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SYNOPSIS
The decay of an excited atomic nucleus can be described in terms of the statistical
model if the reaction between the participating nuclei proceeds via a succession of intermediate states of the so-called compound nucleus (projectile + target) so that the
input reaction channel has no specific influence on the relative widths of the decay
channels. Such an intermediate system is considered to be equilibrated in all degrees
of freedom (e.g. energy, shape, isospin) and expected to have no memory of the way by
which it was formed. In the statistical approach to study the average behaviour of an
excited equilibrated compound nucleus and its decay, the most significant quantity is
nuclear level density (NLD), ρ. An accurate determination of NLD is essential for the
quantitative description of several important physical phenomena like particle evaporation, fission, multifragmentation, spallation etc. Moreover, the knowledge of NLD
is of fundamental interest as it can provide interesting tests of diﬀerent microscopic
approaches of nuclear structure commonly used to calculate level densities. NLD is
a characteristic property of every nucleus and it is expected to vary grossly exponentially with excitation energy. However, the exact value of NLD at a given excitation
energy critically depends on various key nuclear factors like angular momentum, deformation, shell correction, parity, and isospin. It is extremely important as well as
quite interesting to understand the exact nature of variation of NLD as a function of
these factors. Theoretically the simplest and most frequently used analytic expression
√
√
for NLD [ρ ∼ a exp(2 aE)] is obtained under the framework of Fermi-gas (FG)
model [1]. In the FG description of NLD, the most important factor is the level density
parameter (a) which is directly related to the density of single-particle states around
the Fermi energy. It may be noted that the simplest FG description of NLD does not
incorporate important nuclear properties such as pairing correlations, shell and collective eﬀects. These eﬀects can be incorporated in an exact manner in the microscopic
level density calculations. However, such rigorous calculations are extremely involved
requiring large computation time, which severely limits their applications to the analysis of experimental data. Therefore, in most of the statistical model codes, the level
xv

density is approximated by simple Fermi gas (FG) type analytic expression and important factors like shell eﬀects, pairing, collectivity etc. are incorporated in completely
phenomenological manner through a number of adjustable parameters (either in ρ or
in a). Although the study of nuclear level density is quite an old subject, it is still an
active area of research in nuclear physics. Several interesting but conflicting experimental results have come up in recent times that demand to revisit our understanding
of the properties of nuclear level density. The aim of the present thesis is to experimentally investigate the excitation energy and angular momentum dependence of NLD and
thereby refine our knowledge on key aspects of NLD such as spin dependence, damping of shell eﬀect and collective enhancement which is of great significance in terms
of the present status of the subject.
The thesis contains three parts which deal with three particularly important features
of NLD (1) Angular momentum dependence, (2) Damping of shell eﬀect in NLD and
temperature dependence of the level density parameter and (3) role of collectivity in
NLD. Three independent experimental investigations have been carried out to improve
and/or extend our understanding on these aspects from the measurement of light particle evaporation spectra at diﬀerent nuclear mass regions. Although there are several
other experimental ways to determine NLD, the study of light particle evaporation
spectra has been the most eﬀective and widely used tool to investigate NLD over a
wide range of excitation energy and angular momentum. The first experiment was
performed to study the angular momentum dependence of NLD by measuring angular
momentum gated light-particle (n, p, α-particles) evaporation spectra in two diﬀerent
reactions. In the second experiment excitation energy dependence of the level density
parameter and damping of shell eﬀects with increasing excitation energy was studied
for nuclei in the doubly magic

208

Pb region. In the third part of the thesis, the eﬀect

of collectivity on nuclear level density and its correlation with deformation has been
investigated by measuring neutron evaporation spectra from diﬀerent compound nuclei
having diﬀerent ground-state deformations.

xvi

Angular Momentum Dependence of Level Density:
In the phenomenological descriptions of NLD, the spin (angular momentum) dependence is generally incorporated through the spin and deformation dependent rotational
energy. There is no further dependence of the level density parameter a on angular
momentum or deformation. This prescription was mostly tested with inclusive particle spectra and found to be reasonable to explain the experimental data. However,
a number of recent data from exclusive measurements with respect to angular momentum have not been properly explained by the available prescriptions of the spin
dependence of nuclear level density. In measurements of angular momentum gated
proton and α-particle spectra from

12

C,16 O + 93 Nb and 89 Y reactions Mitra et al. ob-

served broad bump-like structures which could not be explained by the standard level
density prescriptions [2,3]. Although the origin of such feature was not clear, a specific J-dependent enhancement in NLD was suggested by the authors to explain the
experimental data. Angular momentum dependence of the inverse level density parameter (k=A/ã, where A is the nuclear mass number and ã is the asymptotic value of
the level density parameter) was studied by Gupta. et al. for several nuclei in A ∼180
and A ∼120 mass regions through α-particle measurements. Although the results in
the A ∼180 region showed a constant nature of the inverse level density parameter as
a function of the angular momentum (J) [4], a strong variation (increase) of k with
increasing J was observed for a number of nuclei in the A ∼120 region [5]. On the
other hand in a recent measurement of angular momentum gated neutron evaporation
spectra for nuclei with A ∼118, excitation energy E ∗ ∼ 31 and 43 MeV and in an
angular momentum J∼10 - 20 , the inverse level density parameter was observed to
decrease with increasing angular momentum [6]. It is thus evident that even after these
experimental eﬀorts the understanding on the angular momentum dependence of NLD
is not conclusive and demands further investigations in this area. Moreover, it will also
be interesting to observe the variation of nuclear level density parameter as a function
of J estimated from diﬀerent light-particle measurements simultaneously which will
be useful to understand the spin dependence of NLD in a consistent manner. With

xvii

this aim, we have measured the light-particle (n, p and α) evaporation spectra in the
4

He +

93

Nb and 4 He +

58

Ni reactions at the excitation energy E ∗ ∼36 MeV. In the

present experiment, populated angular momenta were estimated from the measured
γ-ray multiplicity using a 50 element BaF 2 detector array, in coincidence with the
emitted light particles. The charged particles and neutrons were detected at the backward angles by using a three element detector telescope [Si Strip-Si Strip-CsI(Tl)] and
a number of liquid scintillator based neutron detectors, respectively. Theoretical analysis of the experimental data using the statistical model code CASCADE [7] has been
carried out to extract the value of the inverse level density parameter at diﬀerent angular momentum regions, corresponding to diﬀerent γ-multiplicities. From the analysis
of the angular momentum gated particle spectra, it was observed that the k-value decreases consistently with increasing < J > for all three types of particle emissions. The
experimental data indicates a relative enhancement in level density at higher angular
momenta, which was taken care of by the additional J dependence of the level density
parameter. The current trend of the data could not be explained by the available phenomenological NLD models with standard spin dependence. Microscopic calculations
for the specific systems may enlighten on the origin of the observed phenomenon.
Excitation energy dependence of the level density parameter:
Like many other nuclear phenomena shell structure of atomic nuclei are observed to
have important consequences in NLD too. The strong departure of the level density
parameter from its standard low-energy value of ∼A/8 is very well known for nuclei
in the vicinity of closed shells. However, shell eﬀects are strongly excitation energy
dependent, expected to be damped and finally washed out at higher excitation energies.
In the phenomenological descriptions of NLD, shell eﬀect is incorporated using an excitation energy (U), and shell correction (ΔS) dependent parameterization of the level
density parameter [a = ã{1 + (ΔS /U)(1 + exp(−γU)}] as suggested by Ignatyuk [8].
The rate of depletion of shell eﬀect with energy is determined by the shell damping
parameter ( γ). Although there have been a few early theoretical estimates on the value
of γ [8,9], experimental information is quite limited. The value of the shell damping

xviii

factor has very recently been determined experimentally by Rout et al. by measuring
neutron evaporation spectra followed by transfer-induced fusion (used to populate low
excitation energies) of 7 Li on

205

Tl populating particle unbound states in

208

Pb [10].

−1
However, the extracted γ-value (0.060+0.01
−0.02 MeV ) diﬀers somewhat from the value

(0.079 ± 0.007 MeV−1 ) estimated earlier from neutron resonance data [11]. It is interesting to mention at this point that apart from the discussed variation of the level
density parameter due to shell eﬀect (as determined by γ), the asymptotic (or smooth)
value of the level density parameter (ã, expected when there is no shell eﬀect) is also
observed to show interesting variation as a function of excitation energy (temperature).
A reduction in the value of asymptotic level density parameter with increasing temperature, from ∼A/8 at zero temperature to ∼A/13 at T ∼5 MeV was reported in several
experimental studies, particularly in the A ≈ 160 mass region [12 - 16]. However, a
constant nature or rather a weak dependence of ã on T were reported in many cases
for lighter systems [17 - 19]. Moreover, there is a large discrepancy among the experimental results on the temperature dependence of ã particularly in the A ∼ 200 mass
region [20 - 22]. Given the scarcity of experimental data on the shell damping factor
and disparity among various experimental results on the temperature dependence of ã,
we planned to study the temperature dependence of the level density parameter and
the damping of shell eﬀects with excitation energy in the A ∼ 210 region using light
ion induced reactions (suitable for population of low excitation energy). With this
aim, we have carried out a measurement, in which neutron evaporation spectra have
been measured from two diﬀerent compound nuclei
bly magic

208

212

Po and 213 At close to the dou-

Pb nucleus having large ground-state shell corrections. The experiment

was carried out using the 4 He-ion beams of incident energies 28, 31, 35, 40 and 60
MeV from the K130 cyclotron at VECC. The experimental neutron spectra measured
at backward angles were compared with statistical model predictions. The value of the
shell damping factor (γ = 0.052 ± 0.018 MeV −1 ) has been extracted from the lowest
energy data (which had the highest sensitivity over this parameter). The extracted γvalue is in good agreement with the earlier estimates. The temperature dependence of
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the asymptotic level density parameter has been studied in a temperature range T∼0.7 1.4 MeV and compared with the Thomas-Fermi (TF) model calculations [23]. An
overall decrease of the level density parameter with increasing temperature was observed in agreement with the TF prediction. The experimental results were also shown
to be very well explained by a linear increase of the inverse level density parameter
with excitation energy, with the empirical relation, k(U)= 7.8 + 7.5 (U/A).
Collective enhancement and its fadeout:
Another major issue in the area of nuclear level density which is yet to be resolved is
the inter-relationship between collective excitations and nuclear level density as a function of excitation energy (or temperature). In nuclei, collective rotation and vibration
involving several nucleons couple to the single-particle excitations. It is thus expected
that the contribution of the collective excitations would appear as an enhancement in
NLD. For nuclei with appreciable ground-state deformations, the main contribution to
the collective enhancement comes from the rotational excitations, whereas in the case
of spherical nuclei the collective enhancement is likely to be due to vibrational excitations. The collective enhancement in NLD is expected to die out at high energies
due to the gradual damping of long-range correlations which are mainly responsible
for the collective enhancement. It has been suggested in several theoretical studies
that the fadeout energy (or temperature) strongly depends on the ground-state deformation of the nucleus [24 - 26]. In the recent past, only a few experimental attempts
have been made to look for the collective enhancement in nuclear level density and its
subsequent fadeout at higher excitation energies. In one of such attempts, Junghans et
al. [27] studied the yields of nuclei produced in the fragmentation of relativistic Pb
and U projectiles. Although they found some evidence for the loss of collectivity of
nuclear excitations as a function of nuclear temperature, the damping of the collective
enhancement in the nuclear level density was observed to be independent of nuclear deformation which is in contrast to the theoretical picture. On the other hand, Komarov et
al. [28] attempted to extract information on collective enhancement and its fadeout by
studying α-particle evaporation from the strongly deformed

xx

178

Hf compound nucleus

produced in the heavy-ion fusion reaction. However, they did not find any convincing
evidence of the existence of collective enhancement and its fadeout in their data. The
nature of the controversy among the existing results warrants new measurements to
independently verify the status of collective enhancement. So with the aim to see the
eﬀect of ground state deformation and subsequent collectivity on nuclear level density we have measured the neutron evaporation spectra from three diﬀerent compound
nuclei (169 Tm, 185 Re and 201 Tl) having diﬀerent ground state deformations, at two different excitation energies around the predicted fadeout region. The neutron spectra
measured at backward angles were compared with statistical model calculations. The
values of the level density parameter, extracted at these excitations from the theoretical
fits to the experimental data were observed to increase substantially at the lower excitation energy (∼26 MeV) for nuclei having large ground state deformation (residues of
185

Re, and

169

Tm); whereas for near spherical nuclei (residues of

201

Tl∗ ), the a value

remains unchanged at the two energies. The increase in a at the lower excitation energy for the deformed systems amounts to a relative increase in nuclear level density,
indicating a collective enhancement. To understand the phenomenon in more detail the
measurement has been extended to wider excitation energy range (∼25 - 55 MeV) in
small energy intervals for three compound nuclei ( 173 Lu,

185

Re and 201 Tl). Statistical

model analysis of the experimental data was carried out to extract the values of the inverse level density parameter at diﬀerent excitation energies. It was observed that the
gross variation of k with energy is in agreement with prediction given by the standard
empirical relation [k(U) =k0 + κ (U/A)]. However, there is sharp reduction in the value
of k (or enhancement in a) around E ∗ ∼30 MeV for the deformed systems (173 Lu and
185

Re) compared to the near spherical system (201 Tl). The current observation provides

a strong signature of collective enhancement of NLD at low excitation energies which
are expected for the deformed systems due to the collective rotation. The data also
suggest a correlation between collective enhancement and ground-state deformation
and indicate a fadeout energy of collective enhancement in between E∗ ∼30 - 35 MeV
for the current systems, which may be linked with a shape phase transition of the above
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nuclei from deformed to spherical shape around that excitation.
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Chapter 1
Introduction
"By convention there is color,
By convention there is sweetness,
By convention there is bitterness,
But in reality there are atoms and
space."
-Democritus (400 BC)

1.1 The nucleus and nuclear physics
Some of the longest standing questions that have guided the progress of natural
science are perhaps: what is the universe made up of, what holds it together and how it
came to existence, in its present form? These questions have always enthralled the intrinsically curious minds of human beings and their endeavor to find answers to these
questions has started with the beginning of human civilization itself. To know what
the universe is constituted of, people have been looking for its fundamental building
blocks. By fundamental building blocks we understand objects or entities that are simple, structureless and not made up of anything smaller. The idea that all matter in the
world are made up of some small discrete units which further cannot be divided was
1

found to exist even in the ancient civilizations. It was the Greek philosopher Democritus (∼400 BC) who first introduced the word atom (meaning indivisible) as the
elementary constituent of matter. But even before that (probably around 600 BC), the
Indian philosopher Kanada introduced the concept of Anu as the smallest and indestructible particle of matter. However all these ideas were completely abstract as they
were based on philosophy rather than empirical evidences. It was only in the early
1800s when the idea of atom was accepted by scientists and refined into an evidencebased theory. For an enormous time period spanning more than 22 centuries atoms
were known to be indivisible and fundamental constituent of matter. The belief that
atoms are indivisible and ultimate particles of matter was overturned with the discovery of electron by British Physicist J. J. Thomson (1897), who showed that electrons
are negatively charged particles and are part of every atom. As an atom is electrically
neutral it must contain some entities with positive charges in order to neutralize the
negative charges of electrons. Accordingly Thomson proposed a model of the atom in
which the negatively charged electrons were distributed in a uniform soup of positive
charges. This is known as the "plum pudding model". During 1906 - 1911 Geiger and
Marshden under the direction of Ernest Rutherford performed a series of experiments
to look into the inside of the atom and to test the validity of the plum pudding model by
bombarding a thin gold foil with energetic α-particles. They observed that most of the
incident α-particles traversed almost undeviated while a small fraction of them were
deflected at very large angles. Such huge deflections could not be explained by Thomson’s model of the atom, where positive charges were uniformly distributed throughout
the atom. For such large deflections all positive charges had to be concentrated in a
very small region having a mass much greater than the mass of the α-particles. Thus
the interpretation of the experimental data led to the idea of an atom having a small
(less than 10−12 of the atomic volume) dense nucleus at the center containing most of
the atom’s mass with a surrounding cloud of light electrons.
In subsequent years it was realized that the nucleus is made up of positively charged
protons and neutral neutrons called together as nucleons. Thus an atom was found to
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be made up of neutrons, protons, and electrons. Atoms join together to form molecules
and molecules join together to make the diﬀerent macroscopic form of matter. At this
point, the immediate question that comes to one’s mind is that, whether neutron and
proton (and also the electron) are fundamental particles? In fact, physicists have tried
to probe the inside of the proton in the same way as Rutherford did to probe inside
of the atom, by throwing energetic particles into it. Such experiments were carried
out in the late sixties using high energy electron beams. The results of such experiments were remarkably similar to that of Rutherford’s, as the most of the incident
particles pass right through the proton while only a few bounced back sharply. This
means that the positive charge inside the proton is concentrated in small lumps, just as
Rutherford’s result indicated that the positive charge in an atom is concentrated in the
nucleus. However, in the case of the proton, the evidence suggested three such lumps
instead of one. Thus it was discovered that the proton (and also the neutron) are made
up of three more elementary particles named as quarks, which are held together inside
the nucleons by gluons (mediator of the strong force). As we know it today quarks
and leptons (electrons along with μ, τ and ν) are point-like particles and fundamental
building blocks of the universe. However, quarks (and gluons) do not exist in nature
freely. They always remain absolutely confined inside the nucleons (or hadrons in general). According to the present cosmological models, the quarks and gluons were free
in the form of quark-gluon plasma only at the very initial time, a few microsecond after the Big-Bang (beginning of the universe) when the temperature of the universe was
about 150 MeV. It took a few microseconds further for the universe to cool down to a
temperature when the quarks permanently got confined to hadrons. Thus the existence
of quarks and their influence in nuclear dynamics can only be observed in very high
energy (≈ 1 GeV/A) nuclear collisions. Therefore even if nucleons contain quarks, the
ground-state or moderately excited states of nuclei can safely be viewed as ensembles
of interacting nucleons instead of interacting quarks. Since quarks and gluons always
remain bound inside the nucleons we can safely consider nucleons as the eﬀective elementary constituents of nuclei. Similarly, quantum chromo dynamics (QCD) which
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is the elementary theory to describe the fundamental interaction between quarks and
gluons, can also be safely replaced by an eﬀective interaction between the nucleons.
Physics of nuclei in the vicinity of their ground state is thus a physics of nucleons interacting via the nucleon-nucleon interaction [1]. Such a picture of nuclei as sets of
interacting nucleons constitutes the basis of most studies devoted to the understanding
of the structure and dynamical properties of nuclei. In our immediate environment,
atomic nuclei exist only in their ground state, so they aﬀect the world in which we live
only by their charge and mass and not by their dynamical properties. All the interesting nuclear phenomena thus can be observed only in energetic collisions generated in
our laboratories using the particle accelerators. However, the universe has its own natural laboratories, the centers of all stars where nuclear reactions are going on, which
are the sources of our energy supply on earth. Understanding the nuclear dynamics is
thus essential for energy production in the earth using nuclear reactors. But nuclear
physics is even more important for us from the point of view of understanding history
of the universe. The composition of matter as we see it today is the product of nuclear
reactions which have taken place a long time ago in the stars or in stellar explosions.
Today within our accelerating machines we try to simulate the conditions for those
reactions to occur, in a very microscopic way. An accurate determination of diﬀerent
nuclear reaction rates is essential in order to understand exact processes of nucleosynthesis and to reproduce the observed abundances of diﬀerent elements in the universe.
Moreover, the atomic nucleus is a perfect example of a finite (and isolated) quantum
many-body system. So, study of nuclear structure and dynamics helps us to refine our
ideas of several areas of fundamental physics such as quantum mechanics, statistical
mechanics, many body physics.
Although the existence of the atomic nucleus was established more than 100 years ago
and the substructure of its constituents was discovered experimentally more than 40
years ago, many of the structural and dynamical properties of the nucleus are still unknown or poorly known. Moreover, with the advent of modern accelerators delivering
radioactive ion beams (RIB) and sophisticated radiation detectors, many new direc-
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Figure 1.1: A schematic diagram of energy level distribution of a typical nucleus.

tions in nuclear physics research have opened up in last one or two decades. It will
not be exorbitant to say that modern accelerators and detectors have given a rebirth of
nuclear physics. With the existing and coming large scale RIB facilities along with
the highly developed detector arrays one could reach out to those areas of the nuclear
landscape which were previously inaccessible. So currently we are standing at a time
when the arena of nuclear physics is expanding at a rapid rate and many new surprises
in this field are expected to astonish us.

1.2 The notion of nuclear level density (NLD)
The atomic nucleus is a perfect example of a finite quantum many-body system.
Like every quantum mechanical system nucleus also exhibits a discrete energy spectrum i.e. it can exist only in certain allowed energy levels. However, the individual
description of excited nuclear levels is possible only for the low excitation energies
where the excited levels are small in number, well separated and rather simple in struc5

Figure 1.2: Schematic variation of cumulative number of energy level with energy. The smooth
(red) line represents its average behavior.

ture. In this region, the excited states are analyzed using the spectroscopic approach.
However, with the increase in excitation energy, the spacing between the energy levels
(D) become narrower and the nature of excitations become very complicated. In fact,
for excitation energy more than a few MeV, the energy levels become almost overlapping and it is impossible to distinguish them experimentally. The energy spectrum
of a typical (heavy) nucleus has been schematically shown in Fig. 1.1. The spectrum
can be divided grossly into three regions. In the low energies where the width (Γ) of
individual levels are significantly lower compared to the spacing between energy levels (i.e. Γ  D); we have the discrete energy region. As the energy is increased the
widths become comparable to the spacings (Γ  D), leading to the quasi-continuum region. If the energy is further increased the widths become larger than the level spacings
(Γ ≥ D). In this scenario, the individual description of the excited levels is no longer
possible and it has to be replaced by a global description in terms of a level density
function. Correspondingly, the spectroscopic approach is substituted by the statistical
approach which allows a more comprehensive description of the average behavior of
the excited nucleus and its decay. The nuclear level density (NLD) which is the most
relevant quantity describing the statistical properties of the nucleus, is expressed as a
6

function of various constants of motion, e.g. excitation energy, angular momentum,
the number of particles, parity, isospin etc. NLD [ρ(E)] is a characteristic property
of every nucleus and it is defined as the number of levels per unit energy at a certain
excitation energy,
dN(A, E)
(1.1)
dE
where N(E) is the cumulative number of levels up to an energy E. The variation of the
ρ(A, E) =

function N(E) is shown schematically in Fig. 1.2. Although N(E) is a step function its
average behavior can always be represented by a smooth function as shown by the red
line in Fig. 1.2. The level density as defined in Eqn. 1.1 is related to the number of different ways in which individual nucleons can be placed in the various single-particle
orbitals such that the excitation energy lies in the range between E and E + dE.

1.3 Theoretical Methods for the determination of NLD
1.3.1 The combinatorial method
The basic principle of the combinatorial method for the calculation of nuclear level
density is quite straightforward and it follows automatically from the definition of NLD
itself. In this approach, the level density is determined by finding the number of ways in
which the nucleons can be distributed among the available single-particle energy levels
for a given energy of the nucleus [2]. The single-particle energy eigenfunctions and
eigenvalues up to some reasonably high energy are determined quite accurately using
the shell model where each nucleon is assumed to move independently in the average
potential created by the other A-1 nucleons. Important nucleon-nucleon interactions
such as the paring force can also be included in the calculations. A very large set
of nuclear wave functions representing the ground state and many excited states are
generated from the permutations of A nucleons into the single-particle eigenfunctions
with proper anti-symmetrization required for the fermionic system. The energy E α for
7

a particular configuration α is given by the sum of the eigenvalues ( i ) of the occupied
single-particle orbitals
Eα =


i

(1.2)

i

and the excitation energy is given by
Eα = E α − E g

(1.3)

where Eg is the energy of the ground state. The configurations are generated by cycling
the occupation of each of the single-particle levels over all its allowable values. The
calculation of level density is then reduced to just finding a large (10 6 or so) number of
E α values and sorting them in terms of particle number, energy, angular momentum and
other possible quantum numbers. The main advantage of this method is that the level
density is calculated numerically by counting the exact number of levels and no drastic mathematical approximation is required as compared to other methods. Moreover,
important nuclear properties like shell and pairing eﬀects are automatically included in
this method and it allows to obtain the distribution of NLD in terms of angular momentum, parity etc. The combinatorial method has been used to calculate NLD by several
authors in the recent times [3, 4, 5, 6, 7, 9, 8, 10]. The major disadvantage of this
procedure arises from the fact that the number of nuclear levels becomes extremely
large even at moderate excitations, specifically for heavy nuclei. Therefore, such calculations can be performed only with large computers and limited to low excitation
energies only.

1.3.2 The partition function method
The partition function method, also known as the statistical method, is by far the
most widely used technique for calculating level density particularly in view of its
ability to provide simple analytical formula. In this approach the average level density
of a nucleus can be calculated under the assumption that the system can reasonably
be described in terms of independent particle motion (IPM) of its constituents. The
8

Figure 1.3: Schematic representation of a step function (f(x)) and it’s derivative (f’(x)).

density of level as a function of energy and particle number is given by [11],
ρ(A, E) =



δ(A − n)δ(E − E i (n))

(1.4)

n,i

where Ei (n) is the energy of the ith -quantum state of the n-particle system. The relation 1.4 follows from the definition of ρ(E) as given in Eqn. 1.1, and the fact that N(E)
in Eqn. 1.1 is a step function (See Fig. 1.3 for illustration).
Now, under the independent-particle approximation, one can write
n=
Ei =


ν


n(ν)i
n(ν)i E(ν)

(1.5)

ν

Here n(ν)i is the occupation number of the single-particle state ν in the i th quantum
state of the n-particle system. For fermionic systems, as per the Pauli’s exclusion
principle, n(ν)i can be either 0 or 1. It can be seen that the Eqn. 1.4 has singularities at
9

each eigen values given by Eqns. 1.5. However, it is the average value of the function
integrated over an interval in A and E is the quantity of interest. It is suggestive from
the additive nature of the relations 1.5 that, it is convenient to work with the Laplace
transform of Eqn. 1.4 given by,


Z(α, β) =

∞





0

=

∞

ρ(A, E)exp(αA − βE)dAdE

0

exp(αn − βE i (n))

(1.6)

n,i

where α and β are the Lagrange multipliers associated with nucleon number and energy. The quantity T = 1/β is known as the statistical temperature. The function
Z(α, β) can readily be identified as the grand-canonical partition function for the system. Inserting Eqn 1.5 into Eqn 1.6 and considering the fact that n(ν) i can only be
either 0 or 1, the partition function can be written as
Z(α, β) =



(1 + exp(α − β (ν))

(1.7)

ν

In each factor, the term 1 comes from n(ν) = 0, and the exponential term comes from
n(ν) = 1. In order to evaluate the product (Eqn. 1.7) in terms of a sum over the singleparticle states, we take the logarithm,
lnZ(α, β) =
=



ln(1 + exp(α − β (ν)))

ν ∞

g( )ln(1 + exp(α − β )d

(1.8)

0

The function g( ) describes the density of single-particle states
g( ) =



δ( − (ν))

(1.9)

ν

Having determined Z, the calculation of level density reduces to the evaluation of the
inverse Laplace transformation,
1
ρ(A, E) =
(2πi)2

 

+i∞
−i∞

Z(α, β)exp(−αA + βE)dαdβ
10

(1.10)

The inverse Laplace transformation is generally determined under the saddle point
approximation (SPA), which is based on the fact that the integrand in Eqn. 1.10 is a
rapidly varying function of α and β, and has significant contribution only in a small
region around a saddle point (α0 , β0 ) where the integrand is stationary. The conditions
that determine the saddle point are given by
∂lnZ
−A=0
∂α
∂lnZ
+E =0
∂β

(1.11)

Under the saddle point approximation (Eqn. 1.11), the level density expression
for a nucleus with A nucleon and excitation energy E can be obtained by using
Eqn. 1.10 [11] as,
ρ(A, E) =

exp(S )
√
2π D

(1.12)

Where the entropy S of the system given by,
S = lnZ(α0 , β0) + β0 E − α0 A
and



D = 


∂2 lnZ
∂β2

∂2 lnZ
∂β∂α

∂2 lnZ
∂β∂α

∂2 lnZ
∂α2






(1.13)

(1.14)

1.4 Simplest analytic description of NLD in terms of
Fermi gas model
Historically, the first analytic expression of NLD was determined under the framework of Fermi gas model with the additional assumptions that the single-particle states
are uniformly distributed (Fig. 1.4) and the Fermi gas is highly degenerate [12]. The
level density for a nucleus with mass number A and excitation energy E under the
Fermi gas approximation can be obtained using Eqn. 1.12 - 1.14 as [11],
√
exp(2 aE)
ρ(A, E) =
√
4 3E
11

(1.15)

εF

n

p

Figure 1.4: Equidistant energy levels of a degenerate Fermi gas

where the level density is mostly determined by the level density parameter (LDP)
a, which is related to the density of single-particle states near the Fermi energy by the
relation a =

π2
g( F ).
6

is given by g( F ) =

Now in the Fermi gas model, the density of single-particle states

3A
,
2 F

where

F

is the Fermi energy. Therefore, we can write
a=

π2 A
.
4 F

(1.16)

In the case where Z protons and N neutrons of the nucleus are distinguished we have
√
√
π exp(2 aE)
,
(1.17)
ρ(N, Z, E) =
12 a1/4 E 5/4
with,
a=

π2
(gπ ( F ) + gν ( F )),
6

(1.18)

where gπ and gν are proton and neutron single-particle densities respectively. In deriving the expression 1.15 (or 1.17) several mathematical approximations have been
incorporated, which put a few restrictions on the applicability of this expression.
1. The first restriction is that,
g( F )E

1.

(1.19)

This condition simply reflects the fact that the average level density ρ is not defined
until we come to excitation energies E, large compared to the energy of the first excited
12

state. (There must be many excited levels in order that the average level density is
defined.)
2. The second condition is,
E

FA

1/3

.

(1.20)

This limit results from the fact that the single-particle level spacing g( ) has been
considered as constant, although for a Fermi gas it varies approximately as the square
root of the particle kinetic energy (g( ) ∝

1/2

). This variation can be accounted in the

calculations, however, then the level density becomes a more complicated function of
the excitation energy (non-degenerate Fermi gas). Thus the expressions 1.15 and 1.17
can only be considered as the zeroth order approximation of a Fermi gas. An estimate
of the value of the level density parameter can be obtained by putting
in Eqn. 1.16 which gives a ≈

A
.
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F

≈38 MeV

However, the average value of a at low energies as

suggested by experimental observations corresponds to a much larger value of a close
to A/8. The disagreement is not very surprising as the real single-particle spectrum of
a nucleus is considerably complicated than the simple equidistant Fermi gas picture.
Therefore in most of the phenomenological descriptions of NLD, a is treated as a free
parameter which is adjusted to match the experimental data. It may be mentioned here
that although there is a large discrepancy between the experimental value of a at low
energies (∼A/8) and its Fermi gas prediction (∼A/15); the inconsistency is somewhat
removed at high energies where the experimental value of a is observed to approach
towards its Fermi gas limit. This will be discussed in more detail in Chapter 3 where
the excitation energy (temperature) dependence of a will be presented.

1.4.1 Spin dependence of NLD
In the framework of Fermi gas model it is also possible to determine dependence of
the level density ρ on the angular momentum projection M. Several diﬀerent methods
have been employed to obtain ρ(E, M), all of which provide the following result [11],
ρ(A, E, M) = ρ(A, E)
13

exp(−M 2 /2σ2 )
√
2πσ2

(1.21)

where σ is known as the spin cut-oﬀ parameter which is given by σ 2 = g < m2 > T =
IT/2 . Here < m2 > is the average of the square of the single-particle spin projections,
I is the moment of inertia and T is the nuclear temperature. The dependence of level
density on the total angular momentum (spin) can be obtained from Eqn. 1.21 in the
following manner. Let us consider nuclear states with total angular momentum J and
spin projection M; and write them as | J M>. Since M can have values from +J to
-J, the level density ρ(E, M) contains all states with magnetic quantum number M and
total angular momentum J≥ M. Let us consider ρ(E, M = J) and ρ(E, M = J + 1) in
particular. ρ(E, M = J) contains states like | J J>, | J+1 J>, | J+2 J> ... etc. Whereas
ρ(E, M = J + 1) contains states such as | J+1 J+1>, | J+2 J+1>, | J+3 J+1> ... etc.
In the absence of any external magnetic field we can observe all states with diﬀerent J
only, not those with diﬀerent M. Therefore states like | J+1 J> & | J+1 J+1> and | J+2
J> & | J+2 J+1> will be degenerate. So, the diﬀerence ρ(E, M = J) - ρ(E, M = J + 1)
gives contribution only from the states | J J>, i.e., states with diﬀerent J each counted
only once. Thus,
ρ(E, J) = ρ(E, M = J) − ρ(E, M = J + 1)

(1.22)

This diﬀerence can be approximated by taking the first derivative of ρ(E, M) with
respect to M, calculated at M =J+1/2.
dρ(E, M)
| M=J+1/2
dM
⎛
⎞
⎜⎜⎜ −(J + 12 )2 ⎟⎟⎟
2J + 1
⎟⎠
= ρ(E) √
exp ⎜⎝
2σ2
8πσ3
−(J(J + 1))2
2J + 1
exp
ρ(E) √
2σ2
8πσ3

ρ(E, J) =

(1.23)
(1.24)

The spin dependence of NLD will be discussed further in detail in the next chapter
where the results of our experimental investigation on the spin dependence of NLD
will be presented.

14

1.5 NLD beyond independent particle model
The mathematical formulations described above provide level densities under the
independent particle picture of the nucleons. The independent particle motion of the
nucleons reflects the existence of a nuclear mean field. However, correlations (both
short range and long range) among the nucleons beyond the mean field are observed to
have important eﬀects on nuclear properties. Two main aspects of the eﬀects beyond
IPM in NLD are (i) pairing correlations (short range) that account for the tendency of
the like nucleons to be in pairs and (ii) collective properties (rotation and vibrations)
that involve coherent excitations of the nucleons (long range correlations). These effects can be taken care of in sophisticated microscopic NLD calculations using realistic
Hamiltonians, which try to account for the coupling between these properties. However, these calculations are highly complicated and time-consuming. Therefore, in
most practical cases these properties are considered phenomenologically using some
adjustable parameters in simple analytic NLD expressions (such as the one obtained
using the FG model).

1.5.1 Pairing eﬀects in NLD
As already mentioned, that the pairing eﬀect reflects the tendency of the fermions
to be coupled as pairs. In terms of NLD, the pairing eﬀects imply that for a given
excitation energy and in a narrow mass range, the level density of an even-even nucleus
is generally lower than that of an odd-even nucleus which in turn is lower than the
level density of an odd-odd nucleus. The reason is that before exciting the fermions
of the nucleus, pairs (when they exist) have to be broken which requires an additional
energy. Thus the pairing eﬀects can be accounted to a good extent by reducing the
excitation energy in the Fermi gas expression by an amount equal to the pairing energy
15

correction (Δ) used in the semi-empirical mass formula to take care of the odd-even
eﬀect, ρ(E) −→ ρIPM (E − Δ).

1.5.2 Collective eﬀects
Additional contributions to NLD beyond independent particle model can arise
from the collective rotation and/or vibration of the nucleons. For example, if we have
a deformed nucleus, then for each single-particle configuration, one can consider collective rotations. In addition, both spherical and deformed nuclei can have collective
vibrational motions. These collective motions give rise to rotational and vibrational
bands enhancing the level density above the single-particle value. This is termed as the
collective enhancement of NLD which is expressed as,
ρtot (E, J) = Kcoll (E)ρIPM (E, J),

(1.25)

Kcoll (E) = Krot (E) × Kvib (E)

(1.26)

where Kcoll (E) is known as the collective enhancement factor, and Krot & Kvib are its
rotational and vibrational components, respectively. The collective enhancement is
expected to be damped and finally washed out (Kcoll (E) → 1) at higher excitation
energies. The collective enhancement in NLD and its fadeout with excitation energy
will be discussed in Chapter 4.

1.6 Phenomenological descriptions of NLD
As we have already mentioned that the simple analytic expression for the nuclear
level density derived from the basic Fermi gas model does not incorporate important
nuclear properties such as pairing correlations, shell and collective eﬀects. Therefore
this elementary formulation gives only a global and qualitative description of level
density. On the other hand, microscopic calculations including the key nuclear eﬀects
16

Figure 1.5: The total number of states up to excitation energy E for 55 Mn, 56 Fe, 57 Fe and 58 Fe
vs. E, taken from Ref. [13]

provide a much accurate description of NLD for individual nuclei. However, rigorous
microscopic calculations are extremely involved and in most of the cases don’t provide
analytic expressions. These severely limit their application to the analysis of experimental data. Therefore in most of the statistical model codes, one starts with a Fermi
gas type level density expression; and the shell, pairing, deformation and collective
eﬀects are incorporated in a completely phenomenological manner through a number
of adjustable parameters. The most widely used phenomenological level density prescriptions can be diﬀerentiated mainly into two approaches (1) the Back-Shifted Fermi
Gas (BSFG) approach and (2) the Gilbert-Cameron (GC) approach.
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1.6.1 Back-Shifted Fermi Gas Level Density
It is known from the observed nuclear masses that the binding energy of nuclei
with even number of proton or neutron is more compared to the neighboring odd-Z or
odd-N nuclei by an amount equal to the pairing energy. Similarly these nuclei have
level spacing (at least up to the neutron resonance region) larger than the nearby odd-Z
or odd-N nuclei. So, the pairing eﬀects have important consequences on nuclear level
density, particularly at lower excitation energies. A direct demonstration of this eﬀect
is shown in Fig. 1.5 by the comparison of the number of levels as a function of excitation energy for neighboring nuclei of odd and even character in the iron region [13].
The odd-even eﬀect seems mainly to cause a shift of the eﬀective excitation energy
between the odd and even nuclei. The magnitude of this shift is close to the value of
the pairing energy as determined from nuclear binding energies in this region. This
odd-even eﬀect can be some what taken care by replacing the energy E in the level
density formula of Eqn. 1.17 by an eﬀective energy E − Δ, where Δ is the shift in the
energy (ground state) which is approximately equal to the pairing energy. Thus ρ(E)
is given by,
√
√
π exp(2 a(E − Δ))
ρ(E) =
12 a1/4 (E − Δ)5/4

(1.27)

The exact value of the pairing energy depends on the individual nucleus, however, the
average value of Δ can be approximated by the relation Δ = 12A−1/2 , (as shown by the
continuous line in Fig. 1.6). In general one can write,
12
Δ=n√
A

(1.28)

where n = -1, 0 and 1 for odd-odd, odd-A, and even-even nuclei. This approach is
known as shifted Fermi gas model. Later, this energy correction was found to be too
large to explain experimental data. Hence the shift was somewhat back-shifted again,
resulting in the back-shifted-Fermi-gas (BSFG) formula [11]. In the BSFG model both
a and Δ are taken as adjustable free parameters to match the experimental data. In this
case Δ is given by,
18

Figure 1.6: The odd-even mass diﬀerences for protons from Ref [11].

12
(1.29)
Δ=n√ +δ
A
where δ is the free parameter adjusted to fit experimental data for each nucleus. The
back-shifted Fermi-gas model has been very popular and most common description of
nuclear level densities for decades.

1.6.2 Gilbert-Cameron prescription
It has been observed that the cumulative number of levels N(E) at the lower excitation energies (discrete energy level region) is well represented by the relation,
N(E) = exp

E − E0
T0

(1.30)

which gives a level density
ρ(E) =

E − E0
1
dN(E)
= exp
dE
T0
T0

(1.31)

this is known as the constant temperature formula, where the energy shift E 0 and the
constant temperature T 0 are treated as adjustable parameters to fit the experimental
data. Although Eqn. 1.31 does provide a better representation of nuclear levels at
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low energy; it fails at higher energies. On the other hand, the level density prescription
given by the back-shifted Fermi gas model (Eqn. 1.27) works reasonably well at higher
energies, but it could not explain the variation of cumulative number of levels at the
lower excitation energies. So Gilbert and Cameron [14] have suggested to use two
diﬀerent level density formulations in the two diﬀerent energy regions. In the high
energy regions (usually above 10 MeV or so) the level density expression is given by
Eqn. 1.27, whereas in the low energy (discrete energy level) region the level density
is given by Eqn. 1.31. The two prescriptions should match together smoothly at a
transition energy U x . This is ensured if both level density and its first derivative (related
to nuclear temperature) is continuous at U = U x . The actual value of the transition
energy depends on the individual nucleus. However one can assign an average value
of U x given by [14],
U x = 2.5 + 150/A.

(1.32)

In the GC approach there are four free parameters E0 , T 0 , a, and Δ which are extracted
by fitting experimental data in both energy regions.

1.7 Shell eﬀect in NLD
Shell structure in atomic nuclei is evident through a large number of phenomena
such as the enhanced binding energy of the magic nuclei, the occurrence of fission
isomers, asymmetric mass distribution of fission fragments, the existence of superdeformed nuclei etc. Shell eﬀects are observed to have important consequences in
NLD too. Because of the large single-particle energy spacing around the Fermi energy
the shell closed (magic) (or near shell closed) nuclei, are observed to have a lower
(by considerable amount) level density as compared to nearby non-magic nuclei at
the same energy. This phenomenon is very well demonstrated by Moretto et al. [15]
through the level density calculation in the framework of Nilson shell model for a
20

Figure 1.7: Theoretical level densities as a function of excitation energy for nuclei in the
neighborhood of the 208 Pb doubly closed shell [15].

number of nuclei in the vicinity of doubly magic

208

Pb. The calculated level densities

by Moretto et al. as a function of excitation energy has been shown in Fig. 1.7. The
shell eﬀect is clearly evident from the figure as the most magic nucleus, 208 Pb, has the
lowest level density, and the level densities increase for nuclei which are farther and
farther away from the double closed shell. Diﬀerent excitation energy dependences of
the level densities of diﬀerent nuclei (particularly at the low excitations) are also apparent from the figure. The shell eﬀect can also be evident from the observed variation
of the level density parameter as a function of nucleon number as shown in Fig. 1.8
where the level density parameter around the neutron binding energy has been extracted from the experimental data (the neutron resonance spacings and the cumulative
numbers of low-lying levels) using the BSFG prescription [16]. While the average
variation of a with the mass number (A) can be represented by a smooth dependence
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Figure 1.8: Level density parameter around neutron binding energy for diﬀerent nuclei as
obtained from RIPL compilations [16]

corresponding to a ≈ A/8 at low energies, large deviation from this average value can
be observed for nuclei around shell closure. In previous sections, we have mentioned
that important properties beyond IPM like pairing correlations and collective eﬀects
can be taken care of phenomenologically by using certain adjustable parameters in the
Fermi gas type level density formulations. A similar strategy is followed for the shell
eﬀect which is also unaccounted in the Fermi gas model of NLD but observed to have
important consequences. The shell eﬀect depends strongly on the excitation energy
and is expected to die out beyond a critical energy. Shell eﬀect in nuclear level density
is generally incorporated through an excitation energy-dependent nuclear level density
parameter as proposed by Ignatyuk et al. [17],

a = ã[1 +

ΔS
{1 − exp(−γU)}]
U
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(1.33)

The prescription incorporates the eﬀect of nuclear shell structure in a at low excitation
energy and goes smoothly to the liquid drop value (ã) at higher excitation energy. Here
ΔS is the shell correction obtained from the diﬀerence between the experimental and
the liquid drop model masses and γ is the shell damping parameter, which determines
the rate at which shell eﬀects are depleted with the increase in excitation energy. In the
present thesis work the shell damping parameter has been determined experimentally
for nuclei close to the doubly magic 208 Pb, which will be presented in Chapter 3 along
with the observed temperature dependence of ã for nuclei in this region.

1.8 Experimental sources of information on NLD
1.8.1 Counting of levels at low excitation energy
Nuclear level density can be computed directly by counting nuclear levels up to a
given excitation energy [18, 19, 20, 21]. Of course, this can be done at low energies
where the levels can be resolved and counted. Several nuclear reactions and detection
techniques are employed to identify the individual nuclear levels. For example, various
charged particle reactions along with magnetic spectrograph are used to get a resolution
of the order of ΔE ≈10 keV. Measurement of neutron spectrum using the time of
flight method, form diﬀerent reactions such as (p, n) or (d, n) can give resolution ∼ 5
keV. Even better resolution can be obtained by measuring γ-rays from the capture or
other reactions, where it can provide useful information about nuclear level density.
Several nuclear reactions such as (p, p ), (n, n ), (α, α ), (p, α), (d, p) (d, t) and (3 He,
α), have been employed to study levels at low energies. However, if this technique is
to be used for accurate level density information, one must be assured that levels of all
angular momenta are excited. This technique has limited application particularly for
heavy nuclei where the levels tend to overlap even at very low excitation energy. The
23

Figure 1.9: Neutron spectrum from the 57 Fe(p, n)57 Co reaction at a bombarding energy of 8.7
MeV and an angle of 250 taken from Ref. [21].

experimental spectra for the 57 Fe(p, n)57 Co reaction [21] showing the discrete energy
levels is shown in Fig. 1.9.

1.8.2 Counting of neutron (and charged particle) resonances
Most substantial information about NLD comes from the study of neutron resonances. In these type of measurements resonance in the total cross-section is observed
around an energy close to the neutron binding energy (B n ) and the number of levels is
counted by counting the number of resonances for a given neutron energy interval. It
is necessary for such experiments that the width Γ of each level be less than the level
spacing D and that the experimental resolution is good enough to resolve individual
levels. In the past several such studies have been carried out using low energy neutrons. In this case, the resonances are mostly of s-wave (i.e. partial waves with =0)
in nature. The mean spacing of the observed resonances can be directly related to the
level density of the compound nucleus at excitation energies close to B n by the relation,
1
1
1
1
[ρ(Bn + ΔE/2, It + ) + ρ(Bn + ΔE/2, It − )]
=
D0
2
2
2
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for

It  0 (1.34)

Figure 1.10: The unweighted spectrum of the thorium sample showing the resonance structure.
The constant radioactive background, well below the time-of-flight spectrum, is shown in blue.
Taken from the Ref. [26]

=

1
1
ρ(Bn + ΔE/2, )
2
2

for

It = 0

where Bn is the neutron binding energy, ΔE is the energy interval for which the resonances are being examined, It is the spin of the target nucleus and the factor 1/2 before
the sum takes into account the fact that s-neutrons form resonances only of a particular parity. If required, resonances for p-neutrons can also be accounted in a similar
manner. The level density is extracted from the measured D 0 values, using standard
level density formulations. The major advantages of this approach are that the level
densities can directly be related to experiments in a model independent manner and
the procedure is applicable for almost all nuclei in the nuclear chart. Level spacing
information has already been obtained from slow-neutron-resonance (s-wave) data for
about 200 nuclei. Several compilations on experimental resonance spacing are available from many authors [14, 22, 23, 24, 25]. The notable drawbacks or errors of this
techniques are (a) diﬃculty in detecting all the s-wave resonances in a given energy
region as the strengths of resonances of a particular spin and parity vary greatly from
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one resonance to another (b) possibility of mixing of p-wave resonances with s-wave.
Typical neutron resonance structure for the 232 Th(n, γ) reaction as measured by n_TOF
collaboration [26] is shown in Fig. 1.10.
Information on the nuclear level density can also be obtained from the charged-particle
capture resonance studies in a manner similar to that of the neutron-capture resonance.
However, the charged-particle resonance data are restricted to light and medium nuclei due to the existence of Coulomb barrier. The charged-particle resonance studies
are particularly useful for nuclei which cannot be studied by neutron resonance spectroscopy. A compilation of such data for a number of light nuclei has been published
by Endt and Van der Leun [27].

1.8.3 Measuring excitation functions of isolated levels
It was first pointed out by Ericson [13] that the absolute cross sections for formation of isolated residual levels in compound nuclear reactions can be used to determine
nuclear level densities. Measurements of the absolute cross sections for isolated final
levels as a function of bombarding energy have been used to determine the energy
dependence and absolute values of the level densities of a number of residual nuclei
(56 Fe, 52 Cr, 59 Co ) [28] populated through the reactions of proton and α-particles with
55

Mn, 56 Fe, 59 Co, and 62 Ni targets. The excitation function of the single level (or lev-

els) is fitted with diﬀerent forms of the level density (e.g. BSFG or CT models) in
order to obtain reasonable agreement between experiment and theory. Although this
technique has some intrinsic advantages and gives an absolute measure of the level
density, it suﬀers from the exponentially decreasing cross section with the energy of
a single level and the possible admixture of direct reaction particles. Improvement in
statistical accuracy can be attained by examining the energy dependence of the cross
section of many final levels [29, 30]. However, other uncertainties in the analysis may
oﬀset the advantage gained by better statistics.
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1.8.4 Fluctuation width analysis
Nuclear reaction cross section at a compound nuclear excitation energy region
where the average level width Γ is larger than the average spacing D between compound nuclear levels, is observed to fluctuate remarkably as a function of projectile
energy. Such fluctuating cross sections, when analyzed in terms of statistical theory, can be used to get a measure of level density. The level width Γ obtainable
from correlation functions of the fluctuating cross sections can be used together with
the information on the exit channels known from other measurements, to obtain the
level density of the compound nucleus at an excitation energy of approximately 20
MeV [28, 31, 32, 33, 34]. For a long time, this method known as the Ericson fluctuation width technique has been the only method to extract NLD at high excitation
energies ( 20 MeV).

1.8.5 The Oslo Method
As discussed in the previous sections, level densities can be extracted directly by
counting the number of levels only up to a few MeV (particularly for medium or heavy
nuclei). On the other hand, neutron resonance counting provides level density information close to the neutron binding energy (∼ 8 - 10 MeV). So, there is a region
where there is no source of experimental information on the NLD, and it can at best
be estimated by extrapolating data obtained from the above two techniques. The Oslo
method [35] is particularly useful to extract level densities in the region between the
discrete level and neutron resonances. By this method, both level density and γ-ray
strength function can be extracted up to the particle emission threshold, from a single
experiment. In this technique nucleus is excited to an energy below the particle emission threshold by means of transfer reaction (e.g. (p, d), (p, t) (d, p) (3 He, 4 He)) or
inelastic scattering (p, p ), (d, d ), (3 He, 3 He )), then the all the γ-rays emitted during
the sequential γ-transitions cascading down to the ground state are measured by the
27

Figure 1.11: The γ decay probability from an initial excitation energy Ei in the statistical
region is proportional to the level density at the final excitation energy Ef and the γ strength
function at the γ energy Eγ =Ei − E f .

total absorption technique in coincidence with the out going charged particle (ejectile).
The excitation energy (E i ) is obtained from the measured ejectile energy using known
Q-value and reaction kinematics. From the particle-γ coincidence measurement the
matrix F p (Ei , E γ ), which is a two-dimensional matrix of the excitation energy of the
nucleus and the energy of the primary γ-rays (E γ ) is generated. In the experiment, all
the γ-rays emitted in a cascade are detected and it is not possible to identify which
among those were emitted in the first chance (called as the primary γ-rays). The primary γ-rays are extracted at each excitation energy (energy bin) from the total cascade
using the experimentally measured matrix F(E i , E γ ), by a subtraction technique developed in Refs. [36, 37]. If the primary γ-ray spectrum is normalized to unity for each
excitation energy bin,
Ei

Eγ =Eγ

F p (Ei , E γ ) = 1

min
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for each

Ei

(1.35)

then the first generation matrix F p (Ei , E γ ) will represent the decay probability from
E i → E f = E i − E γ . Now the γ decay probability from an initial excitation energy E ∗
in the statistical region is proportional to the level density at the final excitation energy
E f and the γ strength function at the γ energy E γ (see Fig. 1.11 for illustration). In this
case, one can write,
F p (Ei , E γ ) ∝ T (Eγ )ρ f (Ei − E γ ),

(1.36)

where T is the γ-ray transmission coeﬃcient, and ρ f is the level density at excitation
energy E f after the first γ-ray emission. The ρ and T functions can be determined
by an iterative procedure [36], where each data point in the two functions is adjusted
until a global χ2 minimum with the experimental F p (Ei , E γ ) matrix is reached. The
Oslo technique has been extensively used in recent times to extract information on
NLD [37, 38, 39, 40, 41, 42, 43, 44, 45].

1.8.6 Spectrum of evaporated particles
Study of evaporation spectra of particles emitted from a hot compound nucleus
provides useful information on the nature of nuclear level density. Although the technique does not provide an absolute measure of ρ, it is one of the most useful methods
to understand the variation of NLD over a wide range of excitation energy and angular
momentum. The method is particularly suitable at higher excitation energies where the
other methods like direct level counting or measurement of neutron resonance spacing
fail because of the presence of densely overlapping nuclear levels in this region. A
large variety of nuclei can be studied by this technique through judicious choice of
target and projectile combination. The process of particle evaporation from an excited
nucleus can be described by the statistical theory of compound nuclear reactions developed originally by Weisskopf and Ewing [46]. The cross section for emitting a light
particle with kinetic energy can be simplistically given as,
σ( ) ∝ T l ( )

ρd (E ∗ − − Bβ )
ρCN (E ∗ )
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(1.37)

ρi

ε

ρf

E *f

E i*

B
Figure 1.12: A schematic of the evaporation process.

Here, ρd and ρCN are the level densities of the daughter and compound nucleus,
and T l ( ) is the transmission coeﬃcient or barrier penetration factor for the emission of the particle; Bβ is the separation or binding energy of the emitted particle.
Thus the kinetic energy spectra of the evaporated particle (particularly the high energy
part (slope) of it) are highly sensitive to the variation in level density of the daughter nucleus. So this part of the experimental spectra is compared with theoretical
calculations (statistical model) to extract information about nuclear level density. A
possible drawback of this technique arises from the fact that the spectrum of evaporated particles is a sum total of a multi-step decay process, thus sampling various
nuclei at diﬀerent steps. Therefore, the extracted level densities (or rather the rate of
change of level density) may not correspond to a specific nucleus but averaged over
a few neighbouring nuclei. However, the extracted information can still be of high
significance. A number of recent experimental investigations can be found in literature [47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62] that utilized this
technique to extract information on the chracteristics of NLD. In the current thesis,
experimental information on various aspects of NLD has been extracted by studying
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light particle (proton, α-particles and/or neutron) evaporation spectra using of 4 He-ion
induced reactions on several target nuclei. The evaporation process is schematically
shown in the Fig. 1.12.

1.9 Motivation and structure of the present thesis
Understanding the properties of nuclear level density and its accurate determination is of prime importance in nuclear physics, as it can provide interesting tests of
diﬀerent microscopic approaches of nuclear structure used to calculate NLD. Apart
from this fundamental interest, study of NLD is even more important as it serves as
an essential ingredient in various theoretical models used for quantitative explanation
of a number of related physical phenomena in nuclear physics (yields of evaporation,
fission, multifragmentation, spallation), astrophysics (thermonuclear reaction rates for
nucleosynthesis) and reactor technology (fusion-fission cross sections). It has already
been mentioned that nuclear level density depends on various important nuclear factors
like excitation energy (temperature), angular momentum (spin), parity, pairing correlations, shell eﬀects, iso-spin, and collectivity. Although nuclear level density has been
a matter of investigation (both theoretically and experimentally) over a long time, it is
still an active area of research. In recent years a number of interesting but conflicting
observations have been made on the dependence of level density on energy, angular
momentum, and collectivity. These investigations demand to revisit our understanding
of the properties of nuclear level density and prompted us to carry out new investigations. Thus the aim of the present thesis is to improve and extend experimental
information on the variation of NLD on key nuclear factors and try to resolve some of
the open questions (discussed in subsequent chapters) in these areas. The present thesis
particularly focuses on the three aspects of NLD; (i) spin dependence (iii) damping of
shell eﬀect and temperature dependence of level density parameter and (iii) collective
enhancement and its fadeout. A series of experiments have been performed under the
thesis work. Experimental information on the variation of NLD was obtained from the
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measured light particle evaporation spectra which are the most eﬀective and widely
used tool to investigate NLD over a wide range of excitation energy and angular momentum. For the present measurements, we have chosen light-ion ( 4 He ion) induced
reactions which have a number of advantages as compared to the heavy-ion (HI) route.
Firstly, the contribution from the incomplete fusion events (e.g. transfer or breakup
induced fusion) is expected to be less due to the high binding energy of the projectile.
Secondly, the numbers of eﬀective decay channels are also less compared to the HI
reactions; therefore, the extracted level density correspond more closely to those of the
nuclei of interest and not averaged over a large number of nuclei. The present thesis is
divided into five complete chapters.
1. Chapter 1 presents a brief introduction to the subject of nuclear level density.
An overview of the diﬀerent theoretical and experimental techniques employed to determine NLD has been presented.
2. Chapter 2 deals with the angular momentum (spin) dependence of NLD. Experimental results on the spin dependence of NLD obtained from our measurement of
angular momentum gated light-particle spectra in the case of 4 He +

58

Ni, and

93

Nb

reactions are presented. Details of the experimental setup, data analysis technique, and
statistical model calculation is also discussed.
3. Chapter 3 speaks about the excitation energy (temperature) dependence of the
level density parameter. Experimental results of the neutron evaporation study in the
case of 4 He + 208 Pb, and

209

Bi reactions in a wide excitation energy range have been

described. The physical interpretation of the data has been provided in terms of existing theoretical picture.
4. Chapter 4 discusses about role of collective excitations in nuclear level density.
Results of our investigation on the collective enhancement in NLD and its fadeout in
the case of nuclei having large ground-state deformation have been presented. And
finally,
5. Chapter 5, gives a summary and conclusions to the present thesis work along
with an outlook for the future.
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Chapter 2
Angular momentum dependence of
NLD

2.1 Introduction
The angular momentum (spin) dependence of nuclear level density can be obtained
theoretically using the simplest Fermi gas picture, as shown in section 1.4. In this case,
the spin dependence was introduced in the total level density by a multiplicative Gaus) [Eqn. 1.23], where the width of the Gaussian is determined
sian function (exp −(J+1/2)
2σ2
2

by the temperature (T ) dependent spin cut-oﬀ factor σ. In most of the phenomenological descriptions of NLD, however, the angular momentum dependence is incorporated
through the spin and deformation dependent rotational energy [11],
E rot =

2
J(J + 1)
2e f f

(2.1)

with,
e f f = 0 (1 + δ1 J 2 + δ2 J 4 ).

(2.2)

Here e f f and 0 are the eﬀective and rigid body moments of inertia of the system, and
δ1 & δ2 known as the deformability coeﬃcients, are adjustable parameters that provide
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(a)

Figure 2.1:
12 C

+

93 Nb

(b)

Experimental α-particle spectra in the center-of-mass (c.m.) in case of (a)
and (b)

12 C

+

89 Y

(closed circles) reactions for diﬀerent fold (angular momen-

tum) windows, taken from Ref. [52].

a range of choices for the spin dependence of the level density [63]. The rotational energy is subtracted from the excitation energy and the eﬀective energy (E ∗ −E rot ) is used
for the evaluation of NLD using the standard level density formula (Eqn. 1.17). The
phenomenological description of spin dependence becomes equivalent to the Fermi gas
formulation at high excitation energies (i.e. for E ∗

E rot ). In these approaches, the

spin dependence in NLD have been incorporated independently (in ρ) and there is no
additional dependence of the level density parameter on angular momentum or deformation. On the experimental side, information on the spin dependence of NLD can be
obtained by measuring evaporation spectra of particles emitted from an excited compound nucleus, in coincidence with the low energy γ-rays of diﬀerent multiplicities,
which is directly related to the angular momentum populated in the nucleus. It has been
possible to carry out such measurements only in recent times [51, 52, 53, 54, 55] using
advanced γ-ray multiplicity detector arrays. In a number of such exclusive measurements with respect to angular momentum, the experimental data have not been prop34

37.5 MeV

40.0 MeV

45.0 MeV

Figure 2.2: Experimental proton spectra in the c.m. in case of 12 C +

93 Nb

(closed circles)

reaction for diﬀerent fold (angular momentum) windows, taken from Ref. [52].

erly explained by the available prescriptions of the spin dependence of nuclear level
density. In these cases, additional dependence on angular momentum was required,
which in some instances were incorporated through the variation of the level density
parameter with angular momentum. Recently, angular momentum gated charged particle (proton and α-particles) spectra from the 12 C, 16 O + 93 Nb and 89 Y reactions were
measured by Mitra et al. [51, 52]. The authors observed broad bump-like structures in
the measured angular momentum gated particle spectra (Figs. 2.1 & 2.2), which could
not be explained by the standard level density prescriptions. Although the origin of
such feature was not clear, a specific J dependent enhancement in NLD was suggested
by the authors to explain the multiplicity gated data. However, contributions of massive cluster transfer from the projectile to target and other direct processes could not be
35

k (MeV)
Figure 2.3: Experimental k values at diﬀerent angular momentum for nuclei with A∼180 [53].

fully ruled out from the data of Mitra et al. In a couple of recent experiments by Gupta
et al. [53, 54], angular momentum dependence of NLD were studied by analyzing the
α-particle evaporation spectra emitted from various compound systems. The variation
of level density parameter (rather the inverse level density parameter, k = A/ã) as a
function of angular momentum were studied in the A ∼180 and ∼120 mass regions.
For nuclei with A ∼180, E ∗ ∼ 56 - 59, < J > ∼ 15 - 30 , the measured k values were
found to remain constant within the statistical errors (Fig. 2.3). The observation is in
agreement with the standard spin dependence of NLD, where the level density parameter is not expected to depend explicitly on angular momentum. However, in another
experiment by Gupta et al. at A ∼ 120, E ∗ ∼60 MeV, J ∼10 - 20 , rather irregular
variation of the inverse level density parameter was observed [54]. For ZR = 49, 50,
and 51, (ZR is the atomic number of the evaporation residue) k was found to be almost
constant while for the other systems it was observed to increase significantly with increasing angular momentum (Fig. 2.4). On the other hand, Agarwal and Kailas [64]
36

k (MeV)
Figure 2.4:

Experimental k values at diﬀerent folds for systems with A∼120, taken from

Ref. [54].

had carried out a theoretical calculation based on deformed shell model to investigate
the angular momentum dependence of the level density parameter for similar systems
in the A ∼120 region that was experimentally studied by Gupta et al. [54]. The calculation showed a smooth increase of the inverse level density parameter with increasing
angular momentum for all the systems in this region as shown in Fig. 2.5. However,
in a recent measurement of angular momentum gated neutron evaporation spectra for
nuclei with A ∼ 118, excitation energies E ∗ ∼31 and 43 MeV and angular momentum
J ∼10 - 20 , the inverse level density parameter was observed to decrease consider37
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Figure 2.5: Variation of the inverse level density parameter as a function of angular momentum from Ref. [64].

ably with increasing angular momentum [55].
So, from the above discussion it is evident that our understanding of the variation of
NLD as a function of angular momentum is not conclusive, there is disagreement between theory and experiment; moreover, the experimental results from neutron and
charged-particle measurements are diﬀerent in some cases. Therefore, further investigations in this area will certainly be useful. It will also be interesting to observe
the variation of the level density parameter as a function of J estimated from diﬀerent
light particle measurements simultaneously. Such a measurement to our knowledge
has not been carried out in the past. So, with this aim, we have measured light-particle
(n, p, and α) evaporation spectra along with the γ-multiplicity in the 4 He + 93 Nb and
4

He +

58

Ni reactions. Simultaneous analysis of diﬀerent particle spectra in the same

experiment will be useful to understand the angular momentum dependence of NLD
in a consistent manner.
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Cyclotron

Switching magnet
Ch # 1
Ch # 2
Ch # 3

Figure 2.6: K130 variable energy cyclotron.

2.2 Experiment
The experiment was performed using 35 MeV 4 He-ion beam from the K130 cyclotron at the Variable Energy Cyclotron Centre, Kolkata. It is an azimuthally varying
field (AVF) cyclotron with a pole diameter of 224 cm. Fig. 2.6 shows the view of the
cyclotron with the switching magnet and diﬀerent beam lines. The current experiment
(and the other experiments for the present thesis work) has been performed in the third
beam line (Ch #3), which is dedicated to the studies involving detection of neutrons
and γ-rays. A small and compact cylindrical stainless steel reaction chamber having
very thin walls (wall thickness ∼ 3 mm), was used for the experiment. This is particularly suited for measurements involving neutron and/or γ-rays. Fig. 2.7 shows an
actual photograph of the experimental setup, and various detector systems used in the
experiment are shown in Fig. 2.8. In the present experiment two self-supporting foils
of 93 Nb and 58 Ni (99.9% enriched) with thicknesses∼1 mg/cm 2, were used as targets.
The targets were prepared at VECC by rolling thin metallic foils of the elements. The
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BaF2 detector array

Neutron detectors

3-element telescope
Figure 2.7: Experimental setup

compound nuclei 97 Tc∗ (4 He + 93 Nb) and 62 Zn∗ (4 He + 58 Ni) were populated by complete fusion reactions at an excitation energy of 36 MeV. The charged particles emitted
in these reactions were detected and identified using a 3-element detector telescope
consisting of a 50 μm single-sided silicon strip detector (16 channels), 500 μm doublesided silicon strip detector (16 × 16 channels) and two CsI(Tl) detectors (thickness 4
cm) at the back. The charged particle detector telescope was mounted at a mean angle of 147◦ covering an angular range of ±17.5◦ . While taking data from the 16×16
strip detectors, only 4 central horizontal (Y) strips were kept open and data of the three
consecutive vertical (X) strips were added together to increase the statistics. Emitted
neutrons were detected using six liquid-scintillator (BC501A) based neutron detectors,
each covering a solid angle ∼ 5.63 mSr. The neutron detectors were placed outside the
scattering chamber at angles 45◦ , 75◦ , 90◦ , 100◦ , 120◦ and 150◦ with respect to the
beam direction, at a distance of 150 cm from the target. The neutron detection thresholds were kept at 100 KeVee by calibrating the detectors with standard γ-ray sources
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(a)

(b)

(c)

Figure 2.8: Diﬀerent detector systems used in the experiment, (a) the 3 element detector
telescope, (b) BaF2 detector array and (c) neutron detectors.

(see Apendix A). The energy of the emitted neutrons has been measured using the
time of flight (TOF) technique where a common start for the TOFs was taken from
the γ-ray trigger generated using a 50-element BaF2 detector array placed very close
to the targets. The neutron-γ discrimination was achieved by using both pulse shape
discrimination (PSD) and time of flight methods. The beam dump has been kept at
a distance of ∼3 m from the target position and shielded on all sides with layers of
lead and borated paraﬃn to minimize the contribution of background neutrons coming
from the beam dump. The scattered neutron contribution was estimated by blocking
the neutrons from the target reaching the detectors with the help of 30 cm thick highdensity plastic (HDP) blocks placed in between the target and the neutron detectors. In
the present experiment, populated angular momenta were estimated by measuring the
multiplicity of low energy γ-rays, using the 50-elements BaF 2 detector array; developed recently at VECC [65]. The array is made up of 50 individual square shaped BaF2
crystals having cross-section 3.5 × 3.5 cm2 , and 5 cm in length (Fig. 2.8b). The multiplicity filter was split into two blocks of 25 detectors each and was placed on the top
and bottom of the reaction chamber in a staggered castle type geometry. Typical solid
angle coverage of the multiplicity filter was about ∼33%. The filter records the number
of detectors fired simultaneously (designated as fold, F) in each event in coincidence
with the detected light-particles. The experimentally measured fold is directly related
to the multiplicity of low energy γ-rays which in turn proportional to the populated
angular momentum.
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2.2.1 Electronic setup
Standard analog readout electronics have been used for processing and acquisition
of the detector signals. The signals from the Si-strip detectors have been fed to the
16-channel pre-amplifiers (Mesytec MPR-16) [66]. The energy and timing outputs
(from E detector only) of all pre-amplifiers have been fed to the input of 16 channel
combined Shaper, Timing Filter, and Discriminator module (MSCF-16) [67]. The
signals from the combined CsI(Tl)-PIN diode detectors have been directly fed to the
integrated preamplifier and then connected to the spectroscopic amplifiers (ORTEC
572A). Outputs of the amplifiers have been fed to the inputs of the analog to digital
converter (ADC). The logic outputs of the discriminators (CFD) have been fed to gate
and delay generator (ORTEC GG8020) and then to a coincidence unit (PS 756) to
extract logic OR output. The signal from each neutron detector was connected to a
splitter to divide the anode pulse into two equal parts without any cable reflection. One
of the splitter outputs was connected to the leading edge discriminator (LED, Phillips
Scientific 710) and the other output was connected to the neutron-gamma discriminator
module (Mesytec MPD-4) [68]. This module (MPD-4) provides simultaneously the
pulse height (PH), timing trigger (using a CFD) and the zero cross over (ZCO) outputs.
The CFD outputs were connected to the TDC (range 400 nS) as the STOP signals to
get neutron time of flight information. The PH and ZCO were connected to the ADC
to get the pulse height and the pulse shape information. The discrimination between
the neutron and the γ-rays was achieved by using ZCO and TOF outputs. The LED
outputs of the six neutron detectors were connected to the coincidence unit to extract
logic OR output. A layout of the electronic setup used in the experiment has been
shown in Fig. 2.9. A trigger from the BaF2 multiplicity filter was generated when any
two out of 50 detectors fired in coincidence over a detection threshold of 250 keV. The
signals from the multiplicity filter were fed to constant-fraction-discriminators (CFD)
(CAEN C808) and the output currents (1 mA per hit) were summed in a Linear-Fan-in
module. The summed output was fed into a QDC (CAEN VME792) and integrated for
a gate duration of 30 ns to generate, on the event-by-event basis, the experimental fold
42

Figure 2.9: A Layout of the electronics setup
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Figure 2.10: A typical 2-dimensional ΔE - E plot.

(F) distribution with condition (F ≥ 2). The final master trigger was generated when
at least two of the multiplicity detectors fired in coincidence with any one of the six
neutron detectors OR charged particle detectors. This master trigger was connected to
the STROBE inputs of the ADC, QDC and common start trigger of the TDC. A VETO
signal was generated by connecting the BUSY outputs of the ADCs, TDC, and QDC in
parallel. The master trigger was vetoed by this signal. This is essential to ensure event
correlation between ADC, TDC, and ODC in a VME based data acquisition system.
The experimental data were recorded in the event-by-event mode using a VME based
data acquisition program (VECC VME-DAQ) developed at VECC. The detail of the
oﬀ-line analysis of the data has been described in the following section.
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Figure 2.11: (a) Energy spectra of the 229 Th α-particle source, the energy values (in MeV)
have been indicated above each peak. (b) Calibration for the Si strip detector.

2.3 Data analysis technique
2.3.1 Analysis of charged particles
As mentioned in the last section, the charged particles have been detected using
a 3-element detector telescope. Diﬀerent charged particles were identified from the
ΔE - ER correlation plot as shown in Fig. 2.10 for the 4 He + 58 Ni reaction. Proton and
α-particle bands can be clearly identified from the plot. Energy calibration for the Si
detectors was performed using standard 229 Th α-particle source. The energy spectra of
the α-particles emitted from the 229 Th source and the calibration of the Si-detector are
shown in Fig. 2.11. The CsI(Tl) detectors were calibrated (for proton) using the ΔE ER correlation plot, where ΔE is the energy lost in the two strip detectors (50 + 500
μm) and E R is the remaining energy that is deposited in CsI(Tl). The ΔE values were
calculated using the calibrations of the Si-detectors, and the E R values corresponding
to a given ΔE were estimated from the energy loss calculation performed using the
SRIM software [69]. The calibration for CsI(Tl) is best represented by a quadratic
relation given by

E = A × (Channel no)2 + B × (Channel
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no.) + C

(2.3)
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Figure 2.12: Calibration for CsI(Tl) detector.

The calibration curve for one CsI(Tl) detector is shown in Fig. 2.12. The kinetic energy
spectra of the α-particles and protons were obtained by taking the projection of the 2dimensional ΔE-Etot plot applying suitable particle gates.

2.3.2 Analysis of neutron data
The energy of the neutrons was measured by the time of flight technique. The
TOF spectra were obtained by taking projection of the 2-dimensional ZCO vs. TOF
spectra (Fig. 2.12) into the TOF axis using two-dimensional gate as shown by the red
contour in Fig. 2.12. Energy of the neutron is related to the flight time by the simple
(non-relativistic) relation,
1
l
E n = mn
2
tn

2

(2.4)

Where, mn is the mass of the neutron, l is the flight path, and t n is the neutron time of
flight. The observed TOF spectra were transformed into energy spectra incorporating
proper Jacobian for the transformation. The Jacobian ensures that the number of events
(counts) remains conserved during the course of transformation from the time domain
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Figure 2.13: A typical 2-dimensional ZCO vs. TOF plot.

to the energy domain, i.e.
N(E) · δ(E) = N(t) · δ(t)
δt
|
N(E) = N(t)· |
δE

(2.5)
(2.6)

where, N(t) is the number of event in a time bin δt, and N(E) is the corresponding
number of events in the energy bin δE. Therefore, the Jacobian for the current transformation is given by (using Eqns. 2.4 and 2.6),
|

t
δt
|=
.
δE
2E

(2.7)

Proper time calibration of the TDC is absolutely essential in order to measure the
neutron energy through the time of flight method accurately. The time calibration was
performed using a precision time calibrator (ORTEC 462). Time calibration graph of
a typical neutron detector is shown in Fig. 2.11. In converting the neutron TOF to
neutron energy, the prompt γ peak in TOF spectra (indicated by the thick arrow in
Fig. 2.12) was used as the time reference.
The energy dependent detection eﬃciency [ε(E)] of a neutron detector, which is a very
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Figure 2.14: TDC time calibration.

crucial quantity, has been measured in the in-beam condition using a 252 Cf fission neutron source. The detector eﬃciency is determined by dividing the neutron energy spectrum per fission by the expected energy distribution for 252 Cf which is given by [70],
√
2 Eexp(−E/T )
N(E) =
(2.8)
√
π(T )3/2
The ideal and measured neutron energy spectra of 252 Cf is shown in Fig. 2.15(a). The
detection eﬃciency as a function of neutron energy was also calculated with the Monte
Carlo based NEFF simulation [71]. The Fig. 2.15(b) shows the experimental (symbol)
and simulated eﬃciency (line) for a typical detector. Reasonable agreement between
the measured and simulated eﬃciencies are obtained for all the detectors.
The proper estimation and reduction of the background contribution is very important
for neutron measurements. In this case the background consists of neutrons which
reach the detectors after being scattered from various parts (e.g. beam dump, floors,
walls, other materials) of the experimental area. The background neutron contribution
have been measured by putting 30 cm thick blocks of high density plastic in between
the target and detectors. This stops the neutrons coming from the target and only the
scattered neutron could reach up to the detector. The background spectrum has been
measured in this way and subtracted from the data to get the background corrected
spectra. The measured background spectrum along with the background corrected and
background uncorrected spectrum in the case of 4 He + 93 Nb reaction has been shown
in Fig. 2.16.
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Figure 2.15: (a) Measured (symbol) and theoretical neutron spectra for 252 Cf, (b) Measured
(symbol) and simulated (line) eﬃciency of the neutron detector.

2.3.3 Fold to angular momentum conversion
In the process of de-excitation of an excited compound nucleus formed at an excitation energy E ∗ and angular momentum J, the excitation energy is primarily reduced
by the emission of one or more light particles (e.g. neutron, proton and α-particles).
However, during the particle emission process, the angular momentum is almost retained in the nucleus as very little angular momentum (on the average) is carried away
by the emitted particles. Once the excitation energy of the decaying nucleus becomes
less than the particle emission threshold (typically 8 MeV above the yrast line which
refers to the minimum excitation energy for a given angular momentum) emission of
particle is no longer possible, and the nucleus cools down to the ground state (E ∗ = 0,
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Figure 2.16: The measured background spectrum (circle) along with the background corrected
(square) and background uncorrected (triangle) spectrum in the case of4 He + 93 Nb reaction.

J = Jg.s. ) losing the residual energy and most of its angular momentum by emitting low
energy γ-rays (also known as the multiplicity γ-rays). Most of the emitted γ-rays in
this region are E2 in nature (with some small mixture of M1 type transitions), known
as the stretched E2 transitions. Therefore, the number of emitted low energy γ-rays
(γ multiplicity, Mγ ) is directly proportional to the angular momentum of the residual
nucleus (Mγ ≈ Jres /2). Diﬀerent angular momentum region in the residual nucleus was
selected by experimentally measuring the fold (F) distributions using the BaF 2 -array.
The F distributions can be converted to the M γ distributions by using the F to M γ response of the BaF2 setup which was simulated using a Monte Carlo based GEANT3
toolkit [65]. Realistic experimental conditions such as detector threshold, trigger condition, cross-talk probability were taken care of in the simulation. Two blocks of 25
detectors arranged in 5× 5 arrays were kept on the top and bottom of the scattering
chamber at a distance of 5 cm from the target position, similar to the experimental
condition. The diﬀerent input multiplicities of the low energy γ-rays were obtained by
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Figure 2.17: (a) Measured fold distribution (b) Integrated (area under each fold) fold distribution along with GEANT 3 simulation.

creating a random number according to the multiplicity distribution P(M) given by,

P(M) =

2M + 1
max
1 + exp( M−M
)
δm

(2.9)

Low energy gamma rays having randomly generated multiplicity obtained from the
above relation, were thrown isotropically from the target centre and the corresponding
fold was recorded for that event. A very large number of such events were generated to record the final simulated fold distribution. The simulated fold distribution is
then compared and matched with the experimental fold distribution by varying the parameters Mmax and δm. The measured fold distribution along with the corresponding
GEANT3 fit for the 4 He +

58

Ni reaction are shown in Fig. 2.17. After the simulated

fold distribution is matched with the experimental one, the constraint multiplicity distributions for diﬀerent folds were generated by gating on the events with folds = 2,
folds = 3 and folds ≥ 4, respectively. Finally, the angular momentum distributions corresponding to diﬀerent folds as shown in Fig. 2.18 were obtained from the constrained
multiplicity distributions using the relation, J res = 2Mγ + c, where c is an adjustable
parameter.
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from the GEANT3 simulation in case of the 4 He + 58 Ni reaction.

2.4 Statistical model calculation
The experimental results (kinetic energy spectra of the emitted light-particles) have
been compared with the theoretical prediction obtained using the statistical model code
CASCADE [72]. The fundamental basis of describing the decay of an excited nucleus
in terms of statistical theory is the compound nuclear hypothesis (also known as the
independence hypothesis) initiated by Niels Bohr [73]. According to the compound
nuclear picture the reaction between a target and a projectile nucleus is assumed to
occur through two independent steps:
1. The formation of an intermediated and equilibrated compound nucleus (CN).
2. The disintegration of the CN into a residual nucleus and a ejectile particle (or
into fission fragments) .
A compound nuclear reaction can be symbolically represented as,

a + A −→ [B∗ ] −→ C + c
52

where the excited CN (B∗ ), formed due to the collision of the projectile a with the
target nucleus A, decays subsequently emitting a particle c (or γ-ray), leaving a residual
nucleus C. According to the Bohr hypothesis the intermediate CN is considered to be
equilibrated in all degrees of freedom (e.g. energy, shape, isospin) and expected to have
no memory of the way by which it was formed, so that the process of formation (fusion)
of CN and its subsequent decay (evaporation or fission) can be treated independently.
This essentially means that the cross section for the desired reaction (a + A → B ∗ →
c + C) is given by
σα,β (E ∗ ) =



σα (E ∗ , J, π)Pβ (E ∗ , J, π)

(2.10)

J,π

where α and β represents the entrance (a + A) and the exit channels (c + C), respectively. σα is the formation cross-section of the compound nucleus and P β is the decay
probability through the specific exit channel β. The partial cross section for formation
of a compound nucleus of spin J and parity π from a projectile and a target nucleus
(spins JP , JT ) at a c.m. energy E is given by
|J
|J+S
P +JT |
|
2J + 1
σα (J, π) = π
T L (E)
(2JP + 1)(2JT + 1) S =|J −J | L=|J−S |
2

P

(2.11)

T

The transmission coeﬃcients T L are assumed to depend only on the energy and the
orbital angular momentum L. Here S = J P + JT is the channel spin. The summation
over L is restricted by the parity selection rule π = π P πT (−1)L . The transmission
coeﬃcient is generally approximated by the simple Fermi distribution,
TL =

1
,
1 + exp[−(L − L0 )/d]

(2.12)

the parameters L0 and d are fixed by reproducing the measured fusion cross section. The decay probability (Pβ ) can be written as the ratio of the partial decay width
(through the channel β) to that of the total decay width
Γβ
Pβ = 
β Γβ
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(2.13)

The partial decay widths (Γβ ) for light particle evaporation have been calculated according to the Hauser-Feshbach (HF) formalism [74],
1
Γβ =
2πρCN (E ∗ , JCN )


d

∞


JCN
+Jd


J
d +S β

T l ( )ρd (E ∗ − Bβ − , Jd )

(2.14)

Jd =0 J=JCN −Jd l=Jd −S β

Here, Jd is the spin of the daughter nucleus. S β , J, l, and Bβ are the spin, total angular momentum, orbital angular momentum, kinetic energy and binding energy of the
emitted particle, respectively. ρd and ρCN are the level densities of the daughter and
compound nucleus. T l ( ) is the transmission coeﬃcient or barrier penetration factor
for the evaporated particles. The transmission coeﬃcients were calculated (actually for
the inverse reactions, i.e. scattering of c on C at various energies) using optical model
(OM) [75, 76, 77], where the OM potentials for neutron, proton and α-particle were
taken from the prescriptions of Wilmore and Hodgson [78], Perey [79], and Huizenga
and Igo [80], respectively. The nuclear level density (ρ) has been evaluated using the
phenomenological BSFG formulation (Eqn. 1.25) with the spin dependence incorporated through the rotational energy, i.e.,

√
√
π exp(2 aU)
ρ(E, J) =
12 a1/4 U 5/4

(2.15)

where,
U = (E − Δ − E rot ).

(2.16)

E rot is defined through the Eqns. 2.1 and 2.2. The quantity U is nothing but the thermal
√
U/a.
excitation energy which is related to the temperature (T) by the relation, T
The shell eﬀect in NLD has been incorporated through the parametrization of the level
density parameter, a as given by Eqn. 1.33. However, it should be mentioned that for
the current systems the shell corrections are small. Therefore, in the studied excitation
energy region level density parameter is mostly determined by its asymptotic value
(i.e. a ≈ ã). The asymptotic level density parameter is estimated as ã = A/k, where the
inverse level density parameter k is treated as a free parameter which is determined by
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Figure 2.19: Neutron energy spectra at diﬀerent angles.

fitting the experimental data. The experimentally determined angular momentum distributions corresponding to diﬀerent γ-folds (as shown in Fig. 2.18 for the 4 He + 58 Ni
reaction) were used as inputs in the CASCADE calculations to compare with the experimental fold gated energy spectra.

2.5 Results and discussions
Fold gated neutron, proton and α-particle kinetic energy spectra were generated
from the raw data using proper calibrations and eﬃciency corrections (for the neutron
detectors) as described in the last section. The energy spectra measured at various
laboratory angles, were transformed to the compound nucleus center-of-mass frame.
In the c.m. frame, the spectra measured at diﬀerent angles (particularly at the backward
angles) were found to be almost overlapping, indicating that the spectra originated
from an equilibrated compound nuclear source. The neutron energy spectra measured
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Figure 2.20: Experimental neutron angular distributions (symbols) at diﬀerent energy bins.
Continuous lines are phenomenological fits using Eqn. 2.17

at diﬀerent angles are shown in Fig. 2.19. The angular distribution of the neutrons were
extracted for four neutron energy bins (2 - 5, 5 - 8, 8 - 10 and 10 - 12 MeV) which
are plotted in Fig. 2.20. The measured angular distributions were compared with the
phenomenological Kalbach formula [81] given by,
σ(θ) = C[exp(ad cosθ) + R{exp(ac cosθ) + exp(−ac cosθ)}],

(2.17)

which takes into account contributions due to both compound and direct reaction mechanisms. The first term in Eqn. 2.17 describes the forward peaked component (direct)
and the second one with the relative contribution R is related to the symmetric (compound) component of the angular distribution. Parameters a d and ac describe the steepness of the slope for both direct and compound components, respectively. It has been
observed from the phenomenological fits of the neutron angular distributions (continuous lines in Fig. 2.20), that the contribution of the direct component is small (less
than 10% for neutron energy up to 10 MeV). Experimental neutron, proton and αparticle spectra for diﬀerent Folds (corresponding to diﬀerent angular momentum regions) are shown in Figs. 2.21, 2.22 and 2.23, respectively. The experimental spectra
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Figure 2.21: Experimental neutron energy spectra for diﬀerent folds (symbols) along with the
theoretical fits (continuous lines) using statistical model code CASCADE for the 4 He +

58 Ni

and 4 He + 93 Nb reactions.

were compared and reproduced by the CASCADE calculation.

It was found that

variation in the OM parameters, thus in the transmissions coeﬃcients had very little eﬀect in determining the shape of the kinetic energy spectra (particularly the high
eregy tail part), which were mostly determined by the value of the level density parameter. The role of the deformability parameters (δ1 and δ2 ) (in Eqn. 2.2) was also
found to be insignificant for the neutron and proton spectra for both 4 He + 58 Ni, and
4

He +

93

Nb reactions. However, the shape of the α-particle spectra showed appre-

ciable change with the variation of δ1 and δ2 in case of 4 He +
for 4 He +

93

58

Ni system, although

Nb system role of δ1 and δ2 were still insignificant. Fig. 2.24 shows the
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Figure 2.22: Same as Fig. 2.21 but for protons.

eﬀect of δ1 and δ2 in the all fold (inclusive) α-particle spectra for 4 He +
4

58

Ni, and

He + 93 Nb reaction. The shape of α-particle spectra for the 4 He + 93 Nb reaction re-

mains almost same as the deformability parameter were changed from δ 1 =6.6×10−6 ,
and δ2 =9.7×10−9 (values calculated using rotating liquid drop model (RLDM) [82]),
to δ1 =6.6×10−4 , and δ2 =9.7×10−6 . However, the shape of α-particle spectra for the
4

He +

58

Ni reaction showed significant change as the deformability parameters were

changed from its RLDM values (δ1 =3.9×10−5 , and δ2 =4.5×10−8 ). It was possible to
fit the α-particle spectra in this case with much higher values of the deformability parameters (δ1 =3.9×10−4 , and δ2 =5.5×10−6 ). In fixing the δ values for the 4 He +

58

Ni

reaction, the level density parameter was taken as a = A/9; this has been fixed by
fitting the neutron and the proton spectra, where the spectra were only sensitive to
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Figure 2.23: Same as Fig. 2.21 but for α-particles.

a. For the 4 He +

93

Nb reaction the RLDM values of δ1 and δ2 , were used. For the

analysis of the fold gated spectra further variation of δ1 and δ2 could not explain the
experimental data. Thus during the analysis of the particle spectra with diﬀerent fold
gating, all parameters other than the level density parameter were kept fixed to its all
fold value. The inverse level density parameter k, were varied to get the best fit to the
experimental data for diﬀerent folds. Optimum (best fit) values of the inverse level
density parameters were obtained from the experimental data by the χ 2 minimization
technique. The χ2 -values as a function of the inverse level density parameter obtained
form the inclusive neutron spectra for the two reactions are shown in Fig. 2.25. The error (δk) in the fitted k values are obtained using the prescription of Ref. [83]. The best
fit values of the inverse level density parameter as obtained from the theoretical fits to
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Figure 2.24: Eﬀect of deformability parameters (δ1 , δ2 ) in determining the shape of the aparticle spectra for the (a) 4 He + 93 Nb and (b) 4 He + 58 Ni reactions.

the experimental neutron, proton and α-particle energy spectra, for diﬀerent folds are
given in Table 2.2. The average angular momenta corresponding to diﬀerent folds are
also given in the table. It can be seen that the fitted inverse level density parameters for
the all fold (inclusive) n, p, and α-particle spectra are nearly same. However the fold
gated values diﬀers significantly among the three types of emissions. In principle the
level density is a global parameter in the statistical model of compound nuclei and as
such it should not depend on which type of particle is emitted. Thus the three energy
spectra (neutrons, protons, and α-particles) should be fitted with only one common
level density parameter. This is nearly the case for the inclusive particle spectra. The
observed diﬀerences in the fold gated k-values for diﬀerent particle spectra could be
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Table 2.1: Average angular momenta and inverse level density parameters for diﬀerent γ-folds.

Reaction

<J>()

k from neutron k from proton

k from α spec-

spectra

spectra

tra

(MeV)

(MeV)

(MeV)

All

18.0 ± 5.9

9.9 ± 0.1

9.3 ± 0.3

10.7 ± 0.3

"

2

15.7 ± 5.7

9.7 ± 0.1

9.7 ± 0.8

10.4 ± 0.4

"

3

18.8 ± 5.9

9.5 ± 0.2

9.4 ± 1.1

8.4 ± 0.6

"

≥4

22.5 ± 6.7

8.2 ± 0.2

7.1 ± 1.4

6.0 ± 0.7

All

16.0 ± 5.4

8.9 ± 0.4

9.0 ± 0.1

8.8 ± 0.4

"

2

13.5 ± 4.7

8.0 ± 0.5

9.3 ± 0.2

8.0 ± 0.5

"

3

15.8 ± 4.9

7.0 ± 0.7

8.8 ± 0.4

6.5 ± 0.5

"

≥4

18.8 ± 5.5

6.0 ± 0.8

8.2 ± 0.5

5.6 ± 0.7

4

4

He + 93 Nb

Fold

He + 58 Ni
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Figure 2.26: Extracted inverse level density parameters at diﬀerent angular momentum region
as obtained from the analysis of (a) neutron spectra, (b) proton spectra, and (c) α-particle
spectra.

associated with the fact that diﬀerent particles are emitted at diﬀerent stages of the
compound nuclear decay and they populate diﬀerent evaporation residues at diﬀerent
temperatures. In case of inclusive measurement, the observed particle spectrum is an
average of contributions coming from diﬀerent spin windows (also at diﬀerent E ∗ window, as the diﬀerent J windows are associated with diﬀerent E rot ). Furthermore, the
inclusive spectrum is mostly dominated by the low spin contributions as one can expect
from the (E ∗ ,J) phase space diagram. On the other hand, the exclusive particle spectra
are associated with a particular region of (E ∗ ,J) phase space. Therefore, the observed
values of fold gated level density parameters may not necessarily same.
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Measured inverse level density parameters at diﬀerent γ-folds are plotted as a function
of the corresponding average angular momenta in Fig. 2.26. It can be observed from
the figure, that the k-value decreases consistently with increasing J for all three types of
particle emissions. The experimental trends are similar for both the reactions. Present
observation on the angular momentum dependence of the level density parameter is in
accordance with the earlier study of angular momentum gated neutron energy spectra
for 4 He + 115 In system [55].
The angular momentum dependence in NLD is generally taken care of through the
rotational energy E rot where the eﬀect of angular momentum dependent deformation
on the decay is introduced by the eﬀective moment of inertia ( e f f ). The deformability parameters (δ1 and δ2 ), which are generally adjusted to take care of the angular
momentum dependent deformation, failed to reproduce the fold gated particle spectra.
It may be noted here that in the present theoretical analysis only the single particle
level density [ρint (E ∗ , J)] has been considered. However, there can be additional contributions in NLD due to collective excitations (Eqn. 1.25). The collective enhancement factors have been estimated using the prescription of Hansen and Jensen [84].
The collective enhancement factors primarily depend on the value of quadrupole deformation parameter (β2 ). For the present systems having quite small β 2 values, the
calculated collective enhancement factors were found to be negligible. Moreover, as
per the present formulations the collective enhancement factor does not depend on angular momentum explicitly, though there may be some weak dependence on angular
momentum through the temperature. Therefore, it is evident from the present analysis
that the phenomenological NLD model with RLDM prescription for spin dependence
as well as consideration of collective enhancement as per exiting formulations, could
not explain the general trend of the current data. The results suggest additional spin
dependence in NLD which was reflected through the variation of the level density parameter with angular momentum.
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Chapter 3
Excitation energy dependence of the
level density parameter

3.1 Introduction

In the last chapter, we have presented the results of our investigation on the spin
dependence of NLD, where a strong variation of the level density parameter with angular momentum was observed from the analysis of angular momentum gated particle
evaporation spectra. The observed variation was in contrast to the existing theoretical
formulation, where the level density parameter is not expected to vary explicitly with
angular momentum. On the other hand, the level density parameter is known to exhibit interesting variation with excitation energy (temperature). The excitation energy
dependence of a is highly sensitive to the shell structure of atomic nuclei (particularly at low excitations). A Strong departure of the level density parameter from its
standard low energy value of ∼A/8, is very well known for nuclei in the vicinity of
closed shells (as shown in Fig. 1.8). The shell structure in atomic nuclei is a manifestation of the nuclear mean field which assumes that nucleons move quasi-independently
from one another inside a nucleus because of Pauli’s principle. So, shell eﬀects are
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Figure 3.1: Variation of the level density parameter with excitation energy as per Ignatyuk’s
prescription.

strongly excitation energy dependent, expected to be damped and finally washed out
at higher excitation energies due to the gradual weakening of the nuclear mean field
itself. Consequently, at high excitation energies, the level density parameter reaches
an asymptotic value (ã), which varies smoothly with mass number; not depending on
the specific shell structure of the individual nucleus. It is possible to represent the level
density parameter as a combination of two parts; a smoothly varying (with nucleon
number) part (ã), and an oscillatory or fluctuating part (aosc ) reflecting the eﬀect of
shell structure of nuclei,
a = ã [1 + aosc ]

(3.1)

The variation of aosc with excitation energy due to energy dependent shell eﬀect can be
described mathematically in an elegant manner using the excitation energy dependent
parametrization of the level density parameter, as suggested by Ignatyuk et al. [17],
aosc = [

ΔS
exp(−γU)]
U

(3.2)

The significance of aosc increases with increasing shell correction (ΔS). This is demonstrated in Fig. 3.1 where the value of a/ã has been plotted as a function of the thermal
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excitation energy (U) in the case of three nuclei having widely diﬀerent ΔS values. It
can be seen from the figure that for the mid-shell 165 Ho nucleus for which ΔS = 0, the
level density parameter is determined by its asymptotic value only. In the case of doubly magic 208 Pb having large shell correction value (ΔS = -12.8 MeV) the level density
parameter is significantly lower than its asymptotic value at low energies. Theoretically, the Ignatyuk formulation is quite useful as it is easy to handle (compared to the
direct enumeration of NLD through microscopic calculations using shell model single particle level schemes) and is applicable for almost all nuclei in the nuclear chart.
In the Ignatuyk’s formulation, the depletion of shell eﬀect with excitation energy is
determined by the value of the shell damping factor (γ). Although there have been a
few early theoretical estimates on the value of γ [17, 85], experimental information is
quite limited. Experimental information on the variation of shell eﬀect in NLD over a
wide excitation range can be obtained by measuring particle evaporation spectra from
the excited compound nucleus at suﬃciently low energies where it (shell eﬀect) has
a significant contribution. However, populating nuclei at such low excitation energies
through the fusion reactions is diﬃcult due to the entrance channel coulomb barrier.
This diﬃculty has been overcome to an extent in a recent study by Rout et al. where
the authors have measured neutron evaporation spectra followed by transfer induced
fusion of 7 Li on

205

Tl populating particle unbound states in

208

Pb [61]. Another pos-

sible solution to the problem of producing low excitation energy can be through the
use of light ion beams such as protons or α-particles for which the Coulomb barriers are relatively small. The later method is cleaner over the earlier method in which
there may be uncertainty due to the contributions coming from diﬀerent direct processes. Additionally, in the second case (complete fusion) there is no uncertainty in
determining the excitation energy of the compound nucleus as compared to the case
of the transfer induced fusion, where the excitation energy is determined by putting an
energy gate (of width ∼1 - 2 MeV) in the measured outgoing particle energy spectrum.
In the work of Rout et al. [61] the shell damping parameter has been determined in
the vicinity of doubly magic 208 Pb nucleus. However, the extracted γ-value (0.060+0.01
−0.02
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MeV−1 ) diﬀers somewhat from the value (0.079 ± 0.007 MeV −1 ) extracted earlier from
the neutron resonance data [86]. The diﬀerence might be attributed to the diﬀerences
in the angular momentum states sampled in the two works.
At this point it is interesting to note that, apart from the discussed variation of the
level density parameter with excitation energy due to the shell eﬀects (important for
T  0.5 MeV or so), the asymptotic (or smooth) part of the LDP (ã) also shows interesting variation with excitation energy (temperature) [i.e. ã = ã(U) or ã(T )]. A reduction
in the value of asymptotic level density parameter with increasing temperature, from
∼A/8 (at T ≈0) to ∼A/13 (at T ≈5 MeV) was reported in several experimental studies,
particularly in the A ≈ 160 mass region [58, 59, 87, 88, 89]. It has been recognized that
the observed temperature dependence of the level density parameter can be accounted
for, to a good extent by taking into account the eﬀects of the temperature dependence
of the eﬀective nucleon mass [90, 91, 92, 93, 94]. In a simplified calculation under the
Thomas-Fermi approach (TFA) including the finite size eﬀects (eﬀects due to surface
and curvature), the momentum and frequency dependence of the eﬀective mass, and
the eﬀects of continuum, the temperature variation of the smooth part of the level density parameter was reported for several nuclei by Shlomo and Natowitz [90]. Fineman
et al. [95] showed that the spectral shape of light particles emitted from 193 Tl and 213 Fr
compound systems could be explained very well by using a modest excitation energy
dependent parameterization of ã, based on the work of Shlomo and Natowitz [90].
However, in the same work, a stronger dependence of ã was required to explain the
data in case of

224

Th nucleus. A very strong energy dependence of ã (from A/8 at

low temperature to A/12 at T ∼2.5 MeV) has been reported by Fabris et al. from the
measurement of α-particle emission in

19

F+

181

Ta fusion-evaporation reactions [60].

However, such strong dependence was not supported by later measurement for the
same 19 F + 181 Ta system by Caraley et al. [96]. In the case of lighter systems, a constant nature or rather weak dependence of ã on T compared to the observations in
A ∼ 160 region or to the predictions of Shlomo and Natowitz [90] were reported in
many cases [97, 98, 99].
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It is, therefore, evident from the above discussion that several interesting studies
have been carried out in recent years to investigate the temperature dependence of the
level density parameter as well as the role of shell eﬀects and its damping on NLD.
For the later, measurements are very few and new measurements will be useful to substantiate the earlier results. On the other hand, results of diﬀerent measurements on the
temperature dependence of the level density parameter are so diverse that it is diﬃcult
to arrive at a definite conclusion. Therefore, we planned to study the energy dependence of the level density parameter and the damping of shell eﬀects with excitation
energy in the A ∼ 210 region using light ion induced reactions, which has several advantages; some of them have already been discussed at the beginning. In the present
case, the most significant advantage of using light-ion beam is to be able to populate
the nuclei at low excitation energies in an eﬃcient manner. Moreover, as the angular
momenta populated are much less compared to those in heavy-ion (HI) induced reactions, the thermal excitation energy can be determined with much less uncertainty, and
any significant modification in the LDP due to angular momentum eﬀects is less likely
to occur in this case. Thus the present study is likely to extend (and improve) the available information on the shell damping and temperature dependence of the level density
parameter for systems close to the doubly magic 208 Pb nucleus. With this aim, we have
carried out the present measurement, in which neutron evaporation spectra have been
measured from two diﬀerent compound nuclei

212

Po and 213 At populated through the

reactions,

4

He + 208 Pb −→ 212 Po∗ (Q = -8.95 MeV)

4

He + 209 Bi −→ 213 At∗ (Q = -9.25 MeV)

in the excitation range E ∗ ∼18 - 50 MeV. The choice of the current reactions was
particularly useful to produce low excitations as both the reactions have large negative
Q-values.
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Figure 3.2: The experimental neutron energy spectra (symbols) at diﬀerent laboratory angles
in the center of mass frame for the 4 He + 208 Pb system at 60 MeV incident energy. The corresponding SM predictions are shown by the dashed lines. The individual spectrum has been
scaled for better visualization.

3.2 Experimental Details

The experiment was carried out using the 4 He-ion beams of incident energies 28,
31, 35, 40 and 60 MeV from the K130 cyclotron at VECC. In the experiment two
self-supporting foils of

208

Pb (enriched to > 99%, thickness ∼ 4 mg/cm2) and

209

Bi

(100% natural abundance, thickness ∼ 1.5 mg/cm 2) were used as targets. The emitted
neutrons were detected using four liquid scintillator detectors placed at the laboratory
angles of 90◦ , 105◦ , 120◦ and 150◦ , kept at a distance of 1.5 m from the target. Details
of the experimental setup and the data analysis technique have already been described
in section 2.2.
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Figure 3.3: The experimental neutron spectrum (symbols) along with the SM calculations
(lines) using three γ-values (see text) for the 4 He + 208 Pb system at 28 MeV incident energy.

3.3 Results and Discussions

The extracted neutron kinetic energy spectra at diﬀerent laboratory angles were
converted to the center of mass frame; the spectral shapes were found to be almost overlapping (Fig. 3.2), indicating that they have originated from an equilibrated compound
nucleus. The neutron data at the most backward angle (150 ◦ ), were used for further
analysis. The experimental neutron energy spectra were compared with the theoretical
calculations performed with the statistical model (SM) code CASCADE [72]. In the
CASCADE calculation, level densities have been calculated using the phenomenological back-shifted Fermi gas formula. The shell correction in the level density parameter
was incorporated using Ignatyuk’s prescription (Eqn. 1.33). Complete detail of the SM
calculation has been described in section 2.4.
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Figure 3.4: Experimental neutron energy spectra (symbols) at diﬀerent energies alongwith the
statistical model fits (continuous lines) for the 4 He + 208 Pb system. The individual spectra have
been scaled for better visualization.

3.3.1 Determination of the shell damping parameter
The value of shell damping parameter was extracted from the lowest energy data
(U ∼17 MeV), which has the highest sensitivity (as compared to higher energy data)
for this parameter. At the lowest excitation energy both the compound nuclei
and

213

212,211

At decay predominately through 1n and 2n channels populating

211,210

212

Po

Po and

At as evaporation residues (ER) respectively in the energy range E ∗ER ∼2 - 12

MeV. Over this E ∗ER range, the level density parameter is expected to show significant
variation due to the damping of the shell eﬀect. The ground state shell corrections (ΔS),
which are determined from the diﬀerence between the experimental and liquid drop
masses, have the values ∼ -11 MeV for the present isotopes [100]. Fig. 3.3 shows the
measured neutron energy spectrum along with the SM predictions for the 4 He + 208 Pb
reaction at the 28 MeV incident energy. The calculated spectra are shown for the three
72

γ-values 0.03, 0.05 and 0.07 MeV−1 . The value of ã was taken as A/8 while extracting
the value of γ. This is justified from the observed temperature dependence of the
inverse level density parameter (shown in the next section) which suggests a value of
k close to 8 at low energies. However, the data could also be fitted by simultaneous
variation of both ã and γ. In that case one could get more than one set of ã and γ values
which could equally describe the experimental data. In principle the ã and γ values are
not completely independent as suggested by Schmidt et al. [85]. Similar result has also
been reported by Rout et al. [61], where an acceptable range of simultaneous ã and γ
values has been presented. Here we have extracted a reasonable value of the shell
damping factor considering one particular value of ã (= A/8, frequently used value
at low energy) for two nearby systems in the A∼210 region. Now it can be clearly
seen from Fig. 3.3 that γ = 0.05 describes the shape of the spectra reasonably well
compared to the other two γ values. The optimum γ-values were extracted for the two
reactions by χ2 minimization and found to be 0.052 ± 0.018 MeV −1 (for 4 He + 208 Pb)
and 0.054 ± 0.020 MeV−1 (for 4 He + 209 Bi). The measured values are consistent with
the theoretical estimates of ref. [17] and ref. [85] and also matches with the measured
value of ref. [61]. Measurements at further lower excitation energies will be useful to
constrain the value of the shell damping parameter to a narrower range. The spectral
shapes at higher energies (for E lab ≥ 31 MeV) for the current study observed to have
very little sensitivity on the variation of γ indicating the weakening of the influence of
shell eﬀects at these energies.

3.3.2 Temperature dependence of ã
The excitation energy (temperature) dependence of the asymptotic part of the level
density parameter has also been investigated by fitting the experimental spectra at different excitation energies (shown in Fig. 3.4 and Fig. 3.5 by varying the inverse level
density parameter k (k = A/ã). The statistical temperature (T) can be obtained from
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Figure 3.5: Same as Fig. 3.4 for the 4 He + 209 Bi system.



the relation
T=

U
a

(3.3)

However, in the measured neutron spectra there may be contributions coming from
neutrons emitted from diﬀerent stages of the decay. So, the measured spectra are fitted
√
with the Maxwellian function E exp(−E/T app ) to estimate the average experimental temperatures also called the apparent temperatures (T app ). The extracted k values
along with the corresponding thermal excitation energies and temperatures are given in
Table 3.1. It can be seen from the table that the extracted temperatures from Eqn. 3.3
(T ) and those from the Maxwell fitting (T app ) are close to each other. However, the
temperatures extracted from the fitting are consistently lower than that obtained from
Eqn. 3.3, and the diﬀerence is maximum at the highest excitation energy. This clearly
reflects the fact that in the measured spectra there are contributions of the neutrons
emitted at later stages of the decay corresponding to lower U values than those used in
Eqn. 3.3. Although the temperature defined through Eqn. 3.3 and T app are not exactly
the same quantity they are closely correlated and should carry same physical informa74
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Figure 3.6: Excitation energy dependence of the inverse level density parameter. The experimental data (symbols) are compared with the prediction of Eqn. 3.4 (red dashed line).

tion. An overall increase of the inverse level density parameter with increasing thermal
excitation energy is observed for both the reactions. The variation of k with U has been
shown in Fig. 3.6 for the two reactions. It is observed that the experimental trend can
be very well represented by an empirical relation (shown by the red dashed line in
Fig. 3.4),
k(U) = k0 + κ

U
,
A

(3.4)

as used in the past by several authors to reproduce the spectral shapes of light charged
particles emitted in diﬀerent heavy-ion reactions in a wide excitation energy range [95,
96, 62]. The average variation of k with U, in the current study can be explained by
Eqn. 3.4, with k0 = 7.8 and κ = 7.5. The value of κ, which basically decides the rate of
increase of k with U, is predicted to depend strongly on nuclear mass number and has
been parametrized as a function of the mass number [62],
κ(A) = 0.00517exp(0.0345A) .
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(3.5)

Table 3.1: Extracted inverse level density parameters and temperatures.

System

E lab

E∗

(MeV)

(MeV) (MeV)

U

k (MeV)

T (MeV)

Tapp (MeV)

4

He + 208 Pb

28

18.5

16.6

7.8 ± 0.4

0.78

0.70 ± 0.03

4

He + 208 Pb

31

21.5

18.8

8.0 ± 0.5

0.84

0.77 ± 0.05

4

He + 208 Pb

35

25.4

21.9

8.5 ± 0.3

0.94

0.84 ± 0.04

4

He + 208 Pb

40

30.3

25.8

8.5 ± 0.4

1.02

0.92 ± 0.03

4

He + 208 Pb

60

49.9

44.0

9.5 ± 0.4

1.41

1.25 ± 0.04

4

He + 209 Bi

28

18.2

16.3

8.3 ± 0.3

0.81

0.72 ± 0.04

4

He + 209 Bi

31

21.2

18.6

9.0 ± 0.4

0.89

0.80 ± 0.05

4

He + 209 Bi

35

25.0

21.5

9.4 ± 0.6

0.97

0.92 ± 0.03

4

He + 209 Bi

40

30.0

25.5

9.5 ± 0.4

1.04

0.99 ± 0.04

4

He + 209 Bi

60

49.6

43.7

10.0 ± 0.4

1.43

1.28 ± 0.04

The extracted value of κ in the current study is in close agreement with the prediction
of Eqn. 3.5. The temperature dependence of the asymptotic level density parameter has
been is plotted in Fig. 3.7. The observed temperature dependence of ã has been compared with the theoretical prediction of Shlomo and Natowitz [90] performed under
the Thomas-Fermi approach for a nucleus with A = 210 (continuous line in Fig. 3.7).
It can be seen from Fig. 3.7 that the average trend of the data is similar to that of the
TFA prediction; both of which show a reduction in the ã value with increasing temperature. However, the experimental values of ã decrease at a slightly faster rate than the
theoretical prediction. It may be mentioned here that the reduction in the value of the
asymptotic level density parameter with excitation energy can mainly be accounted for,
by the temperature dependence of the frequency and momentum dependent eﬀective
mass [90] of the nucleons inside the nucleus which is diﬀerent from their free or bare
mass. It may be remembered that the level density parameter is directly proportional
to the density of single-particle states, g( ) (Eqn. 1.18), which in turn is proportional to
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Figure 3.7: Temperature (Tapp ) dependence of the asymptotic level density parameter. The
experimental data (symbols) are compared with the prediction of Eqn. 3.4 (dashed line) and
the TFA calculations (continuous line) of ref. [90] (see text).

the eﬀective mass (m∗ ) of the nucleon. This can easily be understood from the simple
examples (Fig. 3.8) of (i) infinite square well (SW) potential and (ii) one dimensional
harmonic oscillator (HO) potentials. The energy eigen values in the case of SW potential of width ‘a’ is given by
n2 h2
,
8m∗ a2
and in the case of HO potential the energy eigen value is given by
En =

where ω =

√

1
E n = (n + ) ω
2

(3.6)

(3.7)

K/m∗ . Therefore, in case of both these simple potentials the spacing

between the energy levels (ΔE n ) decreases as the mass increases, so that, the density of
levels increases (or decreases) with increasing (or decreasing) eﬀective nucleon mass.
This behavior is true for any general potential. Under the Thomas-Fermi approximation of a finite nucleus one can write [91]

ρq(r)
π2 
dr
ã(T ) =
4 q=1,2
2 kq2 (r)/2m∗q (r, T )
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(3.8)

(a)

(b)

m = m*

m = 2m*

Figure 3.8: (a) Infinite square well potential (b) one dimensional harmonic oscillator potential

The summation index q = 1(2) refers to neutrons (protons), ρ q (r) is the corresponding
nucleon density, k F q (r) the local Fermi momentum and m∗q (r, T ) is the temperature dependent eﬀective mass of a nucleon inside the nucleus. The eﬀective nucleon mass has
two components a momentum dependent part, m k , and a frequency dependent part, mω ,
thus (m∗ ) = ((mk × mω )/m), where m is the free nucleon mass. The temperature dependence of the eﬀective mass can be calculated microscopically (e.g. using temperature
dependent Hatree-Fock calculations [101, 102]), however, simplistic phenomenological parametrization given by,





−T 2
mω (T )
= 1 + 0.4 exp
m
4


mk (T )
= 1 − 0.2 (1 − 0.005 T 2 )
m

(3.9)

(3.10)

is observed to provide equivalent results [91]. The temperature dependence of the effective mass as obtained using Eqns. 3.9 & 3.10 has been shown in Fig. 3.9. It can
be seen that the eﬀective mass has the maximum value m ∗ =1.12 at T =0 and reduces
to a minimum around T ∼6 MeV after that it slowly increases again. The reduction in the eﬀective mass with temperature is because of the frequency dependent part
whereas the momentum dependent part always increases slowly with temperature. The
frequency dependence of the eﬀective mass, which reflects the eﬀects of correlations,
considerably enhances the surface contribution to ã at low energies (through Eqn. 3.8)
bringing it close to the observed value (∼A/8) compared to the Fermi-gas prediction
(∼A/15) [91]. However, the eﬀect of correlation dies out with the increase in excitation
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Figure 3.9: Temperature dependence of the eﬀective mass.

energy and the value of ã approaches its Fermi gas limit [101].
The eﬀect of correlation has another significant eﬀect in NLD. Apart from increasing
the value of LDP at lower energies, the long-range correlations can also cause an enhancement of the FG level density which is known as the collective enhancement (section 1.5.2). A variation of the level density parameter (with energy) can be observed as
a manifestation of the excitation energy dependence of the collective enhancement factor (as discussed in the following chapter). However, in the current study all the nuclei
being close to the Z = 82 and N = 126 shell closure, are spherical in their ground-state.
So, the rotational enhancement factor, Krot ≈ 1 [84]. Besides, the estimated vibrational
enhancement factors are also quite small (1 - 10) for current nuclei of interest [103].
Therefore the contribution of the collective enhancement in the present study can safely
be neglected. Although the current experiment could not go up to very high excitation
energies as compared to the earlier results of similar measurements on the temperature
dependence of the level density parameter, a clear trend could be established from the
experimental data because of the precise determination of level density parameter.
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Chapter 4
Collective enhancement and its
fadeout

4.1 Introduction

Nuclei that are not too far from the closed shell configuration can reasonably be
described using shell model which assumes the independent particle motion of the nucleons in an average field. However, signatures of coherent or collective motion of
many nucleons beyond the independent particle picture can be found in a number of
nuclear properties particularly in the case of nuclei away from the closed shells. The
existence of low-lying first excited 2+ state, observation of large quadrupole moment
over the single-particle predictions for many nuclei provide such signatures of the collective motion in the nucleus. Collective excitations are expected to have important
consequences in NLD too. An additional contribution to NLD beyond the independent
particle motion may arise from the collective rotation and/or vibration which involve
coherent excitations of the nucleons. In this case, the two properties (single-particle
and collective) can be closely interlinked. It was predicted both phenomenologically
as well as microscopically [84, 104, 105, 106], that there should be an enhancement of
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ln(Krot)

E* (MeV)
Figure 4.1: Energy dependence of the rotational enhancement factor [84]. The open circles are
results of microscopic calculations, the lines represents diﬀerent empirical parametrization.

NLD over its single-particle value due to collectivity, that is conventionally described
in terms of the collective enhancement factor, Kcoll (Eqn. 1.25) which is a product of
rotational (Krot ) and vibrational (Kvib ) enhancement factors. For nuclei with appreciable ground-state deformation, the significant contribution to the collective enhancement comes from the rotational excitations, whereas in the case of spherical nuclei,
the collective enhancement is likely to be due to vibrational excitations. The collective
enhancement is expected to be damped at higher excitation (finally vanishes beyond
a critical energy) due to the gradual damping of long-range correlations, which are
mainly responsible for the collective enhancement in NLD. This is termed as the fadeout of collectivity which implies K coll = 1. Björnholm, Bohr and Mottleson [107] have
suggested a critical temperature T c , beyond which the fadeout is expected. T c is given
by,
T c = ω0 β2 ∼ 40A−1/3 β2 MeV,

(4.1)

where, ω0 is the mean oscillation frequency, and β 2 is the ground state nuclear
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quadrupole deformation parameter. The excitation energy dependence of the rotational
enhancement factor was studied by Hansen and Jensen using microscopic SU(3) model
in the case of a number of deformed nuclei [84] which is shown in Fig. 4.1. A transition from axial (deformed) to spherical level density at higher excitation implying
the fadeout of collectivity was reported. The transition energy was found to be closely
related to the ground-state deformation. A simple phenomenological parametrization
of the excitation energy dependence of the rotational enhancement factor
⎧
⎪
⎪
⎪
(σ2 − 1) f (E ∗ ) σ2 > 1
⎪
⎪
⎪
⎪
⎨
Krot (E ∗ ) = ⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩ 1
σ2 ≤ 1.

(4.2)

was suggested by Hansen and Jensen that reproduces their SU(3) model calculations.

is the spin-cutoﬀ factor, I = 2/5m0 AR2 (1 + β2 /3), is the rigid body
Here, σ = IT
2
moment of inertia perpendicular to the symmetry axis, A is the mass number, R is the
radius, T is the temperature of the nucleus and m0 is the nucleon mass. The fadeout
of Krot (E ∗ ) with excitation energy has been represented by the Fermi function f (E ∗ ) =

−1
∗
cr
)
, where Ecr (= 120β22 A1/3 MeV) and dcr (= 1400β22/A2/3 MeV) gives
1 + exp( E d−E
cr
the deformation dependent critical energy and width, respectively. Typically, K rot (E ∗ )
rises sharply at low excitation energy to reach a near-plateau (slowly increasing with
energy) and then falls oﬀ (fadeout transition) at E ∼ E cr with a slope decided by dcr .
The results obtained from the empirical parametrization given by Eqn. 4.2 are shown
by the continuous lines in Fig. 4.2. The vibrational enhancement factor for nuclei
which are known to be good vibrators can be obtained in the adiabatic limit [107, 108]
as,
ad
Kvib

−E 1 (2+ )
= 1 − exp
T

−5

(4.3)

where E1 (2+ ) is the energy of the first excited 2+ level of the nucleus and T is the nuclear temperature. The vibrational enhancement is generally smaller (often by an order
of magnitude) than the rotational enhancement for deformed nuclei.
Recent microscopic shell model Monte Carlo (SMMC) calculations on rare earth
nuclei [109] has elucidated the close link between level density and collectivity. A
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Kcoll

E* (MeV)
Figure 4.2: Total collective enhancement factor Kcoll in the even-even 148−154 Sm isotopes as a
function of excitation energy [109].

crossover from vibrational to rotational collectivity emerges as one moves from the
nearly spherical to the deformed nuclei. The vibrational collectivity decays at very
low excitation energy (typically 2 - 3 MeV), which can be correlated with the pairing phase transition. On the other hand, the rotational collectivity which is appreciable for the mid-shell nuclei having finite ground-state deformation is also observed
to vanish typically around 15 - 25 MeV excitation energy. The disappearance of the
rotational collectivity was predicted to be due to the shape phase transition of the nucleus, which becomes spherical from deformed ground state and can no longer support
rotational bands. The transition energy (shown by the thick arrows in Fig. 4.2 which
shows the variation of Kcoll with excitation energy for the samarium isotopes) was observed to increase with increasing ground state deformation of the nuclei [109]. Various other finite temperature microscopic calculations (e.g., Hartree-Fock-Bogoliubov
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cranking [110], Auxiliary field Monte Carlo [111]) have also indicated the occurrence
of such a shape transition in deformed nuclei in the vicinity of the excitation energy
where the damping of rotational collectivity takes place. In the case of light sd and
pf shell nuclei also, recent shell model calculation has clearly demonstrated the link
between nuclear deformation and collective enhancement of NLD and hinted at the
possibility of a deformed to spherical shape transition [106].
On the experimental front, only a few attempts have been made in the recent past to
look for the collective enhancement in nuclear level density and its subsequent fadeout
at higher excitation energy. Junghans et al. [108] studied the yields of nuclei produced
in the fragmentation of relativistic Pb and U projectiles. They observed that the yields
of the projectile-like fragments near N=126 magic number did not comply with the predicted stabilization against fission due to shell eﬀect. Assuming that the neutralization
of shell eﬀect was due to collective enhancement in level density (all these fragments
were highly deformed in the ground state), they concluded that the fadeout of collectivity is independent of the ground state deformation, which is in contrast to the existing
theoretical predictions. The authors could reasonably explain their experimental data
using E cr =40 and dcr =10 MeV. On the other hand, Komarov et al. [112] attempted to
extract information on collective enhancement and its fadeout by studying α-particle
evaporation from the highly deformed 178 Hf compound nucleus produced in heavy-ion
fusion reaction. However, they did not find any convincing evidence of the existence
of collective enhancement and its fadeout in their data. Therefore, it is evident that
the interrelationship between collective excitations and nuclear level density as a function of excitation energy (or temperature) is yet to be resolved on the observational
ground. The scarcity of experimental data and the nature of the controversy among
the existing results warrants new measurements to independently verify the status of
collective enhancement. So, with this aim, we have carried out two new experiments
where neutron evaporation spectra have been measured from a number of compound
nuclei producing evaporation residues which have large ground-state deformations. A
nearly spherical system (201 Tl∗ ) has also been studied for the sake of comparison. In
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Figure 4.3: Variation of nuclear level density with energy, continuous line represents the FG
level density whereas the red dashed line gives the total level destiny (see text)

the first experiment three compound nuclei 169 Tm∗ , 185 Re∗ , and 201 Tl∗ ; out of which the
first two have large deformations (so that the corresponding daughter nuclei produced
after neutron emission are also deformed), have been populated at two excitation energies (∼26 and 37 MeV) near the predicted fadeout region. As earlier, light particle
(4 He) induced reactions were chosen to keep the input angular momenta at low values
(∼15 ) and also to limit the number of eﬀective decay channels, so that the level density information is not averaged over too many evaporation residues. For the present
systems, the shell corrections were small enough that they are not expected to aﬀect
the signature of collective enhancement (if any). The experiment provided a positive
signature (as shown in the following sections) towards the existence of collective enhancement at low energies for the deformed systems, though proper identification of
the transition zone (fadeout) could not be possible due to the limited range of the data.
Therefore, to understand the phenomenon in more detail the study has been extended
by performing a second experiment in which three compound nuclei
and

201

173

Lu∗ ,

185

Re∗ ,

Tl∗ have been populated in a wider excitation energy range (∼22 - 55 MeV)
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Figure 4.4: Measured neutron energy spectra (symbols) for the (a) 4 He +
4 He

+

181 Ta
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165 Ho,

and (b)

systems along with the statistical model predictions (lines) at two bombarding

energies.

in small energy intervals. The prime objective of the present experiments was to observe the variation of the level density parameter a with excitation energy which can
provide imprints of the existence of collective enhancement and its fadeout in nuclear
level density. As the shape of the kinetic energy spectrum (particularly the exponential
tail) is highly sensitive to the rate of change of level density any significant variation
in the value of Kcoll and thus in ρ should be exhibited in the slope of the kinetic energy
spectra of the evaporated particles. Around the fadeout region where the collective
enhancement factor is predicted to drop by a factor of ∼100 to 1 within a small energy
interval, the level density is expected to show a kink or at least a plateau at this energy
of transition. This is demonstrated in Fig. 4.3 where the variation of intrinsic (singleparticle) level density given by the Fermi gas formulation (ρ FG ), and total level density
ρtot (= Kcoll (E) × ρFG ) with excitation energy has been plotted for a typical nucleus
with A = 160, where Kcoll has been evaluated using the prescription of Hansen and
Jensen [84] considering β = 0.28. In Fig. 4.3 the fadeout region has been shown by the
red box where the change in the slope of ln(ρ) can be clearly visible. Such a variation
of level density should be reflected in the value of the level density parameter which is
determined by fitting the high energy part of the evaporation spectrum.
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Figure 4.5: (a) Same as fig. 4.4 for the 4 He + 197 Au system (b) extracted level density parameter
at the two excitation energies

4.2 Experimental Details

The experiments have been performed using 4 He ion beams from the K130 cyclotron facility at the Variable Energy Cyclotron Centre, Kolkata. The first experiment
was carried out at two bombarding energies E lab = 40, and 28 MeV (40 MeV and 30
MeV for

181

Ta target). Self-supporting foils of

181

Ta,

165

Ho (thicknesses ∼1 mg/cm2 )

and, 197 Au (thickness ∼500 μg/cm2 ) were used as targets. The compound nuclei 201 Tl∗
(4 He + 197 Au), 185 Re∗ (4 He + 181 Ta) and 169 Tm∗ (4 He + 165 Ho) were populated by the
complete fusion reactions at the excitation energies, E ∗ ∼26 and 37 MeV. The second experiment was performed using 4 He ion beams of several incident energies in
the range of 26 - 60 MeV. Self-supporting foils of
181

Ta (thickness ∼1.3 mg/cm2 ) and

197

gets to populate the compound nuclei

169

Tm (thickness ∼ 1.15 mg/cm 2 ),

Au (thickness ∼3.1 mg/cm2 ) were used as tar-

173

Lu∗ (β ∼0.286), 185 Re∗ (β ∼0.221) and 201 Tl∗

(β ∼0.044), respectively, in the excitation energy range ∼22 - 55 MeV. The emitted
neutrons were detected at the backward angles (90◦ , 105◦ , 120◦ and 150◦ ) using four
liquid-scintillator (BC501A) based detectors. Details of the experimental setup are
already described in Section 2.2.
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Table 4.1: Fitted inverse level density parameter for diﬀerent systems.
System

4 He

+ 165 Ho
"

4 He

+

181 Ta

"
4 He

+ 197 Au
"

U (MeV)

Fitted inverse level

T

Tc (MeV)

density parameter (k)

(MeV)

(from Eq. 4.1)

35.7

9.5 ± 0.3

1.37

2.06

24.8

8.0 ± 0.5

1.03

"

35.1

11.2 ± 0.4

1.40

1.62

25.9

9.7 ± 0.5

1.11

"

36.1

9.5 ± 0.6

1.26

0.30

24.8

9.6 ± 0.7

1.03

"

4.3 Results and discussions
The neutron kinetic energy spectra (Figs. 4.4 & 4.5(a)) were obtained from the
corresponding time of flight spectra, after correcting for the background. Statistical
model analysis (Section 2.4) of the experimental data was carried out; the shapes of the
neutron energy spectra were found to be mostly determined by the value of level density parameter. The optimum values of the inverse level density parameter (k) extracted
by fitting the experimental neutron spectra using the χ 2 minimization technique have
been tabulated in Table 4.1. It is observed that the best-fit values of the inverse level
density parameter decrease from 9.5 ± 0.3 to 8.0 ± 0.5 for 4 He + 165 Ho system as the
thermal excitation energy decreases from 35.7 to 24.8 MeV. Similar change (decrease)
in k value from 11.2 ± 0.4 to 9.7 ± 0.5 has also been observed for 4 He +

181

Ta sys-

tem at the same excitation energy range. On the contrary, the k value remained almost
same (9.5 ± 0.6 and 9.6 ± 0.7) at both excitation energies in case of the 4 He + 197 Au
system. The level density parameter ã (=A/k) has been plotted as a function of excitation energy for the three systems in Fig. 4.5(b); a sharp increase of the LDP for the
4

He + 165 Ho and 4 He + 181 Ta reactions can clearly be visible. The above observation

(the increment of ã) suggests that there has been a relative enhancement in nuclear
level density at lower excitation energy for the first two systems, whereas for the third
system no such variation has been observed. It should be noted, that the level density
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expression used in the present analysis (Eq. 2.15) is based on the Fermi gas model,
which is purely single particle in nature. Therefore the observed variation in k (or ã)
may be a manifestation of the collective contributions to NLD through the relation [62],
ρtot (E ∗ ) = Kcoll (E ∗ ) ρFG (E ∗ , ã) = ρFG (E ∗ , ãe f f ),

(4.4)

where ãe f f is the eﬀective or enhanced level density parameter required to account for
the collective contribution in ρ. The nature of variation as seen above may be directly
linked with the deformation of the respective systems. The dominant daughter nuclei
produced in 4 He + 165 Ho and 4 He + 181 Ta are 166,167 Tm and 182,183 Re, respectively; the
corresponding ground state deformations (β 2 ) are 0.28 and 0.24 [100] which are significantly higher than those produced in 4 He + 197 Au reaction (β2 ∼ 0.044 for 198,199 Tl).
The collective enhancement factors calculated using Eqn. 4.2 for these systems indicate that there should be an appreciable collective enhancement in the two deformed
systems (Kcoll ∼80) as compared to the nearly spherical third system (Kcoll ∼1). So,
the observed variation of inverse level density parameter with excitation energy for the
deformed systems is a signature of collectivity induced modification (enhancement) of
the level density, which is absent in the case of nearly spherical system ( 4 He + 197 Au).
Although the current data provides a clear signature of the existence of the collective enhancement for the deformed systems at the lower energy, it is diﬃcult to make
any conclusion on the fadeout region due to the limited energy range of the data. The
diﬃculty has been overcome by performing the second experiment where the neutron
evaporation spectra from the three compound nuclei (173 Lu∗ ,

185

Re∗ and

201

Tl∗ ) were

measured in a wide excitation energy range (∼22 - 55 MeV). The measured neutron
energy spectra along with the corresponding statistical model fits for the three reactions
are shown in Figs. 4.6, 4.7 & 4.8, respectively. The best-fit values of k for all three
systems at various excitation energies have been shown in Fig. 4.9. It is evident from
the figure that, the overall energy dependence of the inverse level density parameter
can reasonably be described by the standard empirical relation k(U) = k0 + κ(U/A)
(shown by the blue dashed line in Fig. 4.9), as discussed in the last chapter (Eqn. 3.4).
In the present case the k0 values are in the range of 9 - 10 for the three systems whereas
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Figure 4.6: Measured neutron energy spectra (symbols) at diﬀerent incident energies (26, 30,
40, 50, and 60 MeV, serially up from bottommost) shown along with the respective statistical
model fits (lines). The individual spectrum has been scaled for better visualization.

the values of κ have been obtained from Eqn. 3.5 (κ = 1.95, 2.95, and 5.13 for the
173

Lu∗ , 185 Re∗ and 201 Tl∗ systems, respectively). Although the general trend of the data

can be explained by the energy systematic, there is a sharp change (reduction) in the
value of k around excitation energy ∼30 MeV. No such sharp variation of k is observed
in the case of the nearly spherical

201

Tl system. Any sharp variation in the k value

corresponds to a sudden change in level density which is expected around the fadeout region that is clearly reflected trough the transition behavior k around the E ∗ ∼30
MeV (shown by the shaded region in Fig. 4.9) for the deformed systems. Interestingly,
though the two systems were having diﬀerent ground state deformations (β 2 ≈ 0.286
and 0.221 for the Lu and Re isotopes, respectively), the transition seems to occur at
nearly similar excitation energy (temperature). This is in qualitative agreement with
the conjecture made earlier by the Junghans et al. though the energy region of transition observed in the present experiment (U ∼30 - 35 MeV which correspond to an
excitation energy range 15 - 21 MeV in the daughter nuclei) is somewhat lower than
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Figure 4.7: Same as Fig. 4.6 for the 4 He + 181 Ta reaction.
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Figure 4.8: Same as Fig. 4.6 for the 4 He + 197 Au reaction
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Figure 4.9: Inverse level density parameter plotted as a function of excitation energy. Experimental points are shown in symbols, lines represent systematics (see text)

their predicted value (40 MeV). The microscopic origin of the fade-out of collectivity
can be connected to a shape transition (from deformed to spherical) at finite temperature. Microscopic calculations using e.g. as Finite Temperature Density Functional
Theory (FT-DFT) [113, 114, 115, 116], and/or macroscopic-microscopic shape phase
transition model (MMSTM) [117, 118, 119] may be useful to confirm the existence of
such shape transition for the current systems.
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Chapter 5
Summary, conclusion and future
outlook

5.1 Summary and conclusion

The aim of the thesis was to extend and improve experimental information on the
dependence of nuclear level density on key factors such as excitation energy, angular
momentum, and collectivity using light-particle evaporation as a probe. Although the
evaporation process doesn’t provide an absolute measure of level density, it provides
crucial information on the variation of NLD with excitation energy and/or angular momentum. Other frequently used experimental methods such as study of neutron (and
charged particle) resonances, inelastic scattering, primary γ-ray spectrum, excitation
function of isolated levels etc. also provide information about NLD, but the applicability of each of these methods is mostly limited to a very narrow range of E ∗ and J.
Therefore, the study of particle evaporation has been the most widely used technique
to investigate the properties of NLD over a wide range of E ∗ and J. On the theoretical
front, even after substantial theoretical eﬀorts, it has not been possible yet to have a
complete microscopic solution including all known nuclear eﬀects that can lead to a
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closed analytical form of NLD. This is primarily because of the complicated nature
of the exact nuclear potential as well as due to the inherent diﬃculty in solving many
body problems itself. Simplistic nuclear models such as the Fermi gas model has been
employed to get an analytic expression for nuclear level density and important factors
due to the shell, pairing, and collective eﬀects are incorporated as phenomenological corrections. Therefore, in the absence of complete microscopic solutions, one has
to heavily rely on these phenomenology based semi-empirical formulations of NLD
which is used as the essential input in various nuclear reaction calculations carried out
under the framework of statistical model. Thus it is of extreme importance and fundamental interest to investigate experimentally the variation of NLD over a broad window
of excitation energy and angular momentum. A series of experiments have been performed under the present thesis work using 4 He-ion beams having specific advantages.
Evaporation spectra of charged particles and/or neutrons were measured from a number of compound nuclei populated at diﬀerent excitation energies. The experimental
results were compared with theoretical predictions obtained using the statistical model
code CASCADE to understand the dependence of NLD on the key nuclear factors.
The first experiment has been performed to understand the angular momentum
dependence of NLD. In this experiment, the kinetic energy spectra of the evaporated
neutrons, protons, and α-particles have been measured at backward angles in coincidence with the multiplicity of low energy γ-rays in the case of 4 He +
4

He +

58

93

Nb, and

Ni reactions at E ∗ ∼35 MeV. Diﬀerent angular momentum regions in the

residual nuclei were selected experimentally by measuring the γ-ray fold distributions
using the BaF2 detector array. The experimental kinetic energy spectra of neutron,
proton and α-particles were measured for diﬀerent folds where a high fold event corresponds to a high J populated in the final nucleus. The analysis of γ-ray fold gated
particle spectra have been carried out using the statistical model code CASCADE. The
spin dependence of NLD was incorporated through the spin and deformation dependent rotational energy. It is observed that the shapes of the fold gated particle spectra
could not be explained by the standard level density formulation; so additional spin
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dependence was suggested which was reflected through the variation of the level density parameter with angular momentum. From the present analysis, it is observed that
the inverse level density parameter decreases significantly with the increase in < J >
for all three emissions, although there are some diﬀerences in the absolute values of
the inverse level density parameter extracted from diﬀerent particle spectra. The observed variation of k (or a) with angular momentum is in contrast with the existing
picture where the level density parameter is not expected to vary explicitly with spin
or deformation. The decrease of k at higher J is indicative of the fact that there is a
relative increase of NLD at higher angular momentum. Shape change at higher angular
momentum based on RLDM as well as the concept of collective enhancement as per
the existing formulations have failed to explain the observed variation of NLD with J.
Microscopic calculations for the specific systems will be useful in order to understand
the observed phenomenon in more detail.
In the second experiment, the energy spectra of the neutrons emitted in the decay
of

212

Po∗ and

213

At∗ formed by the reactions of 4 He on the

208

Pb and

209

Bi targets,

respectively, have been measured at backward angles at the projectile energies E lab =
28, 31, 35, 40 and 60 MeV, and compared with the statistical model calculations. In
the present case, the compound nuclei, as well as the residual nuclei formed after neutron emission, are in the vicinity of Z = 82 and N = 126 shell closure, have large
ground-state shell corrections. Therefore, the level density of these nuclei is expected
to strongly influenced by the shell structure, particularly at low energies. Use of light
ion induced reactions has enabled us to populate these nuclei at suﬃciently low excitation energies where the damping of shell eﬀect with excitation energy can be studied.
In the statistical model calculations, the shell eﬀect has been incorporated by using the
energy and shell correction dependent parametrization of the level density parameter.
The value of the shell damping factor has been extracted from the lowest energy data
(having the highest sensitivity over this parameter) and found to be γ = 0.052 ± 0.018
and 0.054 ± 0.020 MeV−1 in case of 4 He + 208 Pb and 209 Bi reactions, respectively. The
measured γ values are in good agreement with the available theoretical estimates as
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well as the recent measurement for the similar system. The excitation energy (temperature) dependence of the asymptotic part of the level density parameter has also been
extracted and compared with the Thomas-Fermi (TF) model calculations. An overall
reduction in the value of the LDP with increasing temperature in the range of T ∼0.7 1.4 MeV is observed in qualitative agreement with the TF model calculation. However,
the experimental rate of reduction of ã with temperature was found to be little more
than the corresponding theoretical prediction. It was argued that the observed variation of the LDP with temperature can primarily be accounted for by the temperature
dependence of the eﬀective nucleon mass. The experimental results were also showed
to follow a simple empirical relation, k(U)= 7.8 + 7.4 (U/A), where k is the inverse
level density parameter.
The collective enhancement and its variation with excitation energy has been investigated in a couple of experiments that had been described in the third part of the thesis.
The collective excitations are expected to cause an enhancement in NLD (compared
to its single-particle estimates) which is described in terms of the collective enhancement factor (Kcoll ), which is predicted to be damped at higher excitations. In one of
the present experiments, the backward angle neutron evaporation energy spectra from
the deformed 185 Re∗ , 169 Tm∗ , and nearly spherical 201 Tl∗ compound nuclei, have been
measured at ∼26 and 37 excitation energies. All the compound nuclei at these excitation energies decay predominantly via 2n and 3n emission channels populating
evaporation residues that have ground-state deformations similar to those of the corresponding compound nuclei. The statistical model analysis of the experimental data
has been carried out to extract the value of inverse level density parameter. It has been
observed that, for the deformed systems (185 Re∗ , and

169

Tm∗), there was significant

reduction in the k value at lower excitation energy; however, no such variation of k
was observed for near spherical 201 Tl∗ system. The decrease in k (or increase in a) at
lower excitation for the deformed systems is suggestive of a relative increase in level
density which provide a strong signature of the collective enhancement. To understand
the phenomena in more detail the investigation has been extended in a wider excitation
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energy range (∼ 22 - 56 MeV), where the neutron evaporation spectra have been measured from the deformed
spherical

201

Tl∗ (4 He +

173

197

Lu∗ (4 He +

169

Tm),

185

Re∗ (4 He +

181

Ta) and the nearly

Au) systems. Excitation energy dependence of the inverse

level density parameter has been obtained from the statistical model analysis of the
experimental neutron spectra. It is found that the energy dependence of k can be reasonably described by the empirical relation k(U)= k0 + κ(U/A), where the value of k0
ranges between 9 - 10, and the value of κ is in agreement with Eqn. 3.5 for the three
systems. Although the general trend of the data matches with the energy systematic,
there is transition behavior (reduction from the systematic) in the k-value observed for
the two deformed systems compared to the near spherical system around E ∗ ∼30 MeV.
The observation confirms the existence of collective enhancement at low excitation energies which is expected for the deformed systems due to the collective rotation. The
data also shows that for E ∗ 40 MeV the k-value increases smoothly with excitation
energy as per the systematic signifying a fadeout of the collective eﬀects which were
present at lower energies. The fadeout indicates a shape transition from deformed to
spherical around the transition energy.

5.2 Future outlook
The present thesis provides important information on several aspects of NLD addressed through the measurement of light-particle evaporation spectra. Exclusive measurement with respect to angular momentum in case of the 4 He + 58 Ni, and 93 Nb reactions have shown that the shapes of the fold (angular momentum) gated particle spectra
could not be explained by the standard phenomenological formulation of nuclear level
density. A strong variation (decrease) of the inverse level density parameter with J
was observed from the statistical model analysis of the data in the angular momentum
range of ∼10 - 25 . It will be interesting to extend these studies to higher angular
momentum regions which are possible by using heavy ion beams. It will also be interesting to carry out similar measurements in other mass regions to see whether the
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observation is generic or specific to some mass regions.
In the present thesis, the shell damping parameter has been measured experimentally
for systems close to the doubly magic

208

Pb nucleus. However, the uncertainty in the

measured γ-value is quite large (∼35%). This γ-value could be constrained into a narrower range by performing measurements at further low excitation energy (where the
sensitivity of γ increases) with improved statistics. The measurement of nuclear shell
eﬀect can be extended to other doubly magic nucleus (132 Sn) and the to nuclei where
the shell eﬀect is sizable. It is also of current interest to study the variation of shell
eﬀect with excitation energy for nuclei having a proton (neutron) number close to a
magic number and a neutron (proton) number far enough from a magic number. This
is particularly encouraging in view of the recent combinatorial level density calculation [8] which showed that for such a system the variation of shell eﬀect with energy
can be complicated and one should use diﬀerent damping parameters for proton and
neutron shells (i.e. γ p  γn ). Temperature dependence of the asymptotic part of the
level density parameter has also been investigated in the same experimental study in
a temperature range of T ∼0.7 - 1.4 MeV. Extension of this measurement to higher
temperature will be interesting as the current data indicated some deviation in the rate
of change of the level density parameter from the corresponding theoretical prediction
towards the higher temperatures.
Some of the very recent and interesting topics that can also be addressed using particle
evaporation as a probe are (i) iso-spin dependence of level density and (ii) pairing reentrance in NLD. Understanding the level distribution of the exotic nuclei is extremely
important from the points of view of both nuclear structure and nuclear astrophysics.
The iso-spin (N-Z) eﬀects in NLD come from the iso-spin distribution of the nuclear
states and also from the symmetry energy. A reduction of level density with increasing
|T3 | (T3 =N-Z/2) is predicted [120]. However, very little information is available on the
N-Z dependence of NLD. Measurements of energy spectra of xp (for proton-rich nuclei) or xn (for neutron rich nuclei) channels along with the evaporation residue yields
can provide useful information on the iso-spin dependence of NLD.
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Another interesting area that has emerged very recently is the pairing re-entrance in
NLD. Recent, microscopic shell model Monte Carlo (SMMC) calculation for N = 40
isotones showed the phenomenon of pairing re-entrance in rotating hot nucleus through
an anomalous behaviour of specific heat and also in the level density [121, 122].
Bardeen-Cooper- Schriefer (BCS) based quasiparticle calculation for 60 Ni, 72 Ge nuclei
also showed the pairing re-entrance in the heat capacity and a rather weak signature
in level density [123]. The phenomenon of pairing re-entrance is predicted to occur
at high frequencies but at low temperatures. A detailed experimental investigation is
required particularly in the open-shell nuclei at finite temperature and high angular
momentum where both the pairing and rotation plays a crucial role in the occurrence
of the pairing re-entrance which is predicted to be observed through the variation in
specific heat and level density.
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Appendix A
Pulse height calibration of the neutron
detector
An accurate pulse height calibration of a neutron detector is essential when neutron energy is determined by the spectral unfolding technique. In case the neutron
energies are determined by the time of flight, pulse height calibration is required in order to set an appropriate and uniform threshold to diﬀerent detectors. Since no monoenergetic neutron source is available for laboratory use, the pulse height calibration
was performed using standard γ-ray sources. In liquid scintillators, the major interaction process for γ-rays is Compton scattering for γ-ray energies up to 3 MeV. The
sharp upper edge of the well known Compton distribution (Compton Edge) is used for
energy calibration. But due to multiple scattering eﬀects and pulse height resolution of
the detector, the theoretical shape of the Compton edge is modified (Fig. A.1(a)). So,
determination of the exact position of the Compton edge (LC ) becomes tricky. The relative position of the Compton edge (LC ) with respect to the position of the maximum
(Lmax ), indicated by the ratio Lmax /LC , is observed to influenced strongly by the pulse
height resolution and detector dimension. A value of L max /LC ≈ 0.9 is suggested to
give better estimation [124] for the type of detectors used in the present experimental
study. So, in the current analysis, the position of the Compton edge is taken at the point
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Figure A.1: (a) Ideal and actual Compton spectra, (b) pulse height calibration using γ-ray
sources.
Table A.1: Data for PH calibration of a typical neutron detector.

SL. No.

Source

Eγ

EC

(keV)

(keV)

Ch. No.

1

22 Na

511

341

327

2

137 Cs

662

477

387

3

22 Na

1274

1058

711

where the maximum value falls to its 90%. The expression for the Compton edge in
terms of the energy of the γ-ray (E γ ) is given by,
EC =

2E γ2
me c2 + 2E γ

.

(A.1)

Here me is the rest mass of the electron. The energy calibration is performed using
two standard γ-ray sources:

137

Cs and 22 Na. The γ-ray energies of 137 Cs and 22 Na and

corresponding EC values calculated using Eqn. A.1 are shown in Table A.1. The pulse
height calibration of a typical neutron detector is shown in Fig. A.1(b).
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