ecific tr_nsiti'Jn studied. 

It is customary to write· N interms of (Towner and 

Hardy, 1969; Baer et~, 1973). can be estimated by 

knnwing the wave function of the light particles and the 

strength of the interaction causing the tr~nsiti0n (for 
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exarmple see Amusa, 1975). The O"DWUCK (e) 

cross secti"n and it h~s the f,rm, 

is the reduced 

O"D'NUCI< --

whence 

\ 2~2 (A+x) (,,-x) 
(2n t\) (\-i-a) 

_1_1 
2L+ll 

d 3R /(-)1(. F (R)yM(R)Y \2 
d JLlO L a 

••• (3-27<)) 

..• (3-27b) 

wi thl two-nucleon spectrJscopic ampli tudes given by, 

where n is the number of the aetiv,? pClrtic1es. The 

flyeR) is essentially a twC}-nuc12on form f,ctClr for purr, 

c0nfigur,ti,n (nplpjp' nnVnjn) and the radial wave function 

f"r the center-of-mAss m~tion of the pair in the configura-

tiP" y coupled to L. R is th8 center-of-mass coordinate of 

the ~air relative to the residual nucleus. 

Three different methods have been suggested in 

literature for the evalu.tian pf flyeR) (Hod~san,l97l). 

The methods which are widely used are outlined below, 

1. In the first method (Glendenning, 1963, 1965, 1978) 

the single-partic Ie WClve functi ,n f"r b:lund ,Jartieles 

is obtainC?d as a soluti rm of the Sehr'odin'1er equi1tI-m 
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The met~od of Bayman and Kallio (1967) uses single-

particle WRve functions of realistic potential (viz., 

Woods-Saxons shale) whose parameters are adjusted to 

re~roduce the binding energy of individuRl particle 

(1enprally taken to be one half of the two-particle 

3.~a~ation energy). This way of selecting single

particle wave functions may lead to an ambiguity. 

Recently a systematic study of the deoendence of the 

DWBA cross section on the single-particle separation 

p.nergy has bee:1 mad n bv using different o~Jtions for 

the single-particle separation energy ,-for (d,m) 

reaction on lp-shell nuclei (Van der Woude and de 

Meijer, 1976). It is found that the variati.on for 

the different options is not much. This method of 

evaluating the flyeR) is widely used in li t"rature 

even though it is limited to the relative angular 

momentum zero part of the wave function of the two 

particles. 

In the present analysis of the (d,a) reaction data 

on 40Ca and 12C, the Bayman and Kallio method of form 

factor derivation has been used. 

The conservation of angular momentum used in writing 

down the equation (3-25) gives some selection rules peculiar 

to the (d,a) reaction on even-even target nuclei. Generally, 
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Since the nucleons in the deuteron and the a-particle are 

assumed to be in a relative S-state of motion, additional 

selectional rules will arise, viz., 

$+T-=l, S = 1, and 

where TIi is the parity of the ~article i. For zero-spin 

target nuclei the selection rules can be summarised as 

fol1ows: -

1. when two nucleons are transferred from different 

shells, the total angular momentum transferred is 

given by 

J = L, S = 1, T = 0, if J is even, and 

J = L ± I, S = I, T = 0, if J is odd, 

2. if the transferred nucleons have the same (n~j) 

quantum numbers, J + T must be odd and (j)~ven 
pickup is forbidden. 

The selection rule-2 will not allow a 

level to be excited in the (d,a) reaction. 

3.2. OPTICAL-MODEL POTENTIAL AND DISTORTED WAVES 

It is mentioned in the earlier section that the 

wave functions Ta and X~ are essentially the eigen 

functions of the 'optical-model potentials' (OMP) Ua and 

U~ respectively. 
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An elaborate discussion of the OMP for com~osite 

~artic10s can be found in Hodgson (1971) ,and Perey and 

Perey (1976). Tho phenomenological OMP for sc~ttering 

below 300 MeV is wri tten as (see Daehnick et ,,1 1980) 

••• (3-?8) 

where Veer) is the Coulomb potential of a spherical 

uniform charge distribution and 

f(x) = (l + ex)-l with x = (r-R)/a, 

and (h/m
n 

c) 2 = 2.00 fm2. 

R = r A 1/ 3 
o ' 

The operator ~ is defined in terms of the spin operator 
.... 
(J "IS follows, 

~ = (~/2)~, for nucleons, ~e and t, 
... 

= her, 

== 0, 

for deuterons, and 

for a-particles. 

V R , "15 , Wn and VLS are res:)ectively the real, volume 

absorption, surface absorption and s~in-orbit de~ths. For 

spinless particles naturally the s~in-orbit term vanishes. 

For targets with non-zero spin J, the possibility of the 

Spin-spin inter~ction arises ; at present, there is no 

evidence that such an interaction is required to fit the 

data and hence it is not normally included in optical-model 

,calculations (Jackson 1970). 
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The various parameters of the OMP Ua A or Ub B , , 
are obt3ined by fitting elastic scattering angular 

distribution data of ,~, on A or 'b' on B (Perey and Perey 

1976). It is ex)ected that the potentials vary in a systema-

tic "and regular fashion from nucleus to nucleus. 

To be completely consistent with the DWBA theory one 

would need OMP for entrance and exit channels which are 

determined by the elastic scattering at those energies and 

on the same nuclei. Further, in the exit channel the energy 

of the outgoing particle is a function of the Q-value of the 

reaction leading to each specific level. It is impossible to 

perform elastic scattering experiments on the excited states 

.(and the ground states of many residual nuclei reached by 

the (d,t), (d, ~e) and (d,a) reactions are unsbble). 

Some concession must therefore be given for the selection 

of OMP parameters for the outgoing particles. 

In some cases the elastic scattering exhibits 

anomalous behaviour (e.g., in the case of a-scattering on 

285i , 39K and 4OCa). Here reliable set of ONP parameters 

may not belong to any average set. Then the potential 

parameters may have to be chosen to optimise the fit to the 

reaction data (Hodgson 1971). 

To evalui'lte the DWBA transition amplitude, the 

partial wave expansion of (for example) '1-. A a, is used in 

the form, 
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41< 
k'""'r' 

" a 

.,.-'---, 

t-:li a a 
X~a)(kara)' 

a 
••. (3-29) 

where each ~artial distorted wave ~L is a solution of a 
a 

radial Schrodinger equati')n. with central potential Ua A(r) , 
vi z. , 

- L(~~l)] -Xi(kr) = 0 • 

• • • (3-30) 

The center of mass system kinetic energy is ~2k2, where 
2i! 

}.L is the reduced mass of the pair and T) is the Coulomb 

energy parameter. Dependeng on the energy of the incident 

partic1e the number of terms in the partial wave expansion 

will have to be chosen. 

In practice a unique set of parameter values for 

Ua,A (or Ub,B) cannot be found; it is normally possible to 

get a family of OMP parameters which fit elastic scattering 

angular distribution equally well (see for example Perey 

and Perey, 1976). This ambiguity in OMP parameter sets 

causes difficulties in DWBA analysis of reaction data 

because the DWBA transition am;Jli tude depends on the wave 

function in ~the region of the nucleus. It is often possible 

to select a set of parClrneters which gives a good fit to the 

experimental angular distributions. 

In the case of two-nucleon transfer reactions 
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such ~s the (d,a) reaction the DWBA cross section is a 

coherent sum over various two-nucleon configurations, unlike 

in the cdse of single-nucleon transfer reactions. A given 

set of O)f.P ;?arameters will have to be tried in combination 

wi th the two-nucleon s:?ectroscopic amplitudes predicted by a 

shell-model calculation. 

3.3. NON -LOCAL POTENTIALS 

The OMPs dealt with in the ~revious sections are 

usually taken to have a simple local form. By 'local' it is 

meant that at the point 
.... 
'r' the particle feels the 

potential at that point. In reality the situation is more 

com;:>licated because the incident ')article can excite the 

nucleus. Therefore the true state vector describing a 

system must have many comQonents and these are cou;:>led to 

each other by virtue of mutual interactions. The fundamental 

theory shows that the complicated problem involving many 

channels Can be reduced to sa simpler one ~ontaining only 

elastic channel by sui tably modifying interilcti,m between the 

interacting particles. This implies that the OMP should 

be non-local (Austern, 1970). Thus U(r)X(r) in the 

Schrodinger equation must be replaced by, 

(Uri,T') x:er') d~" 
) 

Where U(T,~') is the non-local ~otential. Perey and Buck 

(196 ) have given a separable form fnr the non-lOcal potential 

as, 
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U(r,r') •.. (3-31) 

where H is the non-loc~lity functi~n characterised by a 

range p~rameter ~. The .)otenti~l u(~,i') tends to a 

lac'll :Jotential as the range (l- O. It has been found 

that the equivalent local ~otential obtained in this 

manner is consistently weaker than Uo(r), and that these two 

Dotentials bear a sim~le rolaticn to each other. It is also 

found that within the range Uo the magnitude of the local 

eigen function is conSistently larger than that of X(~). 

This effect has u~ommonly been called 'lS the Perey effect. 

In numerical a~~lications H is taken to be a Gaussian. 

Then the non-local wave function is related to the local 

function by, 

•.• (3-32) 

where the~ is the reduced ~ass. (The values of (l for 

various ~articles have been listed in a table B'·2). 

3.4. FINITE-RANGE CORRECTION 

In the ~rBvious sections viz., 3.1.1. and 3.1.2. 

the zero-rAnge a~~roximation has vbeen described. This 

ap,roximation is fairly good in many cases because the direct 

reaction transition am~litude is pro~ortional to the interac

tion Verb ). But Verb ) is short ranged. It is ~ointed . ,x ,x 
that, for rearrangement collision, the zerQ-range 
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a~~roximation cannot be adequate. But an exact finite range 

c.lculati~n involves more computati~n and therefor8 takes 

more com~uter time. The limitation of the zero-range a~~roxi-

mation and an elabor~te treatement for finite-range calcula-

ti"rI is cii scussed by Austern (1970). However an a;1'Jroximate 

procedure which gives fairly good results is to use the 

local-energy a~~roxtrnation. Buttle and Goldfarb (1964~ and 

Perey and Saxon (1964) have obtained a corfection factor 

for the zero-range ap;JrOXim'lti0n. The iJotential Verb x) is , 
assumed to have Gaussian de~endence rather than the 

~reviously assumed 6-~unction. 

The finite-range integration is bas~d on an exoansion 

about the zero-range -:limit. This ex',ansion utilizes wh"t 

is called as the 'local WK3 a;:nroximation' or 'local energy 

a;J;Jroximation' (LEA). The result is to modify the form 

factor by a multiplicative factor, 

or 

with 

where S x 

W(r) = [1 + A(r)]-l •.• (3-33a) 

W (r) = e xp[ -A ( r) J ••• (3-33b) 

A(r) = 2 
:j:;2 R2 [Ub(r) - Ux(r) - Ua(r) - SxJ 

..• (3-34) 

is the separation energy of x from B. R is the 

finite-range parameter. The first form is c0mmonly called 

as the Hulthen form andis'-tPQq, in ,1ti~l ... ,.nHcleO'n'tT2!ft:9fer 
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reacti)ns. The s~cond f,rm is used in the case of multi-

nucleon transfer reacti,ns (Park et "L, 1971; 

DelVecchio and Daehnick, 1972). Because these are based on 

the zero-r~n~e limit, the a~'roximate )rocedure is ~ost 

api11icable for reactions in which finite-ranle effects are 

not to") S2vcre. 

An a;)::>licati.on of OWB" theory develCl::>ed in this 

chapter, is given in cha~ters V - VIII. The first two 

chapters viz., V and VI use single-nucleon transfer reaction 

o::>tion and the last two deal with the two-nucleon transfer 

reactions (induced by 23-MeV deuterons). 
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CHAPTER IV 

EXPERIMENTAL PROCEDURE 

The experiment.l setup used in the study of slngle-

and h"o-nlJcleon transfer reactions and the procedure for data 

analysis are briefly described in this chapter. 

4 .1. EX?ERHE,HAL SETUP 

The experiments have been carriedout with the 

Argonne National Laboratory 60-in. cyclotron. It can 

accelerate a-particles to 43.2 MeV, 3 He to 33 MeV, 

deuterons to about 22 MeV and protons to 10.8 MeV. In the 

present experiment, 22.8-, 23.25- and 23.35-MeV deuteron 

beams have been used. The energies are accurate to ±50 keV. 

The beam transfort system near the cyclotron is shown 

in Fig. 4.1. The cyclotron can produce external beams 

at the shutter in excess of 0.1 rnA. The beam is switched 

into anyone of the experimental tunnels using switching 

magnets. The external deflected beam is focused into the 

tunnel by means of quadrupole magnets. Two sets of deflec

tion magnets which can steer the beam in both the horizantal 

and verticle planes are provided. 

The normal energy spread of the cyclotron beam is 

about 11, of the particle energy. For experiments in which 

the beam resolution is very important, two 1200 analyzing 

magnets shown in Fig. 4.2. are provided. The analyz;.ng 
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magnets provide an energy resolution of 0.1% or less. The 

analyzing magnets may be operated in the dispersive mode (at 

the cost of beam intensity). Another switching magnet directs 

the analyzed be~ to anyone of the three stations in the 

target room. The beam intensity available is about 200-300 nA 

at the target chamber. 

All the reaction experiments have been carried out 

using the 60-in. scattering chamber built by Yntema and 

Ostrander (1962). A cross sectional view of the scattering 

chamber -; is shown in Fig. 4.3. The scattering chamber 

consists of eight segemqnts viz., 

1. the scattering table and spindle housing, 

2. the collimator and collimator adjustments, 

3. the vacuum chamber and vacuum system, 

4. &upporting framework, 

5. the Faraday cup assembly, 

6. the detector arms, 

7. the detector units, and 

8. the target holder. 

The scattering chamber is evacuated by mechanical 

pumps to its normal vacuum of about 5 x 10-3 Torr (mm Hg). 

The diffusion pump .provided on the scattering chamber is . . 

then turned on. After the vacuum reaches about 8 x 10-
6 

Torr, 

the chamber is connected dirRctly to the vaCUllm system of 

tl;je cyclotron. 
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The detector arms are moveable ~bout the axis of the 

chamber and are readily set at any given ang13 with respect 

to the beam direction. The scattering chamber permits 

operations over an an1ul~r ran~e from 40 to 1760 with an 

accuracy of ± 0.0,)0. The detectors can be moved along the 

detector arms whose length is 75 cms. The dis·t~nce 'r'. is 

76 

of the detector frof!' the. scattering center can be measured 

to an accuracy better than 0.5 mm. In the present experiment 

'r' is of the order of ~o cm in all the cases. The scatter

in'} chamber is designed so that e,ight different targets can 

be fixed on the target holder at anyone time. 

The accuracy of the measured diffential cross section 

is determined by the accuracy with which of the following 

quantities are determined:-

1. solid angle subtended by the detecting aperture, 

(The error is usually less than 0.2/. ), 

2. the angle of scattering, read directly (which is 

accurate to ± 0.10), 

3. the tarqet angle (which is usually known to an 

accuracy of ± 0.050
), and 

4. the accuracy of the current integration (w"ich 

is good to 1" and wi th some care '·.it can be 

measured to ± 0.5~ ). 

The transmitted beam is collected in a Faraday cUP 

(1) placed at about 75 cm from the scattering chamber so 

that it does not produce an excessive background counting 
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rete in the dGtectors. 

4.2_ P·'IRTICLE DEECTION fWD IDENTIFICilTION 

The particle-detection unit carries the detectors 

and th2 defining aperture thrlt determines the angle of scatter

ing And the subtended solid angle. The tyoes of nuclear 

rod~ation detectors used in the nuclear reaction experiments 

hove been discussed by vartous Authors in literature (see 

Cerny, 1974). 

In the present experiments the ~E-E particle 

detectors are used. Both ~E and E detectors (with window 

diameter ,,10.35 em) are surface barrier silicon diodes. The 

thickness of the ~ E detector is selected to be in the range 

of 76 ~ to 500 ~, and for the E detector it is in the range 

1000 ~ to 2000 ~ depending upon the type and the energy of 

the particle to be detected. Normally a detector bias of 

the order of 50-100 volts for the ~ E detector and 150-300 

volts for the E detector is applied. Each particle leaves 

some energy in !\ E detector. The identificlltion of the type 

of the p.<trticle can be accomplished by USing the ~E and E 

Signals and performing Il calculation based on the range

energy relation for the ch!lrged p,'!rticles. If E is the 

energy deposited in the E detector, and ~ E is the energy 

lost in the 6 E detector, tl,en 

T 
7i. - .•• (4-1) 

Where T is the thickness of the DE detector, B is a 



constant (',_,l.73 but ch'lnqes for low-energy particles) 'lnd 

A depends on the type of the p"rticle. By c"lculating the 

value of (E +.~E)B - EB for each pi'lrticle stopping in the 

detector telescope, an sign'll is generat:?d whose amplitude is 

dependent only on the type of the particle and not on its 

energy. This cHlculAtion may be carried out in a particle 

identifier (PI). A block diagram showing the electronics 

used in the present experi~ent for particle detectton is 

given in Fig. 4.4. The output of the PI is fed to a 

single ch;mnel analyzer which is adjusted to select the 

particle requirec. 

Energy signals, produced by summing the E and E 

signals and suitably delayed, nre fed to a linear gate and 
I 

then to a multichannel analyzer, which qives the pulse-height 

spectrum. (A typical spectrum is shown in Fig. 5.1.). 

The laboratory cross section for the transition to 

any level can be readily calculated from the yield Y (i.e., 

the number of counts under the peak) using the relation 

(2s! 1 -,ctn., lab - ••• (4-2) 

Where 6n is the solid angle subs tended by the detector at 

the target, Nt is the number of tarqet nuclei per cm' 

and I is the number of incident particles. 
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4.3. TARGETS 

The targ~t m~terial used in the transfer reaction 

experiments h~ve been obtained from Oak-Ridge Nattonal 

Laboratory, Tennessee, USA. These materials are evaporated 

onto thin carbon films. The target materials are listed in 

table 4-1. A rough idea of the target thickness will be 

available from the weight of the target material used in the 

evaporation process. The correct thickness of the target 

in the nuclear reaction experiments can be determined by 

th0 following methods:-

1. The target thickness can be obtained by comparing the 

lab cross section (found using equation (4-2» for 

low-energy elastic scattering, with the predictions 

from the Rutherford scattering formula, (Marion and 

Young, 1951). 

'der i-r) = 
\ d <, lab 

••• (4-3) 

where 21 and 22 are the atomic numbers of the 

interacting particles and E is the lab kinetic 

energy of the incident particle. e is the lab 

angle of the scattered particle. M and A are 

the,masses of the incidents and target nuclei 

respectively. (Eventhough this method is most 

accurate it may not be always possible to apply 
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this method essentially because the Rutherford 

scattering experiments have to be done using a 

differ8nt low-energy acceler-tor.). 

2. In the sec~nd method the angular distribution for 

elastic scattering is measured at the energy at which 

the reaction data is collected. These cross section 

are then compared with the optical-model predictions 

to extract the thickness of the target. 

In the present series of experiments, the target 

thickness have been determined in all cas·?s, only by the 

second method mentioned above by USing the optical-model 

parameters of Daehnick et al (1980). The t~rget thickness --
of the various t~rgets are tabula~ed in table 4-1. The 

error in the target thickness is estimated to be about 25/ 

in all these cases. These target thicknesses are uS8d to 

obtain the absolute reaction cross sections. 

4.4. ANALYSIS OF THS PULSE HEIGHT SPECTRA 

~ pulse h.ight spectrum obtained at a given angle 

in a direct reaction experiment consists of a number of 

peaks corresponding to various levels of the residual 

nucleus (see e.g., Fig. 5.1.). The analysis of the 

spectrum involves mainly four steps viz., 

1. fitting each peak in a pulse height spectrum to a 

standard line shape to facilitate evaluation of the 

centroid and the area under the peak, 
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2. energy calibr~tion of the spectrum, 

3. the eVClluation of the C)-values for various tr~nsi-

tions and hence deteroination of the excitation 

energy of tha levels in the residual nucleus, and 

4. the reaction cross section for transittons to 

v',ri ous levels. 

These anA11'ses have been done by using computer programs. 

To fit peaks in the pulse-height spectrum, the 

cOIllputer ,orogram MALIK (3rard,1965) has been used. The 

shapes of peak is assumed to be a Gaussian with a 

p01ynomial back ground i.e., the fu~ctton used to fit the 

peaks is of the for , 

f(a,b,a,c) = 
n . ...;;--. 

L __ ..l 
i=l 

a.exp[-+ ---~ ] + ( X-b.)? 
1. O'i 

.•• ( 4-4) 

Where ai' b i and cr1 ~r" int·nsity, centroid ~nd (F'"~Ai/1.117)-

valur, of th')".1 th peak in the soectrum respectively. 

c.'s are constants determining the background. 
J 

In the present analysis the maximum values for n 

and k were 6 and 3 respectively. For a pulse-height 

spectrum where more than 6 peaks are involved, the spectrum 

is fitted in parts. 

The_program lALIK dstermtnes the appropriate values 
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of the parameters a, b, a and c for which the likelyhood 

function L defined by, 

N 
L = n 

i=l 

/ 
i 

[ f ( a , b, a, c , xi) /.1 f ( a, b, 0', C, x) d x] ••• (4-5) 

has the maximum value. The function f is the assumed 

probability function and x is the channel number. The 

programme handles F = In L instead of the function L 

itself. 

The programme starts with the initial values of the 

parameters a, b, a and c. For each of them a step of 

appropriate size is assigned by the users. The experimental 

data with errors are given as input along with the 

initial values of the parameters. The best fit parameters 

a, b, a and c, determin9d by this prograrr~e have been 

used to calculate 

1. the excitation energies of the levels using the 

peak centroids, and 

2. the differential cross section using the peak area 

below the peak, which is given by, 

The programme also gives the error on the parameters 

which directly helps in estimating the errors on the 

excitation energy and the differential cross section. 
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4.4.2. iOn-eI':W C'l11brati ,iI 

The peak centroids are dcterminerl either by the 

methorl descrtbed in the section 4.4.1. or by using the 

expression, 

b = ( x, n. ) / n i ill. 
... (4-6) 

where is the number of counts in channel i. The 

energy of the outgoing particles Eb corresponding to a 

p,?2k in the pulse-hei'1ht spectrum of the reaction A( a, b) B 

is given bv 

Eb = cr + f3b 

or Eb = cr + ,8b + yb2 
... (4-7) 

wi th a very small v3ll1e of y. 

Initially the v3lues of Eb (in MeV) for various 

known peaks in the pulse-height spectrum are determined 

from kinematics .by _usi.ng the Q-values and masses of the 

interacting particles (Marion and Young 1961). Then the 

calibration con3tants cr, f3 (or cr, f3 and y) are 

determined by a least squ,re fit. 

4.4.3. Q-Value DeterIrinatiC'n -- .. ,. --~ ~- ",.,,, -----

From the knowledge of the energy calibration, the 

values of Eb for various peaks in the pulse-height spectrum 

are deterr-lined. The Eb is related to the Q-v'llue of the 
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reaction A(a,b)B by, 

Q = E 

" 
••• (4-8) 

where the Ea is th2 incident particle energy in the 

e is the lab angle of the outgoin~ oarticle, 

~n~ h,'s represent the masses. 

The final r.m.s. Q-v~lue is deterrr!'ned for a 

p2rttcular transition by determining the average from 

spectra at a number of an01es. The excitation energies of 

the stQtes in the r0$idu~1 nucleus are then determined 

r?lative to the ground state Q-value as, 

... (4-9) 

4.4.4. Di.fferential Cr~ss Se:ct1~n 
~ .. --

The differential cross section at an anqle & 

in the c2ntre-of-rr.ass (c.m.) system is defined by, 

o(e) = (~) = 
c. m. 

Rsa /.!!q\ 
l ~.! l~b 

•.• (4-10) 

Where Rsa is the solid angle ratio that converts the 

calculated cross section from the lab system to , given by 

the expression (4-2), to that in the c.m. svstem. The 

accuracy of ate) is determined mainly by the accuracy in 

the evaluation of the target thickness (Nt) ·and to some 
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extent by the statistical errors on the yield Y. 

The total cross s0ction is defined bv, 

1t 
I 

cr = 21t.' cr(9) sin 9 de 
I 

o 
•.• (4-11) 

and can be calculated numerically using the expression, 

Where 69i 
intervals. 

cr = •.• (4-12) 

is the angular step and M is the number of 

A detai led anal ysi s of .- the reaction data of some 

deuteron induced single- and two-nucleon pickup reactions a 

and the investigation of nuclear struct'lre of the levels 

of the residual nuclei viz., 34,36Cl , 38,40Ar , 3~ and 

lOB are described in the following chapters. 
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T3blo 4-1. Target materials and thicknesses 

----------------------------------------------
Target 

required 

35Cl 

37Cl 

39K 

4~ 

40Ca 

l2c 

,Compound Enrichment of 
used the target 

material 

PbC12 lOOt. 

PbC12 85% 

KI 93.08f,lt \ 

KI 95% 

Ca 96.97% 

C 98 .90'J,lt 

It Natural abundance 

Target 
thickness 
("g/ em') 

47 

63 

130 

160 

60 

62 
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CHAPTER V 

.-SINGLE NEUTRON PICKUP REACTION ON THE CHLORINE ISOTOPES'· 

This chapter deals with a study of the levels in 

34Cl and 36Cl via the (d,t) reaction on chlorine isotopes. 

A study of the structure of doubly odd nuclei in the sd-

shell region is of considerable importance from both the 

theoretical and experimental points of view. In the 

simplest model description, the low-lying positive parity 

states of 34Cl can be understood to result from the 

coupling of one proton and one neutron in ld3/ 2 shell while 

those in 36Cl results from the coupling of one proton and 

one neutron hole in the same shell. Calculations in the 

complete ld5/2-2sl/2-ld3/2 shell-model space by Wildenthal 

~ ~ (1971; Wildenthal and Chung, private communication) 

predict spectroscopic factors for pickup reactions leading 

to final states in 34Cl and 36Cl and a comparison can then 

be made with the values deduced experimentally. 

The low-lying states of 34Cl and 36C1 have been 

studied Previously by (p,d), C3He,a). (d,p) and (3He ,d) 

reactions (Endt and Van der Leun, 1978). The 37Cl (d,t)36Cl 

reaction has been studied recently by Berg and Quin(l976). 

This work constitutes the first study of 35Cl (d,t) 34Cl 

reaction. 
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5.1. EX?ERItv.ENTAL Iv,ETHOD 

The details of the experimental arrangement have been 

described in chapter IV. 

35 37 
The ' Cl(d,t) reactions have been carried out 

with the 23.35-MeV deuteron beam. The spectra have been 

recorded at eight angles in an angular r~nge from 100to 400 • 

Typical pulse height spectra for the 35Cl (d,t)34Cl and the 

37Cl (d,t)36Cl reactions are shown in Figs, 5.la and 5.lb 

respectively. The spectra are analysed and differential 

cross sections have been deduced by the method described in 

sect. 4.4. The energy resolution obtained with the counter 

telescope is about 140 keV FWHM. 

The targets are prepared by evaporating lead chloride 

enriched in 35Cl and 37Cl onto thin carbon films. The 

target thickness in each case is determined by 

comparinq the' experirrental elastic scattering angular 

distribution of deuterons around the maximum at 530 (i.e., 

between 47 0 to 660) with that obt3ined by using optical

model parameters (listed in table 5-1.). Target thicknesses 

of 47 ~g/cm2 for 35Cl and 63 ~g/cm2 for 37C1 have been 

obtained; the 37C1 target thickness is corrected for the 

fact that its enrichment is about 851.. The estimated 

error in the target thickness is expected to be about 257.. 

A consistent energy calibration of the spectra is 

obtained using the ground state (Q = -4.054 MeV), 0.788-
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and 1.:E.65-MeV levels of 36Cl in the case of 37Cl (d,t) 

reaction (Endt and Van der Leun 1975); for 35Cl (d,t) 

re~ction, the calibration is made USing the 0.0-, 0.159-, 

1. 825- and 2.365-W.eV states in 47 Ii (Halbert 1977) populat

ed in the 4S Ti (d,t) reaction run under similar conditions. 

The Q-value of the ground-state transition in 35Cl (d,t) 

reaction is -6.390 MeV (Endt and Van der Leun 1978). In 

most of the soectra the ground state and the first excited 

state CO.15 MeV) in 34Cl are not well resolved. The 

centroids of these levels are determined by the curve 

fittin~ routine and the Q-values for all the levels 

are determined relative to the transition to the 0.15-MeV 

(Q = -6.536 MeV) level in 34Cl. The excitation energies 

obtained are indicated in Fig. 5.1, and the estimated 

accuracy is + 30 keV. A few spectra for the 35Cl (d,t) 

re"ctio'i!'l have also been taken at Ed= 23.35 tieV ( at 9 1ab= 

14°, 16°, ISO and 21°) and,in the region of overlap, the 

cross sections agreed, to within errors, with the 

corresponding values for Ed = 23.35 MeV. 

5.2. DWBA ANALYSIS 

The DWBA analysis has beC!n carried out using the 

computer code DWUCK (see Appendix B). The OM-parameters 

used in the present calculations ~re listed in table 5-1. 

The deuteron OM-parameters are taken from Daehnick et ~ 

(19S0) and the triton parameters are from Becheetti and 

Greenlees (1971). The real (VR) and imaginary (WS ) well 
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depths of the triton parameters given in table 5-1 are only 

for the ground-state transition. These parameters are 

emergy and mass dependent and therefore, for the other 

trransi tions, they ar<? varied according to, 

VR ~ 165.0 '" 0.17 E - 6.4 T] \ , , 
..• (5-1) , 

Ws ~ 46.0 - 0.33 E - 110 T] f 
wrnere T] ~ (N-Z)/A and E is the triton laboratory energy. 

Am alternative set of OM-parameters for triton from 

Hffirdekopf et 21 (1980) has also been tried and in this case 

trne predicted angular distributions do not differ significi

ntly and the spectroscopic strengths agree to within 5X. 
FUlrther the 00'N is found to be not very sensitive to the 

crnange in the spin-orbit term VLS and increasing 

to twice its value for the exit channel resulted in a change 

in crOW by less than 5X. The DWBA analysis for all the 

transitions have been carried out using the global combina

ticns given in table 5-1. 

The sensitivity of the OWBA cross section, 00W' 

to finite range and non-locality corrections. Within the 

local energy approximation has also been studied. This 

study has been made for the transition to the ground state 

of 36Cl • The OWBA curves obtained with (a) zero-range 

wi th local potential (ZRL), (b) fini.te-range wi th local 

Potential (FRL), (c) finite-range with non-local potentials 

for incoming ang outgoing particles (FRNLl) and 
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(d) finite-range and non-loc~l potenti01s for incoming, for 

outgoing and for bound p~rticle5 (FRNL), are compared in 

Fig. 5.2. The sh~pes of the angul~r distributions are very 

much similar in all these C3ses. A compar~tive study of the 

DWBA curves of the type (a), (c), and eltact FRNLI has been 

made by Suehiro et ~ (1979) in their study of the 54Fe(p,d) 

reaction. at E = 40 MeV. p They have also found that the 

shapes of the angular distribution curves wi th FRNLI ,md 

exact FRNLl are very Similar. In the pre sen t ca se the 

values of crDW 'Ire fuund to change as follows: 

crFRNLl FRL ZRL 
DW "'~ O'DW ~ 1. 37 crDW 

• .•• (5-2) 
and FRNL 

O"OW ~~ 1.27 FRNL1 crDW 

For all the other transitions DWBA analyses of the type 

FRNLI are made using a FR correction of 0.B45 fm and the 

NL corrections ~NL listed in table 5-1. 

The pickup spectroscooic strengths are c~lculated 

using the expression (3-16). A normalization constant 

N == 3.33 (Bassel 1966) has been used. (A different value 

of N = 2.664 has been suggested by roann \a(,$ cJ 01 (19fl ) 
, 

for the (d, t) r.e"ctions; this value of N has been obt"ined 

by assuming the Phillips wave function for the three-nucleon 

sy~tem and enhances the spectroscopic strengths by a factor 

of 1.25. Thus using N = 2.664 with ~~L would give 

spectroscopic strengths ?lmost the s'lroe as those obtained 

by Bassel's value of N.) 

95 



The chlorine isotopes lie in the l~tter p~rt of the 

sd-shell-model sp~ce. Therefore most of the low-lying states 

c~n be excited by zero and two units of orbital angular 

momenta. The single-particle wave functions of these states 

cont~in considerable amount of ld- as well as 2s-shell 

components. When both i. = 0 and 1.= 2 ~re possible, the 

relative ~dmixtures for the possible ~-values are deter-

mtned by minimising the quantity, 

= 

where <10 and <12 are DW-cross sections for 1= 0 and 

~ = 2 transfer respectively. M is the number of data 

points. The values of A and B then give the appropriate 

spectroscopic strengths. 

5.3. RESULTS AND DISCUSSIONS 

5.3.1. Levels in 34Cl 

The angular distributions measured for the transitions 

to the states of 34C1 are shown in Figs. 5.3 and 5.4 

together with the DWBA fits and 1 values transferred. The 

experimental results for 34Cl are sumrrarised in table 5-2 

together with the values evalu"ted by Endt (1977) from other 

experiments and the results of recent sd-shell-model c~lcula

Hans by Wildenthal and Chung (private communication). 
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In the simplest shell-model descripti~n, the low

lying even-p3rity states of 34Cl can result from the 

coupling of one proton And one neutron in the Id3 / 2 shell. 

According to the jj-coupling model for odd-odd nuclei, 

(Brennan and Bernstein, 1960) , J" + 3+ could be a = o or 

expected for the ground st;;te of 34Cl. The Nordheim number 

N (=jp+lp-4+jn+ lh+t) is 8; hence the lowest stAte is expected 

to be 3+ (=jp+(-l)N jn) (de Shalit and WalsckA, 1961). But 

34Cl is the one exception 'lIllong nuclei wi th A {.4O, in thAt 
,,~ 

thegrcund st~te is found to be 0+ and the first excited 

state is 3+ (Endt and Van der Leun, 1978). Therefore, 

from angular momentum selection rules, only £ =2 transfer 

is expected for the ground state and for the 0.15-MeV states 

in the 34Cl • This is in agreement with the r~sults ~bt~ined 

from this study. The transitions to other levels contain 

both e = 2 and (= 0 components. 

There is good agreem2nt between the experimental 

spectroscopic strengths and the values predicted by 

Wildenthal and Chung (private communication) for levels in 

34Cl • However this model calculation predicts the 1+,0 

state to be at a lower energy than the 3+,0 state (see 

Fig. 5.5) in contr~diction to the experimental results. By 

extending the shell-model space and adding a tensor force 

to the modified surface 6-interaction, Evers and Stocker 

(1970) get the correct ordering of the levelS. A vibrational 

unified model calculation which includes anh'1rmonic and 
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qU8sipqrticle effects hqs also been made by Singh et 21 
(1972). In this model, 32S is t~ken as the core and the 

quasi particles are coupled to the anharmonic phonon stat~s. 

This describes both T = 0 and T = 1 levels; the calculated 

level energies are compared with the experimental spectrum 

and the results of the sd-shell-model calculation in 

Fig. 5.5. This model gives the correct ordering of the 

levels. No detailed information regarding the sin,le neutron 

pickup spectroscoPic strengths is avqilable from this· 

c a lcu 18 tion. 

5.4.2. Levels in 36Cl 

The measured angular distributions of tritons for 

transitions to ten levels in 36Cl are displayed in 

Figs. 5.6 and 5.7 (along with their DWBA fits). The spectro

scopic strengths measured for the levels have been listed 

in table 5-3. The previous experimental results of Rice 

~ al (1975), of Berg and Quin (1976), the values evaluated 

by Endt (1977) from other experiments and the sd-shell-model 

predtctions of Wildenthal and Chung (private communication) 

are also tabulated for comparison. 

The ground state and the 0.79-, 2.86- and 4.30-MeV 

levels exhibit dominant L = 2 transfer. For all these 

tr~nsitions DlIIBA calculations have been mode assuming a 

ld 3/ 2 neutron pickup. The ground state spin-partty is 

correctly predicted to be 2+ i.e., J = jl+j2-l, by the 
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simple jj-coupling model of Brennan and Bernstein (1960). 

The angular momentum selection rules allow both g ; 0 and 

I; 2 tr~nsfer, since the spin-parity of the ground-state 

of 3"Cl is 3/2+ (Endt and Van der Leun,1978). Recent 

tensor ~nRlysing power measurements on the ground-state and 

the 0.79-MeV transi tion in 37Cl(d, t) reaction (Berg ilnd 

Quin, 1976), show characteristic 1d3/ 2-neutron pickup. 

The higher levels, with i; 2 pickuP, on the other hand 

are likely to have contribution due to excitation from deeper 

sub-she11s like Id5/ 2• In the present study only the 

J. -values could be assigned wi thout any ambiguity. A 

comparison with the sd-shell model ca1cu1iltion (Wildenthal 

and Chung, private communication) suggests 

level is probably the second 2+ state in 

thilt the 2086-MeV 

36C1 • The 4.30-

MeV state is known' to ,ube the analog of the ground stAte of 

36S (Endt and Van der Leu~ 1978) • 

All other states exhibit .1::; 0 + 2 transfer and 

hence 1t + + J ; 1 or 2. The DWBA 'lnil1yses hRve been made 

assuming 251/ 2 and1d3/ 2 neutron pickup. The vector 

ana1ysing power measurements (Berg and Quin, 1976) strongly 

support this assumption for the 1.16-MeV transition. 

In the case of the 1.60-MeV and 1.96-MeV transitions, 

however, the C'S values obtained here differ from those 

obtained in previous studies (Rice et a1, 1975; Endt, 1977) -- . 

These differences can arise due to, 
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1. the procedure adopted to estimate the admixture of 

two I-trilnsfers, 

2. the fact that the scectroscoOicstrength depends 

sensitively on the eX'lct shapes ilssumed for DWBA 

100 

curv'3s which in turn depends on the OM parilmeters for 

the entrance and exit channels, hthe bound-particle 

pilrameters, and the various corrections applied. 

The levels for Ex" 3.5 MeV in 36CI are well 

reproduced in both types of shell-model calculations viz., 

sd-shell model (Wildenthal and Chung, private communiciltion) 

and sdfp-shell-model (Hilsper, 1979). The level scheme 

obtained by these two calculiltions have been compared with 

the experimental spectrum in Fig. 5.B. The later c'llculiltion 

predicts some negative parity levels below 3 MeV (not 

indicated in the Fig. 5.8.). Perhaps these can be 

identified with the level scheme obtained in a high resolu

tion study by Rice £! 21 (1975) via the (p,d) reaction. 

These levels ~re however weak and are not resolved in 

the present (d,t) experiment. The sdfp-shell-model 

calculation predicts that the ground st~te of 36CI has about 

661- of the d-4 contribution, while the second 2+ level 

at Ex~'2.03 N,eV is predi_cted to be s- l d-3 wi th ;;I small 

amount of s- l d-5f 2 • The third 2+ state is predicted to be 

a typical intruder from fP-shell. 



5. 4. SU~ARY 

The vdlues of neutron pickup spectroscopic strengths 

extr3cted from the present experiments ~re genernlly in good 

ngreement with the previous reports. The experiment~l and 

sd-shell-model neutron pickup spectroscopic strengths 

(Wildenthal and Chung, p'rivqte comrrunici1tion) for 34Cl and 

36Cl have been shown in Fig. 5.9. 

The spin of the ground st~te of 34Cl is predicted 

well by sd-shell-m~del c1lculation. But the sequence of 

first and second excited levels viz., the and 

levels are reversed; the spectroscopic strengths, however, 

agree well with the experimental results. The summed spectro

scopic strength 2:C2S(ld3/2;T=O) is 1.,82 and is close to 

the theoretically predicted value of 1.47. Both theory and 

experiments indicate that only about 25/. of the .t= 0 

strengths is exhausted below 2-MeV excitation in 34Cl . 

In the case of 36Cl , the level below an excitation 

of 2.68 MeV is fairly well reproduced by sd-shell-model 

calcul"ltion (WUdenthr,l and Chung, private comirunic'ltion) and 

also by sdfp-model calculation. (Harper 1979). The former 

of the model-calcu11tions, reproduces the spectroscopic 

strengths for the 36Cl levels fairly well. The summed 

strength ~~C2S(ld3/2;T=l) is 4.21 while a value of 3.24 

is predicted theoretically. 
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CHAPTER VI 

S][NGL':: PROTON PICKUP REACTION ON THe: POTASSIUM ISOTOPES 

From the simplest shell-model point of view the 

low-lying positive-p~rity levels of 38Ar can be char~cteris-

ed by two proton holes in Id3/ 2-shell. Calcul~tions 

involvinl the complete sd-shell-model sp~ce by Wildenthal 

et ~l (1971) and, Wildenthnl and Chung (private communication) 

and core-excit~tion model by Gray ~ al (1970) predict 

proton pickup spectroscopic factors for the levels in 

The 39K (d, ~e)38Ar reaction h"s been studied earlier 

the 

38Ar . 

by 

Gray et 21 (1970) at 

Newman (1968) at Ed 

Ed = 28.9 N:eV and by Wildenthill and 

40 = 34.5 MeV. For Ar the situ~tion is 

more complicated because of the presence of two extra 

neutrons in the If7/2 shell. Gloeckner et '11 (1973) have 

performed a shell-model calcul,-.tion in the (ld3/2r~(lf7/2' 

2P3(2); - model space and have predicted the spectroscopic 

factors. 

In this chapter a detailed analysis of the 

39,41K (d,3He ) reactions at Ed = 22.8 MeV is presented and 

the proton 

38 Ar and 

pickup spectroscopic factors for the levels in 

40Ar are reported; the results on 40Ar are 

presented here for the first time. 
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6.1. EXPERU£UTAL MCTHOD 

The detnils of the experimental setup used in 

39,41<.(d, \{e) r,?~ction experiments h~ve been described in 

chilpter IV. 

The t~rgets h~ve been prep~red by evaporating onto 

thin c~rbon films, natural ~t~ssium iodide in the c~se of 

39K t~rget and Pot~ssium iodide enriched (to 95f, ) in 41K 

in the case of 4~ target. The t~rget thickness is 

estimated by comp4ring the experimental angular distributions 

of elastically scattered deuterons in the angul~r ranqe of 

45° to 65° with the optical-model predictions (using the 

deuteron optical-model parameters listed in table 6-1). 

Target thicknesses of 130 ~g/cm2 for 39K and 160 ~g/cm2 

for 41K have been obtained. The estimated error on the 

target thickness is expected to be 251. 

The spectra of 3He-particles have been recorded ~n 

an angul",r ran"e 100( 9 1Mb.( 40° using counter telescopes. 

The energy resolution (FWHM) obtained i3 about 140 keV. 

Typical excit~tiDn spectra taken at 210 have been shown in 

Fig. 6.1. The energy calibration of the spectrM from the 

39K(d,3He ) re",ctton has been m~de by using the ground state 

115 

(Q = -0.880 kieV), 2.167- and 

1978) levels of 38Ar . For 

4.564-MeV (Endt 

the 4~(d, ~e) 

and Van der Leun, 

re'lction the 

energy calibr~tion has been m'lde using the ground state 

(Q = -0.878 MeV), 2.127-, 3.303- and 4.114-/v,eV levels of 



34S (Endt and V~n der Leun, 1978; Putt~swamy And YntemA, 1969) 

which are pClPul.~ted in the 35C1 (d,3He ) reaction run under 

sim~lar conditions. Th0 excitation ener~ies determined in 

the pres~nt study have been indicated in Fig. 6.1 and the 

estlim'1ted accuracy is ± 30 keV for Ex( 6 MeV. The 

exclitation energies for 38Ar are compared with the theore

tic~l calculations (to be discussed latter) in Fig. 6.2. 

The peak areas are obtained mostlv by addin~ the 

counts under each peak and subtracting a reasonable back

grJund. Whenever overlapping peaks Are observed, the peak 

centroids and the area for each peak is determined by fitting 

the peaks to Gaussians using MALIK and thE> di "ferentii1l cross 

section have been detor~ined (for details see sec. 4.4). 

6.2. DWBP. AW\LYSIS 

The DWBA analysis has been made using the code 

DWUCK (see Appendix B) to extract spectroscopic information 

fClr th~ levels in the residual nuclei. The deuteron optical

model parameters of Daehnick ~ al (1980) and the 3He_ 

particle parameters of Becchetti and Greenlees (1971) have 

been used in all DWBA calculations. The optical-model 

Parameters have been listed in table 6-1. The real (VR) 

and im~ginary (WS) well depths of 3He-parameters given 

in tnble 6-1 ~re only for the ground state transition. The 

energy ,lnd A-dependence of VR ;"lnd iNS for 3He- p"rticle 

is given by, 
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VR = 151.9 - 0.17 E +150T]\ 

/. • .• (6-1) 
Ws = 41.7 - 0.33 E + 44 T] j 

Where T] = (N-Z)/A ~nd E is the energy of ~e-particle 

in the lab system. The proper energy dependence of the 

optical-model parameters is taken for the other transitions. 

Some alternative sets of optipal-model parameters for 

d2uterons from the collections of Perey and Perey (1976) 

and the mass-dependent ~e-parameters of Trost ~ 21 (1980) 

h-·\( also been tried in combination wi th the parameters 

gi ven in tClble 6--1 for a few trilnsi tions. The spectro-

scopic strengths determined with these different sets of 

paramet(?rs are found to lie wi thin about 2OjI,. The OWBA 

ca lculatior.s i:"l ;,11 t:1ese C3ses employed corrections for 

iinite-range and non-locality in the local energy approxima

tion. A finite-range correction parameter of 0.77 fm has 

been used. The non-locality corrections have been used only 

for the deuteron and the ~e channels and the v.alues of the 

parameters h'lve been listed in table 6-1. For all transi-

1:i')ns the DWBA analyses of the type FRNLI hCls been 

made (see sec. 5.2.). 

Th~ proton pickup spectroscopic strength have been 

evalu~ted by using the expression (3-16). The (d,3He ) 

reaction normalization constant N = 2.95 (Bassel, 1966) 

h'ls been used in all the CClSQS. (If on·" uses N = 2.363, 

given by Ioannides et 21 (1981) the C'S values would be 

increased by a fClctor 1.2. However, crOW would increase 
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by a f~ctor 1.25 if a non-locality correction ~ = 0.85 fm 

is also included in the proton bound state. Thus if one 

uses N = 2.363 '1nd (JDW with non-locali ty corrections for 

bound protons, one would got nearly the S'1me vi'llues for C2 S 

as those quoted in t3blea 6-2 and ~-3.) 

The angular distribution of ~e particles for 

low-lying protan-hole st'1tes in 38Ar and 40Ar excited in 

the (d,~e) reaction have charncteristic 1 = 0 or 2, or 

0,i'1lixtures of f = 0 and 2 sh'1pes. When both 1. -values nrc 

possible, the r21",tive X = 0 ,and 2 strengths helve been 

adjusted manui'lily so i'lS to get good visual fits. 

6.3. RESULTS AND DISCUSSIONS 

'6.3.1. Levels L~8Ar 

The elngul'1r distributions for the transitions to the 

levels in 38Ar with their DWBA fits are shown in Fig. 6.3. 

The experimental results deduced from 39K (d,3He ) reaction 

have been summarised in table 6-2. The previous experimental 

results (Gri'lY et aI, 1970; Wildenthal and Newman, 1968) along --
with two different model calculations (Wildenthell elnd Chung, 

priv'1te communication; Gray ~~, 1970) have also .been 

tabulated for comparison. 

In the present study of 39K(d,~e) reaction, the 

ground-st'1te (0+) elnd the 2.l7-MeV (2+) transitions exhibit 

characteristic 1.. = 2 transfer. The gr'lund st"te of 38Ar 
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can be populated only by 1 = 2 (j = 3/2) pickup whereas the 

o and 2. In a 2.17-MeV level can show an admixture of j = 
p:revious study on the 39K(d, ~e) reaction at Ed = 28.9 MeV 

(Gray et al, 1970), the forward angle cross section measure

ments (8].a,» 2.50
) indicated the presence of a small 

admixture of f. = 0 (C'S(2s1/ 2 ) ...... 0.05). 

Four levels, viz., the 3.94-, 4.56-, 5.16- and 

5.55-MeV are populated with an appreciable 1. = 0 strength. 

OnJ.y the 3.94-MeV level shows clear evidence of i.. = 0 and 2 

rn~xing. The 4.56-, 5.16- and 5.56-MeV levels have been 

eltci ted dominantly by! = 0 transfer even though the angular 

rna·mentum selection rule permits both 1. = 0 flnd 2. The 6.:24-

MeV level eXCited i:1weakly 

eX)pected to havE) '- ~ 3 and 

in the present experiment is 

c's" 0.08 from Gray e~ .!l1 (1970). 

For the transi Hon to the 7.13-MeV level in 38Ar , 

proton pickup from the Id 5/ 2 shell is assumed. 

a 

It can be seen that there i&, in general, good 

agreement between the spectroscopic strengths deduced from 

the present experiment as compared to the previous experimental 

results (Gray et~, 1970; Wildenthal and Newman, 1968). 

Small differences in the values of the soectroscopic 

strengths deduced by various studies may be expected to 

arise from the differences in the optical-model parameters 

and in the bound-state parameters. 

About seven weak levels, which are. suspected 

to have the ~ = 3 character had been observed by the earlier 



39K(d,3He ) study of Gray et ~ (1970). They are most likely 

to be due to t~e pickup from particle-hole admixtures of the 

type (f
7

/
2
)2(Sd)-3 in the ground state of 39K . The 0+ 

state at 3.377 MeV, which is probably of a core excited 

nature, OdS not been excited with detectable strength. 

Ihe sum rule limit for ld 3/ 2 pickup is exhausted 

by the three levels below 4-MeV excitation. Therefore a 

IdS/ 2 pickup is assumed for the 7,13-MeV transition. The 

su.med spectroscopic strengths indicated in table 6-2 are 
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in good agreement with each other. The value of Z:C2S(~sl/2)~ 

2.37 is slightly higher than the values of 2.0 and may be 

due to the fact that the experimental spectroscopic strengths 

have been deduceQ by normalising at the second maximum of 

the DWBA curve~. 

~ shell-model basis space of only 

orbits provides two levels in 38Ar with 

excited by P ~ 2 transfer and two levels 

-1 ) A 2s l /2 + + to be excited by ~ = 0 transfer. A comparison 
1 ,2 _ 

of experimental and theoretical C2S-values reveals that 

the ground state and 2.17 MeV states are indeed multiplets 

of the (ld3/ 2)-2 configuration. However, the f = 0 

strength seems to be distributed over four levels below 

6-lvieV instead of only two levels. Various alternatives for 

the extra 1 ~ 0 levels have been proposed by Wilden thai and 

Newman (1968). It has been strongly felt that these extra 

1 ~ 0 levels might be due to exci tati'ln of an even number of 



(core) particles from the If7/2 shell; thev are strongly 

( -1 -1) mixed with the regular 2s l /2,ld3/ 2 states. The sum of 

the fragmented j = 0 strength is indeed equal to 2. 

, quantitative calc'Jlation has been made by Gray 

£11'J. (1970) using a model wher" two particles from the 

sd shell are allowed to be excited to the lf7/2 shell. 

AccordingJ.y three core excited states in 38Ar have be(?n 

d~fined as 

r ' . ) 2 ( ) -4 ] . 
l.\i 7 / 20+,1' d3/ 20+,OO+,I' 

The matrix elements for the particle-hole interaction 

energy have been calculated by 'assuming aYukawa-type 

potential. The calculated excitation energies have been 

compared in Fig. 6.2. with the experimental spectrum. The 

C'S values derived by the core-excitation model of Gray et al 

(1970) are also, compared with the results of present study 

in the table 6-2. It can bo soen that the fragmentation 

of the 1= 0 strength is quite well reproduced by this 

model. In particular the 3.94-MeV level is largly of the 

2p-4h nature. The C2 S values for the 2+ and 2+ levels 2 3 
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agree with those for the 3.94- and 4.56-MeV levels. The 

level at 5.55 MeV remains as the best candidate for the 

tWSl-hole 

Vary recently a shell-model calculation in the 

2sn/2-ld3/2-lf7/2-2P3/2- m0del space (Hasper,l979) has been 

performed. The spectrum at low excitation energies are well 

re~roduced. The level scheme obtained by this calculation 

is displayed in Fig. 6.2. It is interesting to note that 

the; egci tat~on spectrum f·')r posi ti ve-p ari ty levels matches 

We'll with the ~p . .!ctrum of the core-exci tation model of 

Gray ~y ,£). (1970). Unfortunately, the proton pickuP spectro

scopic factors for: the ca'iculation of Hasper (1979) are 

not avai lable and .i t would be interesting to compar 
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these experimental values with the results of this calculation. 

6.3.2. Levels in 40Ar 

The angular 

the levels in 40Ar 

distributions for the transitions to 

observed in the 41K(d,~e) reaction 

are shown in Fig. 6.4. The L -values and the spectr0scopic 

strengths have been listed in table 6-3. The results of 

( -2 2 
1d3/2)P(lf7/2,2P3/2)n -model calcul8tion of Gloeckner ~ ~ 

(1973) for sets A and B are also listed for comparison. 

(Set A: the O.7-MeV level of 37S is assumed to have pure 

P3/2 configuration. Set B: the 1.4-MeV level of 37S is 

assumed to have pure P3/2 configutation.) 



The ground-state (0+), the 1.46-N,eV (2+) and 3.52-

/./,eV levels are populated dominantly by R = 2 transfer. The 

predicted (Gloeckner et ll' 1973) Id 3/'?-proton pickup 

strength for the ground-state "nd for the 1. 46-MeV level 

are in ?q!:':?'?'Tlent with the measured values. The levels at 

2.52 N,'?\' :::::'-) and 3.21 MeV(2+) exhibit an admixture of 

) ~ n on0 2. However the model prediction of C 2 S(ld 3/ 2)

value (Cloeckner et a ~, 1973) for the 2.52-MeV level is much 

larger than the experimental value by an order of magnitude. 

Frr ~~e hig~.r pxcited levels, the predicted C2 S values 

are very snaIl. T'19 4.36- and the 5.l7-MeV levels have been 

populated dO'Tlinantly by l = 0 transfer and hence the 

assigenm€nt 1+ or 2+ l.s suggested for both these levels. 

ThE' leve15 at 4053. 5.82 and 6.23 /I,eV are weakly excited in 

the present experiment and hence the anqular distributi0ns 

for these levels could not be extracted. 

In order to explain the splitting of the L = 0 

strength among the 3.20-, 4.36- and 5.l7-MeV levelS, it is 

sugqested that a core-exci tation model (similar to that of 

Gray et II 38Ar) can perhap s be attempted. It looks 

prorr.l sing that the properties of the levels of 40Ar can 

explained by a model calculatiQn in the sdfp-model space. 

Because of the complications involved, such calculations 

have not so far been attempted. 

be 
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6.4. SUIiNARY 

The experimental and the theoretical spectro

scopic str0ngths for thG PositIve-parity levels in 38Ar and 

40Ar ,ue surmr,arised in Fig. 6.5. 

· 124 

In the case of 38Ar , th~re is good agreement for the 

Id 3/ 2 oickup between the experimental values and the pridic

tions from the full sd-shell-model calculatIon for the first 

two levels. However, the strength for the 2s l /2 pickup is 

not correctly predicted. This deficiency· is overcome in the 

core-exci t~ti.,n model (Gray et 21, 1970). Infact the 

recent shell-model calculation by Hasper (1979) in 

0+ and 

levels around an excitation energy of 4 MeV as compared to 

those from the full sd-shell-model calculation and hence shows 

that the spectrum of core-excited states (obtained by 

promoting pairs of PQrticles to lf7/2 orbit) as assumed by 

Gray et 21 (1970) is essentially correct. The experimental 

summed spectroscopic strengths for r: C 2 S( Id3/ 2 l and 

LC'S(2S I / 2 ) are respectively 3.02 and 2.37 and compare 

favourably with the values 2.94 and 1.99 from the full 

sd-shell-model calculation, and the values 2.86 ~nd 1.90 

from the core-excitation-model calculation. The proton 

pickuP spectroscDoic strengths are not available from the 

sdfp-shell-model CAlculation 'of Hasper (1979). 
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In the case of 40~r the lev0l properties of only the 

first two levels are very well explained by the (ld3/2)~2 

(lf7/2,2P3/2)~- model c~lc\llation 'Of Gloeckn2r et ill (1973). 

Experimentally the LC 2 S(ld3/ 2) is 2.10 whi.le theoretically a 

value of about 2.70 is predicted. It is n~ted that the 

splitting of the Id 3/ 2 strength is not accounted for by 

the model calculations of Gloeckner et ill (1973). 

~urther, inclusion of the 2s 1/ 2 excitations would be 

necessary t" account for the .{ = 0 pickup strength. The 

sum-rule v~lues for the spectroscopic strengths indic~te that 

substantial strengths lie at higher excitation energies 

in 40Ar • Hence, a shell-model c31cu1ation in the space 

used by H~sper (1979) is desirable for the nuclei 

40Ar and 4lK• 
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Fi~. 0.1. Spectrum of ~e from (d,~e) reaction on ootassium 
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CHAPTER VII 

(d,a) REACTION ON 40Ca 

In recent years, two-nucleon transfer reactions have 

been studied extensively to extract informati~n about 

nuc12ar structure. Hoot 21 21 (1973), and Van der Woude and 

de Meijer (1976) have studied the Ip-shell nuclei via the 
3 

(p, He) and (d,a) reactions respectively; the spectroscopic 

"mpli tudes derived fr"m the shell-model wave functions of 

Cohen and Kurath (1970) h·1ve been used by them. A study of 

(p,t) and (p,3He ) reactions on some ad-shell nuclei has been 

undertaken by various investigators (King ~ 21, 1976; Nann 

and Wild0nthal, 1975; 197B, 1979; Fortune ~ 21, 197B; 

Abou-Zeid ~ 21, 1979) and the sd-shell-model wave functions 

of Wildenthal and Chung (private co~unications) have been 

used. However, studies on the (d,a) re~ctions have been 

rather limited. DelVecchio and Daehnick (1972) have investi

gated (d,a) reactions on several nuclei ranging from 4BTi 

to 20Bpb with particular emphasis on the seneitivity of 

DWBA cross sections towards i) the choice of OM para-

meters and ii) the use of FR correction. In view of 
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these developments particular attention has been given towards 

a detailed study of the 4OCa(d,a)3~ reaction. 

In a simple Shell-model picture, the low-lying 

positive-parity levels of 3~ are expected to have dominant 

(ld3?2) p (ld312)p configur,lti on. The pickup reActians 



such as (d,a) and (p,3He ) reacti~ns on 40C a, are expectea 

to populate levels with such c~nfigurati'ns and ought to 

give direct information on proton-neutron hole states in 

3~. Higher levols are necessarily excited by pickup of 

nucleons fr,m deeper subshells. Spectr~scopic amplitudes 

derived from a full sd-shell-model calculations (Wildenthal 

and Chung, private cDmmunic'ltl:m can be used in a D'NBA 

prediction of the cross section and the results can then 

be comp8red with experiments. Excitation of some odd-parity 

levels of 3SK can also be expected becluse the ground 

state of 40Ca is known to contain fp-shell admixtures 

(Endt and Van der Leun, 1975; Gerace and Green, 1967). 

The levels of 3~ have been studied previously by 

single- as well as multi-nucleon transfer reactions (Endt 

~nd Van der Leun, 1975). Abou-Zeid et 21 (1979) and Sen 

and Meijer (1979) have studied the low-lying ~evels via the 

(p,3He ) reaction at Ep = 42.5 MeV and 30 MeV respectively. 

Frascaria et al (1974) have investigated the 4OCa (d,a) 

reaction at Ed = SO MeV with emphasiS on excit'ltion of 

(lf712)p(lf712)n' In = 7+ configuration in 3~. 
Recently, a study of the dependence of the vector analysing 

power on the orbital angular momentum L and on the 

total angular momentum J transferred in the reaction 

has been made 

level of 3~ 

for the ground state 

vi a the 40Ca (d, a) 

and for the 

reaction at 

0.46-/leV 

Ed '" 16.5 

MeV (Ludwig et.2.l, 1975) and the data have been analysed 
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by assuming a proton-neutron cluster pickuP. A study of 

the levels at 0.0, 0.46 and 1.69 MeV has been made nby 

Merzet et ~ (priv~te communication) at Ed = 23 MeV with ... 
a view to underst~nd the mechanism of (d,~) reacti~ns. 

No levels beY3nd an excitation energy of 7.35 MeV have 

been reported in any of the above experiments. Further, 

none of the earlier 4OCa(d,~)3~ reaction data have been 

analysed with a microscopic DWBA prescription using 

shell-model spectroscopiC amplitudes. Other 40C~(d,tt) 

reaction studies have been performed at very low incident 

energies (Endt and Van de·r Leun, 1978). 

In the present investigation of 40Ca(d,tt)3~ 

reaction at Ed = 22.8, 

energy 'Jf 10.26 MeV in 

MeV, the 

3~ hav" 

levels upto an excitation 

been studied. The 

angular distributions have been measured over a wide angu~ar 

range. DWBA analysis has been performed for ten out of 

twenty transitions observed; orbital angular momentum 

L transferred and In values are deduced. 

7.1. EXPERIMENTAL METHOD 

The experimental setup used in the study of 

40Ca (d,a) reaction is essentially the sameas described in 

chapter IV. 

The experiment has beon carried out with a 22.8-

MeV beam. 40Ca target hns been prepared by evapor~ting the 

enriched isotope onto a thin carbon film. The target 
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has always been kept in v~cuum in order to aviod oxidation. 

me outgoing a-particles have been simultRniously detected 

using a set of four dE/dX-E counter telescopes which are 

separAted by 7.50 from 8Rch other. An energy resJlution 

(FWHM) of About 135 keV has been obt'lined. The spectra 

~ave been recorded at forty four angles in an angular 

range from 11 0 to 1650
• 

The target thickness has been determined to be 

60 ~g/cm2 by comparing the experimental deuteron elastic 

scattering cross section around the maximum at 55° 
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(i.e., between 48° to 68° in lab system) with that obtained 

by using optical-model potential parameters for deuterons 

listed in table 7-1. The estimated error in the target 

tlhickness Js expected to be about 25i1. 

The a-particle spectra are analysed with a peak

fi tting computer code MALIK (see sec. 4.4.1 ). A typical 

a-particle spectrum at a laboratory angle 450 is shown in 

Fig. 7.1. A consistent energy calibration has been 

obtained using the levels of 3~ at 0.0 (Q ~ 4.666 MeV), 

0_459. 1.698, 3.431 and 3.978 MeV (Endt and Van der Leun. 

1978). and the levels of 109 at 0.0 (Q = -1.341 MeV). 

0.718 and 2.155 MeV (Ajzenberg-Selove and Lauri tsen. 1974). 

The excitation energies of the 3~ levels determined in 

the present experiment are indicated in Fig. 7.1. and are 

also listed in table 7-2. The -accuracy of the excitation 

energies is expected to + 30 keV for the levels bel,ow 
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4 MeV excit~tion and about + 50 keV for leVGls above 4 MeV. 

The differential cross sections for the v~rious 

transitions have been measured as discussed in sec. 4.4.4. 

and the values for the ten tr~nsitions (which have well 

srructured angular distributions) have been listed in 

Appendix C (se2 also Figs. 7.4 to 7.7). The error in 

the differential cross section is due to the statistical 

error and due to the b.1ckground subtr~ction. The integrated 

cross sections,given by the rel'ltion (4.12), have also been 

obtained for many transitions ~nd are listed in table 7-1. 

7.2. ANALYSIS 

7.2.1. Optical-Model Parameters 

Previous studies on (d,a) reactions (Frascaria 

~ aI, 1977; Frascaria ~ li, 1974; Paul tl aI, 1977) had 

indicated that the shapes of the DWBA angular distribution 

is not very sensitive to the choice of the deuteron optical

model parameters while it is quite sensitive to the choice 

of cr-particle parameters. Therefore, the DWBA angular 

distributions calculated using different sets of 

cr-particle optical-model parameters have been compared 

with the experimental angular distributions for the O.O-MeV 

(3+) and the 3.43-MeV (2+)transitions. The 

3.43-MeV level can be excited by pure L = 2 transfer. 
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The deuteron optical-model parameters are taken from 

the global fits (potential set L»of Daehnick ~ ~ (1980). 

For a-particles, two different sets from the compilation of 

Perey and Perey (1976) have been tried. The optical-model 

parame'ters sets are listed in table 7-1. The set a
l 

is the 

avsrage paramet'r set used by Bock et ~ (1967) to fit 

elastic scattering of 19.47-MeV a-particles on nuclei near 

40C a. The set a2 is derived from an analysis of ,elastic 

scattering of 27-MeV a-particles on 39K• The fits 

corresponding to these a-particle optical-model parameters 

are shown in Fig. 7.2. (The shell-model spectroscopic 

amplitudes for the DWBA calculations are taken from 

table 7-3.). The set d-a l seems to give better fits and 

hence the DWBA analysis for all other transitions have been 

performed using this set. 

7.2.2. Form Factors 

The two-nucleon form factors have been calculated 

from a microscoPic model using the method of Bayman and 

Kallio (1967). The single-particle wave functions of 

the transferred proton and neutron have been generated using 

the Woods-Saxon shape with the values of ro = 1.lB fm 

and ao = 0.68 fm for the radius and for the diffuseness 

parameters respectively. These bound-state parameters 

have been derived from an extrapolation of the parameters 

·,']tlincr' in il ,)roton ,elastic sc~ttQring eX;J2rirr .• nt (Narlasen et it' 
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1981). For comparison, the set ro = 1.25 fm and ao = 0.65 fm 

commonly used for the calculation of form factors has 

also been tried (see Fig. 7.3.). The nucleon separation 

energy has been taken to be tsd, where Sd is the deuteron 

separation energy of the level under consideration; a 

relative s-state has been assumed for the transferred pair 

of nucleons. 

Mixed configurations in the sd-shell-model space 

(Wildenthal and Chung, private communication) have been 

used in the evaluation of the form factors for most of 

the levels. The two-nucleon spectroscopic amplitudes 

used in the analyses are listed in table 7-3. For negative 

parity-levels pure two-particle configurations from sdf

shell-model space have been tried. 

7.2.3. OWBA Cross Sections 

The sensitivity of the OWBA cross section crOW (e) 

to the finite-range and non-locality corrections within 

the local energy approximation has been studied. It is 

found that the shape of the angular distribution curves 

with and without the FRNL corrections are very much similar. 

The ratio aFRNL/~RL 
OW OW lies in the range 1 to 5 at the 

forward angles (ec •m.( 600
) and it is about unity elsewhere. 

The crOW(e), however, is very sensitive to the changes in the 

bound-state parameters. A comparison of crDW for the g.s. 

transition with different bound-state parameters, viz., 
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ro = 1.18 fm and ao = 0.68 fm, and ro = 1.25 fm and ao = 
0.65 fm has been shown in Fig. 7.3; the shape of the angular 

distribution is very similar in both the cas~s. The DWBA 

analyses for all the transitions have been made using the 

bound-state parameter set ro = 1.18 fm and ao = 0.68 fm, 

a finite-range correction of 0.4 fm, and non-locality 

corrections given in table 7-2. 

The contributions from different L-transf~rs 

for a given transition is determined by the shell-model 

two-nucleon spectroscopic amplitudes. These contributions 

have been added together incoherently and the summed curves 

have been represented by solid lines in Fig. 7.5 and~Fig. 

7.6. Each of them has been independently normalized with 

the experimental angular distribution according to the 

equation (3-26), 

(~cr.\ = 
expt 

These values of N are listed in table 7-3. For negative 

parity levels the values of N are listed in table 7-4. 

7.3. RESULTS AND DISCUSSION 

The excitation energies of the levels in 38K deduced 

from the present experiment are compared in table 7-2 with 

those adopted by Endt and Van der Leun (1978), and with the 

results of earlier 4OCa (d,a) re~ction (Frascaria et 21, 1974). 



A one to one correspondence of our results with the various 

levels of 38K could be made only for levels upto an 

excit"tion energy of 4 MeV, since the excitation energy 

level density in 3~ is large above 4 MeV. These results 

compare well with those obtained by Frascaria ~ ~ (1974) 

excetp for the 5.28-MeV level (In = 7+), which is 

weakly excited in the presp.nt experiment. 

The excitation energies of positive-parity levels 

of 3,\<: deduced here are shown in Fig. 7.4. along with 

the theoretical predict~ons of Id5/2-2s1/2-ld3/2-shell

model (Wildenth~l and Chung, private communication) 

and 2S1/2-ld3/2-lf7/2-2P3/2-shell-model (Hasper, 1979) 

calculations. 

7.3.1. Even-Parity Levels 

The angular distributions to eight even-parity 

transitions studied in the present 40Ca(d,a)3~ reaction 

are shown in Figs. 7.5 and 7.6. The DWBA curv~s calculated 

using the spectroscopic amplitudes of Wl1denthal and Chung 

(private communication) are also shown in the figures. 

The ground state and the 3.66-MeV level show dominant L = 
4 and 2 transfer respectively. Previous studies by 

Frascaria et al (1974) and VAP measurements in the (d,a) 

experiment (Ludwig et a1, 1978) had strongly suggested the 

gro~nd state angular distribution to be L = 4. The 
, 

level at 3.43 MeV is found to show characteristic L = 2 
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shape; a pure L = J = 2 is expected on the basis of the 

selection rules for this level. 

The newly identified level at 9.88 MeV hBs been 

excited with a total cross section of 3.16 mb, which is 

three times that for the ground state transition (se~ e.g., 

table 7-2). The OWBA c~lculation has been made initially 

with all possible pure two-nucleon configurations in the 

sdf-shell-model space. This suggested an unambiguous 

L = 2 shape for the experimental angular distribution for 

the 9.88-MeV level. Hence a In = 1+, 2+,or 3+ is expected 

for the 9.88-MeV level. A O'NBA calculation has been 

performed with mixed configurations corresponding to the 

theoretically predicted 3~ level at 9.06 MeV and the 

the spectroscopic amplitudes listed in table 7-3. The 

predicted shape fits the experimental d~ta quite well 

(see Fig. 7.5) and hence the 

likely to have the assignment 

9.88-MeV level is most 

+ 3 , T = O. 

The levels at 0.45-, 1.71- and 4.00 MeV are 

known to In = 1+ (Endt and Van der Leun, 1978). Therefore 

an L = 0 + 2 transfer is expected •• The experimental 

angular distributions and the curves calculated by using 

sd-shell-model wave functions (Wildenthal and Chung, 

private communication) are shown in Fig. 7.6. The shape 

of the experimental angular distributions for all these 

transitions indicate distinct L trBnsfer. The partial 

contributions due to L = 0 and 2 in the case of 0.45-
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and 4.00-MeV levels Rre indicated in Fig. 7.6 along with 

their incoherent sums. It can be seen that the O.45-MeV 

level has largely L = 2 shape which supports the VAP 

me~surements by Ludwig ~ 21 (1978). The 1.71-MeV and 

4.00-MeV levels show dominant L = 0 shapes. 

In the 80-MeV study of 40Ca (d, a) re8ction by 

FrAscaria ~ 21 (1974), a level at 7.35-MeV excitation has 

been observed; no spectroscopic information was however 

deduced. In the present study, the level at 7.32 MeV 

144 

has been excited very strongly. The integr~ted cross section 

for the trRnsitlonto this level is about five times that 

for the ground state transition (see t~ble 7-2). DWBA 

cAlculation has been made initially with all possible 

pure two-nucleon configurations in the sdf-shell-model 

space; the DWBA ,angular distributions obtilined by assuming 

(2s1/2)P(2S1/2)n pickup, and In = 1+, and L = 0 have been 

found to fit the experimental angular distribution fairly 

well. Calculation have therefore been made assuming 

the two-nucleon spectroscopic amplitudes (see table 7-3) 

for a predicted level at 5.75 MeV (1:). The results of 

DWBA analyses are shown in Fig. 7.6. The 7.32-MeV level 

is therefore most likely to have a value In = 1+, 

7.3.2. Odd-Parity Levels 

2.85 MeV 

Two levels in 3~, one at 2.64 MeV and another at 

are weakly excited in the present (d,a) experiment. 



From a study of the 39K (d,t) reaction, Fortune ~ ~ 

(1969) have found that the 2.64-MeV level has ~= 1 

angular distribution while a high resolution study of 

39K(p,d) reaction by Wildenthal et ~ (1974), suggests 

an 2 = 3 pickup for the same level. However the pari ty 

of t~e lev21 is determined to be negative and the value 

J~ = (2,4)- is adopted for this level by Endt and Van 

der Leun (1978). 

In the present experiment angular distribution 

patterns for the 2.64-MeV and 2.85-MeV transitions (as 

shown in Fig. 7.7) are almost similar. A good DI'IBA fit 

is obtained with L = 1 + 3 and In = 2- transfer for 
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both the transitions. The assumed two-nucleon configurations 

for these levels are given in the table 7-4. According to 

the sdfp-shell-model calculation (Hasper, 1979) the lowest 

odd-parity level, having significant fp-shell configuration 

is at 2.52 MeV excitation and has In = 4-. We expect that 

the 2.64- MeV level is prot·ably a 2- state. Our spin 

. n -assignrr. nt for the 2.85-MeV level, however is J = 2 , 

in agreement with previous studies (Endt and Van der Leun, 

1978) • 

7.3.3. Other Lavels 

The experimental angular distributions for a few 

other weak levels in 3~ are displayed 1n Fig. 7.8 and 

they do not exhibit distinctive patterns. Therefore, not 
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much spectroscopic information could be obtained for them. 

There is clear indication for the presence of a level 

in 3~ at 10.26-MeV excitation anergy. The present data 

however, do not enable us to extract angular distribution 

for thi sIeve 1. 

7.3.4. Normalization Constant 

The normalization constant N for the (d,a) reactio~ 

is ~efined by equation (3-26), essentially consists of the 

overlap integral for the light particles involved in the 

the reaction. Therefore the value of N is expected to be 

the same for all transitions. An empherical value of 

N = 3700 for the (d,a) reaction has been suggested by 

Van der Woude and de Meijer (1976). The values of N 

obtained for the various levels in 3~ from the present 

analysis of 40Ca(d,a) reaction at Ed = 22.8 MeV have been 

listed in tables 7-3 and 7-4. The variation in the 

normalizati0n constant for the levels below 4.00-MeV 

excit?tion is rather small. The variations in the values 

of the normalization constant could perhaps be further 

reduced with improvements in the shell-model calculations. 

The sd-shell-model calculation (Wildenthal and Chung, 

private communication) assumes that 40Ca is a good closed 

shell nucleus Several experiments have estAblished 

(Endt and Van der Leun, 1978) that a small amount of 2p-2h 

and 4p-4h admixtures have to be included in the ground 



state of 40Ca nucleus. Therefore it is strongly felt 

that an elaborate sdfp-shell-model calculation of two

nucleon spectroscopic 3mplitudes for the levels in 3~ 

is highly necessary. Unfortunately the two-nucleon 

spectroscopic amplitudes for the levels in 3~ are not 

available from the sdfp-shell-model calculation of 

Hasper (1979). 

The relative values of N obtained from the 

present (d,a) experiment are compared with the values 

deduced from the earlier (p,3He ) experiments of Abou

Zeid et 1!1 (1979), and Sens and de Meijer (1979). in table 

7-5. The agreement may be considGred satisfactory. 

1.4. Sm:NARY 

The excitation energies of the various levels in 

38K obtained in the present study are in good agreement 

with the previous results. 

147 

Inspite of the ambiguities in the detailed DWBA 

predictions for the (d,a) reaction significant spectroscopic 

information on 3~ has been obtained via the 40Ca (d,a) 

reaction. The shapes of the angular distribution for 

positive-parity levels below 9.BB-MeV excitation are 

rather well predicted by DWBA calculations performed 

using the two-nucleon spectroscopic amplitudes from the 

full sd-shell-model calculation (Wildenthal and Chung 

private communication). Tentative In assignments made 
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here are consistent with the previous assignments. 

Our analysis indicates that the 7. 32-MeV level 

h" s a large (2S;}2) p (2s;}2) n component and hence has J1t = 
1+. Two new levels, one at 9.88 MeV and another at 10.26 

MeV have been identified. The 9.88-MeV level exhibits 

characteristic L = 2 transfer and probably corresponds to 

the predicted + 33,T = 0 l~vel at 9.06 MeV 

The energies in 3~ deduced from a recent shel1-

model calculation (Hasper, 1979) in the 2sl/2-ld3/2-lf7/2-

2P3 /2- model space compare well with that obtained in the 

present work upto an excitation energy of 3.5 MeV. The 

calculation however, does not predict any 1+, 2+, or 3+ 

levels above 4 MeV excitation. Since the spectroscopic 

amplitudes are not available from this sdfp-calculation, 

it has not been possible to compare our experimental 

angular distributions with the theoretical predictions. 
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Table 7-2. Comparison of the excitation energies of the 
levels in 3~. 

-----------------------------------------------------------
Adopted Energy Levelsa 40Ca(d,a) 38K 

Present work 

E C 
x 

(MeV) 
O'Int 

(mb) 

Frascaria et alb 

Ex L 
(MeV) 

-----------------------------------------------------------
0.0 3+ 0.0 
0.459 1+ 0.45 
1.698 1+ 1. 71 

2.649 (2,4)- 2.64 
2.870 2- 2.85 

3.431 2+ 3.43 

3.668 3+ 3.66 

3.857 1+ 3.85 

3.978 1+ 4.00 

4.23 
4.38 

5.38 

5.80 

6.06 

6.42 

6.72 

7.00 
7.32 

9.88 

10.26 

0.99 

1.46 

0.74 

0.14 

0.26 

1.06 

0.37 

0.52 

0.0 

0.45 

1. 70 

2.63 

2.85 

3.42 

3.60 

3.97 

4.28 

5.28 

6.35 

6.60 

6.90 
5.51 7.35 

3.16 

4 

0,2 

6 

-----------------------------------------------------------

150 

a Endt and Van der Leun (1978). b Ex values are taken rrom 

Fig. 4 of Frascar1a et ~ (1974). C The errors in Ex are 

estimated to be ± 30 keV for the levels below 4-MeV and 

about ± 50 keY for higher levels. 
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Table 7-4. Two-nucleon configurations assumed for odd-parity 
levels in 3~,and the results of the DWBA 

a analysis. 

L Assumed 
J'It 

Two-nucleon . N X I~-\ :lJ,t J . b 
(configuratio'ns 

------------------------------------------------------------
2.64 

2.85 

1,3 

1,3 

(D3, F7) 

(D3, F7) 

-------------------------------------------------------. 
a The resulting DWBA angular distributions are shown in 

2.20 

5.07 

Fig. 7.7. b The notation (D3,F7) implies (ld3/~)p(lf7/~)n 
configuration. The L = 1 and L = 3 contributions have been 
added in coherently. 



Table 7-5. The relative values of normalization 

constants a derived from the various 

two-nucleon transfer reactions on the 

Ex 
(MeV) 

levels in 3E1<. 

Present study From (p,~e) studies 

.1:i\ • I b c J/l I, I N )<. ~ N N <-_-g. s. !n"'.l;-I _ .g.s. g. s. :<0J ... rt _____________________ j[ ______________________________ J. 

0.0 1.00 1.00 1.00 

0.45 0.50 6.99 0.80 

1. 71 0.54 2.01 2.00 

3.43 0.38 

3.66 0.14 

4.:)() 0.26 

7.32 6.76 

9.88 7.00 

-----------------------------------------------------
a The normalization constants are given relative to 

the ground state. 

b From the (p,~e) study by Abou-Zeid et ~ (1979); 

the Wildenthal and Chung wave functions have been 

used for the analysis. 

c Sens and de Meijer (1979); they use the two-nucleon 

'spectroscopic amplitudes of Zuker (Strasbourg) 
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40, 38 
Co (d,a:) K 
Ed=22·9 MeV 

10 

642 

672 

J 

Fig. 7.8 ~nq\Jlar dlstrlhuttons f~r which a definite 
L assiqnment could not be made. 



CHAPTER VIII 

(d, (X) REf,CTlON ON 12C 

During the study of the 4OCa(d,a)3~ reaction, 

carbon had been usen as the backing material for the 40Ca 

target. Six peaks corres~onding to the low-lying levels 

of lOB ap',eClred in the energy spectrum of a-particle" 

and the analysis of these levels is presented in this 

chapter. A microsco'Jic DWB,\ analysis . for the transi tians 

to the low-lying levels of lOB have been carried out 

by using the spectroscopic amplitudes deduce~ from the 

lp-shell-model calculations of Cohen and Kurath (1970). 

8.1. EXPERIMENTAL METHOD 

experimental method used for a study of 

reClction at Ed = 22.8 MeV is same as the 

that described in sec. 7.1 for the c.Jse of the 4OCa(d,a) 

roaction. The pulse-height soectrum of a-~artic1es 

(essentially corr8sponding to the lower energy part 

of the Fig. 7.1.) is shown in Fig. 8.1. The excitation 

energies measured here are indic~ted in the figure. 

(see also table 8-2). The estimated error in each case 

is about ± 50 keV. The energy resolution (FWH~:.) is found 

to be about 275 keV. The measured angulilr distributions 

for all the transi tions have been shown in the Fig. 8.2. 
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8.2. D'NBA ANALYSIS 

The angular distribution of a-Jarticles correspond

ing to the various levels in lOB excited in 12c(d,a) 

reaction have been analysed using DWBA prescription and 

the two-nucleon-transfer option in the code DWUCK. 

(The procedure for the analysis is simil~~ to that discussed 

in sec. 7.2.) The optical model (OM) parAmeters are 

listed in table 8-1. The glob~l deuteron parameter 

sat of Daehnick et al (1980) are denoted by set d l • The 

a-particle OM parameter set a l has been taken from the 

compilation by Perey and Perey (1976). Initially the 

angular distributions for the ground state (3+) and 3.59 

MeV (2+) have becn fitted by Oll/BA calculations.. Both these 

transitions are expected to exhibit pure L = 2 transfer. 

The solid curveS in Fig. 8.2 are the result of OWBA 

calculations with FANL and sets dl-al The calculations 

have been made by using the Ip-shell two-nucleon spectra 

scopic am~litudes of Cohen and Kurath (1970). The curves 

in the Fig. 8.2 have b·~en independently normalized to 

the experimental angular distributions. 

In an attempt to improve fits to the angular 

distributions DWSA calculations have also been made with 

other OM parameters available in litrature; these are also 

listed in table 8-1. The results of the OWB'; c~lculations 

with FANL corrections, by using the set d2-a1 (shown by 

dotted curve) and by using the set d3-a3 (shown by 
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dashed curve) are shown in Fig. 8.2. The sh;-.pe of the D'NBr, 

curve for the set d 2-a l is very much similar to that 

obtained for set dl-a l , However simultanious fit to b,th 

the experimental angu11r distributions c0uld n0t be obtained 

for any combin1tion of the deuteron and a-pnrticle O~ 

parameter sets listed in table 8-1. The DWBA analysis 

has a1so be,?n Performed for all other levels with the 

set d1-a l and the fits at are shown in ,-the Fig. 8.2. 

The values of the normaliZation constants obtnined from the 

present experiments have been listed in table 8-2. 

B.3. DISCUSSIONS 

The excitation energies deduced for the various 

levels from the present experimental data are in good 

"qr2ement with the previous values (Ajz,"nburq-Selove, 1974; 

Van dar Woude and de Meijer, 1976). 

The O.O-lv,eV and 4.77-MeV levelS atare known to 

be J+ and are expected to have pure (lP3!2)P(lP3!2)n 

configuration; these states can only be populated by 

L = 2 transfer. The states at 0.72 /v,eV, 2.16 IheV and 

S.18 MeV are a 1 1 1+ and Clre e'(pected to have a mixture of 

all two-nucleon conflguriltions in the IP-shell 1I0ec2' 

these states c~n be populaterl by both L = 0 and 2 

transfers. 

It has been found that in the case of Ip-shell 
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nuclei (generally light nuclei), there are obvious 

difficulties in selecting OM param2ters (Van dor Woude and 

de Meijer, 1976). It is suspected that at Ed = 30 MeV 

c0mpound nucleus and lor multstep processes could be still 

important (Janecke.§.1~, 1971). Additional difficulties 

have been noticed by Yang (1969) while explaining the 

angular distributions at Ed = 21.2 MeV; one may have to 

take into account 'heavy 

addition to direct ~ickup 

particle stripping' in 

of two-nucleons. But Yang 

finds that the forward part of the angular distributions 

could be well accounted for by conSidering only a direct 

two-nucleon pickup process. Evpn at 40 MeV, Van der lQoude 

and de Meijer (1976) could not succeed in fitting the 

angular distributions using the OM parameters derived 

from the elastic scatterin1 data. They adopted the 

prescription given by DelVecchio and Daehnick (1972) and 

have used lower cut-off radius Rmin = 1.75 x Al/3 

to get r~ason2bly good fits. 

The relative values of the reaction normalization 

constant N listed in t~ble 8-2, indicate that the values 

of N obtained in the present experiment are in 

reasonable agreement with the values obtained by Van der 

Woude and de Meijer (1976). 
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CHAPTER IX 

CONCLUSIONS 

The 35, 37Cl(d,t) , the 39,4lK(d,~e), the 4OCa (d,a) 

and the l2c(d,a) reactions have been studied at a deuteron 

. incident energy of 23 MeV and the nuclear structure of 

34,36Cl , 38,40Ar , 3~ and lOB have been elucidated. 

The absolute values of the experimental pickup 

strengths C'S for the low-lying levels in 34,36Cl 

have been fairly well reproduced by sd-shell-model calcula

tion. The sd-shell model calculation does not predict the 

proper level sequence of the first two excited levels in 

34Cl. 

In the case of 38Ar the sd-shell model calculation 

does not explain the splitting of the 2S l /2 spectroscoPic 

lf7/2 shell into the 

From the 4~(d,1He) 

strength The' inclusion of the 

sd-shell space is very much needed. 

reaction the experimental proton piCkup strengths C2 S 

for seven levels below 5.le6NcV e<ci tation in 40Ar have been 

deduced. The present study indicate that the spin-

parity of the 3.511- and the 4. 358-MeV levels in 40Ar 

is 1+ or 2+. Only 70/ of the ld3/ 2 - proton 

pickup strength is observed below 5-MeV excitation in 4OAr• 

The sum rule for the C2S values indicates that i 

substantial amount of the { ~ ° and 2 strengths lie at 
" 

higher excitation energies. The experimental values 
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of C2 S are compared with the shell-model calculation in 

the 

Twenty levels in 3~ upto an excitation energy of 

10.26 MeV have been identified in a study of the 4OCa (d,a) 

reaction. Microscopic Olf/BA analysis has been performed for 

eight tranSitions using two-nucleon spectroscopic amplitudes 

derived from a full sd-shell-model calculation. The 

strongly excited level at 7.32 MeV. is found to have 

dominant (2si72)P(2Si72)n configuration and indicates a 

J~ ~ 1+ assignment. The newly identified level at 9.88 MeV 

exhibits characteristic L ~ 2 shape and hence the spin-

parity is restricted to 1+, 2+, or 3+. The relative values 

of normalization constants obtained in the present experiment 

are reasonably constant. 

All the one- and two-nucleon transfer reaction 

studies made on sd-shell and near sd-shell nuclei in 

this thesis ~uggest that the calculations in the complete 

sdfp-model space are highly desirable. 



APPENDIX A 

COEFFICIENT OF FRACTIONAL PARENTAGE 

In principle it is possible to construct n-particle 

wave functions by successive coupling of the single ~'rtiCI2 

angular momenta. In constructing such a wave function one 

might face the problem that the .wave function with different 

intermediate sums of angular momenta, which are orthogonal 

to each othor, may lose orthogonality after antisvmrretrisa-

tion. Such complication arise if there are several 

equivalent particles. The coefficients of fractional 

parentage (c.f.p.) are essentially transformntion 

coefficients which a~~ear in the process of expressing 

anti symmetric wave function of n particles in terms of 

one particle coupled to an anttsymmetric wave function of 

n-l particles. 

For conveniehce, the notation due to French (1960) 

has been followed. Let an n-p'lrticle function '~ith all 

particles in orbit p be given by 

The 

.--~-.---.. 
,/ , 

(V",-I \ 
\,~,~i\\l"\ 
~/~ \ 

f 
diagram on the R.H.S. of equation 

••• (A-I) 

(A-I) implies that 

the function is anti symmetrized in the first n-l particles 

but not necessairly with rescect to the last oarticle. The 

group of n-l particles are coupled to J~, TE and xE 
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with x£ denoting all further quantum numbers needed to 

speci fy I n-l "-p /'£ 
uniquely. Then the totally antisymnetric 

function !;s can be written as a Il,near combination of 

trh) functions given in equation (A-I) (s0e for example 

Wacf8rlane and French, 1960 anc Brussaard and Glaudnmans 

1977) 'and is written as, 

(~'\ I"~ .. "'\1 
I as .,--. /' n" n-l ~~' :" ,," ~l~l 
~r (1,2, •• ,n) =),''''-? rtJ pE..,> ••• (A-2) 

, r 
the (r all expansion coefficients are called as coefficionts 

of fr8ctional parant~ge (c.f.p.). The quantity 

(p nr p n-l£>2 gives the probabi Ii ty that when a single 

particle is removed fr0m the antisvm~etric state I n) Jl 
{couPled to fI, the remaining n-1 particles are in an 

amtisymmetric state '? n-l>(couPled to d. The appli.cation 

of c.f.p. is discussed in section 2.7. 

Instead of expressing the interoction energy of a 

n-;:>article 'system in terms of that between n-l ;>articles 

~nd n - n-1 c.f.P., it is sometimes useful to express 

the n-particle interaction directly in two-~article 

energies (deShalit and Talmi, 1963). The wave function for 

n-particle system in the following form is required: 



The expansion coefficients are called as double perantage 

coefficients (d.~.c.). They have the form, 

(6) 

••• (A-4) 

where U(1')(l~O ;cli) is the normalized Racilh coef~icient , \ 

These d.p.c. are useful in the analysis of two-nucleon 

transfer reactions and are used in section 2.8. 
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APPENDIX B 

THE COOS DWUCK 

The computer progrnmme DWUCK (Kunz, 1969) c~lcul~tes 

the differentinl cross section f~r sc~ttering from a ~enerMl 

form of the distorted wave Born approximation (DWBA). The 

incoming and outgoing wave may be having spin ,1. The 

particle transfer reaction can be treated with a local energy 

approximati~n for finite-range and non-locality effects. 

B. 1. DWBA CROSS SECT I'IN 

The code DWUCK calculates the transition "lmplitude 

for the re"lction A(a,b)B given by the equation (3-5). 

The radi"ll part of the dist~rted w~ve is obtained by solving 

the Schrodinger equation (3-30). The distorted wave 

" ......... ~m',m(k,r) is related to the partial waves by the rel"ltion 

(3-29) and the transition amplitude for a stripping 

reaction is 

1= .. ./ 
x ..• (B-l) 

Where B •. essentially depends on the spectroscopic 
,AS] m m m 

ampli tudes and S lsj a b depends on the radial form of the 

distorted wave, radial f~rm factors of the transferred 

particle And the various vector coupling coefficients 
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(the explicit forms are given in the DWUCK manual). The 

radi~l form factor for the bound particles ~re obtained by 

asswming the Woods-Saxon potential for the bound p'3rticle. 

The ~ell depths have been adjusted to reproduce the separation 

ener~y of the nucleons. The explicit form of the differential 

cross section used by the code DWUCK is 

!IV lsj = 
DWUCK [ 2l+l] 

••• (B-2) 

whic~ is in units of fm 2 /sr. The expression for a pickup 

re~ction is obtained by using the principle of detailed 

balance. 

The relation between experimental and DWBA 

cross section for the single-nucleon pickup re'3ction 

becomes, 

(~)exPt= ••• (B-3) 

j is the angular momentum of the picked up p~rticle. The 

v,lues of the normalization N depends on the assumed 

wave function for the light particles involved in the 

reaction. The values of N for (d,t) and (d,~e) reactions 

are given in table 8-1. 

For the two-nucleon transfer reaction the method 



of comput.,ticm of crOW is essentially the S"me ilS thAt for 

single-nuclean trilnsfer reActian except for the evaluation 

of two-particle wave functi~n. In particul"r for the 

(d,a) reacti1n the single particle separatian energy is 

taken ta be half the deuteron cluste sep rBtion energy 

(~ few other methods of ev.lu~ting the single pArticle 

s~parati0n energies ar~ discussed by Viln der Woude and 

de Meijer,1976). The two-nucleon form f"ct0r for a 

particular configuration is obtained by the method of 

Bayman and Kallio (1967). Each such two-nucleon form 

factor is weighted by the shell-model spectroscopic 

amplitudes far the two-nucleons (if available, or else it 

is Assumed ta be unity) to get the total two-nucleon form 

factor. 

B.2. FINITE-RANGE i\NO NON-LOC.\LITY CORRECTIONS 

Provision is made in the code OWUCK to apply the 

nonlocality and finite-range corrections as discussed in 

sections 3.3 "nd 3.4. The non-localIty correction i3 NL 

ilre listed in table B-2. The finite-range correction 

pBrilmeters for (d,t), (d,3He ) and (d,a) reilctions are 

"Iso listed in table B-2. 

177 



Table B-1. The normalizati~n constants for (d,t) and 

(d,3He) reactions. 

a 

b 

Re"lcti-:m 

(d, t) 

(d,3He) 

Values of N 
-------------~-------------------b Baosal (1966) Ioannides et al 

3.33 

2.95 

(1981)- -

2.632 

2.363 

Bassel's norm3lization constants uses Irvine-3unn 
type of wave-function for the three-nucleon system 
and relative s-state of for the d, t and 3He. 

This uses Phillips wave-function for the thr2e-
nucleon system and includes the d-state effects for 
the deuteron. 

Tab1e B-2. Typical values of the non-locality correction 

parameters ~NL and the finite-range correction 

parameters R. 

N on-locali ty Corrections Finite-range Corrections 

channel I3NL (fm) Reaction R(fm) 

p 0.85 (d, t) 0.845 

n 0.85 (d,3He) 0.770 

d 0.54 (d,a) 0.4 

t 0.2 
3He 0.2 

a 0.2 

-------------------------------------------------------
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APPENDIX C 

EXPERIMENTAL CROSS SECTIONS FOR 40Ca (d,a)3f\ REAcrrnN AT 
22.8 MeV 

(cr(e) in mb/ sr and Dcr in mb/ sr) 

E ~ 0.0 MeV (3+,0) x 
-------------------------------------------------

e c. rn. 

11.99 

17 .31 

23.95 

33.22 

39.81 

47.94 

55.70 
63.54 

70.75 

75.35 

82.98 
88.53 

94.04 

98.03 

105.46 

112.34 

119.65 

126.90 

134.10 

145.04 
152.13 

159.19 

166.22 

cree) 

0.564 

0.624 

0.579 

0.230 

0.090 

0.083 

0.039 

0.075 

0.075 

0.055 

0.043 
0.040 

0.030 

0.035 

0.016 

0.015 

0.013 

0.005 

0.007 

0.007 
0.010 

0.010 

0.010 

0.085 
0.084 

0.020 

0.020 

0.009 

0.009 

0.004 

0.006 

0.005 

0.004 
0.005. 

0.004 

0.003 

0.004 

0.002 

0.002 

0.002 

0.001 

0.001 

0.002 
0.003 

0.003 

0.002 

e c.m. 

14.55 

19.97 

27.93 

35.86 

43.75 

51.60 

59.92 
67.67 

73.31 

79.92 
86.51 

90.54 

96.04 

101.57 

108.91 

ll6.25 

123.53 
130.75 

141. 25 

148.36 
155.42 

162.47 

cree) 

0.617 
0.634 

0.411 

0.145 

0.094 

0.061 

0.051 

0.092 

0.071 
0.047 

0.042 

0.024 

0.034 

0.017 

0.016 

0.015 

0.007 

0.005 

0.005 

0.007 

0.010 

0.015 

0.034 

0.051 

0.019 

0.013 

0.009 

0.007 

0.004 
0.006 

0.005 

0.005 

0.004 

0.003 

0.004 

0.003 

0.002 

0.003 

0.002 

0.002 

0.002 

0.002 
0.002 

0.002 
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E x = 0.45 1,eV (1+,0) 

---------------------------------------------_._-
e c. m. a(e) .Cla e c.m .. a(e) /:;.a 

--------------------------------------------------
12.00 1.{'69 O.lSO 14.66 1. 199 0.050 

17.32 0.'341 0.040 19.98 0.600 O.OSO 

23.96 0.280 0.024 27.94 0.240 0.015 

33.23 0.310 O.OSO 35.87 0.330 0.050 

39.83 0.270 0.026 43.77 0.250 0.016 

47.97 0.2SO 0.016 51.60 0.206 0.012 
55.79 0.146 0.008 59.95 0.076 0.005 

63.57 0.080 0.006 67.69 0.072 0.004 

70.78 0.068 0.004 73.34 0.061 0.005 

75.32 0.059 0.005 78.95 0.0"-2 0.005 

83.00 0.038 0.004 86.55 0.034 0.004 

88.56 0.026 0.003 90.57 0.019 0.003 

94.08 0.020 0.003 96.07 0.023 0.003 

98.07 0.027 0.003 101. 54 0.027 0.003 

105.SO 0.020 0.002 108.94 0.018 0.002 

112.37 0.018 0.002 116.28 0.012 0.002 

119.68 0.011 0.002 123.55 0.011 0.002 

126.93 0.095 0.002 130.77 0.014 0.003 

134.12 0.012 0.002 141.25 0.005 0.002 

145.04 0.007 0.002 148.37 0.005 0.002 

152.15 0.002 0.001 155.44 0.004 0.002 
159.19 0.012 0.003 162.47 0.012 0.002 
166.22 0.016 0.003 

-------------------------------------------------



181 

r = 1.71 MeV (1+ ,0) c x 
-------------------~-------------~---------------

e e .rn. 0' (e) 1\.0' e e. m. 0' (e) 60' 

-------------------------------------------------
12.01 0.216 0.065 14.68 0.327 0.027 

17.35 0.429 0.036 20.01 0.506 0.048 

23.99 0.334 0.016 27.98 0.114 0.010 

33.28 0.112 0.017 35.93 0.194 0.010 

39.83 0.222 0.012 43.83 0.172 0.010 

48.03 0.094 0.007 51. 70 0.063 0.005 

55.87 0.048 0.005 60.03 0.056 0.004 

63.65 0.046 0.004 67.78 0.048 0.004 

70.86 0.039 0.004 73.43 0.034 0.004 

75.47 0.026 0.OCl4 79.04 0.024 0.003 

83.10 0.019 0.003 86.64 0.021 0.003 

88.65 0.020 0.003 90.66 0.017 0.003 

94.17 0.015 0.002 98.16 0.020 0.003 

101.63 0.017 0.005 105.59 0.012 0.002 

109.03 0.009 0.002 112.46 0.006 0.002 

116.37 0.006 0.002 119.77 0.007 0.001 

123.64 0.006 0.002 127.00 0.009 0.004 

130.85 0.008 0.004 13~," 20 0.008 0.0()2 

141.33 0.005 0.002 145.12 0.006 0.002 

148.43 0.005 0.002 ~~2.19 0.005 0.002 

159.23 0.005 0.002 ~62. ''>1 0.003 0.001 

166.25 0.002 O.oot 

----------------------~--------------------------
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Ex = 2.64/J,eV (2-,0) 

---------------------------,--- - .-----------------
e c.m. cree) e.cr e c.m. cree) Acr 

----------------_._-------------------------------
12.03 0.097 0.018 14.70 0.141 0.027 

17.37 0.124 0.024 20.02 0.100 0.017 

24.08 0.077 0.016 32.26 0.036 0.009 

35.97 0·916 0.005 39.90 0.020 0.004 

43.88 0.018 0.005 l8.09 0.024 0.005 
51. 75 0.014 0.003 55.93 0.014 0.003 

60.09 0.010 0.002 63.72 0.009 0.002 
67.85 0.009 0.002 70.93 0.009 0.002 
73.49 0.007 0.002 75.54 0.004 0.002 
79.11 0.004 0.002 83.18 0.004 0.002 
86.71 0.003 0.001 88.73 0.004 0.002 
90.74 0.007 0.002 94.25 0.003 0.001 
98.16 0.005 0.003 105.66 0.003 0.001 

109.10 0.003 0.001 119.80 0.004 0.001 
134.20 0.003 0.001 

-------------------------------------------------
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E = x 2.88 NeV (2-,0) 

---.~~--------------------------------------------

e cree) J.;.cr e cree) t;,.cr c.m. e . m. 

--------------------------------------------------
12.03 0.i05 0.054 14.10 0.175 0.021 
17.37 0.194 0.036 20.04 0.117 0.068 
24.04 0.127 0.017 3?21 0.018 0.017 

39.94 0.041 0.001 43.90 0.011 0.006 
48.10 0.031 0.001 51.11 0.024 0.005 
55.95 0.026 0.004 60.11 0.023 0.003 
63.14 0.018 0.003 61.81 0.010 0.002 
10.95 0.005 0.002 13.52 0.006 0.002 
15.56 0.010 0.010 19.13 0.001 0.002 
83.20 0.010 0.002 86.73 0.009 0.002 
88.75 0.009 0.002 90.16 0.001 0.002 
94.27 0.003 0.002 98.25 0.003 0.002 

105.68 0.005 0.002 109.12 0.005 0.002 

119.52 0.002 0.001 134.25 0.003 0.001 

-----~-------------------------------------------
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E = 3.43 MeV (2+ ,0) x 
--------------------------------------------------

e c. m. a(e) 6a e c.m. a(e) t,a 
------------_._------------------------------------
12.04 1.057 0.063 14.72 0.834 0.048 

17.39 0.687 0.024 20.06 0.397 0.043 

24.06 0.231 0.024 28.05 0.169 0.015 
33.36 0.218 0.024 39.97 0.219 0.014 

51.81 0.174 0.012 55.99 0.187 0.010 

60.15 0.129 0.008 63.78 0.109 0.008 

67.91 0.057 0.005 71.00 0.051 0.005 
73.57 0.049 0.004 75.61 0.044 0.005 
79.18 0.036 0.004 83.25 0.034 0.004 

86.78 0.031 0.005 88.80 0.031 0.004 

90.91 0.020 0.003 94.32 0.022 0.003 
98.31 0.010 0.003 101.78 0.013 0.002 

1.05.73 0.013 0.002 108.17 0.013 0.002 
112.60 0.023 0.003 123.76 0.018 0.003 

134.31 0.012 0.002 141.43 0.027 0.003 
145.21 0.040 0.004 148.51 0.013 0.002 

152.27 0.015 0.003 155.54 0.01l 0.003 

159.29 0.009 0.003 162.56 0.023 0.003 

166.28 0.032 ·0.005 

-------------------------------------------------
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E = x 3.66 ~':eV (3+ ,0) 

---------------------------+-----------------------
e c.m. O'(e) AO e 

C • m. O'(e) 1::.0' 

---------------~---------------------------------

12.05 0.267 0.054 14.72 0.213 0.061 
17.39 0.220 0.069 20.06 0.140 0.030 
24.06 0.140 0.009 32.30 0.097 0.010 
36.02 0.078 0.010 39.99 0.083 0.010 
43.94 0.073 0.010 48.15 0.046 0.009 
51.82 0.026 0.006 56.00 0.029 0.010 
60.17 0.039 0.006 63.80 0.029 0.005 
67.93 0.024 0.005 70.02 0.021 0.005 
73.59 0.024 0.005 75.63 0.022 0.005 
79.20 0.022 0.005 83.27 0.014 0.003 
86.81 0.01l 0.oq3 88.82 0.012 0.003 
90.83 0.008 0.003 94.33 0.012 0.003 
98.33 0.007 0.003 101.80 0.008 0.003 

105.75 0.008 0.002 119.91 0.007 0.002 
127.15 0.010 0.002 130.98 0.006 0.002 

-------------------------------------------------
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E = x 4.00 MeV (1+ ,0) 

-------------------------------------------------
e cree) ('1 C1 e cree) . 6.cr c. m. C .. moo 

---------------------------------------------<----
12.05 0.310 0.026 14.73 0.252 0.027 

17.40 0.215 0.044 24.07 0.162 0.021 
28.07 0.061 0.010 33.39 0.044 0.017 

36.04 0.141 O.OlD 40.00 0.197 0.013 
~ 

43.96 0.155 0.013 48.17 0.110 0.011 
51.84 0.049 0.007 56.03 0.027 0.009 
60.19 0.031 0.004 63.82 0.038 0.004 
67.96 0.036 0.004 73.61 0.040 0.004 

75 .• 66 0.029 0.003 79.23 0.030 0.004 

83.29 0.019 0.003 86.83 0.014 0.003 

88.85 0.012 0.003 90.86 0.009 0.003 
94.37 0.014 0.002 98.35 0.012 0.003 

101.83 0.009 0.003 105.78 0.013 0.002 
109.22 0.008 0.002 119.94 0.006 0.002 
123.81 0.002 0.001 127.17 0.002 0.009 
131.00 0.004 0.002 134.34 0.004 O.OO? 
148.54 0.007 0.002 152.29 0.006 0.002 
155.57 0.005 0.002 162.57. 0.003 0.001 

166.30 0.008 0.002 

-------------------------------------------------
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E = X 
7.32 N,eV (1+ ,0) 

---.-------.------- ------ ---------------.- ------ ._---------
e are) !\a e are) b-a c. m. c.m. 

- - ------------------------ ---~----------------,-----

12.12 5.230 0.260 24.21 2.960 0.080 
33.56 1.190 0.040 36.23 1.480 0.030 
40.21 1.280 0.040 44.19 0.750 0.030 
48.42 0.370 0.025 52.10 0.340 0.014 
56.30 0.340 0.013 60.48 0.270 0.010 
64.12 0.190 O.OlD 68.26 0.130 O.OlD 
71.36 0.120 O.OlD 73.93 0.120 O.OlO 
75.98 0.120 0.008 79.56 0.094 0.007 
83.63 0.061 0.006 87.17 0.059 0.007 
89.19 0.056 0.006 91.20 0.056 0.005 
94.71 0.041 0.011 98.70 0.053 0.006 

102.17 0.053 0.006 lO6.12 0.031 0.004 
120.25 0.019 0.004 124.lD 0.019 0.004 
127.:'6 0.019 0.004 131. 27 0.019 0.004 
134.60 0.029 0.004 148.72 0.012 0.003 
155.72 0.046 0.011 159.40 0.040 0.008 
162.82 0.038 0.005 166.38 0.046 0.008 

-------------------------------------------------
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Ex = 9.88 MeV (2+ ,0) 

-------.------------------------------------------
e c .m. are) o.a e e .ID. 

are) Aa 

-------------------------------------------------
17.59 2.085 0.081 20.29 2.970 0.114 
24.34 3.244 0.057 28.37 1.524 0.040 
33.74 0.740 0.037 36.42 0.637 0.136 
44.42 0.640 0.031 48.66 0.287 0.024 
56.57 0.320 0.085 64.42 0.336 0.057 
68.57 0.134 0.013 71.68 0.081 0.011 
74.26 0.095 0.007 76.31 0.077 0.004 

79.89 0.094 0.016 83.97 0.107 0.022 

87.52 0.131 0.012 91.55 0.077 0.023 

95.06 0.06i3 0.020 
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Abstract. The 35337Cl(d, t) reactions at E d  = 23.35 MeV have been employed to study the 
properties of the low-lying positive-parity states in 34Cl and %I. A DWBA analysis of angular 
distributions has been performed and the spectroscopic strengths have been deduced. The 
results are compared with the previous experimental values and the recent shell-model 
calculations. 

NUCLEAR REACTIONS 35337Cl(d, t), E d  = 23.35 MeV; measured U@,, 0,). 34,36~1;  
deduced levels; DWBA analysis, C’S. 

1. Introduction 

A study of the structure of doubly odd nuclei in the sd-shell region is of considerable 
importance from both the theoretical and experimental points of view. In the simplest 
model description, the low-lying positive-parity states of 34Cl can be understood to result 
from the coupling of one proton and one neutron in the ld312 shell while those in 36Cl result 
from the coupling of one proton and one neutron hole in the same shell. Calculations in the 
complete 1d5/2-2~1/2-ld3/2 shell-model space by Wildenthal et a1 (197 1 ; also Wildenthal 
and Chung, private communication) predict spectroscopic factors for pick-up reactions 
leading to final states in 34Cl and 36Cl and a comparison can then be made with the values 
deduced experimentally. 

The low-lying states of 34C1 and 36Cl have been studied previously by (p, d), (3He, a), 
(d, p) and (3He, d) reactions (Endt and Van der Leun 1978). The 37Cl(& t)36Cl reaction has 
been studied recently by Berg and Quin (1976). There are so far no reports on the 35Cl(d, t) 
reaction. In this paper we report on a study of the positive-parity states in 34Cl and 36Cl 
excited via the 35137Cl(d, t) reactions at Ed =23.35 MeV. A preliminary analysis of our 
37Cl(d, t) reaction has been reported elsewhere (Puttaswamy and Yntema 1967, 
Puttaswamy 1973). 

2. Experimental procedure 

The reactions have been carried out with the 23.35 MeV deuteron beam from the Argonne 
National Laboratory Cyclotron. The 60 in scattering chamber has been used together with 
a (dE/dX)-E counter arrangement to detect tritons. The details of the experimental set-up 
and procedure have been discussed by Fortune et al (1969). The energy resolution 
obtained with the counter telescope is about 140 keV FWHM. 

0305-4616/81/111529 + 10$01.50 0 1981 The Institute of Physics 1529 
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The targets are prepared by evaporating lead chloride enriched in 35Cl and "Cl onto 
thin carbon films. The target thickness in each case is determined by comparing the 
experimental elastic scattering angular distribution of deuterons around the maximum at 
53" with that obtained by using optical-model parameters (listed in table 1). Target 
thicknesses of 47 pg cm-' for 35CI and 63 pg cm-' for 37Cl have been obtained; the 37Cl 
target thickness is corrected for the fact that its enrichment is about 85%. The estimated 
error in the target thickness is expected to be about 25%. 

The spectra are analysed with a peak-fitting computer program MALIK (Grard 1965). 
Typical triton spectra for both reactions are shown in figure 1. A consistent energy 
calibration is obtained using the ground, first and second excited states of 36Cl in the case 
of the 37Cl(d, t) reaction (Endt and Van der Leun 1978); for the 35Cl(d, t) reaction, the 
calibration is made using the 0.0,0.159, 1.825 and 2.365 MeV states in 47Ti (Halbert 1977) 
populated in the 48Ti(d, t) reaction run under similar conditions. The excitation energies 
obtained are indicated in figure 1, and the estimated accuracy is *30 keV. A few spectra 
for the 35Cl(d, t) reaction have also been taken at  Ed = 23.25 MeV and, in the region of 
overlap, the cross sections agreed, to within errors, with the corresponding values for 
Ed = 23.35 MeV. 

3. DWBA analysis 

Spectroscopic information on the levels of the residual nuclei is obtained by making a 
DWBA analysis using the code DWUCK (Kunz 1969). The deuteron optical-model 

100 150 2 00 
Channel number 

Figure 1. Spectrum of tritons from the (d, t) reaction on chlorine isotopes at 23.35 MeV. 
(a )  The spectrum from the 35Cl(d, t)34Cl reaction at Blab = 21O. (b) The spectrum from the 
"Cl(d, t)36CI reaction at Blab = 18". The excitation energies (in MeV) determined from this 
experiment are indicated above the peaks. 
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Figure 2. Comparison of the DWBA curves with I =  2 (and j =  3) for the GS transition in the 
37Cl(d, t j 3 k I  reaction at 23:35 MeV. The FRNL calculation has been made using the 
nonlocality correction ,On = 0.85 for the neutron bound state. ~ 

FRNLl Or FRL; - - - -, ZRL. 
- , FRNL; -, 

parameters of Daehnick et a1 (1980) and the triton optical-model parameters of Becchetti 
and Greenlees (1 97 1) are used in all DWBA calculations. The optical-model parameters are 
listed in table 1, and the notation used here is the one given by Daehnick et a1 (1980). An 
alternative parameter set has also been tried for tritons (Hardekopf et a1 1980), and in this 
case the predicted angular distributions do not differ significantly and the spectroscopic 
factors agree to within 5%. 

The sensitivity of the DWBA cross section, oDw(8), to finite-range (FR) and nonlocality 
(NL) corrections within the local energy approximation has also been studied. This study 
has been made for the transition to the ground state of 36Cl. The DWBA curves shown in 
figure 2 have been obtained with (a )  zero-range and local potentials (ZRL), (b) finite-range 
and local potentials (FRL), (c) finite-range and nonlocal potentials for incoming and 
outgoing particles only (FRNL~)  and (d )  finite-range and nonlocal potentials for incoming, 
outgoing and bound particles (FRNL). The shapes of the angular distributions are very 
similar in all cases, but the values of oDW change as follows: &VL1 - - 1.37 &E and 
&kNL - 1.27 For all the other transitions DWBA analyses of the type F R m i  are 
made using a FR correction of 0.845 fm and the NL corrections /?NL listed in table 1. 

The pick-up spectroscopic strength (C2S , )  is calculated using the expression 

G p t ( 4  = N c C2&jdw (8) 
I ,  j 

where 1 and j are the orbital and total angular momenta transferred in the reaction. 
oexpt(B) is the experimental differential cross section at the angle 8, S, is the spectro- 
scopic factor and C2 is the isospin Clebsch-Gordan coefficient. A normalisation constant 
N =  3.33 (Bassel 1966) has been used?. 

t It may be noted that the C 2 S  values quoted in tables 2 and 3 would reduce by a factor 1.27 if a nonlocality 
correction for the neutron bound state is also included. However, recent calculations by Ionnides et a1 (1980) 
indicate a value of DO = -163.22 MeV fm3" for the (d, t) reaction and hence N =  2.664; the use of this value of 
N would enhance the spectroscopic factor by 1.25. Thus if one uses N=2.664 together with o ~ ~ "  one would 
get almost the same values of C 2 S  as those quoted in tables 2 and 3. 
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Figure 3. Angular distributions for states with I = 2 transfer in the 35Cl(d, t)34Cl reaction at 
Ed =23.35 MeV; the full curves are the DWBA predictions. A, 0 MeV; B, 0.15 MeV. 

Most of the low-lying states in 34Cl and 36Cl which are excited in the (d, t) reaction are 
characterised by 1=0 or 1=2 or both. When both I values are possible, the relative 

1 

10 20 30 40 
ecn(degJ 

Figure 4. Angular distributions for states in 34C1 having both 1=0 and 1=2 transfer; the full 
curves are linear combinations of the DWBA predictions for 1=0 and I =  2 as described in the 
text. 
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admixtures for the two possible 1 values are determined by minimising the value of x2  (see, 
for example, Fortune et a1 1969). 

4. Results 

4.1. States in 34CI 

The angular distributions measured for the transitions to the states of 34Cl are shown in 
figures 3 and 4 together with the DWBA fits and I values transferred. The experimental 
results for 34Cl are summarised in table 2 together with the values evaluated by Endt 
( 1977) from other experiments and the results of recent sd-shell-model calculations by 
Wildenthal et a1 (1 9 7 1 ; also Wildenthal and Chung, private communication). 

The transitions to the ground state (Of; 1) and the first excited state (3+; 0) at 
0.15 MeV have dominant I =  2 transfer. The angular momentum selection rule requires 
1=2 ( and j=  3) for the ground state and allows no 1=0 admixture for the 0.15 MeV state. 
The C2S values for all I = 2 transitions are obtained by considering neutron pick-up from 
the d3/2 sub-shell. The summed spectroscopic strength C C2S (ld3/2; T=O) is 1.82 and is 
close to the theoretically predicted value of 1.47. 

4.2. States in 36CI 

Out of ten transitions studied in the 37Cl(d, t)36Cl reaction, four transitions exhibit 
dominant 1=2 transfer. The angular distributions are shown in figures 5 and 6. The 

10 20 30 40 
eCM (deg l  

Figure 5 .  Angular distributions for states populated in the "Cl(d, t)36Cl reaction with 1=2;  
the full curves are the DWBA predictions. 
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Figure 6.  Angular distributions for the states in %l having both 1=0 and 1=2 transfer; the 
full curves are linear combinations of the DWBA predictions for 1 = 0 and 1 = 2 as described in 
the text. 

GS (2'; 1) is predominantly populated by 1= 2, even though the angular momentum selec- 
tion rule allows an admixture of I =  0. The spectroscopic strengths measured for the states 
in 36Cl are given in table 3. The previous experimental results of Rice et a1 (1975), of Berg 
and Quin (1976), the values evaluated by Endt (1977) and the sd-shell-model prediction of 
Wildenthal et a1 (197 1 ; also Wildenthal and Chung, private communication) are also 
tabulated for comparison. In general there is good agreement for the spectroscopic 
strengths. In the case of the states at 1.60 and 1.96 MeV, the C 2 S  values obtained by us 
differ from those of others. This may be due to the procedure adopted to obtain admixtures 
of two 1 values and the spectroscopic strengths depend sensitively on the exact shapes 
assumed for the DWBA curves (Fortune et a1 1969). The C C2S ( ; T= 1) is 4.21 while a 
value of 3.24 is predicted theoretically. 

5.  Discussion and conclusion 

The absolute values of the neutron pick-up spectroscopic strengths extracted from the 
present experiment are generally in good agreement with the previous experimental results. 
However, small differences in the values displayed in tables 2 and 3 may be expected to 
arise from differences in the optical-model parameters and from finite-range and 
nonlocality corrections. 

The sd-shell-model calculations of Wildenthal et a1 (1971; also Wildenthal and Chung, 
private communication) have particularly succeeded in explaining the neutron pick-up 
spectroscopic strengths for the low-lying positive-parity states of 34Cl and 36Cl. However, 
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this model predicts the ( l + ;  0) state in 34Cl to be at a lower energy than the (31; 0) state 
(see table 2), in contradiction to the experimental results. By extending the shell-model 
space and by adding a tensor force to the modified surface delta interaction, Evers and 
Stocker (1970) obtain the correct ordering of the levels. It is also interesting to note that a 
vibrational coupling model (Singh et a1 1972) can account for the correct sequence of the 
low-lying states in 34Cl. The pick-up spectroscopic strengths, however, are not yet 
available. 

The level sequence of 36Cl below an excitation energy of 2.68 MeV is fairly well 
reproduced by the sd-shell-model calculation (Wildenthal et a1 1971, see table 3) and also 
by the 2s1/2-ld3/2-lf7/2-2p3i2 shell-model calculation (Hasper 1979). The latter 
calculation also predicts a few negative-parity states below 3 MeV. Some of the negative- 
parity states in 36Cl were observed by Rice et a1 (1979) via the (p, d) reaction. These states 
are, however, weak and are not resolved in our (d, t) experiment. 
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Abstract: The 39'41K(d, 3He)38'4°Ar reactions have been investigated at E d = 22.8 MeV to study the 
low-lying positive-parity levels in 3aAr and 4°Ar. The transitions to fourteen levels in the residual 
nuclei have been analysed with distorted wave Born approximation calculations. The spectroscopic 
strengths for proton pickup to the levels in 4°Ar are reported here for the first time. The experi- 
mental results are compared with recent shell-model calculations. 

i 
NUCLEAR REACTION 39'41K(d, 3He), E = 22.8 MeV; measured o'(E(3He),0), as'4°Ar [ 

deduced levels, C2S. DWBA analysis. I 

1. Introduction 

Nuclei around 4°Ca have been the subject of numerous experimental and 
theoretical investigations. From the simplest shell-model point of view, the low- 
lying positive-parity levels of 3BAr can be characterized by two proton holes in the 
ld~_ shell. Calculations involving the complete sd shell-model space by Wildenthal 
et al. 1, 2) and a core-excitation model by Gray et al. 3) predict the proton pickup 
spectroscopic factors for the levels in 3SAr. The 39K(d, 3He)38Ar reaction has been 
studied earlier by Gray  et al.. 3) at E 0 = 28.9 MeV and by Wildenthal and Newman 4) 
at E d = 34.5 MeV. For  4°Ar the situation is more complicated because of the 
presence of two extra neutrons in the l f l  shell. Gloeckner et al. 5) have performed 
a shell-model calculation in the rt(ld~)v(lf~, 2pl) model space and have compared 
the theoretical spectroscopic factors with the results of  our preliminary analysis of 
the 4XK(d, 3He) reaction 6). 

In this paper, a detailed analysis of  the 39'41K(d, 3He)38'4°Ar reactions at 
E d = 22.8 MeV are presented and the proton pickup spectroscopic factors for the 
levels in 3SAr and 4°Ar are reported; the results on 4°Ar are presented here for 

the first time. 
109 
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2. Experimental procedure 

The experiment was performed with the 22.8 MeV deuteron beam from the 
Argonne National Laboratory cyclotron. The out-going 3He particles were detected 
by a d E / d X - E  counter telescope. The detailed experimental set-up and procedure 
have been discussed by Fortune et al. 7t. The energy resolution obtained with the 
counter telescope is about 140 keV (FWHM). 

The target thickness was obtained from a measurement of the deuteron elastic 
scattering by K from 45 ° to 65 °. The experimental angular distributions were 
normalized to the angular distribution calculated from the optical-model parameters 
listed in table 1 and yielded target thicknesses of 130 /~g/cm z for 39K and 
160/~g/cm 2 for '~lK. 

TABLE 1 

Optical-model parameters used in the DWBA analysis") 

V, ro ao l~s 4Wo r, "1 V,.~ rL~ a,.s r,. / ~  
(MeV) (fm) {fin) (MeV)(MeV)  ffm) (fm) (MeV) (fro) (fm) (fro) (fro) 

39K + d b) 87.5 1.17 0.748 0.6 48.4 1.325 0.727 

38Ar+3He~) 150.8 1.20 0.720 36.9 1.40 0.880 

41K + d b) 87.4 1.17 0.745 0.6 48.4 1.325 0.757 

'*OAr + 3He ~) 153.3 1.20 0.720 39.3 1.40 0.880 

p a) 1.2 0.65 

6.7 

2.5 

6.7 

2.5 

/, = 25 

1.07 0.66 1.3 0.54 

1.2 0.72 1.3 0.2 

1.07 0.66 1.3 0.54 

1.2 0.72 1.3 0.2 

1.25 

") The notation used here is the same as in Daehnick et al. ~ ~ ~. 

b) Ref. 11). The potential set L has been used. A value of 2VLs is used in D W U C K .  

c) Ref. 12). The value of V a and W s are given for the ground-state transition and are varied according 

to the expressions Vr~ = 151 .9 -0 .17E+50~ and W s = 41.7-0.33E+44c~, where ~ = ( N - Z ) / A  and E 

is the 3He laboratory energy. A value of 4VLs is used in DWUCK.  

al The bound proton well-depth is adjusted to give a binding energy of (5 .494-Q)  MeV. 

Typical excitation spectra taken at 21 ° are shown in fig. 1. The energy calibration 
of the spectra from the 39K(d, 3He)38Ar reaction was made by means of the 0.0, 
2.167 and 4.564 MeV [ref. s)] levels of 3SAr. For the 41K(d, 3He)a°Ar reaction the 
energy calibration was made from the 0.0, 2.127, 3.303 and 4.114 MeV levels of 
34S [refs. 8, 9)] which were obtained from the 35Cl(d, 3He)34S reaction run under the 
same experimental conditions. The excitation energies determined in the present 
study have been indicated in fig. 1 and the estimated accuracy is + 3 0  keV for 
E~ ~< 6 MeV. 
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Fig. 1. Spectrum of 3He particles at 0~a b = 21 ° (a) from the 39K(d, 3He)38Ar reaction and (b) from the 
41K(d, 3He)4°Ar reaction at E d = 22.8 MeV. The excitation energies (in MeV) determined in the present 

experiment are indicated above the peaks. 

3. DWBA analysis 

The DWBA analysis was made with the code D W U C K  ~0) for the extraction of 
spectroscopic information for the levels in the residual nuclei. The deuteron optical- 
model parameters of Daehnick et al. 11) and the 3He particle parameters of 
Becchetti and Greenlees ~2) were used in all DWBA calculations. The optical-model 
parameters have been listed in table 1. Some alternative sets of optical-model param- 
eters for deuterons from the collections of Perey and Perey ~3) and the mass- 
dependent 3He parameters of Trost et al. 14) were also tried in combination with 
the parameters given in table 1 for a few transitions. The spectroscopic strengths 
determined with these different sets of parameters were found to lie within about 
20% from those obtained from the first set. The DWBA calculations in all these 
cases employed corrections for finite range and nonlocality in the local energy 
approximation. A finite-range correction parameter of 0.77 fm has been used. The 
noniocality corrections were used only for the deuteron and 3He channels and the 
values of the parameters have been listed in table 1. 
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The proton pick-up spectroscopic strengths C2Stj have been calculated using the 
relation 

O'exp(O) = '~ E C2SlirTl~w(O), 
l , j  

where l and j are respectively the orbital and total angular momenta transferred 
in the reaction, a~w is the DWBA cross section and ~re~ v is the experimental cross 
section. A normalization constant N = 2.95 of Basse115) for the (d, 3He) reaction 
has been used in the present analysis. Recent calculations by Ioannides et al. 1~,) 
give a value of D o = -153.73 MeV fm ~ for the (d, 3He) reaction and hence 
N = 2,363; the use of this value of N would enhance the C2S values by a factor 
of about 1.2. However, aDW would increase by a factor of 1.25 if a nonlocality 
correction fl = 0.85 fm is also included in the proton bound state. Thus, if one uses 
N = 2.363 and ~rDw with nonlocality corrections for bound protons, one would 
get nearly the same values of CZS as those quoted in tables 2 and 3. 

The angular distribution of 3He particles for low-lying proton-hole states in 3SAr 
and 4°Ar excited in the (d, 3He) reaction have characteristic l =  0 or 2, or 
admixtures l = 0 and 2 shapes. When both /-values are possible, the relative / = 0 
and 2 strengths have been adjusted to get good visual fits. 

4. Results and discussions 
4.1. LEVELS IN 3SAr 

The angular distributions for the transitions to the levels in 38Ar with their DWBA 
fits are shown in fig. 2. The experimental results deduced from the 39K(d, 3He)38Ar 
reaction have been summarized in table 2. The previous experimental results 3, 4) 
along with two different model calculations 1,3) have also been tabulated for 
comparison. 

The Id~ proton pickup strength is exhausted by the three levels below 4 MeV 
excitation. The 4.57, 5.16 and 5.56 MeV levels are excited predominantly by 1 = 0 
transfer even though the angular momentum selection rule permits both 1 = 0 and 2 
transfer. The 6.24 MeV level excited weakly in the present experiment is expected 
to have 1 = 3 and C2S <~ 0.08 from Gray et al. 3). For the transition to the 7.13 MeV 
level in 38Ar, a proton pickup from the ld~ shell is assumed. 

It can be seen that there is, in general, good agreement between the spectroscopic 
strengths deduced from the present experiment compared to the previous experimental 
results 3, 4). Small differences in the values of the spectroscopic strengths deduced by 
various studies may be expected to arise from the differences in the optical-model 
parameters and the bound-state parameters. 

The full sd shell-model calculation 1) correctly predicts the pickup strength for the 
first two levels in 3SAt which are expected to be the two components of ld i  proton 
configuration. On the other hand this model does not explain the l - - 0  strength 
distributions among the next four levels. This fragmentation can perhaps be accounted 
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Fig. 2. Angular distr ibution for the levels in 3eAr populated in the 39K(d,3He)3SAr reaction at 
E d = 22.8 MeV. The curves are the results of DWBA fits. 

for either by considering core excitation or by extending the shell-model space. 
It can be seen from the table 2 that the spectroscopic strengths predicted by a core- 
excitation-model calculation of Gray et al. 3) agree with the experimental results for 
the levels below 4.57 MeV excitation. 

The summed spectroscopic strengths indicated in table 2 are in good agreement 
with each other. The value of ~ C2S(2s½) = 2.37 is slightly higher than the value of 
2.0 and this may be due to the fact that the experimental spectroscopic strengths 
have been deduced by normalizing at the second maximum of the DWBA curves. 

4.2. LEVELS I N  4°Ar 

The angular distributions for the transitions to the levels in 4°Ar observed in 
the 41K(d, 3He)4°Ar reaction are shown in fig. 3. The/-values and the spectroscopic 
strengths have been given in table 3. The results of the n(ld~)v(lf~,2p0 model 
calculation of Gloeckner et al. 5) for sets A and B are also listed for comparison. 

The ground state (0 ÷), the 1.46 MeV (2 +) and the 3.52 MeV levels are populated 
dominantly by l = 2 transfer. The predicted 5) ld~ proton pickup strength for the 
ground state and for the 1.46 MeV level are in agreement with the measured values. 
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Proton pickup spectroscopic strengths for the levels in ~ A r  ~) 

E~ b) 

(MeV) 
J"~) Present study 

1 100C2S 

Theory 

100C2S c) 100C2S a) Ex ~) J . . . .  ) 100C2S e) 

(MeV) 

(s-d space) 

E~ ~) IO(ICeS ~) 

0.0 0* 

2.168 2 + 

3.937 2* 

4.565 2 + 

5.157 2 + 0 

5.552 (1.2)  + 0 

7.13 ( 1 - 4 )  + 2 

2 : 44; 

2 ;241; 

0,2 26; 17: 

0 81; ; 

37; ; 

93: : 

; ;50 

: 53: : 49; 

5:250:  ;250; 

16; 17; 26; 13; 

49; : 62; ; 

23; : 33; ; 

63; ; 78; ; 

; ;40 : ;44 

O.(X) + 0 + ; 45: 

2.025 2 ~ ; 246 : 

4.145 2 + 117: 

5.078 1 + 75; 

7.786 4 + ; 

8.604 2 + : 

10.760 2 + 7: 

0.0 ; 39: 

2.07 9;2(~3; 

4.33 22; 32; 

4.79 80; 9: 

6.39 4: 

6.65 75; 

;221 7.97 : 

:120 

3: 4 

C2S( 2s ,2) = 2.37 1.56 2.00 1.99 1.90 

~ C2S(ld3,2) = 3.02 3.20 3.02 2.94 2.86 

~ C2S(lds,2) = 0.50 0.40 0.44 3.45 2.20 

6: 

:220 

") In the columns labelled 100C2S, the spectroscopic strengths are given in the notation 100C2S(2s0; 

100C2S(ld0;  lOOCZS(ld~). 

b) Ref. 8). Energies measured in the present exoeriment are indicated in fig. l(a). 

c) Ref. 3). 

d) Ref. 4).'The values of C2S are normalized to give Z C z S ( 2 s 0  = 2.00. 

~) Ref. 1). 

The levels at 2.52 MeV (2 + ) and 3.21 MeV (2 + ) exhibit an admixture o f / =  0 and 2. 
However, the model prediction of the C2S(Id0  value 5) for the 2.52 MeV level is 
larger than the experimental value by an order o? magnitude. The 4.36 and the 
5.17 MeV levels have been populated dominantly by / = 0 transfer and hence the 
assignment 1 + or 2 + is suggested for both these levels. The levels at 4.53, 5.82 and 
6.23 MeV are weakly excited in the present experiment and hence the angular 
distributions for these levels could not be compared with DWBA calculations. 

The sum rule values for the spectroscopic strengths (see table 3) indicate that 
substantial strengths lie at higher excitation energies in 4°Ar. 
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E d = 22.8 MeV. The curves are the results of DWBA fits. 
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T,XBt.E 3 

Proton pickup spectroscopic strengths for the levels in "*°Ar a) 

Exb) j,~b) 

(MeV) 

Present study Theory ~) 

I IOOCZS J= Set A Set B 

E x 100C2S E x 100CZ5 

(MeV) (MeV) 
(f-p-d space) 

0.0 0 + 

1.461 2* 

2.524 2 + 

3.208 2 + 

3.511 (1,2 + ) 

4.358 (1,2 + ) 

5.166 (1,2) + 

2 ;43; 

2 ;72; 

0,2 2;11; 

0,2 28;18d): 

2 ;66 

0 39; 

0 35; 

0 + 0.0 ; 50; 0.0 ; 50; 

2 + 1.44 ; 71: 1.42 ; 69; 

2 + 2.91 ; 142: 2.89 ; 149: 

2 + 3.68 : 9: 3.65 : 6: 

~C2S(2s1,2) = 1.04 

~C2S( ld3,2)  = 2.10 2.72 2.74 

a) See footnote of table 2. 

b) Ref. 8). Energies measured in the present experiment are indicated in fig. l(b). 

c) Ref. 5). For the definition of set A and set B see ref. 5). 

d) The strength of the d-wave contribution has an error of ++30%. 

5. Conclusions 

The  e x p e r i m e n t a l  a n d  theore t ica l  spec t roscopic  s t reng ths  for the pos i t ive -par i ty  

levels in 3BAr a n d  4°Ar  are s u m m a r i z e d  in fig. 4. In  the case of  3BAr, there  is good  

a g r e e m e n t  for the  ld~ p i c k u p  be tween  the e x p e r i m e n t a l  va lues  a n d  the p red ic t ion  

f rom the full sd she l l -model  ca lcu la t ion .  However ,  the s t reng th  for the 2s½ p i c k u p  

is no t  cor rec t ly  predicted.  This  deficiency is o v e r c o m e  in the core -exc i t a t ion  m ode l  3). 

The  recent  she l l -mode l  ca l cu l a t i on  by  H a s p e r  17) in the 2s~- ld~- l f~-2p~ space predicts  

m o r e  0 + a n d  2 + levels a r o u n d  a n  exc i t a t ion  energy  of 4 M eV c o m p a r e d  to those  

f rom the full sd she l l -model  ca l cu l a t i on  a n d  hence  shows tha t  the s p e c t r u m  of  core-  

exci ted states ( ob t a i n ed  by  p r o m o t i n g  pairs  of par t ic les  to the lf~ orb i t )  as a s sum ed  

by  G r a y  et  al. 3) is essent ia l ly  correct .  U n f o r t u n a t e l y ,  the~proton p i c k u p  spec t roscopic  

factors for the ca l cu l a t i on  of  H a s p e r  iv) are  n o t  yet avai lable .  In  the case of  4°At,  
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we note that the splitting of the Id, strength is not well accounted for by the 

x( ld+)v(lf+, 2p,) model calculation 5). Further, inclusion of the 2s+ excitations would 

be necessary to account for the I = 0 pickup strength. Hence, a shell-model calcula- 

tion in the space used by Hasper “) is desirable for the nuclei 40Ar and 41K. 
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Twenty levels in K up to an excitation energy of 10.26 MeV have been identified in a
study of the Ca(d, a) 'K reaction at an incident deuteron energy of 22.8 MeV. Differential
cross sections were measured at forty-four angles in an angular range 11'(49(165 .
Distorted-wave Born approximation analysis has been performed for eight transitions using
two-nucleon spectroscopic amplitudes derived from a full sd shell-model calculation. For
other levels, distorted-wave Born approximation calculations were performed assuming sim-

ple two-nucleon configurations. The 7.32-MeV level is found to be populated by L =0+2
transfer and hence has J =1+. A newly identified level at 9.88 MeV is found to be excited

by L =2 transfer and hence has J =1+, 2+, or 3+.

NUCLEAR REACTIONS Ca(d, a) K, Ed =22. 8 MeV, measured E
and tr(O, F. ), DWBA analysis, deduced levels, L transfer.

I. INTRODUCTION

There has been a great deal of interest in the (d, ct)
reaction, especially on even-even nuclei' because
of its highly selective nature in populating the levels
in the residual nuclei. ' Some states which are
weakly populated in single-nucleon transfer reac-
tions can be very strongly excited in this reaction.
The angular distributions are characteristic of the
transferred orbital angular momenta and can be
reproduced with distorted-wave Born approximation
(DWBA) calculations. The (d, ct) reaction has there-
fore become an important tool in the elucidation of
nuclear structure.

In a simple shell-model picture for the low-lying
positive-parity levels of K, the
(1d3/2 ')z( ld3/2 ')„configuration is expected to be
the dominant one. Pickup reactions, such as (d, a)
and (p, He) on Ca, are expected to populate levels
with such configurations and ought to give direct in-
formation on proton-neutron hole states in K.
Higher levels are necessarily excited by pickup of
nucleons from deeper subshells. Spectroscopic am-
plitudes derived from a full sd-shell —model calcula-
tion' '" can be used in a DWBA prediction of the
cross section and the results can then be compared
with experiments. Excitation of some odd-parity
levels of K can also be expected because the
ground state of Ca is known to contain fp-shell ad-

mixtures. ' '
The levels of K have been investigated previous-

ly by single as well as multinucleon transfer reac-
tions. ' Abou-Zeid et al. ' and Sens and de Meijer'
have studied the low-lying levels via the (p, He) re-
action at Ez ——42. 5 MeV and 30 MeV, respectively.
Frascaria et al. ' have investigated the Ca(d, tx) re-
action at Ed ——80 MeV with emphasis on excitation
of the (If7/p ')q(lf7/2 )g J =7+ configuration
in K. Recently, a study of the dependence of vec-
tor analyzing power (VAP) on the orbital angular
momentum L and on the total angular momentum J
transferred in the reaction has been made for the
ground state and for the 0.46-MeV level of K via
the Ca(d, a) reaction at Ed ——16.5 MeV, ' and the
data have been analyzed assuming a proton-neutron
cluster pickup. A study of the levels at 0.0, 0.46,
and 1.69 MeV has been made by Merzet et al. ' at
Ed ——23 MeV with a view to understanding the
mechanism of (d, a) reactions. No levels beyond an
excitation energy of 7.35 MeV have been reported in
any of the above experiments.

In the present investigation of the Ca(d, a) K
reaction at Ed ——22. 8 MeV, the levels up to an exci-
tation energy of 10.26 MeV in K have been stud-
ied. The angular distributions have been measured
over a wide angular range. DWBA analyses have
been performed for ten out of twenty transitions ob-
served; orbital angular moment l. transferred and J
values are deduced.

28 Qc 1983 The American Physical Society
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TABLE I. Optical-model potential parameters used in the analysis of Ca(d, a)' K reaction at 22.8 MeV.

(MeV)
rp ap

(fm) (fm)
s

(MeV)
48'D

(MeV) (fm) (fm)
2 VLs

(MeV)
rL,s

(fm)
PNL

(fm)

A'p

p, rI

87.7
183.7
215.8

1.17
1.4
1.111
1.18

0.748
0.564
0.785
0.68

0.7
26.6
22.6

48.4 1.325
1.4
1.111

0.729
0.564
0.785

13.4

A, =25

1.07 0.66 1.3
1.4
1.34
1.2S

0.54
0.2
0.2
0.85

'The proton and neutron Woods-Saxon well depths are adjusted to reproduce the proper separation energy.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out with a 22.8-MeV
deuteron beam from the Argonne National Labora-
tory cyclotron. The Ca target was prepared by
evaporating the enriched isotope onto a thin carbon
film. The target was always kept in vacuum in or-
der to avoid oxidation. The outgoing a particles
were simultaneously detected using a set of four
dE/dX Ecounter -telescopes which were separated
by 7.5' from each other. An energy resolution
(FWHM) of about 135 keV was obtained. The spec-
tra were recorded at 44 angles in an angular range
from 11 to 165'. Other details of the experimental
setup and procedure have been discussed previous-

ls

The target thickness was determined to be 60+15
pg/cm by comparing the experimental deuteron
elastic-scattering cross section around the maximum
at 0=55' with that obtained by using optical-model
potential parameters for deuterons listed in Table I.

The spectra were analyzed with a peak-fitting
computer program MALIK. A typical a-particle
spectrum at a laboratory angle of 45' is shown in
Fig. 1. A consistent energy calibration has been ob-

tained using the levels of K at 0.0, 0.459, 1.698,
3.431, and 3.978 MeV, ' and the levels of ' B at 0.0,
0.718, and 2.155 MeV. The excitation energies of
the K levels determined in the present experiment
are indicated in Fig. 1 and are also listed in Table II.
The accuracy of the excitation energies is expected
to be +30 keV for the levels below 4 MeV excitation
and about +50 keV for levels above 4 MeV.

The angular distributions of a particles corre-
sponding to various transitions have been deter-
mined and are displayed in Figs. 4 —7. The error
bars, where shown, contain statistical errors and er-
rors due to background subtraction. The integrated
cross sections for some of the levels have been deter-
mined using

7T Q
~int =&~ sinO d9

0

and are listed in Table II. The (der/dQ), „~, is the
measured differential cross section in the center of
mass system, and 0 is the center of mass angle.

't60—
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e 80
C

O
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O
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O
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C ha nn el nurr) ber
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FIG. l. The spectrum of a particles from the ~Ca(d, a)38K reaction at Eq ——22. 8 MeV and 0&,b
——45'. The excitation en-

ergy (in MeV) shown on the peaks has been determined from the present experiment. Transitions from the '~C(d, a) B «-
action are shown by hatched peaks.
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TABLE II. Comparison of the excitation energies of the levels in "K.

Adopted energy levels'

(MeV)

~Ca(d, a)"K
Present study

C

(MeV)

Ref. 4

(MeV)

0.0
0.459
1.698
2.649
2.870
3.431
3.668
3.857
3.978

3+
1+
1+

(2,4)
2
2+
3+
1+
1+

0.0
0.45
1.71
2.64
2.8S
3.43
3.66
3.85
4.00
4.23
4.38
5.38
5.80
6.06
6.42
6.72
7.00
7.32
9.88

10.26

0.99
1.46
0.74
0.14
0.26
1.06
0.37

0.52

5.51
3.16

0.0
0.45
1.70
2.63
2.85
3.42
3.60

3.97
4.28

5.28

6.35
6.60
6.90
7.35

'Reference 12.
E„values are taken from Fig. 4 of Ref. 4.

'The errors in E are estimated to be +30 keV for the levels below 4 MeV and about +50 keV
for higher levels.

III. ANALYSIS

A. Optical-model parameters

Previous studies of (d, a) reactions ' ' ' indicated
that the shapes of the DWBA angular distributions
are not very sensitive to the choice of the deuteron
optical-model (OM) parameters, while they are quite
sensitive to the choice of a-particle parameters.
Therefore, we have compared the DWBA angular
distributions calculated using different sets of a-
particle OM parameters with the experimental angu-
lar distributions for the O.O-MeV (3+ ) and 3.43-MeV
(2+) transitions. In particular the 3.43-MeV level
can be expected to be populated by pure L =2
transfer.

The deuteron OM parameters are taken from the
global fits (potential set L) of Daehnick et al. For
a particles, two different sets from the compilation
of Percy and Percy have been tried. The OM
parameter sets are listed in Table I. The set a& is the
average parameter set used by Bock et al. to fit
elastic scattering of 19.47-MeV a particles on nuclei
near Ca. The set a2 is derived from an analysis of
elastic scattering of 27-MeV particles on K. The

fits corresponding to these a-particle OM parame-
ters are shown in Fig. 2. (The shell-model spectro-
scopic amplitudes for the DWBA calculations are
taken from Table III.) The set d-a& seems to give
better fits at forward angles and hence the DWBA
analyses for all other transitions have been per-
formed using this set.

B. Form factors

The two-nucleon form factors were calculated
from a microscopic model using the method of Bay-
man and Kallio. The single-particle wave func-
tions of the transferred proton and neutron were
generated in a real potential of Woods-Saxon shape
with the values of ro ——1.18 fm and ao =0.68 fm for
the radius and diffuseness parameters, respectively.
These bound-state parameters have been derived
from an extrapolation to zero energy of the parame-
ters obtained in a proton elastic scattering experi-
ment. For comparison, the set ro ——1.2S fm and
ao ——0.65 fm commonly used for the calculation of
form factors has also been tried for a few transi-
tions. The shapes of the DWBA curves are very
similar and crDw for the latter case is about 1.3 times
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FIG. 2. Comparison of the experimental angular distributions with the DWBA curves obtained using different sets of
the optical model parameters listed in Table I.

that for the former case. The nucleon binding ener-

gy has been taken to be Sq/2, where Sz is the deute-
ron separation energy of levels under consideration;
a relative s state has been assumed for the
transferred pair of nucleons.

Mixed configurations in the sd-shell —model
space" have been used in the calculation of form
factors for most of the levels. The two-nucleon
spectroscopic amplitudes used in the analyses are
listed in Table III. For negative-parity levels, pure

two-particle configurations from
shell —model space have been tried.

C. DWBA cross sections

an sdf-

The DWBA analyses have been made using the
code DWUCK (Ref. 27) by including a finite-range
correction of 0.4 fm and nonlocality correction
given in Table I. The contribution from different I.
transfers for a transition is determined by the shell-
model spectroscopic amplitudes (listed in Table III).

TABLE III. Two-nucleon spectroscopic amplitudes for the Ca(d, a)~'K reaction and the results of the DWBA
analysis. The DWBA angular distributions for these transitions are shown in Figs. 4 and 5.

(MeV) (D 5,D 5)
Two-nucleon spectroscopic amplitudes'

(D5,S1) (D5,D3) (S1,51) (S 1,D3) (D 3,D 3)

0.0
0.45
1.71
3.43
3.66
4.00
7.32
9.88

2,4
0,2
0,2

2
2,4
0,2
0,2
2,4

3]
1+

1,+

21
32+

1+

14

33+

—0.0193
0.1137

—0.3501

—0.7077
—0.1855

0.1930
0.0861

0.0421

0.6228
—1.7597

—1.9293

—0.5684
—0.9324

0.7336
0.9889

—1.7964
0.7270

—0.9477
—1.7726

0.4773
—0.3344

—0.8470
—1.3935

—1.2344
0.0160
1.9064

—1.1771
0.2908

2.5836
0.6052
1.4924

0.4186
—0.5781

0.1957
—0.3579

1.00
1.17
1.26
0.53
0.14
0.61

15.8
7.00

'Reference 11. The notation (D5,D5) implies a (ldsq2 ')(ld5qq ')„configuration.
Normalized relative to the ground state value of X =0.30~ 10 .
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TABLE IV. Two-nucleon configurations assumed for
odd-parity levels in "K and the results of the DWBA
analysis. The resulting DWBA angular distributions are
shown in Fig. 6.

(MeV)

2.64
2.85

1,3
1,3

Assumed
J'll

Two-nucleon
configurations'

(D3,F7)
(D3,F7)

1.06
2.44

For odd J-even parity transitions, the contributions
for two different L transfers have been added to-
gether incoherently and the summed curves are
represented by solid lines in Figs. 4 and 5. Each of
them has been independently normalized for each
state according to

da X der

dQ, „, 2J+1 dQ

The resulting normalization factors X have also
been listed in Table III. In the case of negative-
parity levels the values of N are listed in Table IV.

12 -g+

2+

She(l model (I ) She j j rnodet (II)

10- +—(1-3)

C7l
1

C.
4P

2+

/~1
1

3
2

1
0

/I /',
«3

&2+1'

Ex pt,

1 ———+

3 ————+
1+
3+

FIG. 3. The positive-parity levels in K excited in the
Ca(d, a) reaction at Eq=22. 8 MeV and a comparison

with shell-model calculations. Shell model (I) refers to the
full sd-shell —model calculation (Ref. 11) and shell model
(II) refers to the sdfp-model calculation (Ref. 28).

'The notation (D3,F7) implies a (ld3/p ')~(lf7/p )n

configuration.
Normalized relative to the ground state value of

X =2.08 x10'.

IV. RESULTS AND DISCUSSION

A. Excitation energies

The excitation energies of the levels in K de-
duced from the present experiment are compared in
Table II with those adopted by Endt and van der
Leun, ' and with the results of the 80-MeV study of
the Ca(d, a ) reaction by Frascaria et al. A one-
to-one correspondence of our results with the vari-
ous levels of K could be made only for levels up to
an excitation energy of 4 MeV. Our results compare
well with those obtained by Frascaria et al. except
for the 5.28-MeV level (J =7+), which is weakly
excited in our experiment.

The excitation energies of positive-parity levels of
K deduced here are shown in Fig. 3 along with the

theoretical predictions of 1d s/q-2s & /2- 1d 3/2-
shell —model and 2s$/2 ld3/2 1f7/2 2p3/q-shell—11

model calculations.

B. Even-parity levels

The experimental angular distributions to eight
even-parity transitions studied in the present

Ca(d, a) K reaction are shown in Figs. 4 and 5.
The DWBA curves calculated using the spectroscop-
ic amplitudes of Wildenthal and Chung" are also
shown in the figures. The ground state and the
3.66-MeV level show dominant L =4 and 2
transfers, respectively. Previous studies b~ Frascaria
et al. and VAP measurements in the (d, a) experi-
ment' had strongly suggested the ground-state an-
gular distribution to be L =4. The level at 343
MeV is found to show a characteristic L =2 shape;
a pure L =J=2 is expected on the basis of the selec-
tion rules for this level.

The newly identified level at 9.88 MeV was excit-
ed with a total cross section of 3.16 mb, which is
three times that for the ground-state transition (see,
e.g., Table II). The DWBA calculation was made
initially with all possible pure two-nucleon configu-
rations in the sdf-shell —model space. This suggests
a dominant L =2 shape for the experimental angu-
lar distribution for the 9.88-MeV level. Hence
J =1+, 2+, or 3+ is expected. A DWBA calcula-
tion was performed with mixed configurations cor-
responding to the theoretically predicted 33+ level at
9.06 MeV and the spectroscopic amplitudes listed in
Table III. The predicted shape fits the experimental
data quite well (see Fig. 4) and hence the 9.88-MeV
level is most likely to have the assignment 3+,
r =0.

The levels at 0 45, 1 71, and 4 00 MeV are
known' to have J =1+. Therefore an L =0+2
transfer is expected. The experimental angular dis-
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FIG. 4. Angular distributions for the levels excited in
the Ca(d, a) reaction at Ed =22. 8 MeV. The curves are
the results of the DWBA analysis. The two-nucleon spec-
troscopic amplitudes of Wildenthal and Chung used here
are listed in Table III.

FIG. 5. Angular distributions for the 1+ levels in K.
The curves are the DWBA fits for the L =0+2 transfer.

tributions and the curves calculated using sd-
shell —model wave functions" are shown in Fig. 5.
The shapes of the experimental angular distributions
for all these transitions indicate dominance by a sin-
gle L transfer. The partial contributions due to
L =0 and 2 in the case of the 0.45- and 4.00-MeV
levels are indicated in Fig. 5 along with their in-
coherent sums. It can be seen that the 0.45-MeV
level has largely an L =2 shape, which supports the
VAP measurements by Ludwig et al. ' The 1.71-
and 4.00-MeV levels show dominant L =0 shapes.

In the 80-MeV study of Ca(d, a) by Frascaria
et al. , a level at 7.35 MeV excitation was observed;
no spectroscopic information was, however, de-

duced. In the present study, the level at 7.32 MeV
was excited very strongly. The integrated cross sec-
tion for the transition to this level is about five times
that for the ground-state transition (see Table II).
DWBA calculations were made initially with all
possible pure two-nucleon configurations in the
sdf-shell —model space; the DWBA angular distri-
butions obtained by assuming (2s&&z)z(2s&&2)„pick-
up, and J =1+ and L =0 have been found to fit the
experimental angular distribution fairly well. Calcu-
lations have therefore been made assuming the two-
nucleon spectroscopic amplitudes (see Table III) for
a predicted level at 5.75 MeV (1&+). The results of
the DWBA analysis are shown in Fig. 5. The 7.32-
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FIG. 6. Angular distributions for the odd-parity levels excited in the Ca(d, a) reaction at Ed=22. 8 MeV.
are the results of the DWBA analysis using the configurations indicated in Table IV.
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MeV level is therefore most likely to have a value
J =1+. The large value of N and the large differ-
ence in energies, however, make it likely that the
7.32-MeV level is to be identified with a higher
theoretical 1+ state.

C. Odd-parity levels

~ 10—
Ul

6 06

1 02

6 42

10—

l0—

7 QQ

101
0 20 40 60 80 100 120

Bc.m. (&eg )

FIG. 7. Angular distributions for the levels in "K for
which L-value assignments could not be made.

Two levels in K, one at 2.64 MeV and another
at 2.85 MeV are weakly excited in the present (d, a)
experiment. From a study of the K(d, t) K reac-
tion, Fortune et a/. ' found that the 2.64-MeV level
has an / = 1 angular distribution, while a high reso-
lution study of the K(p, d) K reaction by Wil-
denthal et a/. , suggests an /=3 pickup for the
same level. However, the parity of the level is deter-
mined to be negative and the value J = (2,4) is
adopted for this level by Endt and van der Leun. '~

It may be that (p, d) favors somewhat higher /

transfers than does (d, t). If the transfer results are
correct, then J =4 is not allowed.

In the present experiment angular distribution
patterns for the 2.64- and 2.85-MeV transitions (as
shown in Fig. 6) are similar. A good DWBA fit is
obtained with l. =1+3 and J =2 transfers for
both the transitions. The assumed two-nucleon con-
figurations for these levels are given in Table IV.
According to the sdfp-shell —model calculation the
lowest odd-parity level having a significant fp-shell
configuration is at 2.52 MeV excitation and has
J =-4 . We expect that the 2.64-MeV level is prob-
ably a 2 state. Our spin assignment for the 2.85-
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MeV level, however, is J =2, in agreement with
previous studies.

D. Other levels

The experimental angular distributions for a few
other weak levels in K are displayed in Fig. 7 and
they do not exhibit distinctive patterns. Therefore,
not much spectroscopic information could be ob-
tained for them. There is a clear indication for the
presence of a level in K at 10.26-MeV excitation
energy. The present data, however, do not enable us
to extract an angular distribution for this level.

V. CONCLUSIONS

The excitation energies of various levels in K
obtained in the present study are in good agreement
with the previous results. ''

In spite of the ambiguities in the detailed DWBA
predictions for the (d, a) reactions, ' ' ' additional
spectroscopic information on K has been obtained
via the Ca(d, a) reaction. The shapes of the angu-
lar distributions for most positive-parity levels below
the 9.88-MeV excitation are rather well predicted by
DWBA calculations performed using the two-
nucleon spectroscopic amplitudes from the full sd-
shell —model calculation. " Tentative J assign-
ments made here are consistent with the previous as-
signments.

Our analysis indicates that the 7.32-MeV level has
a large (2s&/z ')z(2s&/2 ')„component and hence
has J = 1+. Two new levels, one at 9.88 MeV and
another at 10.26 MeV have been identified. The
9.88-MeV level exhibits a characteristic l. =2+4
transfer and probably corresponds to the predicted
33+ level at 9.06 MeV.

The energies in K deduced from a recent shell-
model calculation in the 2s &/z-id 3/p 1f7/2-
2p3/2 —model space compare well with those ob-
tained in the present work up to an excitation energy
of 3.5 MeV. Since the spectroscopic amplitudes are

not available from this sdfp calculation, it has not
been possible to compare our experimental angular
distributions with the theoretical predictions.

Values of the normalization constant X obtained
for the levels in K from the (d, a) reaction are
quoted in the last columns of Tables III and IV.
Large variations in the values of N have been found.
Similar variations in the relative values of X have
been observed in the study of the ' ' Ni(d, a) reac-
tion by Nann et al. ; these variations are attributed
to the type of residual interaction used in evaluating
the shell-model wave functions. In the present case
the variation in the normalization constant (e.g. ,
normalization constants calculated relative to the
ground state) for the levels below the 4.00-MeV exci-
tation is rather small. The variations in the values
of the normalization constant could perhaps be fur-
ther reduced with improvements in the shell-model
calculations. The sd-shell —model calculation" as-
sumes that Ca is a good closed shell nucleus.
Several experiments' have established that a small
amount of 2p-2h and 4p-4h admixtures have to be
included in the ground state of Ca. Therefore, it is
strongly felt that an elaborate sdfp-shell —model cal-
culation of two-nucleon spectroscopic amplitudes
for the levels in K is highly desirable. Unfor-
tunately the two-nucleon spectroscopic amplitudes
for the levels in K are not available from the
sdfp-shell —model calculation of Hasper.
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