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SYNOPSIS

A systematic understanding of the properties of hot nuclei can be made by

studying the light partciles (n, p,d,t,α) evaporated from the hot nuclear system.

The statistical model has been often used to predict the distribution of evaporated

particles from the excited compound nucleus populated by the energetic collision

and subsequently the fusion of the target and the projectile. In statistical model,

the particle emission probabilities are linked with the corresponding available phase

spaces, which in turn are crucially dpendent on the nuclear level density. So, nuclear

level density plays a key role in statistical model analysis of evaporation spectra,

and accurate determination of nuclear level density (NLD) and its dependence on

excitation energy, atomic mass and angular momentum, is required to predict the

cross-sections using statistical model. The dependence of level density on atomic

mass and excitation are fairly well established. However, information available about

the angular momentum dependence of level density is quite limited. In recent years,

a few studies on the angular momentum dependance of NLD have been made in low

and medium mass nuclei. In the present thesis work, detailed experimental study

of the angular momentum dependence of nuclear level density for the heavy nuclei

in the mass region (A ∼ 170-200) have been made by measuring the energy distri-

bution of emitted neutrons in coincidence with γ - ray mulciplicity. The compound

systems 169Tm, 185Re and 201Tl have been populated at different excitations using

the reactions 4He + 165Ho, 4He + 181Ta and 4He + 197Au respectively, at 28 - 40

MeV beam energies. The experiment were performed at VECC. Energy spectra

of the evaporated neutrons have been measured in coincidence with the γ-rays of

different multiplicities (folds) using liquid - scintillator (BC501A) detectors, by time

of flight technique whereas the neutron gamma discrimination was achieved by both

pulse shape discrimination (PSD) and time of flight. In the present experiment,

populated angular momenta were recorded by measuring the γ- multiplicity using a

50 element BaF2 based low energy γ-ray filter array. The fold-gated neutron energy

spectra were measured to study the angular momentum dependency of NLD. The



number of BaF2 detectors fired simultaneously in an event provides the fold, which

is directly related to the compound nucleus angular momentum. Angular momen-

tum distribution was then extracted from the measured γ-ray fold distribution using

Monte Carlo calculation based on GEANT3 toolkit. The Theoretical neutron en-

ergy spectra for different γ-ray multiplicities were estimated by the statistical model

code CASCADE using the extracted angular momentum distributions for different

folds as the input. Then the level density parameter was extracted by comparing the

experimental neutron energy spectrum with that calculated using statistical model

code CASCADE by χ2 minimization technique. It has been observed that the level

density parameter remained constant as angular momentum increases for all three

systems at all excitation energies used in present work. This trend is differenet from

those observed in lighter systems, where NLD was found to be sensitive with the

change in angular momentum. This behaviour of NLD over the whole mass range

is yet to be understood theoretically.

The present thesis is also devoted to the study of measurement and simulation

of neutron response function of organic liquid scintillator detector. Organic liquid

scintillator (BC501A) based detectors were developed in - house to measure the

energy of neutrons using time of flight (TOF) techniques. Detectors of various

dimensions were fabricated to study various characteristics of detectors like pulse

height response, absolute efficiency, neutron-γ discrimination, etc. Neutron and γ-

ray pulse-height responses of the neutron detector were simulated using GEANT4

toolkit ( version 4.9.2 ).

Experimental γ-ray pulse height response obtained using standard photon source

137Cs was compared with GEANT4 simulated result. GEANT4 simulation has also

been compared with the corresponding simulation done using the standard photon

response code PHRESP, which is known to be very good in the photon energy range

≤ 20 MeV. It was seen that GEANT4 simulation was in good agreement with the

data as well as with the PHRESP simulation at energies around the Compton edge;

however, both GEANT4 as well as PHRESP calculations differ slightly from the



experiment at lower pulse heights.

Mono-energetic neutron pulse height response functions have been simulated

using GEANT4 and compared with experimentally measured data in the energy

range 2 - 20 MeV. The experimental neutron response functions have been obtained

from the present measurement as well as from the literature. The response functions

of monoenergetic neutrons of energies below ≤6 MeV have been extracted from the

corresponding neutron energy spectrum obtained from the 252Cf neutron source.

The neutron energy spectrum has been measured using time-of-flight(TOF) method,

where start was taken from BaF2 detector array and stop from liquid scintillator

detector. The neutron events have been separated from the γ-ray events using pulse

shape discrimination (PSD) technique. The mono energetic neutron response has

been extracted from the measured continuous neutron energy spectrum by selecting

appropriate TOF-window in the TOF spectrum. The experimental neutron response

function for neutrons of energies >6 MeV have been taken from the literature.

Measured neutron response function obtained at different neutron energies have

been compared with the results obtained using GEANT4 and NRESP7 code. It was

found that, for neutron energies <7 MeV, the measured response functions are well

reproduced by both GEANT4 simulation as well as by NRESP7 code. It was also

found that for neutron of enenegies >7MeV, though the response functions were well

reproduced by NRESP7 code, GEANT4 simulation could not predict the response

functions, in particular to lower pulse height. The reasons for discrepancies between

the experimental and the GEANT4 simulated responses at lower pulse heights are

due to the incompleteness of the physics processes NeutronHP model included in

GEANT4 calculations. At higher neutron energies ( E>8 - 10 MeV )more reaction

channels open up, giving rise to higher discrepancies. Higher order reaction channels

like 12C(n , α)9Be∗ → 2α + n, 12C(n , n’)12C∗ → 3α become very important and

should be properly taken into account.

Attempts have also been made in the present thesis to check the usefulness of

other available models in comparison to NeutronHP models, which are designed



specifically for low energy neutrons upto 20 MeV. It was seen that NeutronHP

models provide better agreement with the experimental data. The use of another

cross-sectional data library, i.e., G4HadronDaSet has also been found to make no

qualitative difference.
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Chapter 1

INTRODUCTION

The study of nuclear reaction is very important for number of reasons. There are

many nuclear reactions that play important role in human life. For example, human

life on the earth would not be possible without the energy provided to human by

the sun. This energy is released from the nuclear reactions that occur in the sun.

When a collision occurs between moving projectile and target, either the projectile

scatters elastically or the ejectile ( projectile / target / the reaction product) is

excited and subsequently decays by emitting one or more nucleons, complex particles

or gamma rays. A nuclear reaction is characterized by identifying projectile, target

and products. There are some conservation rules that must be applied to any nuclear

reaction equations.

1. Mass number A and atomic number Z must be equal in each side of nuclear

reaction equation.

2. The total energy must be conserved. That means the total energy before the

reaction must be equal to the total energy after the reaction.

3. The total momentum before the reaction must be equal to the total momentum

after the reaction.

4. Angular momentum, parity and isospin are governed by respective quantum

conservation rules.

1



Figure 1.1: Schismatic diagram of the l dependence of partial reaction cross sections.

There are so many types of nuclear reactions which occur during the interaction

between the target and the projectile. Some examples include: elastic scattering,

inelastic scattering, fusion, knockout, transfer reactions and so on. Based on the

reaction mechanism, nuclear reactions are mainly classified in two categories: (1)

Direct reactions and (2) compound nuclear reactions [1]. Range of the reaction chan-

nel can be described in terms of impact parameter and vis-a-vis angular momentum

transfer associated with each of the reaction mechanisms. Angular momentum and

impact parameter dependence of partial cross sections of compound nucleus ( CN

), fusion-like ( FL ), deep inelastic ( DE ), quasi elastic( QE ), Coulomb excitations

( CE ) and elastic processes are shown in Figs 1.1 and 1.2, respectively. The most

peripheral collisions lead to elastic scattering. Grazing collisions lead to quasi-elastic

scattering and other direct reactions. Solid contact collisions lead to deep inelas-

tic collision, which is intermediate between direct and CN reaction. Most head-on

collision lead to fusion and the formation of compound nucleus.

1. Direct reactions
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In direct nuclear reactions, projectile interact mainly at the surface of the

target nucleus and therefore such reactions are also called peripheral reaction

processes. High energetic projectile interacts with only a few nucleons of the

target nucleus instead of the target nucleus as a whole because of its small De

Broglie wavelength. There are primarily two differences between direct and

compound nuclear reactions:(1) Direct reactions take place very rapidly, in a

time of order of 10−22s, while compound nuclear reactions take much longer

time, possibly ∼ 10−16s [1]. This additional time is required for the distribu-

tion and re-concentration of the projectile energy. (2) Angular distribution of

the emitted particles in direct nuclear process tend to be forward peaked in

contrast to the symmetric angular distribution likely in the case of compound

nuclear processes. Depending on the energy of the projectile particle, the re-

action process can proceed either through a direct reaction or a compound

nuclear reaction.

2. Compound nuclear reactions

Compound nuclear reactions are discussed in detail in next paragraphs.

1.1 Compound nuclear reactions

Compound nuclear reaction is low energy nuclear reaction and was first explained

by N.Bohr in 1936. In many low energy nuclear reactions, the incident nucleus

fuses with the target nucleus to form compound system in an excited state which

subsequently decays by particle evaporation. At low energy, such type of reaction is

characterized by sharp peaks ( resonance ) in the excitation function ( cross section

as function of energy ). Such small width in energy indicates relatively long time τ

associated with this process. This feature indicates that a quantum mechanical

treatment is necessary in analysis of such process. At higher energy (typically

above excitation energy > 10 MeV ), it is observed that resonances start to overlap,

which means that the time scale is faster and reaction process is determined by

average effect of many levels forming quasi-continuum; and so statistical treatment
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can be used. Due to long time associated with compound nuclear reactions, Bohr

proposed that energy of incident particle is shared equally with all nucleons of

the combined system of projectile plus target. The average increase in energy of

any single nucleon is not enough to free it from the nucleus. But due to random

collisions among the nucleons, there is small but finite probability for a single nucleon

to gain enough energy to escape. Subsequently, long after the capture of incident

nucleus, particles are evaporated by statistical process leading to some final state

of the residual nucleus. The reactions proceed through a definite intermediate state

after the capture of the incident particle. Such intermediate state, which is fully

equilibrated in all degrees of freedom, is called the compound nucleus. So, the

reaction with projectile a and target X

a + X → Y + b (1.1)

can be written as [1]

a + X → C∗ → Y + b (1.2)

where C∗, Y and b are compound nucleus, residual nucleus and emitted particle,

respectively. According to this model, this type of reaction is two step process: (a)

the formation of compound nucleus, and (b) subsequent decay of the compound nu-

cleus [1]. The assumption of this model is that decay process of compound nucleus

is independent of the formation process of compound nucleus. Decay probability

depends only on the total energy and angular momentum of the compound nucleus.

The compound nucleus model works best for medium and heavy nuclei, where the

nuclear interior is large enough to absorb the incident energy of projectile. Another

feature of compound nucleus reaction is the angular momentum distribution of the

products. As the nucleons in a compound nucleus are assumed to be in full thermal

equilibrium, it is expected that angular distribution of out-going particle is sym-

metric around 90◦ in the center of mass frame. This expectation is consistent with

experiment.
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Figure 1.2: Classification of collision based upon impact parameter.

1.1.1 Compound reaction cross section

The cross section of the compound reaction can be written as [2, 3]

σab = σa
τb

τ
(1.3)

where σa is the formation cross section of the compound nucleus C∗, τ is the total

decay width of the compound nucleus C∗ and τb is the decay width of the reaction

channel b. When the projectile (a) enters the target nucleus (X), it interacts with

the nucleons of X and shares its energy with all nucleons of X to reach equilibrium

and then form the excited compound nucleus C∗ . The excitation energy states

are well separated for low excitations, so the cross section has resonance pattern.

For higher excitations, the energy states are continuous, so the cross section varies

slowly with energy [4, 5], which is called continuum region. The transition from

resonance to continuum depends on the energy and mass number A. The excited

compound nucleus decays by emitting a number of nucleons or complex fragments.

The total cross section is [3]
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σtot =
4π

k

∞
∑

l=0

(2l + 1)Imfl(0) (1.4)

which can be simplified as

σtot =
4π

k2

∞
∑

l=0

(2l + 1)Sin2δl(E) (1.5)

where

fl =
Sl − 1

2ik
(1.6)

with

Sl = exp(2iδl(k)) (1.7)

when δl(E) satisfy the condition

δl(E) ∼ (n +
1

2
)π (1.8)

or

Sin2δl(E) ∼ 1 (1.9)

partial wave cross section reaches its maximum value and therefore resonance occur.

If we expand near resonance energy E = E0

Sinδl(E) ≈ Sinδl(E0) +

[

Cosδl(E)
dδl

dE

]

E0

(E − E0) ≈ 1 (1.10)

here we have

Cosδl(E) ≈ Cosδl(E0) −
[

Sinδl(E)
dδl

dE

]

E0

(E − E0) (1.11)

which can be written as

Cosδl(E) ≈ dδl

dE

∣

∣

∣

∣

∣

E0

(E − E0) = −2

τ
(E − E0) (1.12)

where we defined

τ =
2

dδl

dE

∣

∣

∣

E0

(1.13)
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and so the amplitude of the partial wave can be written as

fl =
1

k
exp[iδl(k)]Sinδl(k) (1.14)

which can be written as

fl =
1

k

Sinδl(k)

Cosδl(k) − iSinδl(k)
(1.15)

which can be again approximated as

fl ≈
1

k

1

− 2
τ
(E − E0) − i

=
1

k

− τ
2

(E − E0) + i τ
2

(1.16)

and

Imfl =
1

k

− τ2

4

(E − E0)2 + τ2

4

(1.17)

At E ∼ E0, partial wave l is dominant and therefore cross section can be written

as

σl
tot =

π

k2
(2l + 1)

τ 2

(E − E0)2 + τ2

4

(1.18)

Now extending above formula into the compound nuclear reaction X + a → C∗ and

selecting the lowest partial wave, we can write cross section σa as

σa =
π

k2

ττa

(E − E0)2 + τ2

4

(1.19)

where τ is total width and τa is partial width of the reaction channel a. The cross

section of the compound nuclear reaction X + a → C∗ → Y + b is

σab =
π

k2

τaτb

(E − E0)2 + τ2

4

(1.20)

To experimentally test the compound nuclear reaction model, Ghoshal did an

experiment with two systems p +63 Cu and α +60 Ni to form a 64Zn∗ [7],

p +63 Cu →64 Zn∗ →63 Zn + n (1.21)

p +63 Cu →64 Zn∗ →62 Zn + 2n (1.22)
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Figure 1.3: Test of compound nuclear reaction model [6].

p +63 Cu →64 Zn∗ →62 Cu + p + n (1.23)

and

α +60 Ni →64 Zn∗ →63 Zn + n (1.24)

α +60 Ni →64 Zn∗ →62 Zn + 2n (1.25)

α +60 Ni →64 Zn∗ →62 Cu + p + n (1.26)

In this experiment, it is observed that ( see 1.3)

σp,n : σp,2n : σp,pn = σα,n : σα,2n : σα,pn = τn : τ2n : τpn (1.27)

Which is same as predicted by compound nuclear model.

1.2 Particle evaporation from compound nucleus

To get spectroscopic information of nuclei of light and intermediate mass regions,

typically evaporation reactions have been used. In these reactions, the projectile
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Figure 1.4: Schematic diagram showing the decay of compound nucleus.

and the target nuclei merge together to form the compound nucleus. The compound

nucleus has no memory of its initial stage except for energy, momentum and angular

momentum conservation. Excitation energy E∗ of compound nucleus can be given

by the following formula

E∗ = Q + Ebe(1 − mbe

mbe + mt

)) (1.28)

where mbe and mt are the masses of the beam ( projectile ) and the target nuclei,

respectively, and Ebe is beam energy. In the above equation, energy and momentum

conservations have been assumed. Q is called the Q value and is defined as the

difference between masses of initial and final states:

Q = mbe + mt − mcn (1.29)

where is mcn is mass of compound nucleus. There is no such way found which

precisely predict the decay of compound nucleus, but some general feature may be

found out. One of them is the emission of light particle from compound nucleus.

In the beginning stage of decay of compound nucleus, light particles are emitted
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isotropically in center of mass system. Because of Coulomb barrier, emission of

neutron is faster than emission of charged particles ( proton, alpha ). Each emit-

ted particle remove 4-8 MeV energy per nucleon and carry few unit of angular

momentum, leaving angular momentum of residual nucleus reduced. Due to parti-

cle emission, excitation energy and angular momentum of compound nucleus keep

dissipating. This particle emission continue until emission probability of particle

emission and γ-ray emission become equal. Particle emission stop when excitation

energy of compound nucleus become lower than particle separation energy Sp ( see

Fig 1.4 ). After particle evaporation, residual nucleus is left in state of high angular

momentum, while its excitation energy is of the same order as the particle separa-

tion energy. Subsequently, residual nucleus decays via emission of γ-rays. At high

excitation energy, density of states is larger and so many closely placed states are

available. Transitions between these states create continuous background without

considerably lowering total angular momentum. When excitation energy becomes

enough low, the nucleus finally decays through discrete transitions between yrast

states, which are widely spaced in excitation energy.

1.3 Decay probabilities of compound nucleus

Compound nucleus is considered to be in statistical equilibrium with respect to

all degree of freedom. Spin distribution of compound nucleus is obtained from fu-

sion cross section using strong absorption model. Particle emission from compound

nucleus is calculated using Hauser-Feshbach formula [8]. Probabilities of decay of

compound nucleus are estimated from statical weight of the final states and barrier

penetrability for various reaction channels. Only neutron, proton, α-particle and

γ-ray emissions are included in calculations. It is found that the effect of deuteron

and 6Li emissions are negligible for the reactions and so not included in calcula-

tions. Level densities of the product nuclei are estimated using Fermi gas model.

At low excitation energy, the parameters can be estimated empirically. Measured

residue cross sections are summed over the energies of all intermediate nuclei in the
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evaporation chain, also over different evaporation chains leading to the same prod-

uct. Therefore statistical fluctuation is not considered. Fission process is another

de-excitation mode of compound nucleus, which is important only at the highest

angular momentum for the nuclei considered in this analysis. In this case, contribu-

tion of fission processes can be taken into account by a proper choice of the angular

momentum range in the compound nucleus. Pre-equilibrium decay of nucleus is also

possible. The contribution of pre-equilibrium is limited to forward most angle in

the present case and therefore neglected. This can be justified by comparing the

experimental energy distribution of the evaporation particles with corresponding

theoretical prediction at backward angles.

The fusion cross section of formation of compound [9, 10] nucleus of spin J and

parity π from projectile of spin JP and target of spin JT at energy Ecm is calculated

using formula

σ(J, π) =
πλ2(2J + 1)

(2JP + 1)(2JT + 1)

JP +JT
∑

S=|JP−JT |

J+S
∑

L=|J−S|

TL(Ecm) (1.30)

where S = JP +JT is the spin of the compound nucleus. Integration over angular

momentum is restricted due to parity selection rule

π = πP πT (−1)L (1.31)

For absorption of heavy ions, the transmission coefficient TL depends on energy

and orbital angular momentum L, and can be estimated using Fermi distribution

TL =
1

1 + exp[(L − L0)/d]
(1.32)

where L0 and d are parameters. The value of parameter L0 is selected such the

measured fusion cross section

σcn =
∑

J,π

σ(J, π) (1.33)

is reproduced. By selecting L0 in this way, correction due to direct reaction can

be included. Direct reactions are normally considered to be surface reactions. There
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is no much knowledge about diffuseness constant d. Here, the value of diffuseness

constant is obtained from Optical model potential.

The formula for particle emission probability is obtained from the inverse cross

sections using reciprocity theorem [9, 10, 11]. In reciprocity theorem, rate of de-

cay of a particle from compound nucleus is considered to be equal to that of the

absorption of a particle in to the product nucleus. Inverse cross section is written

in terms transmission coefficients and therefore transmission coefficient is required

to calculate emission probability. The rate RXdEX for emitting a particle X from

excited compound nucleus 1 to produce a product nucleus 2 is calculated using

RXdEX =
ρ2

2πh̄ρ1

J2+SX
∑

S=|J2−SX |

∑

L=|J1−S|

TL(EX)dEX (1.34)

where EX , SX and L is the kinetic energy, spin and orbital angular momentum of

particle X. ρ1 and ρ2 are level densities of compound nucleus and product nucleus,

respectively. Here transmission coefficients TL of particle x on nucleus 2 are obtained

using optical model using average parameters. Spin-orbit effects are neglected. In

summation over angular momentum L, parity conservation is taken into account.

For γ − rays, we use a similar expression to calculate emission probability which is

given as [12, 13]

RγdEγ =
ρ2

2πh̄ρ1

∑

L

ηLfL(Eγ)dEγ (1.35)

where L and fL(Eγ)dEγ are the multipolarity of γ− rays and energy dependent

strengths, respectively. Only E1, M1 and E2 transitions are considered in calcula-

tions. Energy dependence fL is assumed to be equal to Eγ(2L+1). Here, Eγ(2L+1)

is considered to be the basic energy dependence for single-particle transitions. The

constant ηL is obtained from the strength of transition between low lying states

using Weiss single-particle estimation. In the calculations, only branching ratios

of various particles and γ-decay channels are used instead of absolute decay rates.

Normalization is achieved by assuming that other decay modes are negligible.
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1.4 Nuclear level density

Study of evaporation spectra of particles emitted from an excited compound nu-

cleus gives useful information about the nuclear level density (NLD). Knowledge of

nuclear level density in turn can provide an interesting test of different microscopic

approaches of nuclear structure used to calculate NLD. Apart from this fundamental

interest, level densities are important ingredients for both the statistical and pre-

equilibrium models of nuclear reactions. In statistical models total level densities

are required, whereas pre-equilibrium models need partial level densities (involving

only restricted numbers of fermions). Even after substantial theoretical efforts it is

not yet possible to have a complete microscopic solution including all known nuclear

effects that can lead to a complete analytical form of NLD. The understanding of

the variation of NLD over a wide range of excitation energy and angular momen-

tum comes only from the phenomenology based semi-empirical formulations. One

of such formulations, which is widely used in statistical model calculations, is based

on the Fermi gas model [14].

For simple system with mass number A with an excitation energy E, most general

expression of level density is

ρ(E∗, A) =
dN(E∗, A)

dE∗
(1.36)

where N(E, A) is the total no of levels of nucleus with A constituents having exci-

tation energy lower than E. For a spherical nucleus of mass number ‘A’ at moderate

excitation energy ‘E∗’ and spin ‘J ’, the nuclear level density, ρint(E
∗, J), as predicted

by the Fermi gas model [14] is given by:-

ρint(E
∗, J) =

(2J + 1)

12
(

h̄2

2ℑeff
)3/2

√
a ×

exp(2
√

a(E∗ − Erot − ∆P ))

(E∗ − Erot − ∆P )2
. (1.37)

Where ‘a’ is called the level density parameter. Here

Erot =
h̄2

2ℑeff
J(J + 1) (1.38)
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Figure 1.5: Level density parameter obtained from experimental data with theoret-
ical predictions [15].

is the rotational energy, and

ℑeff = ℑ0(1 + δ1J
2 + δ2J

4), (1.39)

ℑ0 =
2

5
A5/3r0

2 (1.40)

where ℑeff is the effective moment of inertia of the system [16]. Here r0, δ1

and δ2, ∆P , ℑ0, and E∗ are the radius parameter, deformability coefficients, pairing

energy, rigid body moment of inertia, and excitation energy, respectively.

Fermi gas model is independent particle model, in which it is assumed that the

density of single particle states increases with the square root of kinetic energy of

the particle . This model is first one which was used to obtain analytical formula of

level density. In Fermi gas model, the density of single particle states for a nucleus

with A fermions at Fermi level can be given as

g =
3A

2Ef
(1.41)
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where Ef is the Fermi energy given by

Ef = (
9π

8
)2/3 h̄2

2m0r0
2

(1.42)

where r0 and m0 are the radius and mass of the nucleus at rest. Using saddle point

approximation yields and above eq 1.37, one can show that

a =
π2

6
g (1.43)

now, if proton Z and neutron N of the nucleus are distinguished, then

a =
π2

6
(gπ + gν) (1.44)

where gπ and gν are single particle densities of proton and neutrons. The parameter

a is called level density parameter and can be written as

a =
π2

4

A

Ef
(1.45)

where Ef is given in eq 1.42. Nuclear level density parameter is found to be linear

function of mass number A of order ( see Fig 1.5 )

a ≈ A

13
(1.46)

1.4.1 Shell effect on nuclear level density

Shell effect is one of the main cornerstone in mean field theory describing finite

fermion systems. Shell filled with protons and neutrons in magic configuration gives

extra stability compared to normally expected stability from liquid drop model.

Shell effect influences fission isomers, super heavy nuclei as well as nuclear level

density ( NLD ). The NLD parameter ‘a’ is a function of the density of the single

particle levels near the Fermi surface. Nuclear level density parameter, therefore, is

influenced by the shell structure and the shape of the nucleus. Nuclear deformation

due to the shell effect must be disappear at certain high excitation energy because

shell effect decreases as the excitation energy increases. An excitation energy depen-

dent the nuclear level density parameter has been introduced by Ignatyuk et.al, [17]
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which incorporated the effect of nuclear shell structure at low excitation energy and

gradually approaches to the liquid drop value at higher excitation energy. This is

given as,

a = ã[1 − ∆S

U
{1 − exp(−γU)}] (1.47)

γ−1 =
0.4A4/3

ã
, (1.48)

where, ã is the asymptotic value of the liquid drop NLD parameter appropriate for

the excitation energy above the point where shell effects are washed out. Here ∆S is

the shell correction obtained from the difference of the experimental and the liquid

drop model masses and γ is the rate at which the shell effect is depleted with the

increase in excitation energy. Thermal energy is

U = E∗ − Erot (1.49)

where Erot and E∗ are rotational energy and excitation energy of nucleus.

1.4.2 Effect of collectivity on nuclear level density

In recent years, several studies have been carried out to understand the dependence

of nuclear level density on excitation energy, angular momentum and isospin. But

one major issue yet to understand is the dependence of nuclear level density on

collective excitations as a function of excitation energy. In ground state deformed

nuclei, both collective rotation and vibration are possible, whereas for spherical

nuclei there may be only collective vibration. At low excitation energy, collective

motion gives rise to rotational and vibrational bands enhancing the level density

above the single-particle value. It may be noted that, the level density prescription

as given by Eq. 1.37, is based on the independent particle picture of the nucleus.

However, additional contribution to NLD beyond the independent particle model

may come from the collective properties (rotation and/or vibration) which involve

coherent excitations of the nucleons. It can be shown that [18], if collective states
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are accounted for, then the level density ρint(E
∗, J) is enhanced. In this situation

total nuclear level density is given by

ρ(E∗, J) = ρint(E
∗, J)Kcoll(E

∗) (1.50)

where Kcoll(E
∗) = Kvib(E

∗)Krot(E
∗) is the collective enhancement factor, consisting

of both vibrational and rotational contributions. ρint is the single particle level den-

sity. Long range correlation cause an enhancement in single particle densities which

leads to an enhancements in a. In deformed nuclei, main contribution to the collec-

tive enhancement of nuclear level density comes from rotational excitations [19]. The

shell effect responsible for nuclear deformation disappears with increasing excitation

energy. Thus at high excitation energy, rotational motion can not be distinguished

from the intrinsic motion and so collective enhancement should disappear,

ρ(E∗, J) → ρint(E
∗, J)(i.e., Kcoll(E

∗) → 1) (1.51)

Bjornholm, Bohr and Mottelson [20] proposed that the temperature at which

this happens can be expressed in terms the average oscillator frequency ω0 and the

ground-state quadrupole deformation β2 as

Tc ∼ h̄ω0β2 ∼ 40A−1/3β2MeV (1.52)

So, above the critical temperature Tc, nuclear level density comes back to the

intrinsic value. This conditions are valid in most of the cases [21, 22].

1.4.3 Excitation energy and mass dependence of nuclear

level density

Nuclear levels can be divided into two energy regions, namely the low energy and

high energy excitations. At low energy region, levels are small in number and well

separated. With increasing excitation energy, the spacing between the levels is pro-

gressively reduced. Thus, at higher excitation, the levels reach a quasi-continuum,

where nuclear properties can be very well described in terms of level density of the

system instead of levels [23]. From the statistical point of view, level density can
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Figure 1.6: Total number of levels as a function of E∗ for 29P .

be used to describe nuclear properties as a function of excitation energy, angular

momentum , mass number and so on. Main feature of measured total level density is

that it very quickly increases with excitation energy. Rapid increase of the number

of the levels with the excitation energy is shown in Fig 1.6. The total number of

levels N(E∗) is plotted as function of Excitation energy E∗ for 29P , which is a light

element so its individual levels are known up to high excitation [24]. Only at low

excitation energy, it is possible to separate peaks corresponding to the transitions

to the discrete levels of the residual nucleus. At a few MeV excitation energy these

peaks overlap and merge in continuum.

The calculations of density of states for Fermi gas model can be done by counting

the number of different way, the excitation energy E∗

E∗ = E − Eg (1.53)

can be distributed among the single particle states. In above equation, E and Eg are

total energy and total ground state energy of compound nucleus or fermion system.
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Now, from the thermodynamics we know that the logarithmic derivative of state

density ω(E∗) with respect to E∗ is related to the reciprocal of nuclear temperature

T , by the following equation,

d[lnω(E∗)]

dE∗
=

1

T
(1.54)

The above equation suggests an exponential dependence of level density on the

excitation energy E∗ [25]

ρ(E∗) ∝ 1

T
exp(

E∗

T
) (1.55)

When level density ρ(E∗) is related to state density ω(E∗) by the relation ρ(E∗) =

ω(E∗)/N , N being the average number of states per level. This formula is widely

used to do the analysis of energy spectra of evaporated particles in statistical model

and it nearly reproduces the energy dependence of yield of evaporated particles.

Fischer et al. [26] and T von Egidy et al. [27] verified its adequacy up to excitation

energies around the neutron binding energy. Gilbert et al. [28] verified that a con-

stant temperature formula reproduces the experimental level densities better than

the Fermi gas model at low energies.

The simplest formula of excitation energy dependence nuclear level density can

be obtained by equidistant spacing model. In this model, it is assumed that in-

dependent fermions are distributed among equally spaced single particle level with

level spacing d. In this model, expression of excitation energy and mass dependent

density of states ω(A, E∗) can be given as

ω(A, E∗) =
π1/2exp(2(aE∗)1/2)

12a1/4(E∗)5/4
(1.56)

where a = π2g/6 and g = gπ+gν are level density parameter and average total single

fermion density, respectively. By using the expression of energy dependence of level

density, relation between nuclear temperature and excitation energy can derived as

T = (
a

E∗
)1/2 − 5

4E∗
(1.57)
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Reciprocal of thermodynamic temperature t is defined as the first derivative of

entropy S with respect to excitation energy, means

1

t
=

dS

dE∗
(1.58)

In equidistant spacing model, excitation energy is related to thermodynamic tem-

perature by

E∗ = at2 (1.59)

now, using Fermi gas model formula of a, one can derive

T ≃ t =
2

π
Ef

1/2(
E∗

A
)1/2 (1.60)

Above formula is in agreement with excitation energy and mass dependence

found in the analysis of the experimental data by using eq 1.55. This experiment

was performed by Holbrow and Barschall [29].

1.4.4 Spin dependence on level density

Information of nuclear level density and its dependence on excitation energy, mass

and spin is necessary in understanding properties of compound nuclear and in cal-

culations of reaction cross section with in a frame work of Statistical model. In

Fermi gas model, it is also possible to calculate the expression of spin dependence of

nuclear level density. The dependence of level density ρ on an angular momentum

can be written as [30]

ρ(E∗, J) =
2J + 1

2σ2
exp

(

−J(J + 1)

2σ2

)

ρ(E∗) (1.61)

where ρ(E∗) is the level density and is written as [31, 32, 33]

ρ(E∗) =
exp(2

√

a(E∗ − E1))

12
√

2σa1/4(E∗ − E1)5/4
(1.62)

where a is level density parameter and E1 is best fit parameter obtained by fitting

theoretical result to experimental data as shown in Fig 1.7. Spin cut-off factor σ

describe the width of the spin distribution, and E∗ is the excitation energy.
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Figure 1.7: Graph of energy shift parameter E1 as a function of mass number A.

According to Ericson [34]

σ2 = g < m2 > T (1.63)

where g,T and < m2 > are the density of single particle states, nuclear temperature

and average square of projection of spin of single particle states near the Fermi level.

Quantity < m∗ > g can be given in terms of effective momentum of inertia ℑeff as

σ2 = g < m2 > T = ℑeff
T

h̄2 (1.64)

The information of nuclear level density at neutron binding energy Bn and S-wave

spacing < D1/2+ > are used to calculate spin cut-off factor [35]

σ2 = ρ(Bn)
< D1/2+ >

2
(1.65)

and from eq 1.64, one can estimate effective momentum of inertia by using known

value of σ2 and T .
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1.4.5 Measurement of nuclear level density parameter

Experimental information on nuclear level densities at lower excitation energies are

obtained mainly from the counting discrete levels above the ground state and neu-

tron resonance spacing data. Neutron resonance data contribute most extensive

source of information on nuclear level densities. In such experiment the energy lev-

els are observed at an energy just greater than the neutron binding energy Bn, and

the number of levels is obtained by counting the resonances in a particular neutron

energy interval. It is necessary that width τ of the levels must be less than the level

spacing D and the experimental resolution must be good enough to separate indi-

vidual levels. Most important feature of the method is that it is applicable to whole

range of mass number across the periodic table. Hence it is possible to study the

dependence of nuclear level density on mass number. Although method of neutron

resonance spectroscopy is extremely important in systematic study of nuclear level

densities, it still suffers from some experimental errors. Information of nuclear level

densities can also be obtained from charged particle capture resonance in the same

way as described for neutron resonance capture. Charged particle resonance data

are limited for light and medium nuclei due to Coulomb barrier. At higher excita-

tion energy, most calculations of nuclear level densities are done using the Fermi gas

model, to which the pairing and the shell effects are added semi-empirically.

Recently, many experiments have been carried out to investigate excitation en-

ergy and angular momentum dependence of nuclear level densities [36, 37, 38, 39].

In recent experiments, Gupta et. al. obtained the inverse level density parame-

ter as function of angular momentum by measuring α evaporation spectra around

A ∼ 120, 180 at excitation energy range of 30 − 40 MeV. They have found that

value of inverse level density parameter remains almost constant with angular mo-

mentum around A ∼ 180 in the excitation energy range of 30 − 40 MeV [40, 41].

It was also seen that there was strong variation in inverse level density parameter

as function of angular momentum around A ∼ 120 in the excitation energy range

of 30 − 40 MeV [40, 41]. Roy et. al. and K Banarjee et. al. obtained inverse
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level density as function of angular momentum by measuring the energy spectra of

the evaporated neutrons, protons, and α particles in the reaction of 4He on 93Nb

and 58Ni at backward angles in coincidence with the γ rays of various multiplici-

ties. In this experiment, decrement in inverse level density parameter with angular

momentum was observed around A ∼ 63 − 119 in the excitation energy range of

31 − 43 MeV [42, 43]. The decrease in the value of inverse level density parameter

at higher J is indicative of the fact that NLD increases with angular momentum.

Shape change at higher angular momentum based on RLDM as well as the present

prescription of collective enhancement failed to explain the observed variation of

NLD with J . Microscopic calculations and further investigations will be useful in

order to understand the observed phenomenon in more detail.

1.4.6 Motivation and structure of this thesis

Main aim of present thesis was to study the neutron evaporation in energetic nuclear

collisions and to design and develop required detectors and other instruments. This

work is categorized in mainly two parts:

1. Experimental study of level density parameter as a function of angular mo-

mentum and excitation energy by comparing measured neutron evaporation

spectra with statistical model calculation.

2. Development and characterization of organic liquid scintillator based neutron

detectors for measurement of neutron energy and multiplicity.

Thesis is divided into four chapters. Chapter 1 contains physics motivation

and detailed overview of the thesis work. Development and characterization of

the neutron detectors are discussed in chapter 2. Complete study of the neutron

evaporation in reactions 4He + 181Ta, 4He + 165Ho and 4He + 197Au are described

in chapter 3. Finally, summery and conclusion of present thesis are presented in

chapter 4.
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Chapter 2

DETECTOR DEVELOPMENT

2.1 Introduction

Organic liquid scintillator based detectors are widely used to detect fast neutrons

because of their good response to neutrons, high detection efficiency, good energy

resolution, superior time resolution and n - γ discrimination properties. Recently,

organic liquid scintillator(BC501A) based neutron detector array is being devel-

oped for neutron spectroscopy at Variable Energy Cyclotron Centre, Kolkata. Con-

struction of such an array needs detailed simulation of the properties of individual

detector like detection efficiency, neutron response function, etc. Many standard

computer codes like CECIL [44], NRESP [45], SCINFUL [46], FLUKA [47, 48],

MCNP [49], etc. are developed in the past to estimate various properties of neu-

tron detector having certain types of complex geometries. In recent time, GEANT4

[50](toolkit for simulating the passage of particles through matter ) is being ex-

tensively used by the nuclear and high energy physics community because of its

versatile capability of large scale, comprehensive simulation of the experimental sit-

uations involving complex combination of different types of detectors over a very

wide energy range. The accuracy of the simulation depends on (a) proper mod-

eling of the processes involved, and (b) correctness of the data libraries used for

the simulation; so, it is important to critically evaluate the performances of the

processes in general, and, the data libraries in particular, by comparing with exper-
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imental data. The pulse-height response of the detector, which is experimentally

measurable, is an important tool to directly check the correctness of the simulation

process as a whole. Here, the purpose of this work is to do comprehensive study

of neutron response functions of scintillator detector for neutron energies up to 20

MeV. GEANT4 simulated responses were compared with experimentally measured

responses. Mono-energetic neutron response functions have been simulated with the

GEANT4 toolkit version 4.9.2 using neutron cross-section data library G4NDL3.14.

G4NDL3.14 is the recently updated high precision data library containing data

largely from ENDF/B-VI library [51]. Simulation of mono-energetic neutron re-

sponse functions using standard FORTRAN code NRESP7 has also been presented

along with the experimental and GEANT4 results for comparison. In the following

sections, the detailed description of neutron detector development is given.

2.2 Neutron detection

Neutron has no charge and therefore it cannot interact with matter by means of

Coulomb force. Due to this, neutrons cannot be detected directly. Neutrons are al-

ways detected through nuclear reactions that results in creation of energetic charged

particles (such as p, and alpha) which can in turn be detected by radiation detec-

tors. The cross - sections for neutron interactions in most materials is a strong

function of neutron energy , hence different techniques have been developed for

neutron detection in different energy regions.

2.2.1 Slow neutron detection

Neutrons are called slow if their energies are below the cadmium cutoff of about

0.5 eV. Neutrons of these energies are detected via nuclear conversion reactions, for

example ( n, alpha ) or ( n, p ) reactions. All common techniques used to detect
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slow neutrons result in heavy charged particles [52]:

target nucleus + neutron =



















recoil nucleus
proton
alpha particle
fission fragment



















(2.1)

The energy of the detected neutron is small compared to the Q-values of these

reactions, the reaction products carry away an energy corresponding to the Q-value.

This means that the information on the neutron energy is lost in these reactions.

The three conversion reactions commonly used in detectors are:

10B + n −→
{

7Li∗ + α, 2.310 MeV ( excited state, 94%)
7Li + α, 2.792 MeV ( ground state, 6%)

}

(2.2)

6Li + n −→3 H + α, 4.78 MeV (2.3)

3He + n −→3 H + p, 0.764 MeV (2.4)

The energy from the reaction is shared by the two reaction products, the alpha

particle (or proton) and the recoil nucleus, according to conservation of momentum

and energy. The products alpha and proton are detected. The thermal neutron

cross sections for these three cases are, 3840 barns, 940 barns and 5330 barns re-

spectively [52].

The BF3 counter ( proportional ) is commonly used for thermal neutron detection

since enriched 10B in BF3 gas is easily available. 3He is an expensive gas and no

compounds of Li are easily available as a gas for proportional counters. The 6Li ( n,

alpha ) reaction is usually used in scintillators. One can use lithium iodide, which

is chemically similar to sodium iodide. Due to the density of enriched 6LiI(Eu)

crystals, a 10 mm thick detector is almost 100% efficient for neutrons ranging from

thermal energies up to about 0.5 eV. Lithium is also incorporated in scintillating

glass matrices. Lithium glass scintillators are used in time of flight measurements

due to their relatively fast time response of less that 100 ns. This type of detector,

however, is more commonly used in the detection of neutrons with intermediate

energies.

27



2.2.2 Fast neutron detection technique

In principle, the nuclear reactions used for the detection of slow neutrons can be

used for fast neutron also; however, the cross-sections for these reactions decrease

rapidly with increasing neutron energy. Therefore, the detectors mentioned earlier

are very inefficient if they are used for fast neutrons. But the slow neutron detectors

can be surrounded by hydrogen containing material that moderates the neutrons

down to energies where the detection efficiency is high. This moderation is done by

elastic scattering and the neutron can be slowed down most effectively by hydrogen

nuclei. Polythene and paraffin are the most common moderators. The detection

efficiency of a moderator detector combination will depend on the neutron energy

and thickness of the moderator. Moderator based detectors are slow and cannot be

used for time measurements.

Detectors based on fast neutron scattering

The most common method to detect fast neutron (neutron energy 0.1MeV -

100MeV) is based on elastic scattering of neutron on light nuclei, resulting in a

recoil nucleus. Transfer of the energy depends on the atomic mass of target nucleus

as well as angle of scattering. By using conservation of energy and momentum,

recoil energy (ER) of scattered nucleus can be calculated(non relativistically) as [52]

ER =
4A

(A + 1)2
Encos2θ (2.5)

where A is mass number of recoil nucleus, En is kinetic energy of incoming

neutron and θ is scattering angle of recoil nucleus in laboratory frame as shown in

Fig 2.1. From the equation 2.5, it is clear that kinetic energy transferred to recoil

nucleus increases as mass of the recoil nucleus decreases. It is also found from eq 2.5,

that the kinetic energy of the recoiling nucleus varies from zero for grazing collision

to finite maximum value of En
4A

(1+A)2
for a head-on collision. In head-on collision

(θ = 0 ) of neutron with hydrogen (A = 1), all kinetic energy of neutron can be

transferred to recoil proton in single collision, while head-on collision of neutron

with 12C, maximum fraction of energy transfer is 0.28 only.
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Figure 2.1: Elastic scattering of neutron in laboratory frame.

For this reason, hydrogen finds wide spread use as a detector material in recoil

detection method. For the same reason, organic scintillators which contain mostly

hydrogen and 12C, are used for detection of fast neutron. For measuring the energy

of fast neutron, time of flight technique is generally used. At VECC, a large number

of time of flight type detectors have been developed. In the present thesis, a detail

characterization ( pulse height response ) of a prototype detector has been done and

will be presented in this chapter. In the following, the principle and characteristics

of scintillator detectors will be described in detailed.

2.2.3 Basic principle of scintillator detectors

Scintillation is a process, in which, light is emitted due to de-excitation of atoms or

molecules of scintillator, which are excited due to energy loss of the ionizing particle.

The fact that certain materials scintillate on the passage of ionizing radiation forms

the basis of a scintillation detector. Scintillation emission depends on a sequence

of secondary processes but still maintains some proportionality of the number of

emitted photons to the deposited specific energy loss. For example, one scintillation

29



photon requires, on an average, an energy deposition of about few eV. The near

constancy of the energy required to produce one scintillation photon forms the

basis of energy measurements with scintillation detectors. A scintillation detector

essentially consists of a scintillator optically coupled to a photomultiplier tube (

PMT ).

When an ionizing radiation fall on Scintillator, it excites the atoms or molecules

of the scintillator which de-excites by emitting photons. A fraction of these emitted

photons are collected by the photocathode of the photomultiplier tube which lib-

erates photoelectrons. They are further amplified by dynodes of the PMT, giving

rise to a large current pulse passing through a load resistor. The ideal scintillation

materials should have the following properties:

1. It should convert the kinetic energy of the charged particle into scintillation

light with high efficiency.

2. The conversion should be linear.

3. The medium should be transparent to its scintillation radiation.

4. Decay time of the induced luminescence should be short for the generation of

fast signal.

5. The index of refraction for the material should match with the glass for

efficient coupling of light to the photo cathode.

Since no single scintillation material has all the desired properties, depending on

specific applications one chooses a scintillator. For example, for gamma ray energy

spectroscopy, inorganic alkali halide, and, in particular thallium activated sodium

iodide are used. They have better light output and linearity but are relatively slow.

For fast timing, organic scintillators are preferred. Organic scintillators(liquid and

plastics) are also preferred for γ-ray spectroscopy and fast neutron detectors.

2.2.4 Classification of Scintillation Materials

Scintillators are mainly classified into two groups. i) Inorganic Scintillators (e.g.

NaI(Tl), CsI(Tl) etc.) ii) Organic Scintillators (e.g. Anthracene, Transstilbene,

plastic, liquid etc.)
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Figure 2.2: Energy band structure in inorganic crystal.

Scintillation mechanism in Inorganic crystal with activators:

In inorganic scintillator, scintillation requires impurity to be added to the crys-

tal to modify the band structure. In the pure inorganic crystal, absorption of the

energy of ionizing radiation excites electron from valence band to conduction band

by crossing the band gap. But due to the higher width of band gap in pure crystal,

de-excitation of an electron from conduction band to valence band does not result

into emission of photon within the visible range which is acceptable to the PMT.

Small amount of impurities called activators are therefore added to the pure crys-

tal. Activators create special states in the forbidden gap of the pure crystal, so

the energy levels of the crystal become effectively narrower than those of the pure

crystal as shown in Fig 2.2. Now, photons will be emitted within visible range when

charged particle will pass through the inorganic scintillator.

Scintillation Process in Organic Materials:

The mechanism of scintillation in organic scintillator is different from that in

inorganic scintillator. In organic scintillators, the scintillation occurs because of the

electronic transitions in the energy levels of a single molecule therefore scintillation

is observed in all solid, liquid and gaseous states. The organic scintillators are

usually aromatic hydrocarbon compounds containing linked or condensed benzene-

ring structures. In aromatic hydrocarbons there are two types of chemical covalent

bonds that are important, the σ bond and the π bond. A carbon atom ready for
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Figure 2.3: Typical energy levels of organic molecules

binding will have an electron configuration of 1s22sp3, meaning one valence electron

in an s orbital and three valence electrons in p orbital. Since the s electron orbital

is spherically symmetric it will always form axially symmetric σ bonds while the p

electron orbital (orbital with two lobes)can form either axially symmetric π bonds or

mirror symmetric π bonds. The σ bonds are the normal regular tetrahedron bonds

of carbon and they do not contribute to the luminescence of the liquid, whereas the π

bonds cause double and triple bonds and are responsible for the luminescence. In the

aromatic hydrocarbons there are several of these p orbital that make up a delocalized

π system that can be modeled as free electrons orbiting the molecule. From the free

electron model of the π electrons (p electrons in a delocalized π system) moving in a

one-dimensional circle, the π electron will have a certain ground state and a number

of excited states. The π- electronic energy levels of an organic molecule are shown

in Fig 2.3.

In the Fig 2.3, the energy levels of spin singlet states and spin triplet states are

shown as S0, S1, S2, S3... and T1, T2, T3 ...respectively. The energy spacing between

S0 and first excited state S1 is ∼ 3 - 4 eV at room temperature. The triplet states
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are usually lower in energy than their singlet counterparts. Each of these levels are

further divided into vibrational energy levels as S00; S01; : : : ; S10; S11; : : : and

T10; T11; : : : ; T20; T21; : : :. Typical spacing of these vibrational levels is of the

order of 0.15eV. This kind of structure gives rise to three types of light that can

be produced in the organic scintillator: fluorescence, phosphorescence and delayed

fluorescence.

Since the spacing between vibrational state is large compared with the average

thermal energies ( 0.025 eV), most of the molecules are in S00 state at room temper-

ature. When charged particle passes through organic scintillator, kinetic energy is

absorbed by the molecules, and electrons are excited to the upper levels. The higher

singlet electronic states(viz. S2, S3 etc.) which are excited, de-excite quickly (pi-

coseconds) to S1 state through radiationless transitions (internal conversion). The

States such as S11, S12 that have extra vibrational energy and are not in thermal

equilibrium with neighboring molecules, quickly lose that vibrational energy. Hence,

within a very short period of time, a population of excited molecules in S10 state is

produced due to excitation process. Scintillation light, prompt fluorescence, is emit-

ted in transitions between S10 and the ground state S0x. Intensity of scintillation at

time t after excitation is given as

I = I0e
−t/τ (2.6)

where τ is the decay time of level S10. For most of the organic scintillator, decay

time is in order of few nanosecond therefore these type of scintillators are called

fast-scintillators.

It is also possible that electron from S10 levels first decay to the triplet states

T1 ( called inter system crossing ) and then decay to S00 by emitting light. Since

the life time of the state T1 is much longer ( in order of millisecond ) than that

of S10 ( in order of nanosecond ), such emission of light is called delayed light

emission or phosphorescence and do not contribute to the pulse produced by prompt

fluorescence.
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However, instead of a transition to S0, some of the molecules can be excited

back to S10 and then decay to S0, which is called delayed fluorescence. Decay

time for this delayed fluorescence case is ∼ 100 - 500 ns. The scintillation light

is thus superposition of two or more exponential decay components with different

decay time constants. Delayed fluorescence constitutes the slow component of the

scintillation light and is mainly responsible for the neutron gamma discrimination

property of liquid scintillator.

2.2.5 Pulse shape discrimination

Liquid scintillator detectors are extensively used to detect neutrons in mixed field of

neutron (n) and γ-ray due to their excellent pulse-shape discrimination (PSD) prop-

erties to separate neutron events from γ events [53, 54, 55, 56, 57, 58]. As described

in previous section, light emission from the scintillator contains two components, a

prompt fluorescence which is fast component and a longer-lived component known

as delayed fluorescence which is slow component. Compared with the prompt decay

time of a few nanoseconds, the slow component have typical decay time of several

hundred nanoseconds. PSD technique utilizes the fact that the decay fraction of the

slow component depends on the type of ionizing particle which cause scintillation.

Ionizing particles having higher ionizing power creates higher concentration of ex-

cited molecular states, so the probability of S10 state of one molecule interact with

T1 state of another molecule increases. So, the slow component in light emission

increases as the ionizing power increases as shown in Fig 2.4.

2.2.6 Pulse-height response of Organic liquid scintillator

As discussed in previous section, neutron looses energy in scintillator mainly due

to elastic scattering with proton. Neutron scatters isotropically from proton in

center of mass frame therefore energy distribution (dN/dE) of recoil proton is step

function from zero to initial neutron energy [59]. For electron, light output(L) is

linearly related to deposited energy(E) but for proton and carbon, light output is

not linearly related to deposited energy [59]. For proton, L = k E3/2, where k is

34



Figure 2.4: Scintillation pulses in stilbene when excited by different type of radia-
tion [60].

constant. Thus, pulse-height distribution (dN/dL) due to proton is given as

dN

dL
=

dN

dE

dE

dL
=

dN

dE

1
2
3
kE1/2

= (constant)L−1/3 (2.7)

Fig 2.5 shows energy distribution of recoil proton and effect of nonlinear light

output function on pulse-height distribution function.

Below incident neutron energy ∼8 MeV, effect of carbon on pulse-height distribu-

tion is negligible, since maximum 28% of incident neutron energy can be transferred

to carbon due to elastic scattering. Above ∼8 MeV neutrons, nuclear reactions

12C(n,α)9Be and 12C(n,n’)93α affect the lower part of the pulse-height spectrum

due to lower scintillation efficiency of alpha particles than that of proton [61].
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Figure 2.5: Energy distribution(left) and pulse-height distribution(right) of recoil
proton.

2.3 Characterization of Organic liquid scintillator

type neutron time of flight detector

Organic liquid scintillator(BC501A) based neutron TOF detector array is being

developed for neutron spectroscopy at Variable Energy Cyclotron Centre, Kolkata.

The Time-of-flight (TOF) technique is a method by which the kinetic energy of a

neutron is determined, by measuring the time it takes to travel a known distance.

Liquid scintillator based detectors are widely used for neutron energy measurement

using time of flight technique due to their properties like relatively high light output,

good detection efficiency, fast decay time and excellent neutron gamma (n - γ)

discrimination. A detail characteristics of such detectors have been done in the

present thesis work, and will be presented in the following sections.

2.3.1 Properties of The BC-501A liquid scintillator

It is found that among the available scintillators, BC501A ( manufactured by M/S

Saint - Gobain )( or equivalently NE213 ) has very good pulse shape discrimination
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capability and good time resolution. Therefore it is widely used for neutron detec-

tion. This is a scintillator liquid based on xylene or dimethylbenzene, C6H4(CH3)2.

Xylene is flammable with a flash point ( the temperature where it can form an

ignitable mixture in air ) of 24 degrees Celsius and poisonous since it can cause

neurological damage at high exposures. The liquid BC-501A has a light output

that is about 78% of anthracene, a maximum emission wavelength of 425 nm and

a hydrogen to carbon ratio of 1.287. It has three decay components with 3.16 ns,

32.3 ns and 270 ns. The 270 ns component is mainly responsible for the pulse-shape

discrimination (PSD) properties.

2.3.2 Fabrication of neutron detector

Four different sized liquid scintillator detectors (length × diameter : 1.5”×5” , 3”×
5” , 5”×5” , 7”×5” ) were fabricated at Variable energy cyclotron center (VECC).

Main purpose of fabrication of different sized detectors were to study the effect of

detector dimensions on detection efficiency and other properties of detector. The

detector cells, were fabricated using 3-mm-thick stainless steel cylindrical container

filled with xylene-based liquid scintillator BC501A. Internal walls of the cells were

white painted to achieve better light collection. To remove any dissolved oxygen

present in the liquid, after filling the detector with liquid scintillators, detector cells

were thoroughly flushed with dry nitrogen gas of purity ( 99.999% ) for sufficient

time [62]. A small expansion chamber( 10% of the detector volume ) was coupled

to each detector cells which took care the thermal expansion of the liquid. The

Scintillator cells were sealed with 6-mm-thick pyrex glass, and finally coupled with

photomultiplier tube( of diameter 5” )( model:9823B; Electrontube Ltd. ). The

photomultiplier tubes were provided with µ -metal shield to protect them from

magnetic field. The neutron detector cells are shown in Fig 2.6.

2.3.3 Measurement of PSD

Quality of pulse shape discrimination is measured in terms of Figure Of Merit

(FOM), which is given by
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Figure 2.6: Schematic diagram ( right ) and picture of organic liquid scintillator
detector( left ).

M =
∆

δn + δγ
(2.8)

where ∆ is separation between neutron peak and γ peak, and, δn, δγ are full

width at half maximum (FWHM) of neutron peak and γ peak, respectively. Figure

of merit of scintillator detectors of size 5” diameter × 5” length and 5” diameter

× 7” length was measured using 241AmBe source. Americium emits ∼ 5 - 6 MeV

alpha and γ- rays with different energies between 0.02 - 0.1 MeV and beryllium has

large cross-section for nuclear reaction

9Be4 +4 He2 →13 C∗ →12 C6 +1 n0 + γ (2.9)

The Q value of this reaction is 5.7 MeV. Due to above reaction, γ-rays of energy

4.44 MeV and neutrons up to energy 13 MeV are emitted. Hence, in this experiment,

241AmBe acts as source of neutron as well as γ ray. Experimental setup to measure

Figure Of Merit is described in next section. Neutron and γ-ray events are very well

separated for both the detectors as seen from Fig 2.7. However, value of M decreases

with increase in the detector length due to higher reduction in light collection by

PMT ( since dimensions of PMT were same in both the detector ) and higher time
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Figure 2.7: Pulse shape discrimination spectrum for two different sized liquid scin-
tillator detectors.

spread in arrival of light at PMT.

2.4 Measurement and simulation of pulse-height

response

Pulse-height response functions of mono-energetic neutrons from continuous neu-

tron energy field have been measured using BC501 organic liquid scintillator based

neutron time of flight detector. Experimental setup and electronics setup used in

this experiment are discussed in following two sections.

2.4.1 Experimental setup

A schematic diagram of the experimental setup is shown in Fig 2.8. The setup con-

sisted of a thin-walled (3 mm stainless steel) reaction chamber, a liquid scintillator

(BC501A) TOF neutron detector (size 7”×5”) [63], and, an array of 50 BaF2 γ-ray

multiplicity detectors [64]. The 252Cf neutron source (100 µCi.) was placed at the

centre of the chamber and the neutron detector was kept at a distance of 150 cm
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from the centre. BaF2 γ-ray multiplicity detectors were divided into two blocks, each

containing 25 detectors; one block each was placed on the top and at the bottom

of the chamber (see Fig. 2.8), respectively, in closest possible vicinity symmetrically

around the centre of the chamber (source position), for highest possible solid angle

coverage (56% of 4π solid angle). The BaF2 detectors, having fast response which

allows sub-nanosecond timing, were used to generate time reference for the TOF

measurement by detecting, as efficiently as possible, the prompt γ-rays emitted

from the 252Cf source. By measuring the time difference between the BaF2 signal

and neutron detector signal, the Time-of-flight spectra of neutrons were archived.

Pulse shape discrimination (PSD) method was used to separate γ-ray events from

neutron events, and mono-energetic neutron response was extracted from continu-

ous energy neutron spectrum by selecting appropriate TOF-windows in the TOF

spectrum.

2.4.2 Electronics setup

The layout of the electronics and data acquisition setup is shown in Fig. 2.9. Ampli-

fied Signals of all BaF2 detectors were fed to constant fraction discriminator (CFD)

to generate timing signal. Main task of CFD is to generate logic signal from the

analogue signal of fast amplifier without losing timing information. Logic OR of all

CFD timing outputs of BaF2 detectors was used as start input of a time-to-digital

converter (TDC) for neutron TOF measurement. Neutron detector signal was di-

rectly fed to a multichannel pulse shape discriminator [65], which generated CFD

timing, zero cross-over time (ZCT) and pulse-height (PH) outputs simultaneously.

Delayed CFD timing output of neutron detector was used as stop signal of TDC.

The ZCT and PH signals of the neutron detector were digitized using analog to dig-

ital converter (ADC). The PH, ZCT and TOF data were finally collected on event

by event basis using a VME-based online data acquisition system [66].

Measured TOF spectrum and ZCT vs. PH two dimensional scatter plot for

neutrons and γ-rays emitted from source 252Cf are shown in Fig. 2.10(a and b).

From the ZCT vs PH plot, it is seen that the neutron events are very clearly sepa-
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Figure 2.8: Experimental setup to measure pulse height response of neutron using
time-of-flight method.

Figure 2.9: Block diagram of the electronics setup to measure pulse height response
of neutron using time-of-ight method.
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rated from the γ events and there is no overlap between the two. Genuine neutron

events were selected using a two dimensional gate over the neutron band (as shown

in Fig. 2.10) in the ZCT vs. PH plot. PH spectrum of mono-energetic neutrons

was then extracted from pure neutron PH spectrum by selecting a TOF window

corresponding to the neutron energy. TOF window for mono-energetic neutron was

calculated using non-relativistic equation E = 1/2mv2. The TDC calibration (∼50

ps/channel) was measured several times during the experiment using time calibra-

tor to convert channel number of TOF spectrum into flight time of neutron. γ

peak in TOF spectrum was considered as reference time for neutron time-of flight

measurement. Measured spectra of neutron of energy 2 MeV is shown in Fig. 2.10.

The PH spectrum was calibrated using the Compton edges of two mono-energetic

γ-sources (22Na and 137Cs).

2.4.3 GEANT4 simulation of pulse-height response

We have done the simulation using a GEANT4 toolkit to estimate pulse height

response of BC501A Organic Scintillator detectors. GEANT4 is software package

used for full Monte Carlo simulation of detectors used in high energy physics, nuclear

and accelerator physics. GEANT4 simulation uses physics models which are well

tested by scientists and engineers of GEANT4 collaborators. GEANT4 user creates

a detector simulation program using classes provided by GEANT4 to construct

detector geometry, to add physics process and to do required calculations for his/her

own detector setup.

Detector construction in geant4

The simulation includes full mechanism of the light production inside the detec-

tor, wall effect, detector resolution and non-linear light response for all secondary

charged particles. By using G4Tube and G4Material classes, a tube made of mate-

rial BC501A was created to construct liquid scintillator detector of sized ( length×
diameter : 7”×5” ) as shown in Fig 2.11. To add wall effect, a container was placed

around BC501A material. Photomultiplier tube was ignored.
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Figure 2.10: (a) TOF spectrum and (b) two-dimensional plot of ZCT vs. PH for
Cf source (c) experimental pulse height spectrum for 2 MeV neutrons. Detector
threshold is shown by arrow.

43



Physics models

All relevant physical processes for γ-rays and neutrons in the energy range in

question were included in the simulation. For γ-ray interactions, the data file

G4EMLOW version 6.2, containing cross-sections for low energy electromagnetic

processes, was used. For neutron, cross section data library G4NDL3.14, in which

NeutronHP models of Elastic, Inelastic, Capture and Fission process are incorpo-

rated, have been used. The NeutronHP models in GEANT4 cover the energy range

up to 20 MeV for the neutron scattering [50].

Neutron beam

It is seen that the shape of neutron response function is strongly influenced by

small variation of neutron energy; hence, to compare the simulated spectrum with

spectrum measured using TOF technique, energy resolution of TOF technique was

also included in the simulation by generating a neutron pencil beam of energy having

a Gaussian distribution with centroid at E and FWHM equal to the corresponding

△E. △E was selected by calculating time of flight resolution given by equation
(

△E

E

)2

=

(

2△τ

t

)2

+

(

2△l

l

)2

(2.10)

where △τ = 0.05 ns is the time resolution of detector, t is neutron flight time ,

l = 150 cm is neutron flight path, △l = 17.78 cm is the flight path spread due to

the length of detector used. Calculated Time of flight resolution were also directly

verified by measuring width of γ-peak in TOF spectra.

Calculation of total light output

As discussed earlier, energy deposited by charged particles in the scintillator need

to convert in to fluorescent light energy. In GEANT4 simulation, the energy de-

posited in detector was converted in to light output using Cecil’s prescriptions [67]

as described below.

L(Ep) = 0.83Ep − 2.82(1 − exp(−0.25Ep
0.93)) (2.11)
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Figure 2.11: Visualization of setup used for pulse-height simulation in Geant4.

L(Eα) = 0.41Eα − 0.59(1 − exp(−0.065Eα
1.01)) (2.12)

L(EBe) = 0.0821EBe (2.13)

L(EB) = 0.0375EB (2.14)

L(EC) = 0.017EC (2.15)

L(Ee−) = Ee− (2.16)

where Ep, Eα, EBe, EB, EC and Ee− are energies of scattered proton, α, Be, B, C

and e− respectively.

To compare simulated light output with the experimental result, light output

resolution was included in simulation. The light output resolution △L (FWHM) of

the neutron detector was parameterized [59, 68], in the terms of scintillator light

output L in the units of electron energy equivalent (MeVee),as

△L =
√

α2L2 + β2L + γ2 (2.17)

this relation describes the detector resolution due to various effects like light trans-
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mission from scintillator to the photocathode(α), statistical effect of light produc-

tion, attenuation, light to photon conversion(β), all noise contribution(γ). Hence

the values of parameters α , β and γ depend on the design of the detector system as

well as the condition of measurement [59]. The Values of parameters α , β and γ are

obtained by matching the simulated pulse-height spectrum of γ-source 137Cs with

experiment pulse-height spectrum shown in Fig. 2.12. 137Cs decays to metastable

states of 137Ba by emitting beta rays. Metastable states of 137Ba decays in to

ground states of 137Ba by emitting γ-rays of energy 662 KeV. γ-ray losses energy in

scintillator by inelastic scattering (Compton scattering) with electrons. Energy of

the recoil electron(Ee) depends on scattering angle(θ), and is given by the equation

Ee =
Eγ

2(1 − cosθ)

m0c2 + Eγ(1 − cosθ)
(2.18)

where Eγ is energy of incident γ-ray and m0c
2 is rest mass energy of electron.

Maximum amount of energy is transferred to recoil electron in head-on scattering(

at angle θ = 180◦), and is given as

Emax =
2Eγ

2

m0c2 + 2Eγ
(2.19)

where Emax is called Compton edge. Light output due electron is linearly related

to the energy deposition therefore unit of light output is defined in terms of electron

energy. Light output produced by 1MeV electron is called 1MeVee light output.

In Fig. 2.12, experimentally measured pulse height spectrum for 137Cs source

has been compared with that calculated by means of the Monte Carlo FORTRAN

code PHRESP [69] and Geant4 result. For 7” × 5” neutron detector, we obtained

α = 0.15, β = 0.10 and γ = 0.02. Pulse-height resolution function △L/L was

taken into account by folding the calculated light output with Gaussian distribution

having FWHM equal to the corresponding pulse-height resolution △L.

The incident neutron may undergo multiple interactions in the detector depend-

ing on the neutron energy and detector dimension, leading to the production of

multiple secondary charged particles. The complete trajectory of each secondary

charged particle constitutes a track in GEANT4; each neutron event may usually
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Figure 2.12: Comparison of the experimental pulse height spectrum with the
GEANT4 simulated and the PHRESP [69] simulated pulse height spectra for 137Cs
source.
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be made up of several tracks. Each secondary charged particle may, in its turn,

undergo further interactions within the detector material, before it either looses its

energy completely and is absorbed in the detector, or, deposits only a fraction of its

energy in the detector and goes out of the detector. All information about the parti-

cle type, energy deposition, kinetic energy, etc., can be easily accessible in GEANT4

using tracks and steps [50]. The complete history of the tracks thus generated are

then used to calculate the light output from the scintillator.

Energy deposited by secondary charged particles along their tracks is converted

to light output using Cecil’s prescriptions. Energy deposited by the neutron in

scintillator is converted to light output by taking sum of the light output produced

by all secondary charged particles to get total light output of the event.

Lneutron =
m
∑

j=1

L(Ej) (2.20)

where Ej is energy deposited by secondary charged particle, m is total number

of secondary charged particle produced by neutron in the detector. To include wall

effect, Light output produced by each secondary particle is calculated as

L = L(EK) − L(EKR) (2.21)

where EK is the kinetic energy of secondary particle produced in the scintillator

material and EKR is it’s residual kinetic energy if it escaped from the scintillator

material. Thus, the energy deposited in the wall of the detector container was not

converted into light output to include wall effect in GEANT4 simulation.

2.4.4 Discussion

Mono-energetic experimental pulse-height response of neutron of energies 2, 4, 6,

7.93, 12, 15 and 18.98 MeV are shown in Fig. 2.13, Fig. 2.14 and Fig. 2.15 along with

respective the GEANT4 simulated pulse height distribution. The experimental pulse

height spectra for 2, 4 and 6 MeV neutrons (Fig. 2.13) are from the present measure-

ment, whereas the rest of the data (Fig. 2.14, 2.15, 2.16) have been taken from the

literature [54]. The apparent difference of the shapes of pulse height distribution

48



between the present data (Fig. 2.13) and the literature data (Fig. 2.14, 2.15, 2.16) is

due to the fact that the present data was taken using larger size (7" in length × 5"

in diameter) detectors [70], whereas the rest of the data (Fig. 2.14, 2.15, 2.16) were

obtained using small size (2" in length × 2" in diameter) detectors [54]. The differ-

ence in the pulse height resolution of the two types of detectors led to the difference

in shape of the pulse height spectra in the two cases. Neutron response functions

calculated with the NRESP7 code well describe the pulse height spectra of neutrons

up to 20 MeV and so we also obtained response functions of mono-energetic neutron

using this code to compare with GEANT4 result and experimental result.

For neutron energies below ∼10 MeV, experimental spectrum are very well re-

produced by GEANT4 code with G4NDL3.14 data library. As shown in Fig. 2.16,

major part of spectra is because of recoil protons produced by elastic scattering of

neutron with hydrogen. It is seen that lower part of experimental result cannot be

reproduced well by GEANT4 simulation for neutron energy ∼8 MeV and above. A

extra peak is coming at lower part of GEANT4 simulated spectra (see Fig. 2.14 and

Fig. 2.15) and the peak is gone when only proton are considered in simulation(see

Fig. 2.16). That is because GEANT4 still lacks some of important reactions and

NeutronHP model of Inelastic do not work well. 12C(n, α)9Be gives wrong α events

at neutron energy above ∼8 MeV. It is also reported that angular distributions of

inelastically scattered neutrons from 12C(n, n′)12C and alpha particles from the re-

action 12C(n, α)9Be are very important to include in the response programming[71],

which is not properly included in GEANT4. On comparison, it is also found that

NRESP7 predictions are somewhat better in representing the overall shapes of the

spectra, particularly at the lower ends. These differences between NRESP7 and

GEANT4 simulated results are because of the fact that NRESP7 code uses its own

neutron and gamma cross-section library for physics process and different functions

to calculate light output. Difference at lower part of spectra is indicative of more

complete nature of the physics models used in NRESP7 which include higher order

decays (like 12C(n,n′)→ 3α +n) which are crucial to obtain better fit at the lower
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Figure 2.13: Comparison of experimental, GEANT4 simulated and NRESP7 sim-
ulated pulse height spectra for neutron energies 2, 4 and 6 MeV for source 252Cf.
Detector thresholds are shown by arrows.
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Figure 2.14: Comparison of experimental, GEANT4 simulated and NRESP7 sim-
ulated pulse height spectra for neutron energies 2.52, 7.93, and 12 MeV. Detector
thresholds are shown by arrows.
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Figure 2.15: Comparison of experimental, GEANT4 simulated and NRESP7 simu-
lated pulse height spectra for neutron energies 15 and 18.98 MeV.
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Figure 2.16: Comparison of experimental and GEANT4 simulated pulse height spec-
tra for neutron energies 7.93, 15 and 18.98 MeV. Here line shows GEANT4 simu-
lation considering all reaction process and dot shows recoil proton only. Detector
thresholds are shown by arrows.
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Figure 2.17: Comparison of GEANT4 simulated pulse height spectra obtained using
different sets of physics model.
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end of the spectra.

It is also checked that Geant4 simulation using Geisha [50] routine based data

library yields results comparable to those from Geant4 with G4NDL3.14 for all en-

ergies. Geisha routine based data library is default data library for all hadronic

process in Geant4 and so it is a clear that G4NDL3.14 cross-section data library

works well up to it’s energy range 20 MeV. We have also check the usefulness

of other available models in comparison to NeutronHP models, which designed

specifically for low energy neutrons up to 20 MeV. In Fig. 2.17, response func-

tion of 15 MeV neutron obtained using one sets of physics models (G4LElastic,

G4LENeutronInelastic, G4LCapture and G4LFission) and other set of physics mod-

els (G4QElastic, G4LENeutronInelastic, G4LCapture and G4LFission) are shown

for comparison with NeutronHP models. It was seen that NeutronHP models pro-

vide better agreement with the experimental data. The use of other cross-section

data library, i.e., G4HadronDataSet has also been found to make no qualitative

difference.
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Chapter 3

EXPERIMENT: STUDY OF
NEUTRON EMISSION FROM
COMPOUND NUCLEI 185Re∗,
169Tm∗ and 201Tl∗

3.1 Introduction

The aim of the present experiment is to study the variation of inverse level den-

sity parameter with angular momentum by measuring neutron evaporation from

the heavy mass systems. In present work, we have chosen three systems, 4He +

181Ta , 4He + 165Ho and 4He + 197Au to populate compound nuclei 185Re∗ with

the excitation energy of ∼ 27 - 37 MeV, 169Tm∗ with the excitation energy in the

range of 26-38 MeV and 201Tl∗ with the excitation energy in the range of ∼ 26 -

38 MeV. Neutrons evaporated from the decay of the populated compound nuclei

were measured for different γ-multiplicity ( fold ) to calculate inverse level density

parameter. As seen from the table that, all three populated compound nuclei decay

via 3n major decay channel at excitation energy ∼ 37 MeV and decay via 2n major

decay channel at excitation energy ∼ 27 MeV. All three systems are selected with

different quadrupole deformation parameter ( β2 ) [72] to study the effect of collec-

tivity on nuclear level density. Evaporation residues, its percentage and values of

β2 and the critical temperature Tc for all three systems are shown in Table 3.1.
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System Beam energy Evaporation Residue Percentage % β2 Tc (MeV)
4He + 181Ta 40 MeV 182Re 84.4 0.24 1.69
4He + 181Ta 40 MeV 181Re 14.5 0.24 1.69
4He + 181Ta 30 MeV 183Re 90.3 0.24 1.69
4He + 181Ta 30 MeV 182Re 9.5 0.24 1.69
4He + 165Ho 40 MeV 166Tm 88.3 0.28 2.10
4He + 165Ho 40 MeV 165Tm 9.5 0.27 2.00
4He + 165Ho 28 MeV 167Tm 98.3 0.28 2.10
4He + 165Ho 28 MeV 166Tm 1.11 0.27 2.00
4He + 197Au 40 MeV 198Tl 95.2 -0.04 0.30
4He + 197Au 40 MeV 197Tl 3.4 -0.04 0.30
4He + 197Au 28 MeV 199Tl 99.4 -0.04 0.30
4He + 197Au 28 MeV 200Tl 0.52 -0.04 0.30

Table 3.1: PACE4 prediction of Evaporation residue, percentage evaporation residue
produced for all systems.

3.2 Experimental procedure

The experiment was performed using 28 MeV and 40 MeV 4He ion beam obtained

from K130 cyclotron of Variable Energy Cyclotron Centre ( VECC ), Kolkata. Self

supporting foils of 181Ta of thickness 1 mg/cm2, 165Ho of thickness 1 mg/cm2 and

197Au of thickness 500 µg/cm2 were used as targets to populate compound nuclei

185Re∗ from reaction 4He + 181Ta, 169Tm∗ from reaction 4He + 165Ho and 201Tl∗

from reaction 4He + 197Au, respectively . The experimental setup consisted of

reaction chamber, six liquid scintillator ( BC501A ) neutron detectors of dimension

5" × 5" [63], and an array of 50 BaF 2 γ -ray multiplicity detectors [64]. Reaction

chamber was cylindrical in shape with wall thickness ∼ 3mm to minimize flux loss

of neutron. Each target was placed in rectangular target ladder at the center of

reaction chamber. Vacuum (of the order 1.2 × 10−5 mbar) in the reaction chamber

was obtained with the help of rotary and diffusion pumps. The neutron detectors

were kept at a distance of 150 cm from the center of reaction chamber at angles 25◦,

32◦, 45◦, 105◦, 120◦ and 152◦ with respect to the beam direction. The photograph

of the experimental setup has been shown in Fig 3.1. Center of all neutron detectors
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and center of target were kept in same horizontal plane. To achieve optimum signal

shape, appropriate voltage and pulse height threshold were applied to each neutron

detector ( Shown in table 3.2 ).

Detector Voltage (volt) -ve Pulse height threshold (MeV)

detector 1 1455 0.21
detector 2 1451 0.13
detector 3 1200 0.17
detector 4 1475 0.19
detector 5 1280 0.16
detector 6 1671 0.14

Table 3.2: Voltage and pulse height threshold applied to the detector

BaF 2 γ -ray multiplicity detectors were divided into two blocks, each containing

25 detectors, and were placed on the top and at the bottom of the chamber at

a distance 5 cm from the target. Two blocks of the array can be seen in Fig 3.1.

Each BaF 2 detector was made of BaF 2 crystal of dimensions 3.5cm × 3.5cm × 5cm.

Intrinsic time resolution of each detector is ∼ 450 ps and so it can be used as fast time

trigger for neutron time of flight measurement. Neutrons emitted in these reactions

were detected in coincidence with 50 BaF 2 γ -ray multiplicity detectors to measure

populated angular momentum on event by event basis. Energies of emitted neutrons

were measured using TOF technique by measuring the time difference between the

BaF 2 detector signal and the neutron detector signal and n-γ discrimination was

achieved by pulse shape discrimination (PSD) and time of flight technique. Beam

dump was kept at 3 meter away from the target and shielded with the blocks of

lead, concrete and paraffin to minimizes the background neutrons and γ-rays coming

from beam dump. Blank frame run was carried out to estimate background neutrons

from the neutrons coming from the target.
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Figure 3.1: Picture of Experimental setup

3.2.1 Electronics Setup

The block diagram of the electronics setup used in all these experiments is shown

in Fig. 3.2. First, analog signals of all the neutron detectors were fed to splitters

to split each signal into two signals without any loss in amplitude due to cables.

Splitter is a passive device which generates multiple output signal from single input

with specific phase and amplitude characteristics to match the impedance of devices.

One output signal from each splitter was connected to one input channel of Mesytec

MPD4 module to obtain pulse height(PH), zero cross over (ZCO) and logic pulse

CFD of neutron detector. Mesytec MPD4 is a four channel particle discriminator

module used to separate neutron signals from γ signals using pulse shape discrim-

ination technique(PSD). PSD technique has been discussed in detail in previous

Chapter. Two outputs of the MPD4, pulse height(PH) and zero cross over(ZCO),

were connected to analog to digital converter VME ADC (CAEN V792) to convert

and store the data in digital forms. Third output signal of MPD4, logic pulse CFD,

was connected to Gate and Delay Generator(GDG) to adjust cable delay in neutron
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signals. Delayed CFD pulse was used as stop input of Time to Digital Conversion

(TDC) to obtain neutron time of flight information.

Other output of the splitter was connected to leading edge discriminator (LED)

to generate logic OR of the all six neutron detectors. Analog signals of top and

bottom BaF 2 γ -ray multiplicity detectors were fed to 16 channel CAMAC constant

fraction discriminators (CFD, CAEN C808) to obtain logic OR of top and bottom

arrays. The output currents ( 1 mA per hit ) of the CFDs were summed using

Linear-Fan-in module (CAEN N401). Summed output current was fed to VME QDC

(CAEN V792) and integrated for a gate duration 30ns to extract the experimental

fold distribution by applying condition Fold F ≥ 2. Fold F was taken as the number

of BaF 2 detectors fired simultaneously in a single event. A trigger pulse is obtained

from BaF 2 array when one of the detectors from top array fired in coincidence with

one of the detectors from bottom array, above 200 KeV threshold. Master trigger

for all ADC, QDC and TDC was generated when one of the neutron detector fired

in coincidence with at least two BaF 2 detectors fired . This was done by taking

logic AND between logic OR of top and logic OR of bottom BaF 2 arrays signals.

Finally on-line data acquisition was done on event by event basis using VME data

acquisition system ( VME DAQ ) developed at VECC( Fig 3.2).

3.3 Data analysis

Off-line data analysis was done using ROOT based data analysis software developed

by scientists of VECC using LINUX environment. The programme allows to access

data of neutron detectors (pulse height, zero cross over, time of flight of neutron)

along with BaF 2 detectors (γ fold) on event by event mode. Thus, experimen-

tal neutron energy spectrum for different γ folds was extracted to compared with

theoretical result.
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3.3.1 Extraction of angular momentum distribution

Fold distributions of yrast γ rays were measured using 50 BaF 2 γ - ray multiplicity

detectors in coincidence with neutron detectors (see Fig 3.3). Experimental fold

distributions were reproduced using GEANT3 [73] simulation by including real ex-

perimental conditions like detector threshold and trigger conditions in simulation.

Two blocks of 25 BaF 2 γ -ray multiplicity detectors were constructed and placed on

the top and at the bottom of the chamber at a distance 5 cm from the target in the

GEANT3 simulation [73]. 200,000 events were thrown on BaF 2 γ - ray multiplic-

ity detectors to reproduce GEANT4 simulation of fold distribution. The incident

energy distribution of γ - rays was taken as a Gaussian with peak at 0.5 MeV and

full with half maximum (FWHM) at 0.65 MeV. Incident angular momentum dis-

tributions of all nuclear reactions were calculated using the statistical model code

CASCADE [74]. Incident multiplicity distribution was obtained by transforming

calculated angular momentum distribution (J ) into multiplicity distribution ( M )

using relation

J = 2M + C (3.1)

where C is the parameter which takes care of γ rays other than yrast γ rays. Factor

2 is because yrast γ rays are emitted due to mainly E2 transitions. Parameter C is

estimated by comparing experimental fold distribution with GEANT3 simulated fold

distribution. Multiplicity distribution is actual distribution emitted from compound

nucleus where as fold distribution is a measured distribution.

In GEANT3 simulation, obtained incident multiplicity distribution P(M) was

triangular in shape and can be given as

P (M) =
2M + 1

1 + exp(M−Mmax

δM
)

(3.2)

where, M , Mmax and δM are multiplicity ( actual number of γ - rays emitted

in a event ), maximum of this distribution and the diffuseness factor, respectively.

Angular momentum distributions for different folds for system 4He + 181Ta at beam
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energy 40 MeV is shown in Fig 3.4. Average angular momentum values for all the

systems are given in table 3.3

System Beam energy (MeV) Fold < J > (h̄)
4He + 181Ta 30 2 12 ± 4
4He + 181Ta 30 3 14 ± 4
4He + 181Ta 30 ≥4 17 ± 5
4He + 181Ta 40 2 13 ± 4
4He + 181Ta 40 3 15 ± 4
4He + 181Ta 40 ≥4 18 ± 5
4He + 165Ho 28 2 12 ± 5
4He + 165Ho 28 3 15 ± 5
4He + 165Ho 28 ≥4 18 ± 6
4He + 165Ho 40 2 15 ± 5
4He + 165Ho 40 3 18 ± 5
4He + 165Ho 40 ≥4 21 ± 6
4He + 197Au 40 2 15 ± 5
4He + 197Au 40 3 18 ± 4
4He + 197Au 40 ≥4 21 ± 5

Table 3.3: Average angular momentum values for all the systems.

3.3.2 Experimental neutron energy spectra for different
fold

Neutron energy spectrum for different folds was calculated using Time Of Flight

method by putting cut on corresponding γ fold as shown in Fig 3.3. Neutron was

separated from γ events using pulse shape discrimination technique. Pure neutron

TOF spectrum was extracted by putting proper two dimensional gate over neutron

events in zero cross over vs time of flight spectrum as shown in Fig. 3.5. γ-peak

of TOF spectrum was used as reference time to calibrate TDC to convert neutron

TOF spectrum into neutron energy spectrum. This is because γ emitted from

the compound nucleus always takes same time to reach neutron detector due to it’s

constant light speed. Logic pulses of different time widths were applied to TDC using

standard time calibrator to convert TOF spectrum in time from channel number
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(see Table 3.4). Plot of pulse width(t) vs channel no(ch) is a straight line with slope

m and intercept c

Pulse width (ns) Channel number

20 308
40 697
60 1094
80 1483
100 1873
120 2256
140 2659
160 3049
180 3446

Table 3.4: Applied pulses and channel no of TDC used for detector 1.

t = m(ch) + c (3.3)

Flight time (tn) taken by neutron to reach a neutron detector from compound nu-

cleus, was calculated from neutron TDC channel no (chn) as

tn = m(chn − chγ) + c + tγ (3.4)

where (tγ) and (chγ) are flight time and TDC channel no of γ ray, respectively.

Neutron energy spectrum was generated by calculating neutron energy using non

relativistic equation of kinetic energy

En =
1

2
mnv2 =

1

2
mn

(

l

tn

)2

(3.5)

where, mn is the mass of neutron, l is the flight path ( 150cm ) and tn is neutron

time of flight. The prompt γ peak has been taken as time reference. The measured

TOF spectrum were converted into energy spectrum by using proper jacobian. The

transformation from the time domain to the energy domain has been done by know-

ing the fact that the events (counts) must be conserved, i.e. the number of events,
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N(tn), in a time bin, δtn, for a time domain spectrum must be equal to the num-

ber of events, N(En), in the corresponding energy bin, δEn, for the energy domain

spectrum. So the transformation can be done as

N(En)δEn = N(tn)δtn (3.6)

Using equation of kinetic energy, one can drive the jacobian for time to energy

conversion

∣

∣

∣

∣

δtn
δEn

∣

∣

∣

∣

∣

=
tn

2En
(3.7)

Hence,

N(En) = N(tn)
tn

2En
(3.8)

Using above Eq 3.8, counts in each bin of time spectrum was converted to counts

in corresponding bin of energy spectrum. The energy spectrum that obtained, was

corrected by folding neutron detector efficiency. Efficiency of neutron detector of

dimension 5" × 5" was estimated using Monte Carlo computer code NEFF [59].

To compare with theoretical result, which is in center of mass frame, experi-

mental neutron energy spectrum was transformed to center of mass(cm) frame from

laboratory(lab) frame. Velocity of the compound nucleus in lab frame (~VcnL) is

calculated using momentum conservation principal in lab frame as

~VcnL =
mp

mp + mT

~VpL (3.9)

where mp, mT and ~VpL are mass of projectile nucleus, mass of target nucleus

and velocity of projectile in lab frame, respectively. Velocity of neutron in center of

mass frame is written as (see Fig 3.6 )

~VnCM = ~VnL − ~VcnL (3.10)

so magnitude of ~VnCM is

VnCM =
√

V 2
nL + V 2

cnL − 2VnLVcnLcosθL (3.11)

65



where θL is angle of emitted neutron with respect to the direction of incident pro-

jectile in lab frame.

Now, neutron energy in center of mass was calculated using equation EnCM =

1
2
mnV

2
nCM . From neutron scattering kinematics, Lorentz invariant double differential

cross section can be transfer from lab to cm frame as

(

d2σ

dEnCMdΩ

)

CM

=

(

d2σ

dEndΩ

)

L

VnCM

VnL
(3.12)

where
(

d2σ
dEnCM dΩ

)

CM
and

(

d2σ
dEndΩ

)

L
are double differential cross sections of neu-

tron emission from compound nucleus in center of mass frame and lab frame, re-

spectively. The obtained experimental energy spectra in center of mass frame for

different folds were shown in Fig 3.7-3.11.

3.3.3 Theoretical neutron energy spectra

Theoretical neutron energy spectrum was calculated using statistical model based

computer code CASCADE [74]. GEANT3 [64, 73] simulated angular momentum

fold distribution was given as input of the CASCADE code to extract theoretical

spectrum for different folds. In the calculation, it is assumed that compound nucleus

is formed in statistical equilibrium with respect to all degree of freedom. Its spin

distribution is derived from fusion cross section using strong absorption model. Par-

ticle evaporation of compound nucleus is calculated using Hauser-Feshbach formula.

Only neutron, proton, alpha and γ-ray emission is considered in the calculation. A

statistical model calculation can be described in three steps:

1. Calculation of fusion cross section of compound nucleus

The fusion cross section of formation of compound nucleus was calculated

using eq 1.30. Transmission coefficient depends on energy and orbital angular

momentum and it is estimated using Fermi distribution given by eq 1.32. Here

value of diffuseness constant d is estimated using Optical model potential.
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2. Calculation of Statistical decay probability of particles from equili-

brated system

The formula for particle emitting probability was obtained from the reciprocity

theorem using transmission coefficients. The rate for emitting a particle from

compound nucleus to form a product nucleus was calculated using eq 1.34.

Here transmission coefficients were obtained using optical model.

3. Calculation of level density

It is clear from the eq 1.34 that calculation of level density is necessary to

calculate particle emission probability. Estimation of level density and its re-

lation with excitation energy and angular momentum is required in statistical

model calculation. For simple system with A particles with an excitation en-

ergy E∗, most general expression of level density is given by eq 1.36. This

equation was approximated using the Fermi-gas model for a spherical nucleus

as given in eq 1.37. Values of the all parameters used in eq 1.37 are given in

table 3.5.

Parameter Value

δ1 0.9 × 10−5

δ2 0.2 × 10−8

∆P 12/
√

A

ℑ0
2
5
A5/3r0

2

r0 1.17

Table 3.5: Values of parameters used in Eq 1.37.

For ground state deformed nuclei, at low excitation energy, collective motion

give rise to rotational and vibrational bands enhancing the level density above

the single - particle value. This enhancement was included by using collective

enhancement factor as shown in eq 1.50. Enhancement factor due to rota-

tional bands is necessary in deformed nuclei while enhancement factor due to

vibrational bands is necessary in spherical nuclei.
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The level density parameter ( a ) from the single particle levels near the Fermi

surface depends on the shell structure and the shape of the nucleus, which in

turn depend on the excitation energy. To include shell effect into statistical

calculation, we used an energy-dependent level density parameter introduced

by Ignatyuk et.al, [17]. This expression was given by eq 1.47 and discussed in

Chapter.1.

Calculated energy spectra were convoluted by time of flight energy resolution of

neutron detector by multiplying theoretical double differential cross section
(

d2σ
dEndΩ

)

CM

with response matrix Ri,j. Two dimensional response matrix Ri,j was calculated us-

ing Gaussian distribution function with width equal to time of flight resolution

Ri,j(E
i
n) =

1√
2πσi

exp



−1

2

(

Ei
n − Ej

n

σi

)2


 (3.13)

where variance σi of Gaussian function is related to full width at half maximum

(FWHM i) as

σi =
FWHM i

2.35
(3.14)

where FWHM i is obtained by calculating the time of flight energy resolution

of neutron detector using eq 2.10. Now, convolution was done using equation

















(

d2σ
dEndΩ

)1

CM
(

d2σ
dEndΩ

)2

CM

................
(

d2σ
dEndΩ

)i

CM

















=

















(

d2σ
dEndΩ

)1

CM
(

d2σ
dEndΩ

)2

CM

................
(

d2σ
dEndΩ

)j

CM



























R1,j R1,j .... R1,j

R2,j R2,j .... R2,j

..... ..... .... ....
Ri,j Ri,j .... Ri,j











(3.15)

where
(

d2σ
dEndΩ

)j

CM
are convoluted double differential cross section in center of

mass frame. Thus, obtained theoretical neutron energy spectra of different folds for

all three systems are shown in Fig 3.7, 3.8, 3.9, 3.10 and 3.11, respectively.
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3.3.4 Results and Discussions

In this work, we have measured γ-ray fold gated neutron energy spectra in the

reactions that populates compound nucleus in the mass region A ∼ 169 − 201 at

excitation energy of range ∼ 26-38 MeV. Theoretical energy spectra for different γ

folds were fitted to corresponding experimental energy spectra using χ2 minimization

technique. Most probable values of k and corresponding value of χ2 for least square

fitting was achieved by varying inverse level density parameter (k) in calculations.

χ2 was taken as

χ2 =
N
∑

i

[yi − f(k, i)]2

σi
2

(3.16)

where yi and f(k, i) are measured and calculated double differential cross section

of ith energy bin for inverse level density parameter k. σi is statistical error in

experimentally measured cross section of ith energy bin. According to definition,

best fit k value occurs when χ2 is minimum.

The experimental neutron energy spectra for different γ -ray folds at angle 152◦

along with corresponding CASCADE prediction for all system are shown in Fig 3.7,

Fig 3.8, Fig 3.9, Fig 3.10, and Fig 3.11. Obtained best fit values of inverse level

density parameters (k) are tabulated in table 3.6. It is seen that the value of level

density parameter k remain almost constant with increase in γ-ray folds for all

system. Thus, dependence of the angular momentum J on nuclear level density

is almost negligible in all five reactions ( see table 3.6 ). Dependence of angular

momentum on level density is taken care through the rotational energy Erot by

introducing effective moment of inertia ℑeff . ℑeff is parameterized by deformability

parameters (δ1 and δ2), which are adjusted to include effect of angular momentum

dependent deformation. In present case, it is observed that variation of deformability

parameters δ1 and δ2 do not effect the shape of the energy spectra and therefore the

effect of δ1 and δ2 on level density is insignificant [75].

Average temperature (T) of compound nuclei produced in both the above sys-

tems are above their corresponding critical temperature (Tc) and therefore collective

69



System Beam energy Fold k (MeV) Temperature (MeV)

30 MeV All 9.7 ± 0.6 1.18
” 2 9.8 ± 0.5 1.19

4He + 181Ta ” 3 9.9 ± 0.8 1.18
” ≥4 10.2 ± 0.9 1.17

40 MeV All 10.9 ± 0.5 1.44
” 2 11.1 ± 0.3 1.46

4He + 181Ta ” 3 10.9 ± 0.5 1.44
” ≥4 10.8 ± 0.6 1.42

28 MeV All 7.9 ± 0.5 1.06
” 2 8.0 ± 0.5 1.08

4He + 165Ho ” 3 7.7 ± 0.6 1.05
” ≥4 7.8 ± 0.6 1.04

40 MeV All 9.3 ± 0.5 1.37
” 2 9.5 ± 0.4 1.42

4He + 165Ho ” 3 9.2 ± 0.4 1.38
” ≥4 9.2 ± 0.6 1.36

40 MeV All 9.2 ± 0.5 1.26
” 2 9.1 ± 0.4 1.28

4He + 197Au ” 3 9.1 ± 0.5 1.27
” ≥4 9.0 ± 0.5 1.25

Table 3.6: Best fitted inverse level density parameter and temperature for all sys-
tems.
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enhancement in level density due to ground state deformation is expected to more

significant. To study the temperature ( or excitation energy ) dependence of nuclear

level density , average temperature of populated compound nuclei was estimated us-

ing formula U = aT 2. Excitation energy ( U ) of residual nucleus is given by

U = E∗ − Erot (3.17)

where E∗ and Erot are initial excitation energy and rotational energy. Initial excita-

tion energies were calculated using FORTRAN code PACE4. Rotational energies of

compound nucleus were calculated using eq 1.38. For systems used in present work,

approximated range of E∗ and Erot were ∼ 26 − 38 MeV and ∼ 0.8 − 2.5 MeV,

respectively. As seen from the table 3.6, for All fold, values of inverse level density

parameter (k) increases from 9.7± 0.6 to 10.9± 0.5 as the average temperature (T )

( or excitation energy ) of compound nuclei increases from 1.18 MeV to 1.44 MeV

for systems 4He + 181Ta . Similarly, values of inverse level density parameter (k)

increases from 7.9 ± 0.5 to 9.3 ± 0.5 as the average temperature (T ) ( or excitation

energy ) of compound nuclei increases from 1.06 MeV to 1.37 MeV for systems 4He

+ 165Ho. Above observation suggest that there has been a relative decrement in

nuclear level density at higher temperature for both systems. This decrement in

nuclear level density is directly related to nuclear deformation due to shell effects.

The deformation due to the shell effect decrease as temperature increase and there-

fore relative enhancement in level density is reduced at higher temperature for both

systems.
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Figure 3.2: Block diagram of electronic setup used in beam experiment.
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Figure 3.3: Experimental fold distribution with the cut over fold 2.

Figure 3.4: Incident angular momentum distribution used in GEANT3 ( for system
4He + 181Ta at beam energy 40 MeV ) are shown using dashed line in the figure.
Angular momentum distributions obtained for fold 2, fold 3 and fold 4 & more are
shown by solid red, solid blue and solid black line, respectively.
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Figure 3.5: Zero cross over vs time of flight spectrum.

Figure 3.6: Figure shows the relation between velocities of evaporated neutron in
laboratory frame and center of mass frame.
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Figure 3.7: Experimental fold gated neutron spectra ( circle ) along with the theo-
retical result (continuous lines) calculated using statistical model code CASCADE
for 4He + 181Ta at Elab = 30 MeV.

Figure 3.8: Experimental fold gated neutron spectra ( circle ) along with the theo-
retical result (continuous lines) calculated using statistical model code CASCADE
for 4He + 181Ta at Elab = 40 MeV.
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Figure 3.9: Experimental fold gated neutron spectra ( circle ) along with the theo-
retical result (continuous lines) calculated using statistical model code CASCADE
for 4He + 165Ho at Elab = 28 MeV.

Figure 3.10: Experimental fold gated neutron spectra ( circle ) along with the the-
oretical result (continuous lines) calculated using statistical model code CASCADE
for 4He + 165Ho at Elab = 40 MeV.
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Figure 3.11: (Experimental fold gated neutron spectra ( circle ) along with the the-
oretical result (continuous lines) calculated using statistical model code CASCADE
for 4He + 197Au at Elab = 40 MeV.
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Chapter 4

SUMMARY AND CONCLUSION

The aim of the present work was to study the angular momentum dependence

of nuclear level density of heavy nuclei by measuring the energy distribution of neu-

trons evaporated from them. Organic liquid scintillator (BC501A) based neutron

detectors were developed under the present theses work. Energy of evaporated neu-

trons are measured using time of flight technique using neutron detector and BaF2

multiplicity detector. Neutron detectors of various dimensions were fabricated to

study various characteristics of detectors ( pulse height response, detection efficiency

, neutron-γ ray discrimination ). To measure the quality of pulse shape discrimina-

tion, Figure of merit of scintillator detectors of size 5” diameter × 5” length and 5”

diameter × 7” length was experimentally measured using 241AmBe source. It was

seen that neutron and γ events are very well separated in both the detectors. It was

also found that the value of M decreases with increase in the detector length due to

higher reduction in light collection by PMT ( since dimensions of PMT were same

in both the detector ) and higher time spread in arrival of light at PMT. Response

function of mono-energetic neutrons from continuous neutron energy field have been

studied comprehensively up to 20 MeV. Experimental response functions for neutron

have been obtained from present measurement as well as from the literature [54].

The experimental pulse height response was calibrated using the Compton edges of

two mono-energetic γ-sources (22Na and 137Cs). Mono-energetic neutron response

functions have been simulated using GEANT4 toolkit version 4.9.2 using neutron

cross-section data library G4NDL3.14. In GEANT4 simulation, wall effect was prop-
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erly included by placing a container around BC501A liquid in detector construction

of simulation. NeutronHP physics models were used to incorporate elastic, inelastic,

capture and fission process of neutron with scintillation material in simulation. In

simulation, it was found that shape of simulated pulse height response spectrum

was strongly influenced by small variation in neutron energy. Hence, energy reso-

lution of time-of-flight technique was included in simulation to compare simulated

result with experimental response. Conversion of energy deposited in Scintillations

material to light output was done by standard Cecil’s prescriptions. To compare

simulated response with experimental spectrum, light output resolution was also in-

cluded in simulation. Correct values of parameters, for light output resolution, was

estimated by comparing GEANT4 simulated pulse height spectrum of 137Cs source

with experimental pulse height spectrum. Experimentally measured pulse height

spectrum for 137Cs source has been also compared with that calculated by means of

the standard Monte Carlo FORTRAN code PHRESP [69] to check the correctness

of GEANT4 simulation.

Finally, experimental neutron response function were compared to GEANT4

simulated response function in energy range 2-20 MeV. It is very well known that

neutron pulse height spectrum calculated with the NRESP7 code well describe the

pulse height spectra of neutrons up to 20 MeV and therefore we also obtain response

functions of mono-energetic neutron using this code to compare with GEANT4 re-

sult and experimental result. It was found that GEANT4 simulation explain the

data fairly well except at lower end of the spectra, where the other reaction mech-

anisms are important. It was seen that a extra peak is coming at lower part of

GEANT4 simulated spectra and the peak is gone when only proton are considered

in simulation. This is because of the fact that GEANT4 still lacks some of impor-

tant reactions and NeutronHP model of Inelastic do not work well. 12C(n, α)9Be

gives wrong α events at neutron energy above ∼8 MeV. On comparison with exper-

imental response spectrum, it is also found that NRESP7 predictions are somewhat

better in representing the overall shapes of the spectra, particularly at the lower
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ends. The present results indicate that, though GEANT4 is fairly useful in pre-

dicting low energy response functions, the NeutronHP model should be upgraded

to include higher order processes; moreover, the neutron induced reaction models

should also be tested in more details to improve the performance of GEANT4. It

is also observed that Geant4 simulation using Geisha [50] routine based data li-

brary produces results comparable to those from Geant4 with G4NDL3.14 for all

energies. Attempts has been made to check the usefulness of other available mod-

els in comparison to NeutronHP models, which designed specifically for low energy

neutrons upto 20 MeV. It was observed that NeutronHP models produce better

agreement with the experimental data. The use of other cross-section data library,

i.e., G4HadronDataSet has also been found to make no qualitative difference.

In present thesis work, a beam experiment was performed using neutron detec-

tors developed at Variable energy cyclotron center to study dependence of nuclear

level density on angular momentum and temperature. 4He + 181Ta , 4He + 165Ho

and 4He + 197Au systems were chosen to populate compound nuclei 185Re∗ with the

excitation energy of ∼ 27 -37 MeV, 169Tm∗ with the excitation energy in the range

of 26-38 MeV and 201Tl∗ with the excitation energy of ∼ 38 MeV. Six liquid scintil-

lator typed neutron detectors and fifty BaF2 typed γ-ray multiplicity detectors were

used to measure energy spectra of emitted neutrons in coincidence with γ-ray fold.

Angular momentum fold distribution was extracted from measured γ- ray fold dis-

tribution by using Monte Carlo based code GEANT3 [64, 73]. Theoretical neutron

energy spectra for different angular momentum folds were calculated using statis-

tical model based FORTRAN code CASCADE [74] by applying measured angular

momentum distribution as input. In present analysis, it is seen that slope of the

neutron energy spectrum was only sensitive to inverse level density parameter (k).

Theoretical neutron energy spectra were fitted with experimental neutron energy

spectra for different γ-ray folds using χ2 minimization technique. It is observed in

analysis of γ-ray fold gated neutron spectra that inverse level density parameter

remains constant as angular momentum J increases in all systems at all excitation
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energy used in present experiment. These results indicates that level density of

compound nuclei populated in present work is independent of increment in angular

momentum. It is also observed that there has been a relative decrement in nuclear

level density at higher temperature for both 4He + 181Ta and 4He + 165Ho systems.

The shell effect responsible for deformation must disappear with increasing temper-

ature therefore nuclear level density decreases as temperature increases. However,

further systematic study is required to understand the dependence of level density

on angular momentum and temperature at mass region and excitation energy region

used in present work.
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