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Chapter 1

Introduction

In 1938, Otto Hahn and Fritz Stassmann observed a strange disintegration in
their study of uranium irradiation with thermal neutrons. They were astonished

to discover that when uranium (Z = 92) was bombarded with thermal neutrons,

it resulted in the creation of barium (Z = 56), rather than the expected lighter
actinides (Z = approximately 90) or transuranium elements (Z > 92). In the
letter to the editor, they wrote, "As chemists we really ought to revise the decay
scheme and insert the symbols Ba (Z=56), La (Z=57), Ce (Z=58), in place of
Ra (Z=88), Ac (Z=89), Th (Z=90). However, as nuclear chemists working very
close to the eld of physics, we cannot bring ourselves yet to take such a drastic
step, which goes against all previous experience in nuclear physics. There could
perhaps be a series of unusual coincidences that have given us false indications"
[1]. What made them so hesitant to announce a discovery that later won the
Nobel Prize and rede ned the centres of global power? It was in this process,
a huge transfer of mass between the parent and daughter nuclei was observed,
unlike the well-known alpha or beta decay, where the atomic number of the
daughter nuclei changes by one or two units up or down in the periodic table.
Unlike the celebrated discovery of Higgs boson in 2012, which was predicted
theoretically in 1964, the discovery of ssion was unexpected and entirely against

the then understanding of nuclear reactions.



Why was the possibility of ssion ignored completely? The prime reason was
the consensus that nothing heavier than an alpha particle could be emitted in
a nuclear decay. This assumption was heavily in uenced by Gamow's theory of
alpha decay, published in 1928, which provided substantial theoretical backing
to this notion [2]. According to Gamow's theory, the probability of barrier pene-
tration decreases exponentially W.r.t.IO Z,Z5Q, whereZ, and Zg are the atomic
numbers of daughter nuclei and is the energy released in the decay process.
As Zy and Zg become close to each other, the produét,Zg becomes large, and
the probability for the emission of particles heavier than alpha becomes very low.
Considering the capture of a thermal neutron by uranium, the probability for
symmetric ssion (Z, Zg)is 10 **3times less probable than alpha emission
[3]. Such calculations would have instilled immense con dence to ignore any
notions of nuclear ssion. However, it is essential to note that these calculations
heavily depend on the validity of the direct-reaction mechanism[[3].

Lise Meitner, who was part of Hahn's research group, recognized that the
behavior of heavy nuclei under neutron bombardment di ered signi cantly from
the quantum mechanical picture given by Gamow's theory. So, Meitner and
Robert Frisch treated the problem classically, where the heavy nucleus resembled
a charged liquid drop [[4/5]. Just as molecules within a drop move collectively,
they postulated that nucleons would behave similarly. The concept of surface
tension of the nucleus from Bohr's theory, published in 1937, was invoked to
account for the attractive forces that bind the nucleus. As the nucleus becomes
very heavy, the Coulombic repulsion among protons diminishes the surface en-
ergy. The nucleus would remain stable against ssion until the surface energy
balanced the electrostatic forces. Through a rough estimation, they determined
thatforZ 100, the Coulombic repulsion entirely cancels out the surface energy
[5].

For extremely heavy nuclei such as uranium, witlZ close to 100, the ssion

barrier would be relatively small. They hypothesised that in such nuclei, if the
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collective motion of nucleons is made violent by adding energy, like neutron
capture, the drop may divide itself into two smaller drops. Further, Meitner and
Frisch estimated the total kinetic energy of ssion fragments to be around 200
MeV [4]. Later, Frisch performed experiments employing ionization chambers
and detected the large pulses generated by ssion fragments in the energy range
of 200 MeV [6]. Thus, far from being impossible, ssion becomes an inevitable
feature in the decay of very heavy nuclei under violent perturbation. In nearly six
months after the discovery of ssion, Niels Bohr and John Wheeler formulated
the rst mathematical framework to explain the phenomenon[7]. Bohr-Wheeler
theory, even today, remains the foundation for most of the theoretical endeavours

to explain various aspects of ssion phenomena.

1.1 Bohr - Wheeler theory

Bohr and Wheeler developed on a comprehensive theoretical analysis of the s-
sion process, aiming to address some key questions such as the energy released
per ssion, the stability of the nucleus under deformation, and the ssion decay
width. Initially, the energy release per ssion was qualitatively assessed and later
con rmed through experiments by Meitner and Frisch[[4,6]. The remaining two
signi cant aspects are brie y addressed in this section. In Bohr - Wheeler the-
ory, a nucleus is resembled to a charged liquid drop, a concept rst proposed by
Gamow in 1930(]8]. According to this theory, a nucleus is considered as a uni-
formly charged, incompressible liquid drop held together by nuclear forces. To
analyze the energetics of the nucleus, Weizsacker's semi-empirical formula was
used. The Semi-empirical formula describes the binding energy of the nucleus of

atomic numberZ and mass numbefA in the following form,

2z 1) (A ZZ)2+ap[( DY +( 1]

Biom (A;Z)= aA aA™® a A1=3 A SN

(1.1)
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whereN is the neutron number,a,, as, ac, aa, and a, represent the coe cients

of the volume, surface, Coulomb, asymmetry, and pairing energy terms, respec-

tively, in the binding energy formula. The nuclear stability against deformation

was formulated by considering a small distortion of a spherical nucleus.
Consider a small axially symmetric deformation in a spherical nucleus. The

radius of the deformed nucleus can be written as:

h X [
R()=Rp 1+ Pi(cos) (1.2)
|

where Rq is the radius of the undeformed spherical nucleus, is the angle of
the radius vector with respect to the body xed frame of the nucleus, and
is the deformation parameter. Higher-order terms above = 2 are neglected,
considering small distortions. The deformation causes changes in surfag)(
and Coulomb energiesEc) terms of the formula[1.]. The change irEs can
be written in terms of the surface energy of the undeformed nucleugdp) as

follows:

2

Es=Es Eso= Eso 5 ; (1.3)
Similarly, the change inEc can be written as,
1 2
Ec=Ec Eco=Eco 5 2 (1.4)

whereE¢q is the Coulomb energy of undeformed nucleus. Thus the total change

in energy due to the deformation is,
1 2
E = ES + EC = g 2 (2 ESO Eco) (15)

In essence, the Bohr-Wheeler theory shows that nuclear stability against ssion
is dictated by a balance between the surface and Coulomb energies of the un-

deformed nucleus. The condition E = 0 implies that the surface energy is
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counterbalanced by the Coulomb energy, and then the nucleus undergoes spon-
taneous ssion.

The ssionability of nuclei is quantitatively expressed by ssility ( ), de ned
as,

ECO _ Z%=A _ 22:A

= = = 1.6
2Eso 287a (27 A (1.6)

From the coe cients of surface and Coulomb terms of binding energy formula,
we can estimate(Z?=A)qi = (2 as=&) 50. By incorporating isospin of the

nucleus,(Z?=A)i= can be parametrized as,

N Z

(Z?=A)qi. =50:0883 1 1:7828 (1.7)

E =0 gives =1, and the system becomes critically unstable against ssion.
For lighter nuclei, < 0:65, and for heavier nuclei in the actinide regionl:0 <
< 0:65 Lower values of signify less ssionable or more stable nuclei, and

vice versa for higher values of.

1.1.1 Fission width (  ¢)

The decay width ( ) of a process is a measure of the probability of the process
occurring within a given amount of time. In the Bohr - Wheeler theory, it

is assumed that the compound nucleus (CN) is equilibrated in all degrees of
freedom. Light particle emission and ssion are two mutually competing decay
modes whose relative probability or emission width is decided by the excitation
energy and angular momentum E ;l). The calculation of ssion width ( ¢)

is described as follows: Bohr - Wheeler theory pictures ssion as the shape
evolution of the compound nucleus from the ground state con guration towards
scission against the potential energy barrier[7]. The probability of this transition
is governed by the density of the states available at the ground state and the

transition state, called the saddle point. A typical potential energy curve of an
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excited CN as a function of deformation is shown in the Figufe 1.1.

Figure 1.1: A schematic representation of potential energy of an excited compound
nucleus used in the Bohr - Wheeler theory to describe the ssion processe and
E B¢ represent the excitation energies at the ground state and saddle point.

Let (E ) be the density of states at the ground state of the CN at an
excitation energy E . So, the number of intrinsic states between the energy
E and E isgiven by (E ) E . Under the assumption that the number of
nuclei and available states are equal (one nucleus at each state), we can write
the number of nuclei in the ground state as(E ) E . Similarly, from the
Figure[1.3, the number of intrinsic states at the saddle point can be written as

(E B¢ ) E where is the collective kinetic energy of elongation and
B¢ is the ssion barrier. Let v and p be the speed and momentum associated
with the collective motion. The number of states passing over the saddle point
is estimated from the number of collective states whose momenta lies between
p and p+ dp. The number of collective states at the saddle point is given by
vdp=h= d =h. Knowing this, the number of nucleia crossing the barrier per

unit time can be obtained from the product of the number of collective states
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and the number of intrinsic states.
a=(d=h) (E B ) E (1.8)

Therefore, the total number of nuclei (A) crossing the barrier per unit time,

ZE B+ E ZE Bt
A= a= — (E B )d (1.9)
0 h 0

From this, the ssion probability per unit time, also called the ssion rate, is

calculated as the ratio of the number of nuclei crossing the saddle point per unit

time to the number of nuclei in the ground state,

()€ " € B )
fission rate; r = ~h 20 E)E ! (1.10)

1. o P (E B )d
r_(ﬁ)o (E)

(1.11)

According to the radioactive decay law,

N=Noe"=Noe - (1.12)

R
~_ 5 U (E B )d

BW — 2 (E) (1.13)

In other words, Bohr - Wheeler theory shows that the ssion width is solely
dependent on the total number of intrinsic states available at the saddle point
and level density at the ground state. Equatiorj 1.13 shows that the precise
calculation of level density is very essential to estimate the ssion width. The
formalism used for the calculation of level density is described in the following

subsection.
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Nuclear level density

The Fermi gas model is one of the simplest models used for calculating the level
density of excited nuclei of energfe . According to the Fermi gas model, the

level density (E ) is related toE in the form,
p__
(E)=C exp 2 aE (1.14)

where C is a constant anda is the level density parameter which is related to
the nuclear temperature by the relation,T = g (E =a).

In the case of heavy ion induced ssion, the projectile imparts signi cant
angular momentum to the compound nucleus. The level density shows a strong
dependence on angular momentum. Therefore, angular momentum dependent
formalism for level density has to be used to estimate ssion width in heavy ion
induced ssion studies. The angular momentum dependent level density formula

proposed by Bohr and Mottelson(]9] is given by,

20+1 ~2 322 P—
7 o — exp(2 akE) (1.15)

(E ;)=

wherel is the rigid body moment of inertia about the axis of rotation ancE is

; ; _ 1(1+1) ~2
the available thermal energy givenak = E ———

. An approximate form of
ssion width can be derived using Equation$ 1.13 and 1.15 under the condition

E >>B ;. Equation[1.13 becomes,
Z E Bg

1 E 2 q Pp___
= — e e 2 akE B 2 aE d
BW > E B, Xp f )

(1.16)

At higher excitation energies,E >> B ¢, will be 1, and on

_E
E B
further simpli cation, we get the following simpli ed form to Bohr - Wheeler
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ssion width,

T B
ow = 5 exp( ?f) (1.17)

where T is the nuclear temperature. After the inclusion of collective degrees of
freedom in the ground state of the CN[[10], Equatioh 1.17 has been modi ed to

the following form :

f = fBW — (1.18)

= 2— exp ( E;—f) (1.19)

where! is the frequency of harmonic oscillator potential at the ground state.
For an excited compound nucleus, particle emission is another prominent decay
channel that competes with ssion. To estimate the probability of ssion decay,

the emission widths of particles have to be accounted.

1.1.2 Particle emission width ( )

The probability of particle emission (neutrons or charged particles), which com-
petes with ssion decay at higher excitation energy, was calculated from statis-
tical arguments presented by Weisskopf [11]. Consider the emission of a particle
from a compound nucleu®A at excitation energyE that forms a daughter nu-

cleusB,
A(E)! B+n (1.20)

Let be the kinetic energy of the emitted particle andgq be its binding
energy. Then the excitation energy oB will be Eg=E E, . Let W,()d
be the probability per unit time of the emission of the particle with kinetic energy

between and +d . Itis possible to calculateW,( )d as function of the inverse



1.1. Bohr - Wheeler theory 10

cross-section (E ; ) in the following form [11],

nm g(Eg)

Wh()d = (E; )2—~3 ﬁ (1.21)

where m is the mass of the emitted particle,n denotes the number of states
for the spin of the particle, g(Eg) and A(E ) are the number densities of the
daughter and parent nuclei, respectively. For particles of spig, n is given by
(2s + 1). Inverse cross-section is the mean cross-section for the collision of a
particle of kinetic energy with a nucleus at excitation energyE Eo to
form a CN at excitation energyE . The total probability per unit time is then

obtained by integrating W,( )d w.r.t. as,
z

1o W) (1.22)

rate =

Finally, the emission width of a particle of typei is obtained by the following

formula,

Z
o (2si +1) m; 1

| 2~ A(E)

s(Eg) (E;) d (1.23)

The inverse cross-section can be determined by the classical conception: any
particle hitting the nucleus will be absorbed[11]. This corresponds to the geomet-
rical cross-section, without considering the energy dependence in the interaction.

Then we get the expression,

(E:)= o1 v if >V (1.24)
=0 if <V (1.25)
o= R?:V=2,Z,=R (1.26)

whereR is the radius of the nucleus and/ is the Coulomb energy.
The liquid-drop model (LDM) of the nucleus is quite successful in accounting

for the general collective behavior of nuclei. It provides an understanding of
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the ssion process on the basis of the competition between the cohesive nuclear
force and the disruptive Coulombic repulsion between protons. But it does not
provide an accurate description of nuclear properties such as the extra-stability
of certain nuclei, ssion barrier systematics or the ground-state masses of nuclei,
as well as asymmetry in the mass distribution during actinide ssion. These
discrepancies have been attributed to microscopic factors, notably the presence
of shell structures similar to electron shells in atoms. Another notable devia-
tion from the LDM prediction is the rapid decline of ssion barriers at higher
angular momentum in the compound nucleus. Addressing this, angular momen-
tum e ects have been incorporated into the LDM framework, giving rise to the
Rotating Liquid Drop Model (RLDM).

1.2 Shell e ects

Shell e ects generally refer to the in uence of the shell structure of nucleons
on the evolution of an excited CN. To investigate this, a microscopic approach
known as the shell model has been developed, based on the mutual interactions
among nucleons within a nucleus. Though the Shell model calculation accounts
for many nuclear properties, a completely quantitative microscopic calculation
to describe properties like nuclear mass, ssion barrier, etc. was di cult. A ma-
jor breakthrough emerged in 1967 when V. M. Strutinsky introduced a macro-
microscopic model that incorporates microscopic shell e ects as a correction to
the macroscopic liquid drop energy [12]. The model assumes nucleon shells and
other quantum e ects as a small deviation from the homogeneous distribution
considered in the liquid drop model. This energy di erence, which is the correc-

tion to LDM energy, can be expressed as,

U=uU U (1.27)
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Figure 1.2: Potential energy as function of elongation calculated according to the
liquid drop model, and macro-microscopic approach[13].

whereU represents the energy corresponding to the "shell" quantal distribution
and U is that of the uniform distribution [L2]. Shell correction manifests as a
modi cation in nuclear masses denoted asM = Mg, Mipwm - Figure
highlights the importance of shell correction. This gure presents a schematic
drawing of the potential energy as a function of elongation relative to the macro-
scopic ground state energy of a nucleus. The dashed (black) and dot-dashed
(red) curves, respectively show the potential energies calculated using LDM, and
the LDM after incorporating shell corrections. Shell e ect modi es the ssion

barrier (B¢ ) predicted by LDM as,
B B  Uge BM™ M (1.28)

where Bf"® is the macroscopic barrier calculated using the liquid drop model,
and U g, Is the shell correction energy mainly at the ground-state.

The shell structure also modi es the nuclear level density. Therefore, it is
crucial to incorporate the shell correction to the level density, as well as the

damping of shell e ects with excitation energy. Typically, phenomenological
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relations are used to describe the thermal damping of the shell e ects. Ignatyuk'’s
formula [14] is one such widely used formula that incorporates the shell e ect

and its attenuation with increase in excitation energy, as

a(E):a1+Eﬂf(E) (1.29)

f(E)=1 exp( E =Ep) (1.30)

where a is the asymptotic level density parameter derived from the Fermi-gas
model, andEp (or = 1=Ep) de nes the rate at which shell e ects diminish with

rising excitation energies. has typical values between 0.04 to 0.0MeV ! [15].

1.3 Inuence of angular momentum on ssion

The advent of heavy ion beams has opened up new paths in ssion research. One
signi cant opportunity it o ers is the investigation of ssion at extremely high
angular momentum () of CN. Bohr-Wheeler theory calculates the potential
energy of the nucleus from the counter-acting surface and Coulomb energies; not
showing any dependence f on the ssion barrier. Since the rotational energy
acts in concert with the disruptive Coulomb forces, a decrease in ssion barrier
can be expected with increase ibh. To address this, Cohen, Plasil, and Swiatecki
introduced the Rotating Liquid Drop Model (RLDM) [L6]. According to RLDM,

the e ective potential energy of a rotating, incompressible, uniformly charged

liquid drop is given by
Eett = Es+ Ec + Er (1.31)

whereEs and E¢ are surface and Coulomb energies. The rotational ener@y
is given byEg = % wherel is the moment of inertia of the con guration.
The liquid drop model by Cohen and Swiatecki [17, 18] suggests a spherical

ground states, whereas the shapes at the saddle point are elongated. Conse-
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Figure 1.3: RLDM calculations showing the changes in ground state EZ™ ) and
saddle point (E 29" ) energies with increase inL for 14°Tb. The black and blue solid
lines respectively show the increase IrfEF™ and E3299® with increase in L. The
di erence of these two curves,Bs, is also shown (red solid line) [19].

quently, as L increases, assuming the shapes remain constant, rotational en-
ergy both at the ground state €X' ) and saddle point E3299®) increases, as
shown in Figure[1.3. HoweverEX™" increases more rapidly tharE g2 of the
elongated saddle-point shape. Eventually, at some higher value lof typically

L < 100~, the ground state energy becomes equal to the saddle point energy.
In this simple shape-constrained picture, this is the point at which the ssion
barrier (Bf=Egddle  EMn) vanishes. In essence, angular momentum imposes
an absolute limit towards the stability to all nuclei.

It is crucial to note that as nuclei rotate, their shapes do change with in-
creasing angular momentum. In fact, these changes in shape and the resulting
changes in energy form the foundation of the RLDM [16]. Though RLDM pro-
vided a qualitative description of the impact of angular momentum, comparison
with measurements[|20, 21] has shown that the theory overestimates the ssion
barrier. To address this limitation, improvisations were made in the Rotating
Finite-Range Model (RFRM), introduced by Mustafaet al. [22], and A. J. Sierk
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Figure 1.4: A schematic representation of heavy ion collision with a target nucleus
and subsequent evolution of the di-nuclear system.

[23]. RFRM demonstrated remarkable improvement in quantitative predictabil-

ity of ssion barrier [24].

1.4 Statistical model of compound nucleus decay

Figure[1.4 is a schematic representation of a typical heavy ion collision and the
subsequent evolution of the composite system. The composite system formed
by the capture of a heavy ion projectile with the target can undergo various
exit channels, as depicted. An early re-separation of the composite system be-
fore equilibration ends up in non-compound ssion path known as quasi- ssion.
Conversely, the equilibration in all degrees of freedom results in the formation of
compound nucleus (CN). Depending on the impact parameters of collision, the
spin of the CN will be distributed among the allowed. values. Moreover, the
decay of this CN through particle emission opens up numerous additional chan-
nels with di erent (E ; L) values. For such complex many-body systems with
a large number of possible states, it is di cult or impossible to study the full

microscopic dynamics. An appropriate method to deal such systems is statistical
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approach. Bohr-Wheeler theory, discussed earlier, is one such theory developed
with statistical framework to describe the ssion process.

Bohr-Wheeler theory computes the ssion width () from the total number
of intrinsic states at the saddle point and the intrinsic level density at the ground
state as expressed by Equation 1.13. The underlying assumption is that ssion
is a slow process such that it does not disturb the phase-space (level density)
equilibrium con guration. When a CN undergoes ssion, the distortion to the
phase-space at the saddle point is restored rapidly, such that equilibrium con-
tinues. Under this assumption, the decay of CN through ssion or evaporation

channels is calculated. The total decay width (v) can be written as,
pt (1.32)

where ¢ is the ssion width, ,, ,, , and are the the particle emission
widths for neutrons, protons, alpha particles and -rays respectively.

From the Equation [1.32, the probability of various decay channels can be
calculated as,

Pf = . Pn = n; Pp: _P (133)

T _n
T T T

The decay chain of the CN persists depending on the relative probabilities of

various channels until:

1. The process is terminated by a ssion event or,

2. The excitation energy of the CN drops below particle binding energy and ends
up as evaporation residue.

To investigate the ssion process, dierent classes of detector systems were
used to detect the observables at di erent stages of the decay chain as shown
in Figure[1.4. Measurement of fragment angular distribution, mass distribution,
total kinetic energy distribution, etc. are some of the e cient methods used for

the investigation. Until the 1980s, the existing data regarding the nuclear ssion
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process had been e ectively described by the statistical models put forward by
Weisskopf [11], Bohr and Wheelef [7], in addition to the contributions of Cohen
and Swiatecki [17/18]. These models were complemented by the shell correction

proposed by Strutinsky [12] and Ignatyuk[[14].

1.5 Challenges in heavy ion induced ssion stud-

ies
A major confrontation with the statistical theory was observed when the exper-
imental pre-scission neutron multiplicity ( o) was compared with the theory
[25]. It was found that the statistical theory underestimates the pre-scission
neutron multiplicity, particularly at higher excitation energies. The observation

of higher . than the statistical model prediction directly implies that ssion

occurs relatively slowly, which enhances the probability of neutron emission.

1.5.1 Need of dynamical calculations

The statistical model relies on the validity of phase-space equilibrium. How-
ever,at higher excitation energies where the ssion rate is high, if the phase-space
equilibrium at the saddle point is not restored, the overall 1 will be decreased.
Experimental results a rm that the dynamical evolution of the di-nuclear system
towards the saddle point is constrained by dissipative forces. The net e ect of
dissipation is the delay or hindrance in the shape evolution from nearly symmet-
ric ground state to a highly deformed saddle point con guration. Consequently, a
dynamical calculation incorporating appropriate forms of dissipative forces must
be performed to describe the observables of ssion induced by heavy ions at
higher excitation energies. This forms the basis of the dynamical calculation.
The Langevin equation serves as a suitable dynamical equation to describe
the ssion process([26/ 27]. It initiates with a compound nucleus (CN) in a

nearly spherical shape and follows the trajectory of its evolution, termed the
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Langevin trajectory, in small time intervals until scission occurs. Over the
past two decades, numerous studies have been conducted based on both one-
dimensional [26,/28] and multidimensional [27, 29, 130] Langevin equations to
analyze experimental data concerning various aspects of fusion- ssion reactions.

However, these calculations demand substantial computational resources.

1.5.2 A semi-empirical approach : GEF model

In recent years, there has been a growing demand for theoretical codes with
enhanced predictive capabilities and good consistency in correlating various s-
sion observables. The General description of Fission observables (GEF) code
[13] is a semi-empirical model developed to meet this need. GEF makes use of
many theoretical concepts, primarily of a broad nature, avoids microscopic cal-
culations with their approximations to minimize the high computational needs.
Drawing from a substantial empirical data set, GEF constructs a comprehensive
description of ssion observables. The underlying theoretical framework, based
on established concepts, de nes the code in a qualitative way. About 100 param-
eters in the formalism are linked to the underlying physics, o ering a quantitative
speci cation of the model. These parameters were ne-tuned once using bench-
mark experimental data and remain the same across a wide range of excitation
energies for all systems.

For the ssion decay, GEF code begins with a compound nucleus character-
ized by a specic excitation energy and angular momentumK ; <L > ) and
then calculates the sequential decay of the system. Throughout the calculation,
correlations between di erent quantities are maintained, and no parameter ad-
justments are required.

For the present thesis, which investigates fragment-neutron correlations in the
ssion of a lighter actinide nucleus within the excitation energy range of 30-60
MeV, GEF model calculations have been used extensively. While a comprehen-

sive overview of ssion process modelling in GEF is provided in |13,/31], the
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following subsection emphasizes a key conceptual idea relevant to the present

thesis.

Multi-chance ssion

Figure 1.5: A conceptual view of multi-chance ssion for the case of38U [32].

At high excitation energy and angular momentum, the decay pathway of a
compound nucleus is largely determined by the competition between the particle
emission width ( ;) and the ssion width ( ¢). Fission can occur directly from
the parent nucleus Zcn ; Acn ), termed rst-chance ssion, or from the daughter
nuclei formed after particle emission(s). When the excitation energye() of a
heavy nucleus is su ciently high that the energy after particle emission(s) falls
near or above the ssion barrier of the daughter nuclei, the observed events may
involve a sequence of ssion-chances, such as rst, second, third, and so forth.
This phenomenon of sequential ssion decay of a compound nucleus preceded
by particle emission is called multi-chance ssion. The GEF model accounts

for multi-chance ssion by evaluating the competition between ; and ; as a
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function of excitation energy and angular momentum.

Figure[1.5 depicts a conceptual description of multi-chance ssion. It shows
the sequences of ssion events 88U following neutron emission and the con-
sequent changes in the mass distribution [32]. Notably, after each chance, the
reduction in excitation energy opens up various ssion modes that were less
prominent in earlier chances. Multi-chance ssion plays a central role in the

emergence of di erent ssion modes at medium excitation energies.

1.6 Motivation of the thesis

Over the decades of intense studies in the ssion of actinide nuclei, there is a
consensus that the fragment mass distribution is asymmetric at lower excitation
energies. The macro-microscopic model described it as a manifestation of frag-
ment shell e ects [12]. With increase in nuclear excitation energy, the shape
of mass distribution changes from asymmetric to symmetric Gaussian whose
mean is aroundAcy =2, where Acy is the mass number of the compound nu-
cleus. These macro-microscopic theories clubbed with phenomenological correc-
tions |14] provide a vivid picture of spontaneous and induced ssions at lower
(< 30 MeV), medium (30 < E < 50 MeV) and higher (> 50 MeV) excitation
energies. A plethora of experimental data shows that, generally, the in uence
of fragment shells on mass distribution is prominent at loweE , diminishes for
E > 30 MeV and becomes very small or negligible aboize 40 MeV, though
the boundaries are not strictly de ned in the theory.

Recent experimental results of mass distribution studies through multi-
nucleon transfer (MNT) stand remarkably away from these expectations [33 35].
In their experiments, the multi-nucleon transfer method was employed to popu-
late neutron-rich compound nuclei of elements such as Th, Pa, U, Np, Pu, Am,
Cuand Bk atE 10 - 70 MeV [3335]. Surprisingly, even at very higlt 60
- 70 MeV, the mass spectra of these systems have shown shell in uenced asym-

metric ssion. The mass spectra of some of the isotopes are depicted in Figure
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Figure 1.6: Mass distribution of fragments of the U, Np, and Pu isotopes at di erent
excitation energies. Solid lines represent Langevin calculations with (red curves), and
without (blue curves) the inclusion of multi-chance ssion [33].

[1.§. Multi-dimensional Langevin calculation that incorporates the multi-chance
ssion, could reproduce the distribution fairly well at all energies studied. It
was concluded that the observed mass spectrum is brought about by sequential
ssion : ssion followed by neutron emission. Depending on the particle emis-
sion width ( ) in comparison to ¢, the compound nucleus may emit multiple
neutrons and ends on loweE where shell e ects are prominent. A series of
experimental [33[35] and theoretical studies [3Z, 36] carried out on neutron-rich
actinide nuclei emphasize the the necessity of considering multi-chance ssion to
describe the fragment mass distribution.

Unlike ssion induced by MNT, the complete fusion of a heavy projectile with
a target results in the formation of neutron-de cient CN in the actinide region.
The probability of a higher chance ssion is lower in such systems compared to
CN formed via MNT. Therefore, an early washout of shell e ects as a function of

E can be expected in these nuclei. However, if the MCF, particularly the higher
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chance ssion contributes signi cantly at any given excitation energy, the ssion
modes may change. In such scenarios, the ssion decay has to be analyzed by
invoking the revival of microscopic e ects to explain the experimental results. An
example is the deformation-dependent quasi- ssion reported in the reaction of
160+ 238y around the Coulomb barrier energies [37]. The increase in mass width
around and below barrier energies was attributed to quasi- ssion induced by the
high static deformation of the 238U target. Below the capture barrier energies,
the collision of the projectile with the tip of the deformed target can lead to the
formation of a di-nuclear system that separates before full equilibration. This
incomplete mass equilibration results in asymmetry in the fragment mass as
observed at below barrier energies. Nevertheless, theoretical calculations that
incorporate MCF also predict signi cant amount of asymmetric ssion in this
system due to shell e ects[[13]. This underscores the necessity of considering
the e ects of MCF for a comprehensive understanding of ssion in the actinide
region.

With this motivation, we conducted measurements of the mass distribution,
< e >, and the correlation between fragment mass and,e (Mass pre) 1IN
the ssion of a lighter actinide nucleus,??’Pa. This nucleus was formed through
the complete fusion reaction ot°F+ 2%®Pp within the excitation energy range of

30 to 60 MeV. The interplay of various modes in ssion observables and their
changes withE can be deduced from thélass . correlation. Furthermore,
since the excitation energy at the ssion Eg,) can be more accurately estimated
by knowing the pre-saddle neutron multiplicity, measurements oflass pre
can provide valuable insights into the attenuation of shell e ects in terms dEsp.

Typically, prompt neutron multiplicity is extracted by analyzing the neutron
energy spectra measured at various angles relative to the neutron sources. A
major challenge in such investigations lies in e ciently detecting fast neutrons
due to their nature of interactions within a medium. To detect fast neutrons

in the energy range of interest, 100 keV to 10 MeV, a hydrogenous medium
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is commonly employed, wherein fast neutrons undergo elastic scattering with
protons. It is important to note that scattering-based detection techniques do
not provide the full energy of the interacting neutron. The Time of ight (TOF)
technique is one of the simplest and most widely used methods to determine the
energy of fast neutrons. In this technique, the ight time of neutrons from the
target to the detector is measured using 8TART-STOP detection system. The
uncertainty in the measured energy, E, depends on both the uncertainty in the
path length ( L) and the intrinsic time resolution ( T) of the START-STOP
setup. When employing large-volume neutron detectors to enhance e ciency, it
is desirable to maintain a long ight path to minimize the contribution from TL

to E.

The measurement of fast neutrons with minimal energy uncertainty, ner
angular steps, and high detection e ciency points to the necessity to develop a
multi-detector array comprising organic based detectors with large ight path.
Moreover, precise data on neutron emission in coincidence with other experimen-
tal observables can give a deeper insight into the physical aspects of compound
nuclear evolution [25,/°38/739]. When a fused system undergoes binary ssion,
the emitted particles carry valuable sources of information about the dynam-
ics of the process. Neutrons, being charge-less, do not experience any Coulomb
force. Consequently, the emission probabilities are orders of magnitude larger
than those of light-charged patrticles like protons and alpha particles. Neutron
studies are therefore among the most sensitive and e ective ways to probe nuclear
reaction dynamics. Neutron multiplicity measurements provide important data
regarding nuclear temperature, viscosity of nuclear matter, signatures of quasi-
ssion processes, and more. With these motivations, a large array of neutron
detectors, of type BC501A, has been developed and installed in one of the beam
lines of IUAC accelerator facility. Extensive Monte Carlo calculations have been
conducted to ensure the optimal utilization of this detector setup. Key param-

eters characterizing the facility, including the scintillation response of BC501A,
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intrinsic e ciency, cross-talk probability, and loss of neutron ux due to scatter-
ing, were simulated and compared with measurements using the FLUKA Monte

Carlo code [[4D 41].

1.7 Outline of the thesis

The present thesis encompasses two distinct domains in the eld of nuclear re-
search : nuclear instrumentation, and heavy ion induced ssion to study the
impact of neutron emission in the ssion of actinide nuclei. The initial two chap-
ters are dedicated for a detailed description of nuclear instrumentation, the art
and science about making scienti ¢ instruments. Subsequent chapters detail the
experimental techniques employed for measuring various observables, conducting
data analysis, and presenting the salient results obtained. A comprehensive dis-
cussion is also included to interpret the results, taking into account theoretical
considerations. The following paragraphs highlight a formal description of the
thesis organization.

Chapter 2 of the thesis is dedicated to the developmental aspects of the
National Array of Neutron Detectors facility. The mechanical structure of the
array and scattering chamber facility, salient features of the neutron detectors,
design and development of ssion detectors, analog signal processing electronics
for ssion and neutron detectors and the data acquisition system are described
in great detail. Important results of the performance evaluation such as
discrimination, time resolution, cross-talk probability, secondary radiation sup-
pression, etc. are given based on the o ine tests and commissioning tests by
in-beam experiments.

FLUKA based Monte Carlo calculations to estimate some of the important
features of the detectors and array are discussed @hapter 3 . A novel tech-
nique to determine the intrinsic e ciency of the BC501A detector and its com-
parison with the FLUKA calculation are described. The light output response

of BC501A detectors for mono-energetic neutrons andrays was investigated
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through FLUKA calculation and measurements. Large-scale FLUKA calcula-
tions to estimate the loss of neutrons due to scattering, accurate determination
of array e ciency, etc. are also incorporated in this chapter.

Experimental aspects of mass distribution and neutron multiplicity (pre)
measurements are detailed irfChapter 4 . A description of the Pelletron ac-
celerator facility at Inter-University Accelerator Centre, facilities used ssion
fragments and neutrons detection, analog signal processing electronics, and data
acquisition system are provided in this chapter.

Chapter 5 describes the data analysis methods adopted for deriving the
important experimental observables. The details of various methods applied to
extract the mass and kinetic energy distribution of ssion fragments, average
neutron multiplicity, and the correlation of fragment mass with pre-scission neu-
trons are provided in this chapter.

The results of di erent measurements such as fragment mass and kinetic
energy distribution, e, and Mass pre are presented inChapter 6 . A
semi-empirical code, GEF is used for the interpretation of the experimental dis-
tribution and their correlations. In-depth discussion on the role of various ssion
modes in the experimental observables and their changes with excitation energies
is also included in this chapter.

A summary of the work done, conclusion, and a future outlook of this inves-

tigation are presented inChapter 7 .
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Chapter 2

Development of a multi-neutron
detector facility and its

performance evaluation

2.1 Importance of neutron measurements

The study of heavy ion collision experiments at energies around the Coulomb
barrier throws light on the mechanisms of a variety of nuclear processes like deep
in-elastic collision, fusion, equilibrated ssion, non-compound ssion, etc. These
investigations provide deeper insight into the viscosity of nuclear matter, the time
scale of fusion- ssion, the importance of shell e ects to understand the reaction
mechanism, etc. Experimentally, nuclear ssion and related phenomena have
been studied using large area fragment detectors. The detection system provides
sensitive information such as the mass distribution of the fragments, the angular
distribution, and the correlation between fragment mass and emission angles [1].
Precise data on neutron emission in coincidence with other experimental ob-
servables can give a deeper insight into the physical aspects of compound nuclear
evolution [25]. When a fused system evolves to binary ssion, light particles

are emitted that are valuable sources of information on the dynamics of the

31
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process. Neutrons, being chargeless, do not experience any Coulomb forces.
Because of this, the emission probabilities are orders of magnitude larger than
those of light-charged particles like protons, alpha particles, etc. Neutron stud-
ies are therefore among the most sensitive and e ective ways to probe nuclear
reaction dynamics. Neutron multiplicity, the number of neutrons emitted per
ssion, measurements can provide important data regarding nuclear tempera-
ture, nuclear dissipation, quasi- ssion processes, etc. To determine the neutron
multiplicity, precise knowledge of the angular distribution and kinetic energy of
neutrons is essential. Recent ndings from the DeMON array point to a novel
method for fusion- ssion dynamics research[6]. The array has been utilized to
nd the multiplicity distribution rather than only measuring the average neutron
multiplicity. With the help of backtracking algorithm, a two-dimensional corre-
lation between pre-scission and post-scission multiplicities has been extracted
from the multiplicity distribution.

To sum up, a multi-neutron detector array that can measure neutron kinetic
energy with good resolution, angular distribution with smaller angular steps,
and higher fold e ciency to nd multiplicity distribution will be a potential tool

in the investigation of various aspects of heavy ion collisions around the Coulomb
barrier energies. The following sections describe the developmental aspects and

characterization of the neutron detector array at IUAC.

2.2 Multi-neutron detector facility at IJUAC

The National Array of Neutron Detectors (NAND) is a multi-neutron detec-
tor facility that accommodates various sub-systems for the study of heavy ion
induced ssion and related phenomena. The facility consists of a xed radius
hemi-spherical dome structure to mount organic liquid scintillators for fast neu-
tron detection. To mount the liquid cells, a mechanical structure has been built
using metal tubes linked to form a geodesic dome around the target. The dome

is made of 20 mm diameter and 4 mm thick mild steel tubes linked together,
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Figure 2.1: A photograph of the National Array of Neutron Detectors facility.

minimizing the amount of material surrounding the detectors. The liquid cells,
along with photo-multiplier tubes and bases, are xed to the dome structure by
means of circular hubs made of rings connected to the vertices of the dome. The
dome structure is truncated in the lower hemisphere with a ground clearance
of 90 cm from the oor. The structure has eight independent horizontal rings.
These horizontal planes are separated by an inter-planar angleldf with respect

to the centre. The neutron detectors are mounted with an inter-cell separation
of 55 cm on di erent horizontal rings. A ight path of 175 cm between detec-
tors and the target was chosen to achieve an acceptable level of cross-talk while
maintaining reasonable solid angle coverage. The solid angle subtended by an
individual neutron cell is 4 mSr and the whole array covers 3.3 % of 4.

At the centre of the dome structure, a 50 cm radius spherical vacuum chamber
is mounted on the beam line to house the targets and charged particle detectors.
The chamber, constructed from 4 mm thick stainless steel, contains a sector
plate and four manually rotatable arms for placing charged particle detectors.

The angular and radial positions can be adjusted withil and 1 mm accuracy.
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A circular ring xed at the beam exit port inside the chamber is used to mount
silicon detectors at a distance of 42 cm from the target and at an angle of12
w.r.t. the beam direction. These detectors are used for beam monitoring and
normalization purposes. A target ladder mounted vertically at the centre of the
chamber can hold ve independent targets that can be rotated and moved up or
down using a linear and rotary magnetic manipulator. For a typical application
of heavy-ion ssion study, the chamber usually houses a pair of multi-wire pro-
portional counters to detect the ssion fragments. The chamber and the beam
lines are evacuated by a set of turbo-molecular pumps to a typical operating
pressure of 210 ® mbar. The whole assembly of the neutron array and the
reaction chamber are installed in beam hall-Il of IUAC[]7].

For the ease of tuning heavy beams from Linear Accelerator (LINAC)[8], a
cylindrical diagnostic chamber is installed 285 cm upstream from the reaction
chamber. It contains fully and partially depleted silicon surface barrier detectors
mounted at an angle of20 with respect to the beam for timing and energy
measurements. The beam scattered from 20@/cm? thick gold foil is detected
using these silicon detectors, which are utilized for optimizing the tuning of the
LINAC beam. A picture of the NAND detector array installed in the beam hall
is shown in Figure[2.]l. In the following sections, various sub-systems of the

NAND facility are described.

2.3 Nuclear radiation detectors

2.3.1 Neutron detectors : BC501A

Organic liquid scintillators have been extensively used for fast neutron detection
due to their excellent timing characteristics, high counting e ciency, and particle

dependent pulse shape. Inside the detector volume, the interaction of neutrons
and rays produces recoil-charged particles that cause excitation or ionization

of the scintillation medium. The excited molecules de-excite by emitting light
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with a fast (few ns) and slow decay component (few hundred ns) [9,/10]. The
relative intensity of fast and slow decay components, and hence the shape of
the resultant pulse, depends on the type of particles causing excitaticdn [11]. A
pictorial representation of light pulse from an organic liquid scintillator is shown

in the Figure[2.2. Though the scintillation pulses show nearly the same rise time
for neutron and -ray interactions, the neutron pulses exhibit a large decay time
compared to the other signal. This feature is utilized to discriminate between

the neutrons and -rays emitted from heavy ion collision experiments.

Figure 2.2: Pictorial representation of scintillation pulses from an organic liquid
scintillator [LO].

The NAND facility consists of 100 liquid scintillators. Each detector contains
organic liquid scintillator BC501A (Bicron-MAB BC501AL) in a cylindrical cell,
12.7 cm in diameter and 12.7 cm long, coupled @' diameter photo-multiplier
tube (PMT, Hamamatsu R4144). The PMT has 8 dynodes and a cylindrical

-metal to shield the tube from stray magnetic elds. A voltage divider base
with an in-built pre-ampli er is attached to the PMT to feed the high voltage
bias and readout of the signal. The detectors are positioned to cover wide ranges

of polar and azimuth angles at a xed distance of 175 cm from the target.
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2.3.2 Fission fragment detectors : MWPC

Fragment mass distribution is derived from the simultaneous measurement of
fragment velocities, which is described in detail in Chapter 5. The detector
system chosen for such investigations should provide clear separation between
fragments and other charged particle uxes. Gas based detector systems are
one of the easiest choices, as they are cost e ective and easy to construct in
di erent sizes and shapes. Two large area (2A.0 cn?) multi-wire proportional
counters (MWPC) have been developed in order to detect the complementary
ssion fragments and to facilitate the following measurements of their mass and
mass-angle correlation [12,13]. These detectors provide information on the two-
dimensional position ( X and Y), and timing of interacting particles, which are

used for the kinematic reconstruction of a nuclear ssion event.

2.3.3 Design and development of MWPC detectors

Figure[2.3 schematically shows the structure of MWPC. The core of MWPC is
designed in three electrode geometry. The central electrode is developed from
2 m thick Mylar (polyethylene teraphthalate) coated with aluminium on both
sides. The foil was stretched without wrinkles on a 2 mm thick printed circuit
board (PCB) from which the time signal was extracted. Two position frames
were mounted on either side of the central electrode, with an inter-electrode
separation of 3.2 mm. The X position frame was fabricated using gold-plated
tungsten wires of thickness 20 m soldered on a 3.2 mm thick PCB. It consists
of 160 wires, in which two adjacent wires are grouped together and connected to
a tapped delay line for position information. The Y plane consists of gold-plated
copper strips printed on a PCB frame whose width and separation arel mm
and 0.25 mm respectively. As in the case of the X frame, two adjacent strips
were grouped and connected to a tapped delay line for extracting the Y-position.
The delay line method was used to get the position information. The grouped

wires or strips were connected to a multi-tapped delay chip. The time di erence
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Figure 2.3: A schematic of the electrode con guration of MWPC detectors.

between the signals at two ends of the position frame was used to determine the
position of the interaction. Commercially known passive delay chips supplied by
Rhombus Industries Inc. model TZB 12-5, were used in these detectors. Model
TZB 12-5 chips o er a 2 ns tap-to-tap delay and characteristic impedance of 50
. Eight of these chips were utilized in the X frame and four in the Y frame.

Each chip contains ten taps. This results in an end-to-end delay of 160 ns in
the X frame and 80 ns in the Y frame. Both ends of delay lines in X and Y
frames were kept at ground potential through 100K resistors. The performance
of the delay lines in both X and Y electrodes was tested using a pulsar signal.
Every tap on the delay chip was connected to a pulsar signal, and the time delay
in the signal at the other end was recorded. Figuife 2.4 shows the test result of
X-position electrode. 80 distinct peaks have been observed that correspond to
160 ns end-to-end delay in the X frame. All 24 chips were tested to verify their
functionality before being assembled to form the detectors.

The timing information was extracted from the central foil-based electrode,
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Figure 2.4: Test results of Rhombus delay chipsused for nding the position infor-
mation in X and Y direction. Each peak corresponds to a pulsed signal received at
the delay tap. Tap-to-tap delay is expected to be 2 ns. Eighty peaks have been
observed in X electrode where the end-to-end delay is expected to be 160 ns.

where avalanche multiplication takes place. The timing electrode was biased to a
negative high voltage through a high resistor ( 1.5 M ). A 1 nF capacitor was
used to ground the ripples in the dc bias supply. After avalanche multiplication,
the movement of electrons away from the electrode or positive ions towards it
induces positive charges. To process the induced signals, an inverting fast pre-
ampli er was mounted near the detector inside the vacuum chamber. The X and
Y electrodes were assembled in a mutually perpendicular con guration on either
side of the central electrode. The entire electrode assembly is mounted inside a
rectangular aluminium box, and it was isolated from the target chamber with
the help of a thin window foil developed from a plane Mylar of thickness 1

m. Figure[2.5 shows a photograph of an MWPC detector after assembling the

position and timing electrodes.
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Figure 2.5: Photograph of an MWPC detector after assembling the electrodes.
Mutually orthogonal position electrodes (X & Y), connected with delay chips, can
be observed. Aluminised Mylar foil was developed in mirror nish to avoid any non-
uniformity of electric eld.

2.4 Electronics

2.4.1 Pulse shape discrimination (PSD) module

BC501A detector is one of the best fast neutron detectors available due to its good
timing and pulse shape discrimination properties. The digital charge comparison
technigue and the zero-cross over time (Z/C) method are the most widely used
electronic methods for particle identi cation, which make use of pulse shape
discrimination [14 16]. Though the charge comparison method appears to be the
most simple and straightforward technique fon  discrimination [15], Wolskiet

al. compared the performances of charge comparison and the Z/C technique and
found the Z/C technique superior to charge comparison for a wide dynamic range
of neutron energies |[14]. A discrimination approach with a wide dynamic range
for neutron energies is desired because the heavy-ion reaction creates neutrons
with energy typically ranging from a few 100 KeV to 20 MeV. Therefore, we

have adopted the electronic Z/C technique for discriminating the neutrons and
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gamma rays interacting in the BC501A detector.

A custom-built PSD module based on the Z/C method is used fon
separation. Ref. [[17] provides a summary of the key features of this electronics
module. It is a single width NIM module with two independent channels that
can accept signals from two neutron detectors. The module has integrated elec-
tronics for pulse shaping, ampli cation,constant fraction discrimination (CFD),
Z/C detection, and time to amplitude converter (TAC). Each channel accepts
the anode and dynode signals of PMT as inputs and provides processed out-
puts for total light-output, prompt and delayed timing CFDs and TAC for pulse
shape discrimination. Fifty such modules have been fabricated and installed in
the facility. The n discrimination and its gure of merit (FOM) using this

module are described in the later sections.

2.4.2 Fast-timing pre-ampli ers

The position and timing signals from the MWPC were amplied by custom
built fast timing pre-ampli ers [18]. The pre-ampli er circuit is based on the
design given by Stelzeii [19] and fabricated using high frequency bipolar junction
transistors. The design utilizes three/four inverting stages realized by common
emitter ampli er (BFR92) with an emitter follower at the output stage (BFT92).
The number of inverting stages is decided by the polarity of charge induced at the
respective electrode. These separate stages are cascaded to achieve the desired
gain factor of 100. The internal rise time of the pre-amplier signal is 2 ns
with an input impedance of 50 . Since the power requirement is low ( 200
mW/ unit), the pre-ampli ers are compatible for in-vacuum operations. Five
such units (four positions and one timing pre-ampli ers) were assembled in an

aluminum box and mounted next to each MWPC.
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2.4.3 High voltage supplies for PMTs of BC501A

To obtain the necessary gain for the anode signal, all neutron detectors are typ-
ically operated at high voltages up to -2000V. Each detector has a base with
a suitable voltage divider network attached to it that is used to apply voltages
to the photo-multiplier tubes. A custom-built charge-sensitive pre-ampli er cir-
cuit for the dynode signal is also included in the base. The detectors are biased
independently using a multi-channel high voltage supply. Both commercially
available multi-channel high voltage supplies as well as custom-made supplies
were used to bias 100 detectors. Compact crate-less programmable power sup-
plies were built using array of low voltage to high voltage DC-DC converter chips
generating -2000V. The chip is mounted on a control board with an embedded
server. The control board contains aTCP/IP stack implemented using a mi-
croprocessor (ATMEGA 168/328), anSPI driven Ethernet controller (ENCJ60)
and a 12-bit digital to analog converter (AD7541). Each board is identi ed with

a unigueMAC andIP address and is part of a local area network. To communi-
cate with the power supply unit, LabVIEW based graphic user interface (GUI)
has been developed, which enables tiead and write operations. A total of 24
units are assembled in a singl@U size box (19 inch rack mount) and 3 such
boxes are fabricated, tested, and installed in the array. The remaining detectors
are biased by a commercial programmable multi-channel high voltage system
(Wiener- MPOD).

2.5 Data acquisition system

The acquisition system used to collect data from NAND array is ¥ ME based
analog data acquisition system employing modern high-density analog to digital
converters (ADC) and time to digital converters (TDC) from CAEN [20]. The
acquisition trigger, generated from radiation detectors, is inhibited by th8USY

signal from all VME modules in the data acquisition. BUSY blocking was



2.6. Performance evaluation of BC501A detectors 42

applied to the acquisition trigger via NIM electronics. Thetrigger would be
released only when (i) VME modules are ndBUSY and (ii) signal from any of
the ssion detectors is present in coincidence with the RF of the beam pulse.
For experiments involving full detectors in the array, there are 320 param-
eters to be read. A total of seven ADC (v785) and four TDC (v775) are used for
acquiring data from neutron and other charged particle detectors. A single crate
data acquisition system is implemented using a commercial controllev718).
A VME version of multi-parameter acquisition software LAMPS [[211], compat-
ible with ROOT data format, has been used for online data acquisition. The
data acquisition dead time was found to be 20 % for 352 parameters when
the event rate was 5000. Recently, a VME crate controller that facilitates
both trigger generation and BUSY blocking has been developed indigenously
[22]. The list-mode data is recorded in ROOT format using a data acquisition

software NiasMARS in conjunction with the crate controller [23].

2.6 Performance evaluation of BC501A detectors

The characteristics of the neutron detectors and associated electronics are opti-
mized for the best performance, with a prime focus on neutron detection from
low-energy heavy-ion induced fusion- ssion reactions. Also, a largeray back-
ground is often expected from these reactions, and e ciem discrimination

is crucial for TOF. In order to yield the best timing performance, the detectors
are operated with PMT voltage biased to yield anode signal strengths of typical
amplitudes 450 - 500 mV for 662 KeV -rays from '3’Cs radioactive source.
Generally, the value of bias voltage changes from detector to detector because of
the di erences in the light yield and the gain of the photo-multiplier tubes. The
bias voltage applied here varies from -1400V to -1800V for the hundred neutron
detectors in the array. For each detector, the detection threshold energy was set
su ciently low 0.5 MeV below which then discrimination becomes poor.

The following subsections discuss the performance characteristics of BC501A for
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energy linearity, n discrimination, and time resolution.

2.6.1 Energy linearity

Figure 2.6: Light output spectrum of monoenergetic -rays from *3’Cs. The spec-
trum is used for energy calibration based on the Compton edge which is marked in
the gure.

Gamma ray interaction in the detector medium is mainly via Compton scat-
tering, giving recoil electrons with a continuum of energy depending upon the
angle of Compton scattering. Due to the nite resolution in light output ( L) to
a given energy loss in the detector cell, and due to multiple scattering in the de-
tector volume caused by the larger size of the detector, the light output spectrum
from the neutron detector does not show a sharp discontinuity, a characteristic
of the Compton edge. Rather, the peak diminishes slowly with energy. For large
volume detectors, Nagviet al. have shown that the position of the Compton
edge is lower than the half height of the Compton maxima [24]. For energy cal-
ibration, we have considered the Compton edge, which corresponds to 80 % of
the maximum height. Figure[2.6 displays a typical light output spectrum from

the interaction of mono energetic -rays from **’Cs source. The arrow indicates
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Figure 2.7: The response linearity of BC501A detectors for recoil electron energy
ranging from 0.3 MeV to 4.15 MeV. The vertical error bars indicate the uncertainty
in marking the Compton edge for -rays from di erent radioactive sources. The inset
shows the percentage deviation of data from the t.

the Compton edge for 662 KeV energy-ray.

In order to verify the linearity of the pulse heights, the Compton edge posi-
tions for several -rays from radioactive sources were determined. Sources like
137Cs and ??Na were used for calibrating the light output spectrum and with
a given calibration, the light output spectra were recorded for higher energy
rays from 6°Co and ?!Am-°Be sources. In Figuré 2|7 the pulse heights from a
single detector for recoil electron energies ranging from 341 keVee to 4.15 MeVee
is shown. A linear t to the data points was applied. The vertical error bars
correspond to the statistical uncertainty in marking the Compton edge. The t
shows good linearity for the response of BC501A detectors over the energy range

considered in the present work.
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Figure 2.8: The histogram showingn discrimination based on Z/C technique at
120 KeVee threshold from a BC501A detector. The X axis represent the Z/C timing
of the pulse produced by neutrons and -rays inside the detector.

2.6.2 n - discrimination

The standard technique forn discrimination using the Z/C method relies

on the shape of the light output pulse for di erent radiations interacting inside

the detector. The Z/C time of the pulse varies accordingly, and this technique
is used forn discrimination employing the home made PSD module. The
performance of the module was tested for di erent threshold settings, and FOM
determined [17]. The quality of the n- discrimination is usually represented by
FOM, which is de ned as,

n
FOM = PP (2.1)
NEwHM + FwHM

where np, Newnm , and p, rwnm are the centroid and Full Width at Half
Maximum (FWHM) of the neutron peak and peak respectively. A histogram
showing n- separation obtained at 120 keVee threshold usirtf§'Am-°Be source
is displayed in Figure[2.B. A clear separation between peaks corresponding to

rays and neutrons can be noticed in the gure. The FOM 1.6 shows excellent
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quality of n discrimination for light outputs with low detection threshold as
low as 120 keVee. The FOM was found to be improving further with increase in
threshold. For online experiments, the separation of neutron events can further
be enhanced by simultaneous measurements of particle TOF and PSD, plotted

on a two dimensional histogram.

2.6.3 Timing response

Fast-timing response of neutron detectors are crucial, as they are used in time of
ight measurement for deriving the energy spectrum of fast neutrons produced
in nuclear reactions. In order to estimate the time response of a liquid cell, a
TOF was setup in coincidence with another fast detector. The e ective time
resolution will have contributions from both detectors, according to the formula,

q
ab = S + t2> (2.2)

where , and , are time resolutions of individual detectors.

The time resolution of a single liquid cell was derived by replacing the coin-
cidence detector with another BC501A. The correlation peak from a ra-
dioactive source’?Na has been used to nd the intrinsic time spread of BC501A.
Using the pulse processing electronics described, the best FWHM attained for
the correlation peak was 1.34 ns, which implies a single detector resolution of

950 ps. Also, to account for signal deterioration caused by long BNC cables
(around 30 m) used for signal transport from detectors to electronics in the data
room, coincidence TOF measurement was repeated by including such long ca-
bles. In this case, amplitude attenuation has been compensated by increasing
bias voltage. The time resolution of a single cell in the latter case was found to
be 1 ns. The FWHM of peak is desired as small as possible since it is the

reference peak used for converting the TOF spectrum into absolute tim&,fs)
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in ns using the relation,

Taps(NS) = ( Nen peak) C(ns=ch) + T (ns) (2.3)

where C is the calibration constant andT is the TOF of -rays in nS. peax
and n., are the centroid of peak and neutron TOF (in channel numbers)
respectively. The uncertainty in kinetic energy derived from TOF will have
contributions from both time resolution ( T) and length ( L) of neutron cell.
It is estimated that the energy resolution is better than 0.5 MeV up to 7 MeV of

neutron energy.

2.7 Performance evaluation of MWPC detectors

The performance characteristics of MWPC were tested o ine using #°Cf source

of strength 1 Ci. The source was mounted at a distance of 25 cm to ensure
uniform illumination of the MWPC. By maintaining the chamber vacuum at

5 10 ® mbar, a constant ow of iso-butane gas at 3-4 mbar pressure has been
regulated inside the detector volume. The bias voltage for MWPC was optimized
between 420V - 450V, which provides su cient amplitude to the anode signal,
well above the CFD threshold ( 25 mV).

Figure[2.9 displays a block diagram of the electronics utilized in the MWPC
oine test. Indigenous fast timing pre-ampliers were used to amplify the
MWPC's position and timing signals. The anode signal at the pre-ampli er
output was given to a CFD, modelPhillips Scienti ¢ 715, for time pick-o. A
Gate and Delay Generator (GDG) was used to delay the CFD pulse, which was
then employed as the master strobe for the Time to Digital Converter (TDC).
All four position signals of MWPC at pre-ampli er output were further ampli ed
by a Variable Gain Ampli er (VGA), model Phillips Scientic 777. The output
of VGA was processed through a CFD and delayed properly using a GDG in

order to coincide the signals within the TDC range of 400 ns.
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Figure 2.9: A block diagram of signal processing electronics used for the o ine
examination of MWPC detectors.

2.7.1 Two-dimensional position information

Figure[2.10 shows the time di erence spectra recorded, w.r.t. the anode signal,
from the two ends of position electrodes X and Y, which are labelled a&_,
Xr, Yy and Yp. The overall spread in the spectra can be matched with the
end-to-end delay of each position electrode, knowing the TDC calibration Q.1
ns/ch). The spread is 1600 channels in X and 800 channels in Y, which bears a
close resemblance to the end-to-end delay of 160 ns and 80 ns in X and Y frames,
respectively. The di erence between adjacent peaks in the spectra corresponds to
the tap-to-tap delay of 2 ns. There are 80 such peaks in the X position spectrum
and 40 in the Y position spectrum, respectively. Though wires are soldered with
1.2 mm separation, two wires are grouped together and given a delay tap in the
position electrodes. Consequently, the position resolution in this con guration
is 2.4 mm in both the X and Y directions.

The position information in X and Y was derived using the relations,

X =X, Xgand¥Y =Yy Yp, considering the centre of MWPC as the
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Figure 2.10: Raw position signals extracted from the ends of X and Y position
electrodes. The spectra obtained from the ends of a position electrode are expected
to be mirror images to each other.

origin (0,0). Following appropriate position calibration, these spectra can be
used to determine the precise path length of complementary fragments. The
two-dimensional position spectra obtained by plotting Y v/s X for both MWPC
detectors are shown in Figures 2.11 (a), (b). Excellent uniformity in position

response in the entire range of X and Y can be noticed for both detectors.
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Figure 2.11: Interaction positions derived from the raw position signals. Panels (a)
and (b) show the two-dimensional plot of Y versus X for the two MWPC detectors,
highlighting the uniformity in position spectra.

2.7.2 Linearity

Position linearity is another important parameter that characterises the perfor-
mance of the detector. Since the interaction position is extracted by the delay
line technique, the linearity in the position spectra can be linked directly with
the performance of the delay lines. According to the technical data sheets of
Rhombus Industries Inc. model TZB 12-5 delay chips, the tap-to-tap delay is
precisely 2.0 ns with a resolution of 500 ps. Hence, the di erence between two
adjacent peaks is expected to be 20 channels. Figur¢ 2.12 shows the X posi-
tion spectrum, enlarged to a small region to view the adjacent peaks. A linearity

t was applied between the measured channel di erence and the expected time
delay, which is 2.0 ns. The mean of the peaks is found to be linear over the whole

range of position spectra. The measured slope was 0.0985 ns/channel, which is
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near the 0.1 ns/channel predicted by the TDC calibration.

Figure 2.12: Position response linearity of an MWPC detector. (top) Enlarged view
of X position spectrum. Red circles denote the centroid of each peak. A linear t
to these points are also shown. (bottom) Masked position spectrum showing discrete
peaks corresponding to hole position on the detector mask (see text for details).

The mask test is a complementary method to con rm the position linearity
of MWPC detectors. In the mask test, the active area of the MWPC detector
is covered with a rectangular sheet of 2 mm thickness. Discrete thru-holes are

made on the sheet at a uniform separation of 5 mm and diameter of 1.0
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Figure 2.13: Time of ight spectrum of elastically scattered “8Ti beam detected

using MWPC. RF of the beam pulse was used aSTART to the time of ight mea-

surement.
mm. As a result, the charged particles emitted by the radiation source that
passes through the holes alone will generate detector signals. The thickness of the
sheet is su cient to stop other charged particles. Therefore, the masked position
spectrum is expected to show well-de ned peaks at 5 mm separation uniformly.
The position spectrum obtained from the mask test is shown in Figufe 2]12. As
anticipated, the spectrum shows uniformly distributed peaks with a peak to peak
separation of 5 mm. The intensity distribution is related to the position of
the radiation source. The results from both of these measurements a rm the

position response linearity of MWPC detectors.

2.7.3 Timing response

The fast-timing response of MWPC detectors has been measured online by de-
tecting “8Ti pulsed beam scattered from thin'®’Au targets. A time of ight was

set-up with MWPC detectors asSTOP detectors, whereSTART was generated
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Figure 2.14: Schematic representation of a segment of NAND detectors used for
cross-talk measurement. Reference detector RO and 18 neighbouring detectors in two
rings R1 and R2 are shown in the setup[]25].

from the RF of the beam pulse. Figuré 2.13 displays a typical time of ight spec-
trum of the scattered beam obtained in this measurement. To estimate the best
value of time resolution, a 4 mm 4 mm position gate was applied to the TOF
spectrum, which reduced the angular uncertainty. The FWHM of the peak was
observed to be 700 ps. The time spread of the beam pulse has been measured
separately, and it was found to be 480ps. Using the formula 2]2, the intrinsic

time resolution of MWPC is determined to be 500 ps.

2.8 Measurement of cross-talk probability

Large arrays of neutron detectors face problems of cross-talk, which can distort
the neutron measurements, especially the neutron-neutron correlation measure-
ments [25(28]. Cross-talk occurs when the same neutron interacts, scatters, and
deposits energy (above the detection threshold) in two or more neighbouring

neutron detectors in the array. Though the interaction of neutrons with organic
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scintillators takes place through various channels, n-p scattering is considered
the major channel responsible for cross-talk [29]. Studies have indicated that
cross-talk probability depends on various factors such as incident neutron en-
ergy, detection e ciency, separation between detectors in the array, etc.[26,130].
To obtain a quantitative estimate of the cross-talk e ect in the NAND array,
we have performed an o ine measurement using neutrons from th&Am-°Be
(Am-Be) source.

The test was performed on a segment of NAND consisting of 19 nearest
detectors arranged in the con guration shown in Figurg 2.14. It consists of
a reference detector RO and neighbouring six detectors in ring R1 and twelve
detectors in ring R2, whose radial distances from the reference detector ar&4
cmand 95 cm, respectively. Art**Am-°Be radio-active source was kept at the
centre of the spherical chamber of NAND, and a Nal(Tl) gamma ray detector was
mounted close to it. The Am-Be source decays by emitting one neutron followed
by a high energy (4.4 MeV) gamma ray with a branching ratio 89 % [31].

A hardware coincidence was setup between Nal(Tl) and the reference neutron
detector signals to identify the decay event and serve as the master trigger for
data acquisition. TOF and PSD data were recorded from all BC501A detectors.
Since only one neutron per event is emitted by the source, all neutron-neutron
coincidence events observed in detectors in the rings are assumed to be due to
cross-talk. The neutron-neutron coincident events in each detector were analyzed
by applying software conditions to neuron events in the reference detector, and
cross-talk probability was estimated accordingly.

Cross talk probability between a pair of detector is de ned as,

Pab = Nap=Na (2.4)

whereN, is the number of neutrons recorded in detecta and N, is the number
of neutrons scattered from detector to b and registered in botha and b.

The average number of cross-talk events observed between reference detec-
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tor and any of the neighboring detectors of rings R1 and R2 are given in Table

[2.1. The cross-talk probability for detectors in the near vicinity was found to be

Table 2.1: Cross talk probability between two detectors as a function of distance.

Ring Distance(cm) Neutron Events Cross talk Pab

in RO events
R1 54 592397 270 4.60:28 104
R2 95 592397 78 1.30:15 104

4.6 10 *. To estimate the experimental cross-talk probability in a typical heavy
ion reaction where the neutron multiplicity is more than one, it is important to
know the measured neutron multiplicity of the reaction. Recent measurement
of neutron multiplicity in ssion of ?°°Rf at 58 MeV excitation energy showed
total neutron multiplicity 8.3 in which the multiplicity per fragment was re-
ported to be 3.0 [5]. Neutron multiplicity per fragment is important as these
neutrons are kinematically focused along the fragment direction, which increases
the probability of cross-talk. Considering a typical reaction with an average of
three neutrons emitted per fragment, the maximum cross-talk probability,, for
this system can be estimated as 1.4 0.8 10 3. This value is in close agree-
ment with the experimental cross-talk probability of 1.06 0.08 10 2 reported
for the large detector array DEMON [30].

2.9 Beam dump radiation shield

Typical heavy ion fusion ssion reactions experiments in NAND use targets of a
few hundred g/cm? thick foils, which o er minimal energy loss to the particles.
The non-interacted and scattered beam particles are dumped on a beam catcher,
which is a tantalum sheet placed at the end of the beam pipe 4 m downstream
from the target. The interaction of these energetic heavy ions with beam dump

may result in secondary background radiations including fast neutrons, which
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should be suppressed for unambiguous measurement of neutrons. This is achieved
by designing a suitable radiation shield surrounding the beam dump, whose
dimension and material composition were optimized by Monte Carlo study using
FLUKA [32] B3].

Para n wax is one of the easily available shielding materials enriched with
hydrogen. We selected para n wax as the shielding material, which slows down
the fast neutrons through multiple collisions. As the fast neutrons get thermal-
ized in the medium, there is a high probability of thermal neutron capture by
hydrogen, emitting 2.225 MeV -rays. This can be minimized by adding boron
to the shielding medium, which leads td°B(n, “He)’Li reaction giving only 0.478
MeV -rays and also reduces the probability of thermal neutron capture by hy-
drogen. From simulation, the optimized composition of the shielding material
was found to be 70 % (mass fraction) of para n wax mixed with 30 % of boric
acid, which gives 5 % of boron. The shielding geometry has a rectangular shape
consisting of borated para n blocks. The overall dimensions of the shielding
blocks are 100 () 80 (h) 80 (w) cm® and their total weight 500 kg. An outer
layer of a 7 cm thick lead wall is incorporated to attenuate the secondaryrays
produced at the beam dump.

The e ectiveness of borated para n in neutron shielding was tested o ine
using a%>°Cf source. It was performed by setting up a TOF between a Bafand
BC501A detectors. The source was kept very close to Baend BC501A was
mounted 100 cm away. The TOF of neutrons emitted by**?Cf was recorded
with this setup, in which the acquisition trigger was generated from Baf The
measurement of TOF along with the pulse shape analysis using the PSD tech-
nigque helped to separate the ux of neutrons from rays detected in the BC501A
detector. The measurement was carried out with and without borated para n
blocks in between the detectors. Figurg 2.5 shows the background suppressed
TOF spectrum obtained with and without para n shielding blocks. A clear sup-

pression of neutrons can be observed when borated paran is introduced into
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Figure 2.15: TOF spectra of neutrons and -rays from 252Cf. Solid black spectrum
represents TOF distribution without para n block between source and detector, and
dotted red line shows the TOF spectrum with para n blocks to suppress neutrons.

the ight path. The performance of borated para n in neutron shielding was
further estimated using the FLUKA calculation. In the simulation, a 2 mm thick
tantalum (beam catcher) was bombarded with a 25 MeV proton beam. The neu-
trons produced in this reaction have an average energy of 1.8 MeV and are
distributed to higher energies above 15 MeV. When a shielding block of borated
para n was applied to this neutron ux, the suppression (number of neutrons

escaped/ number of neutron incidents) achieved was 10 .

2.10 In-beam measurements

On-line measurement was carried out to demonstrate the performances of de-
tector systems and the array as a whole. A pulsed beam BF at 110 MeV
laboratory energy ( 18 % above fusion barrier) was incident on #8Pb target
of thickness 700 g/cm?2. Two MWPC detectors were mounted at ssion folding

angle to detect fragments. The fast neutrons emitted in coincidence with ssion
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Figure 2.16: Two dimensional histograms showing n- discrimination using (a) Z/C
time vs. light output and (b) Z/C time vs. TOF for the reaction °F+ 208pPp,

were detected using BC501A detectors. The list-mode data were collected using
the VME -based data acquisition system.
The determination of the energy spectra of neutrons from recorded TOF is

extremely important as it provides information regarding nuclear temperature,
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neutron multiplicity, etc. Therefore, a clear discrimination of neutron events from
other radiation backgrounds, irrespective of neutron energy, is highly desired. For
high energy neutrons, the time of ight di erence would not be su cient to get

a clear separation between neutrons and-rays. But by recording TOF and
zero-cross time together, one can achieve ndiscrimination. Two-dimensional
histograms representing Z/C time plotted as a function of light output as well as
TOF obtained from this reaction are displayed in Figuré 2.16. The gure shows
distinct and well-separated bands of neutron and events. A software gate cut
around the neutron events in Z/C time v/s TOF can be used for further analysis
of neutron data.

The performance of the array is further demonstrated by comparing the re-
sults of mass-gated neutron multiplicity measured in the super-heavy mass region
[5,[34]. Neutron multiplicities associated with symmetric and asymmetric mass
division of 2°®Rf have been measured [34]for the reactidfTi beam bombarded
on 2%pp target at 294 MeV incident energy. A similar reaction using®Ti beam
bombarded on?®Pb target at 275 MeV incident energy has been performed in
NAND array recently [S5]. An advantage of a large detector array is that a large
amount of data is available at various angles, which helps to extract multiplic-
ities with lower uncertainties. The mass gated pre-scission neutron multiplicity
(Myre), post-scission neutron multiplicity (Myes;) and transient time delay (' gelay)

in the ssion of CN from two measurements are summarized in Table 2.2

Table 2.2: Comparison of neutron multiplicity measurements in super heavy mass
region with a reference reaction[[34]. Ref.[]5] shows IUAC measurements.

System Eap | Asymmetric cut Symmetric cut delay
(MEV) M pre M post M pre M post (ZS)
50T+ 208pp 294 1.9 0.8 6.3 0.6 2.2 0.8 6.8 04 45

48Ti+ 208pp | 275 | 1.66 0.07| 5.32 0.05| 2.23 0.07| 6.02 0.07| 67

The marginal increase in multiplicity and decrease in the time scale of
0Ti+ 208pp reaction may be attributed to the excess excitation energy of the

compound nucleus. It must be noted that there is a remarkable di erence in



2.11. Summary Conclusion 60

error bars between these two measurements. For instance, in Réf.| [34], the pre-
scission neutron multiplicities associated with symmetric and asymmetric mass
split were reported with a large error bar (More than 35 %), whereas the NAND
measurements showed results with better than 5 % uncertainty. Moreover, the
NAND measurements have been performed with 0.3 pnA beam current, with
comparatively lower statistics, but with more number of detectors. The consis-
tency in the correlation of experimental observables and similar interpretation

of underlying physics processes in these two independent measurements demon-
strate the relevance of the NAND array for high-precision measurements in heavy
and super-heavy mass regions.

After the commissioning of the neutron detector array facility, many research
experiments have been performed successfully. Mass-gated neutron multiplicities
measured in heavy and super-heavy mass regions establishing the presence of
quasi- ssion have been the highlight of some of these recent experimehnis [4, 5, 35
37]. With the availability of high energy heavier beams from LINAC, the present
facility will open up new possibilities to perform a variety of experiments in
the heavy mass region, especially studies on neutron multiplicity distributions,

neutron correlation studies, multi-chance ssion, etc.

2.11 Summary Conclusion

The characteristics and performance of the newly commissioned detector array,
consisting of 100 neutron detectors, have been presented. The design features
of the detector array, the design and development of a pair of large area multi-
wire proportional counters, pulse processing electronics for ssion and neutron
detectors, the high voltage power system of PMTs, and the VME-based data
acquisition system are described. The solid angle subtended by the array is
3.3 % of 4 and the energy resolution shown by the individual detector is better
than 0.5 MeV up to 7 MeV neutron energy. The performance evaluation of

BC501A detectors shows appreciable linearity of the light output, excellent n-
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discrimination, and time resolution.

Pulse shape discrimination in BC501A with custom-made electronic modules
exhibits good performance (FOM 1.6) even at considerably low threshold of
120 keVee. Multi-wire proportional counters used for ssion fragment detection
yielded good position linearity, position resolution ( 2.5 mm) and time resolu-
tion (500 ps). The cross-talk probability between neighbouring detectors of
the NAND array was measured using ad**Am-°Be source. For typical nuclear
reaction studies, where neutron emission per fragment is less than 5, the average
cross-talk probability is estimated to be 1.4 10 3. A beam dump designed
and simulated using FLUKA, and fabricated using borated para n blocks with
lead covering showed excellent suppression of secondary neutrons arrdys.
The upcoming chapter will discuss about FLUKA calculations, as well as com-
parisons between these calculations and measurements, signi cant to the NAND
facility.

In conclusion, the in-beam performance of the detectors is excellent, and the
array is being used for mass-gated neutron multiplicity measurements in heavy
and near super-heavy element nuclei. The overall features make this facility
suitable for a range of nuclear reaction studies, especially ssion studies around

Coulomb barrier energies.
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