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Abstract 
 

The present thesis work is based on the detailed investigation of the nuclear structure of transitional 

nuclei, such as 
26

Mg, 
29

Si at the interface of the sd and pf shells. These nuclei are uniquely 

positioned in between the valley of stability and the island of inversion. The level structures of 

nuclei along the valley of stability are dominated by single particle excitations, whereas at island of 

inversion they are dominated by collective excitations. Hence, the structure of the nuclei in the 

transitional region is likely to reveal an intriguing interplay between these two degrees of freedom. 

The excitation of nucleons within the sd shell would give rise to positive parity sequences. There 

are sufficient particles within this major shell to induce deformation in these mid-shell nuclei. 

Further, the excitation of a single nucleon across the sd-pf shell gap, would result in the substantial 

occupation of the f7/2 (l=3) orbital, which is expected to favour deformed structures. The deformed 

structures, could be uniquely probed within the framework of the spherical shell model due to the 

availability of adequate computational resources coupled to the development of appropriate 

interactions (inter and intra shell). The detailed study of the lowest negative parity level in these 

nuclei is warranted as the level energy encodes the signature of the energy gap between the sd & pf 

shells, which has a direct bearing on our understanding of the “island of inversion”. The 

aforementioned features motivated the present thesis work.  
 

It is pertinent to mention that all the previous investigations on the level structure of these nuclei 

were primarily based on light ion induced reactions using a modest detector setup, and 

consequently, had a substantial scatter and some of them have large uncertainties even at low 

excitation energies and spins. Hence, the need to re-visit the level structure of these transitional 

nuclei, using high resolution -ray spectroscopy, following heavy-ion induced fusion evaporation 

reactions. The use of a multi-Clover array was best suited for these measurements, due to the 

superior detection efficiency of these composite detectors for high energy -rays ( 2 MeV), 

routinely observed in these nuclei. Several new transitions have been observed in the level scheme 

of these nuclei from the γ - γ coincidence measurement. Spin parity assignments were made 

following a consistent analysis of the angular intensity anisotropy and the linear polarization 

measurements. The level lifetime is extracted from the Doppler Shift Attenuation Method. The 

transition probabilities extracted from lifetime measurements are indicative of deformation in these 

nuclei. Large basis shell model calculations were successfully carried out for these nuclei, whose 

predictions are in agreement with the experimental observables. The model calculations have 

successfully reproduced the deformed characteristics of these mid-shell transitional nuclei at the 

interface of the sd and pf shells. Thus all the textbooks tools prevalent in the field of in-beam 

gamma rays spectroscopy have been uniquely utilized in the present thesis and the shell model 

could explain both the single particle and collective features of these nuclei. 
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Chapter - 1

Introduction and Motivation

The nucleus is a few body quantum mechanical system and the constituents of this

system viz. neutrons and protons are bound together by a strong nuclear force within

the nucleus. Within the small dimension of the nucleus, the protons and the neutrons

are bound together by the strong (nuclear) force. Nuclear force is the strongest among

the four known forces (gravitational, electro-magnetic, weak and strong) in nature. It

is a short range force, operational over an extremely short distance ∼ few fm, and

thus of relevance only within the nuclear dimensions. The spin dependent part of the

nuclear force is evident from the properties of the deuteron (proton neutron bound

state) nucleus. The charge independent nature of the nuclear force (p − p, n − p and

n − n forces are equal) was arrived at from the study of the properties of the mirror

nuclei (for a given mass number the numbers of protons in one nucleus is equal to the

number of neutrons in the other nucleus and vice versa), for example 25Al and 25Mg

which are a pair of mirror nuclei, have similar masses, the only minor difference is due

to the Coulomb energy. The repulsive nature of the nuclear force (at distance less

than 0.5 fm) can be estimated from the high energy scattering experiments. Thus

the nuclear force has very unique features, which may hinder a complete mathematical

understanding of this force, as of now.

Hence, our understanding of the nuclear force and the potential is essentially empir-

ical. One such insight is based on the study of nuclear masses. It was observed that the

mass of a nucleus is always less than the sum of the individual masses of its constituents

viz. the protons and the neutrons. This mass difference is known as mass defect (∆m)

and from the mass energy equivalence (E = ∆mc2) relation, the mass defect can be con-

verted to energy, which is known as the nuclear binding energy (B). The nuclear binding

energy is the energy required to break the nucleus into its independent individual con-

stituents neutrons and protons. It has been well established that the binding energy per

nucleon (B̄ = B/A ∼ 8 MeV ) is fairly constant for all nuclei. This is attributed to the

short range saturation property of the nuclear force ie., the nucleon interacts only with



2

it’s immediate neighbours, (a quantity which is approximately constant for all nuclei)

and hence is not affected by the sea of other nucleons. The pioneering work in arriving

at a model for the nuclear force, was undertaken by Yukawa way back in the 1930’s, [1]

and according to his theory the force carrier is massive. From the range of the nuclear

force which is ∼ fm, he suggested that the force carrier must weigh ∼ 100 MeV/c2

(according to the uncertainty principle range of the force is inversely proportional to

the mass of the force carrier). Yukawa modeled the nuclear potential in the form :

V (r) = −g2e−µr/r, (1)

where g is the amplitude of potential, µ is the Yukawa particle mass (pion) and r is

the radial distance to the particle. Yukawa potential will give the interaction a finite

range, so that particles at greater distances will not practically interact. Attempts

were also made to use the well known potentials such as square-well potential, simple

harmonic oscillator potential, to represent the nuclear potential. This resulted in an

over simplification as these simplistic potentials did not appropriately include some of

the fundamental nuclear properties, such as the shape of the potential, the requirement

that the charge distribution should vary smoothly to zero, to name a few.

Further, in absence of a comprehensive mathematical and physical knowledge of the

nuclear potential, it is imperative to have a model for the same. To understand the

observed properties of the nucleus various models have been developed. Historically

the liquid drop model was one of the earlier models, followed by the spherical shell

model and collective model.

Based on the analogy between a nucleus and a liquid drop, where the nucleus could

be treated as a incompressible nuclear fluid. Bohr and Wheeler, developed the liquid

drop model for the nucleus where the fluid is made of nucleons (protons and neutrons),

which are held together by the strong nuclear force. This model was able to explain

some of the macroscopic properties of the nucleus, such as the binding energy, the energy

released in fission to name a few. If the nucleus is comprised of Z number of protons

and N number of neutrons, the mass of the nucleus is then given by :

M(A, Z) = ZMp + (A − Z)Mn − B(A, Z), (2)
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Where Mp and Mn are the mass of proton and neutron respectively and B(A,Z)

(=M(A, Z)c2) is the binding energy of the nucleus.

The empirical Bethe Weizsäcker mass formula [2, 3] which is based on the liquid

drop model, parametrizes, the binding energy into several terms, and is given by :

B(A, Z) = a1A − a2A
2/3 − a3Z(Z − 1)/A1/3 − a4(N − Z)2/A ± a5A

−3/4 (3)

The first term is known as the volume term and it is proportional to the number of

nucleons (A, being the mass number). The nucleons at the surface, which have a

dissimilar ambiance on either sides, tend to lower the stability of the nucleus, and

hence would have a negative contribution to the binding energy. This is analogous

to the property of surface tension in liquids. As the surface area is proportional to

R2, (R being the nuclear radius and R = R0A
1/3) so the surface term is expected

to have a A2/3 dependence. The third term in the binding energy formula represents

the “repulsive” and hence “disruptive” Coulomb effect between the protons, which

is expected to be proportional to ∼ Z2 (for high Z nuclei). This term would have a

dominant effect for heavier nuclei (higher atomic number), which qualitatively explains

the reduced stability for these nuclei. The fourth term referred to as asymmetry term,

is proportional to the square of the neutron excess. The next term in the binding

energy formula is known as pairing term, which incorporates the enhanced stability in

nucleus with even number of protons as well as neutrons. As mentioned earlier this

model has limited success with the macroscopic nuclear observables, and could not

explain the finer microscopic nuclear properties (such as spin, parity, electro-magnetic

transition probability etc).

The inert nature (enhanced stability) for atoms with certain configurations (number)

of electrons, has been attributed to the completely filled electron shell, which has

resulted in a convincing establishment of the electronic shell structure in atoms. There

are several empirical observations of enhanced stability for nuclei with a certain nucleon

number (number of neutrons or protons or both = 2, 8, 20, 28, 50, 82, 126), such as,

the sudden increase in the binding energy per nucleon, as compared with it’s immediate

neighbour, which is indicative of an enhanced stability for these nuclei. Thus it is

logical to think of an analogous nucleon shell structure / configuration for the nucleus.
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Within this framework, we assume that the nucleons experience a potential due to the

rest of the nucleons. We usually model this potential and the simplistic form is the

well known harmonic oscillator potential, which successfully reproduced the first three

“magic numbers” (magic numbers : nucleon configuration for which the nucleus has an

enhanced stability). The revolutionary concept of introducing the spin-orbit term (l.s

coupling) by Goeppert-Maier and Jensen [4–6] successfully reproduced all the observed

magic numbers. Due to this term the energy levels were appropriately bunched with

a large energy gap between two major oscillator shells, owing to the intrusion of one

of the higher angular momentum orbital (g9/2 for example) from the next major shell

into the lower shell. The model hence is known as spherical shell model and has

been successful in reproducing the properties of nuclei in the vicinity of the nucleon

magic number. This model till date is a fundamental microscopic model and has been

extensively used in the present thesis work. The distribution of the predicted energy

levels including the degeneracy of the sub-shells, as predicted by the shell model is

illustrated in Fig. 1. Besides these models (liquid drop & shell model) there are other

nuclear models such as the collective model, geometrical model based on the underlying

symmetries, which again are applicable to a certain set, type of nuclei for example

deformed nuclei. Thus all nuclear models have their specific domains of success and

constantly need experimental validation.

As we all know, that the nucleus being a few body system it at times manifests itself

as a two body or single particle system while it also exhibits a collective behaviour.

The interplay between these two extreme modes is also possible and has been the focus

of several investigations, both experimental as well as theoretical, in nuclear structure

endeavors. When we refer to a collective behaviour it signifies that the system of

nucleons have collectively / coherently responded to an external stimulus provided by

us. Similarly, a single particle behaviour, is suggestive of the participation of one or

small number of nucleons to the external stimulus provided by us. The external stimulus,

could be additionally imposed excitation energy, rotation of the system or an imbalance

in the number of nucleons (iso-spin). Conventionally an excited (in terms of energy) and

rapidly rotating nucleus is formed, in a heavy-ion fusion reaction, which then de-excites

following
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FIG. 1: The nuclear shell model energy levels. (This figure is taken from the internet).

1. particle emission

2. sequence of γ-rays.

The particle spectrum, usually helps infer about the formation probability of the

various nuclei and the emitted particles energetically cools down the nucleus, as it

helps the excited compound nucleus primarily loose it’s excitation energy, and forms

the residual nucleus. As a rapidly rotating residual nucleus de-excites to it’s ground

state via the emission of photons (which help the nucleus loose it’s imposed angular

momentum), provide us with the experimental signature on the two aforementioned

extreme degrees of freedom. The detailed information during the emission of the

photons (such as the γ-ray energy, their genetic relation /hierarchy) is experimentally
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FIG. 2: The N v/s Z plot. The different decay mode of nuclei depicted by different colors. The

region of our interest is depicted by red circle. (This figure is taken from the internet).

preserved and used to construct the decay pattern. A regular decay pattern is indicative

of a collective behaviour of the nucleus under study, while an irregular decay pattern

is the finger print for a single particle behaviour. The experimental level scheme is

then compared with the model predictions, to have an into the underlying microscopic

configurations.

The shell model perceives the nucleus as an inert core with the valence nucleons

distributed in the orbitals usually within one major oscillator shell. Hence, if one were

to consider the 26Mg nucleus (Z = 12, N = 14), then this nucleus could be visualized

as

26Mg =16 O + 4π + 6ν (4)
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26Mg =16 O + π(s1/2, d3/2, d5/2)
4 + ν(s1/2, d3/2, d5/2)

6 (5)

Conventionally, one identifies the group of nuclei, by the orbitals which are available

to the valence nucleons. Hence one would refer to 26Mg as an sd − pf nucleus, since

valence nucleons in the ground state occupy the sd orbitals, where as the negative

parity levels would require the occupation of the f7/2 orbital. Traditionally, one uses

the N − Z plot to represent the nuclear landscape, which is presented in Fig. 2. The

region of interest is appropriately highlighted by red circle. Recently, the main impetus

for investigation of the structure of neutron rich sd − pf nuclei, was the observation of

the “island of inversion”, a group of nuclei, which exhibit the dominance of deformed

structures at considerably lower excitation energies than their spherical counterparts,

which naively one would have expected to be dominant at such low energies. Nuclear

structure properties of nuclei at the interface of the sd−pf shells have been the subject

of contemporary interest [7–10] and Fig. 3 illustrates the family of such nuclei. These

nuclei occupy a very important region in this landscape, as they are positioned mid-way

between the valley of stability (N ∼ Z) and the “island of inversion”. The level

structure of nuclei in the around the valley of stability, is expected to be dominated

by single particle excitations. On the other hand, as established recently, deformed

structures dominate the level structure of nuclei belonging to the “island of inversion”.

Hence, it would be of interest to probe the nuclear structures as one proceeds from the

valley of stability, on to the island of inversion, through the transitional region, which

is expected to have an influence / confluence of both these degrees of freedom.

The positive parity states in these nuclei could be generated due to the excitations

of the valence nucleon within the sd shell itself. However, there is a possibility that

the higher excited states could originate due to the occupation of the fp shell by two

valence nucleons. Similarly, the negative parity states could only be generated by the

excitation of atleast one nucleon into the fp shell. It well known that the f7/2 orbital

(l = 3) is a deformation favoring orbital, due to it’s high l value. At the same time,

these mid-shell nuclei, have enough valence nucleons in the sd shell to favor deformed

structures [11]. There is a possibility for a synergy between these two deformation

favoring conditions, which could result in the observation of deformed structures along

with single particle excitations in these nuclei.
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FIG. 3: The figure highlights the portion of N v/s Z plot relevant to the present study. The pink

portion of the plot corresponds to the line of stability and blue region corresponds to “island of

inversion”. The nuclei that has been studied by our group are shown by red color.

Following these considerations nuclei such as 26Mg, 28,29Si etc (this region on

the N − Z plot is rendered in the Fig. 3) are seen as the interesting candidates for

these investigations. An investigation of the detailed level structure of these nuclei

would include determination of the level energy, spin, parity, lifetime etc. Most of the

previous studies in these nuclei have been carried out using light ion beams and modest

detector setups [12, 13]. In the present thesis work we have used heavy-ion induced

high resolution γ-ray spectroscopic techniques to populate and investigate the level

structure of these transitional nuclei. We have employed all the text-book tools and

techniques prevalent in γ-ray spectroscopy in these endeavors to arrive at a detailed

information on the observed level structure of these nuclei.

As mentioned earlier the previous measurements were carried out with modest

detector setups [12, 13], and as a consequence there is a considerable amount of

uncertainty in the reported measurements. As an example in 29Si, the lifetime of



9

0 200 400 600 800
τ(fs)

0

Ref.[14]
Ref.[15]
Ref.[17]
Ref.[18]
Ref.[16,19]
Ref.[20]
Ref.[21]
Ref.[22]
Ref.[23]

Eγ = 1274 keV

E
x
 = 1274 keV

(3/2
1

+     
1/2

1

+
)

-0.6 -0.4 -0.2 0
A

2

-0.2

0

0.2

0.4

A
4

Present work
Ref.[24]

E
x
 = 3624keV

Eγ = 1596 keV (7/2
-    

5/2
+
) 

FIG. 4: (Upper panel) The level lifetimes of the 1274 keV (Jπ = 3/2+) state in the 29Si nucleus

from earlier measurements. The results from the present measurement are also included (see text

for details). (Lower panel) Angular distribution coefficients for the 1596 keV (7/2− → 5/2+)

transition in the 29Si nucleus from the earlier and the present work.

the 1274 keV (Jπ = 3/2+) level, the first excited state, has been reported by the

several researchers [14–22] and have been duly adopted in the NNDC [23] database

but they indicate considerably deviations in the central value, with a few of them

even having a substantial amount of uncertainty, as illustrated in Fig. 4. Similarly,

the multipolarity and the electro-magnetic assignment of the 1596 keV transition,

de-exciting the lowest negative parity state (3624 keV, Jπ = 7/2−), has been in-
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vestigated in a previous study [24] carried out with a NaI(Tl) scintillator detector,

with the concomitant large uncertainties on the angular distribution coefficients

(Fig. 4). This is not a desirable situation, since the negative parity levels in the

sd − pf nuclei are of significance as they originate from cross-shell excitations. In

particular, probing the lowest negative parity level in these nuclei may provide an indi-

cation to the sd−fp shell gap and requires determination of the associated measurables.

This region also provides an excellent testing ground for the spherical shell model

calculations. With the availability of updated two-body matrix elements and high

computing capabilities, sufficiently large basis spherical shell model can be undertaken

which are expected to give an insight into the important underlying microscopic

configurations. The large basis shell model calculations are also expected to help

us probe the deformation characteristics which are duly expected in these mid-shell

(transitional) nuclei.

The thesis reports the results of the investigation on the nuclear structure of transi-

tional nuclei at the interface of the sd and pf shells viz. 26Mg, 29Si. The excited states

of these nuclei have been populated by using heavy-ion induced fusion-evaporation

reaction and their γ-decay studied thru γ − γ coincidences using a large array of high

resolution γ-ray detectors. The level structures of these nuclei have been extended

based on measurement of the (i) level energies and intensities, (ii) angular anisotropy

and (iii) polarization asymmetry of the γ-ray transition. The latter two measurements

elucidate the multipolarity and electro-magnetic nature of the de-exciting γ-rays, thus

facilitating assignments of the spin-parity to the observed levels. An analysis of the

observed Doppler shapes and shifts for the γ-rays from transitions, following their

emissions, while the recoiling nuclei slow down in the target and backing medium,

allowed for extraction of the level lifetimes using the Doppler Shift Attenuation Method

(DSAM). Large basis shell model calculations involving cross-shell excitations (outside

the 16O), have been attempted for the first time in these nuclei. The model predictions

are in agreement with the experimental observations. Attempts have been made to

investigate the deformation characteristics observed in these mid-shell nuclei, using the

large basis spherical shell model calculations, which indeed reproduced qualitatively,

the observations, such as the intrinsic quadrupole moment, large value of transition
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probabilities, which are usually associated with deformed structures.

The thesis consists of the following chapters -

Chapter One : This introductory chapter introduces to the reader the motiva-

tion for the present endeavor, and establishes the canvas pertaining to the present study.

Chapter Two : This chapter presents briefly the operational principles and

characteristics of electro-magnetic radiation detectors, along with an introduction to

the heavy-ion fusion evaporation reactions that are used in the present work.

Chapter Three : This chapter describes the experimental setup along with the

tools and techniques, (with a short outline of the underlying principles) employed for

the present analysis of the recorded in-beam data.

Chapter Four : An overview of the spherical shell model, in the context of the

present work, is presented in this chapter.

Chapter Five and Six : The results on the level structure of 26Mg and 29Si and

the comparison of the observables with the predictions of the large basis spherical shell

model are discussed in these chapters. The model calculations for their neighbouring

isotopes are also presented to explore the systematics, for these transitional nuclei. The

spherical shell model calculations have reasonably explained the observed deformation

characteristics in these nuclei.

Chapter Seven : This chapter presents a succinct conclusion from these experi-

mental and theoretical endeavours.
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Chapter - 2

Experimental Details

In this chapter we shall discuss briefly about heavy-ion induced fusion evaporation

reactions which preferentially populates the high spin (higher angular momentum) states

in the residual nuclei of our interest. Such a rapidly rotating system decays to it’s

ground state following the emission of a sequence of γ-rays. These de-exciting γ-rays

are detected using a large array of Compton suppressed HPGe (Clover) detectors. The

chapter presents a concise discussion on the principle of detection of radiation and

highlights the advantage of composite detectors such as Clover detector, in substantially

enhancing the detection efficiency. The chapter also summarizes the results of the

simulations for the Clover detector using GEANT4 toolkit, which are in conformity

with the experimental observations.

2.1 Fusion Evaporation Reactions

The nucleus being an inert system, information pertaining to the behaviour of the

constituent nucleons and their interactions can only be obtained only if we subject this

system to an external stimuli, and observe the response of this system, which help us

infer about it’s properties. Traditionally the external stimuli imposed, is either in the

form of excitation energy, angular momentum or temperature. Recently, it has been

possible to extend this stimuli to another degree of freedom viz. increasing the N/Z

(iso-spin) ratio. Heavy-ion induced fusion reactions help us conveniently subject the

nucleus to an external stimulus of energy and angular momentum. Fusion is defined

as the process wherein the projectile (usually a heavy-ion, heavier than alpha particle)

amalgamates with the target nucleus (another heavy-ion), to form a fully equilibrated

compound nucleus (CN). The major advantage of heavy-ion fusion reactions is that

it results in the formation of a “hot” system, possessing both high excitation energy

as well as angular momentum. The total excitation energy of the compound nucleus

(CN) is given by the sum of bombarding energy in centre of mass frame and the Q
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value of the reaction. The imparted high angular momentum to the system results in

the population of very high spin states.

The fusion reaction occurs when two nuclei collide with a small impact parameter

(at sufficiently large projectile energy to overcome the Coulomb barrier between the

incoming projectile and the stationary target). The compound nucleus is a system

where the equilibration in all the degrees of freedom has been attained within the time

scale of ∼ 10−20s. According to Bohr’s independence hypothesis the decay of such an

equilibrated system into the various open (available) channels is independent of its

formation history, and is governed by the conservation laws and the available phase

space.

The compound nucleus (as illustrated in Fig. 5) which is excited in terms of both

energy as well as angular momentum, prefers to cool-down energetically (loose it’s

excitation energy) via particle (α, proton and neutron) emission. The particle emission

is the most efficient way to lose energy (∼ 5 - 8 MeV per nucleon), however since the

particle emission is along the radial direction it does not carry away significant amount

of angular momentum (generally ∼ 1/2 - 2 ~ is the loss in angular momentum following

particle emission). The absence of Coulomb barrier generally favors neutron emission

over charged particles such as proton or α emission. The particle emission ceases once

the residual nucleus (after emission of the particles), has it’s excitation energy reduced

below the particle evaporation threshold.

After the particle emission the residual nucleus (which has considerable angular

momentum) then de-excites, via the emission of γ-rays. Initially we have the emission

of fast statistical γ-transitions (E1, which involves a change in one unit of angular

momentum) which usually carry off energy and not much angular momentum. These

are also referred to as quasi-continuum transitions, because the nuclear level density

of these states is high and individual γ-rays cannot be resolved. After emission of

statistical γ-transitions, the subsequent discrete γ-decay takes the nucleus along the

yrast line, which represents the contour of the lowest energy for a given angular

momentum state [25, 26] as shown in Fig. 6. The detailed study of these γ-rays forms

the central theme of the present investigations.
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FIG. 5: The schematic diagram for formation and decay of a compound nucleus following heavy-

ion fusion evaporation reaction (This figure is taken from the internet).

The crucial parameters which describe / quantify a fusion evaporation reaction would

be, the Coulomb barrier, angular momentum transferred to the compound nucleus, to

name a few. The Coulomb repulsion between target and projectile nuclei is represented

in terms of a Coulomb barrier that can be estimated in the centre of mass frame, using

the relation

Vc(cm) = 1.44
ZpZt

R
. (6)

Where, Zp and Zt are the projectile and target atomic number and R (in units of fm),
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FIG. 6: Illustration for the decay paths available to a rapidly rotating compound nucleus. (This

figure is taken from the internet).

is the distance between the two nuclei as they just touch each other, and is given by

R = 1.36(A1/3
p + A

1/3
t ) + 0.5. (7)

Ap and At represents the mass number of the projectile and the target nucleus. The

value of the Coulomb barrier in the laboratory frame then is obtained as

Vc(lab) = Vc(cm)(1 + Ap/At). (8)

From the mass energy conservation the excitation energy of the compound nucleus Eex

is calculated using the equation

Eex = Q + E(cm). (9)
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TABLE I: The relevant parameters such as E(cm), Q, Eex, R, Vc(cm), Vc(lab) and lmax for the

reactions employed in the present thesis.

Reactions

Parameters 13C + 18O 16O + 18O

Elab (MeV) 30 34

E(cm) (MeV) 17.5 18.0

Q (MeV) 25.3 24.4

Eex (MeV) 42.7 42.4

R (fm) 7.3 7.4

Vc(cm) (MeV) 9.6 12.3

Vc(lab) (MeV) 16.4 23.2

lmax (~) 12 11

Where Q and E(cm) are the Q value for the reaction and kinetic energy of the compound

nucleus in the centre of mass frame, and are related to mp, mt, mcn and Ep, the mass

of the projectile, target, compound nucleus and the the kinetic energy of the projectile

respectively as,

Q = (mp + mt − mcn)c2 and (10)

E(cm) = Ep

(

mt

mp + mt

)

. (11)

The maximum angular momentum (lmax), transferred to the compound nucleus in a

fusion evaporation reaction is quantified using the equation

l2max = (E(cm) − Vc(cm))
2µR2

~2
. (12)

Where, µ, is the reduced mass of the target and projectile system, and is related to the

individual masses from the equation given below,

µ =

(

mpmt

mp + mt

)

. (13)

As a part of the present thesis, two experiments were performed. Table I, summarizes

the essential parameters for these reactions.

The discrete γ-transitions which are emitted by the residual nucleus along the

yrast line and their genetic relationship help us reconstruct the level sequence for the
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FIG. 7: (Left Panel) Example of a representative decay sequence observed in the 177Ta nucleus

from, where the nucleons have collectively responded to the imposed external angular momen-

tum. (Right Panel) Example of irregular decay sequence, which is indicative of the situation

wherein a few nucleons have responded to the external stimuli. This decay sequence is observed

in the 29Si nucleus.

nucleus as it de-excites to its ground state. This sequence is the finger print as to how

the nucleons have responded to the external stimuli of angular momentum. If all the

nucleons have collectively responded we obtain a regular sequence / cascade of γ-rays

as shown in the left panel in Fig. 7 [27], whereas if only a few nucleons have responded

to the rotation, we observe a highly irregular decay pattern as presented in the right

panel of Fig. 7 [28].

Thus, it is imperative for us to have a snap-shot of each individual decay sequence.

This is achieved by detecting the de-exciting γ-rays using a gamma detector array,

preserving the genetic (sequential) relationship during the de-excitation process. The
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relevant information (as discussed later) are stored for a detailed analysis offline,

wherein we try to construct the detailed level-sequence (de-excitation path) of the

nucleus of our interest. Hence all experimental nuclear structure investigations centre

around the efficient and detailed detection of the de-exciting γ-rays.

2.2 Interaction of Radiation with Matter

We are able to “see” the γ-ray, without actually “seeing” it is due to the fact that

it interacts with the detector medium and subsequently, deposits it’s energy within the

medium. There are three basis interactions / processes, whereby the incident electro-

magnetic radiation interacts with the detector medium, resulting in the transfer of

energy either complete or partial from the radiation to the detector. These interac-

tions are photoelectric, Compton and pair production, and have a pronounced energy

and Zdetector dependence. These interactions and the subsequent energy deposited /

transferred to the detector are briefly described below.

2.2.A. Photoelectric Process

In photoelectric process a γ-photon (Eγ ≥ φ, (the work function of the detector

material)) interacts with an orbital electron of the atom. The electron is emitted from

the atom in conjunction, with the resulting vacancy being filled with an electronic

de-excitation from higher orbit accompanied by the emission of low energy photon

viz. X − rays as shown in Fig. 8. This secondary low energy photon also under

goes photoelectric absorption in the detector. Hence, these two simultaneous processes

ensures, that the full-energy of the incident photon is transferred to the electron and we

are able to obtain the full-energy information of the incident radiation (Fig. 8). Since,

the interaction between the radiation and the detector is a purely probabilistic process,

even if we were to assume ideal conditions, we would have a slight spread (uncertainty)

in the energy deposited, as detailed later. The spread in the energy deposited is a

combination of several factors, such as the detector resolution, electronic noise to name

a few. Hence the deposited energy can be represented by a Gaussian distribution,
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FIG. 8: Schematic diagram for the photoelectric process is shown in the upper panel and its

corresponding energy deposited (Eγ = 1 MeV) within the detector is shown in the lower panel,

obtained from the GEANT4 simulations wherein only the photoelectric interaction was the

allowed / permitted interaction mechanism.

and it is desirable to minimize the fluctuations around the central value. The cross-

section (interaction probability) for photoelectric interaction is dependent on the Z of

the detector material as well as on the incident γ-ray energy Eγ , and is quantified by

the equation :

σ = constant
Z(4−5)

E3
γ

(14)

Thus photoelectric interaction is the most preferred interaction, since it results in a

complete energy deposition from the radiation to the detector material.
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2.2.B. Compton Scattering

This process occurs when the γ-photon with incident energy hν0 collides with an

electron in an atom, as shown in Fig. 9 which is treated as being at rest. The incident

photon imparts a part of its energy to the electron which is then emitted along with

a scattered secondary photon of energy hν. This process results in the sharing of the

incident energy between the electron and the scattered photon, which manifests as a

continuous energy distribution. From energy and momentum conservation the energy

of the scattered photon is

hν =
hν0

1 + hν0/m0c2(1 − cosθ)
. (15)

Where m0c
2 (= 0.511 MeV) is the rest mass energy of the electron and θ is the angle

between the plane of the incident photon and scattered photon. The kinetic energy of

the electron represents the energy difference between the incident photon and scattered

photon and is given by

Ee = hν0 − hν = hν0

(

(hν0/m0c
2)(1 − cosθ)

1 + hν0/m0c2(1 − cosθ)

)

. (16)

From the above equation it is clear that the energy of the electron is θ dependent. When

the value of θ = 0o then, we have hν0 = hν and in this situation, no energy transferred

to the electron. Further, if θ = π the amount of energy transferred to the electron

is maximum and the incident photon is back scattered. The maximum energy of this

electron is known as “Compton edge”. The energy of the back scattered γ-photon is

given by

hν(θ = π) =

(

hν0

1 + 2hν0/m0c2

)

. (17)

So from the above equation we see that the energy of the back scattered photon is

minimum at θ = π. If hν0 = 1 MeV then the energy of the back scattered photon is

∼ 200 keV , and hence the energy deposited in the detector is around 800 keV. Thus

even at the “Compton edge” (which corresponds to the maximum energy deposited

following a Compton interaction) the energy does not correspond to the full-energy of

the incident radiation. As all scattering angles between θ = 0o to θ = π are allowed

and as a consequence the energy spectrum following Compton scattering is continuous

distribution. The Compton scattering cross-section is independent of the atomic
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FIG. 9: Schematic diagram for the Compton scattering process is shown in the upper panel and

its corresponding energy spectra (for Eγ = 1 MeV), simulated using the GEANT4 toolkit, with

Compton interaction as the only permissible interaction is shown in the lower panel.

number of the material of the medium and has an approximate constant cross section

at energies of interest (Eγ ≤ 4 MeV). Thus, this process is the most dominant process

at photon energies of our interest.

2.2.C. Pair Production

When the incident energy (Eγ) of the electro-magnetic radiation is ≥ 1.02 MeV

(twice the rest mass energy of electron or positron) then it may interact via pair-
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FIG. 10: Schematic diagram for the pair production process is depicted in the upper panel and

the energy deposited in the detector (for Eγ = 5 MeV), following the pair-production interaction

(using GEANT4 simulation toolkit) is illustrated in the lower panel.

production. For this process the presence of an atomic nucleus is essential, to ensure

conservation of both the energy and momentum. In this interaction, the energy of the

incident radiation is used to create an electron and positron pair. The excess energy

is imparted as their kinetic energy. The annihilation of the positron results in the

formation of two γ-rays each with Eγ = 511 keV. If one of the annihilated photon

escapes from the detector, then we observe a peak at Eγ - 511 keV and this termed as

“single escape peak”. If the both the annihilated photons escape out of the detector

then the resultant peak is observed at Eγ - 1.02 MeV and is termed as double escape

peak. However, it is observed that this interaction is of relevance only at Eγ ≥ 4 MeV
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FIG. 11: Representative energy deposition within the detector for an incident photon with Eγ

= 5 MeV (using GEANT4 simulation toolkit).

and the pair production cross section is proportional to Z2 (atomic number). Hence,

following this interaction, the energy deposited in the detector would correspond to

Eγ − 1.022 MeV, as depicted in Fig. 10.

The interaction of the incident γ-ray with the detector material, finally culminates

in the observation of the energy spectrum presented in Fig. 11. As is evident from

the figure, we observe, the characteristics full-energy, and escape peaks along with

their corresponding Compton Edge. Thus the interaction of the radiation results in a

transfer of energy from the incident radiation to the detector material. This is then

converted into a proportional electrical signal, which encodes the signature(s) of the

incident radiation. Hence, a radiation detector, is a “transducer”, which converts the

incident radiation into an equivalent and measurable electrical signal.

2.3 Radiation Detectors

The γ-rays are detected by using different types of radiation detectors such as

semiconductor and scintillator detectors. These detectors have different working

principles. Scintillator detectors [29] consists of scintillating material which is op-
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tically coupled to a photomultiplier tube (PMT). The interaction of radiation with

the scintillating material, results in the excitation the atoms or molecules of the

scintillator, whose subsequent de-excitation causes light to be emitted. This light

output is incident on a photo cathode, which results in the emission of electrons. The

photo-multiplier tube, results in the multiplication of electrons, which forms the final

electrical signal pulse. The semiconductor detector is a fully depleted reverse biased

diode, which ensures that the production of electron-hole pairs as the information

carriers for the incident radiation, occurs only in the presence of the radiation. Since

the depletion zone has to extend to the entire active volume of the detector, and

a large volume Ge crystal (typically volume of ∼ 100 cc) is required for efficient

detection of γ-rays with Eγ ∼ 1 MeV, we have to apply a substantial higher reverse

bias voltage to achieve a fully depleted detector. This requires the level of impurities

in the Ge crystal to be extremely low (better than 1 part in 1012) and hence the

name Hyper Pure Germanium (HPGe). Fabrication of a large volume crystal of hy-

per pure germanium till date remains a technological challenge, though not a limitation.

Ideally in case of mono energetic γ radiation fixed number of information carriers

are expected to be created, so the pulse height spectrum (generated following the

processing of the electronic pulse from the detector) should be represented by a delta

function. Since the interaction of radiation with matter is purely statistical process,

and no two interactions are expected to result in an identical energy deposition in

the detector, the corresponding pulse amplitudes (assuming a full-energy deposition

in the detector) would exhibit a fluctuation around the mean value. The energy

spectrum could be represented by the conventional Gaussian distribution, which would

be centered around the full-energy (photo-peak) value and the Full Width at Half

Maximum (fwhm) would correspond to the energy resolution at that energy.

A few important / crucial operating parameters for the radiation detectors are briefly

discussed below. These are :
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2.3.A. Energy Resolution

The energy resolution (R) of a detector quantifies it’s ability to resolve closely lying

γ radiations. The resolution of the detector depends critically on the “W” value of

the material, which is the minimum energy required to produce one pair of information

carrier, subsequent to the energy transfer from the radiation. For scintillator detector

the “W” value is ∼ 10′s of eV whereas for semiconductor detector it is ∼ 1 eV. So the

resulting number of information carriers per unit of incident energy for semiconductor

detectors far exceeds the corresponding number for a scintillator detector. This results in

an considerably superior energy resolution for semiconductor (HPGe) detectors. Typical

energy resolution of a scintillator detector (NaI) is ∼ 40 − 60 keV at 662 keV and the

value for HPGe detector, which is traditionally reported at Eγ = 1 MeV, is ∼ 2 keV .

Hence HPGe detectors are the preferred choice in high resolution γ-ray spectroscopic

investigations. Energies closer than the energy resolution cannot be identified and hence

this parameter is one of the most crucial operational parameters for a radiation detector.

A convenient way of quantifying the energy resolution, is Full Width at Half Maximum,

which is given by

FWHM = 2.335σ. (18)

where σ is the standard deviation for a Gaussian distribution. The FWHM originates

due to the statistical fluctuation in the information carriers generated, and also has a

contribution from the noise in the detector and pre-amplifier. It also exhibits a
√

E

dependence on the incident energy, and hence the energy resolution deteriorates with

an increase in the incident energy.

2.3.B. Efficiency

The efficiency of a detector is its ability to detect radiation, and is usually quantified

in terms of the absolute full-energy (photo-peak) efficiency and the intrinsic efficiency.

The absolute full-energy efficiency is defined as :

ǫabs =
Total no of recorded full − energy peak events

Total no of events emitted isotropically by the source
. (19)
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This is a function of the detector geometry and the probability of an interaction with

in the detector. The intrinsic efficiency is defined as

ǫint =
Total no of recorded full − energy peak events

Total no of events incident on the detector
. (20)

This is dependent on the interaction cross-section for the incident radiation on the

detector material and it is independent of detector geometry. The intrinsic and absolute

full-energy peak efficiency are related as,

ǫint = ǫabs
4π

Ω
. (21)

Where Ω is the solid angle subtended by the detector at the source position. In our

present case a point source is located along the axis of a circular cylindrical detector

and in this case the solid angle (after some simplification) is defined by the equation

below,

Ω = 2π

(

1 − d√
d2 + a2

)

. (22)

Where the source and detector are at a distance d apart and the radius of the detector

is a. The value of the absolute full-energy peak peak efficiency of a single crystal HPGe

(dimension of ∼ 51 × 71 mm), which have been used in the Gamma Detector Arrays

such as the GDA at IUAC, New Delhi, is ∼ 2.89× 10−4 when the 60Co source is placed

at a distance of ∼ 25 cm from the front face of the detector.

The efficiency of the detector is directly proportional to the detector size, since a

larger detector under identical conditions subtends a larger solid angle at the target

position. Hence, it is desirable to construct a larger sized detector which would cor-

respondingly increase the detection efficiency. Difficulties will arise in increasing the

detector volume (size) as discussed in below,

1. It is not easy to grow a Hyper Pure Germanium Crystal of the desired dimensions.

However this technological difficulty has been over come as of now, and as such

is not a major stumbling block.

2. The increase in the detector size, results in a substantial increase in the detector

opening angle subtended at the target. This results in a considerable degradation
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of the energy resolution of the detector which is, referred to as Doppler broaden-

ing. We know that

Eγ ∝ cosθ

∆Eγ ∝ sinθ
(23)

For a single crystal detector, to achieve a relative full-energy peak efficiency

of ∼ 125% (with respect to a 3
′′ × 3

′′
NaI(Tl) scintillator) for Eγ = 1 MeV,

the cylindrical detector would have a dimension of ∼ 10cm × 70mm. For the

routinely encountered experimental situation wherein the detector is placed at

an approximate distance of 25 cm, from the target, this large volume detector

would subtend an opening angle of ± 7o. If the recoils are moving with a velocity

which equals 3% of c (β = v/c = 3%), then, due to the Doppler broadening,

the Eγ = 1 MeV, would have an energy spread of about 8 keV shown in Fig. 12

this will result in a substantial deterioration of the energy resolution. Composite

detectors which are configured using granular (smaller sized) detectors within the

same cryostat ensures a relatively smaller opening angle, with a corresponding

decrease in the degradation of the energy resolution. The increase in the detector

size also results in a substantial degradation in the timing properties. In a

large volume detector, the charge collection time, as expected is more compared

to single crystal detector, which affects the timing properties of such large

volume detectors. Further, if the charges are produced in a region of weaker

/ non-uniform electric field, then the collection times for these is substantially

higher than the rest of the charges, often resulting in an insufficient charge

collection, from such events. This further affects the timing performance, an

important operational characteristics in a coincidence measurement. Therefore,

the use of a single large volume detector is ruled out.

2.3.C. Clover Detector

Composite detectors provide an attractive alternative to circumvent this problem

viz. to have a detector with higher detection efficiency, maintaining the excellent energy
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FIG. 12: Energy spread observed in a large volume single crystal detector due to the large

opening angle subtended at the target.

and timing resolution. These detectors are composed of smaller single-crystals, housed

in a common cryostat. Since the crystals are physically separated, they present a

much smaller opening angle and hence reduce the Doppler broadening effect. Compton

scattering being the most dominant interaction at energies of relevance, the partial

γ-ray energy deposited within the individual crystals, due to Compton scattering,

could then be summed up appropriately, if they are time correlated, to recover the

full-energy of the incident γ radiation. Thus the crystals together provide a very large

“effective” volume, without any increase in the detector opening angle, and thereby

increasing the total detection efficiency. The smaller sized individual crystals do

prevent any deterioration in the timing properties. However, the major advantage of

the Clover detector is that the it allows us to perform linear polarization measurements

(which are discussed in details in the subsequent chapters) to uniquely obtain the

information on the electro-magnetic nature of the transition. Hence, the Clover detector
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FIG. 13: Geometrical arrangement of the crystals in a Clover detector.

forms the main workhorse for most of the present day gamma detection systems [30–32].

Since, the Clover detector has been extensively used in the present endeavors, it

is of interest to simulate it’s performance and understand it’s operational parameters.

The characteristics of the Clover detector viz. the add-back factor, efficiency to name

a few have been experimentally established [31–34]. As a part of the present thesis, an

attempt was made to simulate these using the GEANT4 [35] toolkit. These simulations

are expected to corroborate the experimental observables, besides helps us in energy

domains which are inaccessible using conventional radio-active sources. The Clover

detector has a complex geometry for the individual single crystals. For example, the

bevels at the front edge generate a semi-elliptical surface. The other two sides of each

crystals are mostly flat to allow for a close packing of the adjacent crystals. Thus, the

front face of the crystal has a quasi-square shape while its rear face is quasi-circular in

shape.

In the present simulations, the complex geometry and shape of the crystals, was

successfully reproduced using a simplistic geometrical approximation. The shape was

arrived at through a Boolean operation of a box, trapezoid and a cylinder, so as to

conserve the volume at ∼ 118 cc (the actual volume of the individual crystal) as

presented in (Fig. 13). The crystals, were housed in an Al casing of thickness of 1.5

mm, and the front face of the crystals was positioned at a distance of ≈ 4 mm inside

the casing. The inter crystal spacing was ≈ 4 − 5 mm, with the source to detector

(front face) distance of 25 cm.
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FIG. 14: Variation of the add-back factor as a function of the incident γ-ray energy. The line

connecting the points is drawn to guide the eye.

In the add-back mode, the summation of time correlated Compton scattered events

results in the recovery of full-energy information. Hence in this mode, we observe an

increase in the number of full-energy events in comparison with a single crystal, where

such events contribute to the Compton background. This enhancement in the detection

efficiency is quantified using the parameter, “add-back factor” (F ), which, for a given

energy, is defined as

F =
full − energy − peak − counts in add − back mode

4
∑

i=1
full − energy − peak − counts in crystal(i)

. (24)

The add-back factor F , has been experimentally determined up to ∼ 12 MeV [31–

34, 36]. The comparison of the experimental and simulated add-back factor as a

function of Eγ is presented in Fig. 14, which indicates an excellent conformity between

the two. The points with error bar denotes the experimental values are taken from

Ref.[31, 32].

The F factor, for Eγ = 1332 keV, is measured to be be typically 1.56 ± 0.03 [34] and

the simulated value has been found to be 1.51, which represents a reasonable agreement.

The F -factor is typically ∼ 1.15 upto Eγ = 275 keV. This indicates that there is no

additional gain in the full-energy efficiency of the Clover, in the add-back mode, at

these energies, beyond what is obtained from the simple summation of the individual

crystal information. This is because at low energies, the photoelectric absorption is
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the dominant interaction compared to the Compton scattering, hence most of the low

energy γ-rays deposit their full-energy within a single crystal, with a minimal scattering

into the neighbouring crystal. Above 250 keV, the F -factor varies linearly with Eγ up

to ∼ 4 MeV, beyond which there is a sharp increase in the F -factor up to about 12

MeV. The initial linear increase in this factor with energy (250 keV ≤ Eγ ≤ 4000 keV )

may be attributed to the significant contribution from the Compton scattering which is

expected to be the dominant mode of interaction at these energies. At Eγ = 1000 keV,

for Ge the attenuation coefficients for photoelectric and Compton processes are 0.0007

cm2/g and 0.0565 cm2/g respectively indicating the expected dominance of Compton

interaction in this energy regime. Above Eγ = 4 MeV, the pair-production, which may

also represent partial energy deposition in multiple crystals of a Clover detector, is

expected to contribute significantly. At Eγ = 5.0 MeV, for Ge the attenuation coeffi-

cients for photoelectric, Compton and pair-production processes are 5.52×10−5 cm2/g,

0.022 cm2/g and 0.0095 cm2/g respectively. A synergy between these two processes

viz. Compton and pair-production, with the contribution from Compton scattering

having a nearly constant energy response, results in an appreciable gain in the

add-back mode of the Clover for Eγ ≥ 4 MeV. At Eγ = 20 MeV, the predicted F fac-

tor is 4.1, which is supported by the measurement of M. Lipoglavšek and co-workers [30].

Hence, the reasonable agreement between the predicted and experimental F factor

as a function of Eγ presents a yard-stick for the modeled shape and the simulation

philosophy. It is expected that these endeavors would help us comprehend the

operational features of these composite detectors and help in our future (subsequent)

array design.

2.4 Compton Suppression

We know that Compton scattering dominates at energies of relevance. This inter-

action results in a partial energy deposition in the germanium crystal, thus generating

a Compton tail in the recorded energy spectrum. If one were to use a composite

detector, some of the Compton scattered events are recovered in the add-back mode,
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to yield the full-energy information. A further reduction in the Compton background

is obtained if one were to place a Compton suppression shield (also referred to as

Anti Compton Shield (ACS)) around the Clover detector, and demanding an anti

coincidence between the primary HPGe signal and the Compton shield, (HPGe.ACS).

It is worth mentioning that while the Compton suppression procedure rejects the

Compton scattered events, that are not recorded in the data, whereas the add-back

technique reconstructs such events into the full-energy information.

During the simulations, the Anti Compton Shield was modeled by using a Boolean

operation with a box and a trapezoid. The simulations did not include the scintillation

and photo-multiplication process, which do not contribute critically to the Compton

suppression. Hence the simulations are expected to be in qualitative agreement with

the experimental observations, which indeed is the case. In Fig. 15 the experimental

spectra for a Compton suppressed Clover is compared with the simulations for (a)

single crystal (b) sum mode (time uncorrelated) (c) add-back mode (time correlated),

and the agreement between the two is reasonable. The simulated P/T ratio for single

crystal (Compton suppressed Clover) was obtained as 0.23 and in the add-back mode

it was 0.45, which are in agreement with the reported experimental results of 0.22

and 0.44 respectively. As seen from Fig. 15, the add-back results in the recovery of

the partial energy events originating from multiple Compton scattering into the total

(photo-peak) energy. The two “rabbit-ears”, corresponding to the Compton edge for

the 1173 keV and 1332 keV are distinctly visible in the “add-back” spectrum (Fig. 15).

Thus the Compton suppression helps us reduce the background, which in turn helps

us detect weak full-energy events, which otherwise would have been buried under the

Compton continuum.

Thus a Compton suppressed Clover detector forms the integral part of a modern

high efficiency gamma detection system. Since we have to preserve the genetic

relationship between the de-exciting γ-rays, we require an array of detectors, to record

the sequential decay path of the de-exciting nucleus, the detailed philosophy followed

is presented in the subsequent chapters.

The Indian National Gamma Array (INGA) [37, 38] comprises of a large number
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FIG. 15: Comparison of the simulated (depicted in red) and experimental (depicted in black)

spectra using 60Co source in single crystal, add (time unco-related summation) “add-back” (time

co-related summation of events) mode. The source to detector distance is 25 cm.

(15-18) of Compton suppressed Clover detectors and the experimental investigations in

the present thesis have been undertaken using this state of the art facility.

2.5 The Indian National Gamma Array

The Indian National Gamma Array (INGA) set up (shown in Fig. 16) for use

in the Indian accelerators and has been successfully used for over a decade. INGA

resulted from a collaboration of the University Grants Commission - Department of

Atomic Energy, Consortium for Scientific Research, Kolkata Centre, Tata Institute of

Fundamental Research, Inter University Accelerator Centre, Bhabha Atomic Research

Centre, Saha Institute of Nuclear Physics, Variable Energy Cyclotron Centre and

several Universities across the country. The Indian National Gamma Array consists

of large number of Compton suppressed Clover detectors. The Clover detectors are

placed at different angles with respect to the beam direction and thus allow us to

record the angular anisotropy of the γ-rays which helps in the assignment of the

dominant multipolarity of the de-exciting γ-ray, as well as in the extraction of the level

lifetimes. Whereas, the Clover detectors at 90o are useful for the linear polarization mea-
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FIG. 16: Pictorial view of Indian National Gamma Array (INGA) at IUAC New Delhi (upper

panel) and TIFR, Mumbai (lower panel).
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surements, which yield unique information on the electro-magnetic nature of the γ-rays.

The first experiment for the present thesis work was undertaken using the

18O(16O,xnypzα) reaction. The 16O beam at an incident energy of 34 MeV was

delivered by the 15UD Pelletron at the Inter University Accelerator Centre (IUAC),

New Delhi. The target to detector distance was ∼ 25 cm. At the time of the

experiment, the array comprised of 18 Compton suppressed Clover detectors. Three

of these detectors were placed at θ = 32o, four were at θ = 57o, five were at θ = 90o,

three were at θ = 123o and three were at θ = 148o with respect to the beam direction.

The expected total full-energy peak detection efficiency for this configuration was ∼ 5%.

The second experiment for the present thesis work was undertaken at the BARC-

TIFR Pelletron Linac facility at Mumbai. The reaction used was 18O(13C,xnypzα)

at an incident beam energy of 30 MeV. At the time of the experiment, the array

comprised of 15 Compton suppressed Clover detectors. Three of these detectors were

placed at θ = 40o, two were at θ = 65o, four were at θ = 90o, two were at θ = 115o,

two were at θ = 140o and two were at θ = 157o with respect to the beam direction.

The expected total full-energy peak detection efficiency for this configuration was ∼ 4%.

The list-mode data, an event by event information was recorded online, which was

then subjected to a detailed offline analysis (as detailed in the subsequent chapters)

to develop the level scheme of the nucleus of interest, which established the detailed

decay sequence / pathway of the excited residual nucleus to it’s ground state.
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Chapter - 3

Data Reduction and Analysis

In this chapter we shall attempt to discuss briefly, some of the experimental details,

such as the schematic of the electronics set up to acquire the γ−γ coincidence data. The

details of data analysis tools and techniques for example calibration and gain matching

would also be presented. The sorting of the coincidence information into the Eγ − Eγ

matrices (symmetric and antisymmetric) and their application in the subsequent data

analysis is also outlined. The theoretical aspects underlining the measurements such

as angular distribution, polarization and lifetime measurements are also briefly touched

upon.

3.1 Electronics for γ − γ Coincidence

A rapidly rotating residual nucleus is populated following fusion evaporation

reaction, which de-excites by emission of a cascade of discrete γ-ray transitions, that is

atleast two or more γ-ray transitions are in coincidence with in very small interval of

time, assuming the absence of any long lived isomeric state (τ ∼ 100′s of ns), between

them. This de-excitation pattern (decay sequence) encodes the finger print(s) for the

response of the nucleons (nucleus) to the imposed stimulus of angular momentum

and reveals the interaction between the constituent nucleons. Hence, it is crucial

that we faithfully reconstruct this decay sequence from the recorded data, an exercise

which is analogous to the solution to a conventional cross-word puzzle. Just as in

a cross-word puzzle two clues are required to arrive at an unambiguous solution, we

require that atleast two γ-rays are observed in prompt coincidence (within say 200

ns) to reconstruct the decay-sequence. This coincidence condition, referred to as the

Master Gate is usually set in the hardware during the implementation of the pulse

processing electronics along with the data acquisition system. A signal corresponding to

HPGe.ACS is generated from each Compton suppressed Clover, which indicates that

the energy deposited in the Clover detector does not originate from a Compton event.
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This signal being a conventional NIM signal has an amplitude of about 50 mV, with

a pulse duration of around 200 - 300 ns. These signals from the individual detectors

are then used as inputs to an analog adder circuit, whose output is proportional to

the number of Compton suppressed Clovers which have non-zero data (this is also

referred to as Clover Multiplicity). For example if two detectors have recorded data,

then the output of this module would be ∼ 100 mV, whereas in case of a triple

coincidence, the value would be ∼ 150 mV. This analog sum is the used as the input to

a discriminator, whose threshold can be adjusted to obtain an output when the desired

Clover Multiplicity is achieved [37]. For example, if we desire a two-fold coincidence

between the Clovers, then the threshold is set at ∼ 75 mV, resulting in an output when

we have atleast two Clovers firing simultaneously. The schematic representation of this

pulse processing philosophy using the conventional analog electronics is presented in

Fig 17. This output then is used to generate a Master Gate, the signal which validates

that the given event has satisfied the experimental conditions, and we can record or

store these non-zero energies. We also record the individual Clover timings with respect

to some reference, which is usually the Master Gate. The data acquisition for one

of the experiments was configured using CAMAC systems as the interface standard.

The electronics consisted of the indegeniously developed Clover module at IUAC, New

Delhi Ref.[37].

Thus the aim of the pulse processing methodology, is to extract the information

regarding the energy of the detected γ-ray, its arrival time with respect to a reference,

to name a few. We would also like to suppress unwanted events, ie. events which

do not qualify our experimental requirements such as Compton scattered events, low

multiplicity events, such as singles, etc. and then to compress information from valid

events in a compact format, which saves both disk space and pre-sorting time, this

was achieved using a combination of the conventional NIM analog electronics for pulse

processing and CAMAC or VME as the interface standards for the data acquisition.

Recently, digital pulse processing has made it possible to replace the afore detailed

philosophy implemented using discrete analog electronics, with an equivalent and

efficient processing in the digital domain. This is referred to as Digital Pulse Processing

(DPP), which is a signal processing technique wherein the preamplifier pulse (output)
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FIG. 17: Block diagram for Compton suppressed Clover Clover coincidence circuit.

from the detector is directly digitized using fast ADC, which are economically available.

This digitized signal, is then subjected to digital filters to achieve all fast (timing)

and slow (energy) channel operations, using either algorithms implemented within the

programmable hardware, or later using offline processing software. Besides making

the system highly compact the DPP has several advantages such as a faster system

response time, ie a significant lower dead-time, which increases the throughput, the

ability to upgrade the system software to handle pulses from various detectors, thereby

achieving an almost detector independent hardware.

Recently, for the INGA campaign at TIFR, Mumbai, a DSP based pulse processing

and DAQ, from M/s XIA, referred to as PIXE-16 was used [38]. One single Pixie - 16

card (which is housed in a VXI crate) has a provision to accept 16 preamplifier pulses

and hence could handle 4 Clovers within the same card. Since the energy and timing

information is derived from the same signal, we do not require two pre-amplifier output

signals from each clover. The preamplifier signal is digitized with a 12 bit 100 MHz
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Flash Analog to Digital Converter (FADC). When the digitized data stream enters the

signal processing unit where it is shaped accordingly, to obtain the energy and timing

information. The signal from the Anti-Compton Shield was input as a veto after a

preliminary processing it through conventional NIM electronics. This signal is then

converted using a LVDS converter. Time stamped data which satisfied the given user

defined criteria was then stored for subsequent analysis. Since the number of Clovers

used in the experiment was around 20, the data was acquired using 5 PIXE-16 cards,

and hence the event was constructed using the data from the various cards, which was

time merged, and then subjected to the conventional analysis using the MARCOS [39]

programe.

The online data which is archived for analysis typically has the following format

1. File Header

2. Event ID, Parameter-Id, Energy, Time; Parameter-Id, Energy, Time;...

3. Event ID, Parameter-Id, Energy, Time; Parameter-Id, Energy, Time;...

4. ...

5. EOF

where the Parameter-Id encodes the detector identity, followed by the corresponding

energy and time information. It is assumed that the data from these detectors satisfy

the experimental pre-requisite such as the desired detector multiplicity. If an excited

nucleus, which is populated in a typical heavy-ion fusion experiment, were to decay to

it’s ground state, by following the sequence, presented in Fig. 18, then, it would emit

the following sequence of γ-rays :

1. γ8, γ6, γ5, γ2

2. γ8, γ6, γ7

Hence γ7 and γ5 or γ2 would never be in coincidence. The aim of any in-beam

gamma-ray spectroscopic investigation is to develop this level scheme, from the observed

coincidence relation between the de-exciting γ-rays. Due to the limitation on the number
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FIG. 18: A hypothetical decay scheme of a nucleus.

of detectors that can be physically housed in the array, which in turn constrains the solid

angle covered by the detectors, it is not possible to detect all these emitted coincidence

γ-rays. If we have about 20 detectors in the array, at a distance of about 25 cm from the

target, which approximately corresponds to about a 4 − 5% coverage of the total solid

angle, we typically would detect atleast two of the coincidence partners. Accordingly,

our Master Gate (valid event) is configured to accept atleast two detectors which are

in prompt coincidence (typically within 100 - 200 ns). We then would have a data set

which generally corresponds to the following events,

1. Event − 1, γ8, γ6

2. Event − 2, γ8, γ7

3. Event − 3, γ8, γ5, γ6

4. Event − 4, γ8, γ2

5. Event − 5, γ6, γ7

6. Event − 6, γ6, γ5
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7. Event − 7, γ6, γ2

8. Event − 8, γ5, γ2

9. ...

It is to be noted that the above does not represent the exact structure of the recorded

event by event coincidence data (and is a purely generic representation of the recorded

info), which is eventually sorted (stored) into a EN
γ histogram as detailed in the

subsequent section. A detailed analysis of this data set, is aimed to extract the

observed genetic (sequential) relationships between the de-exciting γ-transitions and

this information is then amalgamated with the intensity arguments. The level scheme,

is thus developed following a rigorous and meticulous analysis of the recorded γ − γ

coincidence information.

3.2 Analysis of Gamma Gamma Coincidence

Data set

The signal from the detector, following the detailed pulse processing, is used as the

input to the ADC (Analog to Digital Converter), which digitizes the information for

subsequent storage. The information from the ADC is purely in terms of a channel

number, which is related to the energy of the observed γ-ray. The process of energy

calibration establishes this relationship between the recorded ADC channel and the

corresponding Eγ , using radio-active sources (152Eu, 133Ba). However, these sources

span an energy range from ∼ 80 keV to ∼ 1408 keV only. If one were to observe high

energy γ-rays, then we have have to incorporate the beam-off radioactivity data which

usually contains a few higher energy (Eγ ≥ 2 MeV at A ∼ 30 region) transitions as

calibration points. The Energy (Eγ) - Channel (x) relation is usually parametrized as

Eγ = a0 + a1x + a2x
2 + a3x

3 + a4x
4 + a5

√
x. (25)

Where x3 term is of relevance at high energy (≥ 1.5 MeV) and
√

x term is crucial

at low energies (≤ 200 keV) [40, 41]. Thus using the constants, known as calibration
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constants, we have mapped the ADC channel numbers to their corresponding energies.

Once the data has been calibrated, the next process known as gain matching, which

ensures that the data obtained from each detector has a constant energy dispersion,

thereby eliminating the detector dependence on the data. The gain matching process

can be mathematically represented using the equation

xgm =
1

epc
× (a0 + a1x + a2x

2 + a3x
3 + a4x

4 + a5

√
x). (26)

FIG. 19: Corresponds to the spectra (a) before gain matching and (b) after gain matching.

Where Eγ is the energy corresponding to the ADC channel x, “epc” corresponds

to the energy per channel and xgm represents the gain matched channel. The results

of this procedure, for a 1 keV/channel gain matching (eg for Eγ = 121 keV, where

the peak centroid would correspond to channel number 121), are presented in Fig. 19.

As seen from the figure, following a painstaking, calibration and gain matching, the

energies from all detectors are aligned (the recorded energy Eγ in all the detectors are,

observed at the same channel number), thereby ensuring that the data is now detector

independent.
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3.2.A. Development of Level Scheme

The primary requisite to develop the level scheme is to ensure that we detect atleast

two γ-rays which are in coincidence (within a time window of 100 - 200 ns), during the

de-excitation, of the rapidly rotating nucleus to its ground state, thereby preserving the

correlation between them. Such correlations can be conveniently, investigated in detail,

if one were to store the coincidence information, say a two parameter coincidence

information, in a 2D histogram, which stores the number of events corresponding to a

particular combination of the two recorded energy values. Hence, in a Eγ − Eγ matrix

each element M(i, j) contains the number of recorded coincidences between Eγi
and

Eγj
Ref.[42]. If the two dimensional array is formed without any pre-condition on the

detector (such as angle of the detector) where the axes do not correspond to specific

detectors then it is termed as “symmetric matrix”. Suppose, the decay sequence is

such that we have the following cascade Eγi
→ Eγj

, results in two coincident γ-rays

Eγi
& Eγj

and the detection of this sequence would increment the contents of the loca-

tion having address (i, j) in the histogram (M(i, j) = M(i, j)+1)). However, it is quite

possible that the same event is recorded as Eγj
& Eγi

, then this event would increment

the contents of the (j, i) cell in the 2D histogram. Thus the contents of the (i, j) and

(j, i) cells in the matrix correspond to the same decay sequence (event). Hence, such

matrices, need to be symmetrized before analysis, i.e, M(i, j) = M(i, j)+M(j, i), thus,

in practice we usually store the symmetrized or folded matrices for detailed analysis.

The level sequence presented in Fig 18 would result in the 2D histogram shown in

the upper panel of Fig 20. As seen from the figure the cells corresponding to the

γ-rays which are not in coincidence, do not record any data. This histogram is best

viewed or analyzed using 1D spectra, i.e, we project this information along one axis

say X-axis, (shown in the middle panel of Fig 20), which is identical to the Y-axis,

under the constraints of two limits on the other axis. This exercise, reveals the energy

of the gamma-rays which are in coincidence with the gamma-ray specified by the

limits. The limits are referred to as “gate”, and the spectrum obtained is termed as

“gated spectrum” (shown in the bottom panel of Fig 20). This procedure establishes

the genetic relationship between the gamma-rays, and helps us in constructing the

level sequence. The exact ordering of the γ-rays are based on intensity considerations.
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FIG. 20: The upper panel corresponds to the schematic representation of the two dimensional

matrix (based on the level scheme shown in Fig 18) and using this matrix we construct the level

scheme that we have discussed in the text. The middle panel corresponds to the x projection

spectra of the above matrix. The lower panel corresponds to the 200 keV gated spectrum.

When gated on a particular transition all transitions above it, have their intensities

in decreasing order, whereas the transitions below it have nearly the same intensity.

However, the intensities are calculated after incorporating the efficiency corrections as

described in details by R. Chakrabarti et. al [43].
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It is often required, to analyze the coincidence information, between a certain set of

detectors, for example we may require to look at the coincidences between detectors

at 900 and 1320 (where the angles are defined with respect to the beam-direction).

These matrices which correspond to non-identical detectors along the individual axes

are known as “asymmetric matrices” and are primarily of relevance in establishing the

spin-parity and the level lifetime of the level.

The dimension (channels) of the 2D histogram is typically 4096×4096. If the matrix

memory allocation is either 2 or 4 bytes per channel then the memory requirement

is 4096 × 4096 × 2 (or4) = 32 MBytes or 64 MBytes ([44, 45]). Usually the software

gain matching is typically 0.5 keV/channel then using 4096 channels, we shall observe

gamma-rays with Eγ ≤ 2 MeV. If we expect to observe, high energy gamma-rays

(routinely observed in the light mass nuclei) we have to use an energy dispersion of 1.0

keV/channel so as to cover an energy range upto 4 MeV.

Thus the 2D histograms both symmetric and angle dependent provide an efficient

way to represent the coincidence correlations among the recorded quantities, which

in-turn help us develop the level schemes.

Each event we record could originate from either a photo-peak interaction (Pi), or

background (Bi). Therefore, when we record a coincidence between two events, we

have a combination of (Pi, Bi) ⊗ (Pj , Bj), thus the 2D histogram would contain events

such as (Pi, Pj), (Pi, Bj), (Bi, Pj), (Bi, Bj), of which only the (Pi, Pj) events are of our

interest as they correspond to full-energy coincidences [40, 41].

Several techniques [40, 41] have been devised to estimate the (Pi, Bj), (Bi, Pj),

(Bi, Bj), events which contribute to the observed background in the 2D histograms.

These background subtraction procedures when applied to the raw Eγ − Eγ matrix,

results in the preservation of mostly the photo-peak photo-peak information. Such

a background subtracted data set is then used for the subsequent analysis (shown

in Fig. 21) which is free from spurious / contaminant peaks. As seen from the

Fig. 21 in the background unsubtracted gated spectrum we find peaks originating from
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FIG. 21: The background subtracted gated spectrum (1809 keV (2+ → 0+) transition of 26Mg

nucleus) is shown in the above panel and background unsubtracted gated spectrum is shown in

the lower panel.

contaminants, whereas in the background subtracted gated spectrum we essentially

find peaks pertaining to the nucleus of our interest.

3.2.B. Multipolarity Determination

The mere placement of the transitions in the level sequence does not give us the

complete information on the level sequence. The spin parity assignments of the levels

are essential to have a comprehensive understanding of the level structure. The state

with angular momentum and parity (Ji and πi) decays to a final state characterized

by (Jf and πf ). The angular momentum and parity selection rules for the l th order
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multipole have to be followed for the Ji → Jf transition, viz.

|Jf − Ji| ≤ l ≤ (Jf + Ji) and (27)

∆π = no : even electric, odd magnetic

∆π = yes : odd electric, even magnetic.
(28)

For Ji = Jf = 0, the selection rule demands a l = 0 transition, hence such a radiative

transition will be forbidden as the photon cannot be emitted with zero angular momen-

tum [46]. The states will decay via emission of orbital electron and it is accompanied

with the emission of X-rays. A stretched transition is one in which photon carries the

algebraic difference between the angular momentum of the initial and final state. The

lowest permitted multipoles are usually the most preferred modes of emission. Hence,

if we can determine the change in angular momentum ∆l associated with a particular

transition, then from the knowledge of Ji, the Jf can be assigned (or vice-versa). The

γ-ray emitted during the Ji → Jf de-excitation, would have would have an angular

dependence, which is governed by the associated change in angular momentum, ∆l.

Hence, the transition would have an angle dependent intensity distribution. This

information is used to arrive at the multipolarity assignment for the given transition.

Now let us consider the 1+ → 0+ transition. The initial angular momentum state

Ji = 1+ has three m sub-states (mi = +1, 0, − 1) and the final state has only one such

sub-state (mf = 0). The selection rules allow for transitions connecting all the initial

m sub-states mi = +1, 0, − 1, to the final mf = 0 state. As all the m sub states are

degenerate (under the present circumstances), thus the resulting γ transition would have

an identical energy. Although the transitions have same energy but they possess different

characteristics distribution (Fm
J (θ)) whose value depends on the angle (θ) between the

emitted γ-ray and the Z-axis (whose choice is arbitrary). This distribution function is

essentially obtained by calculating the Poynting vector (energy flow) as a function of θ,

such that

Fm
J (θ) = F−m

J (θ) (29)

∫

Fm
J (θ) = 8π (30)
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In case of dipole transition [47] we have:

F 0
1 (θ) = 3sin2θ (31)

F±1
1 (θ) = 3/2(1 + cos2θ) (32)

Since all the above three components are equally probable, hence the resultant angular

distribution is given by the equation,

W (θ) = 1/3(F 1
1 (θ)) + 1/3(F 0

1 (θ)) + 1/3(F−1
1 (θ)) (33)

W (θ) = 1/3 × 3/2(1 + cos2θ) + 1/3 × 3sin2θ + 1/3 × 3/2(1 + cos2θ) =⇒ W (θ) = 2

(34)

From the above calculations we find that W (θ) is constant, and hence the intensity

would be isotropic. Similarly for quadrupole transition we have,

F 0
2 (θ) = 5/2(6cos2θ − 6cos4θ) (35)

F±1
2 (θ) = 5/2(1 − 3cos2θ + 4cos4θ) (36)

F±2
2 (θ) = 5/2(1 − cos4θ) (37)

W (θ) = 1/5(F 0
2 (θ)) + 1/5(F+1

2 (θ)) + 1/5(F−1
2 (θ)) + 1/5(F+2

2 (θ)) + 1/5(F−2
2 (θ)) (38)

We find that, as in the case of a dipole transition, W (θ) is also constant for quadrupole

transition hence the intensity has no angle dependence. However, if we were to prefer-

entially populate one of the the mi sub-states, say for example the mi = 0 state, for the

Ji = 1+ → Jf = 0+ transition, [47] then

W (θ) = 0 × (F 1
1 (θ)) + 1 × (F 0

1 (θ)) + 0 × (F−1
1 (θ)) (39)

W (θ) = 1 × (F 0
1 (θ)) =⇒ W (θ) ∝ sin2θ (40)

Thus, the resultant intensity depends on the value of sin2θ, it implies that the

intensity has an angular dependence. Similarly, for quadrupole transition if we were

preferentially populate the mi = 0 state, then
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FIG. 22: The intensity distribution for dipole and quadrupole transitions.

W (θ) = 1 × (F 0
2 (θ)) + 0 × (F+1

2 (θ)) + 0 × (F−1
2 (θ)) + 0 × (F+2

2 (θ)) + 0 × (F−2
2 (θ))

W (θ) = 5/2 × (6cos2θ − 6cos4θ) = 5/2 × 6cos2θ(1 − cos2θ) =⇒ W (θ) ∝ cos2θsin2θ

(41)

Thus, the resultant intensity of a quadrupole transition depends on the value of

cos2θsin2θ. In the above calculations, we have ignored the normalization constant

1/8π. Such states, wherein we have a preferential population of m sub-states, are

referred to as oriented states. The gamma-ray emission from such states, would have an

angular anisotropy for the observed intensity, which is dependent on the multipolarity

(l) of the gamma-ray. Hence, dipole and quadrupole transitions originating from

oriented sources, are expected to have a distinct angular anisotropy for the intensity,

ie. Iγ(θ). The angular distribution for a dipole radiation (m = 0) is illustrated in

the upper panel of Fig 22, where as, a quadrupole radiation for (m = 0), is shown

in the bottom panel of Fig 22. As seen from the figures, the intensity of the two

radiation quanta have a distinct angular dependence. Such measurements in turn, help
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us identify the multipolarity of the radiation.

One of the technique to produce such oriented states, is to use heavy-ion induced

fusion evaporation reactions. These reactions preferentially populate mi = 0 states,

since the angular momentum is constrained within a plane perpendicular to the

reaction plane.

The angular distribution (variation of intensity as a function of the angle) [47] for the

γ − γ cascade for Ji → J → Jf , in which both the γ-rays are of multipole order L1 and

L2 respectively and are pure, is conventionally represented by the following equation,

W (θ) = 1 + A22P2(cosθ) + A44P4(cosθ) (42)

Where W (θ) is the γ-ray intensity is measured at angle θ to the beam direction, A22 and

A44 are the angular distribution coefficients and P2(cosθ) and P4(cosθ) are the Legendre

polynomials. The values of the angular distribution co-efficients, for pure multipoles can

be written as

A22 = (F2(L1L1JiJ) ∗ F2(L2L2JfJ)), A44 = (F4(L1L1JiJ) ∗ F4(L2L2JfJ)) (43)

Now, if the transitions are mixed ie., two multipole components l and (l +1) contribute

to each of the γ-transitions, then the contribution of dominant individual component is

quantified by the mixing ratio δ,

δ2(M(l + 1)/E(l)) =
W (M(l + 1))

W (E(l))

δ2(E(l + 1)/M(l)) =
W (E(l + 1))

M(E(l))

(44)

Where δ, W (λl) are the mixing ratio and the transition probability respectively and

F co-efficients (F2,4(LiLjJiJf )) depend on the angular momenta involved in the tran-

sition and have been tabulated in Refs.[48]. The co-efficients for mixed transitions are

expressed as

A22 =
1

1 + δ2
(F2(L1L1JiJ) + 2δF2(L1L

′
1JiJ) + δ2F2(L

′
1L

′
1JiJ))

A44 =
1

1 + δ2
(F4(L1L1JiJ) + 2δF4(L1L

′
1JiJ) + δ2F4(L

′
1L

′
1JiJ))

(45)

Since the nuclei are partially aligned after their formation, to include this effect, we use



51

a multiplicative factor αj , known as the “attenuation co-efficients”, where

A22(cal) = A22α2

A44(cal) = A44α4

(46)

The values of α2,4 coefficients are listed in the Ref.[49]. Efficiency corrected angle de-

pendent intensities are used to obtain angular distribution coefficient. The experimental

mixing ratio can be obtained from the χ2 minimization procedure [50], where the value

of χ2 is defined by the equation,

χ2 =
[A22(expt) − A22(cal)]2

3[∆A22(expt)]2
+

[A44(expt) − A44(cal)]2

3[∆A44(expt)]2
(47)

Where ∆A22,44(expt) are the uncertainties in the experimentally observed angular dis-

tribution coefficients and A22,44(expt) are defined as

A22(expt) =
A22

A00

A44(expt) =
A44

A00

(48)

Angular distribution measurements have been used in the present thesis to deduce the

information on the multipolarity (and the mixing ratio) of the γ-ray, and are presented

in the subsequent chapters. However, the angular distribution measurement, is a singles

measurement, 1 and therefore, such measurement has its inherent limitation. In a

heavy-ion induced fusion evaporation reaction a large number of nuclei are populated, in

addition to a reaction specific characteristic continuum background, making it difficult

to identify the weak transitions of interest in the singles spectrum. As a consequence,

it is very difficult to perform the angular distribution measurement for these transitions.

Since, the fusion reaction preferentially populates m = 0 sub-states, we would

observe an anisotropy in the angle dependent intensity. Hence, if we were to sort the

data observed at two angles, then all transitions which have the same multipolarity

would have a similar angular dependence of their respective intensities.

For example, if we set a gate on a quadrupole (∆J = 2) transition, say Eγ = 2167

keV (2+ → 0+) [23] transition in 38Ar, and we observe that, the intensity of Eγ = 777

1 A singles measurement corresponds, to recording the data in all the N number of detectors, when
anyone of the detectors has a non-zero data, hence this data set corresponds to an uncorrelated set
of events.
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FIG. 23: Quadrupole gated spectrum black spectra corresponds to the 90◦ and red one corre-

sponds to the spectrum at forward angle (here 32◦). The spectra are displaced with respect to

each other for clarity.

keV is nearly identical at both 90o and 32o (shown in Fig 23), which indicates that

this transition also involves a ∆J = 2, change in angular momentum. Indeed, this

transition is a quadrupole transition, (5− → 3−). However, the intensity of Eγ = 1643

keV transition, differs by almost a factor of two (from Fig 23), at the two angles.

This implies that this transition is a dipole in nature, and indeed it is so ((3− → 2+)).

Thus this procedure merely identifies the change in angular momentum, ∆J and is

not sensitive to the electromagnetic nature of the transition. Thus M1 and E1 would

exhibit to a similar angular intensity pattern.

This angular intensity anisotropy which is referred to as RDCO (directional correla-

tion from oriented nuclei) is extracted from the angle dependent γ − γ matrices, where

one axis contains the energy recorded in detectors placed at an angle θ1 (with respect

to beam axis) and the other axis corresponds to the coincident energy recorded in the
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detectors placed at an angle (θ2). Then the RDCO is defined as :

RDCO =
Iγ2
θ1

[Gateγ1
θ2

]

Iγ2
θ2

[Gateγ1
θ1

]
. (49)

Where, for example, Iγ2
θ2

[Gateγ1
θ1

] represents the intensity of transition γ2 as recorded in

detectors at the angle θ2, when energy gate is set on γ1 in detectors at θ1, and vice-versa

for Iγ2
θ1

[Gateγ1
θ2

]. Assuming, the commonly encountered stretched transitions 2, and if

we know the multipolarity of the gated transition then :

1. If the value of RDCO ∼ 1 then the observed transition has a similar multipolarity

as the gated transition.

2. If the value of RDCO is ∼ 0.5 or ∼ 2 then observed and gating transition have

opposite multipolarity .

The above described technique, demands that the gate to be set on a detector at an

angle (forward or backward w.r.t the beam direction). This technique has one limitation,

if the observed transition exhibits a Doppler shape (which originates when the stopping

time of the recoils is ∼ or greater than the level lifetime, due to which the emission

occurs in flight). It is not possible to properly set gate on γ-rays with shapes at forward

and or backward angle, since the gates would then be quite wide, which in turn would

introduce considerable contaminants in the gated spectrum. Besides, it is not easy to

precisely determine the gating limits for such transitions. In view of these difficulties,

it is not possible to set gates on the transitions at angles other than 90◦, to extract the

RDCO value. To circumvent this problem we define a parameter known as Anisotropy

Ratio [9],

Ranisotropy =
Iγ1 (at θ1 gated by γ2 at 90◦)

Iγ1 (at θ2 gated by γ2 at 90◦)
. (50)

The advantage of this procedure is that the gates are always set on transitions at

detectors placed at 90o, thus avoiding the Doppler shapes. The intensity of the

coincident γ-rays are noted at two different angles other than 90o. This prescription

was followed to obtain the information on the dominant multipolarity of the de-exciting

transition and is detailed in the subsequent chapters.

2 stretched transitions involve the algebraic difference of the initial and final spins
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Thus the coincidence angular anisotropy helps us deduce information on the multi-

polarity of the de-exciting transition.

3.2.C. Linear Polarization Measurements

The use of Clover detectors uniquely facilitates the measurement of linear polariza-

tion of the observed γ-ray transitions which helps in determining the electro-magnetic

nature of the transition. Each crystal of the Clover detector acts as a scatterer and

the adjacent two crystals are the absorbers, along the perpendicular and parallel

direction, with respect to the reaction plane. The distinction between the electric and

magnetic transition can be obtained from the observed asymmetry between the number

of perpendicular and parallel Compton scattered events for a given γ transition. For

example, the 1596 keV (7/2− → 5/2+), transition in 29Si, is predominantly an electric

transition with δ = 0.14 ± 0.04 [28]. Hence, it should have a preferential scattering

along the perpendicular direction (with respect to the reaction plane), which indeed

is observed by us as presented in the Fig 24. Similarly, an magnetic transition is

expected to have a preferential scattering along the parallel direction, which is observed

(in the lower panel in Fig 24) for the 670 keV (4− → 3−) transition in 38Ar nucleus.

The asymmetry between the perpendicular and the parallel scattering is quantified

as,

∆Pol =
aN⊥ − N‖

aN⊥ + N‖
, (51)

where N⊥ and N‖ are the number of photons scattered in the perpendicular and the

parallel direction respectively. The parameter “a” denotes a correction factor due to

the asymmetry in the geometrical response of the Clover segments in the array. It is

measured by using unpolarized γ-ray emission, and the following equation as detailed

in Ref.[51].

a =
N‖

N⊥
. (52)

The value of the asymmetry factor is energy dependent (a(Eγ) = a0 + a1Eγ ) and the

parameters a0 and a1 are determined using radioactive sources and beam-off radioac-

tivity under identical experimental conditions (source position etc.) as the in-beam
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FIG. 24: The intensity variation for electric and magnetic transitions, in the perpendicular and

parallel scattered events. The spectra are displaced with respect to each other for clarity.

measurements. This asymmetry is anticipated to be nearly independent of the γ-ray

energy and hence the expected values of the constant are a0 ∼ 1 and a1 ∼ 1×10−6.

For the present experiment, the typical value of the fitting parameters are, a0 = 1.003

± 0.002 and a1 = 1.0 ± 4.0 ×10−6 (keV )−1. Owing to the very small value of the

a1 coefficient (∼ 10−6) it was not considered in the present work. The value of the

∆Pol is extracted from the two asymmetric γ - γ matrices where the Y-axis contains

the parallel (perpendicular) scattered events in detectors at 90◦ and X-axis contains the

coincident events in all other detectors. Gates are applied on X-axis and counts corre-

sponds to the parallel (N‖) and the perpendicular (N⊥) scattering are obtained from

the resulting spectra. The value of ∆Pol is indicative of the electro-magnetic nature of

the γ-transition. For a pure electric transition ∆Pol is positive while a negative value

of ∆Pol implies a magnetic transition. A near zero value of ∆Pol is suggestive of the

mixed nature for the transition. The polarization asymmetry is related to the degree of
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linear polarization (P ) as

P =
∆Pol

Q(Eγ)
, (53)

where Q(Eγ) [51] is the energy dependent polarization sensitivity,

Q(Eγ) = (CEγ + D)Q0(Eγ) (54)

where,

Q0(Eγ) =
(α + 1)

(α2 + α + 1)
, (55)

with,

α =
Eγ(MeV )

0.511
, (56)

The theoretical value of polarization (P (θ = 90o)) [52] can be expressed as

P (θ = 90o) = ±3A22(cal)H2 − 7.5A44(cal)H4

2 − A22(cal) + 0.75A44(cal)
(57)

Where θ is the angle of emission of the γ-rays from an oriented source with respect to

the orientation axis, and H2,4 are functions that depend on the initial and final spins

and the mixing ratio. The A22,44(cal) are the angular distribution coefficients. The

+ (-) sign applies for a transition without (with) change in the parity. The value of

polarization attains a maximum value at θ = 90o. The value of P = ±1 for completely

polarized γ-rays and is 0 for unpolarized γ-rays. For pure transition (M1 or E1) the

value of H2,4 are 1, -1/6 respectively. For a mixed dipole and quadrupole transition the

values of H2,4 are given by

H2(1, 2) =
F2(1, 1) − (2/3)δF2(1, 2) + δ2F2(2, 2)

F2(1, 1) + 2δF2(1, 2) + δ2F2(2, 2)
(58)

and

H4(1, 2) = −1/6. (59)

Similarly for an admixture of ∆J = 2 & 3 the values are

H2(2, 3) =
−F2(2, 2) − δF2(2, 3) + (2/3)δ2F2(3, 3)

F2(2, 2) + 2δF2(2, 3) + δ2F2(3, 3)
(60)

and

H4(2, 3) =
5F4(2, 2) − 2δF4(2, 3) + 20δF4(3, 3)

30(F4(2, 2) + 2δF4(2, 3) + δ2F4(3, 3))
. (61)
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As a part of the present thesis, the linear polarization measurements were performed for

several transitions in 26Mg and 29Si to uniquely assign their electro-magnetic nature.

The polarization asymmetry ∆pol, were experimentally obtained, and this allowed us

to determine the experimental polarization, which was successfully compared with the

predicted theoretical polarization values, and a reasonable agreement was noted.

Hence, the angular intensity anisotropy and the asymmetry between the parallel

and perpendicular scattering (with respect to the reaction plane) helped us assign

unambiguously the spin and parity of the levels de-exciting with the corresponding γ

transition. Thus we were able to obtain a detailed information of the level scheme of

the nucleus under study. However, a more complete and unique information on the

underlying configuration of the observed levels is obtained from the measurement of the

level lifetimes. The measurement techniques are dependent on range of the expected

time scale for the level lifetimes.

3.2.D. Lifetime Measurements

The fast moving excited residual nuclei are slowed down and eventually stopped in

the backing medium, and the stopping process typically requires about few tens of fs

to few ps. If the residual nucleus emits a γ-ray while in motion, which are detected

either in the forward or backward direction (with respect to the beam direction) before

it stops, the energy of the detected γ-ray exhibits Doppler effect (shape or shift). The

measurement of this Doppler shape or shift coupled with the slowing down history

of the recoils, with an appropriate inclusion of the reaction kinematics, can used to

extract the lifetime of the level de-excited by the emitted γ-ray transition. This is the

principle of the Doppler Shift Attenuation Method (DSAM) for determining the level

lifetimes in the range of few tens of fs to few ps. The transition strengths deduced

from these measurements, are connected with the initial and final wave-functions of the

involved levels, and provide us with a stringent test for the validity of nuclear model,

which elucidate the observed level structure.
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FIG. 25: The schematic diagram for observed energy of γ-ray as viewed by the (forward) detector

when the residue emit γ-rays in flight.

DSAM exploits the observed Doppler effects during the slowing down of the recoiling

nuclei, in an elemental high-Z backing, while de-exciting with the emission of γ-ray

transitions. If the lifetime of the level is less than or comparable with the stopping time

then the γ-ray emitted from such an excited nucleus with recoiling velocity β(= v/c)

will undergo a Doppler effect (non relativistic) given by,

Eobs = E0[1 + β cos θ] (62)

where Eobs, is the energy of the observed γ-ray, E0 is the energy of γ-ray emitted by

a nucleus decaying at rest, and θ is the angle between the direction of recoil and that

of the emitted γ-ray. In case of very short-lived states (lifetime << stopping time)

and detector at angles 6= 90◦, the γ-ray transition peak in the spectrum is shifted,

compared to the actual energy, to higher (lower) energies when observed at forward

(backward) angles with respect to the direction of the recoiling nuclei. For levels with

lifetime ∼ stopping time, the peak has a stopped component at the actual energy and

an accompanying shape, extending to higher (lower) energies for detectors at forward

(backward) angles.
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The LINESHAPE [53] code is widely used to extract the level lifetimes form the

observed Doppler shapes and shifts using the Doppler Shift Attenuation Method. This

method requires a thin target backed with a high Z elemental backing. The thin

target ensures that the residue do not loose appreciable energy while traversing the

target, and the elemental backing ensures that the uncertainties in the simulation

of the slowing down process is minimized. However, in the present measurements we

had a thick molecular Ta2O5 target, which in contradistinction to the conventional

scenario. Hence, the LINESHAPE code was extensively modified to cater to our

specific experimental requirements which are circumstantiated in Ref.[7]. Least squares

fitting of the observed shapes to the calculated ones was carried out simultaneously

at different angles for determination of the level lifetimes. The parameters for the

fitting procedure included the level lifetime, the side-feeding time, the peak height, the

contaminant peak(s), and the background parameters etc. The results are elaborated

in the subsequent chapters.

Following this conscientious analysis, we develop the level scheme of the residual

nucleus of interest, along with details such as the level excitation energy, spin, parity,

and the level lifetime. All these then help us to corroborate the model predictions,

and or rarefy the same. Thus this exercise of a detailed description of the de-exciting

process culminates finally, in undertaking the appropriate model calculations, relevant

to the nucleus under investigations.
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Chapter - 4

Nuclear Shell Model

The final aim of any investigation in nuclear structure, is an attempt to describe

the observed level structure within the purview of a nuclear model. This would

require us to solve the Schrödinger Equation (SE) to obtain the wave function of

the nuclear system. Mathematically it is next to impossible to analytically solve

the SE, for this few body system, wherein the major hurdle stems from (i) the fact

that as discussed earlier that the exact nature of the nuclear potential is not well

known, (ii) computational limitations. Thus we employ nuclear models, which are

based on the comparison (similarities) between the nucleus and simpler (analogous)

systems which can be adequately modeled mathematically. All nuclear models, must

encompass the diverse aspects viz., the microscopic as well as universal aspects,

of nuclei. A microscopic model description based on the solid foundations of first

principles, ensures a reliability for extrapolation to region currently inaccessible to

experimental endeavours. On the other hand the universal description to the nuclear

properties provided by the model ensures a kind of simplicity while providing a

coherent prediction for properties across the nuclear landscape. The caveat for any

nuclear model is that the model proposition limit it’s range of applicability. In

this chapter we have attempted to summarize the nuclear shell model, one of the

most fundamental nuclear model, which has been exhaustively used in the present thesis.

To explain the various properties of the atomic nucleus, the different models are

developed. The macroscopic properties such as the Binding energy, shape etc were rea-

sonably explained within the framework of the liquid drop model. On the other hand,

the microscopic property of the nucleus such as nuclear spin, parity and magnetic mo-

ment etc. can be explained from the nuclear shell model. Like the atomic shell structure

the nucleus exhibit a similar kind of shell structures. For a certain number of electrons,

the atomic shell exhibits its inert nature (shell closure). A similar kind of nature has

been observed in case of atomic nucleus also. It was observed that in case of certain

nucleon number when the neutrons or protons = 2, 8, 20, 28, 50, 82, 126 the binding
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TABLE II: Classifications of the various nuclear models of contemporary relevance.

Classification Semiclassical Quantum Mechanical

Independent Particle Models Fermi Gas Model Spherical Shell Model

Collective Models Liquid Drop Model Rotational Model

Vibrational Model

energy per nucleon had a sharp increase as compared with it’s immediate neighbour,

indicating enhanced stability for these nuclei. Several additional experimental evidence

was found to support the nuclear shell structure and are discussed in the subsequent

section.

4.1 Early Nuclear Models

Since, the nucleus is a few body system, which at times manifests itself as a two

body system (wherein the nuclear properties are primarily explained through the

interactions of a small / few nucleons only), while otherwise it presents itself as a

collective ensemble, wherein the observed properties can only be explained if one were

to consider the behaviour / contribution from a substantial number of nucleons. Hence,

the models are naively classified as Independent Particle Models, where all nucleons

are considered to be different, and Collective Models, which assumes all nucleons

are similar, and examines the macroscopic properties of the nucleus such as it’s size,

binding energies etc. Table II summarizes the classification of the prevalent nuclear

models, routinely used in nuclear structure investigation.

The earliest nuclear models could be traced to the Liquid Drop and the Fermi Gas

Model. The Fermi Gas model is expected to be valid for the nucleus which comprises

of interacting fermions, which obey Fermi Dirac Statistics. This model assumes that

since neutrons and protons are distinguishable fermions and hence are situated in two

separate potential wells, wherein the binding potential is generated by all the nucleons.

The nuclear potential can be considered as a rectangular well, since the nucleons inside

do not experience net force, whereas the unequal ambiance for the surface nucleons

results in them experiencing a net force. All the available energy states are filled by
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pairs of nucleons, and the energy of the highest occupied level (state) is referred to as

Fermi Energy (EF ). This model could predict the average binding energy, which is

defined as the energy difference between the top of the well and the Fermi level to be

∼ 7 − 8 MeV. This model however, could not reproduce the microscopic details such

as the spin and parity of the observed levels. This model has proved to be a good

starting point for our understanding of this intriguing few body system viz. the nucleus.

The Liquid Drop model was one of the earliest nuclear model, which attempts to

understand the macroscopic properties of the nucleus, such as the binding energy,

nuclear size, to name a few. It is a Semi Empirical model, which did posses predictive

powers. This model attempts to understand the nuclear properties, based on an

analogy with a drop of liquid.

4.2 Spherical Shell Model

When one investigates the properties of atoms, it is observed that elements with

atomic numbers Z = 2, 10, 18, 36... show enhanced stability, ie they have unusually

high electron ionization energy, they do not react to form molecules, to name a few.

The concept of atomic shell helps us understand this observation. Hence, it seemed

appropriate to develop an analogous (similar) shell structure (model) for the nucleus,

based on the following experimental observations.

1. The nucleus for which neutron or proton numbers or both are magic numbers

(N, Z = 2, 8, 20, 28, 50, 82, 126), such as 4He, 16O, 40Ca and 208Pb are

particularly more stable and have greater binding energy than its immediate

neighbours.

2. The high natural abundance of nuclei with neutron or proton number or both

equal to the nucleon magic number.

3. Sudden increase of B̄ (binding energy per nucleon) as a function of A for nuclei

such as 4He, 88Sr, 140Ce and 208Pb.
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4. There are large number of stable isotopes or isotones of nuclei having neutron or

proton or both equal to the magic number.

5. The nuclei with magic neutron number have low neutron capture cross-section.

6. The nuclei with magic neutron or proton number or both have a higher excitation

energy for the first excited state.

These observations hint at the existence of shell structures in the nucleus that forms

the basis of the nuclear shell model. Maria Goeppert Mayer developed this model, which

explains the existence of structured shells in which nucleons are distributed within the

nucleus. For this work, she shared the 1963 Nobel Prize in Physics [4–6]. Goeppert

Mayer is only the second woman to receive the Nobel Prize in Physics. According to

the shell model, each nucleon in the nucleus experiences a one-body mean field, due

to the motion of all other nucleons. Each nucleon moves independently and Pauli’s

exclusion principle, ensures that they do not collide with each other. The shell model

classifies the energy levels in terms of quantum numbers n, l, j following an analogous

prescription to atomic physics. For a spherically symmetric potential the wave function

for nucleon whose polar co-ordinates are (r, θ, φ) has the following analytical form

Ψnlm = Rnl(r)Y
m
l (θ, φ). (63)

Till date the exact nature of the nuclear potential is not well known. We usually model

this potential and the choices are

• 3-D spherical harmonic oscillator, which has the familiar form

V (r) = −V0 + (1/2)(mω2r2) (64)

Where ω is the harmonic oscillator frequency, m is the mass of the nucleon and

V0 is the depth of the potential well.

• Spherical infinite square well, which is represented by

V (r) =



















−V0 for +∞ ≤ r ≤ R

+∞ for r > R

R is the nuclear radius

(65)
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• Woods Saxon potential, as a function of the distance r from the center of nucleus, is

V (r) = − V0

1 + exp( r−R
a )

(66)

where V0 (having dimension of energy) represents the potential well depth. The

constant nucleon density in the nuclear interior justifies the flat central part for

the potential. The potential can be solved numerically, and it tends to zero at

distances well beyond the nuclear radius. At the halfway radius R, we have

R = R0A
1/3 (A, is the mass number of the nucleus and R0 ∼ 1.2 fm). It is

customary to have the value of diffuseness a to be ∼ 0.5 − 0.8 fm.

The Schrödinger equation for the single particle levels is given by.

A
∑

i=1

(

− ~
2

2m
∇2

i + V (ri))

)

ψi = ǫiψi (67)

The first term represents the kinetic energy of the individual nucleons and the second

term corresponds to the potential energy. The ψi corresponds to the single particle

wave function and ǫi represents to the single particle energy of the i-th particle. After

substituting the appropriate choice of potential, for example either the Wood-Saxon,

or the harmonic oscillator, in the above Schrödinger equation we obtain the energy

eigenvalues,

EN = −V0 + (N + 3/2)~ω (68)

with



















N = 2(n − 1) + l

n = 1, 2, 3... principal quantum number

l = 0, 1, 2... orbital angular momentum

(69)

The energy eigenvalues are degenerate in magnetic quantum number m. The energy

levels are usually bunched together (for a given N) and are referred to as shells. Levels

corresponding to different N are well separated in energy, and the gap between two

major principal quantum numbers is referred to as a shell gap. The maximum number

of nucleons in each energy level is 2(2l + 1), where the factor 2 corresponds to the

+1/2,−1/2 spin states of the nucleon. For example, the lowest level designated as 1s,

and would correspond to n, l = 1, 0 and would have a maximum occupancy of two

nucleons, whereas the next level 1p (n, l = 2, 1) would have a maximum occupancy of
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6 nucleons. Thus the number of nucleons in each major shell would then correspond to

2, 8, 20, 40, 70, 112, 168. This exercise resulted in the reproduction of the lowest three

magic numbers, but failed in it’s representation (interpretation) of the higher magic

numbers.

The major difficulty one could envisage while porting the atomic shell concept to

nuclear shells, is that nucleus contains particles with spin up and spin down (ms = ±
1/2) and as a result, the total angular momentum j has the magnitude j = l +

(1/2) & l − (1/2). So in a sense, spin, could be either parallel or anti-parallel to

the orbital angular momentum. Once, this effect was incorporated into the nuclear

potential, a seminal milestone achieved by Mayer et al [4–6], all the nuclear magic

numbers could be reproduced naturally. Their formalism resulted in the re-distribution

(ordering) of the orbitals and the recalculation of the shell closures that now complied

with the experimental observations for magic numbers. They introduced the the strong

nuclear spin orbit interaction (spin orbit potential is proportional to ~l.~s), in the nuclear

potential. Hence the effective potential in which the nucleons move is now given by the

equation

Veff (r) = V (r) − Vls
∂V (r)

∂r
~l.~s (70)

Where Vls is the strength of the spin-orbit interaction. The inclusion of the spin-orbit

term results in a wider nuclear potential (wider well results in lowering the energy of

the states) for nucleons with spin parallel to the orbital angular momentum, and a

narrower potential for nucleons with spin opposite to the orbital angular momentum.

The ~l.~s term causes the degenerate energy levels with same l to split into j = l±1/2

levels with degeneracy (2j + 1). Each orbitals contains (2j + 1) number of nucleons.

For example, the 2p (l = 1) level would now split into p3/2, (l + 1/2) and p1/2, (l− 1/2)

levels, with and the 2p3/2 orbital contains (2 × 3/2 + 1) = 4 number of nucleons. The

total angular momentum of a nucleon is given by

~j = ~l + ~s (71)

and hence

~l.~s = 1/2(j2 − l2 − s2) (72)



66

FIG. 26: Energy levels for Nuclear Shell Model. The right hand side of the figure corresponds to

energy levels after incorporation of the Spin Orbit interaction term. (Adapted from Meyerhof).

It’s average value is given by

〈

~l.~s
〉

= 1/2
( 〈

j2
〉

−
〈

l2
〉

−
〈

s2
〉 )

(73)

〈

~l.~s
〉

=
l

2
~

2 for j = l + 1/2 (74)

and

〈

~l.~s
〉

= −(l + 1)

2
~

2 for j = l − 1/2. (75)

The energy difference between these two states is then given by 1/2(2l + 1)~2.

After incorporation of the spin orbit interaction term the l degeneracy is removed,

and the energy levels split into l± (1/2) levels as shown in Fig. 26. The large spin-orbit
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effect leads to crossing over of energy levels into different shells resulting in a faithful

representation of the observed magic numbers at 2, 8, 20, 28, 50, 82, 126, which are in

conformity with the experimental observations.

The greatest success of the shell model is it’s satisfactory representation of properties

of nuclei in and around the magic numbers. The level excitation energies, spin, parity,

magnetic and quadrupole moments for the ground state and low-energy excited states

are satisfactorily predicted / reproduced by this model.

The shell model reproduces the properties of nuclei in and around the nucleon magic

numbers assuming that a single nucleon is placed in an orbit above a closed shell or

that a single nucleon is removed from an orbit below a closed shell. The orbits gets

filled up in the sequential order 1s → 1p → 1d, 2s.... The shell model can predict the

ground state spin and parity of a given nucleus. In case of even-even nuclei the ground

state spin is 0. As all the particles gets paired up (all the magnetic sub-states are filled,

mj = −j, (−j + 1), ... + j) and hence have the total angular momentum as zero. The

parity for a given state is given by (−1)l. In even-even nuclei parity is always positive.

Hence the ground state spin and parity of a given even-even nucleus is given by Jπ = 0+.

Now let us consider the nucleus 24Mg(Z = N = 12). The nucleons would be

distributed as

(π → ((1s1/2)
2, (1p3/2, 1p1/2)

6) ⊗ (1d5/2)
4)

(ν → ((1s1/2)
2, (1p3/2, 1p1/2)

6) ⊗ (1d5/2)
4)

Hence, this nucleus would have Jπ = 0+ as it’s ground state. The valence nucleons can

be distributed within the 1d5/2, 1d3/2, 2s1/2 orbitals. Since these orbitals have an even

l, the resulting states would have a positive parity. The distribution of these nucleons

within the sd orbitals, would result in a maximum angular momentum of Jπ = 12+,

which originates from the configuration (ν((1d5/2)
3, (1d3/2)

1))(π((1d5/2)
3, (1d3/2)

1)).

The negative parity states would however originate from the excitation of a single

nucleon from sd orbital into the next major oscillator shell i.e. into the pf orbital.

Hence, the energy of the lowest (first) negative-parity state encodes the information

about the sd − pf shell gap.
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For even-odd nucleus or odd-even nucleus the ground state spin and parity is de-

termined from the spin and parity of the unpaired nucleon. For example in case of

25Mg nucleus the unpaired neutron would occupy the 1d5/2 orbital, which has a even l.

Hence, it’s ground state spin would be Jπ = 5/2+. However, for odd-odd nucleus the

ground state spin and parity is determined following the Nordheim rule [54]. For such

a nucleus, if jn and jp correspond to the resultant angular momentum from the par-

tially filled neutron and proton shells, and lp and ln are the orbital angular momentum

quantum number for partially filled proton and neutron orbitals, then the total spin J

of the ground state for the odd-odd nucleus is given by the following rules :

J = |jp − jn|, if lp + jp + ln + jn is even

|jp − jn| < J ≤ jp + jn, if lp + jp + ln + jn is odd
(76)

Example 32P we have, Z = 15 & N = 17, and the last unpaired nucleon occupies

the 2s1/2 and 1d3/2 orbitals. Hence lp = 0 & ln = 2 and jp = 1/2 & jn = 3/2, and

lp + jp + ln + jn = 4, and therefore the ground state spin would be 1+ (parity is positive

as the orbitals under consideration are have even l). Thus this model adequately

describes the level properties of nuclei in the immediate vicinity of magic numbers.

4.4 Large Basis Shell Model Calculations

With the recent advances in computational power, it is now feasible to undertake

the spherical shell model calculations for nuclei with a few valance nucleons outside the

magic core. The aim of such a computationally intense calculations is to arrive at a

detailed understanding of the observed level structure including the excited levels. The

Shell Model Hamiltonian is written as

H = T + V

=
A

∑

i=1

[
p2

i

2m
] +

A
∑

i>k=1

Vik(r1, r2)

=
A

∑

i=1

[

[
p2

i

2m
] + Ui(~r)]

]

+
A

∑

i>k=1

Vik(r1, r2) −
A

∑

i=1

Ui(~r)

(77)

Where the shell model assumes that most of the effects of the two body interactions

Vik(r1, r2) can be absorbed into an equivalent one-body central potential Ui(~r), such
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that

H ≈ H1(r1) + H12(r1, r2)

H1(r1) =
A

∑

i=1

[

[
p2

i

2m
] + Ui(~r)]

]

H12(r1, r2) =

A
∑

i>k=1

Vik(r1, r2) −
A

∑

i=1

Ui(~r)

(78)

The calculations that follow assumes that H12(r1, r2) is small enough to be treated as

a perturbation. The methodology adopted for such calculations is detailed in Ref.[55],

and could be summarized as:

1. Choice of H1(r1), the central potential, which is usually assumed as the sum of a

spherical harmonic oscillator potential, a spin-orbit interaction (~l.~s) , and a term

proportional to l2.

2. Choice of inert core and the model space, (the orbits available to the valence

nucleons).

3. Calculation of the one-particle eigenstates of H1(r1) in the desired model space.

4. Construction, of the multi-nucleon eigenstates, of H, for a given number of nu-

cleons.

5. Specification of a residual two-body interaction of H12(r1, r2), for the desired

model space.

6. Evaluation of the matrix elements of H12(r1, r2) and calculation of the eigenvalues

and eigenvectors of this matrix.

For a set of calculations, we specify H1 and H12, and define the valence orbits that are

to be included in the model space for computation. This in turn decides the inert core.

Given this information there are a number of computer codes, such as OXBASH [56],

NuShellX@MSU [57], Antoine [58] with which it is possible to construct the complete

set of basis states, calculate the matrix elements of H12, and then diagonalize H12 in

this basis. With the matrix diagonalized, we solve for the eigenvectors and values,

H|Ψ >= E|Ψ > . (79)
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The eigenvectors can then be used to compute the matrix elements of other operators

which yield predictions of strengths for observables, i.e. the electric, B(EL), and

magnetic, B(ML), multipole (L) transition probabilities and the singular or multiple

nucleon transfer spectroscopic factors.

In reality, the exact eigenvectors and eigenvalues of the nucleus can, in principle,

be obtained by solving the Schrödinger equation of the exact nuclear (assuming the

particles are free to move in all the orbits)

H|Ψi >= E|Ψi > . (80)

However, such calculations are computationally intensive to the extent that they are

impossible. The shell model circumvents this problem by assuming that there is an

effective Hamiltonian H appropriate for the truncated model space |φ〉, a practical sub-

set of the complete nuclear Hilbert space |Ψ〉, such that

H|φi >= E|φi > . (81)

Hence, all practical shell model calculations which utilize the effective Hamiltonian,

H it is imperative to use analogous effective operators Ò on the wave functions of the

states, to calculate the value of the any observable i.e < Ψf |O|Ψi >→< φf |Ò|φi >.

Electromagnetic interaction, which is a weak interaction, is well understood with the

help of perturbation theory. The transition rates are calculated from the perturbation

theory using the Fermi’s golden rule, where the transition probability is given by:

W =
2π

~
| 〈Ψf | |Hem| |Ψi〉 |2ρ(Ef ) (82)

Where initial and final states of the wave functions are 〈Ψi| and 〈Ψf | respectively, ρ(Ef )

is the density of final states, the number of states per unit energy interval and Hem is

the electro-magnetic perturbation. Hence, the transition probability [25, 46] from a

state ji to final state jf connected by a γ-ray of energy Eγ , of multipole order l is given

by:

W (λl) =
8π(l + 1)

~l((2l + 1)!!)2

(

Eγ

~c

)(2l+1)

B(λl : Ji → Jf ) (83)
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Where B(λl : Ji → Jf ) is the reduced transition probability, and for an electric and

magnetic transition, it can be expressed as

B(El) =
1

2Ji + 1
| 〈Jf | |Q̂l| |Ji〉 |2 (84)

and

B(Ml) =
1

2Ji + 1
| 〈Jf | |M̂ l| |Ji〉 |2. (85)

Where Q̂l and M̂ l are the electric and magnetic multipole operators respectively. For

transition |f〉 → |i〉 the reduced transition probability is denoted by B(λl ↓) and for the

transition |i〉 → |f〉 the reduced transition probability is denoted by B(λl ↑) are related

as

B(λl ↑) =

(

2Jf + 1

2Ji + 1

)

B(λl ↓). (86)

The transition probability W (λl), is expressed as the number of decays per unit time.

If B(El) and B(Ml) are expressed in units of e2fm2l and µ2
Nfm2l−2 respectively, then

W (λl) and B(λl) are related as

W (λl) = α~c
8π(l + 1)

~l((2l + 1)!!)2

(

Eγ

~c

)(2l+1)

B(λl) in e2fm2l (87)

and

W (λl) = α~c
( ~c

2mpc2

)2 8π(l + 1)

~l((2l + 1)!!)2

(

Eγ

~c

)(2l+1)

B(λl) in µ2
Nfm2l−2. (88)

Where e2 = α~c = 1.44 MeV fm, α = 1/137 is the fine structure constant and mp is

the mass of proton and µN = e~/2mpc
2 is the nuclear magneton. After substituting all

the values in above equations the transition probability for the three lowest multipole

order is given by [59]

W (E1) = 1.59 × 1015 E3
γB(E1)

W (E2) = 1.23 × 109 E5
γB(E2)

W (E3) = 5.71 × 102 E7
γB(E3)

W (M1) = 1.76 × 1013 E3
γB(M1)

W (M2) = 1.35 × 107 E5
γB(M2)

W (M3) = 6.31 × 100 E7
γB(M3).

(89)
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The reduced transition probability can be calculated from the experimentally obtained

lifetime (τ), branching ratio (BR), mixing ratio (δ), conversion coefficient (α) and

the gamma energy (Eγ). The reduced transition probability for electric and magnetic

transition can be expressed in units of e2fm2l and µ2
Nfm2l−2 respectively and Eγ is in

MeV.

B(E1) =
0.693

E3
γ

BR

τ(1 + α)

δ2

1 + δ2
, (τ is in fs)

B(E2) =
816

E5
γ

BR

τ(1 + α)

δ2

1 + δ2
, (τ is in ps)

B(E3) =
1760

E7
γ

BR

τ(1 + α)

δ2

1 + δ2
, (τ is in µs)

B(M1) =
56.8

E3
γ

BR

τ(1 + α)

1

1 + δ2
, (τ is in fs)

B(M2) =
74.1

E5
γ

BR

τ(1 + α)

1

1 + δ2
, (τ is in ns)

B(M3) =
0.158

E7
γ

BR

τ(1 + α)

1

1 + δ2
, (τ is in s).

(90)

As mentioned earlier, the shell model wave functions are then used to calculate the

overlap of the initial and final states, where operated by either electric and/or magnetic

operator [60]. The M1 operator is

(M1)op =

√

3

4π

∑

i,τz

[

gsτz~si,τz + glτz
~li,τz + gtτz

√
8π

[

Y 2(r̂i,τz) ⊗ ~si,τz

](1)
]

µN (91)

Now, the M1 transition matrix elements, which is an observable is given by

M(M1) = 〈Ψf | |(M1)op| |Ψi〉 (92)

For an electric transition, we have

(E2)op =
∑

i,τz

eτzr
2
i,τz

Y 2(r̂i,τz)e (93)

Now, the E2 transition matrix elements, which is an observable is given by

Mp = 〈Ψf | |(E2)op| |Ψi〉 (94)

The transition matrix elements, in turn are related to the corresponding transition

probabilities [60] as

B(M1) =
[M(M1)]2

(2Ji + 1)

B(E2) =
Mp

2

(2Ji + 1)

(95)



73

As mentioned earlier, the use of a restricted model space, demands, that we use

effective values for the charges, g-factors etc. These would be model dependent hence,

are not universal, and may have to be obtained from a consistent fit to the experimental

observables, for a given model space.

In the present thesis the shell model calculations have been performed using the

code NuShellX@MSU [57]. For example, if we wish to predict the level structure of the

positive parity states in 24Mg, then from a purely practitioners hands-on-approach to a

shell model calculation, we would

1. Identify the inert core, which is this case would be 16O. Hence we have total 8

valence nucleons.

2. Identify the valence orbits in which the nucleons outside the core are free to move

i.e choose the model space. The 8 valence nucleons would be allowed to occupy

the 2s1/2, 1d3/2, 1d5/2 orbitals, which have l = 0, 2, and hence would generate

positive parity sequences only. The negative parity sequences, would require the

excitation of a single nucleon from the sd orbitals into the fp orbitals, and the

model space would have to be accordingly expanded to include these orbits, which

is schematically represented in Fig. 26.

3. Identify the two-body matrix elements for this model space. Usually we have

a one-to-one correspondence between the model space and the two-body matrix

elements. Hence the choice of the two is kind of inter-leaved.

4. Run the shell model code with the above inputs to obtain the energy eigenval-

ues and use the wave functions (within the same model space and interaction)

to calculate the overlaps, when operated by an effective operator to deduce an

observable.

For the above example, we shall use the sd model space, and the recently devel-

oped interaction codenamed USDA [61], in the code NuShellX@MSU [57]. Since,

unrestricted shell model calculations are feasible for this model space, no truncation

scheme was adopted. The calculations have predicted the ground state energy as -87.13

MeV, which is in excellent agreement with the experimental value of -87.10 MeV. The
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FIG. 27: Comparison of experimentally observed and shell model calculated energy levels in

24Mg nucleus by using USDA and sdpfmw interactions (only for positive parity states).

calculated excitation energies for the low-lying positive parity states (up to Jπ = 6+)

are compared with the reported [23] value in Fig. 27. The same exercise was extended

to a larger model space which now encompasses the sd − pf shells. The corresponding

interaction chosen, was codenamed sdpfmw [9]. Unrestricted calculations within such

a large model space was not computationally feasible. Hence, the model space was

internally truncated by considering no nucleon excitation into the fp orbits i.e, we used

the 0~ω restriction (0 refers to the number of nucleons excited across one major shell).

The predicted ground state energy is -87.08 MeV, which is in excellent agreement with

the experimental observation. This is indicative of an appropriate truncation scheme

used. The predicted excitation energies are also compared in Fig. 27 with the reported

values.

The detailed shell model calculations for both the positive and negative parity

states for isotopes of Mg and Si are detailed in the subsequent chapters. The model

calculations helps us elucidate the underlying microscopic configurations for the

established levels.
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Chapter - 5

Spectroscopic Study of Mg Isotopes

The present thesis work details for the first time, a high resolution γ −γ coincidence

spectroscopic study of the 26Mg nucleus populated following heavy-ion induced

fusion-evaporation reaction involving 13C + 18O, with 13C beam of energy 30 MeV.

The de-exciting γ-transitions were detected using the multi-detector array, Indian

National Gamma Array (INGA). The experimental findings, are presented in this

chapter. Further, large basis shell model calculations, involving cross-shell excitations

have been carried out for 26Mg and the neighboring isotopes to gauge the evolving shell

structure in this region.

5.1 Introduction

Nucleus, being a few-body system, provides us with a unique laboratory to explore

the two extreme degrees of freedom viz. single particle and collective excitations, as

well as their interplay. The spherical shell model is one of the fundamental microscopic

models, to help us understand the nuclear structure and it’s behaviour under extreme

conditions of excitation energy and angular momentum. The spectroscopy of sd shell

nuclei, provide us an appropriate testing ground for the validity of the spherical shell

model. It has been well established that the shell model predictions are expected to

be very close to the experimental observations, for nuclei with nucleons near the shell

closure. Increase in the the number of nucleons in the valence orbitals (outside the inert

core) leads to the development of collectivity. The shell model being a fundamental

microscopic model can in principle be used to interpret the evolving nuclear structure

as we progress from the vicinity of shell closure towards the mid-shell region (as we

increase the number of valence nucleons). The main bottle-neck in performing these

calculations is the numerical difficulty of computing wave functions and elements for
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very large-scale shell model calculations. However, the nuclei in the sd and at the

interface of the sd-pf shells require a moderately smaller number of valence nucleons

compared to the rare earth nuclei, to successfully attempt an unified interpretation of

the observed single particle and collective excitations within the shell model. From this

perspective, the nuclei at the vicinity of the sd-pf shells such as Mg, Si isotopes offer us

a rather unique region to explore the aforementioned features, both experimentally as

well as within the theoretical framework. The generation of negative parity states, in

the sd (even l) shell nuclei, demands atleast one nucleon excitation into the fp (odd l)

shell. The occupation of the high j (f7/2) orbital is expected to lead to the onset of

deformation in these nuclei. Further, the nuclei occupying the mid-shell region, such

as 26Mg, 29Si have sufficient nucleons within the sd shell, which could support the

commencement of deformation, even for positive parity levels.

The isotopic chain of Mg isotopes, exhibit evolving structural characteristics [62–64]

(changes in shape as well as deformation) as a function of the neutron number. These

isotopes also span the crucial region, in the nuclear landscape where a transition is

expected from the prolate to oblate deformation. The N = Z, 24Mg isotope displays a

deformed ground state and 25Mg is an ideal candidate of quadrupole deformed nuclei

[64]. The experimentally observed level energies and the γ-decay branches of 25Mg [64]

are in agreement with the shell model calculations. Further the addition of neutrons

leads to quite rapid changes in the shape, deformation and the spin structure. The next

even-even Mg isotope, 26Mg displays shape coexistence indicating both a prolate and

an oblate minima corroborating the highly transitional behaviour assigned to it. The

calculations using constrained Hartree-Fock-Bogoliubov + QRPA model demonstrate

the β and γ-soft character of the nucleus [65]. The positive parity states of 27Mg

nucleus were successfully described by Brendler et al. [62] within the framework of the

spherical shell model, and the negative parity states were elucidated by the rotational

model. In all these nuclei, the lowest negative parity level has a significant connota-

tion, as it encodes the information of the shell gap between the sd and fp orbitals.

This gap has a crucial bearing on our understanding the origin of the island of inversion.

Further, all the earlier experimental investigations were carried out using modest

number of detectors, and light-ion reactions. Recent advances in the available com-
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putational resources coupled to the development of updated and realistic residual

interaction used to approximate the nucleon-nucleon interaction, have made large basis

shell model calculations feasible for these nuclei. Hence, there is a need to revisit the

level structure of nuclei (A ∼ 30), which belong to the interface of the sd and fp shells,

using the available state-of-the-art facilities, both experimental as well as theoretical.

5.2 Previous Investigations on Mg Isotopes

The Mg isotopes provide us with one of the earliest and best examples of nuclei

exhibiting an intriguing interplay between the single particle as well as collective

degrees of freedom. As we increase the number of neutrons, one expects the onset

of deformation, which indeed in observed in Mg isotopes. However, the isotopes

with mass number A = 27 − 29, cover a critical region, where the transition from

prolate to oblate deformation is observed [62]. For example, the earlier investigations

on the level structure of 25Mg nucleus were carried out using α-induced reactions

[63, 66] and heavy-ion induced reaction 12C(14N,pγ)25Mg at 23.5 MeV [64], but

the investigations were limited due to the use of modest detector setups (such as

scintillator or Ge(Li) detectors) , even though they exploited the power of particle

gated gamma spectroscopy. Christiansson and co-workers [66] also performed co-

incidence measurements, using a Ge(Li) detectors. The experimental findings are

discussed in terms of rotational model based on both the single particle and 2p − 1h

excitations [63]. The low lying states of 25Mg were grouped into rotational bands,

labeled by the K ( Kπ = 5/2+, Kπ = 1/2+, Kπ = 1/2−) quantum number. As

expected some of the sequences exhibited a single particle nature, but for one of the

band the excitation energies follow the J(J+1) trend, reminiscent of a rotational nature.

All the previous investigations on the level structure of 26Mg were performed using

light ion induced reactions. The reactions primarily used were 25Mg(n,γ), 25Mg(d,pγ),

26Mg(p,p′), 24Mg(t,p), 23Ne(α,pγ) which are summarized in [23]. In the present work

we shall essentially restrict our discussions to the work of Glatz and co-workers [13],

who utilized the 23Na(α,pγ) reaction at 14.2 and 16 MeV energy to populate and
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investigate the high spin states in 26Mg. They established the level structure upto

Ex ∼ 12.5 MeV and Jπ = 8+
~. The use of an annular E − ∆E telescope at 180o with

respect to beam facilitated detection of protons, in coincidence with the γ-rays which

were detected by two 120 cm3 Ge(Li) detectors. The proton gated γ-ray spectrum was

used to establish the level scheme. The γ-ray angular correlations, measured at 14.2

MeV energy were used to obtain information on the multipolarity of the de-exciting

γ-transitions. Mixing ratios were also extracted from these measurements. In absence

of polarization measurements, the electro-magnetic nature, was arrived at from elim-

ination of unrealistic transition rate considerations, for example the parity changing

character was excluded if the M2 transition rate exceeds the recommended upper limit

of 3 W.u. Lifetime measurements using the DSAM technique were also attempted

by Glatz et al.. The measurements were aimed for the short lifetimes which are ex-

pected for higher excited states, to establish the collective features of the level structure.

The spherical shell model was the obvious choice to elucidate the observed level

structure. The shell model calculations were performed using the unified s − d shell

Hamiltonian, for the positive parity states and the predicted excitation energies were in

close agreement with the experimental observations. The presence of enhanced in-band

E2 transitions, were indicative of the possibility of rotational nature to the established

level structure of 26Mg. Accordingly, Glatz and co-workers identified five rotational

bands, with respective band-head as 0+
1 , 2+

1 , 3+
1 , 0+

2 , (2)+2 and 3−. Shell model

calculations within the sd model space, are indicative of the collective behaviour in this

mid-shell nucleus. The shell model wave functions were used to obtain the transition

probabilities, from where the intrinsic quadrupole moment, |Qo| was deduced. The

changing sign and magnitude of the intrinsic quadrupole moment provided indications

to a corresponding shape evolution. Thus presenting us with evidence for the existence

of soft deformation, which is characteristic of such mid-shell nuclei.

The investigation of the level structure of 27Mg was carried out primarily using

the 26Mg(d, p) reaction by Brendler et al. [62], upto ∼ 8 MeV in excitation energy.

The γ-rays were detected by using the earlier generation detectors such as Ge(Li) and

NaI(Tl) detectors. Brendler and co-workers, also studied the proton-γ-ray angular

correlations, and based their spin parity assignments on these measurements. The
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low-lying level structure (Ex ∼ 5) MeV, could be reasonably explained using the

spherical shell model calculations within the sd shells. It is interesting to note that the

rotational model was successful in explaining the negative parity states. These model

calculations were indicative of an oblate deformation for this nucleus.

The experimental information available on the level structure of 28Mg, is very

sparse, and is limited to studies using light-ion induced reactions. Recently, the level

scheme of 28Mg nucleus was extended upto Ex = 8.4 MeV and Jπ = 6+, [67] using

deep-inelastic and multi-nucleon transfer reactions, wherein 26Mg beam at an energy

of 160 MeV was made incident on a thin 150Nd target. The positive parity sequences

could be explained within the shell model framework. However, the calculations using

the adiabatic model for triaxially deformed rotor, were also successful in interpreting

the observed level sequences in this nucleus. Recent microscopic calculations with

antisymmetrized molecular dynamics [68] are suggestive of molecular states in this

region. The results signified the dominance of nucleon clusters in these nuclei.

However, all aforementioned shell model calculations, were restricted to positive

parity states, since, the generation of negative parity levels, demands the occupation

of the fp shell, and the resulting model space was beyond the computational facilities

available in the late 80’s. The earlier investigations on these nuclei have established,

the presence of both single particle as well as deformed states, even at moderate spins

and excitation energies. Presence of such diverse structural characteristics open them

up as the chosen subjects for several contemporary pursuits, as in the present thesis.

5.3 Present Work on Spectroscopy of 26Mg

The 26Mg nucleus for the present study was populated by using the 18O( 13C,αn)

reaction. The predictions of the statistical model code, PACE4 [69] for this reaction

is presented in Fig. 28. The incident beam energy was chosen as 30 MeV, owing to

the predicted significant population at this energy for nuclei of interest in this work,

such as 29Si and 26Mg. The 13C beam was provided by the BARC-TIFR Pelletron
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FIG. 28: Predictions of the statistical model PACE4 for the 13C + 18O reaction depicting the

production cross sections for 26Mg, 29Al and 28,29Si nuclei.

Linac facility at Mumbai. The beam current during the experiment as monitored in

the last Faraday cup was typically 8 − 10 nA during the experiment. The terminal

potential was at 5.974 MV. The neutron rich 18O target was prepared by heating a

50 mg/cm2 thick Ta foil in an atmosphere of enriched 18O in the form of Ta2O5. The

total equivalent thickness of 18O was estimated to be ∼ 1.6 mg/cm2 considering both

the sides of Ta foil. The thickness of the Ta foil was sufficient to stop the beam and

hence the reaction occurred only on the side facing the beam while the 18O layer on the

opposite side (away from the beam) did not contribute to the reaction. The de-excited

γ-rays are detected using the Indian National Gamma Array (INGA) (pictorial view of

this setup has been presented in chapter 2) which at the time of the present experiment

consisted of 15 Compton suppressed Clover detectors. The distance from the target to

the front face of the detector is ≈ 25 cm.

The detectors were placed at 40o, 65o, 90o, 115o, 140o and 157o with respect to

the beam direction. The typical rates in the individual Clover crystals, during the

experiment were ∼ 5 − 6 kcps. The expected total full-energy peak detection efficiency

for this configuration was ∼ 4%. Two and higher fold Clover coincidence events were

recorded with the help of a digital data acquisition system based on the Pixie-16

modules from M/S XIA LLC [38]. The DAQ system comprised of 4 Pixe-16 modules,
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where each module processed the inputs from 4 Clovers. The data from each module

was stored in individual files, which were later merged to form a single file for each

run. This data was then subjected to a rigorous data analysis, to establish the detailed

level structure of 26Mg. In total we have recorded about 1.6×109 two and higher fold

coincidence events.

Due to the dominance of single particle excitations in these nuclei, we expect high

energy γ-transitions (Eγ ≥ 2 MeV). Hence, the energy calibration was carried out

using source data and residue radioactivity, which would provide us data points in the

high energy regime. The energy calibration has been done using a polynomial of fourth

degree and a square root term, (Eγ = a0 +a1x+a2x
2 +a3x

3 +a4x
4 +a5

√
x) using the

ROOT package [70]. The results for one such representative exercise is illustrated in

the Fig. 29. Following the energy calibration, the data was gain matched to an constant

energy dispersion of 1 keV per-channel (epc = 1). This ensures that the individual

detector and electronic dependence has been eliminated. A correct gain matching is of

importance when we obtain the add-back spectra. Any errors in the calibration and the

gain matching exercise would result in a deterioration of the peak centroid and fwhm in

the add-back spectrum, which is used in the final analysis. The results of this exercise

for one representative Clover detector data is pictorially depicted in the Fig. 30 for

Eγ = 356 & 1408 keV. As is evident from the figure, the peaks from individual channels

have been aligned and the add-back spectrum does not indicate any broadening in the

fwhm or a shift in the centroid. This ensures that all the necessary pre-sorting has been

correctly performed. The data was then sorted into the conventional symmetric and

angle dependent Eγ - Eγ matrices using the “MARCOS” [39] and analyzed using the

RADWARE [45] package. The placement of the γ-transitions in the level scheme was

based on the observed γ − γ coincidence relationships.

The information on the dominant multipolarity of the γ-transition is obtained from

the observed coincidence angular anisotropy (as discussed in chapter 3). The presence

of a Doppler shift / shape does not allow us to set the gates at either the forward or

backward angles. As seen in the Fig. 31, the observed Doppler shape at angles other

than 90o, demands that we set a considerable wide gate, as a result the resultant gated

spectrum would have considerable contamination from neighbouring peaks from other
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FIG. 29: Energy calibration : relation between channel and Eγ .
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FIG. 30: Spectra from 4 crystals (C1 - C4) of a Clover depicting the 356 & 1408 keV peaks

after the gain matching procedure. As is evident from the figure, the data is now detector

independent. The add-back spectrum, shows no appreciable deterioration in the fwhm and the

energy peak is at the desired position.

nuclei.

To circumvent this problem of determining the RDCO values (which requires gates

to be set on either the forward or backward angles w.r.t beam direction), a parameter

termed as anisotropy ratio [9], defined below, was used for assigning multipolarity of
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FIG. 31: Part of the projection spectra at 140o, 90o, 40o, highlighting the prominent Doppler

shapes, which does not permit us to set gates at various angles.

the observed γ-transitions.

Ranisotropy =
Iγ1 (at 40◦ gated by γ2 at 90◦)

Iγ1 (at 65◦ gated by γ2 at 90◦)
. (96)

The anisotropy ratio (Ranisotropy) for the transitions of interest is obtained from matri-

ces with detectors at particular angles (say at 40◦, or 65◦ with respect to the beam axis)

on the Y-axis, and 90◦ detectors on the X-axis. The results for transitions of known

multipolarity are shown in Fig. 32. The expected Ranisotropy for dipole and quadrupole

transitions was determined from the weighted average of the experimental Ranisotropy

for transitions of known multipolarity and for dipole transitions has been found to

be 0.95 (in a dipole gate) and 1.13 (in a quadrupole gate), while that for quadrupole

transitions has been calculated to be 1.82 (dipole gate) and 1.68 (quadrupole gate).

Ranisotropy values for the remaining transitions were determined in the appropriate

gates, following which the multipolarity was assigned to them. The results are

presented in Fig. 32. The figure, establishes the feasibility of the the anisotropy method

to distinguish between transitions of different multipolarities. However, it is not easy

to unambiguously determine the mixing ratio from the Ranisotropy measurements.

As discussed in chapter 3, it is possible to extract the mixing ratio, from the

angular distribution measurements. This method requires the efficiency corrected
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FIG. 32: The experimental Ranisotropy values for transitions in 24,25,26Mg, 29Si and 38Ar. The

newly identified γ-rays in 26Mg are marked with an asterisk. To guide the eye lines corresponding

to the weighted average of Ranisotropy for transitions of known multipolarity have been drawn.

angle dependent intensities preferably from the singles measurements to obtain the

angular distribution coefficients (A22 and A44). Fig. 33 illustrates the fit to the angular

distribution data for the 1130 keV (2+
2 → 2+

1 ) transition in 26Mg nucleus obtained in

the present work. The mixing ratio (δ) has been obtained following the conventional

χ2 minimization [50]. Fig. 33 depicts the χ2 plot for this transition. Following the

convention of Rose and Brink, the obtained mixing ratio, is δ = 0.14 ± 0.05, which is

in conformance with the reported value of 0.12 ± 0.02 [23]. The contaminations from

the other channels, Doppler effects and sparse statistics, prevented us from applying
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1 ) transition in 26Mg and the χ2 analysis

to obtain the corresponding mixing ratio.

this technique to other transitions in 26Mg.

One of the unique advantage of the Clover detector due to it’s composite character

is it’s efficient use as a Compton polarimeter. Linear Polarization measurements help

us to uniquely conclude about the electro-magnetic nature of the γ-ray transitions.

Each crystal of the detector is the scatterer with the adjacent two crystals as absorbers

along the perpendicular and parallel direction, with respect to the reaction plane.

Electric and magnetic transition can be distinguished from the observed anisotropy

between the number of perpendicular and parallel Compton scattered events, which is

quantified from the value of ∆Pol

(

=
aN⊥−N‖

aN⊥+N‖

)

, which besides the scattering anisotropy,

depends on the geometrical asymmetry factor a(Eγ) for the particular experimental

configuration.
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FIG. 34: Plot of the asymmetry factor “a”as a function of γ-ray energy for the Clover detector

placed at 90o with respect to the beam direction in the present setup.

FIG. 35: Plot for the polarization asymmetry for γ-ray transitions observed in the current

experiment.

The energy dependence of the a(Eγ) (for a representative Clover detector) upto Eγ

∼ 3 MeV is presented in Fig. 34. The average value (over all the detectors at 90◦) of

the fitting parameters are, a0 = 1.003 ± 0.002 and a1 = 1.0 ± 4.0 ×10−6 (keV )−1.

To obtain the value of the ∆Pol the coincidence data is sorted into two asymmetric γ

- γ matrices ,where the Y-axis contains the parallel (perpendicular) scattered events

in detectors at 90◦, with the corresponding coincidence events in all other detectors

plotted along the X-axis. Gates are set on the X-axis and counts for a given peak of

interest in the gated spectrum correspond to the parallel (N‖) and the perpendicular

(N⊥) scattering. It is apparent from the Fig. 35, that we are able to distinguish

between electric and magnetic transitions thereform.

The energy dependent polarization sensitivity Q(Eγ)(= ∆Pol

P ) helps us relate the
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FIG. 37: Plot of the experimental and calculated polarization for γ-ray transitions observed in

the present work.

measured linear polarization asymmetry ∆Pol to the polarization P . The energy

dependent polarization sensitivity for a similar setup (as used in the present experi-

ment) upto 1.5 MeV was established by Palit and co-workers [71]. The observation

of high energy transitions Eγ ≥ 2MeV, necessitated the extension of the sensitivity

upto to this energy domain. This exercise was undertaken, and the results are shown

in Fig. 36. It is to be noted that the polarization results using the present sensitivity

parameters have been compared with the those using the parameters from Palit et al.

[71] and have been found to be in satisfactory agreement in the common energy domain.

Using the above obtained value for the polarization sensitivity, the polarization

values (P ) are calculated and presented in Fig. 37. The figure also includes the

polarization of known transitions from other nuclei, populated in the current investi-
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FIG. 38: Projection spectrum from the γ − γ matrix, for the 13C + 18O reaction. Identifying

the populated nuclei from their characteristics γ-transitions. The new transitions belonging to

26Mg have been labeled with asterisk.

gation. The later are found to corroborate the previous assignments. The theoretical

polarization has also been extracted for comparison with the experimental results

(Fig. 37). The calculated values are in qualitative agreement with the experimental

findings, as illustrated in Fig. 37. The procedure for extraction of both theoretical and

experimental values of polarization have been presented in chapter 3.

5.4 Level Scheme of 26Mg

The projection spectra (90o) from the Eγ − Eγ matrix is depicted in Fig. 38. From

the characteristic de-exciting γ-ray transitions, (primarily originating from the decay

of the first excited state to the ground state) the nuclei populated in the present

experiment have been identified to include 24,25,26Mg, 27Al and 28,29Si, which are

commensurate with the predictions of the statistical model calculations. The γ-ray

transitions attributed to nuclei such as 38Ar and 35Cl originate from the beam halo
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of (13C) interacting with the (27Al) target holder. These lines have been used as

additional reference points for Ranisotropy and polarization measurements, as detailed

in the preceding section.

The level scheme of the 26Mg nucleus developed from the present endeavour is

presented in Fig. 39 while Fig. 40 illustrates a partial gated spectrum, when the gate

is set on the on the 1809 keV (2+
1 → 0+

1 ), projected on the forward angles, 90o and the

backward angles. The stopping time for the recoiling 26Mg nuclei in the Ta2O5 backing

is typically of the order of few hundreds of fs, and hence, levels with τlevel ≤ τstopp,

would exhibit Doppler shape or shift. The angular spectra (Fig. 40) illustrates Doppler

shapes and shifts for various transitions that may be used for extracting the level

lifetimes. Several γ-transitions reported by the earlier workers have not been observed

in the present experiment and thus have not been placed in the level scheme. For
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FIG. 40: Angle dependent coincidence spectra with gate set on the 1809 keV transition in 26Mg,

illustrating the observed Doppler shapes and shifts for different γ-ray transitions. Completely

shifted transitions and the transitions with Doppler shapes are identified with the label “S”at

the forward and backward angles. The new transitions have been labeled with an asterisk.

transitions with known multipolarity and electro-magnetic nature, whose Ranisotropy

and / or polarization could not be determined from the present experiment, the

spin-parity assignments of the associated levels have been adopted from literature, as

recorded in the NNDC database [23]. From the present efforts, around 8 new transitions

belonging to 26Mg have been identified, which have been been appropriately placed in

the decay scheme from the observed coincidence relationship. The relative intensities of

the transitions have been calculated after due incorporation of the efficiency of a Clover

detector to an extended energy range upto ∼ 6 MeV, using data from Ref. [31, 32].

The results from the present work, in form of the excitation energies, the gamma-ray

energies, Ranisotropy, polarization measurements and the subsequent assignments for

the γ-ray transitions in 26Mg nucleus, are summarized in Table III. The γ-transition

energies ≤ 2 MeV have been quoted from fitting the corresponding peaks while higher

energy transitions, that could not be appropriately fitted due to substantial Doppler
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broadening, have been quoted with an uncertainty of 2 keV. The subsequent discussion

is devoted to detail the observations and assignments and the development of the level

scheme, which for convenience is categorized into negative and positive parity sequences.

5.4.A. Negative Parity Sequences

The negative parity states in these sd nuclei, originate due to the excitation of a

single nucleon across the sd-pf shell gap, and hence are of importance, as the excitation

energy of the first negative parity level is the indicator of the shell gap between sd

and pf shells. From the previous studies for 26Mg negative parity levels at 6878 (Jπ

= 3−), 7062 (Jπ = 1−), 7261 (Jπ = (2, 3)−), 7283 (Jπ = 4−), 7349 (Jπ = 3−), 7543

(Jπ = 2−), 7952 (Jπ = 5−) and 9169 (Jπ = 6−) (identified as 9171 keV in the present

work), were established. The lowest negative parity level recorded was at 6878 keV

that could not be confirmed in the current investigation, due to the broadening and

contamination from the neighbouring channels. The 7062 (Jπ = 1−), and 7349 (Jπ =

3−) levels were previously reported Endt et al. [72] and were subsequently adopted

by Glatz et al. [13]. These two negative parity levels have not been observed in the

present experiment. The levels 7261 (Jπ = (2, 3)−), 7283 (Jπ = 4−), 7543 (Jπ = 2−),

7952 (Jπ = 5−), 8903 (Jπ = 3−), 9171 keV (Jπ = 6−) were reported by Glatz et al.

[13] and have been observed in the present measurements. The 7261 keV level was

tentatively assigned Jπ = (2, 3)− of which the Jπ = 2− assignment has been concluded

in the present work from shell model calculations, discussed in the subsequent section.

The 7283 keV level was reported to de-excite via 3340, 2963, 2932, 2381 and 1567 keV

γ-transitions with branching ratio 50, 31, 9, 5 and 5%. The 3340 keV transition has

been observed in the present work and included in the proposed level scheme while all

other transitions have not been confirmed in the present work. The electro-magnetic

character of the 3340 keV transition has been concluded as E1, from the measured

value for Ranisotropy = 1.09 ± 0.01 (when the gate is set on a quadrupole transition),

and P = 0.75 ± 1.30. This assignment is in conformity with the previous assignment,

for this transition. The 7543 keV level was previously reported to be de-exciting by

3209, 4603, 3600, 3191 and 5732 keV transitions with branching ratio 37, 31, 14, 3, 15
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TABLE III: Details of γ-ray transitions of the 26Mg nucleus, observed in the present work.

Ei(keV ) Eγ(keV ) Ef (keV ) Iγ(%) Jπ
i Jπ

f Ranisotropy P Assignment

1809 1809.2 ± 1.0 0 259.3 ± 10.2 2+
1 0+

1 1.87 ± 0.04D 0.53 ± 0.15 E2

2939 1130.4 ± 0.3 1809 100.0 ± 7.3 2+
2 2+

1 1.24 ± 0.01Q -0.15 ± 0.04 M1+E2

2938.9 ± 1.0 0 2+
2 0+

1 2.20 ± 0.17D 1.05 ± 0.33 E2

3083 1274.1 ± 2.0 1809 2+
1

3420 1611.4 ± 1.7 1809 2+
1 1.08 ± 0.02Q D+Q

3565 1756.1 ± 1.9 1809 2+
1

3589 1779.6 ± 2.1 1809 0+
2 2+

1 2.19 ± 1.46Q 1.74 ± 2.80 E2

3943 1004.1 ± 1.6 2939 29.3 ± 7.6 3+
1 2+

2 0.92 ± 0.16Q -0.20 ± 0.06 M1+E2

2133.1 ± 1.0 1809 17.1 ± 2.7 3+
1 2+

1 1.11 ± 0.05Q -0.63 ± 0.55 M1(+E2)

4318 1379.2 ± 1.1 2939 4+
1 2+

2

2509.0 ± 2.0 1809 73.3 ± 20.6 4+
1 2+

1 1.2 ± 1.6 (E2)N

4332 2523.0 ± 2.0 1809 40.4 ± 52.7 2+
3 2+

1 -0.57 ± 0.61

4350 1411.4 ± 0.4 2939 24.0 ± 3.0 3+
2 2+

2 1.16 ± 0.03Q -0.05 ± 0.06 M1+E2

2541.0 ± 2.0 1809 3+
2 2+

1 -0.34 ± 0.91 M1+E2N

4645 2836.0 ± 1.3 1809 2+
1 1.13 ± 0.07Q D+Q

4839 896.0 ± 1.3 3943 2.1 ± 2.2 2+
4 3+

1 1.01 ± 0.01Q 0.21 ± 0.33 M1+E2

1900.1 ± 2.0 2939 10.0 ± 2.7 2+
4 2+

2 M1(+E2)N

3030.0 ± 2.0 1809 2+
4 2+

1

4901 3092.0 ± 2.0 1809 35.3 ± 3.4 4+
2 2+

1 1.74 ± 0.04Q 0.17 ± 0.12 E2(+M3)

5182 1238.9 ± 0.7 3943 3+
1

5292 2353.0 ± 2.0 2939 2+
5 2+

2

5476 1158.3 ± 1.2 4318 18.6 ± 3.2 4+
3 4+

1 1.42 ± 0.07Q M1+E2N

1533.4 ± 0.8 3943 8.0 ± 2.7 4+
3 3+

1 1.19 ± 0.83Q -0.12 ± 0.15 M1+E2

3667.0 ± 2.0 1809 4+
3 2+

1 (E2)N

5691 1359.4 ± 0.3 4332 1+
1 2+

3

2752.0 ± 2.0 2939 1+
1 2+

2

3882.0 ± 2.0 1809 1+
1 2+

1

5711 2122.5 ± 0.8 3589 0+
2

5715 1365.0 ± 1.1 4350 4+
4 3+

2 M1+E2N

1772.0 ± 1.1 3943 4+
4 3+

1 M1+E2N

2777.0 ± 2.0 2939 4+
4 2+

2 (E2)N

6125 833.1 ± 1.3 5292 3+
3 2+

5

continued...
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TABLEIII - continued...

Ei(keV ) Eγ(keV ) Ef (keV ) Iγ(%) Jπ
i Jπ

f Ranisotropy P Assignment

6256 565.1 ± 1.3 5691 0+
4 1+

1 DN

6485 1302.7 ± 1.3 5182

6622 2271.8 ± 1.0 4350 4+
5 3+

2

6634 3695.0 ± 2.0 2939 1+
2 2+

2

6953 1771.1 ± 1.4 5182 (2)+7

6973 3030.0 ± 2.0 3943 4+
6 3+

1 0.95 ± 0.03D D+Q

6978 1263.7 ± 2.1 5715 5+
1 4+

4

1501.8 ± 1.0 5476 5+
1 4+

3 0.6 ± 0.8Q -0.47 ± 0.12 M1+E2

2660.0 ± 2.0 4318 5+
1 4+

1 M1+E2N

7099 4160.0 ± 2.0 2939 8.6 ± 2.5 2+
8 2+

2

7261 3318.0 ± 2.0 3943 2−1 3+
1 (E1)N

7283 3340.0 ± 2.0 3943 4−1 3+
1 1.09 ± 0.01Q 0.75 ± 1.30 E1

7395 1680.0 ± 1.0 5715 5+
2 4+

4 M1+E2N

7543 3600.0 ± 2.0 3943 2−2 3+
1 (E1)N

7771 3453.0 ± 2.0 4318 4+
7 4+

1

7952 3634.0 ± 2.0 4318 5−1 4+
1 1.19 ± 0.01Q 0.75 ± 1.40 E1+M2

8201 3300.0 ± 2.0 4901 6+
1 4+

2 E2(+M3)N

8472 1494.0 ± 1.4 6978 6+
2 5+

1 M1+E2N

8903 1642.3 ± 0.7 7261 3−2 2−1

9171 1218.7 ± 2.3 7952 9.5 ± 2.7 6−1 5−1 -0.66 ± 0.10 M1+E2N

9539 3824.0 ± 2.0 5715 5+
5 4+

4

5221.0 ± 2.0 4318 5+
5 4+

1 D+QN

9829 1628.3 ± 1.2 8201 7+
1 6+

1 M1(+E2)N

Q From quadrupole gate. D From dipole gate. N Adopted from NNDC.

% respectively, of which only the 3600 keV transition has been confirmed in the present

work and all other transitions are not confirmed. The 7952 keV (5−) level was also

reported by Glatz et al. [13] with the 3634 and 2238 keV transitions as the de-exciting

transitions. However, in the present experiment, only the 3634 keV transition has

been observed. The Ranisotropy and polarization value of 1.19 ± 0.01 and 0.75 ± 1.40,

respectively, indicate a dominant E1 character for the same, that is commensurate
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FIG. 41: Yield of the 2+ and 4+ states in 26Mg, populated in the present experiment. The solid

line represents the slope in the yield of the 2+ states.

with the previous assignment. The 9171 (6−) keV level, observed by Glatz et al. [13],

was reported to be de-excited by 1216, 1774 and 1886 keV transitions. In the present

work, only the 1216 keV, identified as 1219 keV, transition has been observed and

included in the level scheme. The polarization asymmetry of the transition, determined

in the present investigation, indicate it to be of magnetic character. The observation

of 1774 keV transition could not be confirmed due to overlap from strong 1780 keV

transition, both from 26Mg as well as from 28Si. The 1886 keV transition has also not

been observed in the present experiment. Hence, the present study confirms most of

the earlier reported negative parity states in 26Mg.

5.4.B. Positive Parity Sequences

The advantage of heavy-ion fusion reactions, is it’s preferential population of yrast

and near yrast states. An intriguing finding in the present study, is the observation

of several non-yrast states, especially for the 2+, 4+ and multiple 3, 5, 6+ levels. The

present study reports the identification of 7 2+ and 4+ levels. As far as the 2+ states

are concerned Glatz et al. have reported upto five levels along with the corresponding

shell model calculated energies. In addition they have also observed a 2+ state at 7099
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γ-ray transitions feeding the 3943 keV level have been labeled. The new transitions have been

marked with *. The spectrum illustrates the observed Doppler broadening.

keV, but have not reported a corresponding state from the shell model calculations. In

the present work, the first five 2+ states have been found to comply with the results

from Glatz et al.. However, the sixth 2+ level at 6745 keV could not be confirmed in

the present investigation. The level at 6953 keV has been tentatively assigned as the

seventh 2+ level. Further, the 2+ level at 7099 keV has been well reproduced as the

eighth 2+ state in the shell model calculations, discussed in the subsequent section. It

is worthy to mention that, the when the yields of the 2+, 4+ states, when corrected

for the cascade feeding from corresponding the upper levels, it exhibits a general

decreasing trend (Fig. 41) with increasing excitation energies. A plausible explanation

for this feature could be attributed to the decreasing phase space.

The earlier workers have discussed in details the characteristics of the positive parity

sequences [13, 73], since these sequences were identified as members of rotational bands,

for example, Glatz et al. assigned these bands, to be based on Kπ = 0+
1 , 0+

2 , 2+
1 ,

(2)+2 , and 3+ band-head. The following points summarizes the comparison between the

present work and the findings of of Glatz et al. [13]

1. For the Kπ = 0+
1 ground state band, similar to the observation of Glatz and

co-workers we also have observed, the 1809, 4901 and 8472 keV levels. The

present anisotropy and polarization asymmetry measurements for the 1809 keV
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transition, are indicative of an E2 character, which is in agreement with the

previous assignments. The intraband E2 transition 3092 keV, deexciting the

4901 keV level, has also been observed in the present experiment. Based on the

Ranisotropy measurement for this transition a quadrupole multipolarity has been

assigned to it. However, the 3571 keV (maximum branching reported in Ref. [23])

transition, de-exciting from the 8472 level, has not been observed in the current

investigation. The spin-parity assignments of the 8472 keV level in this work have

been adopted from previous measurements.

2. The difference between the present work and that of Glatz et al., is substantial

for the Kπ = 0+
2 [13]. This sequence according to Glatz comprised of 3589, 4332,

6622 and 9383 keV levels. Only the first three of these levels have been observed

in this work. We could not confirm any of the intraband E2 transitions in the

present measurements.

3. The Kπ = 3+ band was proposed to be consisting of 3941 (identified as 3943 in the

current work), 5476, 6978 and 9112 keV levels, of which the first three have been

observed in the present measurements along with the intraband transitions. The

present anisotropy and polarization measurements, for the 1533 and 1502 keV

transitions respectively deexciting the 5476 and 6978 keV levels, are suggestive of

an M1/E2 in nature from the present work and is in agreement with the previous

assignments.

4. The Kπ = 2+
1 band identified by Glatz et al. [13] comprises of 2939, 4350, 5715,

7395, 8201, 9829 and 12479 keV levels of which all, except 12479 keV, have been

observed in the present experiment. However, only the 1411 keV intraband tran-

sition, deexciting the 4350 keV level, is observed with sufficient intensity which

enabled us to undertake both the angular anisotropy and polarization measure-

ments which resulted in it’s assignment as a mixed M1/E2 transition, which is

in agreement with the previous assignment. The 1365 and 1628 keV intraband

transitions, respectively deexciting the 5715 and 9829 keV levels, though observed

in this work, lacked sufficient statistics for any electro-magnetic or multipolarity

assignment. Similar argument also holds for the 1680 keV transition de-exciting

from 7395 keV level.
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5. The 5292, 6125, 7677, 9542 keV levels were proposed as the members of the Kπ

= 2+
2 band, of which the 5292 keV, 6125 keV and 9542 keV (identified as 9539

keV), have been observed in the present investigation. These levels are found to

be deexciting by the 2353, 833 and 5221 keV transitions, respectively. The 9539

keV level also de-excites by the 3824 keV transition, observed in the present work,

as illustrated in the 1004 keV gated spectrum in Fig. 42. These transitions were

also known from the previous measurements.

The interband transitions, particularly those feeding the ground state band, are of

significance. Similar to Glatz et al. [13], the 2523 keV transition from the 4332 keV

level of 0+
2 band, 3667 and 2133 keV transitions respectively from the 5475 and 3941

keV, modified to 5476 and 3943 keV in the present study, levels of 3+ band and 1130

and 2541 keV transitions respectively from the 2939 and 4350 keV levels of 2+
1 band,

feeding the 1809 keV level of the ground state band, have all been observed in the

present experiment. Some of the corresponding peaks have been shown in the 1809

keV gated spectrum in Fig. 40. The other interband transition strongly observed is

1004 keV, connecting the 3943 keV level of 3+ band to the 2939 keV level of the 2+
1

band. The multipolarity and polarization assignments could be made for most of these

transitions, that are in agreement with the previous values, and are recorded in Table III.

The level at 4318 keV with Jπ = 4+ was reported by Glatz et al. [13] with excep-

tional characteristics that debarred it’s assignment to any of the aforesaid rotational

sequences. The level was interpreted to be of spherical origin. The state has been

observed in the present experiment and found, similar to the previous observations, to

be de-exciting by 1379 and 2509 keV transitions.

The state at 4839 keV (Jπ = 2+), reported as 4835 keV in the previous studies,

has been observed in the present measurement. The 896, 1900, 3030 keV transitions,

previously reported as 893, 1897 and 3026 keV, have also been identified de-exciting

the level from the present work. The Ranisotropy and polarization values for the 896

keV transition indicate it to be of M1 + E2 character. The 4839 keV transition, also

reported to de-excite the level, has not been observed in the current experiment. A

new level at 6973 keV, de-exciting by the 3030 keV transition, connecting to the 3943
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keV level, has been identified in the present experiment. The corresponding peak is

illustrated in Fig. 42, in the 1004 keV gated spectrum. The Ranisotropy value for this

3030 keV transition implies a dominant dipole nature following which the 6973 state

has been assigned as Jπ = 4+. This assignment is also supported by the shell model

calculations, described in the subsequent section.

Certain levels have been observed for the first time in the present experiment but

spin-parity assignments could not be made for the same owing to the sparse statistics of

the de-exciting transitions (peaks). These are 3083 keV level de-exciting by 1274 keV

transition, 3420 keV level de-exciting by 1611 keV transition, 3565 keV level de-exciting

by 1756 keV transition, 4645 keV level de-populating by 2836 keV transition, 5182

keV level de-populating by 1239 keV transition, 6485 keV level de-populating by 1303

keV transition and 6953 keV level, de-exciting by 1771 keV transition respectively.

However, from the shell model calculations, the 6953 keV level has been tentatively

assigned Jπ = 2+.

The level structure of this nucleus, reported earlier, from light ion reactions has

been re-visited. New transitions in this nucleus have been identified. The spin assign-

ments have been carried out following a simultaneous analysis of the coincidence angular

anisotropy as well as linear measurements.

5.5 Shell Model Calculations

5.5.A. Calculations for 26Mg

The spherical shell model has been extensively used to describe the observed level

structures in sd nuclei. However, due to then computational limitations these calcula-

tions could not be extended for the negative parity states, as these involve the occu-

pation of the fp orbitals by a single nucleon, and this requires a larger model space,

which encompasses the sd − pf orbitals. Hence, the earlier calculations were centred

around the interactions derived for the full 2s−1d shell comprising of 1d5/2, 2s1/2, 1d3/2

orbitals [13]. The USD interaction, developed by Brown and co-workers has achieved
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FIG. 43: Calculated levels (denoted by S) in 26Mg shown alongside the experimental levels

(denoted by E). Levels that are not observed in the present experiment, but were reported

previously and adopted in the NNDC database, are shown in dotted lines. The positive-parity

levels have been grouped according to their respective spins, indicated above each group, while

the negative-parity levels are drawn in one group.

remarkable success in predicting the properties of the sd shell nuclei. Recently, this

interaction was updated by obtaining the interaction parameters following a global fit

to nearly 608 data points for the ground-state binding energies as well as the excited

states (the original interaction was deduced from 66 experimental points). The updated

interaction was codenamed USDA [61] in NuShellX @ MSU [57].

5.5.B. Positive Parity States

We have preformed the calculations for the positive states in 26Mg using this interac-

tion and the 1d5/2, 2s1/2, 1d3/2 orbitals. The predicted ground state energy is −105.498

MeV, which is in excellent compliance with the experimental value of −105.528 MeV.

The experimental excitation energies are compared with the predictions of this interac-

tion in Table IV. As is evident from the comparison, the values are in close conformity.

Since we would like to extend these calculations to the negative parity states also, the
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TABLE IV: Comparison of the experimentally observed and shell model predicted energy levels

in 26Mg from the present experiment and shell model calculations using USDA and sdpfmw

interactions.

Jπ
i Ei

expt Ei
SM (USDA) Ei

SM (sdpfmw)

(keV) (keV)

2+
1 1809 1938 1928

2+
2 2939 3109 3153

0+
2 3589 3664 3683

3+
1 3943 3898 3921

4+
1 4318 4402 4528

2+
3 4332 4456 4542

3+
2 4350 4374 4511

2+
4 4839 4816 5000

4+
2 4901 4908 4930

2+
5 5292 5528 5404

4+
3 5476 5492 5470

1+
1 5691 5774 5833

4+
4 5715 5897 6006

3+
3 6125 6165 6268

0+
4 6256 6106 6067

4+
5 6622 6700 6776

1+
2 6634 6568 6799

4+
6 6973 7472 7410

5+
1 6978 7058 7035

2+
8 7099 7236 7090

5+
2 7395 7445 7462

4+
7 7771 7869 7940

6+
1 8201 8119 8191

6+
2 8472 8454 8424

5+
5 9539 9408 9453

7+
1 9829 9714 9902
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model space has to be expanded to include the 1f7/2, 1f5/2, 2p3/2 and 2p1/2 orbitals.

The two body matrix elements for such a large model space are usually derived from a

combination of experimental and phenomenological interactions. One such interaction

for the sd-pf model space, is codenamed sdpfmw [74] in NuShellX @ MSU [57], which

adequately described the observed level structures in 34,32P [9, 10]. The sdpfmw

interaction is derived from a combination of USD interaction, the McGrony interaction

and Millener-Kurath cross shell interaction. The USD interaction parameters consist of

more than 60 two body matrix elements and three single particle energies relative to the

16O core that were determined from a least square fit to ∼ 440 binding energies in A =

18 - 30 nuclei. The McGrory’s interaction consists of 195 TBME and four SPE relative

to 40Ca core. The starting point of the interaction is the familiar effective interaction

of Kuo and Brown. The least square fitting was carried out by McGrory for 29 binding

energies in the A = 42 - 44 region with only eight 〈f7/2f7/2|V |f7/2f7/2〉 TBME as

the variable parameters. The Millener Kurath particle hole interaction was developed

to describe the non-normal parity states in the A = 16 region. A fairly good fit was

obtained to the T = 0 and 1, 1p−1h states of 16O with the parameters of this interaction.

However, unrestricted calculations are not computationally feasible in such a large

model space. Hence, the model has to be internally truncated. Accordingly, the

positive parity levels were generated by restricting the valence nucleons within the sd

orbitals (0~ω i.e no particles were allowed to be excited across the major shell). The

predicted ground state energy using sdpfmw interaction is −105.531 MeV, which is

in close agreement with the reported observations. The predicted excitation energies

are compared with the experimental findings, in Tables IV and Fig. 43. As seen from

the figure, no significant deviation is observed between the two. This exercise validates

the truncation scheme as well as the two-body matrix elements used. The calculations

were then extended to the negative parity states, wherein one nucleon was excited from

the sd orbitals into the fp orbitals (1~ω truncation).

Results of the shell model calculations for 26Mg are summarized in the Tables V, VI,

VII, VIII and pictorially illustrated in Fig. 43. As seen from the figure the excitation

energies predicted by the model calculations reproduced reasonably their experimental

counterparts. The particle occupancy are recorded in Table V. The * marked energy
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level in Table V are taken from NNDC database [23]. The τ(Expt) values are taken

from [23] are used in Table V and Table VI. The shell model wave function was

used to deduce the level-lifetimes, from the calculated transition probabilities (Table

VII) which was obtained using the values for effective charges as detailed in Ref. [75]

(glp = 1.175, gsp = 5.000, gtp = 0.260, gln = −0.106, gsn = −3.500, gtn = −0.170, ep =

1.36, en = 0.45). These results have been found to be in agreement with the previous

results from Ref. [13].

TABLE V: Average particle occupancies (rounded-off to the second

decimal) of positive-parity states in 26Mg from shell model cal-

culations along with the corresponding spectroscopic quadrupole

moments and the level lifetimes.

Jπ Eexpt ESM Particles d5/2 d3/2 s1/2 τ(SM) τ(Expt) Q

(keV) (keV) psec psec e2fm2

0+
1 0 0 p 3.19 0.45 0.35 stable stable

n 4.81 0.62 0.55

2+
1 1809 1928 p 3.15 0.43 0.41 0.353 0.687 ± 0.017 -14.13

n 4.70 0.64 0.65

2+
2 2939 3153 p 2.98 0.42 0.58 0.165 0.203 ± 0.011 14.58

n 4.37 0.60 1.02

0+
2 3589 3683 p 3.21 0.36 0.42 46.601 9.292 ± 0.202 0.00

n 3.83 1.37 0.79

3+
1 3943 3921 p 3.20 0.39 0.39 3.444 1.226 ± 0.173 26.13

n 4.45 0.89 0.64

4+
1 4318 4528 p 3.40 0.29 0.29 0.211 0.392 ± 0.023 2.93

n 4.84 0.60 0.55

2+
3 4332 4542 p 3.19 0.36 0.44 0.104 0.028 ± 0.040 -15.62

n 3.83 1.33 0.82

3+
2 4350 4511 p 2.99 0.48 0.52 0.111 0.152 ± 0.028 -0.19

n 4.36 0.62 1.00

2+
4 4839 5000 p 3.08 0.37 0.54 0.090 0.040 ± 0.008 6.04

n 4.38 0.79 0.81

4+
2 4901 4930 p 3.04 0.47 0.47 0.049 0.042 ± 0.009 0.69

n 4.53 0.85 0.61

continued...
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TABLEV – continued...

Jπ Eexpt ESM Particles d5/2 d3/2 s1/2 τ(SM) τ(Expt) Q

(keV) (keV) psec psec e2fm2

0+
3 4972∗ 5203 p 2.67 0.31 1.00 0.499 0.635 ± 0.086 0.00

n 4.17 0.78 1.03

2+
5 5292 5404 p 3.17 0.43 0.39 0.013 <0.014 18.12

n 4.48 1.05 0.46

4+
3 5476 5470 p 3.00 0.38 0.61 0.039 0.030 ± 0.009 9.52

n 4.30 0.77 0.91

1+
1 5691 5833 p 3.01 0.30 0.67 0.004 <0.011 -0.49

n 4.32 0.74 0.92

4+
4 5715 6006 p 2.81 0.43 0.75 0.055 0.101 ± 0.050 -14.80

n 4.33 0.71 0.95

3+
3 6125 6268 p 3.13 0.42 0.44 0.006 0.020 ± 0.009 4.14

n 4.46 0.89 0.63

0+
4 6256 6067 p 3.12 0.63 0.23 0.106 0.075 ± 0.034 0.00

n 3.91 0.76 1.32

4+
5 6622 6776 p 3.05 0.36 0.57 0.038 0.027 ± 0.007 -22.39

n 3.82 1.34 0.82

1+
2 6634 6799 p 2.99 0.49 0.51 0.005 <0.010 4.43

n 3.88 1.16 0.95

2+
6 6745* 6649 p 2.95 0.42 0.62 0.004 0.023 ± 0.011 -1.14

n 3.96 0.99 1.03

(2)+7 6953 6845 p 2.96 0.46 0.56 0.004 -7.12

n 4.09 0.74 1.16

4+
6 6973 7410 p 2.91 0.59 0.49 0.005 25.05

n 4.16 0.89 0.93

5+
1 6978 7035 p 3.11 0.38 0.50 0.029 0.020 ± 0.007 -4.29

n 4.35 1.00 0.64

2+
8 7099 7090 p 2.89 0.59 0.51 0.006 <0.020 13.17

n 4.49 0.79 0.70

5+
2 7395 7462 p 2.86 0.45 0.67 0.016 <0.020 -4.17

n 4.31 0.61 1.07

4+
7 7771 7940 p 3.02 0.46 0.51 0.004 <0.010 -5.62

n 4.24 1.02 0.72

6+
1 8201 8191 p 3.21 0.50 0.28 0.021 <0.020 -0.91

continued...
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TABLEV – continued...

Jπ Eexpt ESM Particles d5/2 d3/2 s1/2 τ(SM) τ(Expt) Q

(keV) (keV) psec psec e2fm2

n 4.51 0.75 0.72

6+
2 8472 8424 p 3.27 0.27 0.44 0.030 <0.020 17.87

n 4.39 0.70 0.89

5+
3 8670∗ 8518 p 2.74 0.54 0.71 0.003 <0.010 7.37

n 4.27 0.77 0.95

5+
4 9064∗ 8933 p 2.94 0.58 0.47 0.002 <0.010 7.93

n 4.35 0.78 0.85

5+
5 9539 9453 p 2.65 0.65 0.69 0.007 <0.020 28.94

n 4.38 0.89 0.71

7+
1 9829 9902 p 3.50 0.21 0.28 0.069 0.053 ± 0.014 25.92

n 4.56 0.60 0.82

The detail of the spectroscopic and intrinsic quadrupole moment in context of

shape evolution is discussed in chapter 6. The spectroscopic quadrupole (Q) moment

as derived from the model calculations help us infer the shape of the nucleus in a

given state. The ground state band, comprising of 0+
1 , 2+

1 , 4+
2 , 6+

2 levels according to

Glatz et al. [13] undergoes a shape evolution from prolate at low spins to vanishing

quadrupole moment at 4+
2 to oblate at higher spins. This corroborates with the

spectroscopic quadrupole moments from the present shell model calculations, as

illustrated in Table V. However, the calculations (present and the earlier) do not

agree with the recent predictions of Hinohara et al. [65] who have reported their

calculations for the 26Mg nucleus based on the CHFB+LQRPA method. For example,

the model calculations of Hinohara et al. are indicative of an oblate (potential)

minimum for the ground state which is in sharp contrast to the prolate shape, predicted

by the the shell model. Further, since Hinohara et al. have limited their discussions

to the low lying deformed states in 26Mg, detailed comparison with their results

is not possible. Nevertheless, these two models are in qualitative unison regarding

the γ-soft nature of the nucleus in the ground state and the subsequent shape evolution.

The band based on the Kπ = 0+
2 was as assigned a prolate deformation by Glatz
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TABLE VI: Average particle occupancies (rounded-off to the second decimal) of negative-parity

states in 26Mg from shell model calculations along with the corresponding level lifetimes.

Jπ Eexpt ESM Particles d5/2 d3/2 s1/2 f7/2 f5/2 p3/2 p1/2 τ(SM) τ(Expt)

(keV) (keV) psec psec

3−1 6876∗ 7585 p 2.95 0.57 0.42 0.02 0.01 0.01 0.00 0.123(50)

n 3.95 0.55 0.53 0.75 0.04 0.14 0.01

2−1 7261 8209 p 2.91 0.55 0.49 0.01 0.01 0.01 0.00 < 0.010

n 3.91 0.55 0.55 0.65 0.04 0.25 0.01

4−1 7283 7695 p 2.97 0.59 0.41 0.02 0.01 0.00 0.00 0.034(11)

n 4.05 0.53 0.44 0.78 0.02 0.15 0.00

2−2 7543 8861 p 2.94 0.51 0.51 0.01 0.00 0.01 0.00 <0.010

n 3.46 0.78 0.77 0.58 0.02 0.31 0.04

5−1 7952 7995 p 2.95 0.57 0.43 0.02 0.01 0.00 0.00 0.020(9)

n 4.04 0.52 0.46 0.84 0.02 0.09 0.00

3−2 8903 8428 p 2.96 0.49 0.48 0.02 0.01 0.01 0.00

n 3.61 0.74 0.69 0.63 0.02 0.25 0.01

6−1 9171 9067 p 2.94 0.55 0.47 0.02 0.01 0.00 0.00 0.332 0.037(11)

n 4.03 0.52 0.47 0.88 0.02 0.06 0.00

∗ From Ref. [23].

et al.. The Q values of the band members, 0+
2 , 2+

3 and 4+
5 (Table V), corroborate this

assignment. The sign of quadrupole moment does not change for these members, an

observation similar to that of Glatz et al.. As far as the Kπ = 3+ band is concerned,

Glatz et al. assigned the levels 3+
1 , 4+

3 , 5+
1 , 6+

3 to the band and proposed Coriolis

mixing with the Kπ = 2+
1 band. Present shell model calculations reflect, an evolution

from oblate to prolate deformation in the Kπ = 3+ band, at Jπ = 5+
1 . The Kπ =

2+
1 band, assigned to be comprised of 2+

2 , 3+
2 , 4+

4 , 5+
2 , 6+

1 , 7+
1 levels was identified to

exhibit irregular behaviour by Glatz et al. which complies with the results of the present

calculations.
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TABLE VII: Transition probabilities in 26Mg from the present shell model calculations.

Jπ
i Ei

expt Ei
SM Jπ

f Ef
expt Ef

SM B(M1) B(E2) B(M1)(Expt)∗∗ B(E2)(Expt) ∗∗

(keV) (keV) (keV) (keV) µ2
N×10−3 e2fm4 µ2

N×10−3 e2fm4

2+
1 1809 1928 0+

1 0 0.00 0.00 86.36 62.61±4.11
3.65

2+
2 2939 3153 2+

1 1809 1928 137.90 53.07 170.05±13.42
11.99 27.42±12.33

9.59

2+
2 2939 3153 0+

1 0 0.00 0.00 3.65 1.78±0.27

0+
2 3589 3683 2+

1 1809 1928 0.00 1.05 4.57±0.27

3+
1 3943 3921 2+

2 2939 3153 19.43 0.15 36.69±7.16
5.37 <4.11

3+
1 3943 3921 2+

1 1809 1928 0.96 0.02 1.79±0.46
0.35 5.94±1.37

0.91

4+
1 4318 4528 2+

2 2939 3153 0.00 7.54

4+
1 4318 4528 2+

1 1809 1928 0.00 31.92 20.56±1.14

2+
3 4332 4542 2+

1 1809 1928 25.82 3.17 102.03±21.48
16.11

3+
2 4350 4511 2+

2 2939 3153 41.10 143.50 62.65±23.27
14.32 42.04±36.10

20.65

3+
2 4350 4511 2+

1 1809 1928 18.21 5.72 10.74±3.58
2.68 0.22±0.36

0.18

2+
4 4839 5000 3+

1 3943 3921 0.45 0.36

2+
4 4839 5000 2+

2 2939 3153 34.25 1.04 202.27±35.80
28.64

2+
4 4839 5000 2+

1 1809 1928 0.70 4.79 2.14±0.89
0.71

4+
2 4901 4930 2+

1 1809 1928 0.00 62.36 77.69±25.13
15.53

2+
5 5292 5404 2+

2 2939 3153 264.50 0.28

4+
3 5476 5470 4+

1 4318 4528 383.60 10.25 733.90±393.80
196.90 64.89±242.21

62.15

4+
3 5476 5470 3+

1 3943 3921 110.80 89.18 150.36±89.50
46.54 66.26±68.55

31.99

4+
3 5476 5470 2+

1 1809 1928 0.00 14.85 5.48±4.11
2.28

1+
1 5691 5833 2+

3 4332 4542 21.59 12.93

1+
1 5691 5833 2+

2 2939 3153 231.10 3.59

1+
1 5691 5833 2+

1 1809 1928 103.00 4.30

4+
4 5715 6006 3+

2 4350 4511 56.34 40.28 168.26±179.00
64.44 37.01±67.63

21.02

4+
4 5715 6006 3+

1 3943 3921 0.56 1.71 78.76±84.13
28.64 5.02±13.25

3.65

4+
4 5715 6006 2+

2 2939 3153 0.00 7.46 23.76±27.87
9.59

3+
3 6125 6268 2+

5 5292 5404 274.80 114.30

0+
4 6256 6067 1+

1 5691 5833 98.16 0.00

4+
5 6622 6776 3+

2 4350 4511 17.98 0.54 35.79±19.69
12.53

1+
2 6634 6799 2+

2 2939 3153 168.00 0.73

4+
6 6973 7410 3+

1 3943 3921 101.00 0.22

5+
1 6978 7035 4+

4 5715 6006 9.65 1.83 50.12±48.33
23.27

5+
1 6978 7035 4+

3 5476 5470 134.00 65.88 393.80±268.50
125.30 109.68±223.93

41.13

5+
1 6978 7035 4+

1 4318 4528 6.33 12.79 6.80±6.08
2.86 6.85±19.65

5.02

continued...
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TABLEVII - continued...

Jπ
i Ei

expt Ei
SM Jπ

f Ef
expt Ef

SM B(M1) B(E2) B(M1)(Expt)∗∗ B(E2)(Expt)∗∗

(keV) (keV) (keV) (keV) µ2
N×10−3 e2fm4 µ2

N×10−3 e2fm4

2+
8 7099 7090 2+

2 2939 3153 11.71 0.45

5+
2 7395 7462 4+

4 5715 6006 396.30 21.93 >264.92 >16.45

4+
7 7771 7940 4+

1 4318 4528 45.91 2.29

6+
1 8201 8191 4+

2 4901 4930 0.00 52.60

6+
2 8472 8424 5+

1 6978 7035 27.94 14.56 >161.10 > 28.33

5+
5 9539 9453 4+

1 4318 4528 0.87 0.07

7+
1 9829 9902 6+

1 8201 8191 127.10 0.82 213.01±80.55
46.54

∗∗ From Ref. [13].

5.5.C. Negative Parity States

The negative parity states in these nuclei would be generated following the excitation

of odd number of nucleons in to the fp shell. The shell model calculations for the

neighbouring P nuclei, 32,34P [9, 10]. have established that the excitation of a single

nucleon into the fp shell could explain the observed negative parity levels. Accordingly,

the calculations for the negative-parity states in Mg isotopes have been carried out by

considering the excitation of a single nucleon from the sd to the fp orbitals (1~ω). The

results for the 26Mg nucleus are presented in Fig. 43. The calculated level energies are

in satisfactory agreement with the experimental value. Particularly for Jπ = 5−, 6−,

the agreement is at the level of ∼ 40-100 keV while for lower spins Jπ = 3−, 4−, it is ∼
400-700 keV. The shell model predictions helped us resolve the ambiguity regarding the

Jπ = (2,3)− tentative assignment for the level at 7261 keV. The predicted energy for

the Jπ = 2− level is in better agreement with the experimental value (Eexpt − Etheo ∼
900 keV) than the calculated energy for Jπ = 3−, which is far more discrepant. Thus,

the level has been assigned a spin-parity of Jπ = 2−. The particle occupancy for

the negative-parity states, is suggestive of the domination of a single neutron into

the f7/2 orbital, with minor contribution from occupation of the p3/2 orbital. It is

understood that, in principle, the negative-parity states could also be generated due to

configurations such as (p)−n, (sd)+n, which originate due to excitations across the 16O
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TABLE VIII: Transition probabilities in 26Mg from the present shell model calculations.

Jπ
i Ei

expt Ei
SM Jπ

f Ef
expt Ef

SM B(M1) B(E1)/B(E2)

(keV) (keV) (keV) (keV) µ2
N e2fm2/e2fm4

2−1 7261 8209 3+
1 3943 3921 0.00 0.83×10−4

4−1 7283 7695 3+
1 3943 3921 0.00 0.46×10−3

2−2 7543 8861 3+
1 3943 3921 0.00 0.63×10−7

5−1 7952 7995 4+
1 4318 4528 0.00 0.95×10−3

3−2 8903 8428 2−1 7261 8201 0.03 5.51

6−1 9171 9067 5−1 7952 7995 0.13 124.10

core. Such configurations could not be simultaneously considered with the excitations

from sd to fp shells, within the present calculations. Nevertheless, reasonable agreement

in the level energies have been obtained with sd to fp excitations, not only in the 26Mg

nucleus but in the neighbouring isotopes, as shall be discussed in the next section.

It can thus be stated that the observed level structure of 26Mg can be adequately

described by 0~ω (positive-parity) and 1~ω (negative-parity) configuration beyond the

oxygen core.

5.5.D. Systematics for Mg Isotopes

The success of the shell model calculations for 26Mg nucleus, motivated us to extend

these large basis shell model calculations to the neighbouring Mg isotopes. Besides

trying to understand the systematics in the mass region, the main impetus was the

absence of previous shell model study for the negative parity states in this nuclei. The

results are illustrated in Fig. 44 and Fig. 45, individually for the even-A (24,26,28Mg)

and the odd-A (25,27,29Mg) Mg isotopes. The experimental energies for Mg isotopes,

other than 26Mg, have been adopted from NNDC database [23]. The positive-parity

states have been calculated including 0~ω excitations (sd configurations) and the

results, for 24−29Mg, are in satisfactory agreement with the experimental observations,

as illustrated in Fig. 44 and Fig. 45.
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FIG. 44: Comparison of the experimental energy levels (Expt) in even-A Mg isotopes with the

shell model calculations (Theo), carried out in the present work. The data for 24,28Mg are taken

from the NNDC database.
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FIG. 45: Comparison of the experimental energy levels (Expt) in odd-A Mg isotopes with the

shell model calculations (Theo), carried out in the present work. The data are taken from the

NNDC database.

The negative-parity states in 25,27,29Mg have been calculated including 1~ω excita-

tions. For 25Mg, the agreement with the experimental level energies varies from ∼ 400

keV for Jπ = 7/2− to ∼ 1.2 MeV for Jπ = 3/2−. In 27Mg, the tentative spin-parity

assignments of Jπ = 5/2−, 7/2− on the 3.761 MeV level and Jπ = 1/2−, 3/2− on the

4.828 level, could be resolved from the present calculations. In case of the former,
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the shell model calculations with Jπ = 7/2− produced an agreement within ∼ 150

keV of the experimental value while the predicted energy for Jπ = 5/2− is 5.649

MeV, largely discrepant with respect to the experimental level energy, thus favoring

the 7/2− assignment to the 3.761 MeV level. For the 4.828 level, calculations with

Jπ = 1/2−, produced an agreement of ∼ 1.106 MeV while that with Jπ = 3/2− was

substantially different from the experimental level energy, thus supporting an 1/2−

assignment. Similarly, in case of 29Mg, the present calculations aided in resolving

the the tentative spin-parity assignments of Jπ = 1/2−, 3/2− on the 1.095 MeV level

and Jπ = 5/2−, 7/2− on the 1.431 level. For the 1.095 keV level, calculations with

Jπ = 3/2− produced an agreement of ∼ 500 keV with the experimental level energy

while that for the 1.431 MeV state, with Jπ = 7/2−, was ∼ 150 keV. Calculations with

alternative spin-parities have also been carried out and found to result in substantially

discrepant level energies with respect to the experimental results.

The negative-parity states in 28Mg have been calculated including 1~ω excitations.

The resulting energies have shown agreement with the experimental energies within

∼ 400 keV for Jπ = 3− and ∼ 1 MeV for Jπ = 1−. For the 24Mg nucleus Jπ = 5−

level have been well reproduced by 1~ω excitation resulting in an agreement of ∼ 30

keV, with the experimental level energy. However, for Jπ = 1− and 3− levels of the

nucleus 3~ω excitations were necessitated for agreement (∼ 700-900 keV) with the

experimental energy.

It appears that the positive-parity states in the 24−28Mg isotopes have been well

reproduced within pure sd configurations whereas the negative-parity states are

dominated by one neutron excitation to the fp shell. The calculations were performed

without any alteration in the single particle energy. However, the discrepancy of ∼ 1

MeV with respect to the experimental data, particularly for the low lying negative-parity

states, might indicate the limitation of the Hamiltonian and omissions of important

excitations from p to sd orbitals that could not be considered in the present calculations.

The nucleus 26Mg was populated following heavy-ion fusion reaction. The de-exciting

γ-rays were detected using an array of Clover detectors. New transitions have been

observed and placed in the level scheme. The use of Clover detectors facilitated linear
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polarization measurements, which helped us assign the electro-magnetic nature to the

transition, whose multipolarity was deduced from observed angular intensity anisotropy.

The developed level scheme was successfully interpreted using large basis shell

model calculations. The calculation indicated the dominance of nucleon excitation

with in the sd shell, on the positive parity sequences. The negative parity states are

dominated by the excitation of single nucleon from sd orbital to the fp orbital.

The systematics for the negative parity sequence indicate a decrease in the excitation

energy of the lowest negative parity level, which encodes the information on the sd −
pf shell gap. This may plausibly indicate a preference of many body correlations in

reducing the extreme single particle shell gap and stabilizing deformed structure at

lower energies than their experimental counterpart.
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Chapter - 6

Spectroscopic Study of Si Isotopes

This chapter details the first high resolution in-beam gamma-ray spectroscopic

investigation of 29Si nucleus, populated in a conventional heavy-ion induced fusion-

evaporation reaction. High spin states of the nucleus have been populated using

18O(13C,2n) and 18O(16O,αn) reactions at Elab = 30 and 34 MeV. The level scheme

was developed using the conventional analysis procedure. Large basis shell model cal-

culations have been carried out for positive and negative parity states for 29Si using

updated interactions and the results corroborate the experimental findings. The calcu-

lations have also been undertaken for the neighbouring 28,30Si isotopes. The shell model

calculations have been performed without any adhoc tweaking of the single particle

energies, a practice routinely followed in this mass region. The deformation character-

istics were also successfully interpreted within the framework of the shell model for the

Si isotopes.

6.1 Introduction

The sdpf nuclei, with Z ∼ 12-16 and N ∼ 14-18, have been subjects of recent

spectroscopic investigations, carried out using contemporary facilities [8–10, 76]. The

primary motivation has been to probe the evolving structure of these nuclei belonging

to the transitional region, between the line of stability and the island of inversion

[77, 78]. Interestingly, the sd shell nucleus, 29Si occupies an important region in the

nuclear landscape, where the nuclear deformation is changing from prolate to oblate

[79, 80]. A large number of nucleons in the sd shell and a preferential occupation of

the fp-shell configurations even at lower excitation energies are expected to favour the

stabilization of deformed structures in these mid-shell nuclei. The observed energy

levels are indeed a combination of both single particle as well as collective excitations.

The associated theoretical studies have also been zealously pursued in conjunction with

the experimental endeavours. The calculations were performed within the framework of
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diverse models such as the single particle model, the collective model and the recently

developed Antisymmetrized Molecular Dynamics (AMD) model, which were equally

successful in interpreting the level structures. The large basis shell model calculations

in this region focused on interpreting the lowest negative parity level, which reveal

the energy gap between the sd and pf orbitals. However, these calculations have been

performed with a nucleus specific adhoc adjustment in the single particle energies [81],

while calculations with updated interactions [75] and reasonable configuration space

have indicated such modifications to be inessential [7].

Most of the previous studies on the level structure of these nuclei were performed

using light-ion induced reactions and they used modest detector setups as their detec-

tion system. As a consequence, for example, the level lifetimes and the γ-ray angular

distributions, exhibit substantial scatter and some of them have large uncertainties

even at low excitation energies and spins. The ambiguities and/or uncertainties in the

experimental findings can be found, for example, in the 29Si nucleus, being probed in

the present study, as illustrated in Fig. 46. The lifetime of the 1274 keV (Jπ = 3/2+)

(a transition de-exciting the first excited state to the ground state) level has been

reported in several previous studies [14–22] but the values are considerably variant,

with a few of them having substantial uncertainties. Similarly, the multipolarity and

the mixing ration (δ) of the 1596 keV transition in the same nucleus, de-exciting the

lowest negative parity state (3624 keV, Jπ = 7/2−), has been investigated in a previous

study [24] carried out with a NaI(Tl) scintillator detector, with the concomitant large

uncertainties on the angular distribution coefficients (Fig. 46), as a consequence of it

,their mixing ratio assignment has large uncertainty. As we discussed in earlier chapter

of the present thesis the lowest negative parity level is very crucial in this region, as it

originates from the cross-shell excitation of a nucleon across the sd − pf major shell

gap and hence warrants detailed and unambigious measurements. From the previous

measurements due to associated uncertainties and or scatter in the reported values,

we are not able to arrive at unambiguous experimental pointers, such as level lifetime,

branching ratio, multipolarity, electro-magnetic nature, mixing ratio, pertinent for

benchmarking model calculations.

In the present work the level structure of 29Si was investigated, in two separate
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FIG. 46: (Upper panel) The level lifetimes of the 1274 keV (Jπ = 3/2+) state in the 29Si nucleus

from earlier measurements. The results from the present measurement are also included (see text

for details). (Bottom panel) Angular distribution coefficients for the 1596 keV (7/2− → 5/2+)

transition in the 29Si nucleus from the earlier and the present work (see text for details)

heavy-ion induced fusion-evaporation experiments, wherein the de-exciting gamma-rays

were efficiently detected using a large array of high resolution composite γ-ray detectors

(Clover) which also facilitate polarization measurements. The experimental findings

have been compared with large basis shell model calculations using updated interactions

and the results are in close agreement. As a further extension these calculations were

also performed for the neighbouring Si (28,30Si nuclei [11, 81]). The calculations for

28Si, could satisfactory reproduce the previously reported deformed states, by Jenkins

et al. [11]. Further, the predicted negative parity states in 30Si, are in reasonable

agreement with the observed level sequences. Interestingly, the calculations did not

require any system dependent lowering of the single-particle energies of the f7/2 and the
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p3/2 orbitals, as was found necessary in the previous studies [81–83].

6.2 Previous Study on Si Isotopes

The level structures of Si isotopes (A = 27 − 30) are of importance, since they

reveal a host of intriguing phenomena. Historically, 29Si, was one of the first light

nucleus after 25Al to be interpreted from the point of view of the collective model.

Superdeformation (SD) was conventionally associated with A ∼ 150, 130 & 190 nuclei.

SD bands in the light, α-conjugate nuclei, 36Ar [84] and 40Ca [85], has been recently

identified. Existence of SD bands in lighter, α-conjugate nuclei such as 32S and

28Si has been theoretical predicted and have motivated several detailed experimental

ventures [11] . Based on model calculations, these nuclei are also expected to exhibit

clusters, for example one may conceive, the structure of 28Si to be dominated by

cluster configurations such as 26Mg + α or 12C + 16O [86]. Thus the level structure of

these nuclei provide intriguing examples such as the presence of single particle as well

highly deformed structures, including esoteric cluster configurations, and theoretically

the complementary model descriptions meet with identical success in interpreting the

experimental observations.

The level structure of 28Si was studied by using both the light-ion [87] as well as

α like heavy-ion transfer reactions [11]. Since 28Si constitutes the mid-shell nucleus

in the sd shell, it can be described as having either 12 particles outside the 16O core,

or 12 holes in the 40Ca core. As mentioned earlier, both, the spherical shell model

using the the universal sd-shell (USD) interaction as well as deformed models viz. the

Hartree-Fock calculations [88] the Nilsson-Strutinski cranking formalism [89, 90] have

adequately reproduced the experimental observations. The recent Antisymmetrized

Molecular Dynamics (AMD) calculations by Taniguchi et al. [86] suggested the presence

of a superdeformed (SD) band in 28Si nucleus with 24Mg + α cluster configuration. A

similar prediction holds good following the calculations based on shape isomers and

clustering [91]. The experimental results are in concurrence with the presence of highly

deformed structures in this nucleus.
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Most of the experiments performed to investigate the level structure of 29Si utilized

light ion induced reactions such as 28Si (d, pγ), 27Al(3He, pγ), 26Mg(α, nγ) (nγ)

capture reactions [12, 92–97]. The de-exciting γ-rays were detected using either NaI(Tl)

or Ge(Li) detector. The γ-ray angular correlations as well as particle-γ coincidence

measurements were performed. The level scheme was extended upto ∼ 13 MeV

excitation energy [12]. The positive parity sequences were reproduced by the shell

model calculations. Three rotational bands with 1/2+, 3/2+ and 7/2− as the bandhead

were assigned in 29Si [12]. There was a possibility of existence of a 5/2+ and 1/2−

band with prolate deformation. Doppler Shift Attenuation Method was exploited by

Tikkanen and co-workers [21] to measure the level lifetimes in 29S, which was populated

following the 15N(16O, np)29Si reaction and at incident beam energies of 17, 20 and 22

MeV. The experimental transition strengths, derived from the extracted level lifetime,

are compared with shell model calculations, and found to be in satisfactory agreement.

The level structure of 30Si was studied by using both the light [98] as well as

heavy ion induced fusion evaporation reactions [81]. The recent study by Steppenbeck

et al. [81] established the yrast or near yrast states upto and excitation energy of

Ex ∼ 15.5 MeV and spin of J = 9~. The spin parity assignments were based on the

DCO - ratio and angular distribution measurements. The positive parity energy levels

are in agreement with the shell model calculations which were performed using the

USD, USDA and USDB interactions. The negative parity states were calculated

by allowing 1p − 1h excitations across the sd into the fp shell using WBP and

WBP − a interactions. The authors have resorted to a nucleus specific tweaking of the

single particle energies to arrive at a compliance with the experimental observations.

However, the shell model calculations performed by our group [9] indicate that updated

interactions in conjunction with proper / adequate truncation scheme successfully

reproduced the negative parity level sequences in the neighbouring nuclei, and hence

there is a need to re-visit these calculations.
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FIG. 47: Predictions of the statistical model PACE4 for the 16O + 18O reaction depicting the

production cross-section for 29Si, 31P, 32P and 32S nuclei.

6.3 Present Work

High spin states in 29Si have been populated using the 18O(16O, αn) and 18O(13C,

2n) reactions at incident beam energy of 34 and 30 MeV. The heavy-ion 16O and 13C

beams were delivered by the Pelletron facilities at Inter University Accelerator Center

(IUAC), New Delhi and Tata Institute of Fundamental Research (TIFR), Mumbai,

respectively. As we discussed in the previous chapter the beam energies were optimum

for the production / population of 29Si, based on the predictions of the statistical

model calculations using PACE4 [69]. The statistical model predictions for the relevant

cross-sections as a function of the incident beam energy for the 16O + 18O, reaction

is presented Fig. 47. A similar plot for the 13C + 18O reaction was presented in the

previous chapter. The multi-Clover detector array, the Indian National Gamma Array

(INGA) has been used to detect the de-exciting γ-rays. The details of the experimental

setup are discussed in chapter 2. Two and higher fold coincidence events have been

recorded and subjected to a detailed offline analysis.

The analysis technique / procedure is identical as detailed in the previous chapter.

Most of the transitions belonging to 29Si exhibited Doppler effects (shifts and shapes

depending on the level lifetimes). Hence, the data have been sorted into angle

dependent Eγ − Eγ matrices with the 90◦ detectors on one axis and the detectors at
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29Si. The transitions belonging to the 29Si nucleus are labeled with the respective energies,

while the contaminant peaks are identified with sign (#). The inset illustrates the higher

energy transitions (Eγ > 2.0MeV ).

one of the remaining angles on the other axis for subsequent analysis. Fig. 48, depicts

the (coincident) transitions observed at 90◦ with gates on the 1274 keV (3/2+ → 1/2+)

and the 2028 keV (5/2+ → 1/2+) transitions in the 29Si nucleus.

As discussed in the previous chapter the substantial Doppler shapes did not permit us

to undertake the conventional measurement of the ratio for Directional Correlation from

Oriented nuclei (DCO) for multipolarity assignments of the observed γ-ray transitions

[10]. The dominant multipolarity of the observed transitions has thus been determined

using the anisotropy ratio (Ranisotropy) [8, 9], defined as, for the present experimental

set-up

Ranisotropy =
Iγ1

(at θ1 gated by γ2 at 90◦)

Iγ1
(at θ2 gated by γ2 at 90◦)

(97)

As presented in Fig. 49, this method facilitates distinction between transitions of

different multipolarities. For the present detector geometry, a gate on a pure dipole

transition would lead to Ranisotropy = 1.9 for pure quadrupole transition and Ranisotropy

= 1.0 for pure dipole transition. In case of gate on pure quadrupole transition,
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FIG. 49: The experimental Ranisotropy values for transitions in 29Si from the present work. The

new transition is labeled with *.

Ranisotropy = 1.7 for a pure quadrupole transition and Ranisotropy = 1.0 for pure dipole

transition. These values have been extracted using transitions of known multipolarities

from nuclei populated in the same experiment. The Ranisotropy information helps us

deduce the dominant multipolarity (change in angular momentum) of the transitions.

This information when coupled with the linear polarization measurements, which yields

information on the electro-magnetic character of the transition, enable unambiguous

spin-parity assignments for the observed levels.

The Clover detector has four identical crystals in a close packed geometry, with a

few mm spacing in-between the crystals. This geometry is ideal for linear polarization

measurements of the observed γ-ray transitions with any one of the four crystals acting

as the scatterer and the two adjacent crystals, which correspond to mutually perpen-
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FIG. 50: Plot of polarization asymmetry for transitions in 29Si from the present measurements

(upper panel). Transitions with established electro-magnetic nature in 41Ca and 38Ar have been

included for reference. These nuclei have been populated following the interaction of the beam

halo with the aluminum target frame. The corresponding polarization (P ) values have been also

plotted (lower panel). The new transition identified in the present work has been labeled with

*.

dicular directions, as the absorbers. The preferential scattering of electric and magnetic

transitions respectively in the direction perpendicular and parallel to the reaction plane,

allows us to identify the electro-magnetic nature of the transition. Since intensity is pro-

portional to the differential cross section of Compton scattering, the intensities of the

mutually perpendicular Compton scattered γ-rays, denoted by N⊥ and N‖, are used to
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obtain polarization asymmetry, ∆Pol defined as,

∆Pol =
aN⊥ − N‖

aN⊥ + N‖
, (98)

The geometrical effects of the array have to be incorporated in the estimation of the

polarization asymmetry. This is represented by the asymmetry term, a, obtained from

the ratio of N‖ to N⊥ for γ-rays from radioactive sources which are characteristically

unpolarized. This constant was obtained in the previous studies carried out using

the same detector setups [8, 9] and has been used for the present measurements.

Fig. 50 illustrates the polarization asymmetry for the transitions in 29Si along with

those for transitions of known electro-magnetic nature belonging to 38Ar and 41Ca

nuclei populated in same experiment due to the interaction of the beam halo with the

aluminum target holder, included here for reference. From the experimental asymmetry,

the polarization (P = ∆Pol/Q, Q being the polarization sensitivity) has been obtained

for the transitions, using the method detailed in Ref.[8], and are presented in Fig. 50.

The theoretical polarization for these transitions, using the known mixing ratios from

the previous studies [23], have also been calculated and included in the plot (Fig. 50).

The agreement between the theoretical and experimental polarization is satisfactory.

The observation of Doppler shapes / shifts in the present work facilitated the

determination of level lifetimes using the Doppler shift attenuation method (DSAM).

Conventionally such measurements have been carried out using a thin target on a

high-Z elemental backing. The thin target ensures that the recoils do not loose

substantial energy in the target, and the slowing down process occurs entirely within

the elemental backing, wherein the process for the energy-loss is rather well understood.

This is in gross discordance with the present experimental scenario, as we have a thick

molecular target. Hence, the LINESHAPE [53] package, extensively used for analysis

of the observed Doppler shapes and shifts has been substantially modified to cater to

the present use of a thick molecular target, as detailed in Ref.[7]. The slowing down of

the residue of interest in the thick Ta2O5 target has been simulated using the updated

stopping powers calculated using the SRIM [99] software and the variation of the cross

section for the production of the residues along the target thickness with evolving beam

energy, has been obtained from the statistical model calculations using the PACE4 [69],

are incorporated in the LINESHAPE code. The results of the analysis are summarized
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FIG. 51: The level scheme of the 29Si nucleus from the present work. The new level and the

de-exciting transition has been labeled with *. The levels and the transitions that are known

from the previous studies but could not be conclusively confirmed in the present work have been

indicated with dotted lines.

in the subsequent section.

6.4 Results

The level scheme of the 29Si nucleus, following the present study, is illustrated

in Fig. 51. Table IX records the level energies, the de-exciting γ-ray transitions,

branching ratios and the spin-parity assignments. Most of the levels and the transitions

in 29Si, reported in the previous studies, have been confirmed in present (both the

reactions) effort with high resolution spectroscopic tools in the form of large array of

Compton suppressed Clover detectors. In addition, one new negative parity level at

Ex = 7340 keV de-exciting by 3716 keV γ-ray transition has been identified in this work.



123

The 1631 keV transition de-exciting the 5255 keV (9/2−) level is of special relevance.

This transition was discussed in particular, in the previous studies, especially by Bardin

et al. [79, 80] to explore the development of collectivity in this nucleus. The negative

parity sequence could be a possible candidate for a rotational structure. The angular

distribution for 1631 keV transition was performed by Bardin et al. [79] and the

results are summarized in Table I in Ref.[79]. Based on these measurements, the

1631 keV γ-ray was assigned a mixed nature, and identified to have an admixture

of quadrupole-dipole multipolarity with a substantial mixing (δ = -0.49 ± 0.07,

[79]). The high mixing ratio for this transition, did not permit us to ascertain its

dominant multipolarity. However, such a high mixing ratio leads to the possibility

of this transition having either a M1+E2 or an E2+M3 electro-magnetic nature.

An unambiguous conclusion based solely on the angular distribution measurement

is difficult. Nevertheless, if we were to consider the theoretical polarization these

two possibilities produce widely contrasting results. The M1+E2 assignment would

result in a theoretical polarization of -0.7, which is in reasonable agreement with the

experimental value (-0.3±0.1), and on the other hand, the E2+M3 possibility predicts

a theoretical polarization value of +0.8, that is widely discrepant with respect to the

measurements. The possibility of the transition being M1+E2 is further corroborated

by the lifetime of the 5255 keV level, that was previously reported to be 118 fs and has

been confirmed in the present work. The alternative E2+M3 mixed character would

result in much longer level lifetime, due to it’s highly retarded nature.

The 1596 keV transition de-exciting the 3624 keV (7/2−) level [23] has previously

been studied by Becker et al. [24]. The authors have performed the particle-γ angular

correlations, where the γ-detector employed was a NaI(Tl) scintillator. The reported

angular distribution coefficients have large uncertainties. In Figure 10 of Ref.[24]

illustrates simultaneous fitting for the 1596 and 2028 keV cascade of γ-transitions

which sequential decay from the 3624-keV level this analysis indicates that the allowed

spin state of the above mentioned level is 7/2. From the previous measurements

the spin and parity of this level was assigned as (5/2, 7/2)−. Hence the spin parity

of the 3624 keV level was assigned by Becker et al. to be 7/2−. The 1596 keV

transition was assigned to be mixed dipole-quadrupole character, though with a high
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TABLE IX: Details of γ-ray transitions of the 29Si nucleus, observed in the present work.

Eb
i (keV ) Ea

γ (keV ) Eb
f (keV ) Br(%) Jπ

i Jπ
f Ranisotropy ∆Pol Assignment

1274 1273.8±0.4 0 100 3/2+
1 1/2+

1 1.37±0.06D -0.097±0.028 M1+E2

2028 754.2±0.4 1274 7.94±0.10 5/2+
1 3/2+

1 0.96±0.17D -0.170±0.029 M1+E2

2027.6±0.5 0 92.06±0.60 5/2+
1 1/2+

1 1.94±0.02D 0.055±0.013 E2

2427 1152.6±0.8 1274 3/2+
2 3/2+

1 1.17±0.03D D+Q

2427.0 ±2.0 0 3/2+
2 1/2+

1 M1+E2N

3067 640.0±0.6 2427 0.42±0.05 5/2+
2 3/2+

2

1038.8±0.3 2028 16.03±0.36 5/2+
2 5/2+

1 1.35±0.06Q M1+E2N

1792.6±0.2 1274 83.55±1.03 5/2+
2 3/2+

1 1.51±0.11D -0.051±0.026 M1+E2

3624 556.7±0.2 3067 11.23±0.46 7/2−1 5/2+
2 1.46±0.05D 0.062±0.021 E1+M2

1595.9±0.4 2028 86.57±1.70 7/2−1 5/2+
1 1.27±0.03Q 0.076±0.027 E1+M2

2349.6±0.4 1274 2.19±0.18 7/2−1 3/2+
1

4080 456.4±0.5 3624 < 1.00 7/2+
1 7/2−1

2051.9±0.8 2028 32.00±10.00 7/2+
1 5/2+

1 1.52±0.06Q M1+E2N

2806.0±2.0 1274 67.00±18.00 7/2+
1 3/2+

1 1.68±0.12D 0.036±0.016 E2

4741 660.6±0.6 4080 6.00±5.00 9/2+
1 7/2+

1

2713.0±2.0 2028 93.00±7.00 9/2+
1 5/2+

1 1.65±0.03Q 0.073±0.012 E2

4935 3661.0±2.0 1274 100 (3/2−1 ) 3/2+
1

5255 1631.5±0.4 3624 100 (9/2−1 ) 7/2−1 -0.029±0.014 (M1+E2)N

5286 2219.0±2.0 3067 7/2+
2 5/2+

2

2859.0±2.0 2427 7/2+
2 3/2+

2

3258.0±2.0 2028 7/2+
2 5/2+

1 M1+E2N

4012.0±2.0 1274 7/2+
2 3/2+

1

5652 911.5±0.3 4741 9/2+
2 9/2+

1

1572.0±2.0 4080 9/2+
2 7/2+

1 M1+E2N

2585.0±2.0 3067 9/2+
2 5/2+

2

6107 2483.0±2.0 3624 5/2 7/2−1

3680.0±2.0 2427 5/2 3/2+
2

4079.0±2.0 2028 5/2 5/2+
1 D+QN

6424 4396.0±2.0 2028 100 (7/2+
3 ) 5/2+

1 D+QN

6615 2991.0±2.0 3624 100 (9/2+
3 ) 7/2−1

6781 1526.4±0.6 5255 45.00±17.00 11/2−1 (9/2−1 ) 1.36±0.04D -0.01±0.02 M1+E2

3157.0±2.0 3624 54.00±28.00 11/2−1 7/2−1 1.67±0.07Q 0.087±0.016 E2

7139 1487.0±2.0 5652 (11/2+
1 ) 9/2+

2 (M1+E2)N

continued...
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TABLEIX - continued...

Eb
i (keV ) Ea

γ (keV ) Eb
f (keV ) Br(%) Jπ

i Jπ
f Ranisotropy ∆Pol Assignment

2398.0±2.0 4741 (11/2+
1 ) 9/2+

1

3059.0±2.0 4080 (11/2+
1 ) 7/2+

1

7340 3716.0±2.0 3624 100 9/2−2 7/2−1 0.98±0.05D -0.018±0.015 (M1+E2)

8173 4093.0±2.0 4080 100 (11/2+
2 ) 7/2+

1

8475 2823.0±2.0 5652 9/2+
2

3734.0±2.0 4741 9/2+
1

8527 3592.0±2.0 4935 100 3/2−1

8642 3901.0±2.0 4741 100 9/2+
1 1.32±0.05Q D+Q

8761 1980.0±2.0 6781 13/2−1 11/2−1

3506.0±2.0 5255 13/2−1 (9/2−1 ) 1.66±0.20D 0.036±0.016 E2

9298 4043.0±2.0 5255 100 (9/2−1 )

Q From quadrupole gate. D From dipole gate. N Adopted from NNDC.

uncertainty on the mixing ratio (δ = 0.02 ± 0.02). The transition is significant owing

to the associated change in parity and the long (∼ 3.8 ps) level lifetime (compared to

neighbouring states). This is indicative of a change in the structure therein. Indeed,

the 3624 keV (7/2−) level has been interpreted as the band-head of the Kπ = 7/2−

band in the previous studies [14, 80]. Such a scenario warrants a re-examination of the

1596 keV transition with the contemporary spectroscopy tools, as used in the present

investigation. The Ranisotropy value for the transition, from the present measurement, is

1.27 ± 0.03 in a quadrupole gate, indicating a dominant dipole nature with quadrupole

admixture, while the value of polarization asymmetry (0.08 ± 0.03) is suggestive of

a principally electric behaviour. In the light of these results, the 1596 keV has been

interpreted as a mixed E1+M2 transition in the present work. The mixing ratio of

0.14 ± 0.04 has been estimated from the angular distribution analysis of the 1596

keV γ-ray, following the prescription detailed in chapter 3. The fit to the angular

distribution from the current study and the χ2 analysis is illustrated in Fig. 52. The

theoretical polarization (P ) for the transition, calculated using this mixing ratio, is in

reasonable agreement with the experimental result. It is interesting to note a similar

feature in the neighbouring 31Si isotope wherein an E1+M2 transition (1438 keV),

with δ = 0.11 ± 0.01 [23], de-excites the lowest negative parity state at 3133 keV
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FIG. 52: The angular distribution fit for the 1596 keV (7/2−1 →5/2+
1 ) transition in the 29Si

nucleus and the corresponding χ2 analysis for obtaining the mixing ratio.

(7/2−). However, the experimental B(E1) value for the 1596 keV (29Si) transition is

∼ 8×10−5 Wu while that for the 1438 keV transition (31Si) is ∼ 61×10−5 Wu, which

could possibly indicate an enhancement in the collectivity with increasing neutron

number in the Si isotopes.

As already mentioned in the preceding discussions, observation of Doppler shapes

/ shifts in the γ-transitions of 29Si, enabled extraction of the corresponding level

lifetimes using the DSAM technique. The modified LINESHAPE package [7] has been

used for the purpose. Least square fitting of the observed shapes to the calculated

ones have been carried out simultaneously at five different angles, 148◦, 123◦, 90◦, 57◦,
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FIG. 53: Representative fits to the Doppler shapes observed for the 1596 keV (7/2−1 →5/2+
1 )

and the 2028 keV (5/2+
1 →1/2+

1 ) transitions in 29Si nucleus.

32◦, for determination of the level lifetimes. The parameters for the fitting procedure

included the level lifetime, the side-feeding time, the peak height, the contaminant

peak(s) and the background parameters. The results of the lifetime analysis in case

of 29Si are recorded in Table X while Fig. 53 illustrates the representative fits to

the Doppler shapes for the 1596 keV and the 2028 keV transitions. Level lifetimes

that could be extracted from gates on transitions above (GTA) have been quoted

as definite values while those that could be analyzed only with gates on transitions

below (GTB) have been stated as the upper limits, after incorporating the side

feeding contribution. The dominant uncertainties on the quoted lifetimes stem from

the uncertainties in the stopping power estimates that are typically ∼ 10%. Thus,

the stopping powers have been varied by ±10% and the resulting dispersions in the

level lifetimes have been included in the quoted uncertainties. Most of the level

lifetimes / limits derived in the present study are in agreement with the previously

reported values [23]. However, the level lifetime for Ex = 3624 keV, which de-excites
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TABLE X: Lifetimes of the states in 29Si from the present work in comparison to the previously

reported values. The quoted uncertainties include the effect of the uncertainties in the stopping

powers. Please refer to the text for details.

Jπ
i Ex Eγ τ (fs)

Present NNDC

(keV) (keV) Work

3/2+
1 1274 1274 444+39

−53 420+14
−14

5/2+
1 2028 2028 444+44

−40 442+14
−14

5/2+
2 3067 1793 < 28+3

−3
a 48+1

−1

7/2−1 3624 1596 2541+226
−190 3795+130

−130

7/2+
1 4080 2806 < 155+27

−10
a 63+17

−17

9/2+
1 4741 2713 < 116+20

−18
a 52+10

−10

(9/2−1 ) 5255 1631 < 169+24
−28

a 118+6
−6

11/2−1 6781 1526 < 35+5
−7

a 22+3
−3

9/2−2 7340b 3716 < 3+1
−1

a

8642 3901 < 32+12
−13

a < 20

13/2−1 8761 3506 < 40+12
−10

a 27+6
−6

aThe dominant side-feeding allowed for assignment of only an upper limit on the lifetime.

bNew level, first observed in the present work.

by the 1596 keV transition, has been determined to be τ = 2.5 ± 0.2 ps, from the

present work, and is at variance with the previously reported value of τ = 3.8 ± 0.1

ps. This being the lowest negative parity state, accurate estimation of the level and

the transition properties could contribute to refining the model calculations. Upper

limit on the lifetime has also been obtained for the Ex = 7340 keV level, de-exciting

by the 3716 keV transition, that has been reported for the first time in the present work.

6.5 Shell Model Calculations

Large basis shell model calculations have been carried out for the 29Si nucleus and

the neighbouring 28,30Si isotopes using the shell model code NuShellX@MSU [57]. The

USDA [75] and the SDPFMW [10] interactions have been used. The details of these
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interactions are outlined in the previous chapter. The basis space used was either sd,

consisting of the d3/2, s1/2 and d5/2 orbitals, or the sd − pf , consisting of the sd and

the f7/2, p3/2, p1/2 and f5/2 orbitals. For all the calculations the transition probabilities

(B(M1) and B(E2)) have been calculated using the effective g-factors and the effective

charges discussed previously. The specific features and results of these calculations are

described in the subsequent sections.

6.5.A. Calculations for 29Si

The positive parity states in the 29Si nucleus have been calculated using both the

USDA and the SDPFMW interactions with only the sd model space considered

in both cases. The results for 29Si are presented in Tables XI and XII. The level

energies and the lifetimes for the positive parity states from the calculations are in

reasonable agreement with the experimental values (Table XI). The negative parity

states in this nucleus have been calculated for the first time in the present work, using

1~ω excitations, ie., excitation of one nucleon from the sd into the fp orbitals. The

predictions exhibit satisfactory conformity with the experimental measurements.

The transition probabilities, viz. B(M1) and B(E2) values of the transitions for

which the branching ratios could be determined in the present investigation, have

also been compared with the shell model calculations (Table XII) and found to be in

adequate concurrence.

The 29Si nucleus, being a mid-shell nucleus, has adequate number of valence nucleons

in the sd shell itself, and hence is expected to manifest deformation characteristics [79].

The deformation characteristics can be inferred from the quadrupole moment. The

quadrupole moment quantifies the amount of deviation of electric charge distribution

from spherical symmetry. The spectroscopic quadrupole moment Q (obtained in the

laboratory frame) is related to the intrinsic quadrupole moment Q0 (defined in body

fixed frame), and the deformation β, as

Q = Q0

(

3K2 − J(J + 1)

(J + 1)(2J + 3)

)

(99)
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TABLE XI: Comparison of experimental and shell model calculated level energies and lifetimes

in 29Si. States with lifetimes (or limits) measured in the present work have been marked in

boldface.

Experimental Shell Model Calculation

Ex Jπ τ USDA SDPFMW

Ex τ Ex τ

(keV) (fs) (keV) (fs) (keV) (fs)

1274 3/2+
1 444+39

−53 1252 574 1394 829

2028 5/2+
1 444+44

−40 2062 297 2123 282

2427 3/2+
2 26 +1

−1 2578 12 2633 13

3067 5/2+
2 48+1

−1 3256 24 3516 21

4080 7/2+
1 63+17

−17 4219 43 4412 46

4741 9/2+
1 52+10

−10 4593 81 4780 65

5286 7/2+
2 9+4

−4 5128 11 5221 9

5652 9/2+
2 74+4

−4 5486 77 5783 64

6424 (7/2+
3 ) <20 5942 32 5881 16

6615 (9/2+
3 ) <20 6795 34 6991 33

7139 (11/2+
1 ) 42+14

−14 7049 42 7307 40

8173 (11/2+
2 ) <20 7967 13 8120 13

3624 7/2−1 2541+226
−190 3485

5255 (9/2−1 ) 118+6
−6 5159 83

6781 11/2−1 22+3
−3 6546 34

7340 9/2−2 <3+1
−1 8788 12

8761 13/2−1 27+6
−6 8383 21

and

B(E2 : Ji → Jf ) =
5

16π
e2Q2

0< JiK20|JfK >2 (100)

Where K is the projection of the total angular momentum J on the quantization axis

of the intrinsic system. The Clebsch-Gordon-coefficient < JiK20|JfK > represents the

coupling of the angular momenta in the intrinsic frame.

The shell model prediction provide us with the spectroscopic quadrupole moment

Q, which in turn can be used to calculate Q0. The sign and magnitude of Q0 provide
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TABLE XII: Comparison of the experimental transition probabilities and branching ratios of

the 29Si nucleus, wherever possible, with those from the shell model calculations.

Experimental Shell Model

Ex Eγ M USDA SDPFMW

(keV) (keV) B(M1) B(E2) BR B(M1) B(E2) BR B(M1) B(E2) BR

(µ2
n) (e2fm4) (µ2

n) (e2fm4) (µ2
n) (e2fm4)

1274 1274 M1+E2 0.06+0.01
−0.01 19.08+2.58

−1.54 1.00 0.05 28.36 1.00 0.02 34.81 1.00

2028 2028 E2 49.29+5.42
−4.07 0.92±0.01 64.09 0.87 63.31 0.94

3067 1793 M1+E2 0.16+0.01
−0.01 48.21+2.09

−1.93 0.83±0.01 0.21 71.90 0.82 0.21 58.16 0.80

4080 2806 E2 49.88+18.43
−10.59 0.67±0.18 43.76 0.54 53.10 0.74

2052 M1+E2 0.03+0.01
−0.01 0.72+0.27

−0.15 0.32±0.10 0.05 0.60 0.40 0.02 2.68 0.23

4741 2713 E2 99.29+23.64
−16.02 0.93±0.07 94.06 0.98 93.88 0.99

5255 1631 (M1+E2) 0.09+0.01
−0.01 93.49+5.05

−4.52 1.00 0.12 157.10 1.00

6781 1526 M1+E2 0.30+0.05
−0.04 166.54+26.30

−19.98 0.45±0.17 0.28 143.90 0.48

3157 E2 63.86+10.08
−7.66 0.54±0.28 46.02 0.52

us with an indication into the associated deformation characteristics. A change in the

sign of Q0, within a given band is indicative of a shape evolution within the band.

However caution needs to be exercised before interpreting the shape evolution with the

change in sign of Q0.

For K = 0 bands, a change in sign of Q0 cannot be ascribed to the K and J

dependent factor and has to be identified with a change of shape.

On the other hand for K 6= 0 bands, there is a domain with 3K2 > J(J + 1) where

in a change in sign of Q0 is definitely associated with a corresponding shape.

Hence a change in sign of Q0 upto the said spin can only result from a change in

the sign of Q which originates from a change in the intrinsic shape of the nucleus.

For the sequence of levels Ex(Jπ) = 3624 (7/2−), 5255 (9/2−), 6781 (11/2−), the

calculations indicate an oblate deformation at the lowest spin, represented by Q ∼ -30
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efm2 and Q0 ∼ -63 mb, evolving to a prolate deformation, with Q ∼ 2 efm2 (Q0 ∼ 217

mb), at Jπ = 11/2−. In particular, the calculated |Q0| = 68 fm2, for the state Jπ =

9/2− of this sequence, is in excellent overlap with the results of Bardin et al. [79] (|Q0|
= 66 ± 9 fm2). It is interesting that the present large basis shell model calculations

corroborate the transitional characteristics of this mid-shell 29Si nucleus. The previous

studies have reported a considerably higher B(E2) value (∼ 100-200 e2fm4) particularly

for the aforesaid negative parity sequence which is also reproduced by the present

calculations (Table XII). The success of the shell model calculations in reproducing the

indicators / markers for deformation, may imply an accurate inclusion of most of the

dominant multi-particle configurations in the two-body matrix elements. These results

do indicate with a considerable level of unambiguity, the presence of deformation in

this nucleus. The success of the shell model approach in reproducing these deformation

characteristics in 29Si provided the motivation in exploring the strongly deformed

structures, identified in the neighbouring 28Si isotope.

6.5.B. Deformation Characteristics in 28Si

As we discussed earlier that the large number of nucleons within one major oscillator

shell viz. the sd shell is expected to favour, collective features in mid-shell transitional

nucleus. For example the recent study on 28Si, by Jenkins et al. [11] have indeed

confirmed these deformed structures and have proposed a candidate superdeformed

band in the same. Antisymmetrized Molecular Dynamics (AMD) calculations [86]

have been found to corroborate the experimental observations. Calculations have been

carried out in the present work to explore the possibility of interpreting the aforesaid

bands in the 28Si nucleus within the shell model framework. The positive parity states,

reported to be constituting these deformed bands, have been calculated using the

USDA and the SDPFMW interactions. Both these calculations have been performed,

only by 0~ω configuration (nucleon excitation within the sd shell was only allowed).

Table XIII summarizes the results of these calculations for 28Si [11]. The observed

excitation energies from the measurements have been well represented in these calcula-
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TABLE XIII: The shell model calculations for the bands identified in the 28Si nucleus, compared

to the available experimental results.

Experimental Shell Model

USDA SDPFMW

Band Jπ Eexpt Eγ τN B(E2) ESM τ B(E2) Q ESM τ B(E2) Q

(keV) (keV)(fs) e2fm4 (keV) (fs) e2fm4 efm2 (keV) (fs) e2fm4 efm2

Oblate 2+
1 1779 1779 685±2466.85+2.43

−2.26 1940 355 83.56 19.09 1990 320 81.85 18.78

4+
1 4618 2839 53±6 83.48+10.66

−8.49 4549 58 116.90 23.05 4659 52 115.80 23.25

6+
1 8544 3926 16±1 54.68+3.64

−3.22 8395 10 98.75 28.65 8457 10 100.60 28.69

8+
1 14642 6098 14305 2 66.49 25.56 14212 2 73.42 26.82

SD 2+
8 9796 3106 10693 6 2.12 -8.56 10688 7 1.81 -9.66

8018 2.03 1.51

4+
7 10946 2687 22±14 11481 39 9.47 10.87 11550 15 0.92 3.55

3530 0.23 1.40

3565 0.15 10.87 0.18

9167 0.00 0.39

6+
6 12865 1919 13423 6 3.84 12.46 13591 8 0.50 10.21

3700 0.00 0.04

5977 9.07 4.83

8247 0.18 0.01

Prolate 0+
3 6691 4912 212±141.34+0.10

−0.08 7478 85 1.83 0.00 7235 46 4.51 0.00

2+
2 7381 5602 7±3 7524 8 14.31 -10.28 7521 12 11.38 -7.36

7381 1.91+1.44
−0.57 0.94 0.29

4+
3 9165 1749 40±4 62.32+6.92

−5.67 9369 49 63.15 -4.71 9489 68 65.56 -9.54

1784 158.05+17.56
−14.37 1.17 0.03

4547 1.61 2.31

7386 0.44+0.05
−0.04 0.47 0.15

6+
4 11509 2344 13±3 186.29+55.88

−34.93 11953 16 30.37 8.67 11815 16 43.06 0.99

4621 17.27+5.19
−3.24 16.67 17.15

6891 0.84+0.25
−0.16 0.09 0.24

vibr. 0+
2 4979 3200 50±3 48.63+3.11

−2.75 4821 58 70.12 0.00 5013 47 69.04 0.00

2+
5 8259 3280 14±3 30.70+8.38

−5.42 8860 24 20.81 0.32 8665 14 1.89 9.37

6480 4.13+1.12
−0.72 0.46 0.01
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Experimental Shell Model

USDA SDPFMW

Band Jπ Eexpt Eγ τN B(E2) ESM τ B(E2) Q ESM τ B(E2) Q

(keV) (keV)(fs) e2fm4 (keV) (fs) e2fm4 efm2 (keV) (fs) e2fm4 efm2

(K=3+) 3+
1 6277 1659 1125±86 6460 2324 10.27 11.57 6163 5475 6.66 13.99

4498 0.00 0.00

4+
2 6888 5109 48±3 4.88+0.32

−0.29 7069 23 9.76 4.74 7032 30 8.22 4.99

5+
1 8945 2057 84±9 9302 42 88.15 2.43 9227 56 85.74 4.07

4327 5.87 5.11

6+
3 11331 6713 <30 < 1.99 11531 91 0.00 6.56 11508 42 0.38 13.48

7+
2 13710 5166 14352 13 0.12 12.70 14374 8 0.00 8.67

TABLE XIV: Static intrinsic quadrupole moment of the ground state oblate band and the

excited prolate (normal deformed) band in 28Si from the present shell model calculations (using

USDA interaction).

Band Jπ Q Q0
a B(E2) |Q0|b

(Theo.) (Theo.)

(efm2) (mb) (e2fm4) (mb)

2+ 19.09 -668 83.56 648

4+ 23.05 -634 116.90 641

Oblate

6+ 28.65 -716 98.75 562

8+ 25.56 -607 66.49 450

2+ -10.28 360 -

Prolate 4+ -4.71 130 1.17 64

6+ 8.67 -217 30.37 312

aCalculated using Eq (99)
bCalculated using Eq (100)

tions. The experimental transition probabilities viz. B(E2) values for the intra-band

E2 transitions have been determined, based on inputs from the NNDC database

[23] and compared with the calculations. For the ground state oblate band, the
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FIG. 54: Comparison of the B(E2) transition probabilities (in Wu), in 28Si, as reported by

Jenkins et al. with those from the present calculations (numbers in blue for USDA).

experimental trend of an increasing B(E2) followed by a reduction is well reproduced

by the calculations. Further, the transition strengths (in Wu) for the oblate (ground

state), the prolate (normal deformed) and the candidate for the superdeformed (SD)

band in 28Si, as identified by Jenkins et al. [11], have been computed and compared in

Fig. 54. As seen from the figure, most of the transition probabilities are in qualitative

agreement with the experimental results. The deviations in the higher spin states

may warrant further experimental and computational investigations. One plausible

explanation could be the omission of 2~ configurations from the present calculations.

Such configurations are indeed expected to considerably favour the stabilization of

deformed structures in these nuclei. The quadrupole moments for the oblate ground

state band and the prolate (normal deformed) bands have also been calculated using

Eq (99) and (100) and presented in Table XIV. The values for the quadrupole moments

corroborate the oblate assignment for the former while a change of sign of the intrinsic

quadrupole moment corresponds to a change of deformation with increasing spin in

case of the prolate band. A point worth mentioning is that, for the (proposed) SD



136

band, the current calculations predict the moment of inertia in the range 5-9 ~
2/MeV ,

which is very similar to the reported values in the recent study by Jenkins et al. [11].

It is interesting to note that even without the inclusion of the deformation favouring

2~ configurations, the shell model predictions provide tantalizing indicators for the

presence of deformed structures in such mid-shell nucleus.

6.5.C. Re-examining Shell Model Calculations in 30Si

Based on the success of the shell model calculations in reproducing the general

deformation characteristics in the 28Si nucleus, as a natural extension to the present

efforts, we have extended these calculations to the subsequent higher even-even Si

isotope, 30Si. This exercise is of significance because the N ∼ 20 nuclei [9, 10, 76, 81]

have been investigated, both experimentally and theoretically, with specific motivation

to explore the effects of intruder states from the fp shells on their level structure.

It is expected that these configurations would compete and even dominate the level

structures at much lower excitation energies than their single particle counterparts.

Several factors could contribute to such a significant drop in the excitation energies

of these intruder orbitals. The main contribution could arise from the many body

correlations, which have a constructive effect on lowering the substantial energy gap

between two major shells.

Contemporary investigations into the sd− pf nuclei such as 32P, have attempted to

explain the observed level structures by introducing a nucleus specific reduction [82, 83]

in the single particle energies of the intruder levels (single particle energy between

the p3/2 and the f7/2 levels), and have attributed the agreement of such (shell model)

calculations with the deduced level structure as a signature of the reduced shell gap.

However, it may be noted that these calculations have been performed using a large

model space and consequently, computational limitation necessitated a truncation of

the active model space. It has been well established that an inadequate truncation of

the model space renders the ground state less bound [74], resulting in the predicted

excitation energies being substantially higher. Further, the crucial ingredient of any
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shell model calculation is the choice of appropriate two-body matrix elements. The

success of the present shell model calculations for 28,29Si validates the use of the model

space and the choice of two-body matrix elements which motivated us to undertake the

shell model calculations for 30Si in an analogous way.

Previously, the shell model calculations for the 30Si nucleus have been reported

by Steppenbeck et al. [81] using the USD, USDA and USDB interactions for the

positive parity states and the WBP and the WBP − a interactions for the negative

parity sequences. They reported a satisfactory reproduction of the positive parity

states in these calculations. The predictions for the negative parity states with WBP

interaction had to be shifted down in energy by ∼ 2 MeV relative to the ground state.

The calculated negative parity states, with the WBP − a interaction, were equally

or more discrepant with respect to the data and was ascribed to the inappropriate

adjustments to the single particle energies of the 0f7/2 and 1p3/2 orbitals.

In the present work, calculations have been carried out for both the positive and the

negative parity levels of the 30Si nucleus. The SDPFMW interaction has been used for

the purpose. The positive parity states have been have been calculated using the full sd

model space (0~ω excitation) while the the negative parity states have been calculated

using the sd − pf model space with 1~ω excitations. The results are presented in

Fig 55. The present calculations reproduce the experimental results satisfactorily. The

compliance with the experimental data, particularly for the negative parity states,

is substantially improved with respect to the previous studies. It is worthwhile to

mention that there has been no reduction of the bare single particle energies for the

f7/2 and p3/2 orbitals in the present work. Such adjustments, as mentioned before,

have been reported by several other groups in this region [76].

The present work establishes the possibility to adequately interpret the observed

level sequences along with the deformation characteristics in the transitional sd − pf

nuclei, within the shell model framework through proper choice of the effective

interactions and the judicious choice of the active model space.

In conclusion the 29Si nucleus has been studied through heavy-ion induced fusion-
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FIG. 55: Comparison of experimental level energies of the 30Si nucleus from the work of Step-

penbeck et al. with the shell model calculations in the present work. These calculations for 30Si

have been carried out using the SDPFMW interaction with purely sd configurations for the

positive parity states and 1~ω excitations for the negative parity states.

evaporation reaction and, using a large array of Compton suppressed Clover detectors.

The spin parity assignments were undertaken and the results are consistent with the

previous assignment. One new negative parity level has been identified at Ex = 7340

keV, de-exciting by a 3716 keV γ-transition. Level lifetimes have been extracted using

DSAM, following substantial modifications to the conventional analysis programs to

suit the thick molecular target used in the present setup. Most of the previously

reported lifetimes have been reproduced in the present study, either directly or through

an upper limit. However, the lifetime of the Ex = 3624 keV state, de-exciting by

1596 keV transition, has been determined to be 2.541+0.226
−0.190 ps, has a substantial

variance with reported value of 3.795 ± 0.130 ps. This transition is of mixed E1+M2

nature, connecting the lowest negative parity state to the lower lying deformed states.

It is interesting to note that a similar transition exists in the neighbouring 31Si

isotope, albeit with an enhanced B(E1) value which might indicate an enhancement of

collectivity with increasing neutron number in the Si isotopes. Large basis shell model

calculations have been carried out for the nucleus and the results are in satisfactory

agreement with the experimental findings, including the deformation characteristics.
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In view of the success of the calculations for the 29Si nucleus, these have been

extended to the neighbouring 28Si and 30Si isotopes. The deformation features in the

former have been well represented in the present calculations. The calculations in case

of the 30Si nucleus have been carried out without any adhoc lowering of the single

particle energies, contrary to the previous studies, and the experimental level energies,

both for the positive and the negative parity states, have been satisfactorily reproduced.
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Chapter - 7

Summary and Conclusion

The present thesis work is based on the detailed investigation of the nuclear

structure of transitional nuclei, such as 26Mg, 29Si at the interface of the sd and pf

shells. These nuclei are uniquely positioned in between the valley of stability and

the island of inversion. The level structures of nuclei along the valley of stability are

dominated by single particle excitations where as at the island of inversion they are

dominated by collective excitations. Thus, the structure of the nuclei in the transitional

region are likely to reveal an intriguing interplay between these two degrees of freedom.

Hence, these nuclei, provide us an unique laboratory to explore the aforementioned

features and their interplay. The excitation of nucleons within the sd shell would give

rise to positive parity sequences. There are sufficient number of particles within this

major shell to induce deformation in these mid-shell nuclei. Further, the excitation of

a single nucleon across the sd− pf shell gap, would result in the substantial occupation

of the f7/2 (l = 3) orbital, which is expected to favor deformed structures. The

synergy between these two features viz. sufficient number of particles in sd orbitals and

occupation on the fp orbitals, leading to deformed structures, could be uniquely probed

within the framework of the spherical shell model due to the availability of adequate

computational resources coupled to the development of appropriate interactions (inter

& intra shell). The aforementioned features motivated the present thesis work.

It is pertinent to mention that all the previous investigations on the level structure

of these nuclei were primarily based on light ion induced reactions using a modest de-

tector setup, and consequently, had a substantial scatter with some of them have large

uncertainties even at low excitation energies and spin. Hence, the need to re-visit the

level structure of these transitional nuclei, using high resolution γ-ray spectroscopy, fol-

lowing heavy-ion induced fusion evaporation reactions. The use of a multi-Clover array

was best suited for these measurements, due to the superior detection efficiency of these

composite detectors for high energy γ-rays (Eγ ≥ 2 MeV), routinely observed in these

nuclei. The use of Clover detector uniquely facilitated linear polarization measurements,
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which uniquely help elucidate the electro-magnetic nature of the transitions. The level

scheme has been developed from the observed γ − γ coincidences. Spin parity assign-

ments were made following a consistent analysis of the angular intensity anisotropy

and the linear polarization measurements (uniquely possible due to the use of Clover

detectors). The observation of the Doppler effect in the energy of the γ-ray, emitted

in flight by the recoils as they slow down in the medium, helped us extract the level

lifetime using DSAM technique. Large basis shell model calculations were successfully

carried out for these nuclei, whose predictions are in agreement with the experimental

observables. The results could be summarized as :

• High spin states in 26Mg [8] have been populated utilizing the reaction 13C + 18O,

with 13C beam of energy 30 MeV, whereas the 16O + 18O reaction [28] was used

to populate the high angular momentum states in 29Si at Elab = 34 MeV.

• Several new transitions have been observed in these nuclei. Accordingly, the level

schemes of 26Mg and 29Si have been extended upto ∼ 10 MeV (7~) and 9.3 MeV

(13/2~) respectively.

• From the angular anisotropy and the linear polarization measurements, the multipo-

larity and the electro-magnetic nature of the de-exciting γ transitions has been

uniquely assigned.

• The observation of Doppler shapes and shifts in the corresponding γ-transitions

were analyzed using a substantially modified LINESHAPE package (optimized

for thick molecular target setup [7]) to estimate the level lifetime.

• In these nuclei, the lowest negative parity state is very important, as it provides

an indication of the sd − pf shell gap. In 29Si nucleus the first negative parity

level (Ex = 3624 keV) de-excites via 1596 keV (7/2− → 5/2+) transition. Our

angular distribution data indicate that this transition has an admixture of both

∆J = 1 & 2, with an approximate 14% mixing, and a dominant electric in

nature. However, the level lifetime, has been determined to be 2.541+0.226
−0.190 ps, at

substantial variance with the reported value of 3.795 ± 0.130 ps. It is interesting

to note that a similar transition exists in the neighboring 31Si isotope, albeit with

an enhanced B(E1) value, which might indicate an enhancement of collectivity

with increasing neutron number in these isotopes.



142

• Large basis shell model calculations using the code NuShellX@MSU were carried

out using the USDA and sdpfmw interactions to understand the observed level

structure. The positive parity states, originate from the excitation of nucleons

within the sd orbitals.

• The observation of negative parity sequences in these nuclei, originate due to the

promotion of odd number of nucleons from the sd (even l) orbitals across one

major shell into the unnatural parity fp (odd l) orbital. These states could be

adequately reproduced within the shell model using 1~ω excitations, within the

sd − pf model space without taking recourse to any adhoc lowering of the single

particle energies. The present study reports the calculations for the negative

parity states for the first time in this region.

• From the systematics for the excitation energy of the first (lowest) negative parity

state in Mg isotopes, it can be concluded that the decrease in excitation energy

with increasing neutron number may correspond to a decrease in the shell gap be-

tween the sd & pf shell. This is expected to have a bearing on our understanding

of the island of inversion.

• The shell model wave functions were used to obtain the corresponding transition

probabilities which were in close agreement with the experimental observables.

The model wave function was also used to determine the intrinsic quadrupole mo-

ment, and its associated sign presented an evidence for the shape evolution, which

is expected for such mid-shell nuclei. Thus it is possible to successfully probe the

deformation characteristics in these transitional nuclei, within the framework of

the spherical shell model.

Thus, the present thesis work contains a detailed investigation of the level structure

of transitional nuclei at the interface of the sd−pf shells using all the available text-book

tools and techniques in γ-ray spectroscopy. It establishes the possibility to interpret the

observed level sequences in these mid-shell nuclei, along with the deformation charac-

teristics, within the shell model framework. Choice of an appropriate model space and

the associated effective interactions, along with a judicious truncation scheme however,

remain the crucial inputs for such an exercise.
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bert, H. Röpke, C. Schneider, et al., Z. Phys. A 309, 163 (1982).

[13] F. Glatz, S. Norbert, E. Bitterwolf, A. Burkard, F. Heidinger, T. Kern, R. Lehmann,
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[95] L. Meyer-Schützmeister, D. S. Gemmell, R. E. Holland, F. T. Kuchnir, H. Ohnuma, and

N. G. Puttaswamy, Phys. Rev. 187, 1210 (1969).

[96] S. Raman, E. T. Jurney, J. W. Starner, and J. E. Lynn, Phys. Rev. C 46, 972 (1992).

[97] D. A. Viggars, P. A. Butler, P. E. Carr, L. L. Gadeken, L. L. Green, A. N. James, P. J.

Nolan, and J. F. Sharpey-Schafter, J. Phys. A 7, 360 (1974).

[98] E. Bitterwolf, P. Betz, A. Burkard, F. Glatz, F. Heidinger, T. Kern, R. Lehmann, , S. Nor-

bert, J. Siefert, et al., Z. Phys. A 298, 279 (1980).

[99] URL www.srim.org.


	Title page
	Abstract
	Acknowledgement
	List of Publications
	Contents
	List of Figures
	List of Tables
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Conclusions
	References

