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SYNOPSIS

Shell e�ect is the manifestation of the �nite fermionic systems such as atoms

and nuclei. This plays an important role in describing the structure and the prop-

erties of the matter. The electronic shell structure in atoms decides the chemical

properties of the corresponding elements and de�nes the architecture of the mod-

ern periodic table. In analogy to the atomic shell structure, the nuclei with closed

nucleon shell have a signi�cantly greater stability with respect to the neighbouring

nuclei. These nuclei are more stable than that predicted by the liquid drop model

(LDM). The heaviest stable doubly magic nucleus is 208Pb with Z=82 and N=126

(Z, N are proton number and neutron number respectively). There are many im-

portant nuclear phenomena such as the occurrence of super heavy elements �ssion

isomers, super-deformed nuclei and new magic numbers in exotic nuclei which are

the consequences of the shell e�ect.The shell e�ect also a�ects the nuclear level

density (NLD). The NLD is a fundamental property of the nucleus and a crucial

input to the statistical calculation of compound nuclear decay. This is thus an im-

portant physical quantity for many practical applications, such as the calculations

of reaction rates relevant to nuclear astrophysics, nuclear reactors and spallation

neutron sources. The NLD is de�ned as the number of energy levels per MeV at

excitation energy (EX). The dependence of the NLD on the excitation energy and

angular momentum (J) was �rst derived by Bethe using Fermi gas model [1, 2].

The generic behaviour with respect to EX is described by e2
√
aEX . Here `a' is the

NLD parameter which is related to the single particle density at the Fermi en-

ergy. The experimental evidences of the nuclear level density are obtained from

(a) counting the discrete levels and resonances populated by neutron and charged

particle reactions, (b) the inelastic scattering of neutron, proton, alpha and transfer



reaction populating the low excitation energy, (c) the Ericson �uctuation analysis

in the compound nuclear reaction which is restricted to light mass nuclei (A≤60)

and (d) the analysis of evaporation spectra [3]. In the �rst two methods the NLD

is obtained by direct counting of the nuclear levels with necessary correction for

unresolved and unobserved levels and therefore provide an absolute measure of

the nuclear level density. The information of the NLD is limited to near stable

nuclei and very low excitation energy (up to binding energy of the nucleon) and

angular momentum of few h̄ (mainly s and p wave). The extrapolated to higher

J values is made to estimate the angular momentum summed or total NLD. The

last method does not provide the absolute value of the NLD, but has been used

to study its variation over wide range of the excitation energy and the angular

momentum. The total NLD inferred from various measurements show that on an

average the level density parameter a increases linearly with the mass number of

the nucleus as a ≈A/8 MeV−1. This smooth behaviour with respect to mass is

due to the liquid drop like properties of the nucleus. However, there is a signif-

icant departure from this liquid drop value at shell closures. This departure is

the largest for the doubly magic nucleus 208Pb, where the e�ective a is as low as

A/26 MeV−1 at EX ∼ Bn (neutron binding energy). This shell e�ect on the NLD

parameter is expected to wash out with excitation energy so that a approaches its

liquid drop value at EX ≥ 40 MeV [4]. There is no measurement in this important

topic to address the washing out of the shell e�ect over a wide EX range. The main

obstacle is population of the doubly closed shell nucleus 208Pb at low excitation

energy, using a suitable projectile and target combination, where the shell e�ect is

important. This is because of the large Coulomb barrier in the entrance channel

that is relevant for a heavy ion fusion reaction. For instance, The extracted NLD
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in 208Pb from the measurement of the proton evaporation spectra in 10,11B+198Pt

reactions showed liquid drop behaviour at an excitation energy ∼ 50 MeV [5]. The

level densities of 205˘208Pb at low excitation energy (up to 6 MeV) were obtained

using the Oslo method, which involves the measurement of the continuum γ-ray

spectra following the 3He induced inelastic scattering and single nucleon trans-

fer reactions [6, 7]. However, the damping of the shell e�ect over wide range of

excitation energy has not yet been addressed.

One possible method to populate 208Pb at low excitation energy is the triton

transfer/breakup-fusion in the 7Li induced reaction on 205Tl target. In this method,

the populated intermediate nucleus is assumed to be in thermal equilibrium and

emits particles such as p, n, α and gamma rays as per the statistical model of

compound nuclear decay. We can then measure the neutron spectra from the

excited 208Pb nucleus in coincidence with the out-going alpha particles. The energy

of the alpha particle has a correspondence with the excitation energy in the 208Pb.

This exclusive measurement of neutrons is meaningful as the α-yield is not small.

A feasibility experiment was carried out to ascertain the alpha production cross

section in such reactions. The time resolution of the pulsed 7Li beam from the

Pelletron was also measured as it was important for the neutron time of �ight

(TOF) measurement. The angular distributions of alpha production in the 7Li

induced reaction on heavy targets were measured and the measured total cross

sections show a universal behaviour near the barrier energies. The total α cross

section in 7Li + 205Tl at 30 MeV is found to be ∼40 mb. The time resolution of the

pulsed 7Li beam was measured with respect to γ-rays detected in a BaF2 detector

and found to be better than 1.5 ns. Since the intrinsic e�ciency of the neutron

detector is very small, we require a large angular coverage for the neutron detectors
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and also need an e�cient charged particle detector system for measurement of

alpha particles. We have setup a large area plastic scintillator array for fast neutron

measurement and also an array of CsI(Tl) detectors for the detection of alpha

particles. These detector systems are brie�y described in the following paragraphs.

Large area neutron detector array:

Plastic scintillators have been widely used for neutron measurements by the TOF

technique because of their fast response. A long scintillator detector (6×6 cm2

cross section) with photomultiplier tube (PMT) at either ends is used to get po-

sition information from the timing signal from both the PMTs [8]. We have set

up a neutron detector array (∼ 1×1m2) at the Mumbai Pelletron Linac Facility

(PLF), which consists of 16 plastic scintillator bars of square cross section [9].

Each bar has a dimension 6 cm×6 cm×100 cm and is coupled to two 5 cm di-

ameter XP2020 PMTs, one each at either end. The array will be used for fast

neutron spectroscopy and also for any measurement in coincidence with neutrons.

The characterization of the plastic detector was done using radioactive sources and

also for mono-energetic and continuum neutrons using beams from the PLF. The

energy, time and position response has been measured for quasi-mono-energetic

electrons using Compton tagging of scattered γ-rays and for mono-energetic neu-

trons using the 7Li(p,n1)
7Be*(0.429 MeV) reaction at proton energies between 6.3

and 19 MeV. The array has been used to measure the evaporation neutron spectrum

from 4 to 12 MeV in the reaction 12C+ 93Nb at E(12C)= 40 MeV and the measured

neutron spectrum compares well with the statistical model calculation. A Monte

Carlo simulation algorithm has been developed in-house to simulate the neutron

energy dependent e�ciency of the array. The Monte Carlo simulated e�ciency of

the plastic scintillators for the neutron detection agrees with that obtained from
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the 7Li(p,n1) measurements. Add-ons for the neutron detector array are : (a) Lead

(Pb) sheets of total thickness 25 mm placed in front of the array to reduce the low

energy γ-ray background while not signi�cantly attenuating the neutrons from the

target and (b) a 30 cm thick shadow pyramid consisting of several plates of mild

steel (MS) shield used to estimate the contribution due to the scattered neutrons.

CsI(Tl) detector array for e�cient α measurement:

An array of 8 CsI(Tl) detectors with active area of 2.5 cm × 2.5 cm and thickness

of 1 cm has been assembled to detect the light charged particles with a reasonably

large e�ciency. The scintillation light is collected by a silicon PIN photodiode (PD)

and pre-amplli�er coupled to the CsI(Tl) detectors. The PD is more e�cient than a

photo multiplier tube (PMT), requires less voltage to operate and is very compact.

The detectors are covered with an aluminised mylar foil of thickness ∼1 µm. The

standard pulse shape discrimination method is used for the particle identi�cation

by measuring the zero cross over timing (ZCT) of the ampli�ed bipolar pulse .

These detectors have nonlinear energy response for various particles. The energy

response of the CsI(Tl) detectors to α-particles has been measured from 8.5-25

MeV using a 229Th source and the 12C(12C, α)20Ne reaction at E(12C) = 24 MeV

populating discrete states in 20Ne. The energy non-linearity and the count rate

e�ect on the PSD property has also been measured and it was found that the PSD

deteriorates for count rate ≥3 kHz.

We would now address the question pertaining the shell e�ect and its damping

with excitation energy in the double closed shell nucleus 208Pb. The exclusive

neutron spectra from 208Pb have been measured in coincidence with ejectile alpha

particles. The nucleus 208Pb, formed in the excitation energy range 19 - 23 MeV,

decays predominately by the neutron emission populating the residual nucleus in
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the EX ∼ 3 - 14 MeV. Over this EX range, the NLD parameter is expected to show

a signi�cant change due to the damping of the shell e�ect. We have also made

a controll measurement with a 181Ta target populating nuclei in the 184W region

where the shell e�ect is expected to be small. The statistical model(SM) analysis

of the measured neutron spectra demonstrate the expected large shell correction

energy for the nuclei in the vicinity of doubly magic 208Pb and a small value around

184W. Furthermore, the detailed analysis of the neutron spectra from 208Pb in

various excitation energies within the frame work of statistical model of compound

nuclear decay using the phenomenological NLD prescription [10], the damping

parameter (γ) and asymptotic level density parameter(ã) were constrained for a

�xed shell correction energy. The shell correction energy was taken as 13.1 and 11.7

MeV for 207Pb and 206Pb, respectively. An exclusion plot between the damping

parameter and the inverse level density parameter δa (= A/ã) has been made

for the �rst time. It is observed that the acceptable range of δa lies between 8.0

and 9.5 MeV. The parameter γ controlling the damping of the shell e�ect can be

constrained to (0.060+.010
−.020) MeV−1 [11]. This is di�erent from the value extracted

from the neutron resonance data within errorbars viz . (0.079 ± 0.007) MeV−1 [12].

The thesis is organized into �ve chapters. Chapter 1 describes the historical

perspectives of the magic nuclei and shell e�ect and experimental evidences of the

shell e�ect. This chapter also introduces the nuclear level density and the impor-

tant physical parameter characterizing the NLD. The motivation and structure of

the thesis work is described.

Chapter 2 describes the detector arrays developed for the measurement of the

fast neutrons and alpha particles. The details of the neutron detector array and

the characterization with radio active sources and beams are described. A brief
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description of the Monte Carlo simulation for the energy dependent e�ciency is

also presented. The second part of this chapter describes the charged particle array

developed for the measurement of light charge particles using the PSD technique.

The detailed characterization of the CsI(Tl) detectors such as energy non-linearity,

PSD and count rate e�ects will be described.

The third chapter includes a brief description of the PLF. The other part of

this chapter will be devoted to the measurement of nuclear level density and the

study of nuclear shell e�ect and its damping with the excitation energy.

The statistical model of compound nuclear reaction is brie�y discussed in the

fourth chapter. The results are discussed within the frame work of the statistical

model.

Chapter 5 contains the summary and conclusions. The future outlook including

possible improvements pertaining to the study of the nuclear shell e�ect in NLD

will be described.

7



Bibliography

[1] H. A. Bethe, Phys. Rev. 50, 332 (1936).

[2] A. Bohr, B. R. Mottelson, Nuclear Structure (Benjamin, New York,1969),

Vol.1.

[3] D. Chakrabarty, V. Datar, S. Kumar, E. Mirgule, H. Oza, and U. Pal, Phys.

Rev. C 51, 2942 (1995) and its references.

[4] V. S. Ramamurthy, S. K. Kataria, S. S. Kapoor, Phys. Rev. Lett. 25, 386

(1970).

[5] G. Viesti et al., Pramana- J. of Phys. Vol. 53 395(1999).

[6] E. Melby, et al., Phys. Rev. Lett. 83, 3150 (1999).

[7] N. U. H. Syed et al., Phys. Rev. C 79, 024316 (2009).

[8] G. Charpak, L. Dick, L. Feuvrais, Nucl. Instr. and Meth. 15 (1962) 323.

[9] P. C. Rout, D. R. Chakrabarty, V. M. Datar, Suresh Kumar, E. T. Mirgule,

A. Mitra, V. Nanal, R. Kujur, Nucl. Instrum. Methods Phys. Res., Sect.A

598, 526 (2009).

[10] A. V. Ignatyuk, G.N. Smirenkin, A.S. Tishin, Sov. J. Phys. 21, 255 (1975).

[11] P. C. Rout, D. R. Chakrabarty, V. M. Datar, Suresh Kumar, E. T. Mirgule,

A. Mitra, V. Nanal, S. P. Behera, V. Singh, Phys. Rev. Lett. 110, 062501

(2013).

[12] S. F. Mughabghab, C. Dunford, Phys. Rev. Lett. 81, 4083 (1998).

8



1
Introduction

1.1 Historical perspective

The nucleus is a many body quantum system composed of nucleons, namely neu-

trons and protons. These nucleons are bound by an attractive, short range nuclear

force. The stability of the nucleus is determined by the competition between at-

tractive nuclear force and the repulsive Coulomb force due to the charged protons

while at the same time respecting the Pauli principle. The saturation property

of the nuclear force and the low compressibility of the nucleus suggest an analogy

with a charged liquid drop. The liquid drop model (LDM) of the nucleus describes

the average properties of the nucleus, i.e. the nuclear binding energies and is also

useful in explaining the phenomenon of nuclear �ssion. The systematics of the

binding energy of nuclei show an evidence of the presence of shell structure of

the nuclei like the electronic shell structure of atoms. Nuclei with the closed shell

con�guration (proton number Z and/or neutron number N equal to the magic num-

bers 2, 8, 20, 50, 82 and 126) have an extra stability with respect to that expected
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from the LDM. The successful explanation of these nuclear magic numbers via a

large spin-orbit splitting led to the Nobel prize in Physics for Goeppert-Mayer and

Jensen. 208Pb with 82 protons and 126 neutrons is the heaviest known doubly

closed shell stable nucleus. The shell correction energy, which is a measure of shell

e�ect, is de�ned as the di�erence between the experimental mass and the liquid

drop mass (the LDM without shell correction). The shell e�ect in�uences many

physical phenomena such as formation of super heavy nuclei, �ssion isomer, super-

deformed nuclei etc. There is also a strong correlation between the shell e�ect and

the nuclear level density (NLD), a fundamental property of the nucleus.

The following sections of this chapter brie�y describe the shell e�ect and how to

estimate the shell correction energy. This is followed by the discussion on the NLD

and the phenomenological description of the shell corrected nuclear level density.

The motivation and structure of the thesis are also presented.

1.2 Nuclear Shell e�ect

Nuclear shells correspond to an inhomogeneous distribution of nucleons in phase

space. The non-uniformities in the single particle spectrum associated with the

shell structure imply that the nuclear energy does not vary smoothly with particle

number, as in the LDM, but exhibits speci�c variations depending on the degree of

�lling of the shells. The crucial issue is to separate between the smooth behavior

associated with the bulk property and the more speci�c e�ects due to the nuclear

shell structure, which is contained in the sum of the single-particle energies. The

method of estimating the shell correction energy was given by Strutinsky [1] and a

similar concept was developed independently by Myers and Swiatecki for spherical

nuclei [2]. The basic idea of the Strutinsky method is the concept of separating the

10



Chapter 1. Introduction

Sh
el

l c
or

re
ct

io
n 

(M
eV

)

Mass number (A)

Figure 1.1: The total shell correction energies to the nuclear ground-state masses,
as calculated by Strutinsky, are compared to the deviations of experimental masses
from an LDM mass referring to spherical nuclei [6].

smooth components from �uctuating ones due to the nuclear shell structure. The

total nuclear energy may be written as E = Ẽ+ ∆S, Ẽ representing the smooth

part and ∆S is the �uctuating part attributed to the shell e�ect. The Ẽ can be

calculated using the `macroscopic' LDM and ∆S which is also called `the shell

correction energy' can be determined from the single particle energies. Strutinsky

de�ned a smoothed single particle level density g̃(e) by smearing the calculated

single-particle levels eν over an energy range of the order of the shell spacing

(∼41A− 1
3 MeV). The single particle level density of actual discrete level structure

g(e) can be estimated as g(e) =
∑
δ(e − eν) and the smoothed level density

g̃(e) can be obtained by smearing the discrete levels with a Gaussian smearing

11



Chapter 1. Introduction

Figure 1.2: Shell correction energy calculated from the Mexp and MLDM for Sn,
Pb, Bi and Po isotopes.

function [1, 3]. The shell correction energy [4, 5] can be calculated as

∆S = 2
∑

eν − 2

∫
eg̃(e)de

where g̃(e) is assumed to be Gaussian function. The Strutinsky's method of cal-

culating the shell correction energy works well in practice and has been used suc-

cessfully to describe quantitatively the ground state energies and the associated

equilibrium deformations. The �gure 1.1 shows calculated shell correction energies

compared with the observed di�erence between the LDM masses and the empirical

masses. Many prescriptions for calculating the shell correction energy are available

in the literature.

The interpretation of the shell-structure terms in the nuclear masses was given

by Myers and Swiatecki [2]. The observed masses show deviations from the LDM
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masses that are correlated with the nuclear shell structure. The semi-empirical

mass equation of a nucleus with Z protons and N neutrons isMobs = MLDM+Mshell.

For a spherical nucleus Mshell is same as shell correction energy (∆S) and for the

deformed nucleus ∆S is multiplied by an attenuation factor e−(distortion)2/c2 , where

c is a parameter related to the range of the nuclear interaction. The attenuating

factor makes the shell correction disappear with increasing distortion of the nu-

cleus. The shell correction generally changes from negative values in the vicinity

of magic numbers to positive values in between.

The shell correction energy was derived by considering the fact that the ob-

served magic con�guration is the result of the bunching of the single-particle levels

into groups separated by gaps. The shell correction energy de�ned as the di�erence

between the sum over single-particle contributions in the bunched and unbunched

cases:

∆S =
∑

εi(bunched)−
∑

εi(unbunched),

where εi is the single-particle energy calculated using suitable nuclear potential as

in case of nuclear shell model. However, in practice the shell correction energy is

calculated from the measured and the LDM nuclear masses. The shell correction

is usually de�ned as ∆S = Mexp −MLDM , where Mexp is the experimental mass

and MLDM is the nuclear mass calculated using the LDM [7]. The variation of

shell correction energy with neutron number for Sn, Pb, Bi, and Po isotopes as

calculated by Myers and Swiatecki is shown in Fig. 1.2. The shell correction energy

is large near the Pb region and is maximum, -13.4 MeV, for the doubly magic 208Pb.

It may be noted that the shell correction energy is also sizable near the doubly

magic 132Sn region.
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1.3 Experimental evidences of the shell e�ect

The regularities and correlations in the compiled data from various experimental

results provides the information about the shell structure of the nucleus. Some

experimental evidences of the existence of shell structure in nuclei are: (a) The

abundance plot by Goldschmidt in the region of heavy elements shows peaks at

nuclei: Zr (N=50), Sn (Z=50), Ba (N=82) and Pb (Z=82 or N=126) [8], (b)

The compilation of mass defects of the nuclei and binding energy per nucleon

plot against the mass number shows a number of signi�cant local variations near

the magic numbers, (c) The experimental neutron capture cross sections exhibit

�uctuations from isotope to isotope. The nuclei having 50, 82 and 126 neutrons

have lower cross section by a factor of �fty than neighboring nuclei, (d) The sharp

discontinuity in the neutron and proton separation energies reveal the nuclear shell

structure just as observed in the ionization potentials of atom, (e) The systematic

of the �rst excited 2+ state in even-even nuclei show the maxima at the shell

closings [9].

1.4 Nuclear level density

The nuclear level density (NLD) is a fundamental property of the many body

quantum system. The level density is an indispensable input to the statistical

model of compound nuclear (CN) decay and thus an important physical quantity

for many practical applications. Its wide spread applications include the study of

�ssion hindrance in heavy nuclei, the giant dipole resonance built on excited states,

the yields of evaporation residues to populate certain exotic nuclei, production of

heavy elements in stellar processes etc. Apart from the practical needs, the study
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of the NLD provides a fundamental insight into the microscopic feature of an

excited nucleus. The NLD is also an important quantity for the determination

of thermodynamical properties of nuclei, such as entropy, temperature and heat

capacity.

The (NLD) is de�ned as the number of energy levels per unit energy at an

excitation energy EX . It increases rapidly with excitation energy. The NLD has a

smooth behaviour with respect to mass (A) due to the liquid drop like properties

of the nucleus. It also has a quantum mechanical dependence which exhibits an

oscillatory behaviour with respect to A due to shell e�ects. In general, the level

density depends on various physical quantities, e.g. excitation energy, number of

particles, angular momentum, parity, isospin, shell e�ect, pairing etc. The exten-

sive work on both the theoretical and experimental investigations of nuclear level

densities addressing various microscopic aspects of nucleonic motion is summarised

in Refs. [10, 11].

The number of energy levels in a nucleus between an excitation energy EX and

EX+dE and at an angular momentum J is ρ(EX , J)dE where ρ(EX , J) is the level

density. Each level of total angular momentum J has 2J + 1 degenerate states.

Thus, the state density ω(EX , J), which counts all 2J+1 states, can be represented

as ω(EX , J) = (2J + 1)ρ(EX , J). There are three main theoretical methods used

to understand the nuclear level density from the single particle levels: (a) thermo-

dynamic approach [12, 13], based on the grand partition function which contains

all the statistical information of the nucleus, (b) combinatorial method [14], which

is basically an enumerative method requiring large scale computation to estimate

the number of ways the nucleons can be distributed among the available single

particle levels and sorting them according to a given excitation energy and angu-
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lar momentum, and (c) spectral distribution method [15, 16], which uses the fact

that the shell model state densities have nearly Gaussian distribution, the energy

and angular momentum dependent level density being evaluated from the �rst few

moments (centroid, width, skewness etc.) of the nuclear Hamiltonian. Recently

developed a powerful shell model Monte Carlo (SMMC) method [17, 18], which

has been used to calculate the nuclear level density in the presence of correlations.

The SMMC method enables calculations in model spaces that are many orders of

magnitude larger than those that can be treated by conventional methods. This

method was employed to calculate the level densities of 59−64Ni (including the odd-

mass isotopes) and deformed nucleus 162Dy [19, 20]. These results found to be in

good agreement with the level density extracted from various experiments.

The NLD was �rst calculated by Bethe using a non-interacting Fermi gas model.

The simplest picture is the equidistant model where the single particle levels are

equi-spaced and non-degenerate. The density of states for a system composed of

two kinds of particles (neutron and proton) is given in analytical form by [13]:

ω(EX) =
π

12

exp(2
√
aEX)

E
5/4
X a1/4

(1.1)

where, a is known as the level density parameter and is given by a = π2g/6 and

g is the sum of the neutron and proton single particle level density at the Fermi

surface. This result is only the zeroth order approximation to the level density of a

Fermi gas. In a Fermi gas, the single particle level density increases approximately

as the square root of the particle kinetic energy, while in this model it is a constant.

The thermodynamical quantities, entropy and temperature, can be obtained from
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the above expression. The entropy and the nuclear temperature are given by

S = lnω (1.2)

1

T
=
dlnω

dEX
(1.3)

Therefore, the nuclear temperature is given by

1

T
= (

a

EX
)1/2 − 5

4EX
(1.4)

At high EX limit, the nuclear temperature is (EX/a)
1
2 . Since a = (EX/T

2), the

argument of the exponential in ω is proportional to EX/T . It turns out that the

experimental level density at low energy is described well by the expression

ρ(EX) ∝ exp(EX/T ) (1.5)

where T is constant. This formula is usually referred as constant temperature

formula.

In general, the Ex and J dependent nuclear level density is used in most of the

statistical model analysis of the experimental data involving heavy ion reaction.

The level density for a given angular momentum and both parity states is:

ρ(EX , J) =
2J + 1

12

√
a

(
h̄2

2=

) 3
2 1

(EX − Erot)2
exp[2

√
a(EX − Erot) ] (1.6)

where Erot = (h̄2/=)J(J + 1) and = is the rigid body moment of inertia. =

is related to the average square of single particle angular momentum projection

(< m2 >) by = = h̄2g < m2 >. The rotation energy(Erot) is not available for
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intrinsic excitation. It is therefore excluded while calculating the NLD.

The nuclear level density so far discussed is based on the equidistant model of

the single particle level in a Fermi gas system. However, the shell model single

particle levels has a complex variation in its level spacings. The non-uniformity

in the single particle level spacing leads to correction in the nuclear level density

due to the shell structure. The shell e�ects tend to disappear with increasing

EX . The shell e�ect on the NLD of nuclei with a sizable shell correction can be

addressed experimentally. In addition, the residual interactions such as pairing

and the collective modes of excitation such as rotation and vibration can also alter

the energy dependence of the nuclear level density.

The information on the nuclear level densities are usually obtained from: (a)

the neutron and charged particle resonances, (b) the inelastic scattering and the

transfer reactions populating the low EX states, (c) the Ericson �uctuation anal-

ysis in the compound nuclear reactions and (d) the particle evaporation from the

compound nuclear reactions.

Neutron and charged particle resonances

Neutron resonance data [22, 23] provides the crucial information on level densi-

ties in the vicinity of the neutron binding energy. The NLD is obtained from the

observed nuclear energy levels by counting the resonances in a particular neutron

energy interval. An important requirement for such experiments is that the width

Γ of each level should be less than the level spacing D and the detector resolution

should be good enough to resolve individual levels. The level density ρ is propor-

tional to D−1. The counting of resonances must be corrected for levels missing

because of counting statistics and resolution e�ect. Recently, CERN has devel-
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Figure 1.3: Total cross section measured by neutron capture resonance spec-
troscopy from 6Li to 241Am using the CERN n-TOF experiment [24].
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oped a neutron time of �ight (n-TOF) facility for low energy nuclear physics to

investigate nuclear structure at high excitation energies from neutron resonance

spectroscopy. The total cross-section measured in CERN n-TOF experiment as

a function of neutron energy for several nuclei with increasing mass ranging from

6Li to 241Am is shown in Fig 1.3 [24]. The observed spacing between two levels

decreases which implies that the level density increases as mass of the nucleus

increases. A signi�cant shell e�ect is observed for the doubly closed shell 208Pb

nucleus.

The level density measured from neutron resonances is limited to a single en-

ergy region just above the neutron binding energy and for one or two values of

angular momentum. Information on the level density from charged-particle cap-

ture resonances are obtained in a similar way. The charged particle resonance data

are restricted to light and medium nuclei due to the Coulomb barrier and the NLD

information is limited to nuclei around A∼60.

Inelastic scattering and transfer reactions:

The neutron and charged-particle resonance spectroscopy used to obtain the NLD

in the compound nucleus, requires high resolution experimental techniques. The

NLD has been studied also in residual nuclei at lower energies by excitation through

inelastic scattering and a variety of other nuclear reactions. Typical nuclear reac-

tions employed for the study of the level density are (p, p′), (n, n′), (α, α′) and

(p, α) reactions. It is possible to obtain nuclear level density for the nucleus with

A∼60 at an EX ∼5-6 MeV [25, 26].

Recently, a method of extracting level density and γ-ray strength function

has been developed by the Oslo cyclotron group [27]. This method employs to
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measure the continuum γ-ray spectra following inelastic scattering and transfer

reactions, namely (3He, 3He′γ) and (3He, 4Heγ). The primary γ-ray spectra at

an EX is obtained from the decay probability P (EX , Eγ) which depends on the

the level density ρ(EX − Eγ) and the γ-ray strength function. The analysis of

the energy distribution of the primary γ-rays emitted from a nucleus at a given

EX thus reveals information on both the level density at the EX and the γ-ray

strength function. This method employs to investigate the nuclear level density

and hence the thermodynamical properties of rare earth nuclei. For instance, the

3He induced inelastic scattering and single nucleon transfer reaction were used to

populate 205−208Pb and the energy dependence of the NLD was extracted from the

coincident γ spectrum up to EX ∼ 6 MeV [28].

Ericson �uctuation method [29]:

Measured nuclear reaction cross sections at a compound nuclear excitation energy

EX ∼20 MeV �uctuate as a function of projectile energy [30, 31]. The counting

method for the nuclear levels fails for the energy region where the average width Γ

is larger than the average spacing D between the CN levels. The Γ can be obtained

from correlation functions of the �uctuating cross sections. The density of levels in

the CN may be obtained from the statistical theory as ρ = N/2πΓ, where N is the

total number of open channels. The quantity Γρ or Γ/D can be determined from

the experiment by measuring the energy averaged compound nuclear cross section.

The measurement of Γ and average cross section can provide the information of D

and ρ.
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Particle evaporation method:

The information on variation of the NLD with EX can be obtained from the statisti-

cal model analysis of measured particle evaporation spectrum [10]. This technique

does not provide an absolute measurement ρ but is used to study its variation over

a wider range of EX and J . The extraction of the NLD from the particle evapora-

tion spectra in the heavy-ion reactions has some advantages over other techniques

are, the possibility of studying the NLD in a variety of nuclei with suitable combi-

nation of projectile and target, and over a wide range of EX and J . Moreover, the

contribution from pre-equilibrium process is negligible in heavy-ion reaction with

beam energy ≤5 MeV/n. The di�culty involved in this method is due to the fact

that the particle evaporation spectra is a result of multi-step decay process, thus

sampling many nuclei at di�erent steps leading to an average NLD. This can be

overcome by restricting the �rst step contribution to the particle evaporation from

a CN at moderate EX . The level density in light and heavy mass nuclei have been

obtained from the measured particle spectra within the frame work of statistical

model of the compound nuclear reaction [32, 33, 34, 35, 36].

1.5 Shell corrected Nuclear level density

It may be noted that only a few single particle levels in the vicinity of the Fermi

surface contributes to the NLD. As nucleons are added, the Fermi surface moves

from the region of low single particle density at magic nucleus to the region of high

single particle density at mid-shell nucleus. Thus a variation of the single particle

density g (or the level density parameter a) with mass number can show the shell

e�ect at moderate excitation energy (see Fig 1.3). Direct measurements of the

22



Chapter 1. Introduction

Figure 1.4: Variation of the nuclear level density parameter a with mass number
A [13] determined from various experimental techniques.

NLD are based on the study of slow neutron resonances, which are mainly s- and

p-wave, and are extrapolated to higher J values to estimate the angular momentum

summed or total NLD. The total NLD inferred from such a measurement shows

that on an average the level density parameter a increases linearly with the mass

number (A) of the nucleus as a ≈A/8 MeV−1. However, there is a signi�cant

departure from this liquid drop value at shell closures. This departure is the

largest for the doubly magic nucleus 208Pb, where a (at EX ∼7 MeV) is as low

as A/26 MeV−1 as shown in Fig 1.4. This shell e�ect on the NLD parameter is

expected to damp with excitation energy so that a approaches its liquid drop value

at EX ∼ 40 MeV [37]. Figure 1.5 shows how the shell e�ects on nuclear entropy

(S2 = 4aEX , S being the nuclear entropy) disappear even at medium excitation

energies of the order of 40 MeV.

The general form of the NLD with all microscopic nuclear e�ects in order

to explain the experimental data is far from reality. The analytic form for the
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Figure 1.5: The variation of entropy with excitation energy for the case of doubly
magic nucleus 208Pb and the nucleus 242Pu [37].
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level density resulted from the pioneer work of Bethe is normally used to explain

most of the experimental data. Bethe's formula is not adequate to explain all

the microscopic feature but is used as a basis to build the phenomenological NLD

expression which includes all known nuclear structure e�ects such as shell e�ects,

odd-even e�ects, collective enhancements etc. The phenomenological expression

for NLD, used in the statistical model (SM) for the analysis of the particle spectra,

is given by :

ρ(EX , J) =
2J + 1

12

(
h̄2

2=

)3/2 √
a

U2
e2
√
aU , (1.7)

where

U = EX − Erot −∆P , (1.8)

and

Erot =

(
h̄2

2=

)
J(J + 1), (1.9)

where ∆P is the pairing energy and = is the moment of inertia. The excitation

energy dependence of the NLD parameter a, which includes the shell e�ect and its

damping, has been parameterised by Ignatyuk [38] as:

a = ã

[
1− ∆S

U
(1− e−γU)

]
(1.10)

Here ã is the asymptotic value of the NLD parameter in the liquid drop region,

∆S is the shell correction energy, which is calculated as discussed earlier and γ is

the damping parameter.
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1.6 Motivation and structure of the present thesis

The Nuclear Level Density (NLD) is a basic property of the nucleus. Apart from the

fundamental interest e.g. transition from order to chaos, it is a key parameter for

any statistical model calculation. Many measurements have been done to explore

how level density varies with the excitation energy (EX) and angular momentum

(J) in di�erent mass region. The level density (ρ(EX , J)) extracted from the

experimental data shows a lower value near the shell closure i.e. the large departure

of level density parameter (a) from the what is predicted by the Fermi gas model.

However, so far there is no direct measurement reported on the damping of nuclear

shell e�ect over a wide excitation energy range or a critical energy where the shell

e�ect vanishes.

There is a long standing prediction which shows the shell e�ect on nuclear

level density vanishes with excitation energy beyond 40 MeV. To understand the

phenomenon in detail we would like to measure the variation of the shell e�ect on

NLD as a function of excitation energy around the doubly closed shell 208Pb where

this e�ect is expected to be more pronounced. One way to populate this nucleus

at low excitation energy is via triton transfer in 7Li induced reaction on 205Tl.

The transfer process has a sizable cross section in the mass region of our interest

and the coincidence measurement of neutrons with the ejectile would be possible

with a suitable detector system for both neutrons and the alpha particles. The

statistical model analysis of measured neutron evaporation will reveal the more

physical insight for the understanding the variation of shell e�ect. The physical

parameters relevant to the the damping factor and the level density parameter

will be extracted from the measured data at various excitation energies. A control
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experiment using 181Ta target will be carried out for comparison which populate

the 184W away from the the closed shell nucleus. The thesis is organized into �ve

chapters as follows:

Chapter 1 describes the historical perspectives of the magic nuclei and shell

e�ect and experimental evidences of the shell e�ect. This chapter also introduces

the nuclear level density and the important physical parameter characterizing the

NLD. The motivation and structure of the thesis work is described.

Chapter 2 describes the detector arrays developed for the measurement of the

fast neutrons and alpha particles. The details of the neutron detector array and

the characterization with radioactive sources and beams are described. A brief

description of the Monte Carlo simulation for the energy dependent e�ciency is

also presented. The second part of this chapter describes the charged particle array

developed for the measurement of light charge particles using the PSD technique.

The detailed characterization of the CsI(Tl) detectors such as energy non-linearity,

PSD and count rate e�ects are also described.

Chapter 3 includes a brief description of the pelletron linac facility (PLF).

This is then followed by the detailed description of the experiments conducted for

the measurement of nuclear level density, and the study of nuclear shell e�ect and

its damping with the excitation energy.

Chapter 4 brie�y discusses the statistical model of compound nuclear reac-

tion. The statistical model analysis of the experimental results are discussed. The

extracted parameters related to the damping of shell e�ect are presented.

Chapter 5 contains the summary and conclusions. The future outlook includ-

ing possible improvements pertaining to the study of the nuclear shell e�ect in

NLD is presented.
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2
Detector Array for the Measurement of

Neutrons and Charged Particles

2.1 Introduction

The conversion of the energy deposited by incoming particles or radiation into

photons can lead to particle detection, energy determination and discrimination

between particles of di�erent masses. Historically, Rutherford �rst used a ZnS

screen in his α-scattering experiments for counting alpha particles. When alpha

particles hit the screen, they produced scintillations which were counted visually

with the aid of a microscope. However with the advancement of photo sensitive

devices such as the photomultiplier tube (PMT) and Si-photodiodes (PD), it is

possible to amplify the tiny scintillation light produced in the scintillation process

and convert it to an electronic signal which is amenable to further processing

leading to a better characterization of the energy deposited by the charged particle.

The function of a scintillator is twofold: �rst, it converts the excitation of the
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medium caused by the energy loss of a particle into visible light, and second, it

transfers this light either directly or via a light guide to PMT or PD for a detectable

signal. Scintillator materials can be organic compounds, liquids, gases and inor-

ganic crystals. The detailed review of the physical principles and characteristics

of scintillation detectors are explained elsewhere [39, 40, 41].

The production of light in organic scintillators is the result of molecular transi-

tions. The ionizing radiation passing through the scintillator excites the molecule

to an excited state (A1 in Fig 2.1 ). The transition from A1 to B1 takes place

through lattice vibrations (that energy is eventually dissipated as heat). Then,

the excited state B1 decay to the ground state B0 by emitting the photon. A large

class of organic scintillators is based on the organic molecules with π-electron

structure as shown in Fig 2.1.

Figure 2.1: Typical energy diagram and π-electron structure of an organic
molecule.

Energy from a charged particle is absorbed and excites the electron into a vari-

ety of excited singlet states (spin = 0) labeled S1, S2, S3 . For organic scintillators

29



Chapter 2. Detector Array for the Measurement of Neutrons and Charged
Particles

Table 2.1: Some organic scintillating material (SM) and their properties (SP).

Type Plastic Liquid Loaded Loaded
Plastic Liquid

HHH
HHHSP
SM

EJ-200 EJ301 EJ254 EJ331

Density (g/cm3) 1.02 0.874 1.03 0.89
H/C ratio 1.104 1.212 1.17 1.31
Emission 425 425 425 424
wavelength (nm)
Decay time (ns) 2.1 3.2 2.2 4
Refractive index 1.58 1.51 1.58 1.5
Light output (%) 64 78 48 60
vs Anthracene
Commercial BC-408 BC-501A BC454 BC521
equivalent PilotF NE213 NE323
Application TOF PSD Liquid B loaded, Gd (∼1%) loaded,

counters fast n-γ neutron neutron
discrimination studies spectroscopy

the spacing between S0 and S1 is 3 to 4 eV, whereas the spacing between the upper

states is much smaller. Each of the S levels is subdivided into a series of levels

with much �ner structure (corresponding to the vibrational states of the molecule).

The typical spacing is 0.15 eV. The second subscript is to distinguish between the

vibrational states. At room temperature, all molecules are in the S00 state as

the thermal energy is approximately 0.025 eV . When the charged particle passes

through the scintillator, it loses its energy and excites electrons to the upper lev-

els. The higher states deexcite quickly (∼ps) to the S1 state through radiationless

transitions. States such as S11, S12 that have extra vibrational energy quickly lose

energy. After a negligibly short time a population of excited molecules in S10 state

is produced as the net e�ect of the excitation process. The transition between

S10 and one of the vibrational states of the ground electronic state gives rise to
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the principal scintillation light or the prompt �uorescence. The light emitted from

the deexcitation from T1 to S0 is the phosphorescence. The wavelength of this

phosphorescence spectrum is longer than that for �uorescence. Some examples of

the organic scintillators are listed in the Table 2.1.

The mechanism of scintillation for inorganic scintillators is a lattice e�ect.

The passage of a charged particle through the crystal may produce ionization

in the crystal if the incoming particle transfers su�cient energy to the electrons

in the valence band to move to the conduction band, leaving a hole in the valence

band (Fig 2.2). If the incoming energy is not enough to raise the electron from the

Figure 2.2: Energy bands of a crystal

valence band then the electron may form a bound state with a hole. This bound

state is called an exciton and located in an exciton band below the conduction

band. Finally, there exist activator centers in the scintillator which occupy energy
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Table 2.2: Properties of some inorganic scintillators(IS).

XXXXXXXXXXXXProperties
IS

BGO BaF2 CsI(Tl) LaBr3(Ce)

Density (g/cm3) 7.13 4.88 4.53 5.29
Radiation length (cm) 1.12 2.05 1.85 1.88
dE/dx (MeV/cm)(for mip) 9.2 6.6 5.6 6.9
Decay time (ns) 300 0.6, 620 1000 20
Emission wavelength (nm) 480 220, 310 550 356
Refractive index 2.2 1.56 1.8 1.9
light yield (per MeV) 8×103 104 5×104 6×104

levels in the gap, between the conduction and the valence bands. When a charged

particle passes through the scintillator medium it generates a large number of

free electrons, free holes and electron-hole pairs which move around in the crystal

lattice until they reach an activator center. Then they transform the activation

center into an excited state. The subsequent decay of this excited state to the

activator center ground state produces light. Some examples of inorganic scintil-

lators without an activator are BGO (Bi4Ge3O12), BaF2 and pure CsI. Nal(Tl) or

CsI(Tl) requires the presence of thallium (Tl) as an activator for the production

of luminescence. Inorganic scintillators have a higher density and atomic number

compared to organic scintillators. These scintillators have high absorption for γ,

X-rays and also for charged particles. These detectors have rather short radiation

lengths, between 0.9 and 2.6 cm, and densities from 3.7 up to 8.3 g/cm3. The

properties of some inorganic scintillators used in the experiment are given in the

table 2.2.
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2.2 Fast neutron detection

Neutron being a neutral particle cannot be detected directly unlike charged par-

ticle which interacts by electromagnetic interaction. It has to generate a charged

particle through nuclear reactions which can be detected. Thus, the neutron in-

duced reactions are the basis for neutron detection in which neutron is converted

directly to the detectable charged particles. The common reactions used for slow

neutron detection are 3He(n,p), 10B(n, α), 6Li(n, α) and �ssion with �ssile targets.

The cross sections of neutron induced reactions are shown in Fig. 2.3 [40]. The

cross section (σ) of the slow neutron induced reaction decreases with increasing

energy(En) as σ ∝ 1/
√
En . Thus, the conventional slow neutron detectors based

on these reactions have very low detection e�ciency for fast neutrons. The most

common method for the detection of fast neutrons is elastic scattering of neutrons

by light particles. It is required in many practical applications to detect the fast

neutron in presence of γ-rays or other low energy background. The pulse shape

discrimination (PSD) or time of �ight (TOF) method is used for the discrimination

of neutron induced event from the γ-ray induced events.

If a neutron of energy En undergoes elastic scattering with target nucleus of

mass number A, then the recoil energy (ER) can be obtained using 2-body kine-

matics as follows,

ER =
4A

(1 + A)2
Encos

2θ, (2.1)

where θ is the scattering angle of the recoil nucleus in lab system. The transfer of

neutron energy to the recoil nucleus will depend on the mass of the target nucleus.

As mass of target nucleus increases, the fractional energy transfer decreases. The

neutron transfers about half of its energy, on the average, in a single encounter if
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Figure 2.3: Energy dependent cross sections of neutron induced reactions.

the target is hydrogen. Thus, a high hydrogen content material such as organic

scintillator is important for e�cient fast neutron detection.

2.3 Neutron Detector array

The measurement of neutron spectra is important in many nuclear reaction studies.

One example is the study of the statistical decay of compound nuclei populated in

low energy fusion reactions. In particular, it is interesting to make a measurement

in the 12C+93Nb reaction because an unusual structure has been reported in the

angular momentum gated proton and alpha spectra in this reaction at E(12C) =

40 and 42.5 MeV [42]. This would require measurements of neutron spectra down

to ∼ 0.1 µb sr−1 MeV−1 with an energy resolution ∼ 10 %. A large area neutron

detector is needed to meet these requirements. Another example of interest is the

study of shell e�ects, and their damping with excitation energy, on the nuclear
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level density(NLD) in the region of doubly closed shell nuclei. The variation of

NLD for a wide range of the N/Z ratio, where N and Z are the neutron and proton

numbers in a nucleus, using radioactive ion beams is an interesting topic that can

be addressed. A large neutron detector array would also be useful in coincidence

measurements involving neutrons, e.g. study of �ssion dynamics and neutron decay

following the transfer reaction.

Plastic scintillators have been widely used for neutron measurements by the

time of �ight (TOF) technique because of their fast response and the relatively

low cost, enabling the construction of a large detector system. A long scintilla-

tor detector with photomultiplier tubes (PMTs) at either end was �rst used by

Charpak et al.[43]. While economizing on the number of PMTs for a given areal

coverage, the detector was shown to have good TOF and position resolution using

the timing information from both the PMTs. An array consisting of a number

of such long scintillators stacked one above the other is a cheaper and simpler

alternative to an array of a larger number of discrete detectors with a comparable

e�ciency. For example, a 1 m2 array with 16 bars of cross section 6 cm × 6 cm

needs 32 PMTs of 5 cm diameter. An array of similar overall dimensions but more

granularity could have 256 plastic scintillators each of size 6 cm×6 cm and would

require 256 PMTs. An array of 49 square plastic scintillators of size 14 cm×14 cm

could be viewed by 12.7 cm diameter PMTs or 5 cm diameter PMTs with light

guides. Either option would increase the complexity and cost of the detector sys-

tem. We have chosen to set up a 1 m×1 m plastic detector array consisting of 16

long scintillators.
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Figure 2.4: A photograph of the plastic scintillator detector array taken with 15
bars.

2.3.1 Description of Neutron Detector Array

The neutron detector array consists of 16 plastic scintillator bars (equivalent to

Bicron BC-408 and procured from SCIONIX, Holland) of square cross section[44].

Each bar has a dimension 6 cm×6 cm×100 cm and is coupled to two 5 cm diameter

XP2020 PMTs, one each at either end. The scintillator has a light output of ∼ 65%

compared to that of anthracene, a scintillation decay time of ∼4 ns and a bulk

attenuation length > 3 m. The polyvinyl toluene based plastic scintillator was

used which has a carbon to hydrogen ratio of ∼1:1.1. The density and refractive

index of the scintillator are 1.03 gm/cm3 and 1.58, respectively. The spectral

sensitivity of the XP2020 PMT peaks at 420 nm, with a quantum e�ciency of ∼
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25%, and matches the emission spectrum of the plastic scintillator. The PMTs

have a fast response time (rise time ∼1.3 ns) and a gain of ∼107 at about 2 kV

bias voltage. The PMTs are powered by a 32 channel programmable high voltage

power supply developed in-house [45]. The plastic scintillators are stacked one

above the other on a stand with wheels for horizontal movement of the array and

a four bolt arrangement to adjust the height and level. A photograph of the array

is shown in Fig. 2.4.

Lead (Pb) sheets of total thickness 25 mm can be placed in front of the array

to shield the low energy γ-ray background while not signi�cantly attenuating the

neutrons from the target. Apart from the target neutrons directly reaching the

detector, there are those following a circuitous path, such as scattering from various

materials in the experimental hall. In order to compare the contributions from

these two sources, a 30 cm thick mild steel (MS) shield consisting of several plates

of increasing transverse dimension was fabricated. This can be placed near the

target to block the target neutrons from reaching the array. The measurements

with and without the MS shield allows an estimation of the contribution due to

the scattered neutrons that are not in the line of sight of the target.

2.3.2 Time, position and energy response

The important parameters deduced from the time and integrated charge of the

PMT signals are as follows

(a) The time of �ight(TOF), derived from left and right PMT trigger times
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Figure 2.5: TOF spectrum,with an arbitrary o�set(see eq.1) derived from the left
and right time (TL,TR) of PMTs by exposing the centre of the detector to 511 keV
photons from a 22Na source.

(TL, TR), with respect to a reference time, is given by

TOF = (TL + TR)/2 + Toffset (2.2)

where Toffset is independent of the position of the interaction point.

(b) The position (X) of interaction point is obtained from the time di�erence

between TL and TR

X ∝ (TL − TR). (2.3)

In addition, the position information can also be obtained from the integrated
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Figure 2.6: Position response measured by exposing ∼ 1 cm wide portion along
the length of the scintillator bar, using lead collimators and a 22Na γ-ray source,
for various distances of the exposed part from one end. The upper axis shows
the distance calculated using the �t shown in Fig. 2.7. The lower axis shows the
measured time di�erence (TL− TR).

charges of the left and right PMT signals (QL, QR) as

X ∝ ln
QL

QR

. (2.4)

(c) The integrated charge information is necessary for the determination of
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Figure 2.7: Measured (TL− TR) for various source positions along the length of
the scintillator. The vertical lines (shown only for three points) represent FWHM
of the position response shown in Fig. 2.6.

neutron detection e�ciency. The geometrical mean QGM of two signals

QGM =
√
QLQR (2.5)

is roughly independent of the position and is proportional to the energy deposited

in the detector (see for example Ref.[46]).

Response to electrons

The time, position and energy response of the plastic scintillator was measured

with collimated γ-rays from various radioactive sources. The 511 keV γ-ray from
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Figure 2.8: Variation of QL, QR and QGM (see text) as a function of distance from
one end.

22Na was detected in a plastic bar in coincidence with the complementary 511 keV

γ-ray detected in a 8 cm thick BaF2 detector with a hexagonal cross section and

having a face to face distance of 6 cm. Both TL and TR, measured with respect to

BaF2, were recorded. The TOF and position information were extracted using the

expressions given earlier. The TOF spectrum obtained is shown in Fig. 2.5. The

full width at half maximum (FWHM) is ∼ 1.4 ns, which includes the contribution

from the electronics as well as the transit time spread of PMTs. Fig. 2.6 shows the

position spectrum derived from TL and TR. The position resolution is ∼ 20 cm

and the response is linear as shown in Fig. 2.7. For a given amount of energy

deposition the integrated charge from a PMT varies by a factor of ∼3 from one
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Figure 2.9: A schematic setup for the measurement of energy response of the plastic
scintillator for electrons.

end to other as shown in Fig. 2.8. The geometric mean QGM is almost independent

of position, within 5%, except at the ends where it increases up to ∼ 15%.

The energy resolution for mono-energetic electrons produced within the plastic

scintillator was measured using the response to a recoiling electron in the Compton

scattering of γ-rays. The back scattered photon was detected in a BaF2 detector

for tagging on the energy of the electron. γ-rays from radioactive sources 137Cs,

60Co and 241Am-Be were collimated using appropriately placed lead bricks to illu-

minate a 2 cm wide portion of the plastic scintillator. A schematic setup for this

measurement is shown in Fig. 2.9. The source and collimator assembly was moved

along the length of the plastic to measure the position dependence of the response.

The measured energy spectra of the electrons for the central source position are

shown in Fig. 2.10. The energy response is linear as shown in Fig. 2.11. The
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Figure 2.10: Energy spectra measured in the plastic scintillator for ∼450 keV,
1 MeV and 4.15 MeV electrons using various radioactive sources illuminating the
central position.

4EFWHM/E was measured to be ∼ 35% and ∼ 12% for 450 keV and 4.15 MeV

electrons, respectively, produced at the centre of the plastic scintillator. This was

almost independent of the position in the plastic. The �nite size of the BaF2 de-

tector and the illuminated zone in the plastic had an insigni�cant contribution to

the measured energy resolution.

Response to monoenergetic neutrons

Monoenergetic neutrons were produced by bombarding a ∼ 2 mg/cm2 thick natLi

metal target with proton beams of energies 6.3, 8, 12, 16 and 19 MeV from the
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Figure 2.11: Electron energy response of the plastic scintillator. The vertical error
bars depict the FWHM of the peaks shown in Fig. 2.10

Mumbai Pelletron. The neutrons produced in the reaction 7Li(p,n1)
7Be∗ were de-

tected by one of the plastic scintillators in coincidence with the 429 keV γ-ray

emitted from the �rst excited state of 7Be. The γ-ray was measured in the BaF2

detector, mentioned earlier, placed at ∼ 2 cm from the target. The plastic scin-

tillator detector was placed at a distance of 3 m from the target and at 45◦ with

respect to the beam direction. The TOF of the events in the plastic scintillator

was measured with respect to the BaF2 detector using time to amplitude convert-

ers (TAC) calibrated using a high precision time calibrator. The measured TOF
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Figure 2.12: TOF spectra from p + natLi reaction at Ep = 6.3, 8 and 16 MeV. The
position of the gamma and neutron peaks are indicated.

spectra for the neutron group populating directly the 0.429 MeV excited state in

7Be are shown in Figs. 2.12 and 2.13. The peaks in the TOF spectra correspond

to neutrons of energies 3.7, 5.3, 9.0, 12.7, 15.4 MeV, respectively. The relative

time di�erences between the neutrons and γ-ray peaks decrease with increase in

neutron energy and agree with the expected values within 2%.

In order to assess the attenuation of neutron and γ-rays by the lead shield a

measurement was made at Ep=6.3 MeV. In the same measurement the contribution

of scattered neutrons were assessed by placing the MS shield near the target. The

TOF spectra are shown in Fig. 2.14. A comparison of the spectra shows that

the lead shield attenuates the neutron group by ∼ 10% and the γ-rays by ∼70%.

45



Chapter 2. Detector Array for the Measurement of Neutrons and Charged
Particles

Time of flight (ns)

0 50 100 150

C
ou

nt
s

0

50

100

150

200

250 Ep = 6.3 MeV

Ep = 12 MeV

Ep = 19 MeV
γ

n n
n

Figure 2.13: Same as in Fig. 2.12 for Ep = 6.3, 12.0 and 19 MeV.

Moreover, the contribution from the scattered neutrons is negligible (with an upper

limit of 5%).

2.3.3 E�ciency measurement for monoenergetic neutrons

The e�ciency of plastic detector for monoenergetic neutrons was measured using

the same reaction. The proton beam energies were 10 and 16 MeV corresponding

to neutron energies of 7.1 and 12.7 MeV, respectively. One plastic bar was used

to measure neutrons in coincidence with 429 keV γ-rays detected in an array of

seven close-packed hexagonal BaF2 detectors of dimensions mentioned earlier. The

plastic detector was placed at 45◦ with respect to the beam and at 1.5 m from the

46



Chapter 2. Detector Array for the Measurement of Neutrons and Charged
Particles

Time of flight (ns)

0 10 20 30 40 50 60 70 80 90 100

C
ou

nt
s

0

1000

2000

3000

4000

5000

No shield 
Pb shield 
Pb + MS shield

}

4×

n

γ

Figure 2.14: TOF spectra with and without lead and MS shields for a plastic
scintillator.

target. The BaF2 array was placed at ∼ 2 cm from the target. The anode signal

from PMT of each BaF2 detector was ampli�ed and split to measure energy and

pileup. The split signals were fed to two charge sensitive analog to digital converters

(QDC) with gate widths of 2 µs and 200 ns. The dynode signals from both left and

right PMTs of the plastic scintillator were ampli�ed for pulse height measurement

and the anode signals were processed to measure TOF with respect to the logical

OR of BaF2 timing signals. The energy calibrations of plastic and BaF2 detectors

were done using 137Cs and 60Co γ-ray sources. The measured energy spectrum for

429 keV γ-rays in a BaF2 detector is shown in Fig. 2.15. The energy spectrum

of the plastic detector for a given neutron energy was obtained by gating on the
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Figure 2.15: 429 keV γ-rays measured in a BaF2 detector

corresponding peak in the TOF spectrum. Fig. 2.16 shows the energy spectrum

of the plastic scintillator without random subtraction for 7.1 MeV neutron. The

random contribution subtracted energy spectra are shown in Fig. 2.17. Here the

energy corresponds to the electron equivalent energy (Eee) of the charged particles

produced by neutron interaction in the scintillator.

The e�ciencies of the plastic scintillator for the two neutron energy groups

mentioned above were estimated as follows. In the data analysis the number (M)

of BaF2 detectors detecting the 429 keV γ-ray in coincidence was generated event

by event. The events with M >1 obviously correspond to random events. The

yield of the n1 group at each proton energy was obtained from the TOF spectra

for the condition of M = 1 and Eee ≥250 keV. The neutron detection e�ciencies

were obtained from these yields, the target thickness and the angle dependent cross
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Figure 2.16: Geometric mean of deposited energy at Ep=10 MeV for suitable gate
on TOF for neutron and random events

section of the n1 group. This cross section was taken from Poppe et al. [47]. The

target thickness was obtained from the singles γ-yield in all seven BaF2 detectors

measured at 16 MeV proton energy. The e�ciency of the BaF2 array for 429 keV γ-

rays was calculated as 26.7 % using the Electron Gamma Shower (EGS) simulation

program [48]. The target thickness extracted using the angle integrated cross

section from Ref.[47] was 2.8 ± 0.3 mg/cm2. The neutron detection e�ciencies

estimated from the above procedure were divided by the geometrical e�ciency of

the detector to get the intrinsic e�ciencies. These are shown in Table 2.3. These

measured e�ciencies, however, include the contributions of the scattered neutrons

from the BaF2 array. This e�ect was estimated to be < 7% from the Monte Carlo

simulation discussed in the next section.
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Figure 2.17: Experimental and simulated energy (electron equivalent) response of
the plastic scintillator to neutrons of energies 7.1 and 12.7 MeV.

2.3.4 Monte Carlo simulation of the neutron detector array

The simulation of the response of the plastic detector array to fast neutrons has

been performed by a Monte Carlo program developed in our laboratory. The

processes by which neutrons of energy up to ∼ 20 MeV interact with the detector

material were taken as (a) elastic scattering on hydrogen and 12C, (b) inelastic

scattering to the 4.4 and 7.6 MeV states in 12C and (c) 12C(n,α), 12C(n,p) reactions.

Among these the �rst process is the dominant one. The cross sections were taken

from Ref. [49].

In the program, neutrons of a given energy are made incident on the plastic
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Table 2.3: Measured and simulated intrinsic e�ciency of plastic scintillator detec-
tor for mono-energetic neutrons in the absence (A) and presence (B) of the BaF2

array.

En(MeV) Measured Simulated Simulated
e�ciency (%) e�ciency(%) (A) e�ciency(%) (B)

7.1 27.4 ± 2.8 26.4 27.2
12.7 22.7 ± 3.2 20.8 22.3

array, placed at a certain distance from the source, assuming angular isotropy. The

energy dependent total interaction cross section determines whether the neutron

scores a hit in the detector. If it scores a hit, the interaction process is chosen

randomly on the basis of the relative magnitude of the respective cross section. If

the process is elastic scattering on hydrogen, the scattering angle in the centre of

mass (c.m.) system is chosen randomly. This decides the energy of the recoiling

proton which is assumed to be fully deposited in the detector. In (n,p), (n,α)

and (n,n′)3α processes, the energy of p and α were calculated assuming isotropic

emission in the c.m. system. For the (n,n′ γ) process, the 4.4 MeV γ-ray deposits

energy depending on the attenuation length and the available path in the scintil-

lator for a given propagation direction. The electron energy equivalent (Eee) of

the deposited energy for heavy charged particles are obtained using the following

empirical expression

Te = a1Tp − a2

[
1.0− exp(−a3Tp

a4)
]
. (2.6)

The choice of the parameters a1 to a4 was guided by those given by Cecil et al. [49]

with some �ne tuning for proton. These are presented in Table 2.4. The light

output due to recoiling 12C nuclei is small and therefore neglected. The time of
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Table 2.4: Parameters in the light response function for proton and alpha.

Present work Cecil et al.
Particles a1 a2 a3 a4 a1 a2 a3 a4

Proton 0.97 7.6 0.1 0.90 0.95 8.0 0.1 0.90
Alpha 0.41 5.9 0.065 1.01 0.41 5.9 0.065 1.01

occurrence of the PMT signal was derived from the neutron �ight times and the

scintillation photon propagation time. The simulated left and right PMT times

(TL, TR) and Eee from each event were used to generate TOF and Eee spectra

provided Eee is greater than the experimental threshold. The TOF spectrum for

a given neutron energy shows a peak with a width arising from the intrinsic time

resolution of the plastic scintillator as well as the variation in the interaction posi-

tion. The shapes of the simulated Eee spectra at neutron energies of 7.1 and 12.7

MeV compare well with the experiment as shown in Fig. 2.17.

The ratio of detected events to the number of incident neutrons gives the intrin-

sic neutron e�ciency. The simulated intrinsic e�ciencies of one plastic scintillator

for neutrons of energies 7.1 and 12.7 MeV were obtained for the experimental

threshold (Eee) of 250 keV. These are shown in the third column of Table 2.3. The

energy dependent neutron e�ciencies for various thresholds are shown in Fig. 2.18

for a single plastic scintillator with the lead shield in front. It can be seen that

while an increase in Eee does not substantially change the neutron detection ef-

�ciency at higher energies, it increases the e�ective threshold energy for neutron

detection.

The presence of the BaF2 array near the target provides material against which

neutrons can scatter, some of which reach the plastic detector. In order to esti-

mate their contribution to the measured e�ciencies, the simulation program was
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Figure 2.18: Simulated neutron e�ciency of a plastic bar for di�erent energy
thresholds Eee.

extended to include the elastic and non-elastic processes from Ba and F in BaF2.

The increase in the TOF of the elastically scattered neutrons is too small to dis-

tinguish them from those directly reaching the plastic. The non-elastic processes

lead either to a loss of neutrons as in the (n,p), (n,α), (n,γ) reactions or to lower

energy neutrons from the (n,n′) and (n,2n) reactions. These processes, therefore,

do not contribute to the counts in the TOF peak. The intrinsic e�ciencies in the

presence of BaF2 are renormalised by the extra contribution in the TOF peak es-

sentially due to elastic scattering. These are shown in the last column of Table 2.3.

The renormalised e�ciencies are increased up to about 7%. These are however the

upper limits because we have assumed isotropy in the scattering processes whereas

the limited elastic scattering data shows forward peaked distribution (see for ex-

ample Ref. [50]). It may be mentioned that the elastic scattering process on BaF2
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does not lead to any signi�cant change in energy spectrum shown in Fig. 2.17.

2.4 CsI(Tl) Detector Array for Charged particles

CsI(Tl) scintillation crystals have been used for the detection of both γ- rays and

charged particles. This scintillator has higher density and higher atomic num-

ber than NaI, therefore its e�ciency for gamma detection is higher. The light-

conversion e�ciency of CsI(Tl) is about 45% of that for NaI(Tl). The emission

spectrum of CsI(Tl) extends from 420 to 600 nm. There is a little overlap be-

tween the CsI(Tl) scintillation emission spectrum and the spectral sensitivity of

photo multipliers, which prevents its widespread use with PMTs. However, the

development of low capacitance, large area silicon photodiodes with high quantum

e�ciency matches the emission spectrum of CsI(Tl). The CsI(Tl) scintlators are

widely used with Si-PIN photodiode as the readouts. The detector is used for

charged particle detection making use of its property of pulse shape discrimina-

tion [39].

2.4.1 Description of CsI(Tl) detector array

An array of eight CsI(Tl) scintillators, each coupled to a Si(PIN) photodiode was

assembled to detect the charged particles in the heavy ion induced reaction using

the Mumbai PLF. Since the size of the photodiode is small a compact closed packed

con�guration can be made. The detectors were grouped in to two arrays, each con-

sisting of four detectors and mounted in aluminum frames as shown in Fig. 2.19.

The CsI(Tl) scintillators coupled to Si(PIN) photodiode have been procured from

M/s SCIONIX, Holland. The active area of the CsI(Tl) is 25×25 mm2 and the

54



Chapter 2. Detector Array for the Measurement of Neutrons and Charged
Particles

  

CsI(Tl)

Si PIN

Figure 2.19: At the top is shown the schematic assembly of the CsI(Tl) detectors
mounted in the frames and the bottom �gure is the photograph of the CsI de-
tector array mounted in the aluminum frame and placed in a multi-purpose, mini
scattering chamber.
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thickness is 10 mm. The coupling of Si-PIN photodiodes (Hamamatsu S3204-08)

to the scintillators was done (by Scionix) using a perspex light guide of dimension

25×25×15 mm3. The sensitive area of the photodiode is 18×18 mm2. Some of

its important features are good energy resolution, good stability, fast response,

low capacitance and high quantum e�ciency (85% at peak wavelength 540 nm).

The signal readout was taken through a high gain (∼9 V/pC) charge sensitive

preampli�er mounted close to the Si-PIN photodiode for further processing. The

preampli�er is vacuum compatible and has low power dissipation (∼100 mW).

The dc o�set in the preampli�er signal output was eliminated by using a capacitor

(∼6 µF) and a battery was used to supply 12 V to preampli�er in order to reduce

the pick-up problem and, thus, to improve the signal to noise ratio. The pream-

pli�er signals were ampli�ed and split for the measurement of energy and PSD.

The typical energy resolution of these detectors is about 6% at ∼5 MeV for alpha

particles.

Figure 2.20: Circuit diagram of zero cross over technique for particle identi�cation.
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Figure 2.21: A 2D plot between the energy deposited and ZCT in 12C+12C reaction
at E(12C) = 30 MeV.

2.4.2 Pulse Shape Discrimination

The scintillation light of the CsI(Tl) detector is composed of a slow and a fast

component. The amplitude ratio of these components as well as the decay time

constant of the fast component vary with the type of radiation interacting with

the crystal. These properties of CsI(Tl) can be used to identify the particle that

caused the scintillation. Many techniques such as the charge comparison [52],

zero cross over time (ZCT) [53] and ballistic de�cit [54] are used for the charged

particles identi�cation. In the charge comparison method, the ratio of integrated

charge of linear signal for a short time(∼ 200ns) to long time (∼ 2µs) window

provides the identi�cation of charged particles. The amplitude degradation at the
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output of a pulse shaping circuit due to the �nite rise time of the input pulse

is used for the particle identi�cation in the ballistic de�cit method. The ZCT

  

I~3pnAI~1pnA

I~6pnA I~8pnA

Figure 2.22: Count rate e�ect on the PSD of CsI(Tl) detector in 7Li+197Au reaction
at 30 MeV.

method is based on passing the signal through a shaping ampli�er to produce the

bipolar shape. The time at which the bipolar pulse crosses zero does not depend on

pulse amplitude but depends on the pulse shape and rise time. The time interval

between the beginning of the pulse and zero cross over point depends on the type of

particle interacting with the CsI(Tl) detector. The block diagram used for particle

identi�cation by the ZCT method is shown in Fig. 2.20. The performance of the

detector for particle identi�cation and the count rate e�ect for the PSD has been

studied in an in-beam experiment in 7Li+197Au reaction at beam energy 30 MeV.
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Figure 2.23: Alpha energy spectrum in a CsI(Tl) detector using 229Th source. The
alpha peaks with energies 4.845, 5.830, 6.341, 7.067, 8.376 MeV are used for the
calibration of the detector up to 8.4 MeV.

The ZCT technique was used to identify the particles produced in the reaction.

The electronic block diagram used in this reaction is similar to that in Fig. 2.20.

Two six-channel modules for sensing the zero crossing of a bipolar pulse have been

developed in-house for use with the CsI(Tl) detector array. These modules were

used for the charged particle identi�cation in 7Li+197Au reaction and the study of

CsI(Tl) detector response to alpha particles in 12C+12C reaction. Fig. 2.21 is a

two-dimensional (2D) plot between the energy and ZCT in 12C+12C reaction which

shows clear discrimination of various particles. It was also observed that the PSD

of CsI(Tl) detector using the laboratory made ZCT module was similar to that

with the commercial one. It is important to study the PSD of CsI(Tl) detector

in 7Li induced reaction of heavy nuclei and the count rate e�ect on the PSD. The

experiment was carried out to study the count rate e�ect on the PSD in 7Li+197Au

reaction at 30 MeV by varying the incident beam current from 1-8 pnA. Typical

2D spectra characterizing the PSD of CsI(Tl) detector for various beam current
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are shown in Fig. 2.22. It is clear that the discrimination of particles, mainly alpha

and 7Li, is very good at low current while the PSD deteriorates at high current.

The PSD by ZCT technique was found to be limited at high rates due to the pile

up of pulses. The count rate of the CsI(Tl) was therefore be restricted to ≤3 kHz

for good discrimination of particles using PSD technique.
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Figure 2.24: Calibration of a CsI(Tl) detector for alpha particles using Th source
and 12C(12C, α)20Ne reaction.

2.4.3 Response of CsI(Tl)detector to α-particles

The amount of light produced by a CsI(T1) scintillators depends on the energy,

charge and mass of the particle interacting with the scintillator. The light output

of the scintillator is related to the stopping power (energy loss per unit length)

of the particle in the crystal and is described by Birks empirical relation. It is a

non-linear function of the energy of the alpha particles. Thus, in order to use these

detectors for the alpha spectroscopy, it is necessary to measure the light output
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over a wide energy range for alpha particles. The non-linearity of the light output

of CsI(Tl) detector in the energy region from ∼5 to 40 MeV has been measured

for α-particles. The measured alpha response from ∼5 to 8 MeV using Th source

is shown in Fig. 2.23. The response at higher energies was measured with alpha

particles from 12C(12C, α)20Ne reaction populating discrete states in 20Ne.

The experiment was carried out to measure alpha particles in (12C, α) reaction

at 24, 30 and 40 MeV 12C beam using the Mumbai PLF . The carbon target backed

by 1 mil thick Ta foils was mounted 9.5 cm upstream of the centre of the reaction

chamber and the detectors were placed at 4.5 cm from the centre. The detectors

were brought to 0◦ to reduce the kinematic energy spread and alpha particles were

detected by the ZCT technique similar to Fig. 2.22. The projected alpha energy

spectra were corrected for the energy loss in the Ta foil using the energy loss of

alpha particles in Ta calculated using SRIM [55]. The measured energy calibration

for alpha particles is shown in Fig. 2.24. It can be seen from the �gure that the

calibration is not linear over the full energy range and can be �t to a function

having a linear term and a power function of light output [56]. This measured

non-linearity in energy of alpha particles has been used for calibrating the CsI(Tl)

detectors in the neutron alpha coincidence experiment.
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Measurements and Data Analysis

3.1 Pelletron Linac Facility

The Mumbai Pelletron Linac facility (PLF) has a Pelletron tandem accelerator

procured from NEC, USA [57] and an indigenously developed superconducting

linear accelerator(LINAC) [58, 59] based on lead plated copper quarter wave res-

onators. The schematic layout of the Mumbai PLF is shown in Fig. 3.1. Since

the commissioning, these accelerators have been used for the basic research in the

�elds of nuclear, atomic and condensed matter physics as well as accelerator based

applications. The main purpose of the LINAC is to boost the energy of the heavy

ion beams so that the scope of research in nuclear physics can be extended to

heavier projectile which are unexplored by the Pelletron energy. Some technical

speci�cations of these accelerators are given in Table 3.1.

The source for the charged particles is located at the top of the accelerator

tower. The ion sources used for providing the various species of beam are: (a)

direct extraction duo-plasmatron (DEDP), (b) rf source with Rb exchange canal
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LINAC beam hall

Accelerating tube

Insulating column

Analyzing magnet

   SNICS  ion source
Injector magnet

Pelletron beam hallPelletron beam hall

Figure 3.1: A schematic layout of Mumbai Pelletron Linac Facity
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Table 3.1: Speci�cations of the Pelletron and LINAC

Pelletron LINAC
Accelerating tube 14 MV Resonators 28 nos
voltage rating Modules 7 nos
Voltage stability ±2 keV Energy gain 14 MV/n

Proton energy range up to 28 MeV Heavy ions up to A 80
Heavy ion energy range up to 14(n+1) MeV Energy range 5-12 MeV/n

(Alphatross) and (c) source of negative ions with Cs sputtering (SNICS). A Cesium

sputter ion source (SNICS) generates negative ions, which are initially accelerated

to low energies (150-250 keV) in a short horizontal section. These low energy

negative ions are then bent through 90◦ into the vertical accelerating column using

an injector magnet. In the �rst stage, the acceleration results from the electrostatic

attraction of the negative ions by the positively charged high voltage terminal

situated at the center of the column. The high electric potential at the terminal is

achieved by a continuous transfer of charge to the terminal by means of the chain

of steel pellets and hence the name Pelletron accelerator. Inside the terminal

the ions pass through a thin carbon foil or a small volume of a gas, where they

lose electrons and acquire a high positive charge. The average charge of the ion

depends upon the type of ion and the terminal voltage. The resulting positive

ions now enter the second or high energy stage of acceleration where the positive

voltage of the terminal acts repulsively on the positive ions. The accelerated ions

can be switched to either the Pelletron experimental area or to superconducting

LINAC booster using a two way 90◦ analyzing magnet. The analyzed beam is

transported to the �ve experimental stations of Pelletron beam hall through a

switching magnet. The energy (E) of the analyzed ions of mass A and charge

state n, neglecting relativistic e�ects, is related to the magnetic �eld (B) of the
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Figure 3.2: Time spectrum of pulsed beam measured with a BaF2 detector for
Eγ>2 MeV

analyzing magnet as follows:

B(Gauss) = 720.76

√
AE(MeV )

n
(3.1)

The �nal energy of the ion that has acquired a positive charge of n units will be

(n+ 1)VT , where VT is the terminal voltage (maximum of 14 MV).

3.2 Pulsed Beam

A pulsed beam is obtained using an indigenously designed double harmonic buncher

situated at the entrance of the Pelletron accelerator [60]. The bunchers oper-

ate at f/16th and f/8th sub-harmonics, where f is LINAC reference clock fre-

quency ∼150 MHz. The dark beam current between the beam bunches is swept

away by a RF parallel plate sweeper, situated at the exit of the Pelletron (High
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Figure 3.3: Various targets used in the experiments mounted in an Al ladder with
Ta frames.

Energy section), operating at f/32 frequency. The beam bunches have a typical

resolution (FWHM) of 1.5 ns with a bunching e�ciency of ∼66%. The beam puls-

ing system installed at the Pelletron is designed for heavy ions and not suitable

for light ions such as proton and alpha. Since the time resolution of the pulsed

beam is very important for neutron TOF measurement, a feasibility experiment

was carried out to measure the resolution of pulsed 7Li beam with respect to a

BaF2 detector. A typical time spectrum of pulsed 7Li beam is shown in Fig. 3.2.
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The measured pulse width was found to be ∼1.4 ns, which is adequate for the

neutron TOF experiment.

3.3 Target

Various techniques such as rolling, evaporation, electro-deposition etc. are used

to prepare isotopic targets for experiments. The targets used for the entire ex-

perimental program are self supported 12C, natLi, 93Nb, 181Ta and 205Tl. In some

experiments, C with Ta backing was used for alpha energy calibration purpose

and Ta2O5 with Ta backing used as an Oxygen target for estimating the oxygen

impurity in the primary targets. A typical view of various targets mounted on an

Al ladder during one of the measurements is shown in Fig. 3.3.

3.4 Scattering Chamber

A compact thin wall, multi-purpose scattering chamber has been designed and

fabricated to study the nuclear reactions involving measurements of charged par-

ticles in coincidence with neutrons and gamma-rays [61]. A schematic diagram

along with a picture of the chamber is shown in Fig. 3.4. The chamber is made

of stainless steel and has an internal diameter of 30 cm and height of 27.5 cm.

The wall thickness in the central region of the chamber is 2 mm to minimize the

attenuation of the neutrons or γ-rays to be detected by the corresponding detector

array placed outside the chamber. The rest of the wall has a thickness of about

4 mm. The top and bottom lids have thicknesses of 10 mm. Special features of this

chamber are:(a) two rotatable arms for mounting the charged particle detectors,

(b) two ports (KF 40) for mounting the main targets from top and horizontal port
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Front view Top view

Figure 3.4: Schematic diagrams of front and top views of the scattering chamber
and a picture of chamber used in the n-α coincidence experiment.

(90◦ with respect to beam direction), (c) a KF 25 port at the entry of the beam

used for mounting o�-centre targets (d) view ports with LED arrangement and

ports for signal feed-through.
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Figure 3.5: A schematic of the experimental setup used in the 12C + 93Nb experi-
ment.

3.5 Data Acquisition System and Analysis Tool

A software package "Linux Advanced MultiParameter System (LAMPS)" has been

developed in-house at the PLF for the data acquisition and o�ine data analysis [62,

63]. This package supports VME, CAMAC-FERA and a number of CAMAC

controllers for data acquisition. The data acquisition system based on CAMAC

crate controllers CC2000 has been developed at Electronics Division, BARC. The

acquired data is bu�ered inside the controller and can be read out into a computer

via the PCI card. Salient features of LAMPS are a user friendly graphical interface,

a setup �le that can be edited by a user, data compacting, writing list-mode

data to hard-disk, spectrum building, pseudo-parameter building (constructing

derived parameters using mathematical operations) and processing. The data can

be collected either in spectra mode where the �nal spectra are built on-line or
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in the event-by-event mode where the raw data is stored in the hard disk with

or without compression and o�-line analysis of the data is possible using a user

de�ned subroutine for building the derived parameters. The event trigger for

data collection for various experiments generated using appropriate coincidence

conditions is based on the physics requirement. Part of the data acquired in list

mode using LAMPS were rewritten in ROOT compatible format and CERN ROOT

package [64] used for further analysis.
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3.6 Angular Momentum Dependence of Nuclear

Level Density

Measurements of evaporation spectra (proton, neutron and α-particles) in heavy-

ion reactions have been used to study the excitation energy(EX) and angular mo-

mentum (J) dependence of the NLD [32]. The heavy-ion reactions bring a wide

range of EX and J in the CN and o�er the possibility of studying a larger variety

of systems. The statistical model analysis of the measured γ-ray multiplicity gated

evaporation spectra have been used to infer the angular momentum dependence of

the NLD in the residual nucleus [42]. The motivation of the present measurement

was to use the neutron detector array for the study of continuum neutron spectra

in the 12C + 93Nb reaction and also to infer the angular momentum dependence

of the NLD by analyzing the γ-ray multiplicity gated neutron spectra within the

framework of statistical model of compound nuclear decay. A collimated, pulsed

12C beam (9.4 MHz) of 40 MeV from the Mumbai PLF bombarded a self sup-

porting 93Nb target of thickness 0.5 mg/cm2. Neutron spectra were measured by

the time of �ight technique with 15 plastic scintillators. The detector array was

placed at 2.2 m from the target and at 135◦ with respect to the beam direction. It

was covered with a 25 mm thick lead shield to attenuate low energy γ-rays. The

beam collimators and the beam dump were shielded with lead bricks and borated

para�n blocks to reduce the gamma and neutron background. The measurements

were made in coincidence with low energy γ-rays originating from the yrast transi-

tions of the fusion residues. These γ-rays were detected in an array of 14 bismuth

germanate (BGO) detectors [42]. The BGOs were shielded from the background

gamma rays coming from the collimators and beam dump with suitably placed
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Figure 3.7: A position spectrum derived from the integrated charge collected from
both sides of the plastic scintillator.

lead bricks. The schematic experimental setup is shown in Fig. 3.5. The total

e�ciency of BGO array for 662 keV γ-rays, measured using a 137Cs source kept at

the target position, was ∼ 65%. The schematic electronic block diagram is shown

in Fig. 3.6. The high voltage applied to the PMTs of individual plastic scintillator

detectors was adjusted to provide the same pulse height for 4.44 MeV γ-rays from

241Am-Be source placed at the centre of the detector. The full energy range was

Eee ∼ 28 MeV. The signal from the anode was split into two parts. One was fed to

a QDC for the energy measurement and the other was sent to a constant fraction

discriminator (CFD) to generate the timing signal. The CFD thresholds were set

at ∼100 keV. One of the CFD outputs was sent to the corresponding start channel

of the time to digital converter (TDC) �ltered through the condition that at least

one of the BGO detectors �re. The second CFD output was used to generate the
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Figure 3.8: Measured TOF spectra in the reaction 12C+93Nb at E(12C)=40 MeV
for BGO fold ≥1. The prompt gamma peak (γ), the broad bump due to neutrons
(n) and the gamma peak from the adjacent beam burst (γR) can be seen.

QDC gate. The third output was used to de�ne a valid event by combining signals

from all the scintillators in a logic OR unit. This OR output (Plastic-OR) was

used for the common QDC gate. The timing signals from the BGO detectors were

time matched and sent to a multiplicity logic unit (MLU) [51]. The time matched

OR-output (BGO-OR) was used to �lter the plastic CFD signals as mentioned

above. A coincidence between the BGO-OR and the Plastic-OR was used to �l-

ter the RF signal derived from the beam pulsing system. The �ltered RF was

used as the common stop for all the TDC channels. The left and right times of

each plastic scintillator were measured with respect to the �ltered RF. In addition,

the integrated charges (QL, QR), number of BGO detectors �ring simultaneously

(fold) and the RF-BGO time were recorded in an event by event mode. The time

calibration was done with a high precision commercial time calibrator. The en-
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Figure 3.9: Measured energy di�erential neutron cross sections in the reaction
12C+93Nb at E(12C)=40 MeV for various folds.
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ergy calibration of the plastic scintillator was performed by taking Compton edges

of 1.17 and 1.33 MeV(60Co) and 4.44 MeV (241Am-9Be) γ-rays. The background

contribution to the neutron spectra due to the presence of C and O impurities in

the Nb target was measured to be less than 10% for fold 2-14.

In the o�ine analysis, the TOF was derived from TL and TR. The zero of the

time scale was determined from the prompt gamma peak in the TOF spectrum.

The position information was obtained from the ratio of integrated charges. A

typical position spectrum deduced from the integrated charges is shown in Fig. 3.7.

Four position gates were decided by inspecting the position spectrum. A TOF

spectrum for a typical plastic scintillator with position gating on a quarter of its

length and at least one BGO in coincidence is shown in Fig. 3.8. The random

background reduces drastically with the BGO coincidence requirement allowing

the measurement of neutrons with low production cross section. The fold gated

neutron time of �ight spectra, after subtracting the random background for each

position cut, were converted to energy spectra. The energy dependent e�ciencies

of the neutron detectors of the array for di�erent position gates were calculated

using the Monte Carlo simulation program as mentioned in earlier chapter. The

energy threshold used in the simulation was the same as that used in deriving the

experimental spectra. The calculated e�ciencies were used to obtain the energy

di�erential cross-sections in the c.m. system. The c.m. spectrum for each fold was

derived as the average of the corresponding spectra from all the 15 detectors and

four positions. The energy di�erential cross sections in the c.m. system for folds

≥1, 2-3 and 4-14 are shown in Fig. 3.9.

The presence of the BGO detector array also contributes to scattered neutrons

some of which are detected in the plastic array. In order to assess this contribution,
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Figure 3.10: Measured energy di�erential neutron cross sections in the reaction
12C+93Nb at E(12C)=40 MeV for fold ≥1 with and without top BGO array and
the ratio between them at di�erent neutron energies.

the neutron TOF measurements were performed with and without the top BGO

detector array. Only the lower BGO array was used to generate the gamma ray
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multiplicity in both the cases. The measured di�erential neutron cross sections

and their ratio for these two cases are shown in Fig 3.10. The presence of the top

BGO array gives rise to an additional ∼13% contribution, almost independent of

neutron energy, which is in reasonable agreement with the Monte Carlo simulation.

This implies an additional ∼26% contribution due to the presence of the full BGO

γ-multiplicity array.

3.7 Measurement addressing the Damping of the

Nuclear Shell E�ect

The NLD increases steeply with excitation energy (EX). The excitation energy

(EX) dependence of the NLD is described by the level density parameter (a) . On

the average a increases linearly with the mass number (A). However there is a

large deviation from this linear behaviour at doubly closed shells and is maximum

near the 208Pb. This shell e�ect on the NLD parameter is expected to decrease

asymptotically to its liquid drop value at excitation energies of ∼ 40 MeV[37].

Experimental information on such a damping is very limited. It is necessary to

access the EX dependence over a large range of energy, say from 5 to 50 MeV, to

observe this e�ect on the NLD. The e�ect of shell correction on `a' can be seen

by comparing the particle spectra in the nuclei both near and away from shell

closure. With this motivation, the triton transfer fusion reaction on 205Tl was

carried out at the PLF to populate the CN 208Pb and evaporation neutron spectra

measured by the time-of-�ight (TOF) technique. A control experiment was also

performed with natTa where the expected shell e�ect in the residual nucleus is

small. The experiment was performed at the Mumbai PLF using a 30 MeV 7Li
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Figure 3.11: A schematic experimental setup (top) and photographs (bottom)
show the neutron detector array covered with the Pb sheets and CsI(Tl) detectors
mounted in the arms of the scattering chamber.
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Figure 3.12: Block diagram of the electronics set up used in the neutron-alpha
coincidence experiment.

pulsed beam of width ∼1.5 ns (FWHM) and period ∼107 ns. Self-supporting foils

of 4.7 mg/cm2 205Tl (enriched to >99%) and 3.7 mg/cm2 181Ta (∼100% natural

abundance) were used as targets. Alpha particles were detected at backward angles

(∼125◦-150◦) with the CsI(Tl) detector array described in the previous chapter.

Neutrons were detected using the detector array, also described earlier, with 15

elements and placed at 90◦ to the beam at a distance of 1 m from the target. The

neutron energy was measured using the TOF. The schematic experimental setup

with few photographs are shown in Fig. 3.11. The signals from each detectors

were processed as per the electronics block diagram (see Fig. 3.12). The data
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Figure 3.13: Two dimensional plot of ZCT vs energy deposited in one of the CsI(Tl)
detectors in 7Li+ 205Tl reaction.

were collected in an event by event mode using a CAMAC based data acquisition

system. The parameters recorded were (a) left (TL) and right (TR) timing of

plastic scintillator with respect to the double �ltered RF (RF �ltered by both

the CsI(Tl) and plastic scintillator) using time to digital converter (TDC), (b)

deposited charge from left (QL) and right (QR) photo-multiplier tube(PMT) with

charge to digital converter(QDC), (c) time of CsI(Tl) detectors with respect to the

�ltered RF using a TDC, (d) energy of CsI(Tl) detectors and (e) ZCT of the CsI

detector for particle identi�cation.

A typical ZCT - ECsI 2D-spectrum is shown in Fig. 3.13 displaying a clean
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Figure 3.14: The projected alpha particles spectrum in 7Li+ 205Tl reaction for a
suitable gating condition de�ned by the dotted two dimensional gate as shown in
the Fig. 3.13. The vertical lines de�ne three alpha energy bins (see text).

separation of various groups of particles. The energy calibration of the CsI(Tl)

detectors, in the range Eα ∼ 5 - 25 MeV, was done using a 229Th alpha source

and the 12C(12C, α)20Ne reaction at E(12C) = 24 MeV populating discrete states

in 20Ne. The projected alpha energy spectrum for the 205Tl target is shown in

the Fig. 3.14. The alpha spectrum peaks at 16.9 MeV(FWHM∼4.5 MeV) with

the 205Tl target and at 16.3 MeV(FWHM∼4.2 MeV) with the Ta target. These

peaks correspond to α-particles having a beam like velocity (Eα ' 4
7
E7Li). The

calibration of the energy deposited in the plastic detector (in Eee) was done using

Compton tagged recoil electrons from 137Cs and 60Co γ-ray sources. The time

calibration was done using a precision time calibrator.
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Figure 3.15: Time of �ight spectrum in 7Li + 205Tl reaction for the central energy
bin of alpha particles. The arrows indicate the positions for two representative
neutron energies.

The time and energy spectrum of the plastic scintillator were calibrated. The

time walk correction was done to better than 0.25 ns by inspecting the prompt

gamma line in the 2D spectrum between the energy deposited in plastic and time of

�ight. The TOF, position information and geometric mean of the energy deposited

for the neutron events in the plastic detector have been derived as explained in

the previous chapter. In order to minimize the contribution of scattered neutrons

a TOF dependent energy threshold (increasing with decreasing TOF) was used

to obtain the �nal TOF spectra. A typical TOF spectrum is shown in Fig. 3.15.

The e�ciency of the plastic detector as a function of incident neutron energy and

energy threshold was calculated using a Monte Carlo simulation code [65]. The

e�ciency corrected energy spectra of neutrons were derived from the TOF data.

Furthermore, the random background was obtained by �tting the the data for
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Figure 3.16: (a) Neutron spectrum from 205Tl target and the corresponding back-
ground �t and background subtracted spectrum for the central alpha bin, (b) Mea-
sured neutron spectra after background subtraction for three alpha bins I, II, III
(see Fig. 3.14).
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En ≥9.5 MeV with a function (∝ E−bn , where b is a constant) and subtracted from

e�ciency corrected energy spectrum. An example of the background subtraction

method used to obtain the �nal energy spectrum is shown in Fig. 3.16(a) for

Tl target for the central alpha bin. The �nal neutron energy spectra for the Tl

target are shown in Fig. 3.16(b) for three alpha energy bins, de�ned in Fig. 3.14.

An overall decrease in the slope of the spectra with the increase in alpha energy

(implying a decrease of EX in 208Pb) is consistent with the statistical nature of the

neutron decay from an equilibriated nucleus.
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Statistical Model Analysis

4.1 Introduction

The measurements of neutron reaction cross sections at low bombarding energies

with various targets show resonances over a smoothly varying continuum. The

widths of these resonances (∼ 0.1 eV) are small compared to the spacing (typically

1-103eV) between them. The narrowness of these resonances with neutron reaction

could be not explained with the potential-well model. In order to explain the width

of these resonances, Bethe postulated that the resonances corresponds to many-

particle excited states of the product nucleus rather the virtual single particle state

of neutron in a nuclear potential well. This led to the conclusion by Bohr that the

incoming neutron rapidly shared its energy with the nucleons of the target nucleus

to form a composite system named as "compound nucleus". Bohr visualised the

reaction as two step process in which the incident neutron undergoes multiple

scattering in the target nucleus rapidly sharing the incident energy among all of

the nucleons and forming a meta stable state. At this stage the memory of the
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entrance channel is lost and the subsequent evolution of the composite system

depends only on conserved quantities. If the excitation energy reconcentrates on a

nucleon or a group of nucleons near the surface of the nucleus as a result of random

collisions there may be enough energy to eject the particles from the compound

system or de-excitation may occur by the emission of γ-rays. Since the decay of

the compound nucleus depends only on the conserved quantities of the compound

nucleus, not on how it was formed, the compound nucleus formation and its decay

were assumed to be independent.

If the projectile `a' collides with a target nucleus `A' forming the excited com-

pound nucleus `C' which subsequently emits a particle (or a γ-ray) `b' leaving a

residual nucleus B, the nuclear reaction can be depicted as,

a+ A→ C → B + b. (4.1)

Let the channel a+A be represented by the symbol α and B+b by β. As a

consequence of the independence hypothesis the cross-section associated with the

reaction A(a, b)B may be factored into two parts, one corresponding to the forma-

tion cross section (σα =(a+A→C) capture cross-section of incoming particles) and

the other corresponding to the probability of the compound nucleus (C) decaying

into B+b (Pβ=P(C→B+b)). Bohr's hypothesis can be written as

σαβ = σα.Pβ (4.2)

The decay probability can be expressed as the ratio of the partial decay width
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(Γβ) to the total width (Γ) . The above expression can be rewritten as

σαβ = σα.
Γβ
Γ

(4.3)

Weisskopf formulated the theory of compound nuclear decay [66, 67] based on clas-

sical statistical and geometrical arguments, which is the earliest statistical theory

of decay of excited nuclei. The quantum mechanical treatment of this theory was

presented by Hauser and Feshbach [68], which relies on the notion of the transmis-

sion coe�cient.

4.2 Weisskopf formalism for compound nucleus

Weisskopf developed the statistical model (SM) of the compound nuclear reaction

by comparing the emission of nucleons from an excited nucleus to the evaporation

of molecules from a liquid drop as conceived by Frenkel.

Let the compound nucleus (C) be formed at excitation energy E and emit a

neutron with energy ε. The residual nucleus (B) is left with an excitation energy

EB = E −Bn − ε, where Bn is the binding energy of neutron. If a nucleus B with

energy EB and a neutron with energy between ε to ε+dε and velocity v is enclosed

in a volume V , then the probability per unit time (Wc) that the neutron will be

captured to form the nucleus C with energy between E and E+dε is given by

Wc = σ(E, ε)
v

V
(4.4)

where σ(E, ε) is the mean cross section for the collision of a neutron with energy

ε with a nucleus B(EB) producing the compound nucleus C(E).
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The decay probability per unit time of the nucleus C can be obtained as

Wn(ε)dε = σ(E, ε)
gmε

π2h3

ρ(EB)

ρ(E)
dε (4.5)

Using the relation of the entropy and temperature of the nucleus as de�ned in

Chapter 1, The above expression can be rewritten as

Wn(ε)dε = σ(E, ε)
gm

π2h3
e−E/T εe−ε/Tdε (4.6)

This equation provides the expected kinetic energy spectrum similar to the

spectrum of particles evaporated from an ideal �uid at a �xed temperature. Weis-

skopf's theory makes use of the reciprocity relation (given below) to relate the

CN decay to the inverse reaction cross section which is calculated under certain

assumptions.

σαβ
k2
β

=
σβα
k2
α

. (4.7)

where, kα and kβ are the wave vector of the system in the entrance and exit

channels.

4.3 Hauser-Feshbach formalism for compound nu-

cleus

The angular momentum of entrance and exit channels were not considered while

deriving the Weisskopf theory of particle evaporation. This was a fundamental

drawback as the density of the nuclear states are strongly angular momentum

dependent. The theory of Hauser and Feshbach is identical to the Weisskopf evap-
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oration theory with proper angular momentum treatment to over come the short-

comings.

Let the compound nucleus (C) be formed by the collision of the particle a to

the target nucleus, A in the entrance channel a + A, denoted by α and the decay

of the nucleus, C in to the exit channel B + b (denoted by β). According to Bohr

hypothesis, the decay can be written as,

σαβ = σαP β (4.8)

where P β is the probability for compound nucleus decay to channel β. In the

Hauser-Feshbach formalism, the Bohr hypothesis by assuming that independence

applies to cross-sections corresponding to given values of the total angular momen-

tum and parity. The independence hypothesis can be written for the channel α

using the transmission coe�cients (Tl), as

σαβ(l) =
π

k2
α

(2l + 1)Tl(εα)P β(l) (4.9)

where P β(l) is the decay probability to a speci�c �nal state. The inverse reac-

tion cross section for the same partial waves and the compound nucleus at same

excitation energy can be written as,

σβα(l) =
π

k2
β

(2l + 1)Tl(εβ)Pα(l) (4.10)

Using the reciprocity theorem and from the above two equations, we obtained the

following inequality,

Pα(l)

Tl(εα)
=
P β(l)

Tl(εβ)
(4.11)
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The decay to any channel β can be obtained as follows using this inequality,

P β(l) =
Tl(εβ)∑
γ Tγ,l

(4.12)

The above expression can be generalized by taking care the level densities in the

residual nucleus and the compound nucleus as,

P β(l) =
Tl(εβ)ρ(EB)∑
γ Tγ,lρC(E)

(4.13)

Therefore, the basic Hauser-Feshbach equation for spinless particles [69] using

the reciprocity relation and the inverse cross section for a given partial wave (l)

which depends on the transmission probability (Tl), can be written as

σαβ(l) =
π

k2
α

(2l + 1)
Tl(εα)Tl(εβ)ρ(EB)∑

γ Tγ,lρC(E)
(4.14)

Since intrinsic angular momenta of the projectile (s) and the target (S) are almost

always involved, this expression for spinless particles in practice is not very useful

for the calculation of cross section. Let J be the angular momentum of the CN,

J = l+j, where j = s+S and S ′ be the angular momentum of the residual nucleus

B. Then the above expression can be modi�ed as

σαβ(J, S) =
π

k2
α

∑
l,j

(2l + 1)gαTl(εα)

∑
l′,j′

Tl′(εβ)ρ(EB∗, S ′)∑
γ,l′′,j′′

Tγ,l′′ρC(E∗)
(4.15)
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and

σαβ(J, S) =
π

k2
α

2J + 1

(2s+ 1)(2S + 1)

∑
lj,l′,j′

Tl(εα)Tl′(εβ)ρ(EB∗, S ′)∑
γ,l′′,j′′

Tγ,l′′ρC(E∗)
(4.16)

where unprimed symbols represent quantities associated with the entrance channel

and primed symbols for the exit channel.

4.4 Statistical model algorithm

In the heavy ion fusion reaction the compound nucleus is created at an excitation

energy(E) and angular momentum(J). The decay rate through any channel is

calculated by the reciprocity relation using the capture cross section in the inverse

channel. The total decay rate is the sum of the decay rates of all possible channels.

The probability of decay to a particular channel can be obtained by the ratio of

the particular decay rate to total decay rate. The cross section for that particular

channel is given by the decay probability multiplied by the fusion cross section to

form the CN [10, 70].

The decay width for particle emission can be obtained from the following equa-

tion

dΓ

dε
=

1

2π
.
ρ(JB, EB)

ρ(J,E)

∑
Tl (4.17)

where the summation extends over all possible orbital angular momenta(l) and

channel spins and Tl is the transmission coe�cient calculated from the optical

potential seen by the particle due to the excited target at excitation energy EB

and spin JB. It can be seen from this equation that the rate (or the decay width)
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of particle evaporation from an excited CN depends upon the NLD of the residual

nucleus. The details of the NLD have been discussed in Chapter 1.

The transmission coe�cient for the lth partial wave, Tl, is given by

Tl = 1− |ηl|2 (4.18)

where ηl = e2iδl is the complex scattering amplitude and δl is the optical model

phase shifts. The compound nuclear formation cross section is given by

σα =
π

k2
α

∞∑
l=0

(2l + 1)Tl (4.19)

The SM starts with the assumption that the CN is formed in statistical equi-

librium with respect to all degrees of freedom. The spin distribution of the CN is

usually calculated from the known fusion cross section using a strong-absorption

model. The decay of the excited CN by particle emission is calculated from the

Hauser and Feshbach formula. The decay probability is determined by the trans-

mission probability, which is calculated from the optical potential and the EX and

J dependence of the NLD including the structure e�ects of the residual nucleus.

The relative decay widths for n, p, α-particle and γ-ray emission are calculated

and a matrix, containing the population of the daughter nuclei as function of EX

and J , is generated. The CN decays primarily with the emission of light particles

such as n, p or α-particles. These particles carry most of its excitation energy and

the particle emission stops once the nucleus reaches an excitation energy below

the particle emission threshold (∼8 MeV above the yrast line). The nucleus decays

subsequently to its ground state by losing the residual energy and most of its angu-

lar momentum by emission of many low energy γ-rays. The statistical model based
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computer code CASCADE [71] with extensive modi�cations [32, 42] has been used

to understand the γ-ray multiplicity or fold gated p, n and α-particle spectra and

also study the in�uence of shell e�ect on the nuclear level density.

4.5 Systematic behaviour of breakup alpha in 7Li

induced reaction

The production cross section of α particles in 7Li+205Tl reaction at 30 MeV is one

of the important input parameters of the SM calculation to simulate the neutron

evaporation spectrum from an excited 208Pb in the present work. The produc-

tion of α particles was measured in 7Li induced reaction on heavy targets from

181Ta - 209Bi at the energies near the Coulomb barrier from 25-35 MeV. The total

inclusive α cross sections were obtained from the measured angular distributions

for various targets. In order to eliminate the geometrical e�ects, the reduced

cross section was calculated by scaling the total alpha cross section by r2pt, where

rpt = A
1/3
p + A

1/3
t and the reduced energy was obtained by dividing the center of

mass energy by Zp.Zt/rpt [72]. Here Zp , Zt are the atomic numbers and Ap, At

are the mass numbers of the projectile and target, respectively. The reduced cross

sections are plotted against the reduced energies for all targets in Fig. 4.1. The

calculated reduced total cross sections have a universal behaviour at near barrier

energies. Triton capture cross section measured by o�ine γ-ray counting tech-

niques in 7Li+198Pt system [73] reasonably �ts the same behaviour. The total α

cross section in 7Li+205Tl at 30 MeV is found to be ∼40 mb [74].
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Figure 4.1: Systematic of the reduced cross section for 7Li induced reaction on
heavy targets.

4.6 Statistical Model simulation of fold gated neu-

tron spectra in 12C+93Nb reaction

The γ-ray multiplicity gated particle spectra reveal the information of the EX and

J dependent NLD in the residual nucleus. A statistical model calculation using the

simulated Monte Carlo CASCADE (SMCC) [75] code was performed to compare

with the measured spectra. The calculation was done for the projectile energy

of 39.5 MeV (at the centre of the target), a fusion cross-section of 188 mb [42]

and a probability distribution of angular momentum populated in the CN. The
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Figure 4.2: Measured energy di�erential neutron cross sections in the reaction
12C+93Nb at E(12C)=40 MeV for various folds and statistical model calculations
(SMCC) with a=A/8.5 MeV−1.
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probability distribution used for the angular momentum is given by

P (l) ∼ (2l + 1)

1 + exp[(l − l0)/δl]
(4.20)

Here lh̄ is the orbital angular momentum of incident channel and δl is the di�use-

ness parameter. The value of l0 = 10h̄ and δl = 3h̄ were used in this SM calculation.

The particle emission from the CN was computed within the framework of the sta-

tistical model using proper transmission coe�cients for n, p and α-particles and

the (EX and J) dependent NLD prescription for the residual nucleus. Eventually

the SMCC calculation generated the population matrix σ(En, Jres), where Jres

refers to the residue spin. The Jres to F (fold) response function was calculated

using a Monte Carlo program with BGO e�ciency and inter-detector cross talks as

inputs and assuming the multiplicityM = Jres/1.9 +M0 with M0=1.4. Using this

response function, the fold gated neutron spectra were obtained from σ(En, Jres).

The calculated energy spectra for various folds are shown in Fig 4.2. The shape

of the experimental fold gated neutron spectra agree well with those given by the

SMCC calculation for a level density parameter of A/8.5 MeV−1 [76]. This level

density parameter is similar to that derived from the analysis of the proton spectra

from an earlier measurement in the same system [77].

The broad structures in the proton spectra in the same system at the same beam

energy were seen [42] at the proton energies of >15 MeV for Fold≥4. Considering

the di�erence in the neutron and proton separation energies from the compound

nucleus and the di�erence in pairing energies of the nuclei after the �rst step

decay, these structures are expected for neutron energies above 12 MeV. While no

prominent structure can be seen in Fig 4.2, a higher statistics measurement with

better beam timing is needed to extract unambiguous data in the high energy part
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of the neutron spectrum.

4.7 Damping of the nuclear shell e�ect in 208Pb re-

gion

The exclusive measurement of neutron spectra from 208Pb, formed in the excitation

energy range 19 - 23 MeV following triton transfer in the 7Li+205Tl reaction was

carried out, in coincidence with ejectile alpha particles. The 208Pb nucleus decays

predominately by �rst step neutron emission populating 207Pb in the EX ∼ 3 - 14

MeV. Over this EX range, the NLD parameter is expected to show a signi�cant

change due to the damping of the shell e�ect. An important assumption is that

the nucleus formed in this technique is in equilibrium with respect to all degrees

of freedom. The SM analysis of the neutron spectra from the 208Pb can reveal

important parameters related to the damping of the shell e�ect in this mass region.

It may be noted that the contribution of second step neutrons populating the 206Pb

where the shell e�ect is also signi�cant was included in the calculation. Another

control measurement was carried out with a 181Ta target populating nuclei in the

184W region where the shell e�ect is expected to be small. The SM analysis of

the neutron spectra was done using the code CASCADE [71] with the EX and

J dependent NLD, ρ(EX , J), and the production cross section ∼ 40 mb. The

excitation energy dependence of the NLD parameter a, which includes the shell

e�ect and its damping, has been parameterised by Ignatyuk [38] as

a = ã[1− ∆S

U
(1− e−γU)].
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Figure 4.3: (a) and (b) show measured neutron spectra from 205Tl and 181Ta
targets and statistical model (SM) calculations for the central alpha energy bin
which corresponds to an excitation energy of 206Pb ∼ 21 MeV.
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Here ã is the asymptotic value of the NLD parameter in the liquid drop region,

∆S is the shell correction energy, which is the di�erence between the experimental

binding energy and that calculated from the LDM and γ is the damping parameter.

Figs. 4.3(a) and (b) show the calculated spectra using ã = A/8.5 MeV−1 and

γ = 0.055 MeV−1 [78]. It is seen from the �gure that a shell correction energy

∆S = 13.1 MeV (for 207Pb ) �ts the shape of neutron spectrum for the Tl target

while ∆S = 2.2 MeV does not. An opposite behaviour is seen for the Ta target.

These values agree with those obtained from the experimental nuclear masses and

the calculated LDM values[7]. The present data, therefore is consistent with the

shell correction energies derived from the nuclear masses.

4.7.1 Exclusion plot between the δa and γ

It may be pointed out that constraining all the three parameters, ã, ∆S and γ, is

not possible from the data even if one can access a much wider excitation energy

range. By �xing any two parameters the third one can be constrained. Since the

shell correction energy is known with a reasonably good accuracy (within a few

hundred keV [7]), an acceptable range of ã and γ have been searched for a �xed

∆S. The shell correction energy was taken as 13.1 and 11.7 MeV for 207Pb and

206Pb, respectively. These two nuclei are only relevant in the present case because

the �rst two steps of neutron emission describe the full spectra. The calculations

were performed with δa (= A/ã) ranging from 6.5 - 11.0 MeV varying with a step

of 0.5 MeV and γ ranging from 0.02 - 0.08 MeV−1 varying with a step of 0.005

MeV−1. Fig. 4.4(a) shows statistical model �ts for the central alpha energy bin

for δa = 8.5 MeV and three γ values. The quality of the �ts can also be judged

from the ratio plots shown in Fig. 4.4(b). A value of γ=0.060 MeV−1 gives a

99



Chapter 4. Statistical Model Analysis

Figure 4.4: (a) Comparison of data with SM calculation using ∆S = 13.1 MeV (for
207Pb) and 11.7 MeV (for 206Pb) for three values of γ and (b) Ratio plot of data
to �ts for these γ values
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Figure 4.5: Exclusion plot of δa - γ, where δa = A/ã, for the shell correction
energies quoted in Fig. 4.4. The acceptable values are within the contour.

good �t while the other two values can be discarded. It may be mentioned that a

change in shell correction energies up to 0.5 MeV has <2% e�ect on the shape of

the spectra. Similar analysis has been done for the other two alpha energy bins.

Fig. 4.5 shows a (δa - γ) two dimensional exclusion plot, the region inside the

contour representing the acceptable range of the parameter values for �tting the

present data. The criterion of rejection is based on both the relative χ2 values

and the visual inspection of the �ts over a range of En=2 - 9 MeV. It can be seen

from the �gure that the acceptable range of δa lies between 8.0 and 9.5 MeV.

The parameter γ controlling the damping of the shell e�ect can be constrained to

(0.060+.010
−.020) MeV−1. This is di�erent from the value extracted from the neutron

resonance data within errorbars viz . (0.079 ± 0.007) MeV−1 [79]. This could be
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due to the di�erences in the angular momentum states sampled in the two works.

Moreover, the present work addresses a speci�c nuclear region whereas the analysis

of Ref. [79] is global in character.

4.7.2 Possible sources of uncertainties in the method

There could be two possible sources of uncertainties in the present experimental

method. First, the pre-equilibrium contribution to the neutron spectra which may

contaminate the high energy part of the spectrum and the second, the various

reaction mechanisms which may contribute to the α-coincident neutron spectra.

The nucleus could decay before thermalisation and compound nucleus forma-

tion. However, such pre-compound contributions to the neutron emission are ex-

pected to be small at the near barrier energy [80, 81] relevant to the present

experiment. This can be assessed by measuring the angular distribution for higher

beam energy where this e�ect is expected.

It may be noted that the major contribution to the α-coincident neutron spectra

is expected to arise from triton transfer-fusion reaction. There are other direct

processes that could also contribute. The proton pickup and 2-neutron transfer

cross sections are small [82] and can be ignored. A Monte Carlo calculation of

the alpha-neutron coincidence spectrum reveals that the contribution from the

one neutron and one proton transfer is a small fraction (< 5%) in the region of

interest, even if the cross sections are the same as that of the main reaction. The

most relevant reaction is the deuteron transfer followed by 5He breakup. However,

the spectroscopic factor for the d+5He con�guration is expected to be much smaller

than the t+4He con�guration [83] leading to a small contribution from this reaction.
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5
Conclusion and future outlook

5.1 Summary and conclusion

The nuclear level density makes a transition from the shell-dominated regime at low

excitation energy to that of a classical liquid drop at high excitation. It is important

to study how the shell e�ect damps out with the excitation energy range. Since

the shell correction in 208Pb has the maximum value (∼13 MeV), the damping

of the shell e�ect can be better studied experimentally in the Pb region. So far

no such measurement on the damping of shell e�ect on nuclear level density has

been reported. In order to address this e�ect over a wide excitation energy range,

an exclusive measurement of neutron spectra from 208Pb in the excitation energy

range 19 - 23 MeV was carried out. The nucleus was populated in a triton transfer

reaction with 7Li projectile and the measurements were made in coincidence with

alpha particles. For this purpose, an array of neutron detectors based on plastic

scintillators with reasonably good e�ciency ( typically ∼22% at 10 MeV) and a

charged particle array based on CsI(Tl) scintillation detectors (for alpha particle)
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have been developed.

The array of plastic detector (∼1×1 m2) has been set up for the neutron time

of �ight measurements at Mumbai PLF. The response of the detector to elec-

trons using radioactive sources and mono-energetic neutrons using the 7Li(p,n1)

reaction has been measured. A Monte Carlo simulation program has been devel-

oped to calculate the response of the detector for neutrons. The results are in

agreement with the experimental measurements. The detector array was used to

measure the energy di�erential neutron cross sections in the reaction 12C + 93Nb

at E(12C) = 40 MeV in coincidence with a 14-BGO gamma multiplicity array.

The measured spectral shape is in reasonable agreement with a statistical model

calculation.

A charged particle detector array consisting of 8 CsI(Tl) detectors with active

area of 2.5 cm × 2.5 cm and the thickness of 1 cm has been set up to detect

the light charged particles with a reasonably large e�ciency. The scintillation

light is collected by a silicon PIN photodiode and pre-ampli�er coupled to the

CsI(Tl) detectors. The standard pulse shape discrimination method is used for

the particle identi�cation by measuring the zero cross over timing (ZCT) of the

ampli�ed bipolar pulse. The response of the detector to alpha particles from ∼5 to

40 MeV was measured with alpha particles from 229Th source and 12C(12C, α)20Ne

reaction populating discrete states in 20Ne.

A feasibility experiment was carried out to measure the time resolution of

pulsed 7Li beam with respect to a BaF2 detector. The measured pulse width was

found to be ∼1.4 ns, which is adequate for the neutron TOF experiment with

the neutron detector array described earlier. In addition, the production of α

particles was measured in 7Li induced reaction on heavy targets from 181Ta - 209Bi
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at the energies near the Coulomb barrier. The total α cross section in 7Li+205Tl at

30 MeV is found to be ∼40 mb. This cross section in 7Li+205Tl reaction is adequate

for meaningful neutron-alpha coincidence experiment with the above mentioned

detector arrays.

The e�ect of the shell correction on the level density parameter over a range of

excitation energy where the e�ect of damping is signi�cant has been measured for

the �rst time. The experimental results show that the shell correction is indeed

necessary to explain the data and is pronounced in the Pb region while it is small

for the nucleus 183W which is away from shell closure. The shell damping factor

γ = (0.060+.010
−.020) MeV−1 has been extracted from the present data. This value

is di�erent from the value,(0.079 ± 0.007) MeV−1, extracted from the neutron

resonance data. An exclusion plot between δa and γ has been made from the SM

analysis of the present data.

A precise measurement of the damping parameter in heavy magic nuclei will

be an useful input in the study of the formation of super heavy nuclei from heavy

ion fusion reactions and also useful for nuclear astrophysics.

5.2 Future outlook

The measurement of neutron evaporation spectra from 208Pb trough triton transfer

fusion reaction has been shown to be useful in addressing the damping of the

nuclear shell e�ect in Pb region. However, there are scopes for improvement of the

present method in the areas listed below.

1. Use of Si strip detectors

The Si strip detector ∆E-E telescope can be used instead of CsI(Tl) detectors
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for the identi�cation of various particles emitted in the reaction. The Si

strip detector can handle a signi�cantly higher count rate compared to the

CsI(Tl) detector where the pulse shape discrimination is poor at high count

rate because of the pileup e�ect. Moreover, this will help to quantify the

various reaction mechanisms, such as 6Li*+n followed by 6Li* breakup to

α+d, contributing to the neutron-alpha coincidence events.

2. Use of Liquid Scintillator detectors

The liquid scintillator detector has very good time resolution like the plastic

scintillator. In addition this detector has pulse shape discrimination property

for discriminating the neutron induced events from the gamma ray induced

events. Therefore, the contribution from the delayed gamma rays to the

neutron spectra can be considerably reduced.

3. Improvement on beam timing

The pulsed beam, used to generate the reference time for the TOF exper-

iment, should have very good time resolution and good line shape with no

structure near the baseline. The time resolution of the pulsed beam can be

improved signi�cantly by rebunching the pulsed beam using the LINAC su-

perbuncher of the PLF. A time resolution of the pulsed beam better than

800 ps can be obtained with the LINAC prebuncher and supperbuncher.

4. Use of VME data acquisition system and Digital Pulse processing

and acquisition

The data of the neutron-alpha coincidence experiment were recorded using a

CAMAC data acquisition system (DAQ) which can handle the event rate up

to ∼1 kHz. The VME DAQ can easily accommodate an event rate of 3-5 kHz.
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Therefore, the VME system can be used for acquiring the data with higher

beam current in order to improve the statistics in the high energy part of

the spectrum. The entire electronics and data acquisition can be augmented

to the digital signal processing to increase the throughput and simpli�ed the

electronics setup.

A systematic study of the shell e�ect on the nuclear level density in the Pb

region at higher excitation energy up to 50 MeV will be useful to understand the

damping of shell e�ect over a wide excitation energy range. Further the damping

of shell e�ect can be addressed using other reactions with various exit channels,

namely (α,p), (α,n) etc., which produce the residual nuclei such as Pb, Bi, Po,

where the shell e�ect is large.

Finally, it would be interesting to study the rotational enhancement e�ect in

deformed nuclei and make a measurement of the nuclear level density and e�ect of

shell correction in the doubly magic 132Sn nucleus using radioactive ion beam.
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